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Gonadotropin-releasing
hormone (GnRH) concentrations were measured in brains of
adult male sea lamprey, Petromyzon
marinus,
during their final reproductive period. The
lampreys were collected during their upstream migration in coastal New Hampshire rivers
and sampled at the trap (referred to as group A) or they were transferred to an artificial
spawning channel (referred to as Group B). Plasma estradiol and progesterone were also
measured, and histological examination of the gonadal stages was done as well. The concentrations of brain GnRH and plasma estradiol fluctuated significantly through time. There
was a rise in brain concentrations of GnRH coincident with an increase in temperature just
prior to spawning. In addition, there was a significant progressive correlation between
increasing plasma estradiol and temperature in lampreys from Group B during the period
studied. These studies provide evidence for progressive seasonal relationships between
changes in brain GnRH and gametogenic and steroidogenic activity of the gonads in adult
male sea lampreys during their final reproductive period. o 19941Academic PXSS, IX

Gonadotropin-releasing
hormone is a major hypothalamic regulatory peptide which
has been well defined as to its role in various reproductive processes of mammals,
birds, and to a lesser extent representative
species of amphibians, reptiles, teleosts.
and agnathans. The chemical structure of
gonadotropin-releasing
hormone (GnRH) in
the sea lamprey (Petromyzon marinus), a
representative of the oldest living vertebrates (Agnatha), has been established as
pGlu-His-Tyr-Ser-Leu-Glu-Trp-LysPro-Gly-NH2 (Sherwood et al., 1986). This
information, combined with immunocytochemical (Nozaki and Kobayashi, 1979;
Nozaki et al., 1984; Crim et al., 1979a, b;
King et al., 1988) and physiological studies
(Sower et al., 1983, 1985a, 1987; Sower,
1987, 1989), provides evidence for the regulatory influence of the hypothalamus on
the pituitary-gonadal
axis. However, the
role of GnRH in lampreys is far from understood.
In the lamprey, GnRH-like
neurons,

identified by immunocytochemistry,
project their fibers primarily into the neurohypophysis from the preoptic region (Crim et
al., 1979a, b; Nozaki and Kobayashi, 1979;
Nozaki et al., 1984; King et al., 1988). In
these same studies, GnRH was not detected in extrahypothalamic
areas of the
brain. Crim et al. (1979b) have found apparent differences in irGnRH in the hypothalamic perikarya and axons in reproductive
and nonreproductive lampreys. In addition,
a recent immunocytochemical
study in sea
lampreys, using antiserum directed to lamprey GnRH, has indicated that GnRH
perikarya are distributed in an arc-shaped
population extending from ventral to dorsal
preoptic areas (King et ul., 1988). In this
same study, fibers from these cells projected to the neurohypophysis via the preoptic+hypophyseal
tract and, in addition,
some fibers also protruded into the third
ventricle.
Accordingly,
King and colleagues (1988) suggested that in addition to
GnRH transport to the pituitary by diffu-
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sion from neuronal terminals in the neurohypophysis to the adenohypophysis, there
is secretion of GnRH into the third ventricle and transport by tanycytes to the adenohypophysis. Thus, there is evidence of the
normal occurrence of GnRH in a part of the
lamprey brain that is homologous with the
brain region in higher vertebrates in which
GnRH localization forms part of a neuroendocrine mechanism for gonadotropin secretion.
Estradiol (Katz et al., 1982: Sower et al.,
1985b; Fukayama and Takahashi, 1985) and
progesterone (Linville et al., 1987; Sower,
1987, 1989) are two steroids that have been
found to be associated with reproductive
activity in both male and female lampreys.
During the 2 to 3 months prior to spermiation, primary and secondary spermatocytes
develop into mature sperm (Hardisty, 1972;
Sower et al., 1985b). During this time, the
plasma levels of estradiol fluctuate and increase significantly at the time of spermiation in the sea lamprey (Sower et al., 1985b;
Linville et al., 1987) and the Japanese river
lamprey, Lampetra japonica (Fukayama
and Takahashi, 1985). Progesterone also
has been detected in the plasma, but consistent trends have not been observed
(Weisbart et al., 1980; Linville et al., 1987).
However, Sower (1989) has shown that exogenous administration of lamprey GnRH
stimulates spermiation and an increase of
plasma progesterone and estradiol in adult
male sea lampreys. These studies suggest
that the sex steroids, particularly estradiol,
may be involved in spermiation.
Lampreys spawn only once in their lifetime, and thereafter they die. The sea lamprey is anadromous and returns to fresh
water from the ocean for its final reproduction and spawning. The objective of the
present study was to investigate the seasonal relationships between changes in hypothalamic GnRH and activities of the gonad in adult male lampreys during their final reproductive stages.
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METHODS

