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Q
O
s}
j
©
(0]
()
C
@©
>
©
<<
L]
>
(@)}
o)
Q
m
©
2
C
(0]
£
o
Q
o
X
Ll
G
(o]
©
[
=
=]
o
e

© 2016. Published by The Company of Biologists Ltd.


mailto:azimmer@uottawa.ca
http://jeb.biologists.org/lookup/doi/10.1242/jeb.148429

ABSTRACT

In rainbow trout, the dominant site of Na* uptake (JN%,) and ammonia excretion (Jamm)
shifts from the skin to the gills over development. Post-hatch (PH; 7 days post-hatch) larvae
utilize the yolk sac skin for physiological exchange, whereas by complete yolk sac absorption
(CYA; 30 days post-hatch), the gill is the dominant site. At the gills, JN%, and Jamm OCCUr Via
loose Na*/NH4" exchange, but this exchange has not been examined in the skin of larval trout.
Based on previous work, we hypothesized that, contrary to the gill model, JN%, by the yolk sac
skin of PH trout occurs independently of Jamm. Following a 12-h exposure to high environmental
ammonia (HEA; 0.5 mmol I NHsHCOg3; [Na*]=600 pumol It; pH=8), Janm by the gills of CYA
trout and the yolk sac skin of PH larvae, which were isolated using divided chambers, increased
significantly. However, this was coupled to an increase in JN%, across the gills only, supporting
our hypothesis. Moreover, gene expression of proteins involved in JN%, (Na*/H*-exchanger-2
(NHE2) and H*-ATPase) increased in response to HEA only in the CYA gills. We further
identified expression of the apical Rhesus (Rh) proteins Rhcg2 in putative pavement cells and
Rhcgl (co-localized with apical NHE2 and NHE3b and Na*/K*-ATPase) in putative peanut
lectin agglutinin-positive (PNA®) ionocytes in gill sections. Similar Na*/K*-ATPase-positive
cells expressing Rhcgl and NHE3Db, but not NHE2, were identified in the yolk sac epithelium.
Overall, our findings suggest that the mechanisms of JN%, and Jamm by the dominant exchange
epithelium at two distinct stages of early development are fundamentally different.

Keywords: Larval fish; PNA™ ionocyte; Na'/H*-exchanger (NHE); Rhesus (Rh) glycoproteins;
ion regulation

List of abbreviations and symbols

APS aminopropylsilane

CYA complete yolk sac absorption
DMSO dimethyl sulfoxide

dph days post-hatch

Jamm ammonia excretion

N, Na* uptake

NHE Na*/H*-exchanger

PH post-hatch

PNA peanut lectin agglutinin

Rh rhesus

Tamm total ammonia concentration
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INTRODUCTION

The relationship between sodium uptake (M%) and ammonia excretion (Jamm) by
freshwater fish has been a focus of comparative physiologists for over seven decades. August
Krogh (1939) first suggested that the excretion of NH4" is tied to the active uptake of Na* across
the fish gill and this topic has since been studied extensively (see Wilkie, 1997; 2002; Weihrauch
et al., 2009; Ip and Chew, 2010; Wright and Wood, 2009; 2012 for reviews). In most mature
freshwater fish, JN%, and Jamm occur primarily across the gills (Smith, 1929; Maetz and Garcia-
Romeu, 1964; Cameron and Heisler, 1983; Wright and Wood, 1985; Smith et al., 2012; Zimmer
et al., 2014a), while the skin, kidney, and gastrointestinal system play minor roles. However, in
post-hatch larval fish, the gills are underdeveloped and the skin (primarily that overlying the yolk
sac) represents the dominant site for both JN%, and Jamm (Esaki et al., 2007; Shih et al., 2008; Fu
et al., 2010; Zimmer et al., 2014c).

Recent work in ionoregulatory physiology has pointed towards multiple species-specific
models for Na* uptake by freshwater fish (see Dymowska et al., 2012 for review). In rainbow
trout, a portion of branchial JN%, occurs as coupled Na*/NH4* exchange (Wright and Wood,
2009; Weihrauch et al., 2009) via a complex involving Rhesus (Rh) glycoproteins which
function as ammonia-conductive channels (Nakada et al., 2007; Nawata et al., 2007; Nawata et
al., 2010). In this complex, JN%, across apical surfaces of ionocytes is effected by Na*/H*-
exchangers (NHEs) and Na* channels coupled to electrogenic H*-ATPases. Studies in zebrafish
have directly demonstrated a role for NHEs in JN%, whereby a functional metabolon is formed
with an apical Rh glycoprotein (Rh-NHE metabolon) (Kumai and Perry, 2011; Shih et al., 2012).
In this metabolon, Rh proteins transport ammonia from the cytosol to the apical boundary layer
by binding NH4", stripping off a proton, and conducting NH3 (Nawata et al., 2010; Caner et al.,
2015; see Wright and Wood, 2012 for review); these protons then drive Na*/H* exchange by
NHE. H"-ATPase also plays a part in Na*/NH4* exchange by simultaneously driving electrogenic
JN&, via putative Na* channels, which are potentially acid-sensing ion channels (ASICs)
(Dymowska et al., 2014), and promoting apical boundary layer acidification which facilitates
apical acid-trapping of NHz (see Wright and Wood, 2012 for review). The current model of
Na*/NH4* exchange in trout suggests that the NHE mechanism is localized to a subset of
mitochondrion-rich cells or ionocytes which bind peanut agglutinin lectin (PNA™ ionocytes),
while the H™-ATPase mechanism is localized to ionocytes which do not bind PNA (PNA"
ionocytes) (see Dymowska et al., 2012 for review).

Presently, no transport model exists for N4, or Jamm by the yolk sac epithelium of
rainbow trout. In zebrafish, several studies have established a model of Na* transport by the yolk
sac skin. Cutaneous JV%, by the yolk sac skin of larval zebrafish is similarly coordinated by NHE
(NHE3b) and H™-ATPase (Lin et al., 2006; Esaki et al., 2007; Kumai and Perry, 2011; Shih et
al., 2012; Ito et al., 2013) and Rh proteins also play an integral role in Jamm in larval zebrafish
(Nakada et al., 2007; Shih et al., 2008; Braun et al., 2009). However, under high [Na*] (0.5- 0.8
mmol I'Y) and high pH (pH 7-8) conditions there does not appear to be coupling between JN,
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and Jamm by the yolk sac epithelium of zebrafish. Kumai and Perry (2011) demonstrated that only
larvae reared under low pH (pH 4) display functional coupling between JN%, and Jamm, mediated
by NHE3b and Rhcgl. Shih et al. (2012) observed the same phenomenon in zebrafish larvae
reared in low [Na*] (0.05 mmol I%).

