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Abstract This study utilized dietary salt loading and
ion-poor water (IPW) exposure of rainbow trout (Onco-
rhynchus mykiss) to further understand the role of fish gill
epithelium tight junction (TJ) physiology in salt and water
balance. Gill morphology, biochemistry and molecular
physiology were examined, with an emphasis on genes
encoding TJ proteins. Fish were either fed a control or
salt-enriched diet (~10 % NaCl) for 4 weeks prior to IPW
exposure for 24 h. Serum [Na™], [C17] and muscle mois-
ture content were unaltered by salt feeding, but changed in
response to IPW irrespective of diet. Dietary salt loading
altered the morphology (reduced Na*—K*-ATPase-immu-
noreactive cell numbers and surface exposure of mitochon-
drion-rich cells), biochemistry (decreased vacuolar-type
H*-ATPase activity) and molecular physiology (decreased
nkaala and cftrll mRNA abundance) of the gill in a man-
ner indicative of reduced active ion uptake activity. But in
control fish and not salt-fed fish, gill mRNA abundance of
nkaalc increased and nbc decreased after [IPW exposure.
Genes encoding TJ proteins were typically either respon-
sive to salt feeding or IPW, but select genes responded to
combined experimental treatment (e.g. IPW responsive but
only if fish were salt-fed). Therefore, using salt feeding and
IPW exposure, new insights into what factors influence gill
TJ proteins and the role that specific TJ proteins might play
in regulating the barrier properties of the gill epithelium
have been acquired. In particular, evidence suggests that TJ
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proteins in the gill epithelium, or the regulatory networks
that control them, respond independently to external or
internal stimuli.

Keywords Tricellulin - Claudin - Occludin -
Osmoregulation - Mitochondrion-rich cell

Introduction

In aquatic vertebrates such as fishes, mechanisms involved
in the regulation of salt and water balance both resemble
as well as differ from those found in terrestrial vertebrates.
For example, in fishes the intestine and kidney play impor-
tant roles in the acquisition, retention and/or elimination
of ions (Marshall and Grosell 2006; Wood and Bucking
2011). This is driven by systemic needs and largely mirrors
the role that these organs fulfill in the regulation of salt and
water balance in non-aquatic vertebrates. However, fishes
also acquire, retain or eliminate ions directly to or from
the surrounding environment across epithelia that inter-
face with water, such as the gills or skin (Evans et al. 2005;
Chasiotis et al. 2012a; Glover et al. 2013). Therefore, the
interplay of iono/osmoregulatory organs in the maintenance
of salt and water balance in fishes is arguably more com-
plex than what is typically found in terrestrial vertebrates.
The diet of terrestrial vertebrates serves as the sole route
for the acquisition of salt (NaCl) and in this regard, acute
or chronic alterations in dietary salt load can have pro-
found effects on the physiology of these animals (He and
MacGregor 2009; Meneton et al. 2005). As a result of this,
the deleterious effects of sub- or supra-optimal salt levels
in mammalian diets have been the subject of numerous
studies (He and MacGregor 2009; Meneton et al. 2005).
The acquisition of salt from dietary sources also strongly
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influences the physiology of fishes, but the ability of these
organisms to either eliminate or acquire salts directly to or
from surrounding water has, in part, resulted in fewer stud-
ies examining the physiological consequences of acute or
chronic alterations in dietary NaCl levels in these animals
(see Wood and Bucking 2011). Nevertheless, this area has
been explored by a number of groups and includes stud-
ies aimed at understanding how dietary salt content alters
the vertebrate endocrine and cardiovascular systems (Chen
et al. 2007; Johnson and Olson 2009a, b; Kelly and Peter
2006; Olson and Hoagland 2008; Perry et al. 2011), as well
as studies that document the beneficial effect of manipu-
lated dietary salt levels on parameters such as fish growth
and health (Alam et al. 2015; Cnaani et al. 2010; D’Cruz
and Wood 1998; Eroldogan et al. 2005; Garcia et al. 2007,
Gatlin et al. 1992; Harpaz et al. 2005; Keshavanath et al.
2012; Salman and Eddy 1988). In addition, the physiologi-
cal consequences of elevating dietary salt levels prior to
the release or transfer of fishes from freshwater (or low
salinity) to hyper-osmotic surroundings (e.g. seawater) are
reported to positively influence hypo-osmoregulatory abil-
ity as well as fish survival (Alam et al. 2015; Al-Amoudi
1987; Basulto 1976; Duston 1993; Pelletier and Besner
1992; Salman and Eddy 1990; Staurnes and Finstad 2000;
Zaugg et al. 1983). This is often seen to occur in associa-
tion with a dietary salt-induced development of phenotypic
characteristics which resemble those found in fishes resid-
ing in (or acclimated to) SW (Alam et al. 2015; Duston
1993; Fontainhas-Fernandes et al. 2001; Salman and Eddy
1987; Staurnes and Finstad 2000; Trombetti et al. 1996).
In particular, adjustments in gill epithelium morphology
and transcellular ion transport mechanisms are well docu-
mented (Alam et al. 2015; Perry and Rivero-Lopez 2012;
Perry et al. 2006). But despite numerous observations that
relate manipulated dietary salt levels to altered endpoints
of transcellular ion transport, no study has examined how
elevated dietary salt content impacts the proteins that influ-
ence paracellular ion movement across ionoregulatory epi-
thelia of fishes.

In vertebrate epithelia, the principal barrier of the para-
cellular pathway is an assemblage of structural proteins
located in the apicolateral region of epithelial cells which
are known as the tight junction (TJ) complex (Farquhar
and Palade 1963; Giinzel and Fromm 2012). Extracellular
loops of transmembrane TJ proteins form regions of occlu-
sion between adjacent epithelial cells while cytosolic TJ
proteins tether the intracellular domain of transmembrane
TJ proteins to the cell cytoskeleton (Giinzel and Fromm
2012). In terrestrial vertebrates, transmembrane TJ pro-
teins include occludin (Ocln), tricellulin (Tric) as well as a
large family of claudin (Cldn) proteins, numbering around
27 (Giinzel and Fromm 2012; Giinzel and Yu 2013). Tissue
specific expression profiles of Cldn proteins are generally
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accepted to reflect the different barrier properties of verte-
brate epithelia as the extracellular domains of Cldns (and
the interaction between them) can be either “barrier” or
“pore” forming. Therefore, paracellular permeability
dynamics of vertebrate epithelia (or any alterations that
occur in them) are dependent on the presence and abun-
dance of a distinct assembly of TJ proteins at the TJ com-
plex (Giinzel and Fromm 2012; Giinzel and Yu 2013). In
teleost fishes, occludin and tricellulin have been identified
and demonstrated to influence gill epithelium permeability
(Chasiotis and Kelly 2008; Chasiotis et al. 2012b; Kolosov
and Kelly 2013). However, due to genome duplication and
tandem gene duplication events, the teleost Cldn family has
approximately doubled in size (Loh et al. 2004; Kolosov
et al. 2013). Therefore, making sense of the role that spe-
cific Cldns play in modulating epithelial permeability of
fishes is challenging. Nevertheless, recent studies have
begun to decipher the function of specific Cldn TJ pro-
teins in the regulation of teleost fish TJ permeability, and in
particular a number of studies have highlighted the impor-
tance of these proteins in the gill epithelium (for review see
Chasiotis et al. 2012a; Kolosov et al. 2013). This is because
TJ heterogeneity in the gill epithelium of fishes contributes
significantly to strategies that permit the maintenance of
ionoregulatory homeostasis (Sardet et al. 1979; Evans et al.
2005; Chasiotis et al. 2012a).

