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Abstract
Adenohypophysial cell types in the pituitary of adult sea lampreys, Petromyzon marinus, was localized by means of
immunocytochemical and lectin cytochemical techniques. At least four types of adenohypophysial hormone cells are
present in the pituitary of adult sea lampreys. The first type of cell is ACTH-like and occupies most parts of the rostral
pars distalis ŽRPD., but a few scattered ACTH-like cells are also present in the proximal pars distalis ŽPPD.. The second
type of cell is MSH-like and occupies the whole pars intermedia. The third type of cell is GHrPRL-like and occupies
the dorsal half of the PPD. These GHrPRL-like cells were initially detected by heterologous immunocytochemistry
using antibodies to salmon GH, salmon PRL and blue shark GH, after hydrated autoclave pretreatment of sections.
Later, by use of an antiserum raised against a synthetic peptide corresponding to the partial sequence of lamprey
GHrPRL, the same cells as those containing GHrPRL-like immunoreactivity were stained positively. Similarity of the
topographic distributions between lamprey GHrPRL-like cells and gnathostome fish GH cells in the pituitary suggests
that GHrPRL-like cells in the lamprey may be GH cells. The last type of cell is GTH-like and occupies the ventral half
of the PPD. Although GTH has not yet been isolated from the lamprey pituitary, our immunocytochemical data suggest
that GTH-like material in the sea lamprey pituitary is more closely related to mammalian-like LH, rather than to FSH
or TSH. These four types of adenohypophysial cells occupy most parts of the lamprey adenohypophysis and indeed there
is little room for TSH or PRL cells. Thus, the present study further suggests that GH and LH-like GTH are ancestral
forms of GHrPRLrSL family and glycoprotein hormones, respectively. 䊚 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

Lampreys and hagfish are the only two extant
representatives of the oldest class of vertebrates,
Agnatha Žjawless fish.. The pituitary gland of Agnatha consists of the same two principal elements
that are found in all other vertebrates, an adenohypophysis and a neurohypophysis. The lamprey
adenohypophysis is divided into three regions: the
rostral pars distalis ŽRPD.; the proximal pars
distalis ŽPPD.; and the pars intermedia ŽPI.. The
neurohypophysis has two regions: the anterior
neurohypophysis Žhomologue of the infundibulum.; and the posterior neurohypophysis Žhomologue of the pars nervosa.. This overt morphological similarity between pituitaries of lampreys and
gnathostome fish suggests early establishment of
the endocrine and neuroendocrine functions of
the tissue in vertebrates ŽBall and Baker, 1969..
Although there have been remarkable recent advances in molecular characterization of piscine
pituitary hormones, only adrenocorticotropin
ŽACTH. and melanotropins ŽMSHs. have been
isolated from the lamprey adenohypophysis
ŽTakahashi et al., 1995a.. The presence of gonadotropin ŽGTH. has been suggested for the
lamprey, but as yet, there is no convincing evidence that the lamprey pituitary secretes thyrotropin ŽTSH., prolactin ŽPRL. or growth hormone ŽGH. Žsee Hardisty and Baker, 1982.. This
position paper, while focusing upon information
from our own immunocytochemical and cy-

tochemical studies with sea lampreys, Petromyzon
marinus, will also outline other information available at this time.
1.1. ACTH-like and MSH-like cells
Recently, three peptides containing the MSHcore sequence were isolated from the pituitary
gland of adult sea lampreys and were assigned as
lamprey ACTH, MSH-A and MSH-B, respectively
ŽTakahashi et al., 1995a.. Subsequent studies revealed that ACTH and MSHs were found to be
encoded in two distinct genes in the lamprey
ŽHeinig et al., 1995; Takahashi et al., 1995b.. One
gene encoded ACTH, nasohypophysial factor
ŽNHF, Sower et al., 1995. and ␤-endorphin and
the other gene encoded MSH-A, MSH-B and
another ␤-endorphin ŽFig. 1c and Fig. 2c.. These
results suggest a unique molecular evolution of
proopiomelanocortin ŽPOMC. in lampreys. Nevertheless, the topographic distributions of ACTH
and MSHs in the lamprey pituitary were similar
to those of gnathostome vertebrates: immunoreactive Žir.-ACTH cells were found in the pars
distalis; and ir-MSH cells in the pars intermedia
ŽNozaki et al., 1995. ŽFig. 1a and Fig. 2a..
Both precursors of lamprey ACTH and MSHs,
proopiocortin ŽPOC. and proopiomelanotropin
ŽPOM., have been shown to be glycoproteins,
POC contains N-glycosylation sites within both
NHF and ACTH, whereas, POM contains an
N-glycosylation site within ␤-endorphin ŽTaka-