In larval rainbow trout, Rh gene expression increases with increasing JN%n and Jamm over
development (Hung et al., 2008; Zimmer et al., 2014c), and transcripts for Rhcgl, Rhcg2, and
Rhbg have been detected in both the yolk sac skin and body skin of larval trout (Zimmer et al.,
2014c). Little is known, however, regarding the functional mechanisms of JN%, or Jamm by the
yolk sac skin of post-hatch trout. Does the model resemble that of the trout gill (flexible
Na*/NH4* exchange under high [Na*]/high pH conditions) or that of the zebrafish yolk sac
epithelium (Na*/NH." exchange present only under low [Na*] or low pH conditions)?

The goal of the present study was to establish mechanistic models for 3N, and Jamm by
the dominant exchange epithelium of two distinct stages of early development in trout: the yolk
sac skin of post-hatch larvae (PH; 7 days post-hatch) and the gills of trout which have completed
yolk sac absorption (CYA; 30 days post-hatch). Our hypothesis was that the mechanisms of JN&,
and Jamm differ between the gills and yolk sac epithelium of early life stage trout, based on earlier
work that showed a strong correlation between branchial JN%, and Jamm Over post-hatch
development in rainbow trout and a lack thereof at the skin (Zimmer et al., 2014c). Moreover,
we aimed to determine whether the transport mechanisms utilized by the gills of CYA trout are
similar to those described for juvenile and adult trout upon which the current branchial model is
based (see Wright and Wood, 2009 and Dymowska et al., 2012 for review).

Two different divided chambers were used to assess JN%, and Jamm by the gills of CYA
trout and yolk sac skin of PH trout under control conditions and following exposure to high
environmental ammonia (HEA), a treatment which has been previously shown to upregulate
components of the Na*/NH4" exchange complex in the gills of adult and juvenile trout (Nawata
et al., 2007; Tsui et al., 2009; Zimmer et al., 2010; Wood and Nawata, 2011; Sinha et al., 2013).
We predicted that there would be significant Na*/NH4* exchange by the CYA gills while Jamm
and JN%, by the PH yolk sac skin would occur independently (Zimmer et al., 2014c). We
additionally assessed transport across the general body skin of CYA trout. Changes in gene
expression of several components of the Na*/NH4"-exchange complex (Rh proteins, NHE, H*-
ATPase) in response to HEA exposure in the CYA gill and body skin and the PH yolk sac skin
were quantified, and immunostaining of several proteins potentially involved in the Na*/NH4"
exchange complex was conducted. The effects of specific pharmacological blockers (EIPA for
NHE; bafilomycin for H*-ATPase; phenamil for putative Na* channels) on branchial and
cutaneous fluxes were also examined. The overall findings of this study have been summarized
in two mechanistic models describing J%, and Jamm across the CYA gill and PH yolk sac.
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MATERIALS AND METHODS
Fish

Rainbow trout embryos (Oncorhynchus mykiss) were purchased from Rainbow Springs
Hatchery (Thamesford, Ontario, Canada) in the eyed stage and reared at 12°C in flow-through
dechlorinated Hamilton, Ontario tap water (moderately hard: [Na*]= 0.6 mmol IY, [CI']1=0.8
mmol I, [Ca?*]= 0.8 mmol I}, [Mg?*]= 0.15 mmol I}, [K*] =0.05 mmol I'}; titration alkalinity
2.1 mequiv I'Y; pH ~8.0; hardness ~140 g I"* as CaCO3 equivalents). Embryos hatched
approximately 1 week after purchase (post-hatch (PH) larvae) and complete yolk sac absorption
(CYA) occurred 30 days thereafter. Following CYA, fish were fed a daily ration of commercial
trout pellets (Martin Profishent Aquaculture Nutrition, Tavistock, ON, Canada; 45% crude
protein, 9% crude fat, 3.5% crude fiber) of approximately 5% body mass. In all experiments,
CYA larvae were fasted for at least 24 h prior to experimentation. All procedures were approved
by the McMaster University Animal Research Ethics Board (AUP 12-12-45) and adhered to the
guidelines of the Canadian Council on Animal Care.

Divided Chamber Design

The designs of both divided chambers used in the present study are illustrated in Fig. 1.
The first or “traditional” divided chamber (Fig. 1A) was designed to separate the head and gills
from the rest of the body in CYA fish (Fu et al., 2010) and the protocol was almost identical to
those described in previous studies (Zimmer et al., 2014c; Zimmer and Wood, 2015). CYA trout
(~200 mg; 30 days post-hatch; dph) were initially anaesthetized to stage 3 anaesthesia
(McFarland, 1959) using 0.1 g I"* neutralized MS-222 while 0.05 g I'* neutralized MS-222 was
used to maintain anaesthesia in the chambers. Fluxes of ammonia and Na* across the gill
epithelium were assessed in the anterior chamber (Series 1 and 3), while fluxes across the body
epithelium were assessed in the posterior chamber (Series 1 only).

The second type of divided chamber (Fig. 1B) was designed to isolate the yolk sac of
post-hatch (PH) larvae from the rest of the body. At 5-7 dph, the stage at which PH larvae (~80
mg) were easiest to handle, randomly selected larvae were anaesthetized using 0.2 g I
neutralized MS-222. Larvae were then loaded into divided chambers containing 0.05 g I
neutralized MS-222 to maintain anaesthesia. The chamber consisted of a thin latex dam with a
small hole (approximately 3-4 mm) in its center. The yolk sac of the larva was pushed through
this hole such that it was spatially separated from the rest of the body. A second perforated latex
sheet (dashed line in Fig. 1B) was placed over the dorsal side of the fish which helped secure the
larva in place. The larva, secured between the latex dams, was then mounted between two 5-ml
half-chambers such that the fish was positioned laterally with its dorsal side (body and head)
contained within one chamber and its ventral side (yolk sac) contained within the other. Flux
across the yolk sac epithelium was assessed in the ventral chamber (Series 1 and 3).
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Experimental Series

Series 1. This series evaluated the presence or absence of Na*-coupled Jamm by the CYA gill and
body epithelia and the PH yolk sac epithelium in response to ammonia loading. CYA fish or PH
larvae were exposed to either control conditions or to high environmental ammonia (HEA; 0.5
mmol I NH4HCO3) for 12 h in a 3- static exposure containing approximately 15 fish. Following
12 h, fish were loaded individually into respective divided chamber systems (Fig. 1) containing
ammonia-free water, airlines were placed in both chambers, and larvae were allowed to adjust to
this setup for 30 min. Then 0.5 uCi of 22Na (Perkin Elmer, Waltham, MA, USA) was added to
one chamber (volume=5 ml). For CYA fish, radioisotope was added to the anterior chamber for
gill fluxes or the posterior chamber for body epithelium fluxes; for PH larvae, radioisotope was
added only to the ventral chamber for yolk sac epithelium fluxes. Following 5 min of mixing, an
initial 1.25-ml sample was taken from the isotope-loaded chamber. Fluxes lasted 1 h; a final
1.25-ml sample was taken from the same chamber and a 0.25-ml sample was also taken from the
unloaded chamber to check for leaks across the dam. The fish was then removed and rinsed in
radioisotope-free water for 5 min, during which time they were monitored to assess recovery
from anaesthesia. In all experiments, radioisotope leak was less than 10%, and fish fully
recovered from anaesthesia within 5 min, following which they were euthanized via neutralized
MS-222 overdose. Final chamber volume was recorded and then larvae were weighed and
counted to determine 2?Na gamma-radioactivity (see Analytical Procedures). Aliquots (0.25 ml)
of all samples were stored at 4°C for later determination of 22Na gamma-radioactivity and total
[Na*]. The remaining 1 ml was stored at -20°C for later analysis of total ammonia concentration
(Tamm)-

