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Previous characterization of a native lamprey angiotensin II (LpAng II) that possesses a different sequence
and function than teleost-type angiotensin II (Ang II) has raised a question as to the role of teleost-type
angiotensin peptides in lampreys. In this study, teleost-type angiotensin like-peptides were identiﬁed in
the buccal gland of lampreys by immunoassays and immunohistochemistry. The possible sources of
angiotensin like-peptides were investigated in lampreys by manipulating their choice of host and food.
Ang II immunoreactivity (irAng II) was detected in the buccal gland and plasma of feeding phase sea
lampreys exposed to Atlantic cod, but was mostly absent in fasting lamprey. Qualitatively, the HPLC
proﬁles of irAng II observed in the plasma, when present, were highly similar to those in buccal gland,
implying that the buccal gland could be a source of plasma Ang II. Japanese lampreys force-fed with
dogﬁsh blood had signiﬁcantly elevated concentrations of irAng II in their buccal glands when compared
to unfed individuals, suggesting that feeding stimuli may have enhanced buccal gland activity. Teleosttype Ang II-containing proteins, other than angiotensinogen, are present in the buccal gland as trypsinization generated Ang II in vitro, and the HPLC proﬁle of these irAng II was highly comparable to those
naturally present in the buccal gland. [Asn1, Val5, Thr9]-Ang I that was identiﬁed in the buccal gland of
Japanese lampreys has the same amino acid sequence to those previously isolated from the incubation of
plasma and kidney extract, providing an alternative explanation for the previous isolation of teleost-type
Ang I in lampreys. irAng I and irAng II were localized in the granule-like structures in the apical region of
the secretory epithelia, suggesting that these peptides may be active components of lamphredin. The
teleost-type angiotensin peptides in the buccal gland secretion suggested that these host-speciﬁc
peptides could be part of the endocrine mimicry strategy used by lampreys to evade host immune
responses and reduce immune-rejection.
Ó 2011 Elsevier Masson SAS. All rights reserved.
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1. Introduction
Fishes respond to external and internal parasitism using both
the innate [1] and complement immune systems [2]. The evolutionary arms race between parasites and ﬁsh hosts has produced
fascinating immunological strategies, including intracellular
disguise, behavioral migration, and anti-immune mechanisms, to

Abbreviations: LpAng II, lamprey angiotensin II; Ang I, angiotensin I; Ang II,
angiotensin II; ir, immunoreactive; RAS, renin-angiotensin system; ACE, angiotensin-converting enzyme; MS-222, ethyl 3-aminobenzoate methanesulfonate;
RIA, radioimmunoassay; TFA, triﬂuoroacetic acid; DAB, 3,30 -diaminobenzidine;
TRH, thyrotropin-releasing hormone.
* Corresponding author. Tel.: þ81 4 7136 6205; fax: þ81 4 7136 6206.
E-mail address: martywong@aori.u-tokyo.ac.jp (M.K.S. Wong).
0300-9084/$ e see front matter Ó 2011 Elsevier Masson SAS. All rights reserved.
doi:10.1016/j.biochi.2011.09.015

maintain an ecological balance [3]. Successful parasites can remain
attached to their host for a long period of time, maximizing the gain
of nutrition and protection; however, they have to cope with the
hosts’ immune responses and rejection [4]. Parasites such as
leeches and schistosomes possess immuno-evasion mechanisms to
cope with host rejection [5]. These parasites can secrete hormones
that are homologous to those of the host, a phenomenon known as
endocrine mimicry [6]. The presence of homologous hormones at
the interface between parasite and host may allow the parasite to
be overlooked by the host immune systems [4]. As shown in
schistosomes, the source of homologous proteins may be a result of
horizontal gene transfer [7].
Lampreys are one of the most basal vertebrate lineages [8].
There are parasitic and non-parasitic species of lampreys. Parasitic
lampreys begin their life as ﬁlter-feeding larvae and remain in this
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stage for 2e7 years after which they undergo a metamorphosis
developing into a parasitic lamprey that is able to feed on ﬁsh e this
stage lasts about 2e3 years. After this period, they cease feeding
and migrate into streams where they undergo spawning and then
die. Endocrine mimicry has not been examined in lampreys,
however, if endocrine mimicry does exist in lampreys, ﬁsh-type
hormones should be present in their salivary secretion. During
metamorphosis when a lamprey transforms from the larval phase
(ammocetes) to the parasitic phase, a pair of buccal glands develops
and produces a secretion called lamphredin into the buccal cavity
[9]. Non-parasitic species of lampreys also possess buccal glands at
adult stage and the presence of these glands is likely a common
ancestral character [10]. The secretory epithelia of the buccal gland
in pouched lamprey (Geotria autralis) secrete lamphredin into the
lumen through merocrine and apocrine pathways [11]. The
majority of buccal gland studies focused on the anti-coagulating
effects of lamphredin [10,12e14] but it was recently shown that
the lamphredin of Japanese lamprey (Lethenteron japonicum)
contains a large amount of unknown peptides [15]. Besides anticoagulating factors, other proteins such as peroxiredoxin and
translationally controlled tumor protein, which may be involved in
immunosuppression, were also identiﬁed from the buccal gland of
lamprey [16e18].
Several reports have shown that parasites may exploit their
hosts’ endocrine signals and incorporate the hosts’ growth factors
and hormones for their own development [19e23]. Teleost-type
immunoreactive angiotensins were previously measured in the
plasma of river lamprey (Lamptera ﬂuiatilis) [24]; and incubation of
plasma and kidney extract generated [Asn1, Val5, Thr9]-Ang I in
river lamprey [25] and sea lamprey [26], indicating that teleosttype angiotensins are present in lamprey. Since then, we have
identiﬁed and characterized a native lamprey angiotensin II (LpAng
II) by molecular cloning and biochemical analyses, and the data
from this study suggest that teleost-type angiotensins may not be
the native hormones in lamprey [27]. Therefore, the presence of
teleost-type angiotensins in lamprey could be an adaptation related
to parasitism on teleosts as a result of potential horizontal gene
transfer or an exploitation of host proteins.
The peptides and enzymes of the renin-angiotensin system
(RAS) such as angiotensin I (Ang I), angiotensin II (Ang II), and
angiotensin-converting enzyme (ACE) are commonly found in
leech and schistosome secretions [6] and could play a role in
immuno-modulation. In vertebrates, Ang II increases blood pressure, thirst, and sodium reabsorption in kidney and the effects are
involved in the control of blood pressure and volume [28]. In
mammals, Ang II acts through AT1 and AT2 receptors and governs
the transcription of pro-inﬂammatory mediators such as transforming growth factor b, interleukin 1b, tumor necrosis factor a,
and plasminogen activator inhibitor type 1, in both resident tissue
and inﬁltrating cells such as macrophages (for review, see [29]).
However, no comparable studies are yet available in nonmammalian vertebrates, therefore we aimed to establish the relationship between immunological responses and angiotensins in
lamprey, to understand the evolutionary and comparative aspects
of vertebrate parasitism.
Intact protein absorption across the intestine in teleost ﬁshes is
well-established and ﬁshes are capable of absorbing and transporting macromolecules into their blood stream [30]. Lampreys
are early-diverged vertebrates and it is likely that they are also
capable of absorbing intact proteins, including angiotensinogen
and renin, from their host through the diet. In order to delineate
the source of angiotensin, it is important to deﬁne hosts that
possess angiotensins with distinctive sequences. Therefore, if the
host angiotensin or angiotensinogen was absorbed and utilized
in lamprey, the host-speciﬁc angiotensin sequences could be

