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Hemoglobin transition from larval to adult types occurs
within a single erythroid cell population during

metamorphosis of the salamander Hynobius retardatus

MASAHIRO YAMAGUCHI' and MASAMI WAKAHARA

Division of Biological Sciences, Graduate School of Science, Hokkaido University, Sapporo, Japan

ABSTRACT In amphibians transitions of hemoglobins IHbsl and red blood cells (RBCs)from larval
to adult types have been reported to occur at metamorphosis. The transition of Hbs in the salamander
Hynob;us retardatus also occurs during metamorphosis, but almost independently of thyroid activity.
Changes in several properties of RBCs, including their morphology, buoyant density and Hb pheno-
types, were analyzed during the normal developmentaf Hynobiusretardatus. Typical larval RBCswere
distinguished from typical adult ones by their different morphology and different buoyant density,
while RBCs from metamorphosing animals had a single buoyant density and thus could not be
separated into two populations on a Percoll density gradient. When RBCs from metamorphosing
animals were examined immunohistochemically using larval or adult globin-specific antibodies, all the
RBCs from any developmental stages from early larvae (36 days after hatching) to metamorphosed
juveniles contained varying quantities of both antigens recognized by these antibodies. Immunohis-
tochemical observation also demonstrated that the erythropoietic organs were the liver and spleen
at early larval stages, but limited to the spleen in metamorphosing larvae and metamorphosed adults.
These findings support the idea that the Hb switching in Hynobius retardatus occurs in a single RBC
population, rather than the concept that larval RBCs are replaced by new, adult RBCs, as is known to
occur in many amphibians,
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Introduction

Hemoglobin (Hb) switching has long been one of the leading
models for investigating the regulation of gene expression during
animal development. In most species of vertebrates Hb genes are
organized in clusters in which different globin sequences are
closely spaced. The expression of these genes is typically regu.
lated both at a tissue-specific and at a stage. specific level (see
Gilbert, 1994). In amphibians, Hb switching from larval to adult
types has been investigated with special interest in metamorphosis
(Maclean and Jurd, 1972; Ducibella, 1974a,b; Cardellini and Sala,
1979; Hosbach et al., 1982), which is a complete reconstruction of
the body at the biochemical as well as the morphological level
triggered by thyroid hormones (Weber, 1967; Yoshizato, 1989,
1992).

In Xenopus laevis, a switch in Hb synthesis occurs at metamor-
phosis resulting from the replacement of the larval globin subunits
by a set of distinct adult ones (Hosbach et al., 1982; Sadmeyer et
al., 1988). The transition of Hbs during metamorphosis in Xenopus
has been reported to involve replacement of the larval RBCs by
adult RBCs (Weber et al., 1989). Similarreplacement of the larval

RBCs by adult ones has been reported in Rana pipiens (Hollyfield,
1966) and Rana catesbeiana (Moss and Ingram, 1968; Darn and
Broyles, 1982; Just and Klaus.Just, 1996). In Xenopus, however,
Jurd and Maclean (1970) reported that approximately 25% of the
RBCs contained both adult and larval globins using larval. and
adult-specific antibodies, suggesting that the Hb switching occurs
within a single RBC population. Whatever the modes of RBC
transition, either replacement of old (larval) type RBCs by new
(adult) ones or Hb switching in a single RBC population, Hb
switching itself is believed to occur during the metamorphosis
triggered by thyroid hormones in many amphibian species (Hourdry,
1993).

The transition of globin subunits from larval to adult types in
Hynobius retardatus, which has been reported to show neotenic
reproduction in aspecific environment of Lake Kuttara in Hokkaido,
Japan (Sasaki, 1924; Sasaki and Nakamura, 1937) but whose
neotenic population in Lake Kuttara is believed to be extinct at
present, is somewhat different from the other amphibians: the Hb
transition occurs in almost the same time schedule in normally

Abnfrl,jati,III.1 lord irl Ihi} papl:'T':Hh, hemoglohin; RAe, red blood cell.
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Fig. 1. Transitions of globin subunits from larval to adult types during

normal development of Hynob;us retardatus. Ar 10 days afrer hatching,
only larval globlns are detected, and thus rhe ratio of adult globins to toral
g/obins is zero. Adult globins appear as early as 36 days after hatching, and
their proportion to total globins rapidly increases thereafter. The transition
is completed 100 days after hatching. An arrowhead indicates the time of
the completion of metamorphosis according to external morphology.
Inset: electrophoretic patterns of globin subunits on 50S-PAGE. 1M)
Molecular markers (upper, 20 kDa; lower, 14 kDa); (LI typical larval globins;
(T) globms in transition; (AI typical adult globins.

