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SUMMARY
Experiments were performed to evaluate the effects of temperature-induced changes in functional gill lamellar surface area on the
distribution of ionocytes and branchial chloride fluxes in goldfish (Carassius auratus). In fish acclimated to warm water (25°C), the
ionocytes were scattered along the lamellae and within the interlamellar regions of the filament. In cold water (7°C), the ionocytes
were largely absent from the lamellae and filaments but instead were mostly confined to the outer regions of an interlamellar cell
mass (ILCM) that formed within the interlamellar channels. Using a ‘time-differential double fluorescent staining’ technique, it was
determined that in fish transferred from 25° to 7°C, the ionocytes on the outer edge of (and within) the ILCM originated
predominantly from the migration of pre-existing ionocytes and to a lesser extent from the differentiation of progenitor cells.
Despite the greater functional lamellar surface area in the warm-water-acclimated fish, there was no associated statistically
significant increase in passive branchial CI~ efflux. Because the paracellular efflux of polyethylene glycol was increased 2.5-fold
at the warmer temperature, it would suggest that goldfish specifically regulate (minimize) CI~ loss that otherwise would
accompany the increasing functional lamellar surface area. In contrast to predictions, the numbers and sizes of individual
ionocytes was inversely related to functional lamellar surface area resulting in a markedly greater ionocyte surface area in fish
acclimated to cold water (5219438 compared with 2103x180um?>mm~" of filament). Paradoxically, the activity of Na*/K*-ATPase
(as measured at room temperature) also was lower in the cold-water fish (0.43+0.06 compared with 1.28+0.15 umol mg~" proteinh™")
despite the greater numbers of ionocytes. There were no statistically significant differences in the rates of CI~ uptake in the two
groups of fish despite the differences in ionocyte abundance. It is possible that to maintain normal rates of CI~ uptake, a greater
ionocyte surface area is required in the cold-water fish that possess an ILCM because of the unfavorable positioning of the

ionocytes on and within the ILCM, a structure lacking any obvious blood supply.
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INTRODUCTION
The fish gill (Evans et al., 2005) is the site of numerous physiological
processes including chemoreception (Burleson et al., 1992; Burleson,
1995; Jonz et al., 2004; Burleson et al., 2006; Gilmour and Perry,
2007), hormone metabolism (Olson, 1998; Olson, 2002), acid—base
regulation (Claiborne, 1998; Perry and Gilmour, 2006), excretion
of nitrogenous wastes (Wood, 1993; Wright, 1995) gas exchange
(Randall and Daxboeck, 1984; Perry and McDonald, 1993; Gilmour,
1997; Perry and Gilmour, 2002; Nikinmaa, 2006) and ionic
regulation (Goss et al., 1992; Evans et al., 1999; Marshall and
Grosell, 2006; Hwang and Lee, 2007). Elements of these
physiological functions, in particular the diffusive component of
gas transfer, require a large functional surface area. In the fish gill,
surface area is markedly increased by the presence of thousands of
highly vascularized lamellae that project from gill filaments (Laurent
and Dunel, 1980; Laurent, 1984; Wilson and Laurent, 2002). The
spaces between adjacent lamellae through which ventilatory water
flows are termed the interlamellar channels. Functional surface area
is labile and typically is adjusted in a regulated fashion according
to metabolic requirements or environmental conditions. There are
distinct advantages associated with such dynamic adjustments of
surface area. Essentially, factors favoring high rates of branchial
gas transfer (e.g. high surface area) will also result in higher rates
of obligatory salt and water movements across the gill (Randall et

al., 1972; Gonzalez and McDonald, 1992). Because of the relatively
high costs of actively absorbing salts in freshwater (FW) and actively
excreting salts in seawater, functional surface area may be
dynamically modified to match gas transfer requirements; a
phenomenon termed the osmorespiratory compromise. Thus, by
maintaining surface area as low as is possible, the obligatory
movements of salt and water across the gill are reduced and hence
the energetic costs of ion pumping are minimized. Acute changes
in functional surface area can be achieved by recruiting previously
unperfused lamellae (lamellar recruitment) or by more uniformly
perfusing individual lamellac (Booth, 1979; Farrell et al., 1980).
Chronic (hours to days) and occasionally extreme changes in
functional surface area are accomplished in some species by
physical covering/uncovering of lamellae (Sollid et al., 2003; Metz
et al., 2003; Brauner et al., 2004; Sollid et al., 2005; Ong et al.,
2007) (for reviews, see Sollid and Nilsson, 2006; Nilsson, 2007).
Crucian carp (Carassius carassius), common carp (Cyprinus carpio)
goldfish (Carassius auratus) and mangrove killifish (Kryptolebias
marmoratus) exhibit reversible gill remodeling in accordance with
changes in O, demand or availability, whereas Arapaima gigas
exhibits a permanent remodeling of lamellar structure in association
with a developmental transition from water- to air-breathing
(Brauner et al., 2004). Though the signaling mechanisms are
unknown, gill remodeling is accomplished by the invasion or
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retraction of an interlamellar cell mass (ILCM) by cell proliferation
and apoptosis, respectively (Sollid et al., 2003).