AND MATERIALS

Lampreys. Adult male sea lampreys were collected
in the morning, biweekly, during their upstream
spawning migration from the sea, from traps located at
the upstream end of salmon ladders on the Cocheco
River, the Exeter River, and the Lamprey River,
which are coastal rivers that are all connected to the
Piscataqua Bay in New Hampshire. These lampreys
are all considered to be part of the same population.
i.e., unlike salmon there is intermixing of the lampreys
between streams (U.S. Fish and Wildlife Service; New
Hampshire Fish and Game, unpublished data). Lampreys were captured from May I3 until June 5, 1987.
The temperature of the water was monitored at each
sampling. Immediately after capture, lampreys (n =
2-lo/sampling day) were sampled for blood, brain, and
gonadal tissue. The lampreys which were captured in
the traps and immediately sampled at the rivers are
referred to as Group A. All lampreys were cleared
from the traps every 2-3 days to help reduce any stress
due to holding conditions. In order to obtain lampreys
undergoing spermiation and spawning behaviors, additional lampreys were collected in May and early
June from the traps in the Cocheco River in Dover.
New Hampshire. transferred, and maintained in an artificial spawning channel at the University of New
Hampshire in a freshwater flow-through hatchery, under natural photoperiod. The total number of lampreys
in the channel was consistent with earlier behavioral
studies in which it was found that spawning behavior
was dependent upon water flow and size of the channel (Manion and Hanson, 1980; Linville et al.. 1987).
Spawning lampreys were observed in early July and on
the last sampling day (July 8). The channel was 5.2 m
long, 0.65 m wide, and 0.5 m high and had an inlet pipe
at one end and two outlet pipes at the opposite end.
Water from a nearby reservoir, which was filtered
through dual sand filters, flowed through the spawning
channel. The water temperature in the channel ranged
between I3 and 19”. The bottom of the channel was
tilled with gravel as previously described by Linville et
al. (1987) to allow the lampreys to build nests and
spawn. Lampreys from the channel (n = IO/sampling
day) were sampled for blood, brain, and gonadal tissue
once a week from May 26 until July 8. 1987. This group
of lampreys is referred to as Group B.
Sampling
procedures.
One lamprey at a time was
taken from the trap or the artificial spawning channel.
A blood sample was immediately taken from each lamprey as previously described by Sower et al. (1985a).
After centrifugation. the plasma from each blood sample was aliquoted into two OS-ml Eppendorf tubes:
one was stored at -20” for steroid analysis and the
other one was stored at - 80” for GnRH analysis. Immediately after blood sampling, each lamprey was de-
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capitated, and the brain was removed and immediately
placed on dry ice. Individual brains were stored at
-80” until assayed for GnRH. Following brain excision, a 2-cm-long section of the gonad directly posterior to the end of the liver was collected from each
lamprey. The gonadal tissue was prepared for histological examination as described (Sower ef al., 1985b)
to determine the maturational state of the gametes in
the testis. The maturational states were identified as
previously described by Schreiner and Schreiner
(1904), translated in Brodal and Fange (1963). Four
random areas on each slide were examined and the
percentage of cells in each stage in the viewing field
was recorded. The results were averaged and the
slides were categorized according to the stages which
were present, where 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.
Radioimmunoassays.
Plasma estradiol-17B and progesterone were measured in duplicate IOO-ul aliquots
of plasma by radioimmunoassays (RIA), as described
by Sower and Schreck (1982) and validated for lampreys as described by Sower et al. (1983, 1987). In the
estradiol-17B assays, the lower limit of detection was
78 pgiml, the interassay and intraassay coefficients of
variation were 5.2% (n = 9) and 1.9% (n = 8), respectively, and the range of binding was 40-58%. In the
progesterone assays, the lower limit of detection was
70 pg/ml, the interassay and intraassay coefficients of
variation were 4.3% (n = 7) and 1.2% (n = 3), respectively, and the range of binding was 37-42%.
Radioimmunoassays for lamprey GnRH were performed as previously described by Stopa et al. (1988).
The antiserum (J.A.K. 1467) was used at a final dilution of 1:50,000. RIA sensitivity was 19.5 pgiml. The
range of binding was 46568.9%.
Synthetic lamprey
GnRH was iodinated using a modification of the chloramine-T method and purified as described in Stopa et
(11.. (1988).
Extraction
and HPLC.
Individual brains and plasma
samples were extracted as previously described by Yu
et al. (1987). Briefly, each brain was weighed and
placed in a test tube containing 2 ml of 2.0 M ice-cold
acetic acid. The tissue was then immediately homogenized with a Polytron using three 5-set bursts at
speed 5 and four 5-set bursts at speed 8. The homogenates were then centrifuged at 10,OOOgfor 45 min at 4”.
After centrifugation, the supematant was removed, aliquoted into two Eppendorf tubes, and dried overnight
on a refrigerated speed vat. The dried product was
reconstituted in 700 ~1 of Millipore-filtered
water and
centrifuged at 14,OOOgfor 30 min. The supernatant was
removed and injected through 0.45pm HPLC lilters
and stored at - 20” until injected on the HPLC.
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Individual extracts (30 ~1) were injected into a IO-p,1
loop on an HPLC system which consisted of a PerkinElmer series 100 pump with a Pecosphere 3 CR Cl8
(0.46 x 8.3 cm) reverse-phase column. The isocratic
mobile phase consisting of 7.40 g ammonium acetate
and 3.04 g citric acid in 1 liter of 19% acetonitrileiwater
(final pH was adjusted to 4.6 with phosphoric acid)
(Stopa et al., 1988) gave a retention time of 5 min at a
flow rate of 1.4 mlimin. Twelve 2-ml fractions were
collected for each sample. HPLC water was injected
onto the column after every sample, and 10 fractions
were collected. At the end of each day, a lamprey
GnRH standard (0.5 mg/ml) was injected, and 10 fractions were collected. Duplicate loo-p1 aliquots of the
peak fractions from each sample, every other water
collected at the same time as the sample peak. and the
standard were assayed for GnRH.
Sratistics. Data for hormone concentrations were
analyzed by a Student-Newman-Keuls
test after a
preliminary analysis of variance. In all tests, the level
of significance for differing groups was P < 0.05.