identiﬁed in lamprey blood. In the present study, we investigated
the possible sources of angiotensin peptides in lampreys that are
homologous to other teleosts through manipulations of their host
and food. Our results suggest that the buccal gland of lamprey is
a source of teleost-type angiotensins and these host-speciﬁc
peptides are possibly involved in endocrine mimicry to reduce
host immune-rejection.
2. Materials and methods
2.1. Fasting and cod exposure experiment in sea lamprey
Landlocked feeding (parasitic)-phase sea lampreys (Petromyzon
marinus) (n ¼ 21, 27e96 g body weight) were collected from Lake
Huron, Michigan, transported to the University of New Hampshire
(UNH) and were kept in a temperature-controlled recirculating
system at the Aquatic Research Center at UNH. The water temperature was maintained at 12  C and the animals were exposed to
a 12 h:12 h light dark cycle. The lampreys were originally kept in
freshwater and gradually acclimated to seawater at a maximum
rate of 5& increment per day for seven days. The lampreys were
ﬁnally acclimated to 27& but only 9 individuals survived until
sampling. Lampreys were not fed for 2 weeks after capture and the
salinity acclimation was performed during this fasting period. After
2 weeks of laboratory fasting, six individuals were randomly
assigned to the fasting group and they were fasted for another
1 week. Another six lampreys were assigned to the cod group and
these lampreys were allowed to feed on the Atlantic cod (Gadus
morhua) ad libitum for 1 week. In this group, only 3 cod-exposed
lampreys survived until the ﬁnal sampling time. The experimental and sampling procedures were approved by UNH IACUC
(#090703). Lampreys were anesthetized with 0.1% ethyl 3aminobenzoate methanesulfonate (MS-222; Sigma, St. Louis, MO)
neutralized with sodium bicarbonate until ventilation movement
ceased. Blood samples were then obtained by heart puncture
using syringes containing an inhibitor cocktail (0.05 M 1,10phenanthroline, 0.225 M potassium EDTA, and 0.1 TIU aprotinin)
that prevents blood clotting and inhibits peptide and protein
degradation. Blood samples were centrifuged immediately at
10,000 rpm for 5 min and plasma fractions were collected and
frozen at 20  C until use. Buccal glands were dissected, snap
frozen in liquid nitrogen, and stored at 20  C until use. Buccal
glands were boiled (100  C) in 1 M acetic acid (1:5 w/v) for 5 min
and homogenized with a TissueLyser II (Qiagen, MD). The homogenate was centrifuged to remove debris in order to obtain clear
buccal gland extract. Plasma or buccal gland homogenates were
extracted by equal volumes of acidic acetone (acetone:water:1 M
HCl ¼ 40:5:1) [24]. Precipitated proteins were removed by centrifugation and soluble fractions were lyophilized using a rotary
evaporator. The freeze-dried samples were then transferred to the
Atmosphere and Ocean Research Institute, University of Tokyo for
further analysis.
The partially puriﬁed plasma and buccal gland extract were
resolved by a reverse-phase HPLC system (Tosoh PU-980, Tokyo)
attached to a UV-absorbance detector (Tosoh, UV-970, Tokyo) and
utilizing an analytical column (Tosoh, ODS 100V column, 5 mm,
4.6 mm I.D.  25.0 cm, Tokyo). A linear gradient from 15 to 35%
acetonitrile in 0.1% triﬂuoroacetic acid (TFA) over 40 min was used
for separation. The column was maintained at 40  C and ﬂow rate
was adjusted to 1 mL/min. The protocol resulted in the elution of
a single peptide within 0.4 min. Corresponding 1 mL fractions
eluting near the retention time of [Asn1, Val5]-Ang II (27 min),
[Asn1, Ile5]-Ang II (32 min), and LpAng II (32e33 min), were
collected and dried by lyophilization. The HPLC resolved fractions
were reconstituted in radioimmunoassay (RIA) buffer for the
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measurement of Ang II [31] and LpAng II [27]. All measurements in
the RIAs were performed in duplicate.
2.2. Force-feeding experiment in Japanese lamprey
Adult Japanese lampreys (L. japonicum) were caught in traps by
local ﬁsherman in Niigata Prefecture during the winter up-stream
migrating season following their parasitic phase. They were
transported to the Atmosphere and Ocean Research Institute at the
University of Tokyo and maintained in a recirculating freshwater
system at 10  C (n ¼ 18; 177e220 g body weight). They were
acclimated to laboratory condition for 2 weeks before the experiment was performed. All animal experimentation procedures were
approved by the Animal Experiment Committees of the University
