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Shaughnessy CA, McCormick SD. Functional characterization
and osmoregulatory role of the Na™-K™-2CI~ cotransporter in the gill
of sea lamprey (Petromyzon marinus), a basal vertebrate. Am J
Physiol Regul Integr Comp Physiol 318: R17-R29, 2020. First pub-
lished October 16, 2019; doi:10.1152/ajpregu.00125.2019.—The
present study provides molecular and functional characterization of
Na*-K*-2Cl~ cotransporter (NKCC1/Slc12a2) in the gills of sea
lamprey (Petromyzon marinus), the most basal extant vertebrate with
an osmoregulatory strategy. We report the full-length peptide se-
quence for the lamprey Na-K-Cl cotransporter 1 (NKCC1), which we
show groups strongly with and occupies a basal position among other
vertebrate NKCC1 sequences. In postmetamorphic juvenile lamprey,
nkccl mRNA was present in many tissues but was fivefold higher in
the gill than any other examined tissue, and NKCCI protein was only
detected in the gill. Gill mRNA and protein abundances of NKCC1
and Na®-K*-ATPase (NKA/Atplal) were significantly upregulated
(20- to 200-fold) during late metamorphosis in fresh water, coinciding
with the development of salinity tolerance, and were upregulated an
additional twofold after acclimation to seawater (SW). Immunohisto-
chemistry revealed that NKCC1 in the gill is found in filamental
ionocytes coexpressing NKA, which develop during metamorphosis
in preparation for SW entry. Lamprey treated with bumetanide, a
widely used pharmacological inhibitor of NKCC1, exhibited higher
plasma Cl~ and osmolality as well as reduced muscle water content
after 24 h in SW; there were no effects of bumetanide in freshwater-
acclimated lamprey. This work provides the first functional charac-
terization of NKCC1 as a mechanism for branchial salt secretion in
lampreys, providing evidence that this mode of C1~ secretion has been
present among vertebrates for ~550 million years.

ion regulation; metamorphosis; osmoregulation

INTRODUCTION

The Na™-K*-2Cl~ cotransporter 1 (NKCC1/Slc12a2) be-
longs to the SLC12A family of electroneutral cation-chloride
cotransporters, which includes two Na-K-Cl cotransporter
(NKCC) isoforms (NKCC1 and NKCC2/SIc12al), Na*-Cl~
cotransporter (NCC/Slc12a2), and K*-Cl~ cotransporters
(KCC[1-3]/SIc12a[4-6]). NKCCs are responsible for the in-
ward movements of Nat, K™, and Cl™ across the cell mem-
brane with a INa™:1K*:2CI~ stoichiometry and are involved
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in a wide variety of physiological processes, including electro-
Iyte and fluid homeostasis and regulation of blood pressure,
pain perception, and neuronal signaling (19, 33, 55). Although
the two isoforms of NKCC have high sequence similarity, they
are easily distinguished by their distribution throughout the
body and roles in ion transport. The basolateral NKCC1 is
distributed throughout the vertebrate body, contributing to cell
volume regulation, and is highly expressed in ion-secreting
epithelia and some other nonepithelial tissues, such as imma-
ture neurons (19, 33, 55). The absorptive, apically located
NKCC2 is expressed in the kidneys and intestines of mammals
and fishes (8, 13, 35, 45, 69). The importance and relevance of
NKCCI1 is highlighted by extensive pharmacological and ge-
netic work targeting NKCCI1, with multiple loop diuretics
(primarily bumetanide and furosemide) (58) and links between
NKCCI1 dysfunction and hypertension and neurological disor-
ders, such as epilepsy (29). Early work that characterized
NKCC in mammalian cells first described a coupled transport
of Na®™ and K* (65) and then the coordinated cotransport of
Cl™ (18). A cDNA-encoding NKCC1 was first cloned, and its
ionoregulatory role in the shark rectal gland was described (36,
68). Since these early works, NKCC1 has been shown to be a
conserved basolateral pathway in epithelial CI~ secretion,
appearing within C1~ secreting cell types of the mammalian
lung and colon, shark rectal gland, reptilian/avian salt gland,
and fish gill (20).

Lampreys (Petromyzontiformes) are one of two extant mem-
bers, along with the hagfishes (Myxiniformes), of the phylo-
genetically ancient group of jawless vertebrates known as
cyclostomes, which make up the superclass Agnatha. Genomic
analysis indicates that Petromyzontiformes may have radiated
more than 550 million years ago (61). Unlike hagfish, which do
not regulate their internal osmotic concentration, lampreys
maintain an internal osmolality of approximately one-third that
of seawater (SW), an osmoregulatory strategy shared among
nearly every other vertebrate species (6). Thus, lampreys rep-
resent the most basal extant order of osmoregulating verte-
brates and are therefore an important group for understanding
the evolution of osmoregulatory mechanisms.

Sea lamprey (Petromyzon marinus, Linnaeus 1758) are ana-
dromous, making a freshwater (FW)-to-SW migration as juve-
niles to access more abundant food resources in the ocean
before returning upstream years later as mature adults to
spawn. The general life history of anadromous lampreys is well
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described (3, 49, 73), including a FW-resident, filter-feeding
larval stage and a true metamorphosis to a juvenile stage,
which is characterized into seven intermediary stages between
larvae and postmetamorphic juveniles primarily based on de-
velopment of the eye and parasitic mouth structure (70, 71).
Physiological changes that accompany metamorphosis include
an increase in gill Na™-K"-ATPase (NKA) activity and protein
abundance (52), an increase in abundance of ionocytes, and the
development of SW tolerance (4, 54). It is not until after
metamorphosis is complete and SW tolerance has developed
that juvenile anadromous lampreys migrate to the sea.