RESULTS
Reproductive cycle. During the sampling
period, several stages of spermatogenesis
were observed in lampreys (Figs. 1 and 2).
In mid May, testes of lampreys generally
were in stages 1 to 3. In late May and early
June, testes were in stages 4 to 6 for Group
A. In June, testes were in stages 4 to 7 and
in early July the majority of testes were in
stage 7 for Group B.
GnRH. GnRH was not detected in any of
the plasma samples. Brain concentrations
of GnRH fluctuated significantly through
time from both Group A and Group B lampreys. Brain contents of GnRH of Group A
lampreys were highest on May 13 and May
20 (306 + 65 and 372 k 137 SE &brain);
the lowest levels of GnRH were found in
late May (range 37 -+ 11 to 80 + 11 rig/brain;
Fig. 3). Brain contents of GnRH of Group B
lampreys were lowest in late May and early
June (range 144 * 16 to 235 2 31 rig/brain)
and were highest in late June and early July
(range 634 2 135 to 692 2 120 ngibrain; Fig.
4).
Estrudiol and progesterone.
Estradiol
was measured in all plasma samples; however, plasma progesterone was only detectable by our assay system in 17 of 62 lam-
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FIG. I. Testis of an adult sea lamprey. Upper plate: a, primary spermatocytes; b, dividing primary
spermatocytes. Lower plate: c, spermatids. 400x.