of Tokyo and performed in accordance with the Manual of Animal
Experiments prepared by the Committees. Lampreys were anesthetized by 0.1% MS-222 neutralized by sodium bicarbonate until
ventilation ceased. In each lamprey, a small incision was made in
the abdomen and the intestine was cannulated near the pharynx
using an SP31 polyethylene tubing (I.D. 0.5 mm, O.D. 0.8 mm,
Natsume, Tokyo) so blood could be infused. The wound was closed
with a silk suture. After the surgery, the lampreys were allowed to
recover in aerated freshwater for 24 h before the infusion experiment was performed. In the blood infusion experiment, fresh blood
samples were collected from a Japanese dogﬁsh (Triakis scyllium)
donor by caudal puncture into non-heparinized syringes and used
immediately. One mL of blood was infused into the intestine of each
lamprey through the cannula; each infusion lasted less than
a minute. Successful infusion was conﬁrmed by the trace of blood
exiting the cloaca minutes after the infusion. Plasma and buccal
glands were collected 1, 3, 7, and 14 days after the infusion and
analyzed as stated previously.
2.3. Identiﬁcation of Ang I-like immunoreactivity
in buccal gland and plasma
Some buccal gland and plasma samples from Japanese lamprey
were homogenized and puriﬁed by acidic acetone as stated previously. The partially puriﬁed buccal gland and plasma samples were
resolved by the same HPLC system for the measurement of irAng I.
A linear gradient from 20 to 40% acetonitrile in 0.1% TFA over
40 min was used. The RIA of human-Ang I was established using
125
I-human Ang I and a rabbit anti-angiotensin I (human) serum
(T-4166, BACHEM, CA). The cross-reactivities of the antiserum with
[Asn1, Val5, Asn9]-Ang I and [Asn1, Val5, Thr9]-Ang I were 0.31% and
0.07% respectively.
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PBS (pH7.4) for 30 min. Primary antiserum against Ang II was
diluted (1:10,000 in Japanese lamprey; 1:3000 in sea lamprey) in
PBS containing 2% NGS and 1% bovine serum albumin (BSA). The
Ang II antiserum was the same as that used in the RIA, and can
cross-react with a wide range of Ang II including human and
teleost-type Ang II [32]. Competitive displacement of primary
antibody was performed by incubation of antiserum with synthetic
[Asn1, Val5]-Ang II at 105 M overnight at 4  C before use. Immunoreactive signals were observed using a Vectastain ABC kit (Vector
Laboratories, CA) and 3,30 -diaminobenzidine (DAB) as the color
reagent according to manufacturer’s protocols. Sections were
counterstained with hematoxylin after DAB color development.
Human-Ang I antiserum was used to localize irAng I in the
buccal gland of sea lamprey. The procedure followed the same
protocol used for Ang II except the primary antiserum dilution used
was 1:1000 and competitive displacement was performed with
105 M human-Ang I and 105 M [Asn1, Val5, Thr9]-Ang I.
2.5. Enzymatic production of angiotensins from buccal gland
homogenate
Some buccal glands were homogenized (1:10 w:v) in trypsin
reaction buffer (50 mM TriseHCl, 20 mM CaCl2, pH 8.0). The protein
concentration of the crude homogenate was determined by BCA
Protein Assay Reagent Kit (Pierce Biotechnology, Rockford, IL). The
crude homogenate was diluted and divided into 0.1 mL aliquots
containing 10 mg/mL protein concentration. Serial concentrations
of trypsin (Sigma, St. Louis, MO) were prepared, and 0.1 mL trypsin
was added to each aliquot of buccal gland homogenate to a ﬁnal
concentration of 60, 600, 6,000, and 60,000 U/mL, respectively.
A negative control was prepared by addition of 0.1 mL trypsin
buffer without trypsin. The mixture was incubated at 37  C for 1 h
and the enzymatic digestion was stopped by addition of 0.2 mL 20%
acetonitrile in 0.2% TFA. The peptide fractions of the samples were
puriﬁed by Sep-Pak C18 cartridge (Waters Corporation, MA)
according to the manufacturer’s protocol. Peptide fractions were
eluted from a Sep-Pak cartridge using 60% acetonitrile in 0.1% TFA
and dried by lyophilization. The dried samples were reconstituted
in RIA buffer and subsequently measured for the concentrations of
irAng I and irAng II as stated previously. An aliquot of buccal gland
homogenate was digested with 60,000 U/mL of trypsin at 37  C for
1 h, and the peptide content was extracted with a Sep-Pak
cartridge. The partially puriﬁed sample was resolved by the
above-mentioned HPLC proﬁle and the fractions were measured for
Ang I and Ang II using the established RIAs.
2.6. Statistical analysis of samples from Japanese lampreys