Series 2. In Series 2, the response to HEA exposure at the gene and protein levels was assessed.
Randomly selected PH and CYA larvae were exposed to either control conditions or to HEA (0.5
mmol I NHsHCO3) for 12 h under the same conditions described above. Following the
exposure, half of the fish were removed from each treatment and euthanized in a solution
containing the respective NHsHCO3 concentration and a lethal dose of neutralized MS-222. Fish
were then transferred individually into vials containing 20 ml of 10% neutral buffered formalin
and were fixed overnight at 4°C. Fixed fish were then transferred individually into vials
containing 20 ml of 70% ethanol for 24 h at 4°C, after which the ethanol solution was replaced
with a formic acid-sodium citrate solution (35% formic acid; 13% (w/v) sodium citrate) for
decalcification which eased sectioning of fish. Larvae were decalcified for 48 h at 4°C and then
transferred again to 70% EtOH and stored at 4°C.

The remaining fish were euthanized individually following the same protocol and gill and
body skin (CYA fish) and yolk sac skin (PH fish) were dissected and collected under a dissecting
microscope. Tissue samples were immediately snap-frozen individually in liquid nitrogen and
stored at -80°C. All dissections were conducted in the respective treatment water (containing a
lethal dose of neutralized MS-222) held at 12°C and were completed within 2-3 min following
euthanasia for each individual fish.
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Series 3. The third experimental series was designed to determine the effects of various
pharmacological blockers on fluxes by the CYA gill and PH yolk sac epithelium. The protocol
for this series followed that described for Series 1 except for some minor changes. For CYA fish,
only flux across the gills was assessed, as Series 1 experiments demonstrated that the body skin
contributed minimally to overall JN%,, and there was no evidence of linkage to Janm (see Results).
Also for CYA fish, both control fish and those exposed to HEA for 12 h were tested; for PH
larvae, only control fish were tested as HEA did not alter JN%, by the yolk sac skin (see Results).
Furthermore, only JN%, could be assessed in the PH divided chambers due to the methodological
limitations of the ammonia assay in the presence of 0.1% DMSO (see Analytical Procedures).

Immediately after the fish were loaded into divided chambers, 5 pl of DMSO (vehicle)
containing the relevant blocker was added to the same chamber which would later receive the
addition of 2?Na, such that the final concentration of DMSO was 0.1%. The blockers (and final
concentrations) used were 5-(N-ethyl-N-isopropyl)amiloride (EIPA, Sigma, St. Louis, MO,
USA; 1x10™* mol IY), bafilomycin (Cayman Chemical, Ann Arbor, M1, USA; 5 x 10 mol I'%),
and phenamil (Cayman Chemical, Ann Arbor, MI, USA; 1 x 10 mol I') which targeted NHEs,
H*-ATPase, and epithelial Na* channels, respectively. Following the addition of these blockers
(or 0.1% DMSO alone as a vehicle control), fish were left for 30 min to allow blocker effects to
develop. The remainder of the experiment followed the same protocol described above for Series
1.

Analytical Procedures
INg, and Jamm

22Na gamma radioactivity (counts per minute; cpm) in water samples and whole larvae
was measured via gamma counting (Perkin Elmer Wizard 1480 3” Auto Gamma Counter,
Waltham, MA, USA), and [Na*] of water samples was determined via atomic absorption
spectrophotometry (Varian SpectrAA 220FS Atomic Absorption Spectrophotometer, Palo Alto,
CA, USA). Tamm in water samples was measured using the protocol outlined by Verdouw et al.
(1978). Note that in Series 2, samples were compared against Tamm Standards prepared in the
same DMSO concentration and/or blocker concentration present in the particular treatment
water. This was necessary as each of the DMSO and the blocker/DMSO combinations
differentially decreased the sensitivity, but not the linearity, of the assay. To assess the sensitivity
of the Tamm assay in the presence of 0.1% DMSO, the method detection limit (MDL) was
determined. We aimed to determine the lowest change in Tamm that could reliably be measured
by the assay. As such, MDL was calculated by measuring ten 5 umol It and 10 umol I
standards, determining the standard deviation of the difference between the ten 5 and 10 pmol I
standards, and multiplying the standard deviation by 3, which is an approximation of the critical
value of the t distribution for a sample size with 9 degrees of freedom. The MDL for the assay in
the presence of DMSO was 7 umol I, indicating that this was the lowest change in Tamm Which
could be reliably detected using this method. Given that changes in Tamm in the PH divided
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chambers were only approximately 5-10 pmol IY, we could not accurately determine differences
in Jamm by the yolk sac skin in response to DMSO and blocker treatments. In CYA fish, however,
changes in Tamm Were >30 pmol It and we were able to reliably assess the effects of DMSO and
the pharmacological blockers on branchial Jamm in this instance. JN%, and Jamm Were calculated as
previously described (Zimmer et al., 2014c). Note that in previous studies on larvae utilizing
similar divided chambers (Fig. 1A; Fu et al., 2010; Zimmer et al., 2014c) anterior flux rates were
corrected to account for cutaneous contributions of the skin localized to the anterior chamber. In
the present study, we opted to forego this correction as we could not be certain that our
treatments affected branchial and cutaneous fluxes equally. For clarity, we hereafter refer to
anterior and posterior fluxes in CYA fish as branchial and cutaneous fluxes, respectively.

Quantitative polymerase chain reaction (QPCR)

Frozen tissue samples were placed in 600 ul of ice-cold lysis buffer (PureLink RNA mini
kit, Ambion, Austin, TX, USA) and homogenized for 30 s using a motorized homogenizer
(PowerGen 125 homogenizer, Fisher Scientific, Toronto, ON, Canada). RNA was extracted
using the PureLink RNA mini kit (Ambion); DNAse treatment (Ambion) was performed on
column. RNA concentration and purity were determined spectrophotometrically (Nanodrop ND-
1000; Nanodrop Technologies, Wilmington, DE, USA) and RNA quality was assessed by
running samples on a 1% agarose gel using Redsafe (FroggaBio, North York, ON, Canada)
staining. cDNA was synthesized from 200 ng of RNA using an oligo(dT17) primer and
superscript 11 reverse transcriptase (Invitrogen, Carlsbad, CA, USA). gPCR was performed on
cDNA samples using previously validated primers (Nawata et al., 2007; Hung et al., 2008; Ivanis
et al., 2008; Wood and Nawata, 2011); reaction volume was 10 pl and consisted of 4 ul diluted
template cDNA, 5 pl 2X SsoFast EvaGreen Supermix (Bio-Rad, Hercules, CA, USA), and 4
pmol each of forward and reverse primers. Reactions were performed in 96-well plates in a CFX
Connect real-time PCR detection system (Bio-Rad) at 98°C for 2 min to initially activate the
polymerase enzyme, followed by 40 cycles of 2 s at 98°C and 5 s at 60°C. Melt curve analysis
was performed to ensure a single amplification product. No template controls were performed on
every plate and a non-reverse transcribed control was performed for every primer pair. Reaction
efficiency for every primer pair was between 90-110% and mRNA expression of target genes
was normalized using the geometric mean of EF1a and B-actin mRNA expression. Stable
reference gene pair expression was confirmed by coefficient of variation and expression stability
(M) values below the CFX software thresholds of 0.25 and 0.5, respectively. Gene expression in
gill and skin tissues from control and HEA exposed fish was expressed relative to control mean
values in each tissue.