To maintain internal osmotic and ionic homeostasis, jaw-
less and bony fishes entering SW must absorb water and
secrete ions against steep gradients between their internal
fluids and the more concentrated marine environment. This
is accomplished by a coordinated process of drinking SW,
actively desalinating and absorbing water across gastroin-
testinal epithelia, and secreting ions (primarily Na™ and
Cl7) across the branchial epithelium (37). The cellular
mechanism for epithelial Na™ and Cl~ secretion in teleosts,
elasmobranchs, and tetrapods is highly conserved and pri-
marily involves three membrane-bound ion transporters:
NKA, NKCC1, and a cystic fibrosis transmembrane conduc-
tance regulator (CFTR/Abcc7) chloride channel. Activity of
NKA and the presence of an inward-rectifying K* channel
on the basolateral membrane of Cl™ -secreting, mitochondri-
on-rich ionocytes (classically referred to as “chloride cells™)
are responsible for producing /) the sodium gradient that
drives Na™-coupled transport of CI~ from the extracellular
compartment into the cell via the basolateral NKCCI, as
well as 2) the inside-negative resting membrane potential
that facilitates secretion of ClI~ out of the cell through the
apical CFTR). In fish, upregulation of NKA, NKCCI, and
CFTR in the gill is a general response to elevated salinity.
Some anadromous fishes, such as Atlantic salmon (Salmo
salar), upregulate gill NKA, NKCCI1, and CFTR in antici-
pation of the hypo-osmoregulatory requirements of SW
before they ever experience an increase in salinity (40, 41).

The mechanism for branchial C1™ section among the most
basal osmoregulating fishes, i.e., sturgeons and lampreys, is not
well described. It has been shown in sturgeon that gill NKCC1
and NKA may have a role in hypo-osmoregulation in SW (56,
59). In sea lamprey, it has been demonstrated that a basolateral
NKA is important in branchial ion transport in FW and SW
(15, 52) and that gill nkccl mRNA abundance in upstream-
migrating adults was observed to increase after transfer from
FW back to SW (15). No work has been done to link the
development of hypo-osmoregulatory ability to specific molec-
ular mechanisms for C1™ secretion (i.e., basolateral NKCC1 or
apical CFTR) in the basal lampreys, and no protein- or organ-
ism-level evidence exists demonstrating a functional role of
NKCCI in ion regulation or SW tolerance in lamprey. Here,
we present a functional characterization of the role and regu-
lation of NKCCI in the Cl -secreting ionocytes of the sea
lamprey, an extant representative of the most basal vertebrate
clade.

MATERIALS AND METHODS

Experimentation and tissue collection. The experiments in this
study were performed in accordance with protocols approved by the
Institutional Animal Care and Use Committees at the University of
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Massachusetts (protocol no. 2016—0009). Sea lamprey used in this
study were captured from the Connecticut River watershed in Mas-
sachusetts, and all experiments were performed at the S.O. Conte
Anadromous Fish Research Center (Leetown Science Center, United
States Geological Survey) in Turners Falls, MA. Lamprey held in the
laboratory were kept at ambient temperature under a natural photo-
period in 1.5-m diameter flow-through tanks with 10-cm deep sandy
substrate for burrowing and were supplied with aerated, filtered, and
UV-treated Connecticut River water. All laboratory experimentation
was carried out at 15°C under a simulated natural photoperiod in 60-L
recirculating aquarium tanks supplied with dechlorinated municipal
water and equipped with mechanical, biological, and chemical filtra-
tion. Artificial SW (35 %o) was made by dissolving an artificial sea salt
mix (Crystal Sea Salt, Baltimore, MD) in dechlorinated municipal
water.

The salinity tolerance of larvae and various stages throughout
metamorphosis was tested by gradually (in the case of larvae) or
directly exposing lamprey to elevated salinity and assessing survival.
Tissue profile samples were collected from postmetamorphic juve-
niles acclimated to FW. Gill tissue for the metamorphic profile was
obtained from lamprey immediately after capture via electrofishing
(Stage 7 larvae) or Fyke netting (downstream-running “migrants”) in
the Sawmill River (Montague, MA) from July to November. Gill
tissue for the larval FW to SW comparison was collected from larvae
and postmetamorphic juveniles in FW or those acclimated to SW for
3 wk. Pharmacological inhibition experiments were conducted with
postmetamorphic juveniles acclimated to FW. Lamprey were anes-
thetized in a nonlethal dose of tricaine mesylate (100 mg/L buffered
with NaHCOs3, pH 7.0) and administered via intraperitoneal injection
using a 25-gauge needle a 20 pL/g volume of sterile-filtered saline
(0.9% NaCl) containing one of two doses of bumetanide (1.0 or 0.1
pmol/g) or a vehicle control (VEH). Lamprey recovered within
minutes after anesthetization and were allowed an additional 30—60
min of recovery in FW after injection and then placed in 35 %o SW or
a FW control and sampled for blood and tissue 24 h later.

For all field and laboratory tissue collection, lamprey were eutha-
nized using a lethal dose of tricaine mesylate (200 mg/L). Blood was
collected into capillary tubes from the caudal vasculature, and plasma
was separated via centrifugation. Plasma and tissues were immedi-
ately collected, then frozen and stored at —80°C. Plasma Cl~ was
measured using a digital chloridometer (Haake Buchler Instruments
Inc., Saddlebrook, NJ), and plasma osmolality was measured using a
vapor pressure osmometer (Wescor, Logan, UT). For muscle water
analysis, 0.1-0.2 g of white muscle was blotted dry and weighed (wet
mass) then placed in a drying oven for 48 h at 60°C until dehydrated
to a stable weight (dry mass).