2.4. Immunohistochemistry of lamprey buccal gland
Japanese lampreys were collected and maintained as stated
previously, and landlocked sea lamprey (feeding) and migrating
adult sea lampreys (non-feeding) were maintained at UNH. Buccal
glands of these lampreys were ﬁxed in 4% paraformaldehyde in
0.1 M Phosphate buffer at pH 7.4 for 2 days at 4  C. The tissues were
then transferred to 70% ethanol for storage at 4  C until further
processing. Buccal glands were dehydrated in serial alcohol solutions and embedded in Paraplast. Cross sections (5 mm) were
prepared and mounted on MAS-coated microscope slides (Matsunami, Osaka, Japan) for immunohistochemistry. Buccal gland
sections were de-parafﬁnized by xylene and rehydrated to deionized water by serial alcohol solutions. Antigen retrieval was performed by autoclaving the sections at 121  C for 5 min in 10 mM
EDTA (pH 8.0). The sections were then treated with 0.2% H2O2 in
methanol for 30 min to inactivate endogenous peroxidase and then
non-speciﬁc sites were blocked by 2% normal goat serum (NGS) in

Concentrations of irAng were presented as mean  SEM. For the
experiment with Japanese lampreys, LpAng II concentrations in
plasma were analyzed by one-way ANOVA followed by Tukey test
and concentrations of various types of Ang II in buccal gland were
analyzed by two-way ANOVA followed by Bonferroni test.
3. Results
For convenience, Table 1 summarizes the names and amino acid
sequences of various angiotensins described in the current study.
Examples of ﬁsh and lamprey species that possess these angiotensins were listed.
3.1. Antisera properties and validation
The antiserum used in the Ang II RIA was raised against humanAng II and possesses high afﬁnity against the C-terminus of Ang II
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Amino acid sequence

Representative species

LpAng II
[Asn1, Val5]-Ang II
[Asn1, Ile5]-Ang II
[Asn1, Pro3, Ile5]-Ang II
[Asn1, Val5, Asn9]-Ang I
[Asn1, Val5, Thr9]-Ang I
human-Ang I
human-Ang II

EEDYDERPYMQPF
NRVYVHPF
NRVYIHPF
NRPYIHPF
NRVYVHPFNL
NRVYVHPFTL
DRVYIHPFHL
DRVYIHPF

Lamprey
Trout, Salmon
Cod, Seabream, Flounder
Dogﬁsh, Shark
Trout, Salmon
Lungﬁsh, Lampreya
Human, Rat, Horse
Human, Rat, Horse

a
Previous studies have identiﬁed the sequence by the incubation of plasma and
kidney extract in lamprey [25,26].

[Asn1 , Val5 ]-Ang II

200

unknown

100

5

Peptide abbreviation

a

30

1

Table 1
Summary of various angiotensins and their amino acid sequences in the present
study. Representative species that possess the corresponding angiotensins are given
as examples.

[Asn , Val ]-Ang II
(fmol/100mg tissue)

640

unknown

20
10
0
20

b

3.3. Cod exposure experiment
In the buccal gland of the landlocked sea lampreys in the fasting
group, 5 out of 6 individuals did not possess any irAng II (Fig. 1a). In
the buccal gland of one exceptional individual, a major peak of
irAng II was detected at 27 min, which coincided with the retention
time of [Asn1, Val5]-Ang II. Moreover, unknown immunoreactive
peaks were observed in the 25 and 30 min fractions respectively. In
the plasma of the fasting group of landlocked sea lampreys, 4 out of
6 individuals did not possess any irAng II (Fig. 1b). Coincidently, in
the plasma sample of the same individual that possessed irAng II in
the buccal gland, a major peak of irAng II was observed in the
27 min fraction. A minor peak was also observed at 25 min fraction,
which was concomitant with the ﬁnding in the buccal gland. LpAng
II was measured in the same plasma HPLC fractions in parallel
(Fig. 1c), and all the plasma samples possessed the LpAng II that was
characterized previously in the 32e33 min fractions [27]. A peak of

40

[Asn1 , Val5 ]-Ang II

70

50
40

unknown

30

unknown

1

5

60

20
10
0

3.2. Husbandries of experimental animals

20

30

40

Retention Time (min)

c
LpAng II

300

LpAng II (fmol/mL)

Freshwater landlocked sea lampreys in their parasitic phase
were gradually acclimated to seawater gradually prior to introducing Atlantic cod as their potential host. Landlocked sea lampreys
are euryhaline and can acclimate to various salinities [33,34] but
many individuals died during the course of acclimation and only
a few were available for the experiment, which could be due to
fasting and/or stresses induced by salinity transfer. In contrast,
landlocked sea lamprey in captivity will readily feed on trout or
white sucker when held in freshwater holding tanks (data not
shown). We have visual conﬁrmation that the seawater-acclimated
landlocked sea lamprey can attach and feed on Atlantic cod, but the
lamprey left in the experimental tank did not stay attached to the
host by the end of the experimental period. Therefore, we used
the term “cod-exposed group” rather than “feeding group” in the
current description.

30

Retention Time (min)

[Asn , Val ]-Ang II
(fmol/mL plasma)

but does not cross-react with angiotensinogen, Ang I, and Ang
(1e7) because of their different conformations at the C-termini
[32]. Besides human-Ang II, the antiserum can cross-react with
[Asn1, Val5]-Ang II, [Asn1, Pro3, Ile5]-Ang II, and [Asn1, Ile5]-Ang II,
which can be found in salmonids, dogﬁsh, and cod, respectively
[28]. However, the Ang II antiserum possesses negligible crossreactivity (<0.01%) toward the native LpAng II, of which the
sequence is unique and notably different from other vertebrate
species. To this end, we used a speciﬁc RIA for LpAng II that we
characterized and described elsewhere [27]. The human-Ang I RIA
has a detection limit of 5 fmol/mL but the cross-reactivities to [Asn1,
Val5, Asn9]-Ang I and [Asn1, Val5, Thr9]-Ang I are low (0.31% and
0.07% respectively).

200

unknown

100

0
20

30

40

Retention Time (min)
Fig. 1. Immunoreactive Ang II (irAng II) in (a) buccal gland and (b) plasma resolved by
HPLC in fasting sea lamprey (n ¼ 6). (c) The same plasma sample fractions were
measured for irLpAng II. irAng II is mostly absent in fasting lampreys except one
individual that possess irAng II in both buccal gland and plasma. Arrows indicate the
expected elution positions of [Asn1, Val5]-Ang II (27 min) and LpAng II (32e33 min).
Various symbols represent results from different individuals.

irLpAng II was also observed in one plasma sample in the 36 min
fraction which could be a natural metabolite of LpAng II.
In cod-exposed sea lamprey, all three buccal gland samples
possessed a distinct peak of irAng II (Fig. 2a), which had a broad
width and only partially coincided with [Asn1, Val5]-Ang II. The
plasma of these individuals also exhibited irAng II proﬁles similar to
those of the buccal gland (Fig. 2b), with highly comparable elution
positions despite the concentrations not being proportional
between buccal gland and plasma. In the same plasma fractions,
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a

