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How the growth hormone (GH)/insulin-like growth factor (IGF) system affects osmoregulation in basal verte-
brates remains unknown. We examined changes in the expression of components of the GH/IGF axis and gill ion
transporters during metamorphosis and following seawater (SW) exposure of sea lamprey. During meta-
morphosis, increases in gill nka and nkccl and salinity tolerance were accompanied by increases in pituitary gh,
liver igf1, gill ghr and igf1, but not liver ghr. SW exposure of fully metamorphosed sea lamprey resulted in slight
increases in plasma chloride concentrations after SW exposure, indicating a high level of SW tolerance, but no
major changes in mRNA levels of gill ion transporters or components of the GH/IGF axis. Our results indicate that

metamorphosis is a critical point in the lifecycle of sea lamprey for stimulation of the GH/IGF axis and is
temporally associated with and likely promotes metamorphosis and SW tolerance.

1. Introduction

The sea lamprey, Petromyzon marinus, is an anadromous and semel-
parous species of lamprey with a multifaceted lifecycle (Hardisty and
Potter 1971). After sea lamprey embryos hatch, the larvae (also known
as ammocoetes) buries in mud and silt substrate of FW streams. This
stage generally lasts from three to seven years, during which the larvae
filter feeds on detritus. Upon accumulating enough mass and energy
reserves they undergo metamorphosis, a time of profound morpholog-
ical and physiological transformations in preparation to their marine
parasitic trophic phase (Youson and Potter 1979). In addition to the
outer morphological transformations, the sea lamprey also begins
rearrangement of internal organs structure and function such as the gills
(Peek and Youson 1979; Morris 1980; Youson 1980; Bartels and Potter
2004; Reis-Santos et al., 2008; Ferreira-Martins et al., 2016a; Shaugh-
nessy and McCormick 2020; Sunga et al., 2020), kidney (Youson 1970,
1980, 1984; Ooi and Youson 1977, 1979; Ellis and Youson 1990; Ellis
1993), and intestine (Youson 1980, 1981, 1985; Youson and Horbert
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1982; Elliott 1989; Mark Elliott and Youson 1994; Barany et al., 2020),
vital for the new osmoregulatory challenges that living in SW imposes
(see Ferreira-Martins et al., 2021 for a complete review).

Lampreys, together with hagfishes, are living representatives of the
basal vertebrate lineage and form the jawless vertebrate group called
Agnatha (Janvier 1999). Hagfishes are only found in marine environ-
ments and do not osmoregulate, whereas lampreys have evolved the
capacity to live in both the FW and SW environments. To achieve this,
sea lamprey maintain their internal milieu constant (about 1/3 the
concentration of SW) irrespective of their external environment; thus
they are hypoosmotic when in SW and hyperosmotic when in FW
(Ferreira-Martins et al., 2021). This osmoregulatory strategy is the same
as seen in the later evolved teleosts. To date, most of the osmoregulatory
mechanisms for FW and SW osmoregulation in lamprey are analogous to
those of euryhaline teleosts, a lineage from which lamprey diverged
more than 500 million years ago (Janvier 1999).

When in FW, sea lamprey maintain their internal osmolality hyper-
osmotic compared to the external environment and thus need to balance
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the ions lost to the environment and the water gained through osmosis.
To achieve this, lamprey gills contain specialized cells called FW-type
ionocytes, which function to actively take up ions from the environ-
ment. In lamprey, two kinds of FW-type ionocytes have been described:
one type exclusive to the larval stage and a second FW-type ionocyte that
occurs in both larvae and upstream spawning migrating adults (see
Ferreira-Martins et al., 2021 for a detailed review).

After migrating downstream and entering the ocean, sea lamprey
face a new osmoregulatory challenge in which they need to counter-
balance the gain of ions from the hyperosmotic environment and the loss
of water through osmosis. To accomplish this, they drink SW from which
monovalent ions are absorbed in the intestine allowing water to be
absorbed through osmosis (Barany et al., 2020, 2021). Divalent ions are
excreted via defecation and renal filtration and the excess of monovalent
ions is actively secreted across the gill through SW-type ionocytes (see
Ferreira-Martins et al., 2021 for a detailed review). The apical mecha-
nisms for chloride secretion in teleosts is the cystic fibrosis trans-
membrane regulator (CFTR), though this has yet to be identified in
lamprey. The basolateral membrane of SW-type ionocytes is elongated
through an internal tubular system in this type of cells which are rich in
a sodium-potassium/chloride cotransporter [NKCC1 (Shaughnessy and
McCormick 2020)] and Na™/K'-ATPase [NKA (Reis-Santos et al., 2008;
Ferreira-Martins et al., 2016b)]. During metamorphosis and while still in
FW, juvenile sea lamprey develop the SW-type ionocytes that grant them
the capacity to tolerate direct transfer to SW (Reis-Santos et al., 2008).

