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ABSTRACT. Dogs can be divided into two genetic groups (a minor HK phenotype and a major LK phenotype) based on erythrocyte monov-
alent cation concentrations, which are controlled by the putative hk and lk allelic genes.  HK dogs retain Na,K-ATPase in their erythro-
cytes due to the high activity of the enzyme in their precursor cells, whereas total loss of reticulocyte Na,K-ATPase occurs in LK dogs.
Here, we report that the levels of the lipid raft-associated membrane protein stomatin decrease in parallel with those of Na,K-ATPase
during reticulocyte maturation due to its extrusion in exosomes.  The stomatin content of HK reticulocytes is higher than that of LK retic-
ulocytes, and remains in the erythrocytes at levels compatible with that in human erythrocytes.  However, it is almost absent from LK
erythrocytes with the lk/lk genotype; similar to the deficiency seen in human red cells with overhydrated stomatocytosis.  LK erythrocytes
from hk/lk genotype dogs show reduced, but not negligible, levels of stomatin.  These results indicate that the erythrocyte stomatin level
is a suitable genotypic marker for the HK/LK red cell phenotype, and suggests a functional association between stomatin and Na,K-
ATPase.  The absence of morphological abnormalities in the erythrocytes of stomatin-deficient LK dogs also confirms that stomatin defi-
ciency and stomatocytic shape change are independent from each other.
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Dogs, as well as several other mammalian species includ-
ing sheep and cow, are divided into 2 phenotypes based
upon their erythrocyte cation concentrations [5, 11, 20].
One, the HK phenotype, is characterized by high potassium
(K+) and low sodium (Na+) ion concentrations within the
erythrocytes and the other, the LK phenotype, by low K+

and high Na+ concentrations.  This phenotypic difference is
attributed to the presence, or absence, of Na,K-ATPase in
the erythrocyte membrane [12, 20].  Na,K-ATPase content,
and activity, in dog red cells are both markedly reduced dur-
ing the maturation of reticulocytes into erythrocytes [12,
21].  Proteolytic degradation [12] and extrusion of vesicles
(exosomes) [16] are likely to be involved in this process.
HK dogs retain Na,K-ATPase in erythrocytes due to the
high activity of the enzyme in precursor cells, whereas total
loss of reticulocyte Na,K-ATPase occurs upon reticulocyte
maturation in LK dogs [12, 21].  Since the HK phenotype is
inherited in an autosomal recessive manner [20] and, in turn,
the LK phenotype is inherited in a dominant manner, the red
cell HK and LK phenotype is controlled by the putative gen-
otypes, hk/hk for HK dogs and hk/lk and lk/lk for LK dogs.
However, the gene responsible for these genotypes/pheno-
types is unknown.

Dominant inheritance of high Na+ and low K+ concentra-
tions in LK dogs [21] is a condition similar to that seen in
overhydrated hereditary stomatocytosis (OHSt) in humans
[2, 32], although dogs usually have no abnormality in eryth-
rocyte shape.  OHSt is a heterogeneous group of disorders
characterized by massively increased permeability of the
affected red cells to monovalent cations.  This results in
overhydration, hemolytic anemia with stomatocytosis, an
elevated mean corpuscular volume, a reduced mean corpus-
cular hemoglobin concentration, and increased glycolysis to
fuel the Na,K-ATPase activity [4, 32].  Interestingly, HK
erythrocytes also display some of the characteristics of
OHSt; HK cells have a shortened lifespan, increased
osmotic fragility, increased mean corpuscular volume and a
reduced mean corpuscular hemoglobin concentration, all
suggesting an increase in cell water content [20].  HK eryth-
rocytes also show an increase in glycolytic activity, which
provides ATP, and persistence of immature enzymes.  This
enables the maintenance of increased Na,K-ATPase activity
and a high intracellular K+ concentration [13, 22].  Thus, HK
and LK erythrocytes in dogs have both shared and different
characteristics to those in the OHSt phenotype.