Sequence assembly and phylogenetic analysis of lamprey nkccl. A
partial sequence (one-third of the total length) of the sea lamprey
nkccl gene containing the 3’ end was identified in the sea lamprey
genome assembly (62). To obtain a full-length sequence of the gene,
rapid amplification of cDNA ends (RACE) was performed. Total
RNA (1 pg) was isolated from the gills of three postmetamorphic
juveniles and reverse transcribed using the SMARTer RACE cDNA
Amplification Kit (Takara Bio USA, Palo Alto, CA) following the
manufacturer’s protocol. Polymerase chain reaction (PCR) products
between an antisense gene-specific primer (5'-CGC TCA CGA GTA
GAA CGT CA-3') and a proprietary universal primer were confirmed
electrophoretically on a 1% agarose gel, then extracted and purified
using the UltraClean GelSpin DNA Extraction Kit (MoBio, Solana
Beach, CA) and then commercially sequenced (GENEWIZ, South
Plainfield, NJ). A complete cDNA sequence including 5’ and 3’
untranslated regions was assembled by appending RACE-obtained 5’
nkccl sequences with the partial 5" and 3’ sequences available in the
sea lamprey genome assembly and verified by sequencing products of
long-range PCR reactions (KAPA Long Range DNA Polymerase,
Kapa Biosystems, Wilmington, MA) spanning between primers at the
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5" end (5'-ACA GAG GAA CGG GAG AAG CG-3') and 3’ end
(5'-CGC TCA CGA GTA GAA CGT CA-3').

An amino acid sequence for the sea lamprey NKCC1 gene was
deduced from the obtained nkccl cDNA sequence, and its molecular
mass was predicted using the Translate and TrEMBL tools, respectively,
provided by the ExPASy bioinformatics resource portal (https:/www.
expasy.org). Hypothetical membrane topology and potential N-linked
glycosylation sites were predicted using the TMHMM and NetNGlyc
tools, respectively, provided by DTU Bioinformatics server (https://
www.bioinformatics.dtu.dk). Phylogenetic analysis was carried out on a
balanced selection of vertebrate NKCC1, NKCC2, and NCC (NCC1)
peptides available from NCBI GenBank using a ClustalW alignment
(https://www.ebi.ac.uk/clustalw) and the Neighbor-Joining method
(1,000 bootstrap replicates) implemented by MEGA7 software (32).
Accession numbers for the peptides used in the phylogenetic analysis
were Ghostshark NKCC1 (XP_007890727), Ghostshark NCC (XP_
007905777), Salmon NKCC1 (XP_020313370), Salmon NCC (XP_
020311909), Zebrafish NKCC1 (NP_001002080), Zebrafish NKCC2
(XP_009291678), Zebrafish NCC (NP_001038545), Frog NKCC1 (XP_
004910530), Frog NKCC2 (XP_012814934), Frog NCC (XP_
002937217), Chicken NKCC1 (XP_003643107), Chicken NKCC2
(XP_004943856), Chicken NCC (XP_015134720), Mouse NKCC1 (NP_
033220), Mouse NKCC2 (NP_001073158), Mouse NCC (NP_001192240),
Human NKCC1 (NP_001243390), Human NKCC2 (NP_000329), Human
NCC (NP_000330), and Human KCC1 (AAH21193.1).

Quantitative real-time polymerase chain reaction. Total RNA was
isolated from frozen tissue using TRIzol reagent (Molecular Research
Center Inc., Cincinnati, OH) following the manufacturer’s protocol.
Total RNA concentration and purity of each sample was determined
spectrophotometrically using a Take3 microvolume plate (BioTek
Instruments, Winooski, VT), and RNA integrity was assessed using
gel electrophoresis. Only high-purity (1.9 < A260 and A280 > 2.2)
and high-integrity RNA samples were used for cDNA synthesis.
First-strand cDNA synthesis was accomplished using the High-Ca-
pacity Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA)
following the manufacturer’s protocol. Quantitative real-time PCR
(qPCR) was carried out in 10 pL reactions containing 2 ng cDNA
template, 200 nM forward and reverse primers, and SYBRSelect
master mix (Thermo Fisher Scientific, Waltham, MA). Primer pairs
were identical to those already reported for nkccl and nka (15) and
efla (31). Four potential reference genes were analyzed: gapdh, 18s,
B-actin, and efla. The reference gene ef/a was determined to be
stable (= 1 cycle threshold) across all metamorphic and life stages,
tissues, and salinities for the analyses presented. All qPCR reactions
were performed in optical 96-well reaction plates in a StepOnePlus
Real-Time PCR System (Applied Biosystems, Foster City, CA) using
the following thermal profile: holding at 50°C (2 min), then activation
at 95°C (2 min); cycling (40 cycles) from 95°C (15 s) to 60°C (1 min)
to 72°C (30 s). A single product was confirmed for every reaction via
a dissociation step (melt curve analysis) increasing from 60°C to 95°C
after the cycling protocol, and for each primer pair electrophoretically.