In goldfish, the ILCM is present in fish acclimated to cold normoxic
water, but is retracted in fish exposed to waters of increasing
temperature (Sollid et al., 2005). Thus, in the present study, acclimation
to two different temperatures (7° and 25°C) was used as a tool to cause
gill remodeling and elicit two distinct phenotypes. The fish acclimated
to 7°C would have an ILCM and hence reduced functional lamellar
surface area whereas the fish acclimated to 25°C would have little or
no ILCM and hence increased functional lamellar surface area.

These differing branchial phenotypes at the different ambient
temperatures are expected to significantly impact ionic regulation
because of differences in functional lamellar surface areas and the
consequences of the presence or absence of an ILCM on the
distribution of ion transporting cells (see below). In the present study
we have specifically focused on the consequences of gill remodeling
on branchial CI™ fluxes. In FW fish, the mitochondrion rich cell
(MRC) or FW chloride cell (Perry, 1997) is believed to be the cell
type responsible for CI™ uptake (Perry, 1997; Perry et al., 2003b;
Tresguerres et al., 2006). Because there are numerous subtypes of
fish MRC that may transport different ions, use of the term
‘ionocyte’ is gaining favor to denote generically all members of the
MRC family (Hwang and Lee, 2007).

With this background, two hypotheses were formulated. First,
because the ionocytes typically located at the base of filaments within
the interlamellar regions might become inoperable owing to their
covering by the ILCM, it is hypothesized that ionocytes will migrate
with the ILCM to remain perpetually exposed to the water so as to
maintain the potential for C1™ uptake. Second, it was reasoned that
an increased surface area at higher temperature would increase
passive CI” loss which would need to be matched by equivalent
increases in CI” uptake, necessitating an increase in the ion
transporting capacity of the gill. Thus, we hypothesize that increased
functional lamellar surface area in goldfish acclimated to warm water
will increase CI™ efflux that will be matched by increased CI™ uptake
owing to an increase in the numbers of ionocytes.

MATERIALS AND METHODS

Experimental animals
All experiments were performed according to the University of Ottawa
institutional guidelines, which comply with those of the Canadian
Council on Animal Care (CCAC). Goldfish, Carassius auratus
weighing, on average, 23.9+0.4g, N=207) were obtained from
Along’s International (Mississauga, Canada). They were first
acclimated to 18°C in large fiberglass tanks filled with dechlorinated
tap water. After at least 1 week, temperatures were either increased
or decreased 2°C per day to achieve final acclimation temperatures
of 7° or 25°C. Animals were kept in the facility under a 12h:12h
light:dark photoperiod and were fed once a day with commercial food
pellets. Fish were kept under such conditions for at least 2 weeks prior
to their use in experiments. Twenty-four hours prior to any experiment,
fish (including controls) were moved from their holding tanks to
individual boxes (approximately 600 ml water volume) provided with
flowing aerated water at the appropriate acclimation temperature; fish
were not fed.

At the end of each experiment, fish were killed by anesthetic
overdose using a solution of benzocaine (ethyl-P-amino-benzoate,
24X10*moll™; Sigma, St Louis, MO, USA) and gill tissue was
removed and processed for light microscopy, immunocytochemistry,
Na'/K*-ATPase (NKA) activity and real-time reverse transcription
PCR (real-time RT-PCR). For some experiments, blood and water
samples were also collected.

Light microscopy and immunocytochemistry

Upon removal of the gill arches, filaments from arches 1 and 2 (left
side) were placed into a solution of zinc iodide—2% osmium
tetroxide (3:1 ratio) for at least 24 h at room temperature (Garcia-
Romeu and Masoni, 1970). The samples were then cryoprotected
using 15% sucrose (12h) followed by 30% sucrose. All samples
were stored in 30% sucrose at 4°C prior to use. The gills were
embedded in OCT cryosectioning medium (VWR, Mississauga, ON,
Canada), incubated for 20min and sectioned horizontally (10 um
section) using a cryostat (Leica CM 1850 Laboratories Eq.,
Nussloch, Germany). Sections were placed on microscopy slides
(Superfrost Plus; Fisher, Ottawa, ON, Canada) and mounted with
60% glycerol under a coverslip.