In human OHSt, a 31-kDa protein (stomatin or protein
7.2) is deficient in the erythrocyte membrane [8, 19].  Sto-
matin is a ubiquitous lipid raft-associated membrane protein
present in both erythrocytes and epithelial cells [25, 30, 32]
with a unique hairpin-loop topology [10], and may function
to regulate both cation transport and a stretch- or pressure-
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sensitive system [8, 23, 29, 33].  A recent study shows that
stomatin also enhances the transport of dehydroascorbic
acid by GLUT1 (glucose transporter 1) in erythrocytes [24].
Interestingly, stomatin and other lipid raft-associated pro-
teins are sorted into exosomes during reticulocyte matura-
tion and induce phenotypic changes in erythrocytes [7, 27].
These findings suggested that canine HK/LK red cell pheno-
types are somehow related to the expression of stomatin in
erythroid cells.

The purpose of the present study was to examine this
hypothesis.  We analyzed the levels of stomatin, Na,K-
ATPase, and some other membrane proteins in erythrocyte
membranes from HK and LK dogs from two independent
families and from genetically independent control LK dogs,
and found a marked difference in stomatin content between
the hk/hk, hk/lk, and lk/lk genotypes.

MATERIALS AND METHODS

Dogs: The dogs used in this study were from two families
of Japanese mongrel (a mixed breed of Japanese Shiba; Fig.
1, dog numbers 1–8).  Some Beagle dogs were also used as
controls (dog numbers 9–12).  These dogs, except for one
HK dog (number 2) that had mild anemia due to chronic
babesiosis, were clinically healthy.  Hematological parame-
ters for their red cells were all within reference ranges,
although the HK red cells had a mean corpuscular volume
slightly larger than that of the LK red cells, as demonstrated
previously [20].  All experimental procedures met with the
approval of the Laboratory Animal Experimentation Com-
mittee, Graduate School of Veterinary Medicine, Hokkaido
University.

Antibodies: Mouse anti-human stomatin monoclonal anti-
body GARP-50 [10] was kindly provided by Dr Rainer Pro-
haska (Institute of Medical Biochemistry, University of

Vienna, Austria).  The rabbit anti-dog kidney Na,K-ATPase
-subunit polyclonal antibody has been described previ-
ously [12].  Rabbit antiserum against the C-terminal peptide
of human GLUT1 was a kind gift from Dr Masayuki Saito
(Hokkaido University).  The anti-canine AE1 (band 3) anti-
body was raised in rabbits using the AE1 polypeptide puri-
fied from LK dog erythrocytes as antigen and purified on a
Protein G-Sepharose 4FF column (Amersham).  Other mon-
oclonal antibodies used were: anti-rat flotillin-1 and anti-
human flotillin-2 (BD Transduction Laboratories), anti-
mouse -actin (Sigma), and anti-human transferrin receptor
(Zymed Laboratories).  Horseradish peroxidase-conjugated
anti-mouse, or -rabbit, IgG (Rockland Immunochemicals)
were used as the secondary antibodies.

Preparation of erythrocyte membranes: Erythrocyte
membrane ghosts were prepared as described previously
[14].  The protein and cholesterol concentrations of the
membranes were determined using a protein assay kit (Bio-
Rad Laboratories) and the cholesterol E test Wako kit
(Wako Pure Chemical Industries), respectively.

Sodium dodecylsulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and immunoblotting: Membrane proteins
were separated by SDS-PAGE using 8% or 10% SDS-poly-
acrylamide gels followed by staining with Coomassie bril-
liant blue.  Immunoblotting was performed as described
previously [15].  Signals were detected using the ECL
chemiluminescence detection system (Amersham Bio-
sciences).  Quantification of membrane proteins separated
on SDS-gels and signal intensities in immunoblotting was
done using a GS-800 densitometer (Bio-Rad Laboratories).
A paired Student’s t test was used to assess statistical signif-
icance.