With regard to the contribution of specific TJ proteins
to gill epithelium permeability and TJ heterogeneity, a pri-
mary experimental manipulation that has permitted insight
thus far is a comparison of tissues/cells isolated from fish
acclimated to environments that vary in ion content, such
as FW versus SW or FW versus ion-poor water (IPW) (e.g.
Chasiotis et al. 2012a, b; Bui and Kelly 2014). The reason
for this is that permeability of the gill epithelium differs
greatly in these environments, which is generally accepted
to reflect differences in the architecture and physiology of
TJs between specific types of gill cell (Evans et al. 2005;
Chasiotis et al. 2012a). However, greater insight into the
role of TJ proteins in gill epithelium permeability will
undoubtedly be provided as the experimental toolbox used
to examine this phenomenon continues to diversify. There-
fore, given the observations that chronic dietary NaCl ele-
vation can induce alterations in gill epithelium morphology
and transcellular ion transport characteristics that are SW-
like, and that salt-fed FW fish transferred to hyper-osmotic
surroundings perform better than those fed regular diets, it
can be hypothesized that alterations in the molecular physi-
ology of the TJ complex will also occur in salt-fed fishes
and that salt-feeding could be a useful tool to advance our
understanding of TJ protein physiology. In accordance with
this, the current study sought first to examine the response
of the FW rainbow trout gill to a chronic elevation in die-
tary salt (NaCl) content with an emphasis on the molecular
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physiology of the TJ complex. Following chronic dietary
NaCl elevation, fish were not abruptly exposed to SW, but
instead to IPW (for a 24 h period). It has been reported that
too little salt in the diet of FW fishes is deleterious when
they are exposed to conditions that severely limit ion acqui-
sition from surrounding water (D’Cruz and Wood 1998).
Therefore it can be reasoned that salt feeding FW fish prior
to an abrupt exposure to IPW may ameliorate the effects of
this challenge on ionoregulatory homeostasis. Furthermore,
because exposure to IPW represents a challenge to salt and
water balance that is substantially different from that of
salt-feeding (e.g. ion loss versus ion loading etc.), the com-
bined use of these experimental variables have the potential
to provide additional insight into the molecular physiology
of the TJ complex.

Materials and methods
Experimental animals

Rainbow trout (Oncorhynchus mykiss, Walbaum 1792;
15-20 g) were obtained from Humber Springs Trout
Hatchery (Orangeville, ON, Canada). Fish were main-
tained in opaque 600 I tanks in aerated, dechlorinated
flow-through freshwater (FW, approximate concentra-
tion in pwmol 17': Na* 590, CI~ 920, Ca** 760, K* 43;
pH 7.35) under a constant photoperiod (12 h light, 12 h
dark). Temperature ranged between 8 and 10 °C and fish
were fed daily (~2 % body weight) with commercial trout
pellets (Martin Mills Profishent, Elmira, ON, Canada).
For experiments, fish were transferred to 200 1 opaque
tanks (n = 40/tank) and allowed to settle for 1 week
before the introduction of experimental diets. Conditions
for the acclimation week were identical to those already
outlined.

Experimental conditions and tissue sampling

Rainbow trout were fed either a control trout pellet diet
(Martin Mills Profishent: no NaCl added, nominal lev-
els of NaCl 0.45 g/100 g) or a salt-enriched diet (10 g of
added NaCl per 100 g diet) at a 2 % body weight ration/day
for a period of 4 weeks. Both diets were made by grind-
ing the commercial trout pellet diet into powder, and then
either reconstituting this powder with or without the addi-
tion of NaCl. In the case of a salt-rich diet, this was done
by adding 10 g of reagent grade NaCl (BioShop Canada
Inc., Burlington, ON, Canada) per 100 g of diet, follow-
ing which double-distilled water was added and the powder
was worked into a ‘dough’. To reform pellets, the ‘dough’
was run through an electronic meat grinder to form long
spaghetti-like strands. After these were dried they could be

broken up into pellets. Control diets were made in an iden-
tical fashion but without the addition of NaCl.

Following a 4 week feeding period, FW-residing con-
trol and salt-fed fish were captured, anaesthetized in 0.5 g/l
tricaine methasulfonate (MS-222, Syndel Laboratories,
Canada) and sampled, while simultaneously a second set
of fish were exposed to ion-poor water (IPW, approximate
composition of IPW in pmol 17! was as follows: Na* 20,
Cl~ 40, Ca>* 2, K* 0.4, pH 6.5) for 24 h and then sam-
pled. IPW was rapidly introduced by partially draining tank
water and switching inlet pipe water from FW to IPW. To
ensure complete replacement of water, partial draining of
the tank was repeated twice more each time the tank filled
up. Complete replacement of FW with IPW took ~3 h. For
sampling, blood was collected from caudal vessels using a
25G gauge syringe (BD Falcon, BD Biosciences, Missis-
sauga, ON, Canada), after which the spine was transected
before collecting gill and muscle (standardized region of
epaxial white muscle) tissue. Blood was allowed to clot
at room temperature for 30 min and then centrifuged at
10,600x g in a chilled (4 °C) centrifuge for 10 min to col-
lect serum. Serum was stored at —80 °C until further analy-
sis. Gill tissue was collected for molecular (quantitative
real-time PCR, qPCR), biochemical (enzyme activity) and
morphological [immunohistochemistry (IHC) and scan-
ning electron microscopy (SEM)] analyses. In each case, a
standardized gill arch was used and for molecular (first on
the left) and biochemical analysis (first on the right). Gill
tissue was flash frozen in liquid nitrogen immediately after
collection. Flash frozen tissue was then stored at —80 °C
until it was used. For molecular analysis, each gill arch col-
lected was placed in a microcentrifuge tube containing 1 ml
of ice-cold Trizol reagent prior to freezing. After careful
removal, gill samples for SEM were immediately fixed in
2.5 % glutaraldehyde in phosphate-buffered saline (PBS)
(4 h at 4 °C) and samples for IHC were immediately fixed
in Bouin’s solution for 4 h at room temperature. Fish hus-
bandry, animal experiments and tissue collection methods
were conducted in accordance with an approved York Uni-
versity Animal Care Protocol that conformed to the guide-
lines of the Canadian Council on Animal Care.

Serum [Na™] and [C]™], muscle moisture content
and gill enzyme activity

Serum [Na™] was determined using reference and ion-
selective microelectrodes (ISMe) that were constructed
according to Donini and O’Donnell (2005). Serum
[CIT] was determined using a spectrophotometric proto-
col described in detail by Zall et al. (1956). To meas-
ure muscle moisture content, muscle tissue was dried
to a constant weight at 60 °C and moisture content was
then calculated as wet weight lost and expressed as a
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percentage. Gill Na™—K*-ATPase (NKA) activity were
measured using methodology described by McCormick
(1993). Vacuolar-type H'-ATPase (VA) activity was
measured in a similar fashion, but using 25 mM bafilo-
mycin Al (BioShop Canada Inc, Burlington, ON, Can-
ada) as the enzyme inhibitor.