Immunohistochemistry

Fixed and decalcified whole larvae were cut into four sections along the length of the fish
and processed for paraffin embedding. This was necessary to fit the fish into the paraffin blocks
and to allow cross sectioning through different regions of the fish. Paraffin blocks were
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sectioned at a thickness of 5 um and mounted onto APS coated glass slides. Sections were then
dewaxed and antigen retrieval was performed in 0.05% citraconic anhydride (pH 7.3; 30 min at
100°C). Primary antibodies used for probing were Rhcgl (rabbit; 1:500), Rhcg2 (rabbit; 1:100);
Rhbg (rabbit; 1:100), NHE2 (N2R15 rabbit; 1:100; Ivanis et al. 2008), NHE3b (rabbit; 1:200),
and Na'/K*-ATPase (mouse; 1:100; Takeyasu et al. 1988). For NHE3b, rabbit polyclonal
antiserum was raised against a cocktail of synthetic peptides corresponding to two regions of
rainbow trout NHE3b (position 755-769: GDEDFEFSEGDSASG; 818-839:
PSQRAQLRLPWTPSNLRRLAPL) and were purified by affinity chromatography. The antisera
for Rhcgl, Rhcg2 and Rhbg were raised against synthetic peptides corresponding to rainbow
trout Rhcgl (454-467: PEDEENNPPTVEYN), Rhcg2 (475-487: MIHKRQDLSESNF) and Rhbg
(448-461: TTVRTPDEAEKLNA), respectively, and were also purified by affinity
chromatography. Peptide synthesis, antibody production, and affinity purification were
conducted by Eurofins Genomics K.K. (Tokyo, Japan). Specificity of the antibodies for NHE3b
and Rh proteins were confirmed by a pre-absorption test in gill sections collected from a separate
group of juvenile rainbow trout.

The triple labelling procedure of larval sections was conducted as follows. Sections
blocked with 5% normal goat serum for 20 min at room temperature were then incubated with
first rabbit primary antibody and the monoclonal a5 antibody at the dilutions given above,
overnight at 4°C. Sections were then incubated with the first secondary antibody which was a
goat anti-rabbit Alexa 647-conjugated fragment-antibody binding (Fab) fragment (1:500;
Jackson ImmunoResearch, West Grove, PA, USA) for 1 h at 37 °C. Sections were then blocked
with unlabeled Fab fragment (1:100) for 1 h at 37 °C followed by rinses and incubation with the
second rabbit primary antibody at the dilution listed above for 1 h at 37 °C. Sections were rinsed
and incubated with second secondary antibodies [1:200 anti-rabbit (Alexa 488-conjugated) and
anti-mouse (Alexa 555-conjugated)] for 1 h at 37 °C. Note that Rhbg was labelled using only this
final step as a simple double labelling procedure (1 h primary rabbit and mouse a5 antibody
incubation at 4°C). Sections were mounted with 1:1 PBS:glycerol containing 0.1% sodium azide
and viewed with a Leica DM5500B wide-field fluorescence photomicroscope with a Hamamatsu
Orca Flash 4.0 digital camera. Importantly, several controls were also performed. Firstly, an
initial series of staining was performed with only double labelling (overnight primary rabbit and
mouse 05 antibody incubation at 4°C) which gave the same overall staining pattern for each
antibody as observed with triple labelling. Moreover, normal rabbit serum primary incubations
were also performed to ensure the absence of non-specific staining.

For whole mount labeling, fixed fish were bleached in a solution of 70% EtOH, 1% H>0-
for 1 week and were then blocked overnight with 5% normal goat serum in PBS containing 0.1%
TritonX-100. Then fish were incubated with rabbit (1:500) and mouse a5 (1:200) antibodies for
24 h followed by a 24-h incubation with secondary antibodies (1:500) at room temperature.
Samples were viewed with a Leica M165FC fluorescence stereo photomicroscope with a
Hamamatsu Orca Flash 4.0 digital camera.
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Statistical Analyses

All data have been presented as means + s.e.m (n=sample size). All statistical analyses
were performed using SigmasStat v. 3.5 (Systat Software, Inc., San Jose, CA, USA). Significance
was accepted at the P<0.05 level. In general, statistically significant differences between two
means were tested using an unpaired two-tailed Student’s t-test while comparisons between more
than two means were conducted using a one-way ANOVA followed by a Holm-Sidak post-hoc
test. In Series 3, a two-way ANOVA followed by a Holm-Sidak post-hoc test was used to
determine differences among blockers and between control and HEA means. Specific tests used
for each data set are explained in detail in corresponding Figure captions.

RESULTS
Series 1 — Effects of HEA pre-exposure

Pre-exposing CYA trout to 12 h of HEA (0.5 mmol It NHsHCO3) led to a significant 3-
fold increase in branchial (anterior compartment) Jamm, measured in ammonia-free water (Fig.
2B), and a nearly 2-fold increase in branchial JN%, (Fig.2A). HEA pre-exposure also increased
Jamm by approximately 2-fold across the body epithelium (posterior compartment) in CYA fish
(Fig. 2B), yet JN%, was unchanged (Fig. 2A). Under control conditions, the anterior compartment
accounted for 98 and 71% of total JN%, and Jamm, respectively, and these contributions increased
to 99 and 80% of total following HEA exposure (Fig. 2).

In the yolk sac epithelium (ventral compartment) of PH fish, HEA pre-exposure caused
an approximate 2-fold increase in Jamm across the yolk sac skin (Fig. 2B) with no change in JV%,
(Fig. 2A).

Series 2 — Gene Expression and Immunostaining

In response to HEA exposure, mMRNA expression of NHE2 and H*-ATPase increased

significantly in the gills of CYA fish, by approximately 2.5 and 2-fold, respectively (Figs. 3D,G).

No significant changes in the expression of any other gene were observed in the CYA gill (Fig.
3). In the body epithelium of CYA trout, HEA had no effect on mRNA expression of any of the
examined genes and, moreover, transcripts for Rhcgl, NHE3b, and Na*/K*-ATPase were below
the limit of detection (Fig. 3). In the yolk sac epithelium of PH larvae, Rhcg2 mRNA expression
increased 3-fold in response to HEA, while the expression of all other genes was unaffected (Fig.
3B).