Experimental reticulocytosis in dogs and separation of
reticulocytes: Experimental reticulocytosis was induced in
LK and HK dogs, weighing 8–10 kg, as previously
described [21].  In brief, dogs were bled daily (approx. 200
ml) via the jugular vein for 3 consecutive days.  The hemat-
ocrit value for each dog was found to be reduced from 45%
to 25%, on average.  Reticulocytes were separated from
whole blood using Percoll (Amersham Biosciences) discon-
tinuous gradient centrifugation [21].  The reticulocytes were
counted after supravital staining with new methylene blue.

Reticulocyte culture: Reticulocytes were cultured as pre-
viously described [21].  At the indicated times, cells were
collected and the membranes were prepared as described
previously [14].  The supernatants were also collected and
vesicles released from the reticulocytes (exosomes) were
obtained by centrifugation at 100,000  g for 1 hr at 4C
[16].

Cloning of stomatin cDNAs from HK and LK dogs:
Canine stomatin cDNA was isolated and cloned from bone
marrow cell cDNAs obtained from a Beagle dog (LK eryth-
rocytes), and those from a HK dog.  In brief, the partial
cDNA fragment was isolated by PCR amplification using
the following primer pair: hStmp1 (forward: 5’-GGTCG-
CATTTTACAAGGAGGAG-3’ for nt 285306) and
hStmp2 (reverse: 5’-CTTCTGCAGCCATAGCTCTCTG-

Fig. 1. Pedigree of dogs including HK and LK dogs. Two fami-
lies consisting of several generations of Japanese mongrel dogs
used in this study are shown. Dogs possessing HK erythrocytes
with the hk/hk genotype (numbers 1–4) and LK erythrocytes
with the hk/lk genotype (numbers 5–8) were studied. Beagles
with LK erythrocytes due to the lk/lk genotype (numbers 9–12)
were used as controls. The phenotypes and genotypes for eryth-
rocyte Na+ and K+ concentrations are indicated in the inset
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3’ for nt 690711) designed from the human stomatin
cDNA sequence (GenBank accession number NM_004099)
as described previously [31].  Using gene-specific primers
(cStmp1 (forward), 5’-CGTGCACCGACAGCTTCAT-
CAAG-3’ for nt 327349; cStmp2 (reverse), 5’-
TCCAGGGTGCACTGCATGTTATG-3’ for nt 584606)
synthesized according to the sequence obtained for the frag-
ment, 5’- and 3’-rapid amplification of cDNA ends reac-
tions were performed to determine the sequences of the 5’-
and 3’-stretched canine stomatin cDNA.  Consequently, a
cDNA clone of 2,732 bp encoding a canine stomatin
polypeptide consisting of 284 amino acid residues with a
theoretical molecular weight of 31,207 Da was obtained
(GenBank accession number AB467286).  For further com-
parison of the coding region sequences from several HK and
LK dogs, cDNAs were obtained from total RNA isolated
from peripheral blood reticulocytes, and amplified by PCR

using the following primer pair: cStmp3 (forward: 5’-
GGATTCCTCGCGGCAGGGCT-3’ for nt 726) and
cStmp4 (reverse: 5’-AACCTTTGTTGCTAGGGTCG-3’
for nt 1,0821,101).  These cDNAs were then sequenced.

RESULTS

Stomatin levels in HK and LK dog erythrocytes: The
canine stomatin polypeptide deduced from the isolated
cDNA sequence (GenBank accession number AB467286)
consists of 284 amino acid residues and has very high amino
acid sequence similarity to human stomatin.  Two possible
palmitoylation sites (Cys30 and Cys87) and a proline residue
in the hydrophobic domain of the N-terminal region are con-
served, suggesting that it has a hairpin-loop topology, with
the N- and C-terminal sequences being cytoplasmic (Fig. 2),
as suggested for human stomatin [10, 18].  Sequence analy-

