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Abstract
There are two adult life history types among lamprey species, nonparasitic and parasitic, with the former commencing the Wnal
interval of sexual maturation immediately after metamorphosis. There are no extensive studies that directly compare hormone proWles
during the life cycles of nonparasitic and parastic lamprey species, yet such data may explain diVerences in development, reproductive
maturation, and feeding status. The present study uses immunohistochemistry to show the life cycle proWles for gonadotropin-releasing hormones (GnRH-I and -III) in the brain of the nonparasitic species, the American brook lamprey, Lampetra appendix, for comparison with the extensive, published, immunohistochemical data on these hormones in the parasitic species, the sea lamprey,
Petromyzon marinus. The complete cDNAs for the two lamprey prohormones, proopiocortin (POC), and proopiomelanotropin
(POM), were cloned for L. appendix and both nucleotide and deduced amino acid sequences were compared with those previously
published for P. marinus. The POC and POM cDNAs for both species were used in expression studies, with Northern blotting,
throughout their life cycles. Although GnRH-I and -III immunohistochemistry revealed a similar distribution of immunoreactive cells
and Wbers in the two species during the life cycles, a qualitative evaluation of staining intensity in L. appendix, implied early activity in
the brains of metamorphosis of this species, particularly in GnRH-I. GnRH-III seems to be important in larval life and early metamorphosis in both species. A novel feature of this immunohistochemical study is the monthly observations of the distribution and relative intensity of the two GnRHs during the critical period of Wnal sexual maturation that lead to spawning and then the spent animal.
L. appendix POC and POM nucleotide sequences had 92.9 and 94.6% identity, respectively, with P. marinus POC and POM and there
was an earlier increase in their expression during metamorphosis and postmetamorphic life. Since there was some correlation between
the timing of metamorphic development, gonad maturation, and brain irGnRH intensity with POC and POM expression in L. appendix, it was concluded that these prohormones yield posttranslational products that likely play a substantial role in development and
maturation events that lead to the nonparasitic adult life history of this species.
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1. Introduction
All extant lamprey species have a free-living larval
period with a Wlter-feeding growth phase of variable length
terminated with a phase of metamorphosis (Youson, 1980,
1988, 2003). There are two adult life history types among
the extant lamprey species (Hardisty and Potter, 1971a).
The juvenile period of nonparasitic species is nontrophic
and is of short duration with the animals beginning sexual
maturation almost immediately after their metamorphosis
is completed. The entire life cycle of nonparasitic species is
conWned to their natal freshwater stream. Since metamorphosis involves dramatic changes to the mouth and entire
alimentary canal of all lamprey species (Youson, 1981),
there is no ingestion of nutrients or somatic growth in nonparasitic species from the commencement of metamorphosis to the time they die after spawning. In contrast, juveniles
of parasitic species feed primarily on tissues and/or on body
Xuids of host teleosts for a period of time that is species speciWc, but varying from approximately 2 to 18 months. Parasitic species may be conWned to their natal freshwater
stream or migrate downstream to larger bodies of fresh- or
salt-water; in the latter case they are anadromous. In species that have the most protracted feeding interval, somatic
growth is substantial until individuals begin their nontrophic, spawning migration; e.g., in Petromyzon marinus
12 cm long postmetamorphic larvae reach sizes of over
70 cm in a little as 12 months (Beamish, 1980). An interval
of intense sexual maturation does not commence in parasitic species until they cease feeding and they begin a
upstream spawning migration that varies in duration from
several months to over a year, depending upon the species
(Potter and Gill, 2003).
Although it might be assumed from the descriptions
above that the total life history or time to sexual maturation are shorter in nonparasitic species, compared to these
parameters in parasitic species, Hardisty (1979) believed
that if these parameters were compared in closely related
(paired or satellite) species that they would be similar. The
larval growth phase of nonparasitic species is generally
more protracted and the larvae enter metamorphosis at a
larger size (length and mass) than larvae of parasitic species
(Potter, 1980a).
The two adult life history types among lamprey species
provides an excellent opportunity for comparative analysis
of speciWc aspects of development and expression of hormones that maybe related to the reproductive system, to
metamorphosis, and to the feeding state. For example, since
larvae of nonparasitic species delay their metamorphosis
(Hardisty and Potter, 1971b), is their reproductive system
at a more advanced state of development prior to their
metamorphosis? Observations of the gonads of closely
related nonparasitic and parasitic species indicate a similar
stage of maturity at metamorphosis but an accelerated Wnal
maturation in postmetamorphic nonparasitic individuals
(Hardisty, 1971; Hardisty and Potter, 1971b). However,
present data on the distribution and concentration of gona-
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dotropin-releasing hormones (GnRH-I and -III) in the parasitic sea lamprey, P. marinus, and in nonparasitic Western
brook lamprey, Lampetra richardsoni, during metamorphosis indicate an upregulation of the higher centres of the
reproductive system in both adult life history types (Crim
et al., 1979; Tobet et al., 1995; Wright et al., 1994; Youson
and Sower, 1991; Youson et al., 1995). A further question is
whether there is a diVerential expression of hormones or
prohormones of the anterior pituitary that can be explained
by diVerences in the two adult life history types? An obvious choice would be gonadotropin (GTH), but a lamprey
GTH had not been identiWed at any time during the present
investigation. On the other hand, there were earlier data
from P. marinus suggesting temporal expression of proopiomelanocortin (POMC) genes is coincident with reproductive activity or changing metabolism (Ficele et al., 1998;
Heinig et al., 1999).
The most ideal animal models to answer the two questions posed above would be closely related or paired (satellite) lamprey species (Hardisty and Potter, 1971b) that had
a common ancestral origin but are represented by extant
nonparasitic and nonparasitic members. Although such
relationships exist in modern lamprey populations, animals
are diYcult to obtain in suYcient numbers. We have been
able to obtain large numbers of animals throughout the
entire life cycle of the nonparasitic species, the North
American brook lamprey (Lampetra appendix), and
throughout most of the life cycle of the parasitic species, the
sea lamprey (P. marinus). The present study focuses on
some comparative expression of brain GnRH-I and -III
and pituitary POMC in the two adult life history types.
There have been a few reports comparing the morphology of the gonads in parasitic and nonparasitic species
(Hardisty, 1970) and Hardisty (1971), citing Okkelberg,
1921 indicates that there are some data on gonadal development of L. lamottenii (appendix). As noted above, there is
a preliminary report comparing concentrations of lamprey
GnRH-I and -III in the brains of the parasitic, P. marinus,
and the nonparasitic, L. richardsoni, during the life cycle
(Youson et al., 1995). Although we now have a great deal of
information about the hypothalamic–pituitary–gonadal
axis in P. marinus in adult life (for review see Sower, 2003),
there are no studies of any lamprey species that follows the
development of any portion of the reproductive system
through metamorphosis and through the most intensive
postmetamorphic interval of sexual maturation that leads
to spawning. In this study we provide semi-quantitive,
immunohistochemical data on lamprey GnRH-I and -III in
the brains of the nonparasitic species, L. appendix, throughout the life cycle; included is the entire period of sexual
maturation and spawning.
POMC is a prohormone in the anterior pituitary of vertebrates that contains adrenocorticotropin (ACTH), several melanotropins (MSH) and endorphins. In P. marinus,
there are two genes, with proopiocortin (POC) encoding for
ACTH and melanotropin (POM) encoding for the MSHs
(Heinig et al., 1995; Takahashi et al., 1995a). Northern
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blotting has shown that POM and POC expression is conWned to the pituitary in P. marinus (Heinig et al., 1999). In
addition, both Northern blotting (Heinig et al., 1999) and
in situ hybridization (Ficele et al., 1998) reveal a temporal
and diVerential expression of POM and POC during the life
cycle of P. marinus that reXect on development during
metamorphosis and both feeding and reproductive states
throughout the life cycle. Dores et al. (1984) have shown
immunoreactivity for ACTH, MSH, and endorphin in the
anterior pituitary of sexually mature L. lamottenii (appendix). The present study reports on cloning of prePOC and
prePOM cDNAs from L. appendix. Comparisons are made
between the expression of POC and POM genes throughout the life cycles of L. appendix and P. marinus. The
expression data are discussed in the context of the timing of
metamorphic development, sexual maturation, and trophism in the two species. Some attempt is made to correlate
POC and POM expression in L. appendix with the new data
on GnRH immunoreactivity. Together the data are discussed in the context of the two adult life history types that
are found among extant lamprey species.
2. Materials and methods
2.1. Animal collection and maintenance
Larval lampreys (ammocoetes) of L. appendix were collected in May
by electroWshing two streams (DuYns and Bowmanville Creeks) near
Toronto, Ontario, Canada. One adult male was collected from the spawning grounds of DuYns Creek in May. Larval and adult sea lampreys
(P. marinus) were collected from a variety of sources and sites that have
been previously described (Heinig et al., 1999). Animals were transported
to the laboratory at the University of Toronto at Scarborough and were
housed in Wberglass aquaria containing 5–10 cm of river silt and Xowthrow, dechlorinated water at temperatures and a light: dark cycle which
simulated that in the natural environment at various times of the year.
Animals were fed Baker’s yeast once a week. In the 2nd week of July the
larvae were examined for external signs of the beginning of metamorphosis. Metamorphosing individuals were separated and were housed in
aquaria as described above, except that the animals were not fed (nontrophic phase). The metamorphosing animals were classiWed as to stage
(1–7-juvenile) before their sacriWce at speciWc intervals over the next 5
months using the criteria of Holmes et al. (1999) for L. appendix and Youson and Potter (1979) for P. marinus. For L. appendix, postmetamorphic
individuals (juveniles and sexually maturing animals) were kept at temperatures, which was consistent with those in their natural environment over
the next 5 months (6–17 °C). For the immunohistochemical procedures
described below, sample animals were sacriWced once a month over the
period from January–May. A number of metamorphosing individuals
were collected in September from DuYn’s Creek and were housed at 13 °C
and were not fed. Heads and gonads of 14 postmetamorphic animals collected in March, April, and May from the Lamprey River in New Hampshire were provided from the laboratory at the University of New
Hampshire. Twelve individuals samples were also taken from an artiWcial
spawning tank, that contained small stones, a water current of 10 L/s, and
water temperature of 17–20 °C. These latter samples were collected before,
during and after spawning. For the molecular procedures described below,
sexually maturing L. appendix were dissected in March, whereas, prespawning brook lamprey were dissected in June, just prior to spawning.
For P. marinus, some immediately post-metamorphic animals and
larger feeding-phase adults (hereafter referred to as juveniles) of P. marinus, were provided with rainbow trout (Oncorhynchus mykiss) on which
they could feed. Adults in their upstream spawning migration (pre-spaw-