Fig. 1. Ža and b. Two successive sagittal sections through the pituitary of an adult sea lamprey stained with Ža. anti-lamprey NHF and
Žb. biotin conjugated-succinylated wheat germ agglutinin Žs-WGA., respectively. In Ža and b., note co-localization of NHF-immunoreactivity and glycoconjugate in ACTH cells Žarrows.. Žc. Schematic diagram of lamprey proopiocortin ŽPOC.. Glycosylation site Ž%.. Scale
bars, 20 m. From Oominato et al. Ž1999..
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Fig. 2. Ža and b. Two successive sagittal sections through the pituitary of an adult sea lamprey stained with Ža. anti-lamprey MSH-B,
and Žb. biotin conjugated-Dolichos biflorus agglutinin ŽDBA., respectively. In Ža and b., note co-localization of MSH-B-immunoreactivity and glycoconjugate in MSH cells Žarrowheads.. Žc. Schematic diagram of lamprey proopiomelanotropin ŽPOM.. Glycosylation site
Ž%.. Scale bars: 20 m. From Oominato et al. Ž1999..

hashi et al., 1995b. ŽFig. 1c and Fig. 2c.. In
agreement with this biochemical evidence, lamprey ACTH-like cells appear to correspond to
aldehyde fuchsin ŽAF.-positive and PAS-positive
basophils of the rostral and proximal pars distalis
ŽNozaki et al., 1995.. The lamprey MSH-like cells
appear to correspond to chromophobes or PASpositive cells of the pars intermedia ŽBall and
Baker, 1969; Hardisty and Baker, 1982..
Lectins are naturally occurring proteins and
glycoproteins, which selectively bind non-covalently to carbohydrate residues. It is for this reason that they are of interest and are used in
cytochemistry. However, only a few studies have
been conducted on the lectin cytochemistry in the
pituitary even in higher vertebrates ŽKomuro and
Shioda, 1981; Kurosaki et al., 1995.. As a preliminary study to demonstrate glycoconjugates in possible lamprey GTH cells, glycoconjugate profiles
were studied in ACTH and MSH cells of the
pituitary of adult spawning sea lampreys by means
of a lectin cytochemistry. A total of 19 kinds of
lectins were tested ŽOominato et al., 1999..
ACTH-like cells, which were distributed in both
the RPD and the PPD, were stained positively
with N-acetylglucosamine binding lectins Ži.e. succinylated wheat germ agglutinin, Fig. 1b., Nacetylgalactosamine binding lectins Ži.e. soybean
agglutinin., D-mannose binding lectins Ži.e. Lens
culinaris agglutinin. and D-galactose binding
lectins Ži.e. Erythrina cristagall lectin.. MSH-like
cells, which were distributed in the PI, were
stained with N-acetylgalactosamine binding lectins
Ži.e. Dolichos biflorus agglutinin, Fig. 2b., D-mannose binding lectin Ž Pisum sati¨ um agglutinin.

and D-galactose binding lectins Ži.e. peanut agglutinin.. Thus, the present study demonstrated glycoconjugate in both ACTH-like and MSH-like
cells, but the difference in response to lectins
between ACTH-like and MSH-like cells suggests
existence of different glycoconjugate moieties
between the precursor proteins, POC and POM
ŽOominato et al., 1999.. The present study further
showed that by choosing appropriate lectins it is
possible to demonstrate particular type of cells,
which contains glycoconjugate in the lamprey
pituitary.
1.2. GTH-like cells
Although GTH has not yet been isolated from
the lamprey pituitary, there is strong evidence for
the presence of GTH in the lamprey, as well as
gonadotropic functions Žsee for review, Larsen
and Rothwell, 1972; Hardisty and Baker, 1982;
Sower, 1990.. In river lampreys Ž Lampetra flu¨ iatilis., hypophysectomy and substitution therapy
with pituitary extracts or mammalian GTHs indicated pituitary regulation of the gonads Žsee
Larsen, 1987.. Moreover, injection of salmon gonadotropin preparation into adult spawning sea
lamprey Ž Petromyzon marinus. advanced ovulation by several weeks and elevated plasma estradiol levels ŽSower et al., 1983.. Immunoreactive
LH has been reported in the PPD of the sea
lamprey pituitary by use of anti-rat LH␤ ŽWright,
1983.. Another study using in vitro autoradiography demonstrated specific gonandotropin releasing hormone ŽGnRH. binding in the PPD of sea
lamprey pituitary ŽKnox et al., 1994.. Thus, we
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propose that the chemistry of the lamprey GTH
broadly resembles that of higher vertebrates.
The aim of this study was to localize possible
GTH cells in the sea lamprey pituitary. For this
purpose, two different cytochemical probes were
tested, one was the use of antibodies to glycoprotein hormones or their subunits of various
gnathostome vertebrates and the other was the
use of lectin screening kits for demonstration of
glycoconjugate in hormonal molecules. Since all
the GTHs that have been isolated thus far from
pituitaries are glycoproteins, the lamprey GTH
may also be a glycoprotein. GTH-like immunoreactivity was found in cells distributed in the ventral half of the PPD ŽNozaki et al., 1999a. ŽFig.
3a,b.. These cells were stained intensely by antiovine LH including LH␤ and moderately or
weakly by several other antibodies to LH-related
GTHs, such as human LH␤, hCG, amphibian LH
and sturgeon GTH II␤. No positive reaction was
observed in the sea lamprey pituitary using antibodies to FSH-related GTHs, TSH or pituitary
glycoprotein hormones of teleostean origins. Thus,
GTH-like material in the sea lamprey pituitary
seems to be more closely related to mammalianlike LH, rather than to FSH or TSH, as for as