Fig. 2. Deduced amino acid sequence and proposed membrane topology of canine stomatin. (A). Canine stomatin cDNAs were iso-
lated from the bone marrow cells of LK and HK dogs. The amino acid sequence of canine stomatin was deduced from the obtained
cDNA sequence (GenBank accession number AB467286) and is shown aligned with the amino acid sequence of human stomatin
(GenBank accession number NM_004099). Non-identical amino acids are highlighted. Possible conserved palmitoylation sites
(Cys30 and Cys87) and the conserved Pro47 are boxed, and a hydrophobic segment (amino acids 26–54) is shaded. (B). Linear sche-
matic (top) and possible membrane topology based on previous studies [10, 18] (bottom) of canine stomatin, illustrating the hairpin-
loop structure (see text). PA associated with C=Cys residues accessible to palmitoylation; P=conserved Pro residue.
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sis of the cDNA fragments corresponding to the coding
region of stomatin from several dogs (Fig. 1) showed the
presence of a polymorphism, with nucleotide substitutions
at codons 60, 242, and 255, corresponding to Tyr60, Thr242,
and Thr255 (GenBank accession number AB467287).  How-
ever, these substitutions were silent and showed no linkage
with the HK/LK red cell phenotype.  Based on these results,
we quantified the stomatin content of HK and LK dog eryth-
rocytes using a monoclonal antibody to human stomatin

[10].
Erythrocyte membranes from HK dogs contained higher

levels of the Na,K-ATPase -subunit than human erythro-
cytes, but those from LK dogs with the hk/lk and lk/lk geno-
types showed no detectable signals (Fig. 3A, and reference
12).  Immunoblot analysis showed that the GARP-50 mono-
clonal antibody reacted with the 31-kDa stomatin polypep-
tide in erythrocyte membranes from both HK dogs and
humans, and that the stomatin content of HK erythrocytes

Fig. 3. Content of stomatin, and several other proteins, in HK and LK erythrocytes. (A). Typical immunoblots of stomatin (31 kDa),
the Na,K-ATPase -subunit (96 kDa), flotillin-1 (49 kDa), flotillin-2 (41 kDa), and actin (43 kDa) in erythrocyte membranes from
HK (genotype hk/hk, numbers 1–4 in Fig. 1) and LK (genotypes hk/lk and lk/lk, numbers 5–8 and 9–12, respectively) dogs as well as
human erythrocytes are shown. (B). Typical immunoblots for stomatin quantification in which the erythrocyte membrane proteins
from dog numbers 1 (hk/hk), 7 (hk/lk), and 12 (lk/lk) were analyzed. (C). Erythrocyte levels of the indicated proteins, plus the actin
control, were obtained by densitometric scanning of the immunoblots. The relative abundance of these proteins, and cholesterol, in
erythrocyte membranes was normalized against actin and expressed as percentages compared with the mean values for HK dogs. Data
represent the mean  S.D. (n=4, * p<0.005, ** p<0.05). Actual cholesterol contents in erythrocyte membranes (mg/mg protein) were
0.43  0.022, 0.47  0.038,  and 0.44  0.015 (the mean  S.D., n=4 for each) for hk/hk, hk/lk, and lk/lk dogs, respectively.
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was comparable with that in human erythrocytes.  In con-
trast, LK erythrocytes, particularly in LK cells from dogs
with the lk/lk genotype, exhibited a remarkable reduction in
stomatin content.  Quantification of the relative abundance
of stomatin by densitometry scanning within the linear
range of the immunoblot signals (Fig. 3B) demonstrated that
the stomatin levels of the lk/lk and hk/lk erythrocytes were
less than 2% and 12%  9.2%, respectively, of the mean
value of those of the hk/hk cells (Fig. 3C).  We can rule out
the possibility that this observation was the result of
decreased immunorecognition by the antibody, caused by a
mutation within the stomatin from LK dogs, since no differ-
ence was found in the amino acid sequences.  Several other
LK dogs also gave results that suggested a lack of both sto-
matin and the Na,K-ATPase -subunit in their erythrocytes
(data not shown).