Immunoblotting. Gill tissue was homogenized in SEID buffer
(150 mmol/L sucrose, 10 mmol/L EDTA, 50 mmol/L imidazole,
and 0.1% sodium deoxycholate, pH 7.3) and centrifuged at 2,000
g for 5 min, and the supernatant was used for protein abundance
quantification by Western blot analysis. The supernatant was
analyzed for protein content using the Pierce BCA Protein Assay
(Thermo Fisher Scientific, Rockford, IL) and diluted in Laemmli
sample buffer, denatured by heating for 15 min at 60°C, and stored
at —80°C. For subcellular fractionation, before diluting in Laem-
mli buffer, the supernatant was first centrifuged again at 48,000 g
for 1 h; the resulting supernatant was considered “cytosol,” and the
pellet (resuspended in SEID) was considered “membrane.” Sam-
ples were run at 5 g protein per lane along with a Precision Plus
protein standard for size reference on a 7.5% sodium dodecyl
sulfate polyacrylamide gel electrophoresis minigel (Bio-Rad, Her-
cules, CA) for electrophoretic separation, and then transferred to
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Immobilon polyvinylidene fluoride (PVDF) transfer membranes
(Millipore, Bedford, MA). After transfer, the PVDF membranes
were dried and stored overnight at room temperature. PVDF
membranes were rehydrated in methanol, then equilibrated to
phosphate-buffered saline with 0.05% Triton X-100 (PBST),
blocked for 1 h at 23°C in 5% nonfat milk in PBST, and finally
incubated overnight at 4°C in a 1:4,000 dilution of primary
antibody (Developmental Studies Hybridoma Ban, Iowa City, IA):
mouse monoclonal anti-NKA a-subunit [“a5”; Research Resource
Identifier (RRID): AB_2166869], mouse monoclonal anti-NKCC/
NCC (‘T4’, RRID: AB_528406), mouse monoclonal anti-NKCC
(“T9”, RRID: AB_2618107), or mouse monoclonal anti-HSP90
(“H90”, RRID: AB_2051648). After primary incubation, mem-
branes were washed with PBST and then incubated for 2 h at 23°C
in a 1:10,000 dilution of the horseradish peroxidase-conjugated
goat anti-mouse secondary antibody (Kirkegaard & Perry Labora-
tories, Gaithersburg, MA) in blocking buffer. After secondary
antibody incubation, membranes were washed with PBST and
imaged by a Syngene PXi system (SYNGENE, Frederick, MD) via
enhanced chemiluminescence (ECL) using a 1:1 mixture of ECL
solution A (396 pmol/L coumaric acid, 2.5 mmol/L luminol, 100
mmol/L Tris-HCI, pH 8.5) and ECL solution B (0.018% H»0-, 100
mmol/L Tris-HCI, pH 8.5). Band intensity was measured using
ImageJ (National Institutes of Health, Bethesda, MD). The use of
o5 and T9 antibodies was validated for use in Western blotting as
follows: 1) a specific band was present at an expected molecular
weight for each protein, 2) a linear relationship was observed
between band intensity and the amount of protein sample loaded
into each well (0.1 to 20 pg), and 3) no evidence of false positive
or nonspecific binding was observed in 3 different negative con-
trols: gill protein incubated with no primary antibody (secondary
only) ([—]Ab), gill protein incubated with a primary antibody
produced under the same conditions ([+]T4), and protein from
tissues expected to have only very low NKCC1 abundance (i.e.,
matching mRNA and protein tissue profiles). Our lower detection
limit for T9 and a5 immunoreactivity in Western blotting, using a
pool of SW-acclimated juveniles, was ~0.12 and 0.11 pg/lane,
which correspond to 1/42 and 1/47 the amount loaded in our
Western blotting protocol (5 pg/lane). Undetected bands during
quantification were assigned the lower limit of detection, and
protein abundance is expressed as relative to the lower limit of
detection (undetected bands = 1). Identical pooled samples were
run on each gel and used as a calibrator to correct for any interblot
variation.

Immunohistochemistry. Whole gill pouches were fixed in 4% para-
formaldehyde in 10 mM phosphate-buffered saline (PBS) at room
temperature for 2 h, then preserved in 70% ethanol. Before sectioning,
gill tissue was rinsed in PBS, equilibrated to 30% (wt/vol) sucrose in
PBS, and then frozen in embedding medium (TissueTek, Sakura
Finetek, Torrance, CA). Embedded gill tissue was sectioned (5 pm
thick) at —20°C, electrostatically mounted to microscope slides (Fish-
erbrand Colorfrost Plus, Fisher Scientific, Hampton, NH), and then
dried at room temperature to ensure adherence to the slide. Before
incubation with primary antibody, mounted gill tissue was rehydrated
in PBS, incubated for 30 min in 0.3% (wt/vol) Sudan Black B to
reduce autofluorescence, and then incubated for 30 min in a blocking
solution (10% normal goat serum in PBS). Slides were incubated
overnight at 4°C in primary antibody [T4, 1:1,000 (negative control
only); T9, 1:1,000] in antibody dilution buffer (0.01% NaNs, 0.1%
bovine serum albumin, 2% normal goat serum, and 0.02% keyhole
limpet hemocyanin in PBS). For colocalization, slides were coincu-
bated with T9 and a rabbit monoclonal anti-NKA primary antibody
(aRbNKA, 1:1,000) (66). After primary incubation, slides were
washed in PBS and then incubated for 2 h at room temperature in
fluorescently labeled secondary antibody (goat anti-mouse, Alexa
546) diluted 1:1,000 in antibody dilution buffer. After secondary
incubation, slides were again washed in PBS, covered with a cover-
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Fig. 1. Multiple alignments of peptide sequence for the Na-K-CI cotransporter 1 (NKCC1) of zebrafish (zZNKCC1) and humans (hNKCC1) and the deduced amino
acid sequence for sea lamprey nkccl (INKCC1). Black shading indicates identical residues and gray shading indicates chemically similar residues. Horizontal
bars indicate the 12 predicted transmembrane segments. *Predicted N-linked glycosylation sites.
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slip, and examined with a Nikon Diaphot-TMD inverted fluorescence
microscope (X20) with a mercury lamp. Validation of T9 use in
immunohistochemistry was similar to our validations used in Western
blotting. Negative control validation included the absence of signal in
1) gill sections incubated with secondary antibody only, 2) gill
sections incubated with T4, and 3) sections of nontarget tissues
incubated with T9. T9-immunoreactive cells on the primary filament
or secondary lamellae were tallied from unique sections (3—5 sections
per individual) from larvae, FW-acclimated juveniles, and SW-accli-
mated juveniles (n = 5 per group).

Calculations and statistical analyses. Muscle moisture (%) was
calculated as [(wet mass — dry mass) X 100]/wet mass. Shapiro-Wilk
and Levene’s tests were used to test assumptions of normality and
homogeneity, respectively. Significant differences between treatments
were analyzed using one-way or two-way ANOVA analyses and were
identified by Dunn’s post hoc (all Western blot and immunohisto-
chemistry data) or Student-Newman-Keuls post hoc analyses (all
other data). An « value of 0.05 was selected to denote statistical
significance in all analyses. Relative protein abundances of juvenile
gill NKCC1 and NKA were regressed, and the correlation was
assessed by calculating the slope (m), coefficient of determination
(r*), and significance. Statistics and figures were completed using R
statistical software version 3.2.2 (https://www.r-project.org) and
GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA).