immunocytochemical determinants ŽNozaki et al.,
1999a..
Nineteen different lectins were tested. Among
those, GTH-positive cells were also stained positively by Concanavalin A and Vicia ¨ illosa agglutinin ŽNozaki et al., 1999a. ŽFig. 3c,d.. Thus, the
present study demonstrates co-localization of
LH-like immunoreactivity and glycoconjugate in
cells in the ventral half of the PPD of the sea
lamprey pituitary. It is suggested that those cells
are most likely to be GTH cells in the sea lamprey pituitary.
1.3. GHr PRL-like cells
GH, PRL and somatolactin ŽSL. are members
of a pituitary hormone family that are believed to
have evolved from an ancestral gene by duplication and subsequent divergence Žsee RandWeaver et al., 1993.. GHs and PRLs have been
identified in most classes of gnathostome vertebrates, while SLs are still confined to Osteichthyes Žbony fishes. ŽAmemiya et al., 1999..
Since GHrPRLrSL family peptides are found in
three divergent lineages of gnathostome fishes,
the Actinopterygii Žray-finned fishes., the Dip-

Fig. 3. Ža and c. Two successive sagittal sections through the pituitary of an adult sea lamprey. Immunoreaction to anti-ovine LH Ža.
and glycoconjugate-positive reaction to biotin-conjugated concanavalin A ŽCon A. Žc. are found in cells in the ventral half of proximal
pars distalis ŽPPD.. The areas outlined by rectangles are enlarged and shown in Žb and d.. PI: pars intermedia; and RPD: rostral pars
distalis. Scale bars: Ža and c., 100 m; Žb and d., 10 m. From Nozaki et al. Ž1999a..
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neustei Žlungfishes. and the Chondrichthyes
Žcartilaginous fishes. Žsee Rand-Weaver and
Kawauchi, 1993., their ancestral form must be
present in the Agnatha.
As mentioned before, the pituitary gland of
lampreys is organized in a pattern which resembles to that of more advanced gnathostome fish.
Moreover, distributions of ACTH, MSH and
GTH-like cells within the lamprey pituitary are
also similar to those of gnathostome fish. Furthermore, in these gnathostome fish Ži.e. salmon, sturgeon and dogfish. GH cells are always found in
the dorsal part of the PPD ŽNozaki et al., 1999b.,
where most cells remain unidentified in the lamprey pituitary. Thus, as an analogy of more advanced fish, if GH cells are present in the lamprey pituitary, they may be found in the dorsal
half of the PPD. In support of this idea, earlier
studies have reported in the sea lamprey that
cells in the dorsal half of the PPD are stained
positively by anti-rat PRL antibody ŽWright, 1984.
and by one of three anti-substance P antibodies
ŽNozaki and Gorbman, 1985.. Those PRL- andror
substance P-positive cells may correspond to lamprey GH cells.
Based on these assumptions, GH- andror
PRL-like immunoreactivity was examined in sea
lamprey pituitary using antibodies to GHs, PRLs
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and SL of mammalian andror fish origins. However, our initial attempt with ordinary immunostaining procedures failed to detect any positive
reaction in the lamprey pituitary. Following the
hydrated autoclave pretreatment ŽShin et al.,
1991., anti-salmon GH, anti-salmon PRL and
anti-blue shark GH gave positive reaction in cells
in the dorsal half of the PPD ŽOminato et al., in
preparation. ŽFig. 4a᎐d.. These results suggest
that the material immunoreactive to those antibodies is related, to some extent, to GHrPRL of
non-mammalian vertebrates, but fragmentation of
the material is needed due to low cross-reactivity.
Very recently, a cDNA coding for a protein
with four half-cystine residues at positions homologous to those of GHs and teleost PRLs was
obtained from the pituitary of sea lampreys Žsee
Kawauchi et al. of this symposium.. Using an
antiserum raised against a synthetic peptide corresponding to the partial sequence of lamprey
GHrPRL, cells immunoreactive to anti-salmon
GH, anti-salmon PRL and anti-blue shark GH
were also stained positively ŽKawauchi et al., in
preparation.. Similarity of the topographic distributions between lamprey GHrPRL-like cells
and gnathostome fish GH cells in the pituitary
suggests that GHrPRL-like cells in the lamprey
may be GH cells.