metamorphosing animals, in metamorphosis-arrested (goitrogen-
treated) larvae (Arai and Wakahara, 1993; Wakahara and
Yamaguchi, 1996), and in precociously metamorphosed animals
induced by exogenously applied thyroxine (Wakahara etal., 1994).
Furthermore, the Hb transition is extraordinarily retarded in meta-
morphosis-arrested larvae whose pituitary glands have been sur-
gically removed, whereas the transition in thyroidectomized larvae

occurs in the same time schedule as normally metamorphosed
controls (Satoh and Wakahara, 1997). These observations sug-
gest that Hb switching depends on the activity of pituitary gland, but
not on that of the thyroid gland in this species. This is a unique
phenomenon among amphibian species in which the Hb transition
has been analyzed so far. In this respect, it would be of great
interest to know whether the changeover from larval to adult Hb
occurs within individual RBCs, or whether separate populations of
RBCs exist, each exclusively containing one or the other of the two
types of Hb. To investigate this problem we prepared antibodies
against Hynobius larval and adult Hbs and used them to determine
which type of Hb was present within each RBC in normally
metamorphosing and metamorphosed animals of Hynobius
retardatus.

Results

Hb changes during the metamorphosis
Larval and adult globin subunits were easily distinguished on

SDS-PAGE by their different mobilities (Fig. 1, inset). Figure 1
shows chronological changes in globin subunits from larval to adult
types during normal development of Hynobius retardatus. At 10
days after hatching, only larval globins were detected, and thus the
proportion of adult to total globins was zero. Adult globins appeared
as early as 36 days after hatching. Their proportion to total globins
increased rapidly thereafterI and the transition was completed
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Fig. 2. Changes in morphology of RBCs in 30% PBS during normal
development of Hynobius retardatus. (AI Typical larval RBGs showing
a round or spherical shape. (BI RBGs from a metamorphosed juvenile (89
days after hatching), showing an 'intermediate' morphology between larval
and adult RBGs. !C) Typical adult RBCs showing an elliptical oroval shape.
(DI Chronological changes in the morphology of RBGs from larval to the

adult types. Bar, 100 pm.

approximately 100 days after hatching, a little later than morpho-
logical metamorphosis (see Fig. 5 in Arai and Wakahara, 1993).

Morphological changes in RBCs
Larval and adult RBCs showed different morphology in 30%

PBS; the former was characterized by a round or spherical shape
(Fig. 2A), while the latter by an oval or elliptical shape (Fig. 2C).
Approximate major and minor axes of the round, larval RBCs were
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24.4 ~m and 21.1 ~m. whereas those of the elliptical. adult RBCs
were 28.3 ~m and 21.0 11m, respectively. During the transition,
RBCs showed an "intermediate" form between typical larval and
adult RBCs (Fig. 2B). Indicating that they could not be separated
into two distinctive (larval and adult) RBC populations during their
transition. The ratio of major to minor axes of typical larval RBCs
was approximately 1.1, showing the almost spherical shape. That
of adult RBCs was 1.35, showing their elliptical shape. Figure 20
shows chronological changes in the morphology of RBCs during
normal development. Aftermetamorphosis (approximately 70 days
after hatching), the ratio of the major to minor axes of RBCs
gradually increased to the level of adult RBCs.

In ACG (0.08% citric acid, 2.2% trisodium citrate dihydrate, and
2.4% glucose) solution, a hypertonic solution for larval cells in
urodeles (Ducibella, 1974b), typical larval RBCs were strikingly
shrunk by dehydration (Fig. 3A). In contrast, adult RBCs exhibited
a rather smooth, elliptical shape (Fig. 3C), suggesting that RBCs
could be classified into two groups according to their osmotic
properties. During the transition, RBCs of "intermediate" form,
which partially shrank, were also found (Fig. 3B). In typical adults,
however. no "intermediate" forms were found. Figure 3D shows
chronological changes in the osmotic properties of RBCs during
normal development. Between 70 and 150 days after hatching, the
proportion of smooth, elliptical RBCs in ACG solution increased
markedly from 0% to approximately 75%. At the end of this
experiment (250 days after hatching), about 25% of RBCs were still
of larval form. Because more than 95% of RBCs showed the
smooth, elliptical shape in typical adults, the transition of osmotic
properties in RBCs was not completed even at the end of this
experiment, and thus did not occur simultaneously with the Hb
switching, which was completed at 100 days after hatching (Fig. 1).
This is in contrast with observations reported in Ambystoma
mexicanum (Ducibella, 1974b).

Changes in buoyant density ot RBCs
Typical larval RBCs had a lower density (approximately 1.051 gl

ml) (Fig. 4A) than typical adult RBCs (approximately 1.068 glml)
(Fig. 4C). When RBCs from normally metamorphosing larvae (60
days after hatching, and thus containing both the larval and adult
globin subunits, see Fig. 1) were analyzed on Percoll density
gradients. they were not separated into two distinctive populations.
but showed a single band of an intermediate density (1.060 mg/ml)
between the larval and adult densities (Fig. 4B). Chronological
changes in the buoyant density of RBCs during normal develop-
ment are shown in Figure 40. Fifty days after hatching, the density
of RBCs began to increase and reached nearly 1.066 g/ml at 70
days. It remained at this level until 230 days after hatching, when
it reached an adult level, 1.068 g/ml. During the transition, each
RBC fraction showed a uniform density and could not be separated
into two populations, a result completely different from results
reported in Rana catesbeiana (Darn and Broyles, 1982).