IHC, SEM and gill surface mitochondrion-rich cell
(MRC) morphometric analysis

For THC analysis of NKA-immunoreactive (NKA-ir) cells
in the gill epithelium, samples were processed and prepared
as described in detail by Chasiotis and Kelly (2008). NKA
a-subunit antibody (aS; Developmental Studies Hybridoma
Bank, Iowa City, IA, USA) was used and cell nuclei were
stained with 4,6-diamidino-2-phenylindole. IHC images
of NKA-ir cells in the gill epithelium were captured using
an Olympus DP70 camera (Olympus Canada) coupled to a
Reichert Polyvar microscope.

For SEM analysis, fixed gill arches were carefully cut
so as to isolate individual filaments. These were then dehy-
drated through an ascending acetone series (30—100 %)
and final drying was achieved using tetramethylsilane
(2 x 10 min, Sigma-Aldrich). Individual gill filaments
were mounted on SEM stubs and then sputter coated
(Hummer VI Au/Pd 40/60). Samples prepared in this way
were examined using a Hitachi S-520 scanning electron
microscope and images for morphometric analysis were
captured using a Hitachi Quartz PCI (Version 6) image
capture system. Data for gill MRC morphometric analysis
was obtained using images captured with Image J software
(National Institutes of Health, Bethesda, MD, USA; http://
imagej.nih.gov/ij/, 1997-2011). The number of exposed
MRCs, individual MRC surface area, and MRC fractional
surface area were determined using methods and calcula-
tions as described by Chasiotis et al. (2012b).

RNA extraction, synthesis of cDNA and qPCR analysis

Total RNA was extracted from gill samples in Trizol rea-
gent (Invitrogen Canada) according to manufacturer’s
instructions. The concentration of total RNA extracted
from each sample was determined spectrophotometri-
cally using Multiskan Spectrum UV/Vis microplate
spectrophotometer (Thermo Fisher Scientific, Nepean,
ON, Canada). 2 pg of total RNA was treated with
DNase I (Amplification Grade, Invitrogen) and used
for cDNA synthesis. First-strand cDNA was synthe-
sized using Super-Script III Reverse Transcriptase and
Oligo(dT)12—18 primers (Invitrogen Canada). Following
this, transcript abundance of genes of interest were deter-
mined by qPCR. Genes encoding the following proteins
were examined: occludin (Ocln), tricellulin (Tric), Zona
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Occludens-1 (ZO-1), claudin (Cldn)-5a, -6, -7, -8b, -8c,
-8d, -10c, -10d, -10e, -23a, -27b, -28b, -29a, -30, -31, and
-32a, as well as isoforms 1a, 1b and 1c of a-subunit of
NKA, Na/HCO3 cotransporter (NBC) and cystic fibrosis
transmembrane conductance regulator II (CFTRII). Gen-
Bank accession numbers, primer sets, annealing tempera-
ture and expected amplicon size for each gene of inter-
est examined can be found in Table 1. All primer sets
were designed using Primer3 software (v. 0.4.0). qPCR
was performed using SYBR Green I Supermix (Bio-Rad
Laboratories Canada, Mississauga, ON, Canada), primer
sets (see Table 1), and a Chromo4 Detection System
(CFB-3240; Bio-Rad Laboratories). The following reac-
tion conditions were used: 1 cycle denaturation (95 °C,
4 min), 40 cycles of: (1) denaturation (95 °C, 30 s), (2)
annealing (see Table 1, 30 s), and (3) extension (72 °C,
30 s), with each qPCR run culminating in a melting
curve. For qPCR analysis mRNA abundance was nor-
malized using transcript encoding B-actin. The validity
of actb as a reference gene for qPCR in this study was
established by statistically comparing actb threshold
cycle values between experimental groups and confirm-
ing that experimental manipulation did not significantly
alter actb abundance.

Statistical analysis

Statistical analysis was conducted using a two-way
ANOVA where two factors were: (1) salt feeding and (2)
24 h IPW exposure. The interaction term of the two-way
ANOVA allowed for the analysis of the effect of inclusion
of extra salt in the fish diet on the effects of subsequent
IPW exposure. Every statistical test was coupled with an
equal variance test and a normality test. None of the data
were transformed. The need for non-parametric tests was
not detected and they were therefore not used in this study.
The protocol was coupled with a Holm-Sidak multiple
comparison test in SigmaPlot (Version 11) statistical soft-
ware. Statistical significance was based on the observation
of a fiduciary limit of p < 0.05.

Results
Muscle moisture content and serum [Na™] and [C]™]

Systemic endpoints of salt and water balance (i.e. serum
[Na'] and [C17], and muscle moisture content) did not
significantly alter in response to salt feeding (Fig. 1). In
contrast, and irrespective of dietary salt content, serum
[Na™] and [Cl7] significantly decreased 24 h following
IPW exposure and muscle moisture content significantly
increased (Fig. 1).
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Table 1 qPCR primers, annealing temperatures, amplicon size, and gene accession numbers for rainbow trout claudins and elongation factor-1
used in the current study

Gene Name Primer sequence (5' — 3’) Annealing tempera- Amplicon  Accession number
ture (°C) size

ZOo-1* Zonula occludens 1 F: AAGGAAGGTCTGGAGGAAGG 60 291 HQ656020
R: CAGCTTGCCGTTGTAGAGG

ocln® Occludin F: CAGCCCAGTTCCTCCAGTAG 58 341 GQ476574
R: GCTCATCCAGCTCTCTGTCC

trict Tricellulin F: GTCACATCCCCAAACCAGTC 60 170 KC603902
R: GTCCAGCTCGTCAAACTTCC

cldn-5a°  Claudin-5a F: CTCACCGTCATCTCGTGTG 59 171 BKO008769
R: CATCCAGCAGAGGGGAAC

cldn-6®  Claudin-6 F: TGAAACCACGGGACAGATG 60 245 KF445436
R: TGAAACCACGGGACAGATG

cldn-7* Claudin-7 F: CGTCCTGCTGATTGGATCTC 61 261 BKO007965
R: CAAACGTACTCCTTGCTGCTG

cldn-8b*  Claudin-8b F: ACGACTCCCTCCTGGCTCT 56 185 BKO008770
R: GAGACCCATCCGATGTAGA

cldn-8c*  Claudin-8c F: GCTTGATGTGCTGCTCTC 60 201 BK008771
R: CCCAGAGGTCAGGAGGA

cldn-8a*  Claudin-8d F: GCAGTGTAAAGTGTACGACTCTCTG 60 200 BK007966
R: CACGAGGAACAGGCATCC

cldn-10c®  Claudin-10c F: CCTGGTCTGCTCTACAATGC 58 223 BKO008772
R: CCCGAAGAATCCCAAAATAA

cldn-10d° Claudin-10d F: CTGCTTTGTGTCGTGTCTGG 60 253 BKO008773
R: AGCGAAGAACCCAAGGATG

cldn-10¢® Claudin-10e F: CTGTCACCAACTGCCAAGAC 54 216 KF445437
R: CCAGAAAGCCACTGATGATG

cldn-23a° Claudin-23a F: ATCCTAAACCTCACAGCGACA 60 270 BKO008775
R: CGGTCTTTCCAGCACCTTAC

cldn-27b" Claudin-27b F: GCCAACATCGTAACAGGACA 60 283 BKO008776
R: CCAGAAGAGCACCAATGAGC

cldn-28b* Claudin-28b F: CTTTCATCGGAGCCAACATC 60 310 EU921670
R: CAGACAGGGACCAGAACCAG

cldn-294" Claudin-29a F: CTTTCATCGGCAATAACATC 60 201 BKO008777
R: CAGCAATGGAGAGCAGG