Fig. 4. Ža and c. Two successive sagittal sections through the pituitary of an adult sea lamprey, stained with anti-salmon GH Ža. and
anti-blue shark GH Žc., respectively. The areas outlined by rectangles are enlarged and shown in Žb and d., respectively. PI: pars
intermedia; PPD: proximal pars distalis; and RPD: rostral pars distalis. Scale bars: Ža and c., 100 m; Žb and d., 20 m. From Ominato
and Nozaki Žunpublished..
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2. Ontogeny of adenohypophysial hormones in
the lamprey
Our knowledge on the adenohypophysial cell
types of the adult sea lamprey has been improved
greatly by the present study. To obtain further
insights into the functional significance of respective cell types, ontogeny of each cell type was
studied using sea lampreys at several different
stages of the life cycle. They were ammocoete
larvae Ž7᎐10 cm in total length., metamorphic
and immediately post-metamorphic animals
Ž11᎐15 cm in total length., parasitic stage landlocked animals Ž25᎐30 cm in total length. and
adult spawning sea-run animals ŽOminato et al.,
in preparation..
2.1. ACTH cells and MSH cells
Most cells of the RPD exhibited intense
ACTH-like immunoreactivity at all stages examined. Similarly, almost all cells of the PI were
stained intensely with anti-lamprey MSH-A or -B
at all stages examined. These results suggest that
ACTH and MSHs are involved in basic functions,
such as corticotropic and melanotropic activities,
respectively, as reported by Takahashi et al.
Ž1995a..
2.2. GHr PRL-like cells
A small number of cells were stained positively
by anti-lamprey GHrPRL fragment in the PPD
of the ammocoetes, metamorphic and immediately post-metamorphic animals. The number of
GHrPRL-like cells per section increased greatly
in parasitic lampreys, reaching a maximum in
adult lampreys. In support of the present findings,
somatic growth occurs quickly during the parasitic
phase in sea lampreys.
2.3. GTH-like cells
Positive cells to anti-ovine LH were not found
in the PPD in ammocoetes or metamorphic animals, but they were found in immediately postmetamorphic animals. The number of GTH-like
cells per section increased slightly in parasitic
lampreys, reaching a maximum in adult lampreys.
These results support the fact that hypothalamic
GnRH contents increase greatly during the late

stages of metamorphosis in sea lampreys ŽYouson
and Sower, 1991..

3. Conclusion
Our study has shown that at least four types of
adenohypophysial cells are present in the sea
lamprey pituitary. The first type consists of
ACTH-like cells and occupies most parts of the
RPD, but a few scattered ACTH-like cells are
also present in the PPD. These ACTH-like cells
appear to be active throughout the life cycle,
from larvae to adults. The second type consists of
MSH-like cells and occupies the whole PI. MSHlike cells also appear to be active throughout the
life cycle. The third type is GHrPRL-like cells,
occupying the dorsal half of the PPD. Although
lamprey GHrPRL has not yet been characterized
biologically, our data suggest it to be lamprey
GH. The last type is GTH-like cells, occupying
the ventral half of the PPD. Although GTH has
not yet been isolated from the lamprey pituitary,
our immunocytochemical data suggest that
GTH-like material in the sea lamprey pituitary is
more closely related to mammalian-like LH,
rather than to FSH or TSH. These four types of
adenohypophysial cells occupy most parts of the
lamprey adenohypophysis and indeed there is little room for TSH or PRL cells. Thus, the present
study further suggests that GH and LH-like GTH
are ancestral forms of GHrPRLrSL family and
glycoprotein hormones, respectively.
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