For immunocytochemistry, gill filaments from arches 1 and 2
(right side) were placed directly into 4% paraformaldehyde and left
overnight at 4°C. Tissues were cryoprotected in sucrose and
sectioned (10um thick sections) using a cryostat (see above).
Sections were placed on microscopy slides (Superfrost Plus; Fisher)
and allowed to incubate for 1h at room temperature prior to being
stored at 4°C until required. Following 3 X 5 min washes with PBST
(0.1moll™! phosphate-buffered saline, 0.3% Triton-X 100) and
blocking with sheep serum (1:10 dilution; Sigma) for 1 h, sections
were incubated for 2h at room temperature with primary antibody:
a5 (1:100), a mouse monoclonal antibody against the ol sub-unit
of chicken Na'/K'-ATPase (University of Iowa Hybridoma
Bank). The o5 antibody has been used successfully for
immunocytochemistry in numerous vertebrate species including fish
(e.g. Wilson et al., 2000). For negative controls, sections were
incubated with 1X PBST buffer lacking primary antibody.
Immunofluorescence was detected after incubating the sections with
a 1:400 dilution of Alexa Fluor 546 coupled to goat anti-mouse IgG
(Fisher) for 1h. After washing (3X 10min in 0.1X PBS), sections
were mounted in Vectashield mounting medium (Vector Labs,
Burlingame, MA, USA) and a coverslip placed on top.

For each fish, two gill sections were examined using light or
epifluorescence microscopy. Photos (four per fish) from ‘randomly’
selected areas of the mid regions of the gill filament were taken at
40X magnification. Photos were taken using an Axiophot (Zeiss,
Munich, Germany) microscope, Olympus DP70 digital microscope
camera and Image Pro Plus software, Version 6.0 (Media
Cybernetics, Bethesda, USA). Typically, the photos would span
approximately 0.2 mm of filament length over which there would
be 9-11 lamellae; a single filament and associated lamellaec were
analyzed per photo. Digital images were analyzed using web-based
imaging software (Image J, Waine Rasband, MD, USA) to determine
morphological variables including numbers and two-dimensional
surface areas of ionocytes (as identified using zinc iodide-osmium
tetroxide staining or NKA immunofluorescence) and the relative
surface area of the ILCM.

Na*/K* ATPase activity

The third gill arch from each fish was added to SEI buffer
(150mmol I"! sucrose, 10mmoll™! EDTA, 50mmoll™ imidazole),
frozen in liquid N, and stored at —80°C. Na'/K" ATPase activity,
in the supernatant of homogenized samples, was determined at room
temperature (in triplicate) using a spectrophotometric microplate
assay according to the method of McCormick (McCormick, 1993).
Ouabain-sensitive ATPase activity was measured and expressed as
umoles ADPmg ! proteinh™' and compared with ATPase activity
in the absence of ouabain. Protein was determined using the
bichinchonic acid method (Bio-Rad, Hercules, CA, USA) accorder
to the instructions of the manufacturer.
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Real-time RT-PCR

Total RNA was extracted from 100 mg of gill tissue using TRIzol
Reagent (Invitrogen, Carlsbad, CA, USA) and re-suspended in
40 ul of nuclease-free water. Reverse transcription was performed
using the Revertaid H Minus M-MuLV reverse transcriptase
enzyme according to the protocol for cDNA synthesis provided
by the manufacturer (Fermentas, Life Sciences, Burlington, ON,
Canada). The following modifications were made: the final
reaction volume was 20l and 2 ul of RNA was used with 0.2 ug
or random hexamer primers. An MX 3000 Multiplex Quantitative
PCR System (Stratagene) and Brilliant SYBR Green QPCR
Master Mix (Stratagene) were used for the real-time RT-PCR as
per the manufacturer’s instructions, with slight modifications: the
total reaction volume was adjusted to 12.5ul, 1ul of cDNA
template was used and final primer concentrations were
100nmol 1!, Annealing and extension temperatures were 55°C
(1 min) and 72°C (1 min) for 40 cycles. All the primers used for
real-time PCR (including the reference gene 18S ribosomal RNA)
were designed using web-based software (primer3;
http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). To
obtain homologous primers to amplify goldfish NKA, a 485bp
nucleotide sequence obtained from a BLAST search of GenBank
(accession no. FG392680) was used: NKA 1o (09a01); forward
primer 5'-CGAGGTACCGTCACCATTCT-3', reverse primer 5’-
GTCTGTTTTGGGGTTTCTGG-3'. These primers were designed
to yield an amplicon of 123 base pairs. The specificity of the
primers was verified by cloning and sequencing of the amplified
product. A blastn search of GenBank indicated that the PCR
product was most similar to zebrafish ATPase, Na/K*'
transporting, alpha 1 polypeptide (atplal also known as
atp[a]1B1). This subunit is probably orthologous to the Na*/K*-
ATPase alpha 1b subunit of rainbow trout (Oncorhynchus mykiss)
that is most highly correlated with branchial Na”/K* ATPase
enzyme activity in salmonids after salinity transfer (Richards et
al., 2003; Bystriansky et al., 2006). Thus, mRNA levels for this
specific subunit is expected to be the most likely indicator of
enzyme activity in goldfish experiencing gill remodeling.