The GH/IGF axis in teleosts has multiple subtypes of GH receptors
(GHRs), IGF receptors and IGF binding proteins that resulted from gene
duplication events during the evolution of the teleost lineage (Reindl
and Sheridan 2012). Growth hormone (GH) is a pluripotent hormone
known to play a key role in the development of vertebrates. In fish
specifically, GH is involved in many physiological processes including
growth (Donaldson et al., 1979; McLean et al., 1990; Marchelidon et al.,
1996), reproduction (Higgs et al., 1976; Singh et al., 1988; Van Der
Kraak et al., 1990; Burzawa-Gerard and Delevallee-Fortier 1992; Le Gac
et al., 1992; Singh and Thomas 1993), immune system response (Franz
et al., 2016) and ionic and osmotic regulation (Clarke et al., 1977; Miwa
and Inui 1985; Boeuf et al., 1990; Borski et al., 1994). GH is produced
and secreted by the pituitary gland into the circulation reaching target
tissues where it binds to the GH receptor (GHR), a transmembrane type 1
cytokine receptor that dimerizes upon binding. In fish, GH has been
shown to promote SW acclimation, particularly in salmonids (McCor-
mick 2001), which confers greater SW tolerance by increasing the
number of SW-type ionocytes in the gills as well as NKA and NKCC
levels. An increase in GH production is also associated with stimulation
of insulin-like growth factor 1 (IGF1) production, mainly in the liver but
also in many other tissues including gill and muscle (Le Roith et al.,
2001; Wood et al., 2005; Laviola et al., 2007). Circulatory levels of IGF1
then regulate the secretion of GH and gene transcription in the pituitary
via a negative feedback mechanism (Duan 1998; Reinecke et al., 2005,
2006; Wood et al., 2005; Reinecke 2010a, and reviewed by Reindl and
Sheridan 2012). IGF1 has been shown to increase SW tolerance in
various species of teleosts, most likely through upregulation of gill NKA
and other ion transporter involved in salt secretion (McCormick 2001).
Recently it was suggested that early vertebrates had a minimum of two
ancestral genes that led to the emergence of distinct GH and
prolactin-like genes in lampreys (Gong et al., 2022). A GH homolog has
been identified in the pituitary of sea lamprey with evidence for its
stimulation of an IGF homolog in the liver (Kawauchi et al., 2002). The
growth hormone receptor (GHR) has also been sequenced and charac-
terized in sea lamprey (Gong et al., 2020) with high mRNA levels in liver
and heart tissues and moderate levels in the gill.

In the present study, we address the hypothesis that GH and IGF1
play a role in osmoregulation in sea lamprey, similar to what has been
shown in salmonids and other teleosts. We focus on two major land-
marks of the sea lamprey lifecycle: metamorphosis and the transition
from FW to SW. We examined changes in metamorphosis by examining

Molecular and Cellular Endocrinology 571 (2023) 111937

changes over time in both larvae, early-, mid- and late-metamorphosis,
and post metamorphosis. As for transition from FW to SW, we accli-
mated late-stage metamorphic sea lamprey (stage 7) to SW and exam-
ined changes over time at 1, 3, 6, and 14 days.

2. Methods
2.1. Animal collection and maintenance

Sea lamprey, Petromyzon marinus (Linnaeus 1758), larvae (N = 700)
and transformers (N = 545) were collected from exposed substrate at the
Turners Falls canal in the Connecticut River (MA, USA) during draw-
down for dam maintenance in early autumn and brought to the USGS S.
O. Conte Anadromous Fish Research Center in Turners Falls, MA. All
experiments were carried out in accordance with USGS-IACUC guide-
lines. The fish capture, rearing, and experimental procedures in this
study were performed in accordance with protocols approved by the
Institutional Animal Care and Use Committees at the University of
Massachusetts (protocol no. 2016-0009).