ners) were not fed. They were housed in Wbre-glass tanks with water temperature at approximately 10 °C.

2.2. Tissue collection and immunohistochemistry
All animals were anaesthetized in tricaine methanesulfonate (MS222)
prior to sacriWce by decapitation. The entire head region of L. appendix was
removed from: late larval lampreys (10; 128–174 mm long); metamorphic
animals, stage 1–7 (three at each stage; 155–202 mm long); juveniles and
adults (four in each month, December–May; 155–175 mm long); spawning
and spent (12, 152–161 mm long; in addition a spent male, 180 mm long,
was collected from the natural spawning ground). Gonads were also collected from many of the above animals. Samples were Wxed in Bouin’s Xuid
or Bouin’s Hollande sublimate. for 24–48 h, washed in 70% ethanol, dehydrated in graded series of alcohols, and embedded in ParaYn. Serial and
adjacent (successive) sections, 7–8 m thick, were cut in sagittal planes and
mounted on glass slides. Successive (adjacent) sections were stained with
the unlabeled peroxidase antiperoxidase (PAP) method with a slight modiWcation. DeparaYnized and rehydrated tissue were Wrst incubated with
heat-inactivated 3% normal goat serum in PBS (HIGS) at pH 7.6, for
20 min at room temperature. Sections were then incubated at 4 °C for 48 h
in rabbit anti-l GnRH antisera (either 1467, 21–134 or 3952; see below for
more detail) diluted in PBS. Slides were washed and incubated with 1%
HIGS for 20 min and then drained and incubated with goat anti-rabbit IgG
antiserum diluted 1:25 in 1% HIGS for 30 min. After another 20 min 1%
HIGS wash, the sections were incubated for 30 min in rabbit PAP diluted
1:50 in 1% HIGS. Tissue sections were washed in 0.05 M Tris–HCl buVer,
pH 7.6, followed by incubation in 0.05% 3,3-diaminobenzidine hydrochloride (DAB) containing 0.02% hydrogen peroxide for 5 min. Immunoreactive cells were visualized by the formation of a brown insoluble precipitate
over antigenic sites. Two distinct antigens in a single tissue or cell was investigated by immuno-histological double staining technique, using Zymed
Histostain-DS KIT and immunoreactive (ir) cells were visualized by the
formation of deep purple over GnRH-I and red over GnRH-III antigenic
sites. A qualitative/semi-quantitative evaluation of intensity of GnRH-I
and GnRH-III immunoreactivity in tissues of the preoptic area of the brain
was determined from photomicrographs, for we felt the need for some
unbiased assessment of our visual impressions. The photomicrographs were
of randomly selected, adjacent (successive) sections for each antibody that
were observed and photographed at 40£ and similarly enlarged. Staining
intensity (optical density £ area [mm]2) was assessed in a Bio-Rad Imaging
Densitometer, model GS-700 and Molecular Analyst/PC, and with Microsoft Excel (Windows Software for the Bio-Rad Image Analysis System).
Statistical analysis was not performed because animal sample size was
inconsistent and was particularly small during the period of sexual maturation, spawning, and after spawning (spent).
Antipeptide antibodies were generated toward lamprey (l) GnRH-I
(Sherwood et al., 1986; antiserum 1467; Calvin et al., 1993; antiserum 21–
134), and lamprey (l) GnRH-III (Sower et al., 1993; antiserum 3952, generated by S.A.S.). Antisera 1467 and 21–134 were diluted 1:2000; antiserum
3952 was used at dilution 1:4000 in phosphate buVered saline (PBS) at pH
7.6. Controls for antibody speciWcity, included substitution of primary
antisera with either PBS or nonimmune rabbit serum, and preabsorption
of each antiserum with 1, 5, and 10 M of lGnRH-I decapeptide or
lGnRH-III decapeptide. The following absorptions were attempted for
48 h at 4 °C: absorption of anti-lGnRH-I antiserum with excess lGnRH-I
decapeptide; anti-lGnRH-I antiserum with excess lGnRH-III decapeptide;
anti-lGnRH-III antiserum with further excess lGnRH-III decapeptide or
with excess lGnRH-I decapeptide. The resulting antibody–antigen complexes were separated from the serum prior to application by centrifugation at 14,000g for 1 h. The supernatant representing the absorbed
antiserum was then applied to sections. Preabsorption tests were performed on sections of brains of larvae and metamorphosing stage 6.

2.3. Gonad histology
Serial sections, 10 m thick, of gonads were cut in transverse planes
and were stained with haemotoxylin and eosin. Maturational stages of the
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gonads were identiWed as described by Hardisty (1971). In males these
were: stage 1, primary spermatocytes; stage 2, primary, and dividing primary spermatocytes; stage 3, primary spermatocytes through spermatids;
stage 4, spermatids and immature sperm; stage 5, immature sperm; stage 6,
immature and mature sperm; and stage 7, mature sperm. In females these
were: stage 1, primary oocytes; stage 2, vacuolization of cytoplasm; stage
3, initiate vitellogenesis; stage 4, vitellogenesis and oocyte surrounded by 3
outer layers; stage 5, full-grown oocyte or atretic oocyte; stage 6, Wnal maturation, released from outer layers or atretic oocyte.

2.4. Tissue collection for molecular procedures
Petromyzon marinus and L. appendix were anaesthetized as above and
killed by decapitation. Pituitaries were removed from 25 to 30 P. marinus
and L. appendix at each period of the life cycle, and hearts, gills, testes, kidneys, intestines, ovaries, muscle, livers, and brains were removed from two
stage 7 metamorphosing L. appendix collected in DuYns Creek in November. Tissues were immediately frozen in liquid nitrogen and stored at
¡70 °C until used.