Primers for 18S ribosomal RNA were designed from a 551bp
nucleotide sequence obtained from a BLAST search of GenBank
(accession no. AF047349): forward primer 5'-GAGCC-
TGAGAAACGGCTACC-3’, reverse primer 5'-CCATGGG-
TTTAGATATGCTC-3". The specificity of the primers was verified
by cloning and sequencing of the amplified product.

To ensure that residual genomic DNA was not being amplified,
control experiments were performed in which reverse transcriptase
was omitted during cDNA synthesis. Relative expression of mRNA
levels was determined (using 18S RNA as an endogenous standard)
by a modification of the A-ACt method (Pfaffl, 2001). Amplification
efficiencies were determined from standard curves generated by
serial dilution of plasmid DNA.

Time-differential double fluorescent staining of ionocytes
To determine whether ionocytes were migrating with the ILCM
during temperature change or alternatively appearing as newly
differentiated cells, the “time-differential double fluorescent
staining” technique of Katoh and Kaneko (Katoh and Kaneko, 2003)
was adopted with the following modifications. Only one
™MitoTracker ("MMitoTracker red CMXRos, Molecular Probes,
Eugene, OR, USA) was used; fish were exposed to this fluorescent
mitochondrion-specific dye for 4h (1 umoll™") at a water temperature
of 25°C. Fish were then exposed to running water and the
temperature of the water was gradually reduced to 7°C over the

Gill remodeling and chloride balance in goldfish 845

next 2 weeks; control fish were maintained at 25°C for 2 weeks. After
2weeks, fish were euthanized (see above) and gill tissue was
removed, fixed and sectioned for immunocytochemistry as described
previously while allowing as little exposure to light as possible. To
detect NKA-enriched cells, the o5 monoclonal antibody was used
in conjunction with the secondary antibody Alexa Fluor 488 (green)
coupled to goat anti-mouse IgG (Fisher). Because we previously
demonstrated that all NKA-enriched cells in goldfish will stain
positively with ™MitoTracker (D.M. and S.F.P., unpublished
observations), this protocol allows time-dependent differential
labeling of the ionocytes. Thus, if a cell is stained both red and
green, it existed prior to the onset of temperature change whereas
if a cell is stained only green ("MMitoTracker negative, NKA
positive), it is assumed that it is a new ionocyte that did not exist
at the beginning of the experiment.

Chloride fluxes and plasma analysis

To assess the effects of temperature change and gill remodeling on
CI" efflux (JourCl)), fish were lightly anesthetized and injected
intraperitoneally with 40uCikg™! of 3°Cl (American Radiolabeled
Chemicals, St Louis, MO, USA) and allowed to recover for 12h.
Fish were anesthetized [1 ml of ethyl-P-amino-benzoate (Sigma),
2.4x10*moll™" in 21 of water] and their vents were sutured shut
and glued ("™Vetbond, 3M, St Paul, MN, USA) to eliminate urinary
excretion for a maximum of 7h (the fish were too small to be fitted
with urinary catheters). The fish were placed in their chambers and
after 3h water flow was stopped and 10ml samples were collected
for 4h at hourly intervals to determine the appearance of 3°Cl. After
4h, the fish were euthanized with benzocaine (ethyl-P-amino-
benzoate, 2.4X10*moll™") and blood samples (~300ul) were
collected by caudal puncture into heparinized syringes. Plasma was
obtained by centrifugation (14,000g for 3min) and immediately
frozen in liquid N,. Plasma CI” levels were determined using a
spectrophotometric method (Zall et al., 1956) modified for
microplate use, and Na', K* and Ca®" concentrations were measured
using an atomic absorption spectrometer (AA240 Varian,
Mississauga, Canada). *°Cl activity [converted from counts per
minute (c.p.m.) to disintegrations per minute (d.p.m.) after quench
correction] was measured by liquid scintillation counting (LS 6500
Multi-Purpose Scintillation Counter; Beckman Coulter, USA) using
4ml of water mixed with 15ml of scintillation cocktail (Bio-Safe
II, Research Products International, IL, USA) or 100l of plasma
added to 3.9ml of distilled water and 15ml of scintillation cocktail.
The average rate of appearance of *°Cl in the water was determined
from the slope of the linear regressions relating time and *°Cl
activity. JourCl™ (inpumolkg 'h™!) was calculated according to the
following formula:

JoutCl™ = (Awater *°Cl1/ plasma **Cl specific activity) / fish mass , (1)

where Awater °Cl is given as d.p.m.h™, plasma 3°Cl specific activity
as d.p.m. pmol™" and fish mass in kg,

To determine CI™ influx (JiyCI7), 0.5uCi of 36C1 was added to
the aerated water and allowed to mix for 15min. Water samples
(10ml) were taken hourly for 4 h and assessed for *°Cl activity (see
above) to obtain an average rate or *°Cl disappearance. For these
experiments conducted on a separate group of fish, the vent was
not sutured. JinCI™ (inpumolkg 'h™') was calculated according to
the following equation:

JNCI = [Awater 3°Cl / water 3°Cl specific activity / fish mass , (2)

where Awater *°Cl is given as d.p.m.h™!, water *°Cl specific activity
as d.p.m.umol™! and fish mass in kg.
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Gill paracellular permeability

To assess the effect of temperature change and the associated
changes in functional surface area on the paracellular permeability
of the gills, fish were anesthetized and injected intraperitoneally
with 50uCikg™! of the extracellular marker H-PEG 4000 (*H-
polyethylene glycol 4000; Perkin Elmer, Foster City, CA, USA)
using an injection volume of 1.25mlkg™'. All other aspects of this
experimental protocol were identical to the CI™ efflux experiment
previously described. Preliminary experiments (N=6) comparing fish
with and without sutured vents demonstrated that PEG efflux was
reduced by 94% after suturing the vent. Thus, it is probable that
this technique provides a reliable index of branchial PEG efflux.

Data presentation and statistical analysis
Data are presented as means = 1 standard error of the mean (s.e.m.).
SigmaStat (version 3.0, SPSS, Chicago, IL, USA) was used to
perform statistical analysis. All data were evaluated by unpaired or
one-sample (PCR data) Student’s #-tests. In all cases, significance
was set at P<0.05.

RESULTS

There were obvious differences in gill morphology in the fish
acclimated to different temperatures. In fish that were acclimated
to warm (25°C) water, the area of ILCM was significantly decreased
when compared to the cold (7°C)-acclimated fish (Fig.1A). The
surface area of the ILCM (expressed as a percentage of total
interlamellar area) was 94.7+1.4% in fish acclimated to 7°C (N=6)
and 28.3+£0.9% in fish maintained at 25°C (N=6). Although not
quantified in the present study, the reduction of the area of the ILCM
resulted in an obvious increase in functional lamellar surface area
(SA) in the warm-water fish (compare Fig.1B and 1C). The
reduction in the extent of the ILCM (and the associated increase in
the functional SA of the gills) at 25°C was NOT accompanied by
a significant increase in the total SA of ionocytes. Indeed, based
on mitochondrial staining, the total ionocyte SA was markedly
reduced in the fish kept at 25°C (2103+£180 compared with
5219+438 um?>mm™! of filament; Fig.2A). The differences in total
ionocyte SA at the two temperatures reflected differences in both
the density of ionocytes and their individual sizes (Table1). The
ionocytes were situated along the interlamellar regions and lamellar
surfaces in the fish acclimated to 25°C but were confined largely
to the outer edge of, or within, the ILCM in the fish acclimated to
7°C (Fig.2B,C). Similar results were obtained when comparing the
SA of ionocytes on the basis Na'/K"-ATPase (NKA) enrichment.
The total SA of the NKA-positive cells (Fig.3A) was significantly
lower in the warm-water fish (1584170 um?mm™") than cold-water
fish (41462415 um?>mm™"). The decrease in NKA-positive cell SA
at 25°C was the result of decreases in their frequency and individual
sizes (Tablel). At 7°C, the NKA-positive cells were situated
predominantly along the outer edge of the ILCM. The greater SA
of the NKA-positive cells in the fish acclimated to 7°C was not
matched by an increase in branchial NKA activity; indeed NKA
activity was markedly greater in the warm-water fish (Fig.4A) that
exhibited fewer and smaller ionocytes. There was no statistically
significant difference in the relative expression of branchial NKA
mRNA between the two groups of fish (Fig.4B); in part a
consequence of large variability in the data.

To determine whether the appearance of ionocytes along the edge
of'the ILCM in the fish acclimated to 7°C was the result of migration
of existing cells or differentiation of new cells, a time-differential
double fluorescent staining technique was employed. The results
demonstrated that the majority of the ionocytes appearing on the
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Fig. 1. The effects of acclimation temperature on relative interlamellar cell
mass (ILCM) surface area in gills of goldfish (Carassius auratus) (A) The
surface area of the ILCM (expressed as a percentage of total interlamellar
area) was decreased (indicated by asterisk) in fish acclimated to 25°C
(N=6) when compared with fish kept at 7°C (N=6); data are presented as
means + 1s.e.m. (B,C) Representative light micrographs illustrate the
marked differences in the extent of the ILCM (single ILCMs outlined in
black) in the two groups of fish as well as the obvious increase in
functional lamellar surface area in fish acclimated to 25°C; scale bars,
20um. The ionocytes are stained black.