2.2. Metamorphic series

For this experiment, animals that had been collected from the Tur-
ners Falls canal in September 2017 and were maintained for 8-14
months in flow-through, 1 m diameter tanks supplied with Connecticut
River water (4 1 min’l) with a sandy, silt substrate for burrowing. Air-
stones were provided for each tank and oxygen levels were maintained
within 90% of air-saturated levels. Larvae were exposed to natural
photoperiod and fed twice a week with live yeast. A metamorphic series
was obtained by sampling larvae and metamorphosing individuals on
August 1st (ten larvae, and fourteen metamorphic stages 1&2),
September 1st (ten larvae, and twelve metamorphic stages 3&4),
October 18th (twelve larvae, and ten metamorphic stages 6&7), and
November 15th (twelve larvae, and nine postmetamorphic), of 2018
(Table 1).

2.3. Salinity challenge

A salinity challenge time course was conducted using late meta-
morphic (stage 7) sea lampreys that had been collected from the Turners
Falls canal in September. Animals were divided into four round fiber-
glass tanks containing dechlorinated tap water at 15 °C. After a two-
week acclimation period, six animals were sampled from each tank as
a zero-day control. Two of the tanks were raised to a salinity of 30 ppt by
draining half of the tank and filling it back up with 60 ppt synthetic SW
(Instant Ocean, Aquarium Systems Inc., Mentor, OH, USA). The same
procedure was performed in the remaining two FW control tanks to
mimic the draining-refilling operation. Twelve animals from each tank
were sampled after 1, 6, and 14 days to account for short, mid-, and long-
term SW acclimation. Animals were not fed during experimentation as
they do not feed during this period of their lifecycle. Salinity was
measured using a multiparameter YSI EC300 (YSI Environmental), and
total ammonia content of the water was monitored regularly, and the
latter did not exceed 0.5 mg/L. There were no mortalities during the
experiment.

2.4. Sampling

Animals were euthanized by an lethal dose of buffered ethyl-m-
benzoate 160 mL MS-222/L water (400 mg/L buffered with NaHCOs,
pH 7.0; Argent Chemical Laboratories, Redmond, WA, USA). The stage
of each metamorphic sea lamprey was recorded according to Youson
and Potter (1979). Each animal was weighed (+0.01 g) and measured to
the nearest mm (total length). Blood was collected by cutting the tail and
collecting blood into heparinized capillary tubes. Capillary tubes were
then spun at 5000xg for 5 min at room temperature to obtain plasma.
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Table 1
Length, mass and tank water temperature, date and sampling size for larval and metamorphosing sea lamprey sampled for metamorphic series experiment. Data are
mean + SEM.
Time Life stage Sampling size (n) Length (cm) Weight (g) Temperature (°C)
August 1st Larvae 10 124+ 0.3 29+ 0.2 24.0
Metamorphic stages 1&2 14 14.0 £ 0.3 42+0.3
September 1st Larvae 10 12.6 £0.2 28+0.1 24.3
Metamorphic stages 3&4 12 13.4£0.3 42+0.3
October 18th Larvae 12 13.1+0.2 29+0.1 13.0
Metamorphic stages 6&7 10 13.8 £ 0.3 41+0.3
November 15th Larvae 12 124+ 0.2 2.5+0.2 5.0
Postmetamorphic 9 13.8 £ 0.6 3.8+ 05

Samples of the gill, liver, brain, pituitary, kidney, anterior and posterior
intestine, and plasma were collected. For gill Na*/K"-ATPase activity
measurement, filamental gill tissue was dissected according to McCor-
mick (1993). All samples were immediately frozen on dry ice after
sampling and kept at —80 °C until further processing.

2.5. RNA extraction, quantification, quality control and cDNA synthesis

RNA was extracted, quantified and purity assessed from gill, liver,
and pituitary according to (Shaughnessy and McCormick 2020). A total
of 0.5 pg RNA was treated with DNase prior to cDNA synthesis using a
Promega DNase Treatment kit (Madison, WI, USA). The cDNA was
synthesized using high capacity cDNA reverse transcriptase kit (Applied
Biosystems, Foster City, CA, USA) and a PTC-100™ Programmable
Thermal Control thermo cycler (MJ Research, Inc. Watertown, MA,
USA), and stored at —20 °C.