1

[Asn , Val ]-Ang II

30

[Asn1 , Ile5 ]-Ang II

20

1

5

[Asn , Val ]-Ang II
(fmol/100mg tissue)

5

10

0
20

30

b

[Asn1 , Ile5 ]-Ang II

1

5

40

20

0
20

30

40

Retention Time (min)

c
LpAng II

LpAng II
(fmol/mL plasma)

1250
1000
750
500
250
0
20

with [Asn1, Val5]-Ang II (27 min) and [Asn1, Ile5]-Ang II (32 min) but
[Asn1, Pro3, Ile5]-Ang II (29 min, dogﬁsh-Ang II) was not found in
any samples examined (Fig. 3). Table 2 summarized the concentration of irAng II in the buccal gland and plasma following forcefeeding treatment and signiﬁcant increases were observed in
various time points after the blood infusion. In the plasma of these
lamprey individuals, irAng II was undetectable using our RIA
system which has a detection limit of 3 fmol/mL. The absence of
irAng II in the plasma but an increase in buccal gland following
force-feeding treatment indicated a positive relationship between
feeding impulse and irAng II in the buccal gland. LpAng II
concentrations were not signiﬁcantly different among the treatment groups.
In Japanese lampreys, a single peak of irAng I that coincided
with the retention time of [Asn1, Val5, Thr9]-Ang I was observed in
the buccal gland but not in the plasma (Fig. 4).
3.5. Buccal gland morphology and immunohistochemistry

[Asn1 , Val5 ]-Ang II

60

[Asn , Val ]-Ang II
(fmol/mL plasma)

40

Retention Time (min)

641

30

40

Retention Time (min)
Fig. 2. Immunoreactive Ang II (irAng II) in (a) buccal gland and (b) plasma resolved by
HPLC in cod-exposed sea lampreys (n ¼ 3). (c) The same plasma sample fractions were
measured for irLpAng II. irAng II is present as a broad peak in both buccal gland and
plasma and their proﬁles are highly similar. Arrows indicate the expected elution
positions of [Asn1, Val5]-Ang II (27 min), [Asn1, Ile5]-Ang II (32 min), and LpAng II
(32e33 min). Various symbols represent results from different individuals.

LpAng II was detected at the same retention time as in fasting group
samples (Fig. 2c), indicating that the puriﬁcation efﬁciencies
between cod-exposed and fasting group were highly consistent.
3.4. Force-feeding experiment
In the buccal gland samples of Japanese lamprey force-fed with
dogﬁsh blood, most irAng II appeared as 2 distinct peaks coinciding

The buccal glands of lampreys are paired sac-like structures
with a single layer of epithelium which is separated from adjacent
muscles by loose connective tissues, and villi-like epithelial folding
is present in the lumen (L; Fig. 5a and b). The epithelial cell
possesses a large centrally or basally located nucleus with multiple
nucleoli, and numerous vesicles in the cytoplasm (Fig. 5c). The
secretion process depends on the contractile action of the basilaris
muscle (Bm) in which the buccal gland is embedded via a pair of
ducts (D) that diverts the secretion toward the pharynx. Between
landlocked and migrating sea lampreys, the cellular structure of the
buccal gland epithelium (E) was different as the epithelial cells are
tall and columnar, and nuclei were centrally located in the former,
while the nuclei were close to the basolateral side and cell size was
relatively smaller in the latter.
In the buccal gland epithelium of Japanese lampreys, irAng II
was localized in granule-like structures near the apical region
(Fig. 5e), and these signals were completely removed by competitive displacement with 105 M [Asn1, Val5]-Ang II (Fig. 5f). The
negative control without primary antiserum showed that nonspeciﬁc binding was minimal (Fig. 5d; Fig. 6a). In sea lampreys,
irAng II was observed in the buccal gland epithelia of both landlocked (Fig. 6b and c) and migrating lampreys (Fig. 6d and e) and
the signals were displaceable by incubation with 105 M [Asn1,
Val5]-Ang II. Unlike the apical localization of the immunoreactive
signals as in Japanese lampreys, the speciﬁc immunoreactivity in
sea lampreys was, in most cases, localized ubiquitously in the
cytoplasm of the epithelial cells (Fig. 6b and d). In some sea lamprey
individuals, however, granule-like immunoreactive signals similar
to those of Japanese lampreys were also observed (Fig. 6f).
Besides Ang II, irAng I was also localized at the buccal gland
epithelium of landlocked sea lampreys (Fig. 7a) and the pattern of
irAng I was highly similar to that of Ang II. Competitive displacement by human-Ang I (105 M) only partially displaced the signals
but a combination of human-Ang I (105 M) and [Asn1, Val5, Thr9]Ang I (105 M) in competitive displacement further diminished the
signals (Fig. 7b).
3.6. Trypsinization of buccal gland homogenate
In trypsin-digested buccal gland homogenates, irAng II was
generated in vitro by trypsin in a concentration-dependent manner
(Fig. 8a), indicating that precursor proteins should be present in the
buccal gland. The trypsinized buccal gland homogenate was further
analyzed by HPLC/RIA systems and HPLC resolved fractions contained two major peaks of irAng II, which coincided with [Asn1,
Val5]-Ang II (27 min) and [Asn1, Ile5]-Ang II (32 min; Fig. 8b), and
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Fig. 3. Immunoreactive Ang II (irAng II) in the buccal gland of Japanese lampreys forced-fed with dogﬁsh blood through an implanted intestinal cannula. (a) The lampreys in the
unfed group were intact. Following blood infusion treatment, lampreys were sacriﬁced to collect plasma samples, (b) 1 day, (c) 3 days, (d) 7 days, and (e) 14 days post-infusion.
Arrows indicate the expected elution positions of [Asn1, Val5]-Ang II (27 min), [Asn1, Pro3, Ile5]-Ang II (29 min), and [Asn1, Ile5]-Ang II (32 min).