RESULTS

Molecular characterization and tissue profile of NKCCI.
We obtained a sequence for the sea lamprey nkccl gene that
comprised 3,480 bp coding for a mature NKCCI1 peptide
sequence of 1,160 amino acids with a predicted molecular
mass of 127 kDa (NCBI GenBank accession no. MK779970).
The sea lamprey NKCC1 has a 66% sequence identity with the
NKCCI1 of both zebrafish (Danio rerio) and human (Homo
sapiens), which have a 72% sequence identity with each other
(Fig. 1). Phylogenetic analysis of other vertebrate cation-
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chloride cotransporters placed the sea lamprey NKCCI1 at the
basal position in a clade with other vertebrate NKCCI1 pep-
tides, which was distinct from clades of vertebrate NKCC2 or
NCC peptides (Fig. 2). In Western blotting, no banding was
detected using the T4 antibody, but probing with T9 reliably
detected a single, diffuse immunoreactive band centered around
an approximate molecular mass of 180 kDa, which appeared to
be most intense in SW-acclimated juveniles (Fig. 3A). T9
immunoreactivity was only detected in the membrane fraction
of a gill homogenate from FW- or SW-acclimated juveniles,
whereas HSP90 (90 kDa) was mostly detected in the cytosolic
fraction (Fig. 3B). In tissue profiles, mRNA abundance of
nkccl was at least fivefold higher in the gill of an FW-
acclimated sea lamprey than in any other tissue examined
(Fig. 3C), and T9-immunoreactivity (NKCC1 protein) was
only detected in the gill (Fig. 3D).

Salinity tolerance. Larvae serving as an FW control all
survived (Fig. 4A). During exposure to increasing salinity,
larval mortality first occurred in 10%o0 and all larvae died
between 10%c and 15%o0 (Fig. 4A). Exposure to 10%o for 14 d
resulted in 0% survival in larvae and 30% survival in meta-
morphic stages 2-5 (Fig. 4B). Survival in 25%0 was 0% in
larvae and early metamorphic stages 2-5 and then increased
dramatically to over 95% in stages 6—7 and 100% in postmeta-
morphic juveniles (Fig. 4B).

Metamorphic profile of NKCC1 and effect of SW acclimation.
In gill tissue collected from wild sea lamprey at various stages
of metamorphosis, nkccl mRNA increased 200-fold from lar-
vae to postmetamorphic downstream migrants (P < 0.001;
Fig. 5A), and NKCCI protein abundance increased at least
25-fold from larvae (undetected) to migrants (P < 0.001;
Fig. 5B). Similarly, gill nka increased 15-fold throughout
metamorphosis (P < 0.001; Fig. 5C) and gill NKA protein

NKCC1

@ Sea lamprey _
— Zebrafish

Fig. 2. Phylogeny of the coding regions of various vertebrate
cation-chloride cotransporters [Na-K-Cl cotransporter (NKCC) 1,

NKCC?2, and Na*-Cl~ cotransporter (NCC), with a human K*-
Cl~ cotransporter (KCC1) outgroup] constructed using the

NKCC2

Zebraflsh

journal/ajpregu at Natl Jewi

Neighbor-Joining method with 1,000 replicates. Sea lamprey
NKCC1 is highlighted by a filled circle.
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Fig. 3. Validation blots showing T9-specific immunoreactive banding (~180 kDa) (A) and Na-K-Cl cotransporter 1 (NKCC1) subcellular location (B) as well
as tissue profiles for the relative abundance of nkccl mRNA (C) and NKCC1 protein (D) in freshwater (FW)-acclimated juvenile sea lamprey. In A, lack of
banding from two negative controls ([—]Ab and [+]T4) are presented on identically prepared blots alongside positive banding for NKCC1 ([+]T9). In B, banding
for NKCC1 and HSP90 (~90 kDa) are shown on a single blot containing the membrane (mem) and cytosolic (cyto) fractions of gill homogenates from six
individuals acclimated to either FW (1-3) or seawater (SW) (35%o0) (4—6). In D, representative NKCC1 banding is included above data. Letters depict statistically
significant differences [mean = SE; n = 3; one-way ANOVA; Student-Newman-Keuls post hoc (C); Dunn’s post hoc (D)]. RBC, red blood cells.

increased at least 30-fold from larvae (undetected) to migrants
(P < 0.001; Fig. 5D). The first detection of gill NKA and
NKCCI1 was in stage 6 lamprey, although NKA and NKCCl1
could be detected in only 2 of the 8 stage 6 lamprey in our
analysis.

In our laboratory comparison between FW-acclimated lar-
vae, and FW- and SW-acclimated postmetamorphic juveniles,
gill nkccl was 200-fold higher in FW-acclimated juveniles
than in larvae. Gill nkccl increased by ~70% after SW accli-
mation of juveniles (P < 0.001; Fig. 6A). Gill NKCCI1 protein
abundance was at least 25-fold higher in FW-acclimated juve-
niles than in larvae (undetected) and was ~60% higher in
SW-acclimated juveniles compared with FW-acclimated juve-
niles (P < 0.001; Fig. 6B). Likewise, juveniles had higher
abundances of gill nka mRNA (P < 0.001; Fig. 6C) and NKA
protein (P < 0.001; Fig. 6D) compared with larvae, and SW
acclimation significantly increased gill nka mRNA and NKA
protein. Analysis of the relationship between the relative pro-
tein abundances of gill NKA and NKCCI in FW- and SW-
acclimated juveniles revealed a significant correlation (m = 0.76,
r? = 0.66, Fy10 = 18.9, P < 0.005; Fig. 7A).

Immunohistochemistry of gill NKCCI1. T9 immunoreactivity
(NKCC1) in the gills of larval sea lamprey was very rarely
observed and only ever observed in small cells on the lamellae
(Fig. 7B). Intense NKCC1 staining was detected in the larger
cells in the interlamellar space along the primary filament of
postmetamorphic juveniles. A strong fluorescent signal was
present throughout the entire body of these cells except for the
nucleus, where no NKCC1 staining was present. Very rarely
were NKCCl1-positive cells observed on the lamellae in juve-
niles, and the abundance of NKCCI-positive cells on the
primary filament was significantly higher in juveniles than in
larvae at ~140—150 immunoreactive cells/mm filament length
in juveniles. There was no statistical difference in abundance
of KNCCl-positive cells between FW- and SW-acclimated
juveniles. Results of the two-way ANOVA in Fig. 7B were
Plife-stage < OOOL Plocation < 00019 and Pinteration < 0.001.
NKCCI1 colocalized to the same filamental ionocytes as NKA
(aRbNKA-immunoreactivity) (Fig. 7C).