Table 2

2.6. Real-time RT-PCR

Oligo probes for quantification of mRNA abundance of igf, ghr, gh,
nka, and nkcc1, were developed and optimized as well as housekeeping
genes (gapdh, efla). Real-time PCR was conducted on cDNA isolated
from the gill, liver, and pituitary using SYBR Select Master Mix (Applies
Biosystems, Foster City CA) in a StepOnePlus™ Real-Time PCR System
(Applied Biosystems). A 10 pL reaction was set according to the manu-
facturer’s instructions with 4 pL of 10 fold diluted cDNA and 6 pL of a
Master Mix containing 150 nM of each primer pair. Oligo primer in-
formation is shown in Table 2. Real-Time RT-PCR consisted in enzyme
activation at 50 °C for 2 min, initial denaturation at 95 °C for 2 min and
40 cycles of denaturing, annealing and extension at 95 °C for 15 s, 60 °C
for 30 s, and 72 °C for 30 s, respectively. Specificity of the assays was
checked using a melt curve and efficiency of assays using a dilution
series was prepared from a pool of all samples.

Sea lamprey, Petromyzon marinus, specific oligo probes (sense and anti-sense) for Real-Time RT PCR with annealing temperature, original gene ascension number, and
amplicon size. Primers with an asterisk (*) were designed with Primer3 [http://bioinfo.ut.ee/primer3-0.4.0/(Untergasser et al., 2012)] and reference sources are given

for the remainder.

Oligo Primer Sequence (5'-3")

Annealing Temp (°C)

GenBank Ascension # Reference

Pm_gapdh_F TGCAAAGCACGTCATCATCTC 60
Pm_gapdh R TTCTCGTGGTTTACTCCCATCA

Pm_efla F* GTGGGTCGTGTTGAGACTGG 60
Pm_efla R* GGTCGTTCTTGCTGTCAC

Pm_igf F AAGCGAAACCTCTGTGAGGG 60
Pm_igf R TGGGTCACCGTTTGCTTTCT

Pm_gh F TCTACAATGAAAGGAGGCTCTC 60
Pm_gh R GGTACAAGTCAGAAGCACG

Pm_ghr F* CTCCTCGCCACGCTACTG 60
Pm_ghr R* TCATGCGGTTGAACTCCTCC

Pm_nkccl F GAGAGGTTTCGCGACAAGAC 60
Pm_nkccl R CGCTCACGAGTAGAACGTCA

Pm_nka_F CGTGGAATCGTCATCAACAC 60
Pm_nka R GCGACAGGATGAAGAAGGAG

AY578058 (Shifman et al., 2009)
KU726618

AB081462 (Kawauchi et al., 2002)
AB081461 (Kawauchi et al., 2002)

(Ferreira-Martins et al., 2016a)

(Ferreira-Martins et al., 2016a)
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2.7. Chloride quantification in plasma

Chloride concentration was measured in plasma samples from the
salinity challenge by titration using a digital chloridometer (Chloride
Analyzer 925; Corning, Halstead, UK).

2.8. Measurement of gill Na*/K"-ATPase activity

Gill Na't/K"-ATPase (NKA) activity was measured according to
McCormick (1993). Samples were thawed and homogenized in SEID
buffer (SEI with 0.1% deoxycholate) and centrifuged at 3200xg for 5
min at 4 °C. The supernatant was removed and used for the assay. Two
duplicate sets, one with 0.5 mmol 17! ouabain added to inhibit NKA
activity and one without, were run using 10 pl of homogenate. Protein
was measured using a bicinchoninic acid protein assay (BCA) with
bovine serum albumin used as standard (Pierce™ BCA Protein Assay Kit,
Thermo Fisher Scientific). Measurements of ouabain-sensitive and
ouabain-insensitive NKA activities were expressed in pmol ADP mg~!
protein h™1,
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2.9. Statistical analyses

Data were statistically analyzed using one-way or two-way ANOVA
tests followed by suitable post hoc test using SigmaPlot 11.0 (Systat
Software, Inc.) Data are shown as means £ SEM. The fiducial limit was
set at 0.05.