cldn-30*  Claudin-30 F: CGGCGAGAACATAATCACAG 59 297 BK007968
R: GGGATGAGACACAGGATGC

cldn-31*  Claudin-31 F: TCGGCAACAACATCGTGAC 61 311 BK007969
R: CGTCCAGCAGATAGGAACCAG

cldn-32a* Claudin-32a F: ATTGTGTGCTGTGCCATCC 60 321 BK007970
R: AGACACCAACAGAGCGATCC

efla® Elongation factor la F: GGCAAGTCAACCACCACAG 60 159 AF498320.1
R: GATACCACGCTCCCTCTCAG

cftrll Cystic fibrosis transmem-  F: CTCAAGGCATCACCATCG 59 209 BKO008785

brane conductance regula— R: CTCGGGCACCACAGAGAAC
tor II

nbc* Na/HCOj; exchanger F: GATGAGGAGGAGGTGGAAGG 57 203 AF434166.1
R: GCAGAGATGAGGGGTTTGAG

nkaala® Na/K-ATPase, subunit /la F: AGAAAGCCAAGGAGAAGATG 56 133 NM_001124461.1

R: AGCCCGAACCGAGGATAGAC
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Table 1 continued

Gene Name Primer sequence (5' — 3') Annealing tempera- Amplicon  Accession number
ture (°C) size
nkaalb® Na/K-ATPase, subunit /b F: AGCAAGGGAGAAGAAGGACA 59 176 NM_001124460.1
R: GAGGAGGGGTCAGGGTG
nkaelc ~ Na/K-ATPase, subunit /c F: GGAGGCAAGAAGAAGAATG 59 178 NM_001124459.1

R: CATCACGGGCAAGGTTC

 Kelly and Chasiotis (2011), b Kolosov et al. (2014), © Chen et al. (2015), ¢ Kolosov and Kelly (2013), ¢ Chasiotis et al. (2010)
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Fig. 1 Systemic endpoints of salt and water balance in rainbow trout
fed a salt-rich diet (salt-fed, ~10 % NaCl) and exposed to ion-poor
water (IPW) for 24 h. Serum a [Na™], b [CI"] and ¢ muscle mois-
ture content do not significantly alter in response to salt feeding, but

Gill epithelium MRC surface morphometrics
and NKA-ir cells

Dietary salt loading significantly decreased NKA-ir cell
numbers in the gill epithelium of rainbow trout (Fig. 2a, b,
e). This was particularly noticeable on and at the base of
the secondary lamellae where NKA-ir cells in salt-fed fish
more or less disappeared (Fig. 2b). Upon exposure to [IPW
for 24 h, no significant change in the number of NKA-ir
cells in the gill epithelium of trout was seen in either con-
trol or salt-fed fish (Fig. 2).

Salt-loading also resulted in a decrease in the number of
MRCs exposed at the surface of the gill epithelium (Fig. 3a,
b, e). Although individual MRC surface area did not signif-
icantly alter in salt-fed fish (Fig. 3f), subtle changes as well
as the decrease observed in the number of MRCs exposed
at the surface of the gill epithelium was enough to see a
decrease in MRC fractional surface area of salt-fed fish
(Fig. 3g). Following 24 h in IPW, a modest but significant
decrease in the number of MRCs exposed at the surface of
the gill epithelium was observed in control fish but not in
salt-fed fish (Fig. 3e). In FW control and salt-fed fish, the
apical surface of MRCs was typically seen to be covered in
short microvilli, but following IPW exposure these were no
longer visible (Fig. 3a—d). Nevertheless, control fish exhib-
ited a large increase in MRC surface area that, despite a
reduced number of exposed MRCs, resulted in an increase
in MRC fractional surface area (Fig. 3f, g). In salt-fed fish,
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all exhibit significant alterations in response to IPW. Data are pre-
sented as mean values £ SEM (n = 8-9). Dagger symbol indicates
significant difference between fish held in freshwater (FW) and those
exposed to IPW for 24 h

Fig. 2 Effect of elevated dietary salt content (salt-fed, ~10 % NaCl) p
and 24 h ion-poor water (IPW) exposure on Nat—K*-ATPase (NKA)
immunoreactive (NKA-ir) cells in the gill epithelium of rainbow trout.
Representative images of NKA-ir cells are shown for the gills of a
control freshwater (FW), b salt-fed FW, ¢ control IPW and d salt-fed
IPW fish. The total number of NKA-ir cells, (per unit length), in all
treatments were determined and are shown in e. In a—d, each panel
shows the phase contrast view of a gill section (upper inset) with
its corresponding immunofluorescence view (lower inset). NKA-ir
cells are visualised (in green) with FITC-conjugated anti-NKA anti-
body. Cell nuclei are stained with DAPI (blue). Scale bar 50 pm. A
salt feeding-induced reduction in the presence of NKA-ir cells in the
secondary gill lamellae can be seen when comparing a and b. But in
d it can be seen that in salt-fed fish exposed to IPW, NKA-ir cells in
the secondary lamellae begin to reappear. Data in e are expressed as
mean values £ SEM (n = 3). Asterisk indicates significant difference
between control and salt-fed fish (color figure online)

there was also a significant increase in individual MRC sur-
face area (Fig. 3f), but this was less pronounced than what
was seen in control fish and consequently, no significant
increase in MRC fractional surface area was observed in
salt-fed fish exposed to IPW for 24 h (Fig. 3g).

Gill enzyme activity and mRNA abundance
of transcellular ion transport proteins

Gill NKA activity was not significantly altered by dietary
salt-loading or 24 h following IPW exposure (Fig. 4a). In
contrast, VA enzyme activity exhibited a marked significant
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Fig. 3 Effect of elevated dietary salt content (salt-fed, ~10 % NaCl)
and 24 h ion-poor water (IPW) exposure on the ultrastructure and
morphometrics of mitochondrion-rich cells (MRCs) at the surface of
the rainbow trout gill epithelium. Representative scanning electron
micrograph images of the gill epithelium surface of a control fresh-
water (FW), b salt-fed FW, ¢ control IPW and d salt-fed IPW fish are
shown. Electron micrographs were used to determine e the number of
exposed MRCs at the surface of the gill epithelium, f individual MRC

reduction in activity in the gills salt-fed fish (Fig. 4b). This
trend was also apparent in fish exposed to IPW, where it
was significant but less marked (Fig. 4b). 24 h following
IPW exposure, VA activity was not significantly differ-
ent from values seen in FW control or salt-fed animals
(Fig. 4b).

The mRNA abundance of nka ala was significantly
lower in salt-fed fish in both FW and in IPW, but unaltered
24 h following IPW exposure (Fig. 4c). In contrast, neither
salt feeding nor IPW exposure altered the transcript abun-
dance of gill nka «1b (Fig. 4d). When fish were held in FW,
salt feeding had no significant effect on nka o/c mRNA
abundance (Fig. 4e). However, 24 h following IPW expo-
sure, nka o/c mRNA abundance was significantly elevated
in control fish and unaltered in salt-fed fish, meaning that
in IPW control fish gill nka a«/c mRNA abundance was
significantly greater than nka «lc transcript abundance in
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salt-fed fish gills (Fig. 4e). Transcript abundance of gill
Na/HCOj; co-transporter (nbc) was greatly reduced by salt
feeding (Fig. 4f). Following IPW exposure, nbc mRNA
abundance was reduced in control fish, but was unaltered
and remained low in salt-fed fish (Fig. 4f). Finally, gill
cystic fibrosis transmembrane conductance regulator II
(cftrll) mRNA abundance was significantly reduced by salt
feeding, but was unaffected by IPW exposure (Fig. 4g).