Since stomatin is a lipid raft-associated protein [27, 30],
we also analyzed several other markers of lipid rafts in the
erythrocytes, including flotillin-1 and -2, both of which are
lipid raft-associated proteins [25], and cholesterol.  We
found no significant difference in the levels of these mole-
cules between the different genotypes (Figs. 3A and 3C).

These data demonstrate that the reduced stomatin levels
in the LK erythrocytes are not related to the lipid raft con-
tent, and that the stomatin content of erythrocyte mem-
branes is a suitable genotypic marker for red cell HK/LK
phenotypes.

Reduction in stomatin content during reticulocyte matu-
ration in dogs: Previous studies have shown that the matura-
tion of reticulocytes into erythrocytes is associated with
major alterations in membrane structure and function,
including changes in Na,K-ATPase [12, 21] and transferrin
receptor (TfR) levels [17, 26].  It is also known that, in
humans, stomatin and some lipid raft-associated proteins are
extruded by exosomes during reticulocyte maturation and
that this induces the phenotypic changes seen in erythro-
cytes [7, 27].  To test if this is the case for reticulocyte mat-
uration in dogs, we examined for changes in stomatin
content, as well as for alterations in the content of other
membrane proteins in HK (hk/hk) and LK (lk/lk) dogs.

Figure 4 shows a typical result obtained after immunoblot
analysis of reticulocyte and erythrocyte membranes from
the same dog.  LK dog reticulocytes (with a reticulocyte
count of 98%) contained the Na,K-ATPase -subunit at
readily detectable levels, although it comprised only about
20% of that seen in HK erythrocytes (Figs. 4A and 4B).  The
-subunit content of HK dog reticulocytes (reticulocyte
count of 55%) was about twice that of the HK erythrocytes,
and would be expected to be even greater if we had obtained
a reticulocyte preparation with higher purity.  These data are
consistent with our previous estimations [12].  A very simi-
lar profile was obtained for the stomatin content of HK and
LK reticulocytes.  The stomatin content of LK reticulocytes
was about 14% of that of HK erythrocytes, and HK reticulo-
cytes had a higher stomatin content than erythrocytes, sug-
gesting a reduction in stomatin content during reticulocyte
maturation (Figs. 4A and 4B).  Immunoblotting also showed

that GLUT1, which is known to interact with stomatin in
human erythrocytes [24],  was present in the reticulocytes of
both HK and LK dogs, whereas it was absent in their eryth-
rocytes.  As seen for stomatin and the Na,K-ATPase -sub-
unit, GLUT1 levels were higher in HK cells.

In contrast, TfR levels in HK reticulocytes were compat-
ible with those in LK reticulocytes (taking into account the
different reticulocyte counts mentioned above), but TfR was
completely absent from the erythrocytes of both phenotypes
(Fig. 4).  In addition, the flotillin-2 content was comparable
in both HK and LK reticulocytes, as observed for HK and
LK erythrocytes (Fig. 3).  Similar differences between retic-
ulocytes and erythrocytes were seen for all the membrane
proteins analyzed in several other reticulocyte preparations
from both HK and LK dogs, though they had lower reticulo-
cyte counts (data not shown).

Finally, we analyzed changes in the levels of these mem-
brane proteins during reticulocyte maturation in vitro.  For
this purpose, we carried out four independent experiments
using different reticulocyte preparations obtained from three
LK (lk/lk) dogs, and a typical result is shown in Fig. 5.  Incu-
bation of reticulocytes for 3 days resulted in morphological
maturation with no significant alteration in the SDS-PAGE
profiles of any major membrane protein (Fig. 5A).  How-
ever, immunoblotting showed that the stomatin and TfR
content, as well as the Na,K-ATPase -subunit, were
reduced to about 5%–50% within 24 hr of the start of incu-
bation, and further reductions were observed after 72 hr of
incubation (Fig. 5B).  After 72 hr, vesicles released from the
reticulocytes, i.e. exosomes, were obtained by centrifuga-
tion of the supernatants.  These vesicles contained stomatin
and the -subunit of Na,K-ATPase, reflecting their decrease
in the cell membranes.  TfR was also found in the exosomes
as reported previously [17, 26].  Flotillin-2 was also found in
these exosomes, but no profound change in the flotillin-2
levels of the cells was observed.  Other major proteins
present in the erythrocyte membranes, such as AE1 (anion
exchanger 1, band 3) (Fig. 5) and spectrin (data not shown),
showed no significant changes and were not found in the
released vesicles.  These results demonstrate that stomatin,
and some other membrane proteins, are selectively extruded
from reticulocyte membranes during maturation via the exo-
somal pathway.