3. Results
3.1. Metamorphic series

3.1.1. Quantification of mRNA levels

Pituitary gh mRNA levels were low in both larvae and meta-
morphosing sea lamprey in August and September, but increased sub-
stantially in both groups in October and November (Fig. 1A). There were
no differences in pituitary gh mRNA between larvae and metamorphic
sea lamprey at any of the time points examined. Pituitary gh mRNA
levels of metamorphosing individuals were 7.0-fold higher in November
than they were in August.
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Fig. 1. Relative mRNA quantity of pituitary growth hormone; gh (A), liver and gill growth hormone receptor; ghr (B and D, respectively), liver and gill insulin-like
growth factor 1; igfl (C and E, respectively). All groups were kept in freshwater. Groups and group sizes are: larvae; L (n = 10 sampled in August and September, n =
12 in October and November), and metamorphic stages: 1 and 2 sampled in August; 1&2 Aug (n = 14), 3 and 4 in September; 3&4 Sep (n = 12), 6 and 7 in October;
6&7 Oct (n = 10), and post metamorphic juveniles in November; Pmet Nov (n = 9). Values are relative to the FW larvae control in August. Values are shown as means
+ SEM. Different upper-case letters indicate significant differences between season irrespective of stage. Different lower-case letters denote significant differences
between season within developmental stages. Analysis was performed using a two-way ANOVA followed by a Student-Newman-Keuls method test, p < 0.05. Dif-
ferences between metamorphic stages within same season are represented by an asterisk (*).



D. Ferreira-Martins et al.

Liver ghr mRNA levels remained mostly unaltered and a difference
was only found between early metamorphic stages (1&2) compared to
larvae sampled at same time in August (Fig. 1B). Liver igf1 mRNA levels
were highest in larvae in November compared to August, September and
October (Fig. 1C). In metamorphosing individuals, there were progres-
sive, large increases in liver igfl mRNA levels, with levels in fully
metamorphosed individuals 12.2-fold higher that they were in larvae
and early metamorphic stages (1&2).

Gill ghr mRNA levels in larvae remained unaltered, although there
was a clear tendency to increase in October and November compared to
August and September. On the other hand, gill ghr mRNA levels in
metamorphosing individuals were 2.4- and 5.7-fold higher in late
metamorphic stages (6&7) and postmetamorphic, respectively,
compared to early metamorphic stages (1&2) (Fig. 1D). Gill igf1 mRNA
levels remained unaltered in larvae. In contrast, gill igf1 mRNA levels in
metamorphosing sea lamprey were 2.6-fold higher in late metamorphic
stages (6&7) compared to early metamorphic stages (1&2). Following
this peak, gill igf1 mRNA levels in postmetamorphic stage returned to
similar levels found in early metamorphic stages (1&2) (Fig. 1E).

Gill nka mRNA levels remained unaltered in larvae whilst in meta-
morphosing sea lamprey in late metamorphic stages (6&7) were 9.0-fold
higher compared to early metamorphic stages (1&2). The highest gill
nka mRNA levels were found in postmetamorphic juveniles, which were
13.9-fold higher than observed in early metamorphic stages (1&2)
(Fig. 2A). Finally, gill nkccl mRNA levels increased through meta-
morphosis. Gill nkccl mRNA level were 36.7-fold higher in late meta-
morphic stages (6&7) compared to early metamorphic stages (1&2), and
remained high in postmetamorphic juveniles (Fig. 2C).

3.1.2. Gill NKA activity

In the metamorphic series, low levels of gill NKA activity were found
in larvae and early (1&2) and mid-stages (3&4) of metamorphosis
(Fig. 2B). Large increases in gill NKA activity were found in late meta-
morphic stages (6&7) and in postmetamorphic juveniles (p < 0.001)
showing 13.5- and 36.3-fold higher gill NKA activity, respectively,
compared to early metamorphic stages (1&2).

3.2. Salinity exposure

3.2.1. Plasma chloride levels

In the salinity time course experiment, plasma chloride concentra-
tions where higher (p < 0.001) in juvenile sea lamprey after acclimation
to SW for 1, 3, 6, and 14 days when compared to respective time control
groups in FW (Fig. 3A).

3.2.2. Gill NKA activity
No differences were found in gill Na*/K'-ATPase activity during the
salinity time course (Fig. 3B).

3.2.3. Quantification of mRNA levels

Pituitary gh mRNA levels remained mostly unaltered through the
salinity time course in FW- and SW-acclimated sea lamprey post-
metamorphic juveniles. At 3 days, lower pituitary gh mRNA levels were
found in SW acclimated postmetamorphic sea lamprey compared to
those in FW (Fig. 4A). No changes were observed in liver igfl mRNA
levels at any time point or following SW exposure (Fig. 4B). Gill igf1
mRNA levels remained generally unaltered, though at 6 days igf1 mRNA
levels were higher in postmetamorphic sea lamprey acclimated to SW
compared to those in FW (Fig. 4C). Similarly, gill nka mRNA levels
remained mostly unaltered through the salinity time course, except at
day 1 during which nka mRNA levels here higher in SW-acclimated
postmetamorphic lamprey compared to those in FW (Fig. 4D).