Gill sections of CYA trout and yolk sac skin sections of PH larvae were immunoreactive
for most or all of the antibodies utilized in the present study. Note that we did not find any
staining above background for any of the antibodies in the body skin of CYA trout. We also did
not find any apparent differences in staining pattern or intensity between control and HEA-
exposed fish, thus only representative images from control animals are shown (Figs. 4, 5, and 6).
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Furthermore, two antibodies raised against the V-type H*-ATPase B subunit (BvA2; Wilson et
al. 2007; B1/2 (H-180) Santa Cruz Biotech) were tested but we could not detect
immunoreactivity in any tissue.

In the gill, Na*/K*-ATPase staining (a5 antibody) was generally restricted to distinct cells
in the filament epithelium (Fig. 4Ai,Bi,Ci), though in some instances immunoreactivity was
detected in the lamellar epithelial cells (e.g., Fig. 4Di). Whole cell staining in both filamental and
lamellar cells was observed, indicative of ionocyte tubular system staining. Rhcgl staining
(green in Fig. 4 panels Aii and 4Bii; purple in panel Cii) was always localized apically to the
cells which stained for Na*/K*-ATPase; however, not all Na*/K*-ATPase-positive cells
expressed Rhegl (Fig. 4). Apical Rhcg2 staining was found primarily in gill lamellae, and was
never co-localized with Na*/K*-ATPase or Rhcgl staining (Figs. 4Aiii,v), presumably indicating
that this protein is localized to pavement cells. NHE2 (Fig. 4Biii,v) and NHE3b (Figs. 4Ciii,v)
staining was apically co-localized to Na'/K*-ATPase-positive cells, similar to Rhcgl staining
(Fig. 4Bv,Cv). Rhbg staining was ubiquitous throughout the gill filaments and lamellae (Fig.
Dii). DIC images merged with DAPI staining (Figs. 4Aiv,Biv,Civ,Diii) are also shown. Images
in Figs. 4Av, By, Cv, and Div represent the merged images of preceding panels except that the
DIC image was excluded for clearer visualization.

In the yolk sac epithelium of PH larvae, Rhcgl apical immunostaining was always co-
localized with Na*/K*-ATPase staining (Figs. 5A-C). Unlike the situation in the gill, however,
we were unable to detect Rhcg?2 staining in the yolk sac skin of control or HEA-exposed larvae
(Fig. 5Aiii). Similarly, staining for NHE2 was not detectable against background fluorescence
(Fig. 5Biii). Apical NHE3b staining was localized to Na*/K*-ATPase-positive cells, along with
Rhcgl (Fig. 5Cv). Similar to the gill, Rhbg staining was ubiquitous in the yolk sac skin (Fig.
Dii). As in Fig. 4, DIC images merged with DAPI staining are also shown (Figs.
5Aiv,Biv,Civ,Diii) and images in Figs. 5Av, Bv, and Cv, and Div represent merged images of
preceding panels. Double whole-mount staining of Na*/K*-ATPase and Rhcgl (Fig. 6A) and
Na*/K*-ATPase and NHE3b (Fig. 6B) further demonstrated that both Rhcgl and NHE3b are
localized to Na'/K*-ATPase-positive cells. Similar to the gill, not all Na*/K*-ATPase-positive
cells in the yolk sac epithelium expressed Rhcgl and NHE3Db. Note that images in panels A and
B in Fig. 6 were taken from two separate individuals.

Series 3 — Effects of Pharmacological blockers

In CYA fish, branchial JN%, was significantly inhibited (85% reduction) by EIPA, relative
to DMSO controls, while bafilomycin and phenamil had no significant effects (Fig. 7A).
Branchial Jamm in CY A fish was also significantly inhibited by EIPA (Fig. 7B), though these
effects (~40% reduction from DMSO controls) were much less than the effects on JN%,.
Bafilomycin and phenamil had no significant effects on Jamm in these fish (Fig. 7B).
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In the presence of DMSO, the increase in JN%, following HEA-exposure was attenuated
compared to Series 1 (Fig. 2A) but JN%, was still significantly elevated relative to control DMSO
fish (Fig. 7A). Similar to the situation in control fish, EIPA inhibited JN%, in HEA-exposed fish
by 85%, completely blocking the HEA-induced increase in JN%, observed in the DMSO control
(Fig. 7A). None of the blockers significantly inhibited Jamm by HEA-exposed fish (Fig. 7B).

In PH fish, EIPA inhibited JN%, by the yolk sac skin by approximately 50% relative to
DMSO alone, while bafilomycin and phenamil had no significant effects (Fig. 8).

DISCUSSION
Na*/NH4* exchange by the gill, but not the skin, of rainbow trout

In general, our findings support our hypothesis that JN%, and Jamm OCcur as loosely
coupled Na*/NH4" exchange at the gills of CYA trout, but not at the yolk sac skin of PH trout.
Pre-exposure to 12 h of HEA (0.5 mmol I NH4sHCO3) led to significant increases in JN%, and
Jamm by the gills of CYA trout, while JN%, by the body skin of CYA trout or yolk sac skin of PH
trout was unaffected, despite the fact that Jamm increased significantly across both cutaneous
epithelia (Fig. 2). In the present study, we measured fluxes following transfer to control water, as
opposed to measuring fluxes in HEA because HEA exposure has been demonstrated to
transiently inhibit JN%, in many fish species (Maetz and Garcia-Romeu, 1964; Avella and
Bornancin, 1989; Wilson et al., 1994; Zimmer et al., 2010; Kumai and Perry, 2011; Shih et al.,
2012; Liew et al., 2013) likely due to NH4* cation competition at Na* uptake sites. Thus, the
increase in JN%, observed in the present study (Fig. 2A) may have been masked by the inhibitory
effect of external NH4™ in previous studies. The presence of branchial Na*/NH4* exchange by the
CYA gill was further supported by the increase in gene expression of proteins involved in JNé,
(NHE2 and H*-ATPase) in the CYA gill in response to HEA, but not in either skin tissue (Figs.
3D,F). The presence of branchial Na*/NH4" exchange was also supported by treatment with
EIPA, which caused significant inhibitions of both JN%, and Jamm by the CYA gill (Fig. 7).
Na*/NH4" exchange by the gill, and lack thereof by the skin, has also been supported by the tight
correlation between branchial JN%, and Janm Over the first 21 days post-hatch in larval trout and
the absence of a parallel correlation at the skin (Zimmer et al., 2014c). Similarly, exposure to
waterborne Cu, a potent inhibitor of JN%y, inhibited both JN%, and Jamm by the gills of late stage
larvae, but inhibited only JN3, by the yolk sac skin of early stage larvae (Zimmer et al., 2014b).