2.5. Isolation of RNA
Tissues for RNA isolation were suspended in ice-cold GTC buVer
(25 mM sodium citrate, pH 7.0, containing 4 M guanidine thiocyanate,
0.2% sarcosyl, and 0.2 M -mercaptoethanol) and homogenized using a
Polytron homogenizer. Total RNA was prepared by CsCl gradient centrifugation (Sambrook et al., 1989). Pellets containing RNA were extracted
once with saturated phenol, phenol:chloroform:isoamyl alcohol (25:24:1),
and with chloroform:isoamyl alcohol (24:1). After addition of 0.1 vol. of
3 M sodium acetate and 2.2 vol. of 10% ethanol, the RNA was allowed to
precipitate overnight at ¡20 °C. The pellet was collected by centrifugation
and was resuspended in 100 ml DEPC water.

57

Table 1
The name and length of upper and lower primers generated to produce
POC (A) and POM (B) PCR products from L. appendix pituitaries
Primers

Length

Gene-speciWc sequence (5⬘–3⬘)

Restriction site

(A) POC
Upper A
Lower B
Upper C
Lower D
Upper E
Lower F

29-mer
29-mer
29-mer
33-mer
34-mer
29-mer

gccatgtgctgggcacggctg
catcactttcatgaagccacc
ccggtgcgacccaacacgtccgac
cactgcgttgcctcaacacgcgagg
gtgctgctggaatgatgggaaactgc
ctgtccaccccagcggacgag

EcoR1
BamH1
EcoR1
BamH1
EcoR1
BamH1

(B) POM
Upper A
Lower B
Upper C
Lower D

28-mer
28-mer
29-mer
33-mer

atggccactacgagcagtg
cggcgacttgcgcatgaagc
agccgccgacgcacttcaagc
agccacggcaactgtggcaacaacc

EcoR1
BamH1
EcoR1
BamH1

The sequence for each primer is included and the restriction site on the 5⬘
end of each primer is listed, however, the sequence is not shown. The
primers are shown in Figs. 9 (POC) and 11 (POM).
tocol (Gibco-BRL, CA). Upper and lower primers corresponding to speciWc sequences from sea lamprey POC and POM (Tables 1A and B) were
used in the PCR. Template cDNA from the RT reaction and 10 M of
each primer were used in a Wnal volume of 50 l containing 50 M of each
deoxynucleotide, 2 mM MgCl2 and 2 U Taq polymerase (Gibco-BRL,
CA). After an initial denaturing step at 94 °C for 1 min, the subsequent 25
cycles consisted of denaturing at 94 °C for 30 s, and annealing at 65 °C for
2 min. A positive control including RNA from pituitaries of stage 7 metamorphosing sea lamprey was carried out at the same time. Following
DNA puriWcation the PCR products were cloned into PGEM 4Z vector.
The plasmids were puriWed using a miniprep kit (Bio-Rad, CA).

2.6. Northern blot analysis
2.9. DNA sequence analysis
RNA (approximately 10 g) was suspended in 10 l of deionized formamide for 15 min at room temperature. To this suspension 5 l of 37%
formaldehyde and 5 l of 1£ Mops buVer, pH 7.0, containing 8 mM
sodium acetate, and 1 mM EDTA were added. The RNA was incubated at
65 °C for 15 min, electrophoresed on a 1.0% agarose gel containing 1£
Mops, and transferred to a Hybond-N membrane (Amersham, Oakville,
Ont). cDNAs for P. marinus and L. appendix POC (»1 kb) and POM
(»2 kb) were labeled with [32P]dCTP by random priming. Membranes
were hybridized for 16 h at 42 °C and washed twice at 42 °C in 2£ SSPE
containing 0.1% SDS for 15 min followed by a washing at 50 °C in 1£
SSPE containing 0.1% SDS for 10 min. A Wnal washing occurred at 55 °C
in 0.1£ SSPE containing 0.1% SDS for 10 min. After the Wnal washing the
membrane was exposed to X-ray Wlm. Northern blots were Wrst probed
with P. marinus or L. appendix POM (P. marinus POM; Takahashi et al.,
1995a), followed by stripping of membrane using a solution containing
5 mM Tris buVer, pH 8.0, containing 2 mM EDTA, and 0.1£ Denhardts at
65 ° C for 3–4 h. Following stripping, the blots were reprobed with the
cDNA for P. marinus or L. appendix POC (P. marinus POC; Heinig et al.,
1995).

2.7. Densitometry
Densitometry, using Molecular Analyst software on the Bio-Rad
Image Analysis System, was used to determine RNA loading by quantitation of 18S and 28S ribosomal RNA after staining with ethidium bromide.

2.8. RT-PCR
Lampetra appendix POC and POM cDNA fragments were ampliWed
using RT-PCR. The RT-PCR was carried out using RNA (1 g) isolated
from pituitaries of stage 7 metamorphosing lampreys and included oligodT and Superscript II (Gibco-BRL) following a reverse transcriptase pro-

DNA was sequenced using a Pharmacia ALF Automated DNA
Sequencer (HSC Biotechnology Service Center, Toronto, Ont). The
reported sequence represents consistent results of sequencing in both
directions.

3. Results
3.1. GnRH immunohistochemistry of L. appendix brain
No reaction product was observed in any tissues incubated with either PBS or normal rabbit serum in place of
primary antisera (not shown). Preabsorption experiments
indicated that liquid phase preabsorption of GnRH-III
antiserum 3952 with lamprey GnRH-III decapeptide and
of GnRH-I antiserum 1467 with lamprey GnRH-I decapeptide, completely eliminated reaction product in both larvae and metamorphosing (stage 6) lamprey brain sections.
Liquid phase preabsorption of 3952 with lamprey GnRH-I
decapeptide and of 1467 with lamprey GnRH-III peptide
had no discernible blocking eVect in staining of brain at
stage 6 but did reduce staining in larval brain. As was noted
by Tobet et al. (1995), 1467 was selective for GnRH-I and
3952 for GnRH-III, whereas 21–134 recognized both forms
of GnRH.
Immunoreactivity (ir) to antisera against the two forms
of GnRH (Figs. 1A and B) was detected in the neurons and
Wbers of larval, metamorphic, juvenile, and sexually maturing
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Fig. 1. (A and B) Successive sections from the brain of male L. appendix after spawning (spent) showing the common but not necessarily identical (arrowheads) distribution of GnRH-I and -III immunoreactivity in the preoptic area (PO) and the neurohypophysis (NH). The rostral (RPD) and caudal (CPD)
pars distalis and the pars intermedia (PI) are also indicated. Bar D 100 m.

lampreys in the preoptic area (PO), hypothalamus (hyp), and
neurohypophysis (NH). Fibers containing irGnRH were
distributed coarsely and/or densely through the olfactory
bulb (OB), PO, hyp, and further caudally through the midbrain and beyond, and within the NH. Reaction product
also was present in the pars intermedia (PI) of the adenohypophysis (adhyp) but only after metamorphic stage 4. Cells
ir to each GnRH were found in the same areas but GnRH-I
and -III were most often in diVerent cells (Figs. 2A and B).
This feature was noted in adjacent (successive) sections, singly stained with the PAP or Zymed methods, or single sections doubly stained with the Zymed method. It was
believed, however, that some cells and Wbers were ir with
antisera for both GnRH forms.
In adjacent sagittal sections of late larval and metamorphic stages 1, 2, and 3, both GnRH-I and -III ir cell bodies
were observed throughout the PO and nerve Wbers (NF)
were abundant in the dorsal region of the posterior NH. In
the forebrain, ir cells formed an arc arrangement that began
in the rostral, ventral midline, above the optic chiasm and
arched caudally and dorsally over the rostral hypothalamus
towards the surface of the telencephalon. GnRH-containing neurons in the PO extended throughout the archshaped region. In contrast to the fusiform appearance of
their mammalian counterparts, irGnRH-I and -III cells in
larval lampreys were small and rounded, or cuboidal in
shape (Figs. 2A and B). The majority of ir Wbers in the posterior NH were conWned to a dorsal region beneath the
non-ir ependymal cells that line the ventricular surface of
the NH. During metamorphosis, ir cells gradually became

more conspicuous and pear-shaped, their Wbers were more
easily traced from their cells of origin, and there was a concomitant slight shift in their distribution. During stage 4 of
metamorphosis, there was noticeable expansion in the distribution of both ir neurosecretory Wbers in the posterior
NH and PI such that a positive reaction was observed in
Wbers throughout the dorsal and ventral portions. Two
additional subgroups of irGnRH-containing neurons were
recognized on the basis of their location and cellular
appearance. One group of ir cells was located in the midline
in the caudal hypothalamus and the other group began
immediately caudal to the optic chiasm and was characterized by neurons with wider inter-neuronal spacing than in
the arc of cells in the rostral PO.
The visual impression was that the intensity of immunostaining of both ir-cell types in the PO was low in larvae, with
irGnRH-III higher than irGnRH-I, but ir increased during
metamorphosis. Conspicuous and dense irGnRH-I cells were
found from stage 4 onward through to the adult stages with
greatest prominence at stage 7 and in the juvenile. Prominent
irGnRH-III cells and Wbers (Figs. 3A and B) were present in
the PO and ventral hypothalamus between February and
April (the immediate postmetamorphic adult phase and the
subsequent prespawning period), but pronounced staining
was also apparent in the NH and PI before spawning. Immunoreactivity to both GnRHs was scanty in the PO, and but
intense in the NH, during the spawning period. In spent animals, ir for the two GnRH forms was similar and apparently
increased from spawning, but reduced from prespawning, in
both the PO and NH (Figs. 4A and B).