Specificity of antibodies

In order to test the specificity of the antibodies obtained in this
study, three types of hemolysates were employed for immunoblots;
typical larval (from 3 to 10 days after hatching), typical adult (from
sexually mature male), and larval-adult transition (from metamor-
phosing larvae). Figure 5 shows typical Western blots stained wifh

the polyclonal antibody to larval-specific Hb (Pab-HbL) and the
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Fig. 3. Changes in osmotic properties of RBCs in ACG solution fa
hypertonic solution for larval cells). (A) Completely shrunken by dehy-
dration. typical larval RBCs. (B) RBCs of 'intermediate' form partially
shrunken (arrowheads}, encountered durmg the tranSition.(C) Typical
adult RBCs which show an oval or elhptlcal shape with smooth cell surface.
(DI Chronological changes in the osmotic properties of RBCs from larval to

adult types_ Bar, 100 pm.

monoclonal antibody to adult-specific Hb (Mab-HbA). The larval
Hb was recognized only by the Pab.HbL, but not by the Mab-HbA
(Fig. 5, lanes 1 and 4). On the other hand, the adult Hb was
recognized only by the Mab-HbA, but not by the Pab-HbL (Fig. 5,
lanes 2 and 5). Hbs trom metamorphosing animals (laNai-adult
transition), whose RBCs contained both larval and adult types of
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not shown). At 36 days aher hatch-
ing all RBCs andlor RBC-precursor

cells in the spleen were stained with
both antibodies (Fig. 8C.D). RBCs
and RBC-precursor cells from the
same region on two consecutive
sections were stained with both
antibodies. RBCs from adult spleens
were stained only with the Mab-
HbA (Fig. 8E), but not with the Pab-
HbL (data not shown).

In contrast, the liver behaved dif-
ferently from the spleen as an eryth-
ropoietic organ. At 10 days after
hatching, the liver had many RBCs
and/or RBC-precursor cells which
were recognized with the Pab-HbL
(Fig. 8F). Theimmunoreactive RBCs
and/or RBC-precursor cells were
nested among larval hepatocytes.
At 36 days aher hatching, however,
the RBC-precursorcells were hardly

observed in the liver (Fig. 8G). A few RBCs in capillaries were
stained with the Mab-HbA, but no nested RBC-precursorcells were
observed at all. Similar results were obtained from the livers of
post-metamorphosed juveniles and adults (data not shown). In
kidney from early developmental phases to post-metamorphic
stages, RBC-precursorcells were observed much less than in liver,
suggesting that this organ did not function as an erythropoietic
organ at any stage.

o
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Fig. 4. Changes in a buoyant density of RBCs on Percoll gradient density with color density markers.
(A) Typical larval RBCs showing a density of 1.051 gm/ml. (B! RBCs from metamorphosing larvae (60 days
after hatching) showing a density of 1.060 gm/ml. (C! Typical adult RBCs showing a density of 1.068 gm/ml.
(D! Chronological changes in the buoyant density of RBCs durmg normaldevelopmentof Hynobius retardatus
During the tranSition In density of RBCs, each RBC fraction cannot be separated into two distmctive
populations. but shows a single density. Arrowheads indicate the position of RBCs. Color density marker:
yellow. 1.035; green, 1.051; red. 1.060, blue, 1.074 gm/ml.

Hbs, were recognized by both the Pab-HbL and Mab-HbA (Fig. 5,
lanes 3 and 6). From the estimated molecular weights, the compo-
nents recognized by these antibodies were assumed to be larval
and adult globin subunits (Arai and Wakahara, 1993).

The specificity of these antibodies was also confirmed on smear
preparations of larval and adult RBGs. Figure 6 shows immunohis-
tochemistry of typical larval and typical adult RBCs, using the Pab-
HbL and Mab-HbA, respectively, and the corresponding phase-
contrast micrography. The Pab-HbL stained only the larval RBCs,
but not the adult RBCs (Fig. 6A,C). In contrast, the Mab-HbA
stained only the adult RBCs, but not the larval RBCs (Fig. 5B,D).

Coexistence of larval and adult Hbs in individual RBCs
Figure 7 shows immunohistochemistry of R8Gs during normal

development of H. retardatus, using the Pab-HbL and Mab-HbA.
All RBCs from any developmental stages from early larval (36
days after hatching, Fig. 7A,B) to metamorphosing (50 days, Fig.
7C,D; 64 days, Fig. 7E,F) stages contained both antigens recog-
nized by the Pab-HbL and Mab-HbA. At 89 days aher hatching
(post-metamorphic juvenile), RBCs stained strongly with the
Mab-HbA, but more weakly with the Pab-HbL compared to RBCs
from younger larvae (Fig. 7G,H). At 105 days after hatching, the
RBCs were stained only with the Mab-HbA, but not with the Pab-
HbL (Fig. 71,J).