4. Discussion

The GH/IGF axis has been thoroughly studied in mammals and
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Fig. 4. Relative mRNA quantity of pituitary growth hormone; gh (A), liver and gill insulin-like growth factor 1; igf1 (B and C, respectively), and gill Na*/K"-ATPase o
subunit; nka (D) of post metamorphic juvenile sea lampreys acclimated to freshwater (FW) and seawater (SW) for 0, 1, 3, 6 and 14 days (all time points n = 10 except
pituitary and gill FW day 3 and were n = 8 and 7, respectively, and pituitary SW day 6 and 14 were n = 9 and 8, respectively). Significant differences between

treatments at same experimental time are represented by an asterisk (*), p < 0.05.

teleost fishes, but to our knowledge no studies have been conducted to
assess the function of the GH/IGF axis in lamprey, a living representative
of the base of the vertebrate lineage (Fig. 5B). With this study on
anadromous sea lamprey, we have shed light on changes in the GH/IGF
axis during critical life history events (Fig. 5A). To determine this, we
have focused on two remarkable stages of the sea lamprey’s lifecycle, the
metamorphosis that occurs in FW in preparation for downstream
migration, and the SW entry that marks the start of the marine trophic
phase. We found seasonal increases in pituitary GH mRNA expression,
remarkable increases in liver and gill IGF1 mRNA expression during
metamorphosis that are accompanied by elevated mRNA expression of
gill ion transporters and the acquisition of salinity tolerance.

In the present study, there were no differences in pituitary gh mRNA

levels between larval and metamorphosing juveniles, but there were
significant increases in late fall in both groups. Previous work has shown
that the number of ‘GH-like’ cells in the pituitary of sea lamprey in-
creases during metamorphosis (Nozaki et al., 2008). Liver ghr mRNA
levels were significantly elevated early in metamorphosis, whereas gill
ghr mRNA levels were elevated late in metamorphosis. These modest
changes in gh and ghr transcription contrast to the large and sustained
increases in igfl mRNA levels in the liver and gill that occur during
metamorphosis. Gill igfl transcription increases early and declines late
in metamorphosis, whereas liver igfl transcription starts later and re-
mains elevated. The liver is assumed to be the major source of circu-
lating IGF1 in fish, so the elevation of liver and gill igf1 mRNA suggests
that both endocrine and paracrine actions of this hormone are important
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Fig. 5. (A) Proposed GH/IGF mechanism in the sea
lamprey, Petromyzon marinus pituitary, liver, and gill.
PPD, proximal pars distalis; RPD rostral pars distalis; PI
pars intermedia; GH, growth hormone; GHR, growth
hormone receptor; IGF, insulin-like growth factor;
IGFR, insulin-like growth factor receptor; NKA, Na*/
K*-ATPase; NKCC1, Na™:K":2Cl™ cotransporter 1. Ar-
rows represent product in circulation. (B) Basic clad-
ogram illustrating the vertebrate lineage and
emphasizing major fish taxa. Cross symbolizes taxas in
which true osmoregulation in seawater does not occur
(e.g. they are isosmotic in ocean and estuarine envi-
ronments). Tick means osmoregulation occurs and
GH/IGF axis has been shown to regulate ion homeo-
stasis. Question mark symbolizes taxa in which osmo-
regulation occurs but GH/IGF axis has not been shown
to play a direct role in ion homeostasis.

Lancelets Hagfishes Lampreys Elasmobranchs Sturgeons Teleosts Tetrapods

in regulating metamorphic changes (Fig. 1).

The observed changes in activation of the GH/IGF axis during sea
lamprey metamorphosis are similar to what has been observed in
anadromous salmon that undergo similar increases in salinity tolerance
prior to downstream migration (Hoar 1976; McCormick et al., 2013).
Increased liver and gill igf1 mRNA levels (Stefansson et al., 2012) and
circulating levels of IGF1 (McCormick et al., 2007) have been shown to
occur during smolting of Atlantic salmon, coincident with increased
transcription and abundance of gill NKA and NKCC and whole organism
salinity tolerance. Furthermore, treatment of Atlantic salmon with
exogenous GH and IGF1 increase salinity tolerance, NKA and NKCC
transcription (Takei and McCormick 2013). Upregulation of NKA and
NKCC1 has been associated with the development of SW tolerance in sea
lamprey (Reis-Santos et al., 2008; Ferreira-Martins et al., 2016b;
Shaughnessy and McCormick 2020). It seems likely that the observed
activation of the GH/IGF axis in sea lamprey is causal to the increased
transcription of nka and nkcc1 (Fig. 2), though manipulations of GH and
IGF1 levels will be necessary to demonstrate this directly. It should also
be noted that there are a number of other organ systems that change
during metamorphosis of sea lamprey (Youson 1980), and it will be of
interest to see if transcription of igf] increases in these tissues as well as
in the gill.