ILCM after a reduction in temperature were the result of migration
of pre-existing cells [i.e. most of the cells were stained both red
(™M itotracker) and green (NKA positive)]. Additionally, however,
a few new ionocytes appeared within the ILCM, as indicated by
the singly green-labeled cells in Fig. 5. In comparison to the control
fish kept at 25°C for 2weeks, there were significantly greater
numbers of newly formed ionocytes in fish transferred from 25°C
to 7°C (27.5% versus 3.5% of total; Fig.5A).

The effects of acclimation temperature on unidirectional CI
fluxes are depicted in Fig. 6; there were no statistically significant
differences in JoyrCl™ (Fig.6A) or J\NCI™ (Fig.6B). The data for
JNeTCL (calculated on the basis of CI™ concentration differences
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Fig. 2. The effects of acclimation temperature on the surface area of
ionocytes (as determined using osmium-zinc iodide staining) and their
distribution in goldfish (Carassius auratus). (A) The surface area of
ionocytes (arrows) was significantly decreased (indicated by asterisk) in
fish acclimated to 25°C (N=6) when compared with fish kept at 7°C
(N=6); data are presented as means + 1s.e.m. (B,C) Representative light
micrographs illustrate that the decrease in ionocyte surface area in fish
acclimated to 25°C was a result of decreased numbers and sizes of
individual cells (see Table 1). Note that the ionocytes were confined to
the outer edge of the ILCM in the fish acclimated to 7°C; scale bars,
20 um.
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during flux periods) were highly variable and also indicated no
significant differences between the fish acclimated to 7°C
(36.4+74.0umol kg ' h™'; N=6) and 25°C (—54.4=12.6 umolkg ™' h™';
N=6). Net CI” fluxes calculated from the mean data (preventing
statistical evaluation) of the unidirectional fluxes were —258 and
—433umolkg'h™! at 7°C and 25°C, respectively. The levels of
plasma CI” in the two groups of fish were consistent with the trends
in the CI” flux data; plasma [Cl] was significantly reduced in the
fish acclimated to 25°C (70.5£6.5mmoll™") in comparison to the
fish at 7°C (85.8£6.9mmoll™"). Similarly, plasma [K'] was
significantly decreased in the warmer fish whereas plasma [Na']
and [Ca®'] were increased in fish acclimated to 25°C (Table2).
Efflux of the extracellular marker PEG, an index of branchial
paracellular permeability, was significantly greater (by
approximately 2.5-fold) in the fish acclimated to warmer water

(Fig.7).

DISCUSSION

The major findings of this study are that (1) branchial ionocytes
remain largely exposed to the water regardless of the presence or
absence of an ILCM, (2) the perpetual exposure of ionocytes to the
water reflects the migration of pre-existing cells and differentiation
of progenitor cells, (3) the ion transporting capacity of the gill (as
estimated by ionocyte SA) was not enhanced in fish exhibiting an
increase in functional lamellar surface area but instead was markedly
reduced, and (4) fish appeared to specifically regulate branchial C1~
loss in the face of increasing functional lamellar surface area despite
amarked increase in general paracellular permeability (PEG efflux).

Modification of the ambient temperature, while promoting
adjustments in gill morphology, also will influence a suite of other
thermally dependent variables including metabolic rate, cardiac
output and ventilation. Such changes are also likely to affect the
osmorespiratory compromise. For example, increases in cardiac
output and ventilation in warmer water will permit higher metabolic
rates but presumably exacerbate the problems of passive branchial
salt loss.

The distribution and putative functions of ionocytes in fish
with or without an ILCM
In fish acclimated to 7°C, the ionocytes were localized to the outer
regions of, and to a lesser extent, within the ILCM whereas in fish
lacking an ILCM, the ionocytes were distributed along the lamellar
and filament epithelia. Thus, in each situation, the ionocytes are
exposed to inspired water where they are presumed to be functional
ion transporting cells. The relocation of ionocytes to outer regions
of the ILCM in the cold-water acclimated fish is consistent with
our hypothesis that ionic uptake would otherwise be severely
constrained if lamellar or filament ionocytes were covered by the
ILCM. However, the decrease in the surface area of ionocytes in
the fish without an ILCM (and hence possessing a greater functional

Table 1. The effects of increased acclimation temperature on the numbers and two-dimensional surface areas of individual ionocytes as
identified either using osmium-zinc iodide staining or Na*/K*-ATPase immunofluorescence in goldfish (Carassius auratus)

7°C 25°C
Osmium-zinc iodide technique Average ionocyte surface area (um?) 53.2+4.7 37.0+2.8*
Average number of ionocytes per mm of filament 101.1£3.2 58.0+5.4*
NKA immunofluorescence technique Average ionocyte surface area (um?) 42.1+4.9 25.1+£3.3*
Average number of ionocytes per mm of filament 96.6+5.2 67.1+10.6"

NKA, Na*/K*-ATPase.