Erythropoietic organs
In order to determine possible erythropoietic organs in larvae

and adults, several organs were examined histologically and
immunohistochemicaJly. Erythroid cells whose cytoplasm was
stained weakly with eosin were frequently observed in the spleen
(Fig. 88). Mitoticfigures of these cells were also often encountered.
In accordance with morphological criteria, they were assumed to
be RBC-precursor cells (Grasso, 1g73a). When two successive
sections were immunostained with the Pab-HbL and the Mab-HbA
at 10 days after hatching, many of the erythroid cells in the spleen
were stained with the larval Hb-specific (Pab-HbL) antibody (Fig.
8A), but not with the adult Hb-specific (Mab-HbA) antibody (data

Discussion

Hb switching in Hynobius retardatus
The results described in this study convincingly demonstrated

that R8Gs from early larvae to metamorphosed juveniles in Hynobius
retardatus expressed, more or less, concurrently both larval and
adult phenotypes of Hb (Figs. 7, 8). Furthermore, the RBCs from
metamorphosing animals could not be separated into two distinc-
tive populations, but showed a single density intermediate be-
tween typical larval and adult densities on a Percoll density

1 2 63 54 ....---
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Fig. 5. Western blot analyses using larval Hb-specific (Pab-HbL! and

adult Hb-specific !Mab-HbA! antibodies. Hemolysates from typical
larval- (lanes 1,4) and typical adult-RBCs (Janes 2,5), and RBCs from
metamorphosing larvae (larval-adult transition) (lanes 3,6) were electro-
phoresed and blotted. The Pab-HbL recognizes specifically larval globins
(lane 1J. but not adult ones (lane 2). The Mab-HbA recognizes specifically

adult globins (lane 5), but not larval ones (lane 4). Larval and adult globins
from metamorphosing larvae were recognized by both the Pab-HbL and
Mab-HbA (lanes 3 and 6).
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Fig. 6. Enzyme-immunohistochemistry of RBCs stained with Pab-HbL and Mab-HbA.IA 1.811 RBCs from rypicallarvae (3 ro 10davs after harchlng'.
IC1.D11 RBCs from a typical adult (a sexually mature male'. The corresponding phase-contrast micrographs of the immunohlsrochem,'srry are shown in
(A2-D21. RBCs were fixed with 100% merhanol, and stained wlrh larval Hb-specdic polye/ana! antibody (Pab-HbU IA1.C11. or with adult Hb-specd;c
monoclonal antibody (Mab-HbA) (81.D1). The Pab-HbL stains only larval RBGs (A 1J. bur not adult ones IC1). The Mab-HbA stains only adult RBCs ID11.
but not larval ones IB1). Bar, 50 Jim.

gradient (Fig. 4), in contrast to what has been reported in Rana
catesbeiana (Dorn and Broyles, 1982). These observations favor
the idea that the Hb switching occurs in a single RBC population
("Hb switching' model), rather than the concept that larval RBCs
are replaced by new, adult RBCs ("RBC replacement" model) (see
Broyles, 1981). Continuous changes in the RBC morphology
during their transition from larval to adult types in 30% PBS (Fig. 2)
as well as in ACG solution (Fig, 3) are also consistent with the "Hb
switching' model in this species. Although studies of cell morphol-
ogy, Hb phenotypes, as well as DNA and protein synthesis in the
circulating RBGs of various amphibianspecies have suggested
that an Hb transition reflects the replacement of larval RBCs by a
new population ot erythroid cells committed to adult Hb synthesis
(Broyles, 1981), Hb switching in Hynobius retardatus may occur in
a single RBC population.

The specificity of the antibodies used was demonstrated by
Western blot (Fig. 5) as well as by immunohistochemistry (Fig. 6).
Weber et a'. (1989) have clearly demonstrated, using a similar
procedure, that a certain fraction of RBGs contains only larval
globins and the remaining fraction contains adult globins during the
Hb transition in Xenopus. The concurrent presenceof the larval
and adult Hbs in an individual RBC in Hynobius was undoubtedly
demonstrated by all the RBCs being recognized by both antibodies
in smear preparations of RBCs (Fig. 7) as well as in histological
sections of the spleen (Fig. 8).

Erythropoietic organs in H. retardatus
In amphibians. erythropoietic organs are known to change

dramatically during ontogeny, from embryonic (ventral blood is-
land) to larval, and from larval to adult. The exact erythropoietic
organ(s) in larvae, however, have been controversial: kidney in

Xenopus (Turner, 1988), liver and kidney in Rana (Broyles et a'.,
1981), peripheral to liver (Weber et a/., 1991) or liver (Ohinata and
Enami, 1991) in Xenopus, or spleen in Triturus (Tournetier, 1973).