Fig. 2. (A and B) Successive sections immunostained for GnRH-I and -III in the preoptic area of a brain in metamorphosis stage 1 from L. appendix. The
immunoreactive cells are rounded but diVerent cells (arrowheads) cells stain with the two antisera. The punctate dots are immunoreactive Wbers.
Bar D 100 m.
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Fig. 3. (A and B) Successive sections from the preoptic area of the brain from L. appendix adult in sexual maturation in the month of April immunostained
for GnRH-I and -III. Intense staining is seen in cells and Wbers for both forms but GnRH-III cells are more numerous and dispersed. Not all cells co-localize the two forms of GnRH. Bar D 100 m.

Fig. 4. (A and B) Successive immunoreactive sections from the preoptic areas of the brain from L. appendix adult after spawning (spent). Immunoreactivity for the two GnRH forms is visible in cells and Wbers but the intensity of reaction is reduced from that seen prior to spawning (compare with Figs. 3A
and B.). Bar, 100 m.

The visual impression of diVerential, temporal ir was
supported by observations of staining intensity for the two
forms of GnRH on adjacent sections of the preoptic area of
the brain throughout the life cycle of L. appendix (Fig. 5).
Although we emphasize that the data from optical density
have not been analyzed statistically, there is a deWnite trend
that provides a qualitative evaluation and description of
changes irGnRHs during the life cycle. GnRH-I seems to
be, slightly, the more prominent form during the life cycle
but both forms become more visible (relative to larvae) at
the commencement of metamorphosis (stage 1) and become
most prominent at the end of metamorphosis (stage 7) and
the short juvenile period. It is noteworthy that, although
GnRH-I intensity is apparently lessened (from late metamorphosis and the juvenile) in the months (January, February, March, and April) leading up to spawning, for the most
part GnRH-III intensity remains similar to that observed
from the middle of metamorphosis. In fact, GnRH-III
intensity just prior to Wnal sexual maturation (March and
April) is at least equivalent to (or higher) than that of the
declining intensity of GnRH-I. There was an apparent
decline in ir for both GnRHs in May, immediately prior to

spawning. The lowest ir for both GnRHs was during
spawning but intensity of ir in spent animals returned to the
pattern observed in the months (January–April) leading up
to this event.
3.2. Gonadal development
In premetamorphic larvae and metamorphic stages 1–3,
testes and ovary were in gonad maturational stages 1 and 2
(immature). In metamorphic stages 4–6 gonads were in
maturational stages 3–5 (maturing), and in metamorphic
stage 7 to spawning adults gonads were in 5–7 (maturing,
mature, and ripe or atretic). The overall assessment is that
gonadal maturing was greatly enhanced/stimulated at
metamorphic stage 4.
3.3. Expression of POC and POM in L. appendix using
P. marinus cDNAs
A Northern blot (Fig. 6) of RNA isolated from pituitaries of three diVerent stages of brook lamprey (L. appendix)
was probed with sea lamprey (P. marinus) POC and POM
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Fig. 5. Intensity of immunoreactive GnRH-I and -III in cells of the preoptic region of the brain of L. appendix at diVerent stages of the life cycle. OD, optical density. The intervals of the life cycle are: larva (amm); stages 1–7 of metamorphosis (st1 to st7); juvenile (juv); sexually maturing adults from January
(adJ), February (adF), March (adM), April (adA), and May (AdM¤); spawning (spn); after spawning or spent (spt).

the probes for POC and POM expression occurred in stage
7 animals and, although immediately post-metamorphic
lampreys were dissected only a month after stage 7 of metamorphosis, there was a noticeable increase in response to
the probes for both prohormones (Fig. 6).
Since expression of POC and POM was observed in the
L. appendix pituitary, using P. marinus cDNAs of these
prohormones, a Northern blot containing a variety of tissues from stage 7 L. appendix was probed with P. marinus
POC and POM cDNAs (Fig. 7). The Northern blot showed
POC and POM expression limited to the pituitary and no
detectable expression in the heart, gill, testes, kidney, intestine, ovary, muscle, liver, and brain.

Fig. 6. A Northern blot of L. appendix pituitary RNA, taken from three
stages of development including larvae (L), stage 7 metamorphosing animals (7), and immediately post-metamorphic animals (IP). The Northern
blot (bottom panel) was Wrst probed with a sea lamprey (P. marinus) POC
cDNA (796 bp probe, from position 29 to 825 bp), which was detected at
approximately 1 kb, then stripped and reprobed (upper panel) with sea
lamprey POM cDNA (»1800 bp probe, from position 244 to 2045 bp),
which was detected at approximately 2 kb.

cDNAs. It was observed that the P. marinus cDNAs, POC,
and POM, hybridized to L. appendix mRNA. The size of
POC and POM mRNA in L. appendix at each of the three
intervals were approximately 1 and 2 kb, respectively, and
they corresponded to these observed in sea lamprey
(Takahashi et al., 1995a). The stages of L. appendix pituitary used in the Northern blot included larvae, stage 7
transformers, and immediately post-metamorphic animals.
The low response of POC and POM expression were
observed in L. appendix larvae. An increased response to

Fig. 7. Northern blots of total RNA (15 g) isolated from heart (H), gill
(G), pituitary (P), testes (T), kidney (K), intestine (I), ovary (O), muscle
(M), liver (L), and brain (B) from stage 7 metamorphosing L. appendix.
The blot was Wrst probed with P. marinus POC cDNA (796 bp probe,
from position 29 to 825 bp), then stripped and reprobed with P. marinus
POM cDNA (»1800 bp probe, from position 244 to 2045 bp). In each case
POC (1 kb) and POM (2 kb) mRNA was only detected in the pituitary.
Equal loading of lanes was conWrmed by staining with ethidium bromide
(shown below the Northern blots).
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Expression levels of POC and POM were observed
throughout the life cycle for L. appendix using Northern
blot analysis probed with P. marinus POC and POM
cDNAs (Fig. 8). A comparison was made with expression
of these two genes in P. marinus pituitary at similar periods
of the life cycle. Data from Northern blots corrected for
total RNA loading using 28S and 18S RNA and levels of
expression within each blot are shown on graphs for a qualitative observation. The blot shows expression levels of
POC and POM for P. marinus which are similar to those
observed previously (Heinig et al., 1999), that is, POC
expression remained low over larval and metamorphic
stages, POM expression rose substantially in stage 3–4 and
stage 5 of metamorphosis. Both POC and POM expression
levels increased in immediately post-metamorphic animals.
The highest level of POM expression was observed in larger
juvenile adults and pre-spawners, whereas the highest level
of POC expression was observed at the pre-spawning
period. For L. appendix, low but detectable levels of expression were observed in the larvae and metamorphic animals
from stages 1 to 7. Higher levels of POM were observed in
stage 3–5 and 7 of metamorphosis than POC. Relative to
these earlier intervals, POC and POM expression appeared
to have increased in post-metamorphic lamprey, and was
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most pronounced in sexually maturing animals. L. appendix and P. marinus showed similar levels of expression of
POC which in L. appendix were low but detectable in larvae, stages 1–3, and stages 3–5. POM expression was higher
in larvae and metamorphosing stages 3–5 of L. appendix
compared to the expression observed in these stages in
P. marinus. As well, higher levels of POM were observed in
larvae and metamorphosing stages 3–5 of L. appendix compared to their respective POC levels. POC, and particularly
POM, increased in stage 7 metamorphic animals and was
most pronounced during sexual maturation in L. appendix.
It is interesting to observe that the expression of POM in
stage 7 L. appendix appeared relatively higher than postmetamorphic and juvenile adult P. marinus. Relative to the
earlier stages from both species, POC and POM expression
appeared highest in pre-spawning P. marinus.
3.4. Lampetra appendix POC and POM sequences
Since it was observed in Northern analysis that P. marinus POC and POM cDNAs recognized brook pituitary
mRNAs, and the bands detected were the same size as
P. marinus POC and POM, we wanted to know the degree
of similarity of both molecules in the two species. Thus we