Pharmacological inhibition of NKCCI. All lamprey were
fully recovered (restoration of swimming activity) within 30 min
of anesthetization and injection of the NKCCI inhibitor bumet-
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Fig. 4. Salinity tolerance of sea lamprey larvae (n = 20) exposed to increasing
salinity (A) or sea lamprey after direct exposure to elevated salinity (10%o or
25%0) at various stages throughout metamorphosis (B). In B, survival rates
were assessed 14 days after exposure to elevated salinity and calculated from
various salinity trials; n = 10-20 (larvae, stage 2-3, stage 4-5) and n =
60-100 (stage 6—7, migrant). FW, freshwater.

anide or saline control. In FW lamprey, bumetanide treatment
had no effect on plasma Cl~ and osmolality, or muscle water
(Fig. 8, A—C). Exposure to SW resulted in slight increases in
plasma C1™ and osmolality, and a slight decrease in muscle water
content in the VEH control (Fig. 8, A—C). Lamprey injected with
either 0.1 or 1.0 wmol/g bumetanide and exposed to SW had
significantly higher plasma CI™ (Fig. 84) and plasma osmolality
(Fig. 8B), and lamprey injected with 1.0 pwmol/g had significantly
lower muscle water (Fig. 8C) compared with the VEH control.
Results of the two-way ANOVA were Cl : Pyeatment = 0.013,
Psalinity < 0001’ Pinteraction < OOOL OsmOIality: Ptreatment =
0.038, Psatinity < 0.001, Pinteraction < 0.001; muscle water:
Prreatment = 0.470, Psalinity < 0.001, Pinteraction = 0.271.

DISCUSSION

To the best of our knowledge, prior to this study, no
protein-level evidence for the role of NKCCI1 in agnathan
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osmoregulation was available. Here, we have presented the
following lines of evidence for the importance of gill NKCC1
in lamprey hypo-osmoregulation: /) a tissue profile showing
that the gill is the primary site of NKCC1 expression (mnRNA
and protein abundance), 2) a metamorphic profile showing
substantial increases in gill NKA and NKCCI expression
coinciding with the development of SW tolerance, 3) further
increases in gill NKCC1 and NKA expression after SW accli-
mation, and 4) reduced SW tolerance after pharmacological
inhibition of NKCCI.

It has been hypothesized that the NKCC1 and NKCC2
isoforms are products of a second whole-genome duplica-
tion in the vertebrate lineage (2R), after a prior genome
duplication (1R) led to the initial divergence of NKCC from
NCC (21), yet whether lampreys radiated after 1R or 2R is
still unresolved (25, 42, 60—62). In the present study, we
present a full-length peptide sequence of a lamprey NKCC1-
like protein. Phylogenetic analysis revealed that the sea
lamprey NKCC1 groups strongly with other vertebrate
NKCC1 peptides and occupies a basal position in the
NKCCI1 clade. The sea lamprey NKCC1 displayed a 66%
sequence identity to NKCC1 in zebrafish and humans, with
only the amino terminus displaying considerable divergence
between sea lamprey and zebrafish or humans. This is
consistent with the defining structural characteristics of the
SLCI12A family of cation cotransporters, which includes a
highly conserved hydrophobic region (including 12 trans-
membrane segments) flanked by an N-terminal region with
high sequence variability and a highly conserved C-terminal
region (45).

In Western blot analysis, the sea lamprey NKCC1 appeared
as a single, diffuse band detected primarily in the gill and
centered on a molecular mass of ~180 kDa, which is larger than
its predicted size of 127 kDa based on peptide sequence alone.
However, glycosylation of NKCCI1 often leads to higher ap-
parent molecular weights in Western blots. Depending on the
species, NKCC1 can appear in Western blotting at sizes rang-
ing from 120 to 130 kDa in its deglycosylated form to 160220
kDa when glycosylated (35) to over 300 kDa as a homodimer
(43). Two of the four predicted N-linked glycosylation sites
(N504 and NS515, Fig. 1) on the large extracellular loop
between TM7 and TMS correspond to the two putative sites of
N-linked glycosylation on the human NKCCI, which are
important in cell surface expression, protein turnover, and C1~
affinity (44). Thus, it is likely that sea lamprey NKCCI is a
glycoprotein like other vertebrate NKCC1 peptides and that
glycosylation explains the higher-than-expected molecular
weight of the NKCC1 immunoreactive band observed in West-
ern blotting in the present study.