In Hynobius relardatu5. the erythropoietic organs were demon-
strated to be liver and spleen in early larval stages. and limited to
the spleen in adults, in Triturus (Grasso, 1973b). According to the
"RBC replacement" model, diflerent classes of Hbs are expected
to be expressed in different erythroid precursor cells which differ-

entiate in the specific erythropoietic organs (Weber et a'., 1991). In
contrast, in the -Hb switchingM model, as in Hynobius retardatus,
the Hb switching may occur in the same erythroid precursor cells,
which differentiate in the spleen. Figure 9 shows a tentative model
for RBC transition in Hynobius retardatus. During early develop-
mental stages, the spleen and liver must be major erythropoietic
organs. In the liver, however, erythropoietic activity ceases and
thus RBC-precursor cells are hardly observed in metamorphosing
larvae and metamorphosed juveniles. This suggests that the liver
functions as an erythropoietic organ only at early larval stages,
from which RBCs containing only larval globins differentiate, as in
the kidney ot bullfrog (Broyles et a'., 1981), the blood island of
rainbow trout (Iuchi and Yamamoto, 1983), and the yolk sac or liver
of human (Wetherall and Clegg, 1979). The spleen becomes the
major erythropoietic organ just before the Hb transition in H.
retardatus.1t is thus suggested that the spleen functions as a major
erythropoietic organ throughout life in this species, in contrast to
Rana and Xenopus (Broyles, 1981: Weber et a'.. 1991).

Hormonal regulation in RBC transition
AdultRBCs in Hynobius retardatus were readily distinguished

from larval RBCs not only by their globin subunits (Fig. 6) and
density on a Percoll gradient (Fig. 4), but also by their cell shape
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Fig. 7 .Immunostaining of RBCs during normal metamorphosis in Hynobius retardatus. (A1.C1.E1,G1 and 11)RBCs stained wirh larval Hb-specific
polyclonal antibody (Pab-HbU IB1.D1.F1,H1 and J1) RaCs stained wirh adult Hb-specific antibody (Mab-HbA). The corresponding phase-contrast
micrographs are shown in (A2.J2), respectively. (A,B) 36 days after hatching; (C,D) 50 days after hatching; IE,F) 64 days after hatching; (G,H) 89 days
after hatching; (I,J) 105 days afrer hatching. All RBCs from any developmental stages before (36 days) and during (50 days, 64 days) metamorphosis were
recognized by both the Pab-HbL and Mab-HbA. suggesting that the RBCs contained both larval and adult Hbs, concurrently. After metamorphosis, the
immunostaining with the larval antibody diminished (89 days), and then was completely lost (105 days). Bar, 50 11m.



(Fig. 2) and behavior in a hypertonic solu-
tion (Fig. 3), in the axolotl Ambystoma
mexicanum (Ducibella. 1974b). In the
axolotl the transition has been reported to
occur depending on a very low concentra-

tion ofthyroid hormones (Ducibella. 1974b;
Jurd. 1985). In contrast, the Hb transition in
Hynobius retardatus is independent of a
thyroid activity (Satoh and Wakahara.
1997). and thus of thyroid hormones (Arai
and Wakahara. 1993; Wakahara et al..
1994).11 must be induced during metamor-

phosis by pituitary gland activity (Satoh
and Wakahara. 1997). and/or by an un-
known temporal regulation of genes en-
coding globin subunits, as is known to
occur in chicken and mammalian globin
genes(ChoiandEngel. 1988; Engel. 1993).
Thyroid hormone-dependent globin gene
expression during amphibian metamor-
phosis is a useful model to investigate
hormone-dependent gene expression
(Widmer et al" 1981; Hosbach et at" 1982;
Banville and Williams. 1985; Weber et at..
1991 ).In contrast. Hb switching in Hynobius
retardatus may provide a new model for
investigating the temporal regulation of
gene expression or control of develop-
mental timing during ontogeny (see
Wakahara. 1996).

The concurrent presence of larval and
adult Hbs in a single RBC population
demonstrated in this study does not mean
simply that both genes encoding larval
and adult globins are simultaneously ex-
pressed in RBCs and/or RBC-precursor
cells. In fact. it is unclearwhetherchanges
in the proportion of adull Hbs to larval
ones occur in individual RBCs, or whether
the proportion remains the same from the
time an individual RBC differentiates until
its death. The next step of the study will
be to obtain molecular probes to eluci-
date further mechanisms controlling the
temporal regulation of Hb genes in
Hynobius retardatus,

Materials and Methods
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Fig. a.lmmunohistochemistry showing the erythropoietic organs, Tissue sections were treared
with a larval Hb-spec/flc aMIbody (Pab-HbU or adu/r Hb-speci!lc anrlbody tMab-HbA} as a primary
antibody, and peroxidase-labeled aMI-mouse IgG (secondary aMlbody). Pero,idase acrivlty was

detecred by DAB. (A) The spleen at 10 days after hatching immunostalned with Pab-HbL. IS,C,D)

Consecutive sections of the spleen at 36 days after hatching stained with hematoxylin and eOSin, Pab-
HbL. and Mab-HbA. respectively. The same erythroid cells are stained with both antibodies on
consecutive sections (C,O, arrowheads). lEI Adult spleen stamed with Mab-HbA. (F) Section through
the fiver at 10 days after hatching stained with Pab-HbA. showing a lor of nesting erythroid cells IG)
Section through the liver at 36 days after hatching stained with Mab-HbA, showing no erythroid cells
e>.cepr for RBCs in capillary. Bars, 100 Jim.Animals