the in vitro proﬁles is highly similar to that of in vivo (Fig. 3).
However, irAng I in these fractions was undetectable.
4. Discussion
Angiotensin components are important endocrine factors in
parasite/host relationships between leeches and schistosomes and
mammals [5] and function to evade the host immune-rejection
[35]. This study has demonstrated a similar system in lamprey
as teleost-type angiotensins were found in the buccal gland. In

addition, in feeding experiments, irAng II was detected in the
buccal gland and plasma of feeding phase sea lampreys exposed to
Atlantic cod, but was mostly absent in fasting lampreys. The presence of teleost-type Ang II peptides in the buccal gland secretion
suggested that these host-speciﬁc peptides could be an endocrine
mimicry strategy used by parasitic lampreys to evade host
rejection.
Atlantic cod and dogﬁsh were chosen as food sources because
they possess [Asn1, Ile5]-Ang II and [Asn1, Pro3, Ile5]-Ang II,
respectively, which can be distinguished from [Asn1, Val5]-Ang II
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Table 2
Time course changes of immunoreactive Ang II (irAng II) in the buccal gland and plasma and immunoreactive LpAng II (irLpAng II) in the plasma of Japanese lamprey following
force-feeding of dogﬁsh blood. irAng II is absent in the plasma but a signiﬁcant increase is observed in the buccal gland of lamprey following the force-feeding treatment.
irLpAng II is not signiﬁcantly different among treatment groups. Sample numbers are given in each group in parentheses. Values are showed in mean  SEM and letters in
superscript denote signiﬁcant difference (p < 0.05) among various treatment groups. [nd] refers to values undetectable by radioimmunoassay.
Unfed
Ang II in buccal gland (fmol/100 mg tissue)
3.1  0.4a
[Asn1, Val5]-Ang II
[Asn1, Ile5]-Ang II
4.9  0.6A
Ang II in plasma (fmol/mL)
nd
LpAng II in plasma (fmol/mL)
157.4  35.2a
(n ¼ 6)

1 day

3 days

7 days

14 days

6.6  4.8a
30.3  2.8B
nd
96.0  5.9a
(n ¼ 3)

0.0  0.0a
13.9  4.8AB
nd
91.2  1.6a
(n ¼ 3)

18.0  2.7ab
58.3  27.4C
nd
68.5  10.8a
(n ¼ 2)

28.0  9.6b
30.7  3.2B
nd
85.9  1.9a
(n ¼ 3)

using our HPLC/RIA system, if the foreign peptides are present in
the plasma of lampreys [36]. The experiments were thus designed
to delineate whether feeding behavior could introduce Ang II from
the host ﬁsh into the lamprey plasma and buccal gland, or Ang II is
produced by the lampreys.
We showed that the buccal gland of lampreys contains various
forms of irAng II and that the concentrations were elevated by
feeding stimuli. Lampreys that were exposed to the Atlantic cod
had teleost-type Ang II consistently. In the cod-exposed group,
a broad peak of irAng II was observed in both the plasma and buccal
gland samples, and the HPLC proﬁles were highly similar. In fasting,
landlocked parasitic phase sea lampreys, the buccal glands and
plasma for the most part did not possess any Ang II except for one
individual, in which the HPLC proﬁle of plasma Ang II in this animal
resembled the peptide from the buccal gland. The sharpness and
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Fig. 4. Immunoreactive Ang I (irAng I) in the (a) buccal gland and (b) plasma resolved
by HPLC in Japanese lampreys. irAng I is detected in buccal gland but not in plasma.
Values shown in the legend are [Asn1, Val5, Thr9]-Ang I concentrations after crossreactivity correction since the cross-reactivities of [Asn1, Val5, Thr9]-Ang I to the
anti-human Ang I antiserum is low (details refer to main text). Arrows indicate the
expected elution positions of [Asn1, Val5, Asn9]-Ang I (26 min), and [Asn1, Val5, Thr9]Ang I (28 min).