DISCUSSION

Dogs, in general, have erythrocytes of the LK phenotype,
characterized by high Na+ and low K+ concentrations [5]
due to the loss of Na,K-ATPase during reticulocyte matura-
tion [12, 21].  HK dogs retain Na,K-ATPase in their erythro-
cytes due to the high activity of the enzyme.  One of the
major new findings of the present study is that, in dogs, sto-
matin levels in the reticulocyte plasma membrane show a
marked reduction during maturation that paralleled the
decrease in Na,K-ATPase levels (Fig. 5).  Consequently, the
LK erythrocytes of lk/lk dogs have significantly reduced
levels of stomatin compared with HK erythrocytes (Fig. 3).
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Decreases in stomatin levels during reticulocyte maturation
appear to occur in both HK (genotype hk/hk) and LK (geno-
type hk/lk) dogs, but their erythrocytes display different sto-
matin levels (Fig. 3).  The stomatin level in erythrocytes is
most likely dependent on that in the precursor cells.  Taking
this into account, the amount of stomatin in LK dog reticu-
locytes with the lk/lk genotype was thus much less than that

in HK dog reticulocytes (Fig. 4).  Hence, the relative abun-
dance of stomatin in erythrocytes is a characteristic of the
genotype for the HK/LK red cell phenotype and, therefore,
is a suitable marker for genotyping LK dogs.

The presence of stomatin in the exosomes (small vesicles
released into the circulation) isolated from human reticulo-
cytes has been shown [7], and a role for Na,K-ATPase in the

Fig. 4. Comparison of stomatin and other membrane proteins in the reticulocytes and erythrocytes of HK and LK dogs.
(A). Reticulocyte and erythrocyte membranes from HK (genotype hk/hk, number 4 in Fig. 1) and LK (genotype lk/lk,
number 12) dogs were analyzed by SDS-PAGE followed by Coomassie brilliant blue staining (left) and immunoblotting
(right) for stomatin, the Na,K-ATPase -subunit, flotillin-2, GLUT1 (50–60 kDa), TfR (95 kDa), and actin. The major
membrane proteins are indicated by arrowheads in the left panel. GAPDH=glyceraldehyde 3-phosphate dehydrogenase.
(B). The amounts of the various proteins were quantified using densitometry, and normalized relative to actin as described
in the legend for Fig. 3. Levels are expressed as percentages relative to the content of lk/lk reticulocytes.
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exosome during reticulocyte maturation in sheep has been
suggested [16].  Our data confirm that both stomatin and
Na,K-ATPase are selectively extruded from reticulocytes
into the exosomes.  The involvement of the TfR, and some
lipid raft-associated proteins such as flotillin-2 (Fig. 5), is
consistent with previous observations regarding the protein
constituents of exosomes [7, 16, 17], supporting our find-
ings of exosomal extrusion of stomatin and Na,K-ATPase
from canine reticulocytes.  The role of the exosomal path-
way in reticulocyte maturation is to discard obsolete pro-
teins such as TfR, as they are not required by erythrocytes,
and to aid the extensive remodeling of the plasma mem-
brane needed to acquire the biconcave shape characteristic
of erythrocytes [3, 16].  However, the molecular basis of
protein sorting during exosome formation, and the role, if
any, of lipid raft-associated proteins, including stomatin, is
still unclear.