Fig. 8. Northern blots of POC and POM mRNA levels of total RNA isolated from pituitaries of P. marinus and L. appendix at several stages of development and maturation. Included are larvae (L) and metamorphosing stages (1–7), post-metamorphic nonfeeding (P), juvenile (J) and pre-spawning (PS),
and sexual maturing (SM) pituitaries were taken from L. appendix. Some samples during metamorphosis required the pooling of tissue from animals of
two stages as indicated: 1 and 3 (1–3), 3 and 4 (3–4), and 3 and 5 (3–5). Densities of bands were corrected for total RNA loading using 18S and 28S RNA,
detected by ethidium bromide staining, and levels of expression of POC and POM within each blot. Comparison of the qualitative data is easily visualized
in the graphs (bottom panels). The Northern blot was Wrst probed with the cDNA corresponding to P. marinus POC (796 bp probe, from position 29 to
825 bp) which was detected at approximately 1 kb (lower signal), and then reprobed with cDNA corresponding to P. marinus POM (»1800 bp probe, from
position 244 to 2045 bp) detected at approximately 2 kb (upper signal). In the sexual maturing and pre-spawning periods the expression is so intense for
the two genes that separate bands are indistinguishable.
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attempted to isolate L. appendix POC and POM using
reverse transcriptase PCR (RT-PCR). Pituitary cDNAs
from stage 7 L. appendix were used as templates in reverse
transcriptase PCRs.
Lampetra appendix prePOC cDNA (Fig. 9) is 881 bp
with an open reading frame of 836 bp and 276 amino acids.
This cDNA was recovered in three stages. The majority of
the cDNA (700 bp) was ampliWed using primer A from the
N-terminal region and primer B from the -endorphin
domain. A single band was ampliWed which was identical to
a band ampliWed using P. marinus (stage 7) cDNAs as a
positive control. A second and third PCR band were ampliWed using primers C and D from the C-terminal end and
primers E and F from the signal sequence and N-terminal
region (Table 1A). All PCR fragments were sequenced in
both directions. A 92.9% identity was observed when comparing POC nucleotide sequences from the brook lamprey

and sea lamprey. Amino acid comparison between brook
and sea lamprey POC (Fig. 10) showed only a few diVerences (i.e., 11 amino acids), with the majority of them existing in the -lipotropin domain. The signal sequence had
three diVerences, which included a glycine instead of glutamic acid, alanine instead of serine, and threonine instead
of alanine. Interestingly, no substitutions were present in
the N-terminal domain, known as nasohypophysial factor
(NHF). Since it seems that there have been few, if any,
changes in NHF between the two species, that represent
divergent genera (Potter, 1980b), this suggests NHF may
have a functional role in the lamprey (Sower et al., 1995).
The ACTH domain has two changes including glycine
instead of glutamic acid, and an aspartic acid instead of a
glutamic acid. In the -lipotropin domain, 6 of the 11 diVerences were found. L. appendix POC has an arginine instead
of proline, a proline instead of aspartic acid, a histidine

Fig. 9. Nucleotide and deduced amino acid sequence of brook lamprey (L. appendix) prePOC cDNA. Numbers on the right margin represent the position
of nucleotides and amino acids. The small arrows above the nucleotide sequence indicate the primers used to isolate fragments of this cDNA. The signal
peptide is shown from position 1 to 22 with the cleavage site indicated by the vertical arrowhead. The start site of nasohypophysial factor (NHF), adrenocorticotropin (ACTH), -lipotropin (-LIPO), and -endorphin (-END) regions are indicated by the large arrows, and each region ends where there are
boxed residues which are putative convertase cleavage sites. The stop codon is represented by asterisks.
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of L. appendix POM in the -MSH-like (MSH-A) domain
there are three diVerences including a glycine rather than
aspartic acid, alanine instead of threonine, and histidine
instead of proline. Two diVerences occur in the -endorphin
region, alanine instead of glycine and histidine instead of
tyrosine. In general, it was observed that the core sequences
and the proteolytic cleavage sites remained identical
between the two species.
3.5. Expression of POC and POM using L. appendix cDNAs

Fig. 10. Deduced amino acid sequence comparison of prePOC cDNAs
from P. marinus and L. appendix. The numbers of amino acids are shown
on the right margin. The signal peptide is located in position 1–22 and the
cleavage site is indicated by the vertical arrowhead. Amino acids in position 1–3 are part of primer A. The start site of nasohypophysial factor
(NHF), adrenocorticotropin (ACTH), -lipotropin (-LIPO), -endorphin (-END) regions are indicated by large arrows and each region ends
at the boxed residues representing putative cleavage sites. The core
sequence of ACTH and -endorphin are underlined with one and two
lines, respectively. Deletions are indicated by dashes (–). There are 10
diVerences observed between L appendix and P.marinus POC, which are
represented by asterisks.

instead of an arginine, and an extra valine. L. appendix
POC is missing an alanine and glutamic acid when compared to P. marinus.
Lampetra appendix prePOM cDNA (Fig. 11) isolated
from RT-PCR is 817 bp with an open reading frame of
732 bp and 244 amino acids. The majority of the cDNA was
ampliWed using primer A from the N-terminal signal
sequence and primer B from the -endorphin domain
(Table 1B). Once the PCR fragment was ampliWed as a single band and sequenced then a second PCR band was
observed using primer C and D from the C-terminal end.
Again this PCR fragment was ampliWed using pituitary
cDNAs from stage 7 L. appendix, produced from reverse
transcriptase, as a template. The nucleotide sequence of
L. appendix POM showed a 94.6% identity to P. marinus
POM. When comparing the deduced amino acid sequences
between L. appendix and P. marinus (Fig. 12), 10 amino
acid diVerences were observed, and these diVerences are distributed evenly throughout the precursor. The N-terminal
of L. appendix POM compared to P. marinus POM is missing one glycine out of 5 in succession, and there is a threonine instead of a proline, and an aspartic acid instead of a
glutamic acid. In the -lipotropin domain two diVerences
are observed, namely an alanine instead of a valine and
aspartic acid instead of asparagine. At the C-terminal end