resolution of LpAng II measured in the same plasma fractions
demonstrated the quality of the HPLC fractionation and recovery. In
combination to the properties of the Ang II antiserum, our data
suggest that multiple forms of Ang II including teleost-type Ang II
were present in the plasma and buccal gland samples of sea
lampreys, and these Ang II peptides possess the same C-terminal
but some variable N-terminal sequences. Moreover, the retention
time of plasma irAng II did not coincide with [Asn1, Ile5]-Ang II
(cod-Ang II), which indicated that it is unlikely for lamprey to have
obtained the host (cod) peptide or protein through intact protein
absorption as a source of plasma Ang II. The irAng II in plasma and
buccal gland of the exceptional individual in the fasting group could
be due to a higher feeding activity before caught.
The force-feeding experiment in the non-parasitic phase Japanese lampreys provided additional clues that the amount of Ang II
in the buccal gland is related to feeding behavior. In the plasma
from all force-fed Japanese lampreys, irAng II, including dogﬁshAng II, was not detected, suggesting that the host Ang II was not
a source of plasma Ang II in lamprey (Table 2). In the buccal gland of
force-fed groups, Ang II concentrations were signiﬁcantly elevated
when compared with the unfed group and the irAng II had a the
retention time that was unrelated to [Asn1, Pro3, Ile5]-Ang II, but
coincided with [Asn1, Val5]-Ang II and [Asn1, Ile5]-Ang II, which are
sequences commonly found in other teleost species [37,38].
Therefore, the blood infusion treatment could be a stimulus that
has awakened the dormant feeding impulse or reﬂex in migrating
lampreys. Combining the cod-exposure and force-feeding result,
we provide evidence that teleost-type Ang II is secreted as a part of
lamprey buccal gland secretion in response to the visual and/or
olfactory stimuli of a potential host (Fig. 9).
Immunohistochemistry showed strong irAng II located in
granule-like structures at the apical region of the epithelia, which
suggested that the peptides were secreted into the lumen and
subsequently transported to the pharynx through the gland duct.
Similarly, both landlocked and migrating sea lampreys possessed
the displaceable irAng II in the buccal gland epithelium, and the
signals were more broadly distributed throughout the cytoplasm,
which may point to a higher rate of secretion through an apocrine
pathway. The observation that some buccal glands of migrating sea
lampreys also possess the granule-like but not ubiquitous signals
suggested that the two patterns of localization are interchangeable
and could be related to the feeding status of the lamprey.
The intense irAng II signals in the cytoplasm and secretory
granules suggested that Ang II is produced by the buccal gland. We
recently identiﬁed the native form of angiotensinogen which gives
rise to the LpAng II in lamprey [27] and, therefore, we hypothesized
that the teleost-type Ang II in the lamprey buccal gland could be
synthesized by a separate set of genes, which may or may not
follow the same RAS cascade. In order to elucidate the presence of
alternative precursor proteins for teleost-type irAng II in the buccal
gland, we tested whether angiotensins can be produced in vitro by
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Fig. 5. (a) Morphology of buccal gland (BG) in Japanese lampreys. The buccal gland is embedded in basilaris muscle (Bm) and connected to the pharynx through buccal gland duct
(D). (b) A cross section of buccal gland in Japanese lampreys stained with hematoxylin and eosin (HE), showing that the buccal gland is a sac-like structure with luminal invagination. L ¼ buccal gland lumen; E ¼ buccal gland secretory epithelium. (c) The secretory epithelium of buccal gland in Japanese lampreys with HE staining, showing that the
secretory epithelial cells possess large, basolaterally located nucleus and the epithelium is separated from adjacent muscles by loose connective tissue. (def) Immunohistochemistry
of buccal gland using the anti-Ang II antiserum in Japanese lamprey. Section in (d) is a negative control without primary antiserum which showed that non-speciﬁc binding is
minimal. In (e), the section was incubated with anti-Ang II antiserum. Speciﬁc signals (brown staining) are accumulated in secretory granules (indicated by arrows) at the apical
region of the epithelium and the caption shows an enlarged portion of the epithelium containing immunoreactive granules. In (f), section was incubated with anti-Ang II antiserum
competitively displaced by 10-5 M [Asn1, Val5]-Ang II. Speciﬁc signals in the secretory granules observed in (e) were displaced by the peptide competition. Color was developed
using DAB reagents and sections were counterstained with hematoxylin.

trypsinization of the buccal gland homogenates. Trypsin is known
to cleave peptide chains speciﬁcally at the carboxyl side of the
amino acids lysine or arginine, except when either is followed by
proline [39]. Using the Peptide Cutter on Expasy Proteomic Server,
we analyzed the potential trypsin cleavage sites of all known
angiotensinogens and conﬁrmed that Ang I or Ang II are not
produced upon trypsin digestion as their natural cleavage sites do
not contain lysine or arginine. Remarkably, trypsin digestion of
buccal gland homogenate generated irAng II in a dose-dependent
manner. The trypsinized irAng II proﬁle was highly similar to

those naturally isolated from the buccal gland (Figs. 3 and 8),
indicating that Ang II-containing precursor proteins, other than
angiotensinogen, are present in the buccal gland of lamprey, and
the maturation of the peptides probably depends on trypsin-like
processing. On the other hand, trypsin treatment of buccal gland
homogenate did not generate a signiﬁcant amount of irAng I, which
indicated that the release of [Asn1, Val5, Thr9]-Ang I from its
precursor protein could be processed by other enzymes. This
further implies that the teleost-type irAng I and irAng II in lamprey
buccal gland probably possess different precursor proteins.
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Fig. 6. Immunohistochemistry of buccal glands using the anti-Ang II antiserum in landlocked (bec) and migrating sea lamprey (def). L ¼ buccal gland lumen; E ¼ buccal gland
secretory epithelium. Negative control (a) is incubated without the addition of primary antiserum, which showed that non-speciﬁc binding is minimal. In (b) and (d), sections were
incubated with anti-Ang II antiserum and immunoreactive signals are ubiquitously located (indicated by arrows) in the cytoplasm of the secretory epithelial cells. In (c) and (e),
sections were incubated with anti-Ang II antiserum competitively displaced by 105 M [Asn1, Val5]-Ang II. Immunoreactive signals in (f) are localized in the granule-like structures
(indicated by arrows) and the caption shows an enlarged portion of the epithelium containing immunoreactive granules. Speciﬁc brown signals in the cytoplasm and granule-like
structures in (c) and (e) were displaced by peptide competition. Color was developed using DAB reagents and sections were counterstained with hematoxylin.

irAng II in sea lamprey buccal glands and plasma formed a broad
peak and it could be composed of multiple peptides with the same
C-terminal epitope according to the binding properties of the Ang II
antiserum. It is possible that other angiotensin metabolites, such as
Ang III and Ang IV that possess the same C-terminal epitope, may
account for additional peaks with different retention times.
However, the elution positions of the unknown Ang II in the sea
lamprey samples do not coincide with any of the retention times of
known angiotensin metabolites (unpublished data). Therefore,
irAng II in sea lamprey buccal gland could be processed differentially to generate multiple forms of Ang II, which is similar to the
processing of thyrotropin-releasing hormone (TRH) in mammals
[40] or C-type natriuretic peptide in snake venom [41]. Incomplete

processing of TRH precursor protein generates different lengths of
premature TRH that can be recognized by a single TRH antibody.
[Asn1, Val5, Thr9]-Ang I was previously puriﬁed from the incubation of lamprey plasma (angiotensinogen source) and kidney
extract (renin source) [25,26], but the isolated [Asn1, Val5, Thr9]Ang I is not vasoactive when injected in vivo and it is unclear
whether it is a circulating hormone in lamprey [27]. In the present
study, we demonstrated an alternative source of [Asn1, Val5, Thr9]Ang I as it was detected in the buccal gland extracts but not in the
plasma samples in Japanese lampreys. Considering the human-Ang
I antiserum has a low cross-reactivity (0.07%) with [Asn1, Val5,
Thr9]-Ang I, the buccal gland could contain high levels of [Asn1,
Val5, Thr9]-Ang I (Fig. 4). The preferential displacement by [Asn1,
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Fig. 7. Immunohistochemistry of buccal gland using the anti-Ang I antiserum in landlocked lampreys. In (a), sections were incubated with anti-human-Ang I antiserum. L ¼ buccal
gland lumen; E ¼ buccal gland secretory epithelium. Speciﬁc signals are ubiquitously located in the cytoplasm (indicated by arrows) of the secretory epithelial cells. In (b), sections
were incubated with anti-human-Ang I antiserum competitively displaced by 105 M human-Ang I and 105 M [Asn1, Val5, Thr9]-Ang I. Speciﬁc brown signals in the cytoplasm were
displaced by the peptide competition. Color was developed using DAB reagents and sections were counterstained with hematoxylin.