Sexually mature adult males and fertilized
eggs of Hynobius retardatus were collected

from several ponds or small streams in the vicinity of Sapporo during the
breeding season. The embryos hatched from their egg sacs were reared in
dechlorinated tap water at room temperature. Mature males were stored at
4~C until use. Blood samples were collected from very early larvae at 3 to

10 days after hatching (Iypicallarval RBCs), from developing larvae (RBCs
in transition), and from sexually mature males (typical adult RBCs),
respectively, after anesthesia by immersing in MS222 (Sandoz, 1:2000 in

Steinberg's solution tor larvae and 1:500 in De Boer's solution for adult).

Electrophoresis
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (50S-

PAGE) was per10rmed according to Laemm1i (1970), using 15%. separat-
ing gels. All electrophoresed gels were stained with Coomassie Brilliant
Blue, Electrophoretic patterns were photographed and the transition of
globin subunits from larval to adult types was analyzed by measuring the

ratio of adult 10 total globins using a compuleflzed image analyzer (NtH-
image).
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Fig. 9. A tentative model
for Hb and RBCtransitions
in Hynob;us fetardatu5. Ar
earlydevelopmentaf stages.
the spleen and liver must be
erythropoietic organs, and
differentiating erythroblasrs
in both organs synthesize
larval-specdlc Hbs only. In
the liver. however, erythro-
poieticactivityceases and
thus erythrobfaS1S are hardly
observed in meramorphos-
ing larvae. The spleen be-
comes rhe major erythropoi-
etic organ as development
proceeds_ In rhe spleen,
eryrhroblasts initiallysynthe.
sIze larval-specific Hbs ex-
clusively. then larva/- and

The or;gm and kinds of erythropoietic stem cell lineage(s) areadult-specific Hbs concurrently, and finaf/y synthesize adult-specific Hbs after metamorphosis.
unknown. Pink triangles indicate larval Hbs, and orange squares indicate adult Hbs.

RBC morphology
Freshly prepared RBGs were observed directly by inverted phase

contrast microscopy in 30% PBS (73 mM NaGI, 18 mM KH2PO.., 57 mM

Na2HPO..; pH 7.2) and photographed. Major and minor axes of the RBGs
were measured and analyzed using a computerized image analyzer (NIH-
image). The morphology of RBGs was also analyzed in AGG solution
(0.08% citric acid, 2.2% trisodium citrate dihydrate, and 2.4% glucose:
Ducibella, 1974b), which must be hypertonic to larval RBGs. Larval and

adult RBGs were readily distinguished by their different morphology in the
AGG solution. Oval or elliptical RBGs with smooth cell surfaces were
counted as adult RBGs, and extremely shrunken RBGs as larval RBGs. The
percentage of adult to total RBGs was calculated.

Buoyant density
A continuous density gradient of Percoll (Pharmacia) from 0% to 83%

in 50% PBS was prepared in a centrifugation tube. Freshly collected RBGs
were layered onto the Percoll gradient with colored density markers. Aher
centrifugation (700g, 30 min), the position of the RBGs was measured and
then the density of the RBGs was estimated according to their position
relative to the density markers.

Preparation of antibodies

To prepare mouse monoclonal antibodies against either larval or adult
Hbs, hemolysates from typical larval and typical adult RBGs were obtained
according to the method described previously (Arai and Wakahara, 1993).

Mice received tour subcapsular injections ot a total of 4 mg of hemolysate
proteins. Three days atterthe final injection, the spleen cells were removed

and fused with myeloma cells, according to the method devised by KOhler
and Milstein (1975). Diluted hybridoma supernatants were screened in
order to select specific antibodies that reacted with either typical larval or
adult hemolysates, but not with both. Several specific clones to the adult
Hbs were isolated by the limiting dilution technique. One of them, named
Mab-HbA was used in this study. Because monoclonal antibodies specific
enough to recognize only the larval Hbs were not cloned, serum from mice
immunized with larval hemolysate was diluted 1:500 and extensively
absorbed by the adult hemolysate, and used as a polyclonal antibody (Pab-
HbL) which reacted specifically to the larval Hbs.

Immunoblot
Typical larval and typical adult hemolysates were applied to SDS-

PAGE, using 15% separating gels, and blolted to Immobilon PVDF transfer
membrane (Nihon Millipore, Tokyo). After blocking in 5% dry milk with 0.1%

sodium azide, the membrane was incubated for 30 min with primary
antibody (Pab-HbL. 1: 3000: Mab-HbA. 1 :500. in dilution) at 4°C. and then

for 90 min with alkaline phosphatase-labeled secondary antibody (rabbit
anti-mouse IgG. diluted 1: 500). Nitro blue tetrazolium and 5-bromo-4-
chloro-3-indolyl phosphate were used as the substrate for detecting the
reaction.