The T9 antibody used in this study was originally developed
by Lytle et al. (35) against a fusion protein of the 310
C-terminal amino acids of the human colonic NKCCl in the
same effort that produced the widely used anti-NKCCI1 anti-
body T4. Originally, the T4 antibody was described as
“broadly specific” because of its immunoreactivity with many
tissues known to possess NKCC, including NKCCI in the
human colon, shark rectal gland, and duck salt gland, as well as
NKCC?2 in the mammalian kidney. Since its development, the
T4 antibody has been used extensively to detect NKCCs and
NCC in a range of fishes, including the teleost gill NKCC1 (48,
67) and NCC (23), the teleost intestinal NKCC2 (8), and the
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sturgeon gill NKCC1 (56, 59). Here, we show that T4 does not
immunodetect any NKCC homolog in the lamprey gill. The T9
antibody was also originally produced against the human
NKCC1 but described as having “narrow specificity” as it
appeared to be immunoreactive with only the mammalian
NKCC (both the secretory NKCC1 in the human colon and the
absorptive NKCC?2 in the mammalian kidney) (35). Since then,
T9 has been sparingly used to immunodetect NKCC in pub-
lished works—once to detect NKCC2 in the rat kidney (1) and
once, along with T4, to detect an NKCC homolog in the sea
urchin (9). It is not clear why T9 appears to reliably immuno-
detect the lamprey NKCC1 when it fails to detect NKCC1 in
the homologous and, presumably, less evolutionarily distant
Cl ™ -secreting ionocytes of the shark rectal gland, teleost gill,
and avian salt gland. The lamprey NKCC1 and human NKCC1
possess only a 62% sequence identity across the 310 C-termi-
nal amino acids against which T9 was raised; however, the
sequence identity between the human and lamprey NKCCl is
much higher (76%) when comparing just the 200-most C-ter-
minal amino acids (the more likely site of antigenicity), which
may explain how T9 is able to detect the lamprey NKCCI.
Early work in lampreys identified two types of ionocytes on
the gill epithelium that were presumed to be specific for either
ion uptake or ion secretion (2). After metamorphosis and
migration into SW, surface exposure of the ion-secreting iono-
cytes in the interlamellar space increases and the intercalated
cells involved in ion uptake disappear (46, 47). Since then, it

was shown that NKA protein abundance is greater in postmeta-
morphic juveniles than larvae and that o5 immunoreactivity,
which is a widely used marker of ionocytes, shifts from the
small cells in the lamellae of larvae to large cells in the filament
of juveniles (52). Taken together, these studies indicate that sea
lamprey transform the branchial epithelium before SW entry in
preparation for hypo-osmoregulation.

We expand on these previous works by resolving the timing
of the increase in NKA abundance to the later stages of
metamorphosis, describing for the first time the transcriptional
upregulation of nka and nkccl throughout metamorphosis and
colocalizing NKCC1 and NKA to the interlamellar ionocytes
along the gill filament. Larvae, which are known to have very
low levels of gill NKA abundance and activity (52) and have
no detectable NKCC1 (present study), are incapable of surviv-
ing in salinities above 10%¢. Much like what has been de-
scribed in the Pacific lamprey (Entosphenus tridentatus) (54),
we observed the development of SW tolerance in sea lamprey
to occur at metamorphic stages 6—7. The major increases in gill
NKCCI1 and NKA abundance between metamorphic stages 6
and 7 are both preceded by increases in nkccl and nka mRNA
at earlier stages, potentially illustrating the process of mRNA
being translated into protein throughout metamorphosis; it may
be that NKCCI is being expressed in earlier metamorphic
stages at levels below our detection limit. The significant and
highly correlated upregulation of gill NKCC1 and NKA pro-
tein abundance and the development of SW tolerance during
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metamorphosis provides evidence that branchial ion secretion
involves a coupling of NKCC1 and NKA. Acclimation of
juvenile lamprey to SW resulted in an additional increase in
NKCC1 and NKA, providing further evidence that these ion
transporters are critical components of branchial ion secretion
in lampreys. This coupling is further supported by the corre-
lation of protein abundance and colocalization of NKCC1 and
NKA to the large Cl-secreting ionocytes along the gill filament
of postmetamorphic juveniles.

It is interesting that the sea lamprey appears to make many
of the hypo-osmoregulatory adjustments before ever entering
SW. The elevation of NKA and NKCCI1 expression in FW
before exposure to SW has also been shown in smolting
salmonids (40), which also have a strong correlation between
increased levels of these ion transporters and salinity tolerance.
It is likely that these proteins and their ionocytes are inactive
until exposure to SW, although the mechanism(s) for activation
are currently unknown. Trafficking of ion transport proteins to
the plasma membrane in response to a physiological challenge
has shown to be an important regulatory process in fishes (34,
63); however, this does not appear to be the case for the
lamprey NKCC1 in response to SW exposure, based on our
observation that NKCC1 is found only in the membrane in the
gills of both FW- and SW-acclimated juveniles (Fig. 3). Gill
NKCCI in juvenile sea lamprey exposed to SW may be
activated by phosphorylation (16), similarly to what has been
shown in mummichog (Fundulus heteroclitus) (17). In teleost

fish, inactive ionocytes have been shown to be covered by
pavement cells and then rapidly uncovered after SW exposure
(8a, 22), and a similar mechanism of ionocyte activation may
also be present in sea lamprey.

The hypo-osmoregulatory adjustments made during the sea
lamprey metamorphosis are akin to the months-long parr-smolt
transformation preceding SW entry that occurs in anadromous
salmonids (24, 41). Smolt development and the ontogeny of
SW tolerance in salmonids are driven by a coordinated endo-
crine program involving the stimulatory action of thyroid
hormones, cortisol, and growth hormone (40). Lamprey meta-
morphosis appears to differ from the parr-smolt transformation
and most other instances of metamorphosis in vertebrates in
that thyroid hormones are antagonistic to transformation, such
that the onset of metamorphosis is driven by a sharp decrease
in circulating thyroid hormones (72). Lampreys lack the ste-
roidogenic ability to produce cortisol, and so a biosynthetic
precursor, 11-deoxycortisol, is presumed to be the putative
corticosteroid hormone in lampreys (7, 51). Future work is
necessary to identify whether and how thyroid hormones,
11-deoxycortisol, or the lamprey growth hormone (30) regulate
the development of SW tolerance and the molecular mecha-
nisms for osmoregulation during the lamprey metamorphosis.