Branchial mechanisms of JN&, and Jamm

The broader goal of the present study was to characterize the mechanisms of JN%, and
Jamm utilized by the primary exchange epithelia of developmentally distinct CYA and PH trout.
One of the most recent changes in current models for JN%, by freshwater fish is the inclusion of
Rh proteins (Wright and Wood, 2009, 2012; Dymowska et al., 2012). In CYA trout, exposure to
12 h of HEA increased both JN%, and Jamm but did not significantly increase the expression of any
Rh paralogues in the gill (Fig. 3A,B,C). This was surprising as HEA exposure generally
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increases Rhcg2 mRNA expression in the gills (or isolated gill cells) of juvenile and adult
rainbow trout (Nawata et al., 2007; Tsui et al., 2009; Zimmer et al., 2010; Wood and Nawata,
2011; Sinha et al., 2013), suggesting a potential developmental delay in this response given its
absence in CYA trout. Branchial gene expression of Rhcgl is usually not altered by ammonia
exposure in adult trout (Nawata et al., 2007; Tsui et al., 2009; Wood and Nawata, 2011; Sinha et
al., 2013), in agreement with our findings in CYA trout (Fig. 3A). Nawata et al. (2007) reported
that the increase in Rhcg2 mRNA expression typically observed in the gills of adult trout in
response to HEA exposure was localized to pavement cells (PVCs), while neither Rhcgl nor
Rhcg?2 expressions were altered in ionocytes. This is in agreement with the pattern of
immunostaining of CYA gill sections which localized apical Rhcg2 primarily to gill lamellae
(PVCs; Fig. 4Aiii) while Rhcgl was localized to Na*/K*-ATPase-positive cells (ionocytes; Fig.
4Aii-ACii).

While once considered to be a contentious issue on a thermodynamic basis (Parks et al.,
2008), the involvement of NHEs in JN%, by freshwater fish has since been solidified (Kumai and
Perry, 2011; Shih et al., 2012; Ito et al., 2013; Boyle et al., 2016). In CYA trout, the increase in
JNg, following HEA exposure was accompanied by an increase in gill NHE2 (but not NHE3b)
gene expression (Fig. 3D,E). Upregulation of NHE gene expression in response to HEA has been
demonstrated repeatedly in juvenile and adult trout (Tsui et al., 2009; Zimmer et al., 2010; Wood
and Nawata, 2011; Sinha et al., 2013), although absent in at least one study (Nawata et al., 2007),
and has also been shown to be specific to NHE2 and not NHE3b (Wood and Nawata, 2011). In
contrast, recent work demonstrated that when developing trout were acclimated to soft water
with low [Na*], NHE3b, but not NHE2, gene expression increased significantly and this increase
was accompanied by an increase in JN%, (Boyle et al., 2016). In adult trout, hypercapnic acidosis
significantly increased NHE2 mRNA expression, but not NHE3b mRNA expression, in the gills
of adult trout (Ivanis et al., 2008). These results point to potential paralog-specific responses of
NHE genes to different environmental challenges in trout which certainly warrants further
investigation. A similar role for NHE3 in the acclimation to low [Na*] conditions has also been
demonstrated in zebrafish (Shih et al., 2012), Japanese medaka (Oryzias latipes; Wu et al.,
2010), and pupfish (Cyprinodon variegatus variegatus (Lacepede) and Cyprinodon variegatus
hubbsi (Carr); Brix et al., 2014).

In the gills of adult trout, both NHE isoforms are localized to PNA™ ionocytes (Ivanis et
al., 2008). In gill sections from CYA trout, NHE2 and NHE3b appeared to co-localize apically to
Na*/K*-ATPase-positive cells which also expressed apical Rhcgl (Fig. 4B,C). Thus, we propose
that PNA™ ionocytes, in addition to NHE2/3b, also express Rhcgl. A role for NHEs in branchial
Na*/NH4" exchange was further demonstrated using EIPA which inhibited JN%, by 85%, similar
to recent work in larval trout (Boyle et al., 2016), and simultaneously inhibited Jamm by 40% (Fig.
7). Moreover, following exposure to HEA, EIPA treatment completely blocked the increase in
JIN&,, suggesting that NHE (potentially NHE2, based on the response at the gene level) is critical
to Na*/NH4" exchange coupling in the relatively high [Na*]/high pH water used in our study. The
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fact that EIPA had no effect on Jamm following HEA exposure illustrates the flexible nature of the
Na*/NH4* exchange complex system. Treatment of adult rainbow trout with amiloride, a non-
specific Na* uptake blocker, similarly had large inhibitory effects on JN%, but comparatively
smaller inhibitory effects on Jamm (Payan, 1978; Wilson et al., 1994). This inhibitory effect of
EIPA (and amiloride) on Jamm under control conditions is most likely explained by a decrease in
boundary layer acidification.

In addition to loose Rh-NHE coupling, H"-ATPase also contributes mechanistically both
INg, and Jamm, and can be considered another component of the overall metabolon (Wright and
Wood, 2009; Wright and Wood, 2012). In trout, bafilomycin and phenamil (blockers of H*-
ATPase and Na* channels, respectively) have been reported to inhibit JN%, by trout in both in
vivo and in vitro tests (Bury and Wood, 1999; Grosell and Wood, 2002; Reid et al., 2003; Rogers
et al., 2005; Goss et al., 2011). In contrast, we found that bafilomycin and phenamil had no
effects on JN%,. Given that these blockers have been demonstrated to inhibit JN%, in several
studies, we cannot discount the role of H*-ATPase and a putative Na* channel in overall
branchial JN%, by CYA trout. Moreover, recent evidence has suggested that this putative Na*
channel may be an acid-sensing ion channel (ASIC; Dymowska et al., 2014; 2015) which is
DAPI-sensitive and not affected by phenamil.

The increase in H'-ATPase gene expression in the gill of CYA trout in response to HEA
exposure further suggests a role for H*-ATPase in Na*/NH4" exchange (Fig. 3F), and has been
reported repeatedly in juvenile and adult trout (Nawata et al., 2007; Tsui et al., 2009; Zimmer et
al., 2010; Wood and Nawata, 2011; Sinha et al., 2013). Nawata et al. (2007) demonstrated that
this increased gene expression was specific to PVCs, similar to the response of Rhcg2 mRNA
expression to HEA exposure. While we were unable to visualize H*-ATPase by
immunohistochemistry to validate the possible co-localization of H*-ATPase and Rhcg2 in
branchial PVCs, earlier work has shown immunostaining of H*-ATPase in both ionocytes and
PVCs (Lin et al., 1994; Sullivan et al., 1995; Wilson et al., 2000). Bafilomycin treatment also
had no effect on Jamm, unlike previous in vitro work in isolated gill cells of adult trout (Tsui et al.,
2009). Perhaps H*-ATPase is recruited to enhance Jamm primarily when active excretion against a
gradient is required, playing a minimal role in control (or post-HEA exposure) conditions.