Once L. appendix prePOC and prePOM cDNAs were
isolated and characterized they were used to probe a
Northern blot of pituitary RNA from P. marinus and
L. appendix during their life cycles. Compared to the previous blot (Fig. 8), this blot did not include P. marinus larvae
but it did include L. appendix pre-spawners. Data from
Northern blots corrected for total RNA loading using 28S
and 18S RNA and levels of expression from each blot are
shown in graphs which correspond to the Northern blots
observed in Fig. 13A (POC) and B (POM). Similar results
were observed in the earlier blot (Fig. 8) and the present
blot (Fig. 13A) in which POC expression was low in larvae
and early metamorphosing lamprey of both species, and
stage 7 metamorphic animals of L. appendix showed an
obvious increase in POC expression. Although POC expression was apparently higher in sexually maturing L. appendix
compared to post-metamorphic and juvenile adult
P. marinus, in the Wrst Northern blot (Fig. 8), the second
Northern blot showed a higher expression of POC in juvenile adult P. marinus compared to sexually maturing
L. appendix (Fig. 13A). Again maximum levels of POC
expression were observed in P. marinus pre-spawners, however, POC expression in L. appendix pre-spawners decreased
from levels observed in sexually maturing animals.
Northern blotting using the L. appendix POM cDNA
probe (Fig. 13B) showed higher expression in later metamorphosis, stages 3–5 and 7, of L. appendix compared to
P.marinus. Expression of POM in stage 7 L. appendix was
higher than post-metamorphic P. marinus but similar in
expression to juvenile adult P.marinus. POM expression
appeared to reach a maximum in sexually maturing
L. appendix and was apparently higher than that of postmetamorphic and juvenile adult P. marinus. POM expression levels decreased from sexually maturing L. appendix to
pre-spawning L. appendix and this pattern of decrease in
expression was similar to that observed in POC expression
in this species.
4. Discussion
Sower (2003) has emphasized that lampreys are among
the most ancient of vertebrates to show functional roles for
multiple forms of GnRH. In adult P. marinus, both GnRHI and -III stimulate steroidogenesis and both spermiation
and ovulation (Deragon and Sower, 1994; Gazourian et al.,
1997, 2000; Sower and Kawauchi, 2001) and the release of
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Fig. 11. Nucleotide and deduced amino acid sequence of L. appendix prePOM cDNA. Numbers on the right margin represent positions of nucleotides and
amino acids. The primers used to isolate fragments of this cDNA are indicated by the small arrows above the nucleotide sequence. The signal peptide,
which is underlined and labeled, is shown from position 1 to 39. -MSH-like and -MSH-like domains are underlined and labeled, and -endorphin is
indicated by a double underline. Boxed residues represent putative cleavage sites. Asterisks represent the stop codon.

15-hydroxytestosterone (Young et al., 2004). Furthermore, there is progressive seasonal relationship between
brain concentrations of GnRH and both gametogenesis
and steroidogenesis in the gonads during the Wnal reproductive period of P. marinus (Fahien and Sower, 1990).
However, GnRH activity is not restricted to the Wnal reproductive phase of the life cycle in this species but shows
prominent changes related to early stages of development
such as during embryogenesis (Tobet et al., 1996) and metamorphosis (Youson and Sower, 1991, 2001).
The present study demonstrates neurosecretory cells and
Wbers that were immunoreactive (ir) with lamprey (P. marinus) GnRH-I and -III antisera in the NH and PO of the
brain of late larval, metamorphic stages 1–7, juveniles, and
prespawning and spawning adults of the nonparasitic lamprey species, L. appendix. These immmunohistochemical
results are not surprising, given the 94% identity between
L. appendix GnRH-III cDNA and that from P. marinus;

the proWles of their deduced amino acid sequences vary in
length by one residue (Silver et al., 2004). The antisera, and
the preabsorption testing, used in the present study were
Wrst validated by Tobet et al. (1995) and then again by
Nozaki et al. (2000). We were conWdent from these reports
and from our preabsorptive testing that we could distinguish between GnRH-I and GnRH-III cells and Wbers.
However, there were some cells and Wbers in the present
study that seem to contain both forms of the hormone. This
latter feature has also been observed in other immunohistochemical studies (Tobet et al., 1995). Moreover, GnRH-I
and -III mRNAs are localized in the same cells in adult
P. marinus (Root et al., 2005).
Since our study investigates brain GnRH immunoreactivity throughout the entire life cycle, with the exception of
embryogenesis, it may be the most comprehensive to date
on any lamprey species, irrespective of their adult life history. An earlier immunohistochemical study on larval and
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Fig. 12. Deduced amino acid sequence comparison of prePOM cDNA
from P. marinus (Takahashi et al., 1995a) and brook L. appendix. The
numbers of amino acids are shown on the right margin. The signal peptide
is located in position 1–39 and is indicated by an underline. Amino acids
in position 1–6 are part of primer A. -MSH-like, -MSH-like, and endorphin domains are underlined and labeled. Boxed residues represent
putative cleavage sites. Deletions are indicated by periods (.). There are 10
diVerences observed between brook and sea lamprey POC, which are represented by asterisks.

maturing adult Western brook lamprey, L. richardsoni,
used an antiserum to mammalian luteinizing hormonereleasing hormone (LHRH) to show some life-cycle diVerences in immunoreactivity that were related to the events of
metamorphosis and sexual maturation in this nonparasitic
species (Crim et al., 1979). There have been many imunohistochemical studies showing GnRH distribution in the
brains throughout the life cycle of the parasitic species,
P. marinus, (King et al., 1988; Nozaki et al., 2000; Reed
et al., 2002; Root et al., 2005; Tobet et al., 1995, 1996, 1997;
Wright et al., 1994) and also in the Southern Hemisphere
species, Geotria australis (Sower et al., 2000). The results
herein reveal the simultaneous presence of both GnRH-I
and -III peptides in larval, metamorphic, and postlarval life
of L. appendix, which is consistent with observations of
concentrations of the two forms in the brain of another
nonparasitic species, L. richardsoni (Youson et al., 1995).
Cells showing expression of the GnRH-III gene are in close
proximity to GnRH-I mRNA-containing cells in P. marinus throughout the life cycle (Root et al., 2005). Also consistent with previous studies is that intensity of
immunoreactive staining in L. appendix in the preoptic area
is higher (or at least equivalent) for the GnRH-III peptide
over GnRH-I prior to metamorphosis. Tobet et al. (1995)
noted similar results in immunohistochemistry of brain of
larval P. marinus. Also, all brain concentrations based on
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radioimmunoassay (Youson and Sower, 1991, 2001) indicate that most of the immunoreactivity for GnRH is
GnRH-III (Sower, 2003).
The results in the present study provide further evidence that metamorphosis is a prominent phase of upregulated activity for GnRHs to act either locally or on other
components of the reproductive axis. This activity is likely
consistent for all lampreys, irrespective of their adult life
history. The radioimmunoassay data indicate that
GnRH-III seems to predominate in early stages in metamorphic development of P. marinus and L. richardsoni
and perhaps through to stage 6 (Youson and Sower, 2001;
Youson et al., 1995). Although the staining intensity for
the GnRHs in L. appendix implies slight dominance, or at
least equivalency, of GnRH-III, this form is superseded at
mid-metamorphosis (stage 4) by GnRH-I. This result
seems to run counter to the view that GnRH-III is the
more active form during gonadal maturation (Sower,
2003) since our histological observations indicate that the
gonads of stage 4 L. appendix were in a maturation phase
and GnRH-I intensity is the most prominent. However,
the intensity of staining for GnRH-III shows a continuous rising trend up until the last stage (7) of metamorphosis. Tobet et al. (1995) noticed a large increase in
immunoreactive product (mostly GnRH-III) in GnRHcontaining cells and Wbers during P. marinus metamorphosis and suggest that GnRH-III is important during
maturation of GnRH cells and Wbers. This role of maturation of GnRH cells, that attained their positions in the
preoptic and hypothalamic areas before metamorphosis,
is possibly a key event at this interval of ontogeny.
It is noteworthy in this context of function of GnRH
forms that GnRH-I at stage 7 is far and away the most
prominent of the GnRHs in staining intensity in L. appendix and in brain concentration in P. marinus (Youson and
Sower, 1991, 2001; Youson et al., 1995). If GnRH-III is to
be accepted as the form that is most active during gonadal
maturation, then what is the function of GnRH-I at the
same stage of metamorphic development of a nonparasitic
and parasitic lamprey when the latter will not undergo sexual maturation for at least another year? Perhaps steroidogenesis should be examined at this time in the life cycle in
individuals representing the two adult life history types. A
recent report indicates that 15-hydroxytestosterone may
be good steroid for future investigation in this context
(Young et al., 2004).
The distribution of the immunoreactive cell bodies and
Wbers in the brain of lampreys observed in this study corresponds to that described in earlier immunohistochemical
studies of lampreys (Crim et al., 1979; King et al., 1988;
Nozaki et al., 2000; Reed et al., 2002; Root et al., 2005;
Sower et al., 2000; Tobet et al., 1995; Wright et al., 1994). In
larval and metamorphic stage 1–3 animals, most ir Wbers
were conWned to the dorsal region of the NH, directly
beneath the ventricular lining of ependymal cells. The lower
irGnRH in larvae followed by apparently more peptide
with which to immunoreact during metamorphosis is
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Fig. 13. Northern blots of POC (A) and POM (B) mRNA levels of total RNA isolated from the pituitaries of P. marinus and L. appendix at several stages
of development and maturation. Included are larvae (L), stages 1–7 of metamorphosis, post-metamorphic nonfeeders (N), sexually maturing animals
(SM), parasitic juvenile adults (J), and pre-spawners (P). Densities of bands were corrected for total RNA loading using 18S and 28S RNA, detected by
ethidium bromide staining (shown below the Northern blot), and levels of expression of POC and POM within each blot. Comparison of the qualitative
data is easily visualized in the graphs. The blot was Wrst probed with L. appendix POC cDNA which was detected at approximately 1 kb (A) and a second
band was identiWed at 3 kb, and then the blot was stripped and reprobed with L. appendix POM cDNA and was detected at approximately 2 kb (B).