Immunohistochemistry
Freshly prepared blood samples were smeared on clean glass slides,

air-dried and fixed with 100% methanol. The smear preparations were
incubated tor 30 min in 0.3% H202 in methanol to decolor. Aher blocking for
2 h with 10% FCS-PBS at 37°G, the smear preparations were overlaid with
the Pab-HbL (1 :3000) or Mab-HbA (1 :100) for 30 min at 4°G, and then with
alkaline phosphatase-labeled anti.mouse IgG. Nitro blue tetrazolium and
5-bromo-4-chloro-3-indolyl phosphate were used as the substrate for
detecting the reaction.

To determine the erythropoietic organ(s) in larvae and adults, several
organs were fixed with methanol-acetic acid (3: 1) mixture and embedded
in Tissue-Prep (Fischer, Fair Lawn). They were cut at 5 J.lmthickness and
stained immunohistochemically with methods basically identical to those
described above. Horseradish peroxidase-conjugated rabbit anti-mouse
IgG (diluted 1: 500) was used as a secondary antibody. DAB was used as

the substrate for detecting the reaction with H202.

Acknowledgments
We thank Dr. M. Yamashita (Hokkaido University) tor his technical

support to make antibodies, and Ms Susan Duhon (Indiana University) for
editorial assistance.

References

ARAJ, T. and WAKAHARA, M. (1993). Hemoglobin transition from larval to adult types
in normally metamorphosing, melamorphosed and metamorphosis-arrested
Hynobius retarrJatus. Zoo/. Sci. 10: 637.644.

BANVILLE, D. and WILLIAMS, J.C. (1965). Developmental changes in the pattern of
larval ~-globin gene e)(pression in Xenopus laevis. J. Mol. Bioi. 184: 611-620.

BROYLES, R.H. (1981). Changes in the blood dunng amphibian metamorphosis. In
Metamorphosis - A Problem in Developmental Biology (Eds. LI. Gilbert and E.
Frieden). Plenum Press, New York, pp. 461-490.

BROYLES, R.H., JOHNSON, G.M., MAPLES, P.B. and KINDELL. G.R. (1981). Two
erythropoietic microenvironments and two larval red cell lines In bullfrog tadpoles.
Dev. BioI. 81: 299-314.



CARDELLlNI, P. and SAlA, M. (1979). Metamorphicvariations in the hemoglobins of

Bombina variegata (L.). Camp. Biochem. Physiol. 64B: 113-116

CHOI, O-A. and ENGEL, J.D. (1988). Developmental regulation of j3-globin gene

switching. Ce1/55: 17-26.

DORN, A.R. and BROYLES, R.H. (1982). Erythrocyte differentiation during the

metamorphic hemoglobin switch of Rana catesbeiana. Proc. Nat!. Acad. Sci. USA

9: 5592-5596.

DUGIBELLA, T. (1974a). The occurrence of biochemical metamorphic events without

anatomical metamorphosis in the axolotl. Dav. BioI. 38: 175-186.

DUCIBELLA, T. (1974b). The influence of L-thyroxine on the change in red blood cell
type in the axolotl. Dev. Bioi. 38: 187-194.

ENGEL, J. D. (1993). Developmental regulation ofhuman p-globin gene transcription:

a switch of ioyalties? Trends Genet, 9: 304-309

GILBERT, S.F. (1994). Transcriptional regulation of gene expression. In Develop-

mental Biology, 4th ed. Sinauer Assoc. Inc. Publ., Sunderland, pp. 411-437.

GRASSO, J.A. (1973a). Erythropoiesis in the newt, Triturus cristatus Laur. Identifica-
tion of the 'erythroid precursor cells'. J. Cell Sci. 12: 469-489.

GRASSO, J.A. (1973b), Erythropoiesis in the newt, TrituruscristatusLaur. Character-

istics of the erythropoietic process. J. Cell Sci. 12: 491-523.

HOLLYFIELD, J.G. (1966). Erythrocyte replacement at metamorphosis in the frog,

Rana pipiens. J. Morphol. 119: 1-5.

HOSBACH, H.A., WIDMER, H,J., ANDRES, A-C. and WEBER, R. (1982). Expression

and organization of the globin genes in Xenopus laevis. In Embryonic Develop-
ment, Part A: Genetic Aspects (Eds. M.M. Burger and A. Weber). Alan A. Liss,
New York, pp. 115-125

HOURDRY, J. (1993). Passage to the terrestrial life in amphibians 11.Endocrine

determinism. Zool. Sci, 10: 887-902.

IUCHI, I. and YAMAMOTO, M. (1 983). Erythropoiesis in the developing rainbow trout,

Salmo gairdnen' idideus: histochemical and immunochemical detection of eryth-
ropoietic organs. J. Exp. Zool. 226: 409-417.

JURD, R.D. (1985). Haematological and immunological 'metamorphosis' in neotenous

urodeles. In Metamorphosis. (Eds. M. Balls and M. Bownes). Clarendon Press,

Oxford, pp. 313-331.