Transcript abundance of TJ proteins in gill tissue

Of the 19 genes encoding TJ proteins examined in the
current study, only two (ocln and cldn-5a) were not sig-
nificantly altered by dietary salt feeding or following 24 h
IPW exposure (Figs. 5a, 6). Transcript abundance of tric
decreased as a result of salt loading, but no significant alter-
ations were seen in tric mRNA abundance 24 h following
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Fig. 4 Biochemical and molecular endpoints of transcellular ion
transport in the gill of rainbow trout fed a salt-rich diet (salt-fed,
~10 % NaCl) and exposed to ion-poor water (IPW) for 24 h. Meas-
urements of gill a Na™—K*-ATPase (NKA) and b V-type H-ATPase
(VA) enzyme activity are shown for control and salt-fed fish held in
freshwater (FW) and after 24 h IPW exposure. For the same groups,
gill transcript abundance of ¢ NKAala subunit (nka a/a), d NKAalb
subunit (nka o1b), e NKAalc subunit (nka alc), f sodium-bicarbo-
nate co-transporter (nbc) and g cystic fibrosis transmembrane con-

IPW exposure (Fig. 5b). In contrast, ZO-1 mRNA abun-
dance was unaltered by salt feeding and in control fish, was
elevated 24 h following IPW exposure (Fig. 5c). Salt-fed
fish did not exhibit an increase in ZO-/ mRNA abundance
following 24 h IPW exposure (Fig. 5c).

In the gills of fish held in FW, salt-feeding resulted in
an increase in the mRNA abundance of cldn-6, -8d, -10d
and -10e (Fig. 6). After 24 h in IPW, transcript abundance

ductance regulator (cftrll) are shown. Data are presented as mean
values = SEM (n = 8-10). Asterisk indicates significant difference
between control and salt-fed fish and dagger symbol indicates signifi-
cant difference between fish held in FW and those exposed to IPW
for 24 h. Gene of interest transcript abundance was normalized using
actb as a validated non-responsive reference gene and expressed as a
percentage relative to values determined for FW control fish which
were assigned a value of 100

of cldn-6, -7, -8b, -8d, -23a, -27b, -28b, -29a, -30, -31, and
-32a was elevated in the gill tissue of control fish. Of these
IPW-responsive cldns, it was found that cldn-7, -23a, -27b,
-28b, -30, and -32a were also elevated in the gills of salt-
fed fish 24 h following IPW exposure, but not cldn-6, -8b,
-8d, -29a, and -31. In the case of cldn-6, and -8d, salt feed-
ing had already significantly elevated mRNA levels and no
further increase was seen in response to IPW (Fig. 6). In
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Fig. 5 Transcript abundance of a occludin (ocin), b tricellulin (tric),
and ¢ zonula occludens 1 (ZO-1) tight junction proteins in the gill of
rainbow trout fed a salt-rich diet (salt-fed, ~10 % NaCl) and exposed
to ion-poor water (IPW) for 24 h. Data are presented as mean val-
ues = SEM (n = 8-10). Asterisk indicates significant difference
between control and salt-fed fish and dagger symbol indicates signifi-
cant difference between fish held in FW and those exposed to IPW
for 24 h. Gene of interest transcript abundance was normalized using
actb as a validated non-responsive reference gene and expressed as a
percentage relative to values determined for FW control fish which
were assigned a value of 100
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control fish gills, no transcript encoding a TJ protein was
found to be reduced 24 h following IPW exposure (Fig. 6).
But when fish had been salt-fed, cldn-10c and -10e mRNA
abundance were found to be reduced 24 h following IPW
exposure (Fig. 6). In the case of cldn-10e, an IPW-induced
reduction stood out against salt-induced elevation in FW.
Therefore, 24 h following IPW exposure, cldn-10e mRNA
abundance in salt-fed fish was not significantly different
from levels found in control fish. In contrast, 24 h follow-
ing IPW exposure, cldn-8b, -10c, -10d, -29a, -30, and -31
all differed significantly between control fish and salt-fed
fish (Fig. 6). In this regard, only cldn-30 mRNA abundance
was elevated in the gills of IPW exposed salt-fed fish ver-
sus IPW-exposed control fish, while cldn-8b, -10c, -10d,
-29a, and -31 exhibited significantly lower mRNA levels in
salt-fed fish gills versus control fish gills.

Discussion
Overview

This study provides evidence that chronic dietary salt load-
ing in a freshwater fish can change the molecular physiol-
ogy of the gill epithelium paracellular pathway by modi-
fying the abundance of gill epithelium TJ protein mRNA.
As a result, the original hypothesis that alterations in the
molecular physiology of the TJ complex will occur in salt-
fed fishes can be accepted. These observations are in line
with the important role that TJ proteins, TJs, and paracellu-
lar ion movement play in the maintenance of ionoregulatory
homeostasis in fishes (for review see Chasiotis et al. 2012a;
Kolosov et al. 2013). Therefore in this regard, salt-feeding
does appear to be a useful tool that can help to advance our
understanding of how the molecular physiology of the TJ
complex contributes to salt and water balance in fishes. In
addition to this it was found that salt-loading appeared to
be neither deleterious nor ameliorative in terms of the over-
all response of fish to IPW 24 h after abrupt exposure (i.e.
no significant differences were found in serum Na't, Cl” or
muscle moisture content between salt-fed and control fish
following IPW exposure). This was a surprising result con-
sidering that salt feeding significantly altered a number of
endpoints related to gill transcellular and paracellular ion
transport in FW fish. However, in salt-fed animals several
measured parameters were found to be responding to 24 h
IPW exposure in a manner different from control-fed ani-
mals. This would suggest that despite the fact that serum
Na®™ and CI™ levels as well as muscle moisture content
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Fig. 6 Transcript abundance of claudin (c/dn) TJ protein isoforms in
the gill of rainbow trout fed a salt-rich diet (salt-fed, ~10 % NaCl)
and exposed to ion-poor water (IPW) for 24 h. Data are presented as
mean values &= SEM (n = 8-10). Asterisk indicates significant differ-
ence between control and salt-fed fish and dagger symbol indicates

significant difference between fish held in FW and those exposed
to IPW for 24 h. Gene of interest transcript abundance was normal-
ized using actb as a validated non-responsive reference gene and
expressed as a percentage relative to values determined for FW con-
trol fish which were assigned a value of 100
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Fig. 6 continued

were not significantly different in salt-fed and control fish
exposed to IPW, salt-fed fish deal with the challenge of an
ion-poor environment differently from the control group.
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Indeed, it was interesting to note when looking at TJ pro-
tein mRNA, a number of cldns were found to be respon-
sive to IPW only, irrespective of dietary salt content, while
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only one mRNA encoding a cldn (i.e. cldn-10d) responded
to salt feeding irrespective of water ion content. In addition
to this, a small number of cldns altered in response to the
combined treatment of dietary salt and IPW exposure or to
both experimental parameters. Therefore the experimental
manipulations of dietary salt loading combined with [PW
exposure allows greater insight into the role of specific TJ
protein mRNA in the ionoregulatory physiology of fishes
than salt feeding or IPW exposure alone.