similar to that found in other studies (Crim et al., 1979;
Root et al., 2005; Tobet et al., 1995; Wright et al., 1994).
However, the apparent increased synthesis of GnRH peptide is further suggested by the changing appearance of the
ir neurons in the current study. The ir neurons in the larval,
metamorphic, and adult stages of the present study were
rounded, early elongated cuboidal then pear-shaped, and
pear shaped, respectively. This pattern of changes in neuronal shape is similar to that found in P. marinus (King et al.,
1988; Tobet et al., 1995). The striking increase during metamorphosis in irGnRH in a ventral hypothalamic cell group
caudal to the optic chiasm that was barely detectable in
larva, coupled with their location and the orientation of
their processes, lead us to speculate that the cell group
might have a role during metamorphosis or in subsequent
development of the reproductive system. This cell group
was also noted in P. marinus at the same time in the life
cycle (Tobet et al., 1995).
Unfortunately, the RIA study of the nonparasitic
L. richardsoni did not have data for the last stage (7) of
metamorphosis or juveniles for comparison with the present study (Youson et al., 1995). Our intensity data of the
preoptic area indicate that this is the peak time for GnRH-

I, and perhaps GnRH-III, in L. appendix. Furthermore, the
L. richardsoni whole brains shows a prominent increase of
both GnRH forms between the two data points of stage 6
of metamorphosis and the “mature” animals (Youson
et al., 1995) with GnRH-I being the dominant form, perhaps indicating its role in reproductive behaviour (Sower,
2003). At the time of maturity, the preoptic area of the
brain of L. appendix shows declining intensity of immunoreactivity. Given that the NH shows intense immunostaining during the immediate time preceding and during
spawning in L. appendix, it may not be feasible to compare
whole brain concentrations of L. richardsoni with intensity
of immunoreactivity in the pre-optic area of L. appendix.
Histological comparisons of LHRH immunoreactivity in
nonreproductive and reproductive adults of nonparasitic
L. richardsoni show intense staining of the NH in both
adult types but only intense staining of PO cells and Wbers
during reproduction (Crim et al., 1979). The present study
provided monthly observations of immunoreactivity during the critical period of Wnal sexual maturation from January to May to show, in the preoptic area, a relative constant
intensity of staining until the spawning period when this
area of brain was greatly depleted of immunoreactivity but
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the NH was intensely stained. During their spawning
migration, P. marinus have equal numbers of GnRH-I and
–III Wbers in the anterior neurohypophysis but higher numbers of GnRH-III Wbers in the posterior neurohypophysis
(Nozaki et al., 2000). It has been suggested from experimental evidence in P. marinus that hormones, such as GnRH,
can diVuse from the neurohypophysis to the adenohypophysis (Nozaki et al., 1994). The existence of this diVusion
pathway would explain the intense staining of the NH in
reproductive adults of nonparasitic species (Crim et al.,
1979; this present study).
In summary, the present results provide further evidence
that metamorphosis is an important phase of stimulation to
the reproductive system of lampreys, irrespective of their
adult life history, and that two forms of lamprey GnRH
may have diVerent roles in the development of sexual maturation in both adult types (Sower, 2003).
One of the objectives of this study on POMC was to
investigate the diVerential expression of two distinct prohormones, POC, and POM, during the life cycle of nonparasitic brook lamprey (L. appendix). A second was to
compare the expression patterns of these prohormones
with those of the parasitic sea lamprey (P. marinus). The
Wrst step was to establish if cross-species hybridization of
the prohormone cDNAs, POC and POM, would occur
between L. appendix and P. marinus. It was observed that
POC and POM cDNAs from P. marinus hybridized to pituitary mRNAs of L. appendix in Northern analysis. The
sizes of L. appendix POC and POM are similar to the
P. marinus cDNAs, approximately 1 and 2 kb, respectively.
This observation encouraged us to investigate the structure
of POC and POM in L. appendix, their distribution in this
species, and variations in the diVerential expression of the
genes in P. marinus and L. appendix during their life cycles.
Like in pre-spawning P. marinus, POC and POM expression is conWned to pituitary tissues of stage 7 metamorphosing L. appendix. This does not appear to be the case in
gnathostomes where POMC has been reported in the pituitary and the brain (Ma et al., 1994; Naito et al., 1984).
AmpliWcation of brook lamprey POC and POM using
speciWc primers from P. marinus cDNAs was not diYcult
due to the fact that prePOC showed 92.9% identity between
L. appendix and P. marinus with only an 11 amino acid
diVerence. In the case of prePOM there was a 94.6% identity with a 10 amino acid diVerence between the two species.
There were no amino acid substitutions in the core
sequence of MSH, ACTH, and -endorphin. It is interesting that the sequence of the N-terminal of POC and POM
is not diVerent between the species. The N-terminal of
POMC has always been interpreted as a spacer region with
no intrinsic biological activity (Wolin and Walter, 1993).
However, a nasohypophysial factor (NHF) was isolated
from the pituitary of sea lamprey (Sower et al., 1995), and
later found to make up the N-terminal region of POC
(Heinig et al., 1995; Takahashi et al., 1995a). It is particularly noteworthy that the NHF domain of lamprey POC is
totally conserved among these two diverged species. Partial
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NHF sequences have also been deduced from nucleotide
sequences of POC in representatives of the two families of
Southern Hemisphere lampreys, Mordacia mordax and
G. australis (Takahashi et al., 2006). Sower et al. (1995)
believes that NHF has biological signiWcance. The fact that
NHF has remained unchanged through lamprey evolution
may provide some support for its functional signiWcance. It is
noteworthy that a synthetic human N-terminal POMC fragment (1–28-POMC) acts as a mitogen in adreonocortical
tumor cells and decreases adrenal steroidogenesis (Fassnacht et al., 2003). It is not known whether the N-terminal of
lamprey POM is a functioning end product since the peptide has not been isolated.
Overall the core sequences of POC and POM remained
identical between the two species, as well as the proteolytic
cleavage sites, and the NHF domain of POC referenced
above. The fact that the POC and POM genes exist in two
genetically distanced species of lamprey with very little
amino acid substitutions suggests a conserved evolution of
the two POMC genes in these holoarctic species (Petromyzontidae). Just for a point of comparison, a recent study
comparing albumin-like serum proteins in larval L. appendix and P. marinus showed brook lamprey having a serum
protein (LAS) antigenically similar to the AS protein of
P. marinus, however, this protein is restricted to pre-adult
phases of the life cycle of brook lamprey. No albumin-like
protein with similarity to the adult P. marinus SDS-1, was
observed in adult L. appendix (Danis et al., 2000). This
observation of albumins serves to illustrate that the two
adult life history types have some common, but not all,
metabolic and hormonal parameters. It is clear from the
nearly identical POC and POM in these divergent nonparasitic and parasitic species that the structure of these prohormones have been conserved for the retention of important
biological activities. It is now known that there are similarities in the POM and POC genes between Southern and
Northern Hemisphere lampreys (see above discussion) and
further investigation of POMC genes in other species will
enable us to comment on evolution of these prohormones
in all lamprey species.
Northern analysis of POC and POM expression, using
either P. marinus or L. appendix cDNAs as probes, was
examined over the entire life cycle of L. appendix including
larvae, pooled stages 1–3 and 3–5, and stage 7 of metamorphosis, as well as sexually maturing lamprey. These data
were compared with Northern blots from similar stages of
P. marinus in which P. marinus cDNAs were used as
probes. The results in P. marinus are similar to those previously reported (Heinig et al., 1999). Assuming that the
numerical staging of metamorphosis in lamprey species can
be directly compared (Potter et al., 1982) the results from
the Northern analysis in this study comparing POC and
POM expression of P. marinus and L. appendix showed
that levels of expression of both prohormones increased
earlier in L. appendix than in P. marinus. POM showed
higher levels of expression in L. appendix stages 3–5 of
metamorphosis compared to P. marinus at this interval.
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Both POC and POM rose sharply at stage 7 in L. appendix
and the levels of expression were higher in sexually maturing L. appendix than post-metamorphic and juvenile adult
P. marinus. As the levels of POC and POM reached a maximum in pre-spawning P. marinus, the levels seemed to
decrease in L. appendix pre-spawners.
The functions of all the end products of POC and POM
in lampreys are unknown. However, previous results
(Heinig et al., 1999) and those in this present study show
trends of POC and POM expression in the two species of
lamprey which gives insight into when the prohormones are
upregulated at diVerent stages of both adult life history
types. It was suggested previously (Heinig et al., 1999) that
the post-metamorphic increases of POC in P. marinus may
be correlated with stresses that accompany feeding, migration, or reproduction. In this study, POC expression
increases in L. appendix at a time just prior to that observed
in P. marinus, when the former species is not feeding and
subsequent migration will be minimal. The only event that
correlates with elevated POC expression in both L. appendix and P. marinus is preparation for reproduction.
The expansion of gonads and sexual maturation is
approximately a three to six month process in lampreys
(Hardisty, 1971). The time of gonadal maturation, which
in nonparasitic lampreys is reported to occur near or at
the end of metamorphosis (Hardisty and Potter, 1971b),
coincides with the rise in POC expression, that is, at stage
7. This is also the time when ir GnRH reaches its peak
intensity in the preoptic region of the brain of L. appendix
(Fig. 5). POC expression reached a maximum in pituitaries collected from sexually L. appendix in late March
when the gonads were likely late in their maturation activity (this study). Subsequently, in pituitaries collected from
immediately pre-spawning L. appendix in June, POC
expression dropped to a level just slightly higher than that
observed in stage 7. In June, GnRH immunostaining in
the preoptic area is of low intensity. It is more than just a
coincidence that POC expression seems to correlate well
with reproductive activity. In fact, the results imply that
the POC gene is upregulated at the time of sexual maturation in L. appendix. In P. marinus, gonadal changes start
to occur in post-metamorphosis rather than late metamorphosis in nonparasitic species (Hardisty, 1971) which
is when an increase in POC expression in the whole pituitary was observed in Northern blots (Heinig et al., 1999)
and speciWcally in the caudal pars distalis as visualized
through in situ hybridization (Ficele et al., 1998).
Although in P. marinus brain concentrations of GnRHIII show a marked increase in metamorphic stage 6 followed by dramatic increase in GnRH-I at stage 7 (Youson
and Sower, 2001), it was only at the end of the juvenile
period and during the pre-spawning upstream migration
that POC levels increased and reached a maximum (Ficele
et al., 1998; Heinig et al., 1999; the present study); this
peak expression is coincident with the Wnal interval of
gonadal maturation (Hardisty, 1971). At this interval of
the life cycle in P. marinus, the POC expression proWle is