Stomatin is the founder of the stomatin protein family in
ubiquitous cells and is absent from the red cells of patients
with OHSt, a pathological condition characterized by
increased permeability of the cells to Na+ and K+ and a sto-
matocytic morphology [19, 32].  Several interactions of sto-
matin with membrane proteins, notably with the acid
sensing ion channels [29], GLUT1 [34], and other various
findings have implicated stomatin in the regulation of ion/
solute transporters and the stretch- or pressure-sensitive sys-
tem [8, 23, 29, 33].  Together with the apparent relationship
between the HK/LK genotypes and erythrocyte stomatin
content described above, it is of interest to suppose that sto-

matin interacts with the Na,K-ATPase and cooperates with
the enzyme during the maturation process of canine reticu-
locytes through the exosomal pathway.  This idea requires
proof, since the regulation of stomatin expression itself, or
some other relevant protein, might affect the HK phenotype
representing immature erythroid precursor cells with an
autosomal recessive inheritance [11].

Considering that the relative abundance of erythrocyte
stomatin in HK dogs is comparable with that in humans
(Fig. 3), and that the red cells in OHSt have 2%–5% of the
normal amount of stomatin [8], the reduction of stomatin in
LK erythrocytes with the lk/lk genotype appears compatible
with the situation in human OHSt.  However, these LK
erythrocytes, i.e. normal dog erythrocytes, do not show ove-
rhydration and consequent stomatocytic change, since the
cells do not suffer from a profuse membrane leakage of Na+

and K+ that is characteristic to all OHSt cases with stomatin
deficiency [8].  Also, the volume of dog erythrocytes is reg-
ulated mainly by coordination between the shrinkage-
induced Na/H exchange and the swelling-induced K-Cl
cotransport [1, 28].  These data confirm that the high intrac-
ellular Na+ and low intracellular K+ contents in LK dog
erythrocytes are caused by a common mechanism, i.e. the
lack of Na,K-ATPase, and that the mechanism is different
from the mechanism that elicits high Na+ and low K+ con-
centrations in OHSt red cells.  The data also suggests that
stomatin deficiency plays no direct role in the etiology of
OHSt [9, 35].  In this context, a recent study has identified
amino acid substitutions in the Rhesus (Rh)-associated gly-

Fig. 5. Reduction in the levels of stomatin and some other membrane proteins by exosome extru-
sion during reticulocyte maturation. Reticulocytes were obtained from LK dogs and incubated for
72 hr. Reticulocyte membranes (Cells) and the exosomes released from the cells (Vesicles) were
obtained at the indicated times (0, 24, and 72 hr) and analyzed for protein content on SDS-PAGE
gels (A), and for the levels of stomatin, the Na,K-ATPase -subunit, flotillin-2, TfR, and AE1
(band 3, 100 kDa) by immunoblotting (B). The reticulocyte count at the indicated times is shown,
and the migrating positions of major membrane proteins are indicated by arrowheads.
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coprotein as the cause for the monovalent cation leak in
OHSt [4].  In addition, it is noted that the reduction profile
observed for stomatin, Na,K-ATPase, and GLUT1 during
reticulocyte maturation is basically the same in both hk/hk
and lk/lk dogs, while TfR showed different features, as
described above (Fig. 4).  This discrepancy may indicate
that the immature red cell phenotype in HK dogs appears in
the very early stages of erythroid differentiation, but not in
the erythroblast stage, since a recent study shows that little
change in the surface expression of TfR (CD71) is observed
between early- and late-stage erythroblasts [6].

In conclusion, this study shows that the maturation of
canine reticulocytes is associated with a parallel reduction in
stomatin and Na,K-ATPase levels.  Thus, the erythrocyte
content of these two proteins is a characteristic of particular
HK/LK genotypes and phenotypes.  Stomatin, in particular,
is a suitable marker for the genotyping of LK dogs.
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