v-e! IS from Group A and 16 of 70 lampreys
fron n Group B (Table 1). Plasma estradiol
flUC tuated significantly through time in both
Gro IUP A and Group B (Figs. 3 and 4).
Pla5;ma estradiol and progesterone (of those

samples in which progesterone was dete :ctable) in Group A changed through time, although only plasma estradiol changes in
concentrations during this time were signlificant (Table 1; Fig. 3). Plasma estradiol \ ral-
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FIG. 2. Testis of an adult sea lamprey. Upper plate: d, immature sperm (400x). Lower plate: e,
mature sperm (200x).

ues of Group B lampreys gradually increased from late May until early June, plateaued in mid June and were highest in
early July (1.29 k 0.16 rig/ml). Plasma progesterone levels did not vary significantly

through time in lampreys
(Table 1).

from Group B

Correlations between hormones and te,mperature. There was a significant positi ve

correlation

between

plasma estradiol

and
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FIG. 3. Plasma estradiol (upper graph) and brain
GnRH of male sea lampreys of Group A and temperature profile (lower graph) during final maturation.
Each point (except temperature) represents the mean
2 SEM (n). *Represents a significant difference (P <
0.05) in mean level when compared to the previous
mean.

water temperature
for lampreys from
Group B (Y = 0.93; P < 0.01). There was no
other significant correlation between temperature and other hormones during the entire cycle. However in lampreys from both
Groups A and B, there was a rise in brain
concentration of GnRH coincident with an
increase in temperature just prior to spawning.
DISCUSSION

In this study brain concentrations
of
GnRH and plasma estradiol fluctuated significantly through time during the final reproductive cycle of male P. marinus. These
data provide further evidence for an association of levels of brain GnRH in male
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FIG. 4. Plasma estradiol (upper graph) and brain
GnRH of male sea lampreys of Group B and temperature profile (lower graph) during final maturation.
Each point (except temperature) represents the mean
2 SEM (n = 10). *Represents a significant difference
(P < 0.05) in mean level when compared to the previous mean.

adult lampreys with final testicular maturation.
A question arises as to the possible influence of “stress” on the observed changes
of hormone concentrations during this reproductive period. Upstream migration in
anadromous salmonids is associated with
hypertrophied
adrenocortical
tissue and
high plasma levels of corticosteroids
(Woodhead, 1975). Therefore, the migrating salmon could be viewed to be experiencing physiological
stress of a natural
type. Anadromous
lampreys experience
comparable natural stresses during their reproductive migration. It is possible that the
lampreys held in the trap or in the artificial
channel were additionally stressed due to
holding conditions. However, in previous
behavioral studies, male and female adult
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TABLE
1
PLASMA PROGESTERONEOF MALE SEA LAMPREYS
FROM GROUPS A AND B

Date
May
May
May
May
May
May
June
June

Progesterone x 2 SE (n)

13
15
20
22
26
28
I
5

May 26
June 3
June

II

June 19
June 26
July 3
July 8

(Group A)
0.17 -+ 0.01 (3)
0.13, 0.14 (2)
0.15 * 0.02 (5)
0.18 ” 0.03 (5)
0.22 (1)
- (0)
0.15 (1)
- (0)
Group B
0.15 2 0.04 (3)
- (0)
0.09 2 0.01 (4)
0.06, 0.08 (2)
0.25 r 0.12 (3)
0.07, 0.06 (2)
0.09, 0.19 (2)

N
10
2
10
6
2
9
10
3
10
10
10
10
10
10
10

Nore. Data represent mean t SE. n = number of
lampreys with detectable levels of plasma progesterone; N = total number of lampreys sampled.