comparable to that seen in the immediately pre-spawning
L. appendix. These results in the two lamprey species
point to a very strong correlation between POC expression and gonadal maturation. Since a primary product of
POC is ACTH, and lamprey ACTH is known to stimulate
in vitro steroidogenic activity in presumptive adrenocortical cells of P. marinus (Takahashi et al., 1995b), one explanation for the high expression of POC during the
reproductive phase is the production of corticosteroids as
a consequence of the stresses of this activity. It was suggested that -endorphin production might be expected
during pre-spawning intervals, which coincides with high
levels of stress in the animals (Norris, 1997). Perhaps high
levels of POC and POM expression occurs when the animal is in stress (i.e., during reproduction because there is a
need for the end product -endorphin).
It has been mentioned previously that another product
of POC, nasohypophysial factor (NHF), might be important during reproduction (Heinig et al., 1999). NHF is an
N-terminal product not generally considered to be functional, but in some species an equivalent POMC end product is known to have growth factor activity (Tilemans et al.,
1994).
The end products generated from POM, - and MSH-like peptides (called MSH-B and MSH-A, respectively, Takahashi et al., 1995a), are the hormones which
are generally associated with pigment change. In particular, Takahashi et al. (1995b) believe that the MSH-B
product is particularly important for pigment change in
P. marinus. Unlike with the POC temporal expression pattern, the signal density of POM expression revealed
through in situ hybridization does not show dramatic
changes during the life cycle of P. marinus (Ficele et al.,
1998). In fact, these latter authors showed that early metamorphosis is marked by a decrease in POM expression
compared to larval levels. On the other hand, the net volume of cells and thus, the total expression of POM, gradually increases in the pars intermedia throughout the life
cycle (Ficele et al., 1998). It was observed in the present
study that POM expression appeared higher in metamorphic pooled stages 3–5 of L. appendix compared to stage 5
of P. marinus. The latter increase is consistent with earlier
studies on expression of POM in P. marinus (Ficele et al.,
1998; Heinig et al., 1999) and occurs at a time when
changes in external pigmentation appear during metamorphosis of this species (Youson and Potter, 1979). It is
interesting, however, that high levels of POM expression
occur earlier in metamorphosis of L. appendix compared
to P. marinus. This result does not correlate well with
external pigment change, which in L. appendix is less pronounced than in P. marinus during metamorphosis
(Holmes et al., 1999) and thus suggests some other explanation for changes in POM expression. The high proportion of cells of the pars intermedia expressing POM in
immediately premetamorphic larval P. marinus, led Ficele
et al. (1998) to suggest POM has an important function
just prior to initiation of metamorphosis.

J.H. Youson et al. / General and Comparative Endocrinology 148 (2006) 54–71

Other hormones, including lipotropin and -endorphin, are also end products of POMC (Nakanishi et al.,
1979). Lipotropin and ACTH have been reported to stimulate lipolysis in adipose tissue (Richter and Schwandt,
1987) which may be important during the time of reproduction when the animals are relying on stores of lipid
(Hardisty and Baker, 1982). Ficele et al. (1998) implied
that the higher expression of POM in immediately premetamorphic larvae of P. marinus, relative to that in larvae not expected to metamorphose, was related to the
lipogenesis and lipid stores in the former animals. Lipid
stores are used during metamorphosis when lampreys are
no longer feeding, and at this time there is a pronounced
drop in weight which has been observed in P. marinus
(Kao et al., 1997; Potter et al., 1978; Youson, 2003). This
weight loss and lipolysis at stage 4 of metamorphosis is
coincident with a higher expression of POM, and possibly
lipotropin production, observed in P. marinus. In L.
appendix, the weight loss was observed in stages 5 and 6
(Holmes et al., 1999) and POM expression increased in
pooled stages 3–5 coincident with the weight loss.
In summary, a comparison of diVerential expression in
Northern blots of POC and POM between a parasitic and
a nonparasitic lamprey demonstrated that there may be
diVerences in hormone generation between these two species during their life cycle. An earlier increase in expression of POC and POM in the nonparasitic species during
metamorphosis suggests that these prohormones likely
play a substantial role in development and maturation
events, which may ultimately determine the adult life history. In nonparasitic species this is a nontrophic adult life
history directed towards sexual maturation. As well, the
strong sequence identity of POC and POM between
L. appendix and P. marinus suggests a conserved evolution of POMC among holarctic species of lampreys, and
likey in members of all lamprey families (Takahashi et al.,
in press).
In conclusion, L. appendix and P. marinus represent the
two contrasting adult life history types that are found
among lampreys. Furthermore, although these species
are both in the Northern Hemisphere Family Petromyzontidae, they represent two diVerent genera among
extant lampreys that are genetically distinct and
believed to have diverged early in the evolution of this
group (Potter, 1980b; Potter and Gill, 2003). We believe
that results showing the comparative expression of the
two POMC genes from L. appendix and P. marinus. and
the immunohistochemistry of brain GnRH-I and -III in
the former species, during their life cycles, help to explain
diVerences in the timing of development and speciWc
behavior in the adult life history types. In fact, there are
some common patterns of brain GnRH-I and -III immunoreactive intensity and POC and POM expression during the life cycle of L. appendix. Moreover, from cloning
and sequencing of the two genes we now have a better
view of the evolution of the POC and POM genes in lampreys.
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