Dietary salt loading and systemic endpoints
of ionoregulatory homeostasis

Following 4 weeks of dietary salt loading, muscle moisture
content as well as serum [Na™] and [C17] in salt-fed fish
were not significantly different from control fish (Fig. 1).
Previous studies report conflicting results with regard to the
effect of the dietary salt loading on plasma/serum ion lev-
els. For example, salt feeding is reported not to alter plasma
Na* and Cl™ levels in some studies (e.g. Pelletier and
Besner 1992; Staurnes and Finstad 2000; Perry and Rivero-
Lopez 2012; Alam et al. 2015), while other accounts report
elevated levels of circulating Nat and Cl~ (e.g. Basulto
1976; Smith et al. 1995; Pyle et al. 2003). However, infor-
mation missing from most of the aforementioned studies is
when fish were last fed prior to sampling. One exception
is the work of Smith et al. (1995), where fish were sam-
pled 7 h post-feeding. Smith et al. (1995) reported that dif-
fusive Na™ loss (Na™ efflux) increased approximately 6.5-
fold 1 h after salt feeding and that this rate of ion loss was
maintained for up to 7 h, at which point Na™ levels in the
stomach contents and serum of salt-fed fish were still sig-
nificantly elevated. Therefore it seems likely that time of
sampling is of particular importance with regard to whether
an elevation in plasma or serum ion levels will be seen in
salt-fed fish. In the current work, an examination of sam-
ples taken 24 h following feeding may have been too late
in the peri-prandial time frame to observe elevated serum
[Na™] and [C17]. This could potentially be resolved by con-
ducting peri-prandial time course studies on salt-fed rain-
bow trout.

Dietary salt loading and endpoints of gill transcellular
ion transport

Alterations in gill morphology as well as active ion trans-
port machinery of the trout gill were noted in response
to dietary salt loading (Figs. 2, 3, 4). With regard to gill
morphology, a reduction in the number of gill epithe-
lium NKA-ir cells was observed and this was driven by
an apparent reduction in the presence of NKA-ir cells
in the primary gill filament of salt-fed fish as well as an
almost complete disappearance of NKA-ir cells from the

secondary lamella. Consistent with the former observation,
a decrease in the number of MRCs exposed at the surface
of the primary gill filament epithelium was also observed
by morphometric analysis of SEM images and this, com-
bined with a reduction in individual MRC surface area,
led to an overall decrease in the fractional surface area of
MRC exposure at the gill epithelium. In a FW environ-
ment, a reduction in the surface area of MRC exposure
has been correlated with reduced ion uptake across the gill
of fishes (Perry 1997; Laurent and Perry 1990; Perry and
Laurent 1989; Perry et al. 1992) and previous studies have
also noted decreased Na™ and C1~ uptake across the gills
of salt-fed fish (Perry and Rivero-Lopez 2012; Smith et al.
1995). Therefore the morphological changes observed in
the current study seem consistent with the expected physi-
ological consequences of longer term salt feeding (i.e. a
reduction in active Nat and C1~ uptake). In addition, the
rare presence of a NKA-ir cell in the lamellar epithelium
of salt-fed fish in the current study is also consistent with
an almost complete disappearance of lamellar epithelium
NKA-ir cells following acclimation of salmonids from FW
to SW (Pisam et al. 1988; Uchida et al. 1996). However,
Salman and Eddy (1987) reported an increase in rainbow
trout gill ‘chloride cell’ (=mitochondrion-rich cell) num-
bers (described as a fraction of total gill cell numbers) in
response to salt feeding and similarly, Perry et al. (2006)
reported an increase in rainbow trout gill NKA-ir cell num-
bers and NKA-ir cell surface area following salt feeding. In
addition, Perry et al. (2006) also reported that NKA-ir cells
were more numerous in the lamellar epithelium following
salt feeding. In both cases, these authors saw an increase in
gill NKA activity in association with the changes observed
in gill NKA-ir/chloride cells, whereas in this study no
change in gill NKA activity was observed. The reason for
these differences are not entirely clear as the dietary salt
content and duration of feeding used in this study are con-
sistent with both the work of Salman and Eddy (1987) and
Perry et al. (2006). However, Pyle et al. (2003) did not find
significant differences in gill NKA activity after 6 days of
dietary Na™ loading and in the current study it was found
that transcript abundance of FW-associated NKA catalytic
subunit a/a was reduced, coupled with no change in SW-
associated o/b subunit. Downregulation of rainbow trout
gill tissue FW associated NKA catalytic subunit has been
associated with a switchover to hypo-osmoregulation from
hyperosmoregulation following acclimation to SW (Rich-
ards et al. 2003). In contrast, an increase in mRNA abun-
dance of the SW-associated NKA catalytic subunit was
suggested to be the determining factor in the ability of fish
to acclimate to SW (Bystriansky et al. 2007). Therefore,
it seems that by reducing the transcript abundance of the
FW-associated NKA subunit, salt-fed fish in this study
may be reconfiguring NKA so as to reduce its participation
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in ion uptake, but in addition, not yet switching over to
SW active ion extrusion.

Additional alterations in the biochemistry and molecu-
lar physiology of the gill of salt-fed fish in this study sup-
port the idea that the gill epithelium is exhibiting a reduced
capacity for active ion acquisition. For example, active
Na* and CI~ uptake across the gill epithelium of FW sal-
monids are proposed to be electrogenically coupled with
VA activity in the gill (Evans and Claiborne 2009), there-
fore observations of a salt-feeding induced reduction in VA
activity seems likely to contribute to a reduced capacity for
Na' and Cl™ uptake. Moreover, nbc and cfirll transcript
abundance decreased in the gills of salt-fed rainbow trout.
NBC has been correlated with active Na™ uptake in the gill
of freshwater rainbow trout (Parks et al. 2007). Therefore,
a reduction in its transcript abundance may be indicative of
reduced capacity for active Na™ uptake in salt-fed rainbow
trout. CFTR has been classically associated with the api-
cal membrane of the SW fish gill MRCs where it facili-
tates C1™ secretion (Marshall and Singer 2002), but it has
also been detected in the FW fish gill where it is thought
to be associated with the acquisition of Cl1~ (Marshall and
Singer 2002; Madsen et al. 2007; Tang and Lee 2011).
Therefore, it seems plausible that a decrease in cftril tran-
script abundance in the gill of FW salt-fed rainbow trout
may reflect a reduced capacity for CI™ uptake via the latter
mechanism.