Overall, we propose that the major site of functional Na*/NH4* exchange in the CYA gill
is the putative PNA™ ionocyte while putative PNA™ ionocytes and PV Cs likely represent
important sites of uncoupled JN%, and Jamm, respectively (Fig. 9A). In our model, PNA* ionocytes
express basolateral Na*/K*-ATPase and apical Rhcgl, NHE2, NHE3b, and possibly H-ATPase.
Recent models suggest that H*-ATPase is localized specifically to PNA™ ionocytes (Dymowska
et al., 2012), however H*-ATPase protein expression was only two-fold higher in PNA
ionocytes relative to PNA™ ionocytes (Galvez et al., 2002) and both cell types exhibited
bafilomycin-sensitive JN%, in vitro (Reid et al., 2003). Further studies are needed to understand
H*-ATPase function in all three cell types (PNA™ ionocyte, PNA™ ionocyte, and PVC). Based on
the co-localization of Rhcgl and NHEs (Fig. 4), PNA" ionocytes likely do not express apical
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Rhcgl or Rhcg2 and may serve primarily for Na*/H* exchange via H™-ATPase and a putative
Na* channel (Reid et al., 2003) which may be an ASIC (Dymowska et al., 2014). Finally, PVCs
are likely important sites for Jamm via Rhcg2, and H*-ATPase might be involved in active
ammonia excretion by these cells (Nawata et al., 2007). This model for the CYA gill of trout is
summarized in Fig. 9A. Notably, this model is very similar to that proposed for the gills of
juvenile and adult rainbow trout (Wright and Wood, 2009; Dymowska et al., 2012). The only
major mechanistic difference we observed between the gills of CYA and juvenile/adult trout was
a lack of Rhcg2 mRNA upregulation in response to HEA exposure (Fig. 3B) which we have
interpreted as a developmental delay. In our proposed model, all cell types likely express
basolateral Rhbg, based on ubiquitous staining of gill lamellae and filaments (Fig. 4Dii) which
has been observed previously in trout (J. Hiroi, unpublished results). However, the function of
Rhbg in PNA" ionocytes is unclear at present.

Cutaneous mechanisms of JN%, and Jamm

Jamm by the PH yolk sac skin increased significantly upon exposure to HEA in
conjunction with a significant increase in Rhcg2 mRNA expression in this tissue (Figs. 2B,3B).
Jamm by the body skin of CYA trout also increased following HEA exposure, similar to a
previous report in adult trout (Zimmer et al., 2014a), but Rh gene expression did not change (Fig.
3A,B,C). In adult trout, some studies report an increase in Rh gene expression in the skin during
HEA exposure (Nawata et al., 2007), while others do not (Nawata and Wood, 2008; Zimmer et
al., 2014a). Thus, more work is needed to determine what role, if any, Rh proteins play in
facilitating Jamm across the body skin of CYA and adult trout.

In zebrafish larvae, Rhcgl facilitates Jamm by the yolk sac epithelium under high
[Na*]/high pH conditions ([Na*]= 0.5-0.8 mmol IY; pH 7-8) (Shih et al., 2008; Braun et al.,
2009) but participates in the coordination of JN%, only under low pH (pH 4) or low [Na*] (0.05
mmol IY) rearing conditions (Kumai and Perry, 2011; Shih et al., 2012). Under high [Na*]/high
pH conditions, coupled Na*/NH4* exchange mediated by the Rh-NHE metabolon is absent
(Kumai and Perry, 2011; Shih et al., 2012). Similar to the situation in zebrafish, JN%, by the yolk
sac skin of PH trout is not coupled to Jamm under high [Na*]/high pH rearing conditions, as
indicated by the lack of HEA-induced increase in JN%, (Fig. 2A). The reason for this lack of
coupling, compared to branchial Na*/NH4* exchange observed in CYA (present study) and adult
trout is not clear. The yolk sac epithelium possesses Na*/K*-ATPase-positive cells which express
apical Rhcgl and NHE3b (Fig. 5, 6A). However, we were unable to detect Rhcg2 or NHE2
protein expression by immunohistochemistry in yolk sac sections from control or HEA-exposed
PH larvae (Fig. SAiii), despite the fact that Rhcg2 gene expression in this tissue increased in
response to HEA exposure (Fig. 3B). This might indicate that the expression of Rhcg2 protein
was below the limit of detection for immunohistochemical techniques. In future studies, it will be
informative to determine the localization of Rhcg2 in the yolk sac skin in order to characterize
the ammonia-transporting cell types present in this epithelium. We have identified at least one
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cell type which expresses apical Rhcgl and thus likely plays a role in Jamm by the yolk sac skin of
PH larvae (Fig. 5, 6A).

We propose that the Na*/K*-ATPase-positive cells in the yolk sac epithelium which
express apical Rhcgl and NHE3b may share similar properties to branchial PNA* ionocytes
described here (Fig. 9A) and elsewhere (Dymowska et al., 2012) and thus we have identified
these cells as PNA™-like ionocytes. The presence of this NHE3b-expressing ionocyte in the yolk
sac skin is in agreement with an important role for NHE3b in larval trout in responding to soft
water acclimation ([Na*]=0.1 mmol I') relative to fish reared in hard water ([Na*]=2.2 mmol I'%)
(Boyle et al., 2016). A major difference between PNA™-like cutaneous ionocytes and branchial
PNA™ ionocytes is the absence of NHE2 immunostaining (Fig. 5Biii). Moreover, mMRNA
expression of NHE2 in the PH yolk sac skin was not altered by exposure to HEA (Fig. 3D). This
difference could potentially account for the lack of coupled Na*/NH4" exchange by the yolk sac
epithelium, given that increased branchial NHE2 gene expression is a potential hallmark of HEA
exposure in trout (Fig. 3D; Tsui et al., 2009; Zimmer et al., 2010; Wood and Nawata, 2011,
Sinha et al., 2013). Nevertheless, some isoform of NHE does contribute substantially to Na*
uptake by the yolk sac epithelium of trout as EIPA inhibited JN%, by 50% (Fig. 8), in agreement
with previous work in PH trout (Boyle et al., 2016). Note that this lack of coupled Na*/NH4*
exchange by the yolk sac epithelium under high [Na*]/high pH conditions observed in PH trout
and larval zebrafish (e.g., Kumai and Perry, 2011) is not universal. In larval Japanese medaka,
EIPA treatment reduced cutaneous fluxes of both JN%, and Jamm (Wu et al., 2010).

Bafilomycin and phenamil had no substantial effects on JN%, by the yolk sac skin of PH
trout, similar to the CYA gill. This is again in contrast with previous studies which have shown
that both of these blockers inhibited JN%, in whole rainbow trout alevins of similar size and at
similar concentrations (Bury and Wood, 1999; Grosell and Wood, 2002; Rogers et al., 2005).
Notably, in two of these studies (Bury and Wood, 1999; Grosell and Wood, 2002) fish were
acclimated to soft water ([Na*]=0.05 mmol I't; pH=6) which might account for the differences
from our study. A tentative model for JN%, and Jamm by PNA*-like ionocytes in the yolk sac
epithelium of PH trout is presented in Fig. 9B; we propose that these cells also express
basolateral Rhbg, based on the ubiquitous staining observed in this epithelium.