Thyroid hormones play an important role in metamorphosis of sea
lamprey (Youson 1997). Unlike in other vertebrates such as flounder and
amphibians in which increases in thyroid hormones stimulate meta-
morphoses (Gavlik et al., 2002; Denver 2013), it is a decrease in thyroid

hormones that appears to be a major triggering event for metamorphosis
of sea lamprey (Youson 1997). Our results clearly indicate that the
GH/IGF axis is activated during metamorphosis, and it will be important
for future studies to establish whether there are interactions between the
thyroid and GH/IGF endocrine axes.

It has recently been shown that 11-deoxycortisol is the main corti-
costeroid in sea lamprey and that it has an important role in stimulation
of salt secretory mechanisms (including nka and nkccl) during meta-
morphosis (Close et al., 2010; Shaughnessy et al., 2020). In teleosts, the
GH/IGF axis and cortisol interact to promote SW tolerance (reviewed by
Takei and McCormick 2013). Some of the mechanisms for this interac-
tion have been examined in salmonids that undergo similar preparatory
adaptations for seawater entry as occur in sea lamprey. Exogenous GH
treatment increases the sensitivity of the interrenal tissue to ACTH,
resulting in elevated plasma cortisol for any given level of ACTH (Young
1988). Shrimpton and McCormick (1998) found that GH treatment of
salmon increased the abundance of cortisol receptors in the gill, which
increases the capacity of cortisol to increase NKA activity in the gill
(Shrimpton and McCormick 1999). In a parallel pathway, cortisol
upregulates the mRNA expression of the GH and IGF1 receptors in the
gill of Atlantic salmon, potentiating the effect of the GH/IGF axis
(Tipsmark and Madsen 2009). 11-deoxycortiol and its receptor increase
during the later stages of sea lamprey metamorphosis (Shaughnessy
et al., 2020), after the activation of the GH/IGF axis that we have seen in
the present study. We hypothesize that similar pathways of interaction
between GH/IGF1 and cortisol that exist for teleosts may also be present
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in sea lamprey, and that the increase in 11-deoxycortisol and its receptor
may be causally related to prior activation of the GH/IGF axis. Future
studies conducted in sea lamprey using GH, IGF1 and 11-deoxycortisol
treatments are needed to assess the potential synergistic role in the
upregulation of SW ionoregulatory mechanisms.

Sea lamprey do not feed during or immediately after metamorphosis,
thus undergoing an extended period of ‘endogenous’ starvation that can
last several months (Hardisty and Potter 1971). In several teleost species
it has been shown that hepatic ghr mRNA levels in the liver decrease
during fasting (Deng et al., 2004; Fukada et al., 2004; Saera-Vila et al.,
2005; Small et al., 2006; Norbeck et al., 2007; Picha et al., 2008;
Peterson and Waldbieser 2009) and in the gills (Norbeck et al., 2007).
Liver and plasma igfl mRNA levels decrease, and as a result of reduced
negative feedback, plasma GH decreases (Reinecke 2010b). In our study,
ghr mRNA levels in the liver did not change and gill ghr mRNA levels
increased, while liver and gill igfl expression increased. None of these
responses are typical of starvation in teleosts, and thus we surmise that
the observed changes are not a function of endogenous food withdrawal
but rather are associated with metamorphosis itself. Since GH has been
implicated in regulating appetite in fish (Johnsson and Bjornsson 1994),
it would be of interest see how the GH/IGF axis is altered during the
initiation of parasitic feeding in sea lamprey.