JURD, A.D. and MacLEAN, N. (1970). An immunofluorescent studyofthe haemoglobins

in metamorphosing Xenopus laevis. J. Embryol. Exp. Morphol. 23: 299-309.

JUST, J.J. and KLAUS-JUST, J. (1996). Controls of thyroid hormones and their

involvement in hemoglobin transition during Xenopus and Rana metamorphosis.

In Biology of Xenopus (Eds. R.C. Tinsley and H.R. Kobel). Oxford Univ. Press,
London, pp. 213-229.

KOHLER, G. and MILSTEIN, C. (1975). Continuous cultures of fused cell secreting
antibody of predefined specificity. Nature 256: 495-497.

LAEMMLI, U.K. (1970). Cleavage of structural proteins during the assembly of the

head of bacteriophage T4, Nature 227: 680-685.

MacLEAN, N. and JURD, R.D. (1972). The control of haemoglobin synthesis. Bioi.

Rev. 47: 393.437.

MOSS, B. and INGRAM, V.w. (1968). Hemoglobin synthesis during amphibian
metamorphosis. II. Synthesis of adult hemoglobin following thyroxine administra-

tion. J. Mol. Bioi. 32: 493-504.

Hb switching during urodelmz metonlO'1Jhosis 589

OHINAT A, H. and ENAMI, T. (1991). Contribution of ventral blood island (VBI)-derived

cells to postembryonic liver erythropoiesis in Xenopus laevis, Dav. Growth Differ.
33: 299-306.

SADMEYER, E., GYGI, 0.. WYLER, T., NYFFENEGGER, U. and WEBER, A. (1988).

Developmental pattern and molecular identification of globin changes in Xenopus

laevis, RouxArch. Dev. Bioi. 197:406-412.

SASAKI, M. (1924). On aJapanese salamander, in Lake Kuttarush, which propagates

like the axolotl. J. Call. Agr. Hokkaido Imp. Univ. 15: 1-36.

SASAKI, M. and NAKAMURA, H. (1937). Relationof endocrine system to neoteny and

skin pigmentation in a salamander, Hynobius lichenatus Boulenger. Annot. Zool.
Jpn.16:81.97.

SATOH, S.J. and WAKAHARA, M. (1997). Hemoglobin transition from larval to adult
types in a salamander (Hynobius retardatus) depends on activity of the pituitary

gland, but not that of the thyroid gland. J. Exp. Zool. 278: 87-92.

TOURNEFIER, A. (1973). Deveiopment des organs Iymphoides chez I'amphibien

urodele Triturus alpestris Laur: tolerance des aliograHes apres ta thymectomie

larvaire. J. Embryol. Exp. Morphol. 29: 389-396.

TURNER, R.J. (1988). Amphibians, In Vertebrate Blood Cells (Eds. F. Rowley and

N.A. Flajnik). Cambridge Univ. Press, Cambridge, pp. 129-209.

WAKAHARA, M. (1996). Heterochrony and neotenic salamanders: possible clues for

understanding the animal development and evolution. Zool. Sci. 13: 756-766.

WAKAHARA, M. and YAMAGUCHI, M. (1996). Heterochronic expression of several

adult phenotypes in normally metamorphosing and metamorphosis-arrested

larvae of a salamander Hynobius retardatus, Zool. Sc;. 13: 483-488.

WAKAHARA, M., MIYASHITA, N., SAKAMOTO, A. and ARAI, T. (1994). Several

biochemical alterations from larval to adult types are independent on morphologi-

cal metamorphosis in a salamander, Hynobius retardatus. Zool. Sci. 11: 583.588.

WEBER, R. (Ed.) (1967). Biochemistry of amphibian metamorphosis. In The Bio-

chemistry of Animal Development, Vol. 2. Academic Press, New York, pp. 227-

301.

WEBER, R., BLUM, B. and MULLER, P.R. (1991). The switch from larval to adult

globin gene expression in Xenopus laevis is mediated by erythroid cells from

distinct compartments. Development 112: 1021-1029.

WEBER, R., GEIZER, M., MULLER, P., SANDMEIER, E. and WYLER, T. (1989). The

metamorphic switch in hemoglobin phenotype of Xenopus laevis involves eryth-

roid cell replacement. Raux Arch. Dev. Bioi. 198: 57-64.

WEATHERALL, D.J and CLEGG, J.B. (1979). Recent developments in the molecular
genetics of human hemoglobins. Cell 16: 467-479.

WIDMER, H.J., ANDRE, A.C., NIESSING, J., HOSBACH, H.A. and WEBER, R.
(1981). Comparative analysis of cloned larval and adult globin cON A sequences

of Xenopus laevis, Dev. Bioi. 88: 325-332.

YOSHIZATO, K. (1989). Biochemistry and cell biology of amphibian metamorphosis

with special emphasis on the mechanism of removal of larval organs. Int. Rev.
Cytol.119:97-149.

YOSHIZATO, K. (1992). Death and transformation of larval cellsduring metamorpho-

sis of anura. Dev. Growth Differ. 34: 607-612.

A (rtfilrd Jor publimtinn: .\Ia)' 1997