Dietary salt loading and endpoints of gill paracellular
ion transport

Transcript abundance of cldn-6, -8d, -10d and -10e
increased in response to dietary salt-loading, while that of
tric decreased. Based on studies conducted using primary
cultured rainbow trout gill epithelia, increased cldn-6 and
-8d mRNA abundance and decreased tric mRNA abun-
dance (coupled with increased Tric protein abundance)
have been associated with reduced paracellular perme-
ability (Kelly and Chasiotis 2011; Kolosov and Kelly
2013; Kolosov et al. 2014). Therefore, these proteins are
proposed to be barrier forming in the gill epithelium of
rainbow trout. Furthermore, in the puffer fish (Zetrao-
don nigroviridis) gill epithelium, Cldn-6 is found to be
expressed only in MRCs where its abundance is greater
in FW versus a SW environment (Bui et al. 2010; Bui and
Kelly 2014, 2015). In addition, the subcellular localization
of Cldn-6 is apicolateral in MRCs of FW fish and cyto-
plasmic in the MRCs of SW fish (Bui and Kelly 2014). In
this regard, it has been suggested that in FW-acclimated
puffer fish, Cldn-6 plays a role in reducing paracellular
permeability associated with gill MRCs but in SW, it dis-
perses from the junction to the cytoplasm and allows other
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Cldns to establish a ‘leaky’ pathway for the paracellular
movement of Nat (Bui and Kelly 2014). These other Cldn
proteins are Cldn-10d and -10e, which are also MRC-
specific in the gill epithelium of T. nigroviridis (Bui et al.
2010; Bui and Kelly 2014, 2015). Therefore it is notewor-
thy that in this study, transcript abundance of cldn-10d
and -/0e are also elevated in salt-fed rainbow trout and
that previous studies have reported that cldn-10d is MRC-
specific in the rainbow trout gill epithelium and proposed
that cldn-10e is highly expressed in MRCs (although not
exclusive to them) (Kolosov et al. 2014). Therefore, keep-
ing in mind that salt-fed rainbow trout were sampled 24 h
after last feeding, when serum ion levels were no different
from control animals and when excess dietary salt load
had presumably been eliminated (see “Dietary salt load-
ing and systemic endpoints of ionoregulatory homeosta-
sis”), it seems reasonable to suggest that salt-fed animals
may be enhancing the barrier properties of the gill epi-
thelium as the animal once again becomes faced with the
problem of obligatory ion loss to hypoosmotic surround-
ings. In contrast, in the hours immediately following a salt
load when the fish increase ion efflux rates to eliminate
excess salt, Cldn-10d and -10e may play a role in facili-
tating this, perhaps in conjunction with a decrease in the
abundance or shift in the subcellular localization of bar-
rier proteins such as Cldn-6 and -8d. In future studies, it
will be very interesting to examine this possibility in more
detail.

IPW exposure, dietary salt loading and systemic
endpoints of ionoregulatory homeostasis

IPW exposure reduced serum [Na*] and [C17] in trout and
this was coupled with tissue hydration as muscle moisture
content was found to have increased. Exposure to an ion-
poor environment typically results in a reduction in circu-
lating Nat and CI™ levels in the plasma or serum of fishes
(Laurent et al. 1994; Greco et al. 1996; Chasiotis et al.
2009, 2012a, b; Flores and Shrimpton 2012; Duffy et al.
2011) and following an abrupt exposure of trout to an ion-
poor environment, this is most likely due to reduced Na™
and CI™ influx coupled with increased efflux rates (Perry
and Laurent 1989). In fish fed a salt-rich diet, serum Na™
and C1™ levels as well as muscle moisture content were not
significantly different from control fish 24 h after abrupt
exposure to IPW, suggesting that salt feeding did not
impact systemic salt and water balance in rainbow trout
abruptly exposed to IPW (at least at a 24 h time point). In
this regard, we are unaware of any previous study that has
examined serum ion levels or muscle moisture content of
salt-fed rainbow trout (or any other freshwater fish) follow-
ing abrupt exposure to [PW.
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IPW exposure, dietary salt loading and endpoints of gill
transcellular ion transport

A number of alterations in gill morphology were observed
in trout exposed to IPW for 24 h. This did not include a
significant change in the number of NKA-ir cells, but a sig-
nificant (albeit modest) decrease in the number of MRCs
exposed at the surface of the gill epithelium was seen.
More importantly, a significant increase in individual MRC
surface area occurred, resulting in an increase in MRC frac-
tional surface area. These changes are in accord with obser-
vations of Perry and Laurent (1989) and were likely aimed
at facilitating ion uptake by maximizing the surface area
of MRCs interfacing with IPW. In salt-fed fish exposed to
IPW, NKA-ir cells were also not observed to significantly
alter in number and as such remained low relative to num-
bers found in FW fish. The number of MRCs exposed at
the surface of the gill also did not alter in salt-fed fish,
and although individual MRC surface area increased, this
response was not as robust as seen in control fish. The net
result was that salt-fed fish exhibited a MRC fractional sur-
face area that was not significantly altered 24 h following
IPW exposure. This would be in line with a reduced capac-
ity for active ion uptake across the gill epithelium of salt-
fed IPW-exposed fish, but at this stage in the acclimation
process these modest changes in MRC exposure do not
appear to adversely affect the ability of the fish to maintain
salt and water balance. This seems likely to be related to
the availability of elevated levels of dietary ions early in the
exposure period.

No changes in NKA and VA activity were observed in
response to IPW. For NKA, this response is consistent with
the observations of Flores and Shrimpton (2012). However,
the response of these enzymes to IPW seems to be species
specific as both NKA and VA activity have been reported
to increase in the gill of IPW-exposed moonlight gourami
Trichogaster microlepis (Huang et al. 2010), whereas
Duffy et al. (2011) reported unaltered activity in puffer
fish (Tetraodon biocellatus) and Chasiotis et al. (2009)
reported lowered levels in goldfish (Carassius auratus). In
this study, transcript abundance of molecular components
of NKA remained largely unaltered in response to the [IPW
exposure. However, an increase in a/c mRNA abundance
was observed, and this increase was absent in the gill of
salt-fed trout. Although a substantial amount of research
has been done regarding nka «la and ol/b subunits and
their switching during the FW-SW transition in rainbow
trout (e.g. Richards et al. 2003; McCormick et al. 2009;
Flores and Shrimpton 2012), no function has been assigned
to the /¢ isoform in the gill of rainbow trout. Indeed, this
isoform has not been found to vary in response to salin-
ity change in Atlantic salmon (Nilsen et al. 2007). There-
fore an IPW-induced increase in «/c transcript abundance

in the current study may indicate a role for this subunit in
ion acquisition under ion-poor conditions. The fact that
alc mRNA abundance was not observed to alter in the
gills of salt-fed fish exposed to IPW supports this view as
quantitative changes in gill epithelium morphology of salt-
fed fish exposed to IPW are not typical of fish in ion-poor
surroundings.

A significant IPW-induced decrease in the mRNA abun-
dance of nbc was also observed in control fish. This was
surprising as NBC has been associated with active Na™
uptake in the gill of freshwater rainbow trout, where it has
been localized in a subpopulation of MRCs (Parks et al.
2007). Therefore, a reduction in transcript abundance may
be indicative of reduced capacity for active Nat uptake
in salt-fed rainbow trout or a reduction in the number of
NBC-containing MRCs. The functional significance of this
change in gill of IPW-challenged fish will require further
investigation.

IPW exposure, dietary salt loading and endpoints of gill
paracellular ion transport

Tight junction depth as well as mRNA abundance of select
TJ proteins have both been reported to increase in the gill
of IPW-acclimated fish (Chasiotis et al. 2012b; Duffy et al.
2011), and this is proposed to contribute to reduced passive
ion loss to the surrounding water. Indeed, if serum acquired
from fish acclimated to IPW is used as a media supplement
for promoting the growth and development of a primary
cultured model gill epithelium, the result is a model tissue
that exhibits greater transepithelial resistance and lower
paracellular permeability than preparations supplemented
with either fetal bovine serum or serum acquired from FW
fish (Chasiotis et al. 2012b). Therefore in the current study
it comes as no surprise that select genes encoding TJ pro-
teins are elevated 24 h following IPW exposure. In addi-
tion to this, Perry and Laurent (1989) reported that rainbow
trout abruptly exposed to IPW water exhibited a reduction
in ion efflux rates by 24 h which can be presumed to be (or
primarily be) a reduction in diffusive loss through the para-
cellular pathway.