Val5, Thr9]-Ang I in immunohistochemistry, when combined with
the RIA results, suggested that [Asn1, Val5, Thr9]-Ang I could be one
of the major secretory products in lamphredin. The cytoplasm
budded off in the apocrine secretory pathway in lamprey buccal
gland [11] so that the secretion could contain the unprocessed
precursor protein of [Asn1, Val5, Thr9]-Ang I. The intact precursor
protein could be passively absorbed [30] and remain in plasma,
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Fig. 8. (a) Immunoreactive Ang I and Ang II (irAng I; irAng II) in buccal gland
homogenate digested by serial concentrations of trypsin at 37  C for 1 h. Open symbols
indicate control values of incubation without trypsin. irAng II is generated in vitro
dose-dependently from buccal gland homogenate by trypsinization. (b) irAng I and
irAng II in the HPLC resolved fractions of trypsinized buccal gland homogenate. The
HPLC proﬁle of irAng II generated by trypsinization in vitro is highly similar to the
in vivo proﬁles as shown in Fig. 3. Arrows indicate the expected elution positions of
[Asn1, Val5]-Ang II (27 min), [Asn1, Ile5]-Ang II (32 min), and [Asn1, Val5, Thr9]-Ang I
(38 min).

leading to the production of [Asn1, Val5, Thr9]-Ang I after incubation
with kidney extracts that may contain compatible processing
enzymes.
Alternatively, intact protein absorption of host angiotensinogen
and renin into the plasma could also have produced teleost-type
Ang I in the plasma and kidney extract incubations. However,
lamprey plasma used in previous incubation studies were collected
from wild-caught animals that have been feeding on various ﬁsh
species [25]. The amino acid of the ninth position of Ang I in teleosts
is known to be highly variable [26] among different species. If the
host angiotensinogen and renin were the source of teleost-type Ang
I, the plasma and kidney extract incubations should have generated
Ang I with various amino acids at the ninth position. However, only
[Asn1, Val5, Thr9]-Ang I was isolated from river and sea lamprey
[25,26], which pointed to a low possibility for the protein absorption hypothesis. Our result suggested that the Ang I and Ang II in
the buccal gland originated from different precursor proteins, but
further work is required to determine the relationship between the
angiotensins in the buccal gland and plasma.
In the present study, we showed that two different species of
lampreys and at different life stages produce angiotensin likepeptides in their buccal gland and the levels are highly related to
the feeding status. Combining our previous study on the native RAS
in lamprey [27], we summarized the current model of angiotensin
and endocrine mimicry of lamprey in Fig. 9. Lampreys possess
a native form of biologically active angiotensin (LpAng II), which
the sequence is different from that puriﬁed from plasma and kidney
extract incubation. Teleost-type Ang I and Ang II are produced in
the buccal gland by some alternative precursor proteins other than
angiotensinogen, but they are largely absent in the systemic
circulation. The alternative source of precursor proteins is similar to
the Ang II sequence in leeches, which can be found in the proopiomelanocortin gene, but no angiotensinogen sequence has yet to
be identiﬁed [42]. Visual and/or olfactory stimuli by the presence of
potential host and blood infusion into the intestine enhance the
production of teleost-type Ang II in the buccal gland, which point to
a functional role of teleost-type Ang II on blood feeding in lamprey.
The intimate relationship between feeding stimulus and buccal
gland Ang II production is highly comparable to those of leeches
that the angiotensins in their salivary secretion may have an antiinﬂammatory role in the wound area and thus prolong the
attachment of the parasite [5]. Convergent evolution may have
introduced the same mechanism of endocrine mimicry in lampreys
to maximize their feeding efﬁciency. Further studies are required to
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Fig. 9. Schematic diagram on the localization of teleost-type angiotensin components in lampreys. Teleost-type Ang I and Ang II are produced in the buccal gland but they are
largely absent in the systemic circulation. Instead, lampreys possess a different form of angiotensin (LpAng II) in their plasma, which is biologically active [27]. Visual and/or
olfactory stimuli by the presence of potential host and blood infusion into the intestine enhance the production of teleost-type Ang II in the buccal gland. Besides anti-coagulating
effects, lamphredin may also contain host-speciﬁc hormones (e.g. Angiotensins) to evade host immune-rejection, as part of the endocrine mimicry strategy. The source of teleosttype angiotensin components in lamprey plasma is still unclear. Previous isolation of teleost-type angiotensin components may originate from intact protein absorption of buccal
gland precursor proteins of teleost-type Ang I and Ang II produced by buccal gland. Alternatively, intact absorption of host renin and angiotensinogen may also generate teleost-type
angiotensin components in lamprey plasma.

reveal the interactions between angiotensins and immunemodulation in ﬁshes when exposed to parasites such as lampreys
and sea lice [43], and the results would be important toward the
general understanding of endocrine mimicry. The study of the
parasitic phase lamprey and buccal gland secretions could be a key
and important model in the cross-talk between ﬁsh immunology
against parasites and endocrine mimicry that modulates host
immune-rejection. The knowledge could ultimately beneﬁts ﬁsh
aquaculture and parasite management by vaccine development
that could enhance the tolerance or resistance of cultured ﬁshes
against parasite infections and propagations.
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