Conclusion

In conclusion, we have provided evidence demonstrating that the mechanisms of JN4, and
Jamm by the gills of CYA trout and yolk sac skin PH trout, the dominant sites of exchange at two
distinct developmental stages, differ substantially in early life. Our findings suggest that a lack of
NHE2 expression in the yolk sac epithelium may be the underlying difference resulting in a lack
of Na*/NH4" exchange by the skin. This observation is novel and highlights the importance of a
developmental approach to ionoregulatory physiology.
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Figures

Fig. 1. Schematic diagrams of divided chambers. Schematic diagram of “traditional” divided
chamber (A) used to assess flux across the CYA gill and body and the PH divided chamber (B)
used to assess flux across the yolk sac of PH larvae.
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Fig. 2. The effects of high environmental ammonia on sodium uptake and ammonia
excretion by the gills, body skin, and yolk sac skin. Sodium uptake (A; JN%,) and ammonia
excretion (B; Jamm) across the CYA gill, CYA body, and PH yolk sac under control conditions
(black bars) and following exposure to 0.5 mmol It NHsHCOs for 12 h (high environmental
ammonia (HEA); grey bars). Asterisks represent statistically significant differences between

control and HEA groups across a given epithelium as determined by a Student’s two-tailed t-test.

(n=6-9; P<0.05)

9
0
)
_
©
Q
(8]
C
@©
>
©
<
[ ]
>
()]
S
.8
m
©
-
C
()
£
} -
(]
Q
X
Ll
G
(o]
©
C
1 .
>
o
=




1 A-Rhcg1 ¢ B - Rhog? * C - Rhbg
. Control T
=1 HEA

T
| i i | i I | i ﬂ i H
0 T T w’j_‘ 0 T \’_L‘ T 0 T \|;L‘ T
CYA Gl GYA Body PH Yolk Sac
30 3.0
D - NHE2 N E - NHE3h
25 l 25
1]
g 20 20
a
i
L 4154 154
T
[0]
2
F 1901 104
i}
4
05 ﬂ 05+ ﬂ
00 D
25 - 25
F - NKA G- HAT

15 15

10 10
054 H 05 H
0.0 T T T 0.0 T T

CYA Gill CYA Body PH Yok Sac CYA Gill CYA Body PH Yolk Sac

Fig. 3. The effects of high environmental ammonia on gene expression of Na*/NH4*
exchange complex proteins. Relative mMRNA expression of Rhcgl (A), Rhcg2 (B), Rhbg (C),
NHE2 (D),NHE3b (E), Na*/K"-ATPase (NKA; F), and H*-ATPase (HAT; G) following 12-h
exposures to control conditions (black bars) or to 0.5 mmol It NHsHCOs for 12 h (high
environmental ammonia (HEA); grey bars). Asterisks represent statistically significant
differences between control and HEA groups within a given tissue as determined by a Student’s
two-tailed t-test. Gene expression was normalized to the geometric mean of EFla and P actin
and is expressed relative to control means within a given tissue. (n=6-9; P<0.05)
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Fig. 4. Immunolocalization of Na*/NH4* exchange complex proteins in the gills of CYA
rainbow trout. Triple immunofluorescent localization of Na*/K*-ATPase (Ai, Bi, Ci), Rhcgl
(Aii, Bii, Cii), and either Rhcg2 (Aiii), NHE2 (Biii), or NHE3b (Ciii) and double
immunofluorescent localization of Na*/K*-ATPase and Rhbg (Fig. 4D) of gill sections from
control CYA rainbow trout. Each row of panels represents the same section probed with different
antibodies; panels Aiv, Biv, Civ, and Diii are merged DIC images and DAPI staining and panels
Av, By, Cv, and Div are merged images of all three antibodies and DAPI. Scale bar, 10 pm.
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Fig. 5. Immunolocalization of Na*/NH4* exchange complex proteins in the yolk sac
epithelium of PH rainbow trout. Triple immunofluorescent localization of Na*/K*-ATPase (Al,
Bi, Ci), Rhcgl (Aii, Bii, Cii), and either Rhcg2 (Aiii), NHE2 (Biii), or NHE3b (Ciii) and double
immunofluorescent localization of Na*/K*-ATPase and Rhbg (Fig. 4D) of yolk sac sections from
control PH rainbow trout. Each row of panels represents the same section probed with different
antibodies; panels Aiv, Biv, Civ, and Diii are merged DIC images and DAPI staining and panels
Av, By, Cv, and Div are merged images of all three antibodies and DAPI. Scale bar, 10 pm.
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Fig. 6. Whole-mount immunostaining of Na*/K*-ATPase, NHE3b, and Rhcgl on the
surface of the yolk sac of PH rainbow trout. Double immunofluorescent whole-mount staining
of Na*/K*-ATPase (Ai, Bi) and Rhcgl (Aii) or NHE3b (Bii) on the surface of the yolk sac
epithelium of PH trout. Each row of panels represents the same fixed larva probed with different
antibodies; panels Aiii and Biii are merged images of both antibodies. Scale bar, 50 um.
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Fig. 7. Effects of pharmacological blockers on Na* uptake and ammonia excretion by the
gills of CYA rainbow trout. Na* uptake (A; JN%,) and ammonia excretion (B; Jamm) across the
CYA gill in response to DMSO (0.1% vehicle control) and to the pharmacological blockers
EIPA (1x10** mol I'Y), bafilomycin (5 x 10 mol I'Y), and phenamil (1 x 10 mol I') dissolved in
0.1% DMSO following 12-h exposures to control conditions (black bars) or high environmental
ammonia (HEA; 0.5 mmol I NHsHCOg; grey bars). Asterisks represent statistically significant
differences from the DMSO value and daggers represent significant effects of HEA pre-exposure
as determined by a two-way ANOVA followed by a Holm-Sidak post-hoc test. There was no
significant interaction between both factors (P=0.129). (n=4-9; P<0.05)
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Fig. 8. Effects of pharmacological blockers on Na* uptake by the yolk sac epithelium of PH
rainbow trout. Na* uptake (JN%n)) across the PH yolk sac epithelium in response to DMSO
(0.1% vehicle control) and to the pharmacological blockers EIPA (1x10™* mol I'), bafilomycin (5
x 108 mol I'Y), and phenamil (1 x 10 mol I'Y) dissolved in 0.1% DMSO. Asterisks represent
statistically significant differences from the DMSO value as determined by a one-way ANOVA
followed by a Holm-Sidak post-hoc test. (n=6-14; P<0.05)
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Fig. 9. Proposed mechanistic models for JN3in and Jamm by gill cells and yolk sac epithelium
cells. Cellular models of N3, and Jamm by gill (A) and yolk sac skin (B) cell types. Components
shaded in grey are those which remain unclear. See text for further details. ASIC=acid sensing
ion channel; NaCh=putative epithelial channel; HAT=H"-ATPase; NKA=Na*/K*-ATPase;
NHE=Na*/H*-exchanger; PNA=peanut lectin agglutinin; P\VVC=pavement cell; Rh=Rhesus
protein.
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