Data are presented as means + s.e.m. Significant differences from values at 7°C are indicated by asterisks (P<0.05; N=6 for both groups).
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Fig. 3. The effects of acclimation temperature on the surface area of
ionocytes (as determined by Na*/K*-ATPase immunofluorescence) and
their distribution in goldfish (Carassius auratus). (A) The surface area of
ionocytes was significantly decreased (indicated by asterisk) in fish
acclimated to 25°C (N=6) when compared with fish kept at 7°C (N=6); data
are presented as means + 1s.e.m. (B,C). Representative light micrographs
illustrate that the decrease in ionocyte (arrows) surface area in fish
acclimated to 25°C was a result of decreased numbers and sizes of
individual cells (see Table 1). Note that the ionocytes were confined to the
outer edge of the ILCM in the fish acclimated to 7°C; scale bars, 20 um.
Sections were labeled with DAPI-containing mounting media to show cell
nuclei (blue).

lamellar surface area) did not support the hypothesis that increased
ion-transporting capacity is required in such instances to counteract
increased passive loss of ions. It is puzzling that the changes in
ionocyte SA were not accompanied by similar changes in NKA
activities, and clearly this result begs the question as to which metric
is a better indicator of branchial ion transport capacity. Given the
tight correlation between ionocyte SA and ionic uptake in freshwater
teleosts (Perry et al., 1992a; Perry et al., 1992b) and the reports of
a lack of correspondence between NKA activities and ionocyte
abundance (McCormick, 1995; Sloman et al., 2001), the more
reliable indicator would seem to be ionocyte SA. The fact that C1™
uptake did not significantly increase with increasing ionocyte SA
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Fig. 4. The effects of acclimation temperature on the (A) branchial Na*/K*-
ATPase (NKA) activity and (B) relative NKA mRNA levels in goldfish
(Carassius auratus). (A) Branchial NKA activity was increased (indicated by
asterisk) in fish acclimated to 25°C (N=6) when compared with fish
acclimated to 7°C (N=6). (B) The expression of NKA mRNA in the fish
acclimated to 25°C (N=6) was not significantly increased (P=0.065) when
compared to fish at 7°C (N=6) assigned a relative value of 1. Data are
presented as means + 1s.e.m.

in the present study suggests that one or more other factors
(including NKA activity) are regulating this process in the fish
experiencing gill remodeling.

Regardless of the underlying explanation for the mismatch
between ionocyte SA and NKA activities, the increase in NKA
activity with temperature reported here is similar to the previous
results of Murphy and Houston (Murphy and Houston, 1974) who
demonstrated an approximate 2.5-fold greater branchial NKA
activity in goldfish acclimated to 35°C compared with 5°C. It is
unclear as to whether a different conclusion would be reached if
NKA assays were performed at the respective acclimation
temperatures. In common carp, branchial NKA activity was
significantly greater in fish acclimated to colder water (15 vs 29°C)
when assayed at 37°C (maximal activity) but was significantly lower
when assayed at the respective acclimation temperatures (Metz et
al., 2003).

As in other freshwater teleosts, branchial CI™ uptake in goldfish
is thought to occur via an apical membrane electroneutral CI'/HCO3~
exchanger (Maetz and Garcia Romeu, 1964; Garcia Romeu and
Maetz, 1964; De Renzis and Maetz, 1973; Preest et al., 2005). The
specific genes responsible for CI'/HCO;3;™ exchange in the fish gill
have not been identified with certainty although members of the
SLC4 and SLC26 gene families have been implicated by
immunocytochemistry (Wilson et al., 2000; Piermarini et al., 2002).
In current models of ionic regulation, the apical membrane
CI'/HCOs5™ exchanger typically is localized to a subset of ionocytes
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Fig.5. The effects of decreasing temperature on the
redistribution of branchial ionocytes. Live fish were bathed
in ™Mitotracker red and over the period of 2 weeks the
temperature was brought down from 25°C to 7°C (N=6); the
gills were fixed, sectioned and incubated with a5 antibody
(green) to label Na*/K*-ATPase-positive ionocytes. Thus,
after 2 weeks, pre-existing ionocytes would either be single
labeled red or doubled labeled red and green, while newly
formed ionocytes would be single labeled and appear
green only. (A) The lowering of ambient temperature from
25°C to 7°C resulted in a significant increase (indicated by
asterisk) in the number of newly formed ionocytes (unfilled
portions of bars) while the number of pre-existing ionocytes
was also increased (filled portions of bars) when compared
to fish maintained at 7°C. Data are presented as means +
1s.e.m. (B,C) After 2 weeks, proliferation of the interlamellar
cell mass appeared to be accompanied by the migration of
pre-existing ionocytes. Scale bar, 20 um. (D,E) Newly
formed ionocytes (arrows) were appearing in the ILCM.
Scale bar: 20 um; All cells were labeled with DAPI
mounting medium to show cell nuclei (blue).