sea lampreys sampled from streams or an
artificial spawning channel had similar
plasma steroid levels correlated with distinctive spawning behaviors and maturity
(Linville, 198.5; Linville ef al., 1987). In
these same studies, plasma estradiol of female lampreys (but not male lampreys) held
in raceways with no opportunity to spawn,
or to exhibit spawning behaviors, was
lower compared to plasma estradiol of females from the streams or from an artificial
spawning channel. In the present study,
lampreys were not kept in raceways. Lampreys from the traps in the river were sampled within 2 days of entering from the
streams to minimize any possible stress due
to holding. These traps were cleared of all
lampreys every 2 or 3 days. The data from
the present study do indicate that there are
changes of GnRH and estradiol through
time associated with the final reproductive
period, although the possible influence of
additional stress on reproductive
events
cannot be excluded.
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In adult lampreys, King et al. (1988) have
demonstrated
that lamprey GnRH (revealed by use of an antibody to homologous
lamprey GnRH) was restricted to the preoptico-neurohypophyseal
region of the
brain. Immunopositive
fibers were not detected in any other areas of the hypothalamus or extrahypothalamic
brain. This finding is similar to the observations of Nozaki
et al. (1984), who used an antiserum to
mammal GnRH. This information suggests
that the GnRH measured in total brains in
the present study can be taken to represent
lamprey GnRH in the preoptico-hypothalamic region, which normally is associated with reproductive activity. In general,
concentrations
of brain GnRH were elevated during the very early and final stages
of spermatogenesis.
Earlier studies have
shown that plasma progesterone and estradiol levels and spermiation are stimulated
by injection of lamprey GnRH when adult
male lampreys are in stages of primary
spermatocytes to immature sperm (Sower,
1987, 1989). This suggests that there is the
possibility that the decline of GnRH noted
may be due to an increase in release of
brain GnRH or a decrease in GnRH synthesis. In several previous studies in teleosts
and amphibians the concentration of brain/
hypothalamus GnRH has been shown to
fluctuate during reproductive
stages. In
goldfish, Carassius auratus, held under a
10” temperature
regimen, irGnRH
decreased in the hypothalamus and pituitary
as the ovary progressed from the regressed
to the mature condition (Yu et al., 1987). In
addition, irGnRH was related to reproductive cycles in brown trout, Salmo trutta L.
(Breton et al., 1986). and in Caribe Colorado, Pygocentrus notatus (Gentile et al.,
1986). In male rough skinned newts, Taricha granulosa, the level of irGnRH in the
rostra1 hypothalamus
and infundibulum
fluctuated during the breeding season and
significantly decreased at the end of the
breeding season (Zoeller and Moore, 1985).
In the present study, lamprey GnRH was
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detected in total brain extracts at levels of
100 to 330 &brain,
which are higher than
those previously reported in other species
of lower vertebrates utilizing immunoreactive GnRH assyas (Yu et al., 1987; Breton
et al., 1986; Gentile et ul., 1986; Zoeller and
Moore, 1985). Since lampreys spawn only
once in their lifetime, it is feasible that
GnRH is produced at very high levels during the final spawning migration. In addition, GnRH which is released from the
hypothalamus
probably diffuses across
connective tissue to reach the adenohypophysis (Nozaki et al., 1975; King et al.,
1988), which suggests that a higher concentration of GnRH may be needed compared
to that required when GnRH is delivered to
the adenohypophysis by neuronal contact
or portal systems. It has been suggested by
Dodd (1975) that GnRH from the hypothalamus reaches the adenohypophysis by systemic circulation. However, in the present
study, GnRH was not detected in the
plasma of lampreys. This indicates that
GnRH may not circulate in the plasma: this
finding supports the concept of control of
the hypothalamus over adenohypophysial
function by diffusion of the neurohormones
from the neurohypophysis to the pituitary.
Plasma estradiol and progesterone were
measured as indicators of gonadal activity
in the male lampreys in this study. Estradiol (Katz et al., 1982; Sower et ul., 1985b:
Fukayama and Takahashi, 1985) and progesterone (Linville et al., 1987, Sower,
1987, 1989) are two steroids that have been
associated with reproductive
activity in
adult male lampreys. Our finding that
plasma estradiol concentrations are highest
at the time of spermiation
(or mature