Of particular interest in the current study is that (1)
mRNA abundance of several genes encoding TJ pro-
teins (i.e. cldn-7, -23a, -27b, -28b and -32a) increased in
response to the IPW challenge regardless of the amount
of NaCl present in the diet and (2) transcript abundance
of ZO-1, cldn-8b, -29a and -31 were also increased in
response to IPW exposure, but only in control fish and not
in salt-loaded fish. In addition to this, cldn-30 mRNA abun-
dance increased in control fish 24 h following IPW expo-
sure, but in salt-fed fish exposed to IPW cldn-30 transcript
abundance increased even more. Therefore 24 h following
IPW exposure, cldn-30 mRNA abundance was statistically
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elevated in salt-fed fish versus control, which contrasted
with circumstances in FW where cldn-30 mRNA abun-
dance did not statistically differ between control and salt-
fed fish. In gill tissue, mRNA encoding cldn-7 and -30 are
amongst the most abundant of all cldns transcript. In a pri-
mary cultured trout gill epithelium model, cldn-7 and -30
have been associated with restructuring of the gill epithe-
lium during development but have not been directly associ-
ated with development of the electroresistive barrier prop-
erties of the tissue (Kolosov et al. 2014). Therefore keeping
in mind that fish held in IPW for 24 h, irrespective of prior
salt-feeding, seem likely to have returned to circumstances
where they are now facing the problems of obligatory ion
loss to hypoosmotic surroundings, cldn-7 and -30 may
be involved in restructuring of the gill epithelium in IPW.
That this process is more emphasized in fish that have been
salt-fed (i.e. elevated cldn-30 mRNA levels in salt-fed IPW
exposed fish) seems reasonable as presumably the gill tis-
sue of these fish would have more changes to make in the
face of an extreme hyposmotic challenge.

Of the other transcripts that increase in response to
IPW (i.e. ZO-1, cldn-8b, -23a, -27b, -28b, -29a, -31 and
-32a), all but one have been demonstrated to increase in
association with the development of electroresistive bar-
rier properties of a cultured rainbow trout gill epithelium
(Kolosov et al. 2014). Therefore an elevation in the mRNA
abundance of these TJ proteins in the gills of fish exposed
to IPW may indicate enhancement gill barrier properties.
The exception to this is cldn-32a. In studies conducted
in vitro, cldn-32a transcript abundance remains stable for
around 72 h following the seeding of primary cultured
rainbow trout gill cells in cell culture flasks (Kolosov
et al. 2014). At 72 h, cultured gill cells are confluent and
at this point cldn-32a mRNA levels decrease. Levels also
decrease after the formation of a confluent epithelium in
insert cultured gill epithelia, and this occurs in associa-
tion with an increase in transepithelial resistance (Kolosov
et al. 2014). Therefore it would appear that Cldn-32a may
also be involved in gill restructuring under conditions of
environmental change, but this possibility will require fur-
ther examination. In addition, further studies will also be
required to address another important question. Why do
some TJ proteins exhibit a transcriptional response to IPW
irrespective of salt feeding, while others respond to IPW
in control animals, but not in animals that have been salt-
fed? It is possible that a lack of response in salt-fed ani-
mals exposed to IPW for 24 h may reflect how TJ proteins
in the gills of these fish have responded to salt loading in
the early stages of meal processing when blood salt levels
are (based on observations of others) presumed to increase
and salt efflux rates are elevated. Therefore what is being
observed in the current study may be a delayed response to
IPW by cldn-8b, -29a and -31. Future time-course studies
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will help to resolve this possibility. It is also interesting
to note that changes in cldn-31 mRNA abundance mirror
changes in MRC fractional surface area (Fig. 6e). This may
be of importance because transcript abundance of cldn-31
has been reported to be ~60 times more abundant in MRC-
containing cultured trout gill epithelia versus those that are
composed only of PVCs (Kolosov et al. 2014). This would
suggest that changes in the transcript abundance of cldn-
31 may reflect changes that are taking place in the MRC
population of the primary gill filament and/or suggest that
differences in cldn-31 mRNA abundance between IPW-
exposed control and IPW-exposed salt-fed fish may reflect
differences in MRC-PVC TJ area at the gill surface.

Statistical analysis indicated that transcript encoding
Cldn-8c and -10c was not affected by salt-loading in FW.
In control fish gill, cldn-8c and -10c mRNA were also unaf-
fected by IPW water. However, in salt-fed fish exposed
to IPW for 24 h, cldn-8c and -10c mRNA significantly
decreased. In our view, this response was modest (arguably
marginal) for cldn-8c but particularly pronounced for cldn-
10c. Cldn-10c exhibits a very restricted expression pattern
in discrete tissues of rainbow trout, and is expressed pre-
dominantly in the gill (with low levels being found in the
kidney and skin). But this Cldn is not found in the brain,
eye or any organ within the gastrointestinal tract (Kolosov
et al. 2014). In the gill epithelium of rainbow trout, cldn-
10c is also not found in PVCs, but does appear in primary
cultured preparations when MRCs are introduced (Kolosov
et al. 2014). Therefore this TJ protein is presumed to be
associated with MRCs in the gill epithelium of rainbow
trout. In this study, a reduction in gill NKA-ir cells (i.e.
MRCs) is observed in salt-fed fish whether they are in FW
or IPW. Therefore if cldn-10c is generically associated with
gill MRCs, it might be expected that a reduction would be
seen in salt-fed fish irrespective of the ion content of sur-
rounding water. Therefore, it seems possible that cldn-
10c may be associated with a specific type of gill MRC
that reduces in abundance when salt-fed fish are exposed
to IPW. Alternately, although cldn-10c is not found in gill
PVCs, it may be present in MRCs as well as other types,
or another type of non-PVC gill cell, and these cells may
reduce in number or require a reduction in cldn-10c tran-
script abundance in this group of animals.

Perspectives

The contribution of the TJ complex to ionoregulatory
homeostasis in fishes is broadly accepted to be an impor-
tant one (for reviews see Evans et al. 2005; Chasiotis et al.
2012b; Kolosov et al. 2013; Giinzel and Yu 2013). The
TJ complex is well characterized in the gill epithelium
because the gross electroresistive properties of the gill are
reversed in FW (volume-loaded, ion-deprived) versus SW
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(volume-deprived, ion-loaded) animals and this is generally
accepted to be driven by changes in TJ properties. There-
fore a fundamental role for TJ proteins in aquatic verte-
brates can be considered by examining FW and SW residing
vertebrates. In contrast, using the diet to salt-load FW fish
produces a peculiar physiological condition that is different
from that found in FW and SW animals. Salt-loaded fish are
both volume- and ion-loaded (Chen et al. 2007; Johnson and
Olson 2009a, b) and exposing salt-loaded fish to [PW accen-
tuates aspects of this physiological condition. In this study,
the combination of these experimental variables unquestion-
ably altered the molecular physiology of the gill TJ complex
in several distinct ways. Therefore experimental manipu-
lations such as these seem likely to be useful in terms of
understanding mechanistic aspects of paracellular as well as
transcellular solute movement. In future studies it would be
useful to couple observations on the molecular physiology
of the gill epithelium TJ with measurements of paracellular
permeability. Furthermore, and in a broader sense, this gen-
eral approach can be extended to other tissues, organs and
systems involved in the regulation of salt and water balance.
For example, salt-loading causes high blood pressure in fish
(Olson and Hoagland 2008; Perry et al. 2011). Therefore,
mechanisms and endocrine axes involved in the regulation
of blood pressure and volume may influence the molecular
physiology of the TJ complex in salt loaded animals and
manipulations such as those used in this study may help to
provide insight into such possibilities.
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