We sought direct evidence for the functional importance of
NKCCI in lamprey ion secretion by pharmacologically inhib-
iting NKCC1 with the widely used NKCC inhibitor bumet-
anide and subsequently assessing multiple osmoregulatory end
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NKCC1 IN SEA LAMPREY

NKCC1 (T9)

NKA (aRbNKA)

-K*-ATPase (NKA) and Na-K-Cl cotransporter 1 (NKCC1) protein abundance (from Western blotting) in freshwater (FW)-

and seawater (SW)-acclimated juveniles (A), abundance of NKCCI-immunoreactive cells on the primary filament (F) and secondary lamellae (L) of larvae, FW-,
and SW-acclimated juveniles (B), and representative images of anti-NKCC1 (red) and anti-NKA immunoreactivity (green) in sagittally sectioned (5 wm) gill
tissue of SW-acclimated (35%o0) juvenile sea lamprey (C). In C, scale bar = 50 wm. Letters depict statistically significant differences (means = SE; n = 5;

two-way ANOVA; Dunn’s post hoc).

points. Here, we show that treatment with bumetanide com-
promises the capacity for juvenile sea lamprey to maintain ion
and water homeostasis after exposure to SW. Application of
“loop” diuretic compounds, such as bumetanide or furosemide,
to ion-transporting epithelia has been classically performed to
identify the involvement in NKCC in C1™ transport (20). This
pharmacological approach typically employs in vitro electro-
physiological techniques, such as patch clamp or Ussing cham-
ber preparations, that require uniform epithelial tissue, such as
the intestine, gill operculum, or culture-raised epithelia. Un-
fortunately, these techniques cannot be applied to the highly
irregular morphology of the fish gill. Thus, our in vivo ap-
proach follows several studies using in vivo bumetanide ad-
ministration in mammals (5, 11, 12, 27, 28, 39, 57, 64) as well
as a previous study in fish (50), in which a known NKCC
inhibitor, furosemide, was administered by intraperitoneal in-

jection and osmoregulatory targets, such as plasma ion con-
centration and muscle moisture, were analyzed. The obvious
disadvantage of this approach is that the gill is not an isolated
target of bumetanide and thus inhibition of NKCC1 or NKCC2
in other tissues could be contributing to the loss of osmoreg-
ulatory capacity in SW. We address the potential limitations of
this in vivo approach with the following considerations: /) our
transcriptional- and protein-level data indicate that NKCClI
abundance is far greater in the gill than any other tissue, and
thus any NKCCI inhibition by bumetanide treatment is likely
occurring primarily in the gill, 2) bumetanide application to ex
vivo intestinal preparations of SW-acclimated postmetamor-
phic juvenile sea lamprey does not affect ion uptake as mea-
sured by short-circuit current (A. Barany-Ruiz, Universidad de
C4adiz, Spain; oral communication), and 3) analysis of the
Japanese and sea lamprey genomes and the hagfish genomes
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Fig. 8. Effect of intraperitoneal injection of bumetanide [an Na-K-ClI cotrans-
porter 1 (NKCCI1) inhibitor] on plasma chloride (A), plasma osmolality (B),
and muscle water (C) of sea lamprey compared with a vehicle (VEH) control.
After bumetanide injection, fish were exposed to seawater (SW) (35%o, black
bars) or freshwater (FW) (white bars) for 24 h. Letters depict statistically
significant differences (means = SE; n = 8§-10, two-way ANOVA; Student-
Newman-Keuls post hoc).

have failed to identify a gene encoding NKCC2. Although the
inability to detect a gene in a genome must be viewed with
some caution, the apparent lack of an NKCC2 in the genomes
of these basal vertebrates could indicate that a duplication of
NKCC occurred after the divergence of agnathans from other

R27

vertebrates or that NKCC2 has been lost in agnathans. Taken
together, the evidence available to us supports that our in vivo
approach presented here to inhibit the NKCC1 using bumet-
anide is likely acting in large proportion on gill NKCCI1, thus
providing evidence for the functional importance of branchial
NKCCI in ion and water balance of SW lamprey.

Although the role of NKCCI in transcellular C1™ secretion
in the gills of marine fishes is widely accepted (14, 26) and
such a role has been proposed in lampreys (2), the present
study offers the first protein level and functional evidence for
the role of NKCCI in lampreys. The robust upregulation of
basolateral NKA and NKCCI1 during metamorphosis in the
anadromous sea lamprey may be a good biomarker for distin-
guishing anadromous sea lamprey from landlocked strains or
anadromous lamprey species from their riverine species pairs.
Still unresolved is the apical pathway for Cl~ to exit the sea
lamprey ionocyte, which in later-evolved fish lineages is the
CFTR (38). Although the gene encoding the lamprey CFTR
has been cloned (53), an RNAseq approach from the same
study revealed relatively low cftr mRNA transcript abundance
in all tissues, including the adult gill, with the only exception
being high expression in the larval intestine. Further research is
needed to establish the apical pathway of Cl~ secretion in
lampreys to complete the molecular characterization of this
basal vertebrate ionocyte.

In conclusion, the present study provides a molecular and
functional characterization of the sea lamprey NKCCI1. We
show that gill NKCC1 expression (mRNA and protein abun-
dance) increases dramatically during metamorphosis, coincid-
ing with the development of SW tolerance, and that NKCCl1
expression increases further after SW acclimation. Immuno-
blotting and immunohistochemical analyses colocalized NKCC1
with NKA to the plasma membrane fraction of the presumptive
Cl™ secreting gill ionocytes along the filament. Finally, we
demonstrated a functional role for NKCC1 in hypo-osmoreg-
ulation by showing that pharmacological inhibition of NKCC1
in postmetamorphic juveniles results in reduced SW tolerance.

Perspectives and Significance

The present study provides evidence that the basolateral
pathway for ion secretion across the lamprey gill involves a
coupling of NKCC1 and NKA in branchial ionocytes, moving
back the most basal example of a role of NKCCI in salt
secretion in vertebrates by ~100 million years from Chondrich-
thyes (sharks), which first appeared as early as 450 million
years ago, to Agnathans (lamprey), which first appeared over
550 million years ago. This work is a part of many recent
advances in lamprey physiology (osmoregulation, endocrinol-
ogy, immunology, and neurobiology) and genetics (publication
and updating of the lamprey genome), which have combined to
establish lamprey as an important model system for the study
of vertebrate evolution. Although our work here demonstrates
that the role of a basolateral NKCC1 in a secretory epithelium
is ancestral among vertebrates, we also underscore a need for
further investigation into still unresolved ionoregulatory pro-
cesses in lamprey and the endocrine pathways that control
them.
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