sperm) is similar to that reported earlier for
sea lamprey (Sower et al., 1985b; Linville
et ul., 1987) and the Japanese river lamprey, L. japonica (Fukayama and Takahashi, 1985). Ho et al. (1987) have found
that estrogen binding capacity in the testes
of the adult sea lamprey is present. This
supports the possibility that estradiol may
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have a role in testicular maturation and activity. In the present study, plasma progesterone concentrations did not vary significantly during gonadal maturation. The lack
of such correlation may reflect our inability
to detect plasma progesterone in two-thirds
of the lampreys samples. Possible reasons
for very low plasma progesterone levels
may be low production rate, rapid conversion to other steroid forms, lack of plasma
binding and rapid clearance, or sequestration by the gonad or other tissue.
However, the physiological role of the sex
steroids and the identity of other potentially
important sex hormones of Agnathans need
to be clarified. Kime and Larsen (1987) in
their recent studies reported increases of
both testosterone and estradiol following
gonadectomy in adult male river lampreys.
In contrast to the above mentioned studies,
these authors suggested that testosterone
and estradiol may be secreted from a nongonadal source and then converted to biologically active sex hormones in the gonads. However. Callard et al. (1980) have
shown that the testes of sea lamprey can
synthesize estradiol and estrone after incubation with [3H]androstenedione.
In an in
~ivo study, plasma estradiol, but not androgens, was elevated in response to injections
of a mammal GnRH analog (Sower et ul.,
1985a). In other experiments using lamprey
GnRH and analogs, lamprey GnRH stimulated spermiation in adult male lamprey and
stimulated increases of estradiol and progesterone (Sower, 1989). At this time, testosterone has not been found to be associated with reproduction in adult lampreys,
i.e., the plasma levels either were very low,
and showed no change with respect to spermiation, or were undetectable (Katz et uf.,
1982; Fukayama and Takahashi,
1985;
Sower et al., 1985b). Such studies, and the
absence of androgen-binding
capacity in
the lamprey testis (Ho et al., 1987). suggest
that testosterone may not be associated
with reproductive
activity in adult male
lampreys. In in vitro studies, lamprey
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GnRH potentiated estradiol and progesterone release in co-cultures of testis and pituitary of the adult male sea lamprey compared to controls (Sower, unpublished).
Further work is required to determine the
nature and role of sex steroids in lampreys,
especially in light of possible species differences.
The present study provides evidence for
a correlation between temperature and the
final reproductive processes of adult sea
lampreys. As noted, there was a rise of
brain concentrations of GnRH coincident
with an increase in temperature prior to
spawning. In addition, there was a positive
correlation between plasma estradiol and
temperature of lampreys from Group B.
Upstream spawning sea lampreys kept at
temperatures below 15.5” will not ovulate
or spermiate unless the temperature is near
their optimal spawning temperatures of 21”
(Louis King, Hammond Bay Biological Station, MI, personal communication).
Decreased spawning activity associated with
sudden drops in temperature
has been
noted by Applegate (1950), Manion and
Hanson (1980), and Linville et al. (1987). In
earlier experiments in sea lampreys, injections of salmon gonadotropin or a mammal
GnRH analog sufficient to elevate plasma
estradiol would not evoke ovulation at
lower environmental
temperatures of 13”
(Sower et al., 1983). In these same studies,
when the temperature was increased to 21”,
ovulation
followed hormone injection.
Temperature was considered to be an important environmental factor for initiating
spawning activity in studies of the European river lamprey (Bertmar, 1985) and sea
lamprey (Linville et al., 1987). These, and
the present study, suggest a possible association between thermal and other environmental factors and neuroendocrine events
during reproduction in adult lampreys.
In summary, the results of this study
have shown that brain concentrations of
GnRH and plasma steroids fluctuate during
the final reproductive
cycle of male P.
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marinus. These studies provide initial information concerning
the hypothalamuspituitary-gonadal
axis in lampreys and
open a number of particularly interesting
questions that can be clarified by further
research.
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