In this study, plasma chloride concentrations increased only slightly
one day after exposure to SW, indicating a high level of salinity tolerance
and that a new physiological set point had been established after
exposure to SW (see reviews by Bartels and Potter 2004; Ferreir-
a-Martins et al., 2021). The mRNA levels of key ion secretory mecha-
nisms (nka and nkccl) in the gill remained largely unaltered after SW
exposure, especially in comparison to the order of magnitude changes
that occur during metamorphosis. Similarly, there were only small in-
creases in pituitary gh mRNA levels and gill igf mRNA levels at 6 days in
response to salinity. This limited salinity response of the GH/IGF axis is
similar to that seen in smolting salmonids (Nilsen et al., 2008) and is
likely due to the prior development of high salinity tolerance and
attendant small changes in ion perturbations after exposure to seawater.
In other teleost species that do not have preparatory increases in salinity
tolerance, response of the GH/IGF axis to increased salinity is more
dramatic, as in some non-salmonid species such as killifish, F. heteroclitus
(Mancera and McCormick 1998); tilapia O. mossambicus (Borski et al.,
1994; Yada et al., 1994; Vijayan et al., 1996; Morgan et al., 1997); and
striped bass, M. saxatilis (Madsen et al., 1996).

Our GH/IGF axis pathway model (Fig. 5A) proposes that GH is pro-
duced and released by the pituitary of sea lamprey. Following this, GH
acts in two parallel pathways. In one pathway, the GH in circulation
binds to the GHR in the liver, where it promotes the production and then
release of IGF1 into circulation. The circulatory IGF1 then binds to the
IGFR in the gill, promoting the up regulation of ion secretory mecha-
nisms (NKA and NKCC1). In a second pathway, GH in circulation binds
to the GHR in the gill of sea lamprey, where it also promotes the up
regulation of the ion secretory mechanisms (NKA and NKCC1), either
directly or through the production of IGF1.

To date, very little is known about the GH/IGF axis at the base of the
vertebrate lineage (Fig. 5B). GH- and IGF1-like peptides have been
identified in the basal chordate lancelets (Shu Jin Chan et al., 1990; Fang
et al., 2008; Guo et al., 2009; Li et al., 2017; Li 2022). The sea lamprey
belongs to the cyclostome superclass (jawless vertebrates) which en-
compasses the Myxiniformes (hagfishes) and the Petromyzontiformes
(lampreys) (Hardisty 1982). At present, molecular studies indicate that
hagfishes and lamprey form a monophyletic group (Stock and Whitt
1992; Delarbre et al., 2002). Nevertheless, lamprey physiology and
morphology is very different from the hagfishes (Hardisty 1982; Forey
and Janvier 1993), which supports the hypothesis that these two
cyclostome groups have been separated for a long time (Janvier 1999).
This divergence makes lamprey a key group for the understanding of the
evolution of vertebrates, especially in regard to osmoregulatory physi-
ology, since hagfish are exclusively marine and do not osmoregulate
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(Martini 1998). Future studies with GH and IGF1 treatments in hagfish
could help elucidate whether some ion regulatory function of the
GH/IGF axis emerged before or after the divergence of sea lamprey and
hagfish that occurred about 470-390 Mya. While elasmobranchs
(sharks, rays, and skates) do not osmoregulate in SW, they do secrete
Na® and Cl~ through specialized rectal glands, but a role in for the
GH/IGF axis in its development or function has not been established.
Chondrosteans (sturgeons and paddlefishes) osmoregulate in FW and
SW and to our knowledge there is no direct evidence for a role of GH in
osmoregulation in this clade. As noted throughout the discussion, the
GH/IGF axis has been shown to promote seawater tolerance in a number
of teleosts (Takei and McCormick 2013). In tetrapods, the GH/IGF axis
has a role in renal development and a role in ion and water balance
(Rabkin and Schaefer 2004). Our results with sea lamprey indicate that
the role of the GH/IGF axis in osmoregulation may have evolved early in
vertebrate evolution.

In this study, we have demonstrated stimulated molecular response
of the GH/IGF axis to life history change in sea lamprey, a living
representative of the base of the vertebrate lineage. We have focused on
two major landmarks in the sea lamprey lifecycle, metamorphosis and
ocean entry. Metamorphosis is a period of major morphological and
physiological transformation, and here we have shown that pituitary gh
expression and that igf expression in the liver and gill increase in
metamorphosing sea lamprey. We have also shown an increase in
transcription of nka and nkcc1 in the gill. Increases in these critical ion
transporting genes are tightly connected to the development of seawater
tolerance, a key adaptive feature for downstream migration and entry
into a SW environment. Along with this mRNA evidence, a sharp in-
crease in NKA activity further supports this hypothesis of establishment
of hypoosmoregulatory mechanisms in the sea lamprey prior to the
beginning of its marine trophic phase. Our results also indicate that a
role of the GH/IGF axis in development, metamorphosis and osmoreg-
ulation developed in the vertebrate lineage prior to the divergence be-
tween the agnathan and gnathostomes lineages.
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