that are believed to be functionally analogous to the base secreting
(B-type) intercalated cells of the mammalian collecting duct (Perry
et al., 2003a; Perry et al., 2003b; Evans et al., 2005; Perry and
Gilmour, 2006; Marshall and Grosell, 2006; Tresguerres et al., 2006;
Claiborne et al., 2008). Another subset of ionocytes is thought to
be analogous to the acid secreting (A-type) intercalated cells of the
collecting duct in which an apical membrane Na'/H" exchanger
and/or Na' channel/VATPase linked process acts to absorb Na*
(Reid et al., 2003; Lin et al., 2006; Horng et al., 2007; Parks et al.,
2007; Yan et al.,, 2007; Hwang and Lee, 2007). Phenotypically
different populations of ionocytes have been identified in several
fish species including rainbow trout [Oncorhynchus mykiss (Goss
etal., 2001)], killifish [Fundulus heteroclitus (Laurent et al., 2006)],
zebrafish [Danio rerio (Hwang and Lee, 2007)] and tilapia
[Oreochromis mossambicus (Hiroi et al., 2008)]. Different sub-
populations of ionocytes have not yet been identified in goldfish
but it is conceivable that if existing, the lack of correlation between
total ionocyte SA and Cl” uptake in the fish undergoing gill
remodeling may reflect a change in the relative abundance of
ionocyte subtypes. For example, unaltered rates of CI” uptake in
the fish exhibiting increased total ionocyte SA (fish acclimated to
7°C) might simply result from a preferential increase in ionocyte
subtypes involved in other ion transport functions (e.g. Na" and/or
Ca”" uptake). In this regard, it is interesting that whereas plasma
CI levels were higher in the fish acclimated to 25°C, plasma Na*
and Ca®" concentrations were actually lower. Another factor to

consider when relating ionocyte SA to rates of Cl™ uptake is their
placement within the gill. In fish acclimated to 25°C, the ionocytes
are localized on lamellar and filament epithelia in close proximity
to blood channels and capillaries, respectively, enabling efficient
substrate removal and replenishment. In the fish acclimated to 7°C,
the ionocytes are restricted to the edge of the ILCM, which is thought
to be devoid of a vascular supply (Sollid et al., 2003). Thus, one
should expect that the uptake of CI™ in the cold-water fish would
be constrained by the slow rate of its entry into the circulation. Thus,
it is conceivable that the proliferation of ionocytes in the fish
acclimated to cold water is a response aimed at aiding ion uptake,
given their inhospitable location (at least with respect to blood flow).
One can also speculate that the reduced blood supply and associated
O, deprivation in the vicinity of the ionocytes also contribute to
lowering the levels of NKA per cell which might explain the
discrepancy between total ionocyte SA and NKA activities. Further
studies should attempt to determine if the function of the ionocytes
on the ILCM is constrained by inadequate perfusion.

The contribution of cell migration versus cell differentiation in
the redistribution of ionocytes during gill remodeling
Katoh and Kaneko (Katoh and Kaneko, 2003) described a novel
method for establishing the relative contributions of cellular
differentiation and transformation to ionocyte replacement in killifish
transferred from sea water to fresh water. In the present study, we
have adapted their ‘time-differential double fluorescent staining’
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Fig. 6. The effects of acclimation temperature on (A) branchial CI~ efflux
(JoutClI~; N=6 for each temperature) and (B) whole body CI~ influx (JnCI;
N=6 for each temperature) in goldfish, Carassius auratus. There were no
statistically significant differences between the two groups of fish; data are
shown as means + 1s.e.m.

technique to evaluate the dynamics of ionocyte redistribution
associated with gill remodeling in goldfish transferred from 25° to
7°C. Our interest was to determine the relative importance of cell
migration compared with cell differentiation in the redistribution of
ionocytes to the outer edge of the newly formed ILCM. The original
method of Katoh and Kaneko (Katoh and Kaneko, 2003) used two
fluorescent mitochondrial markers (™Mitotracker red and
™Mitotracker green) to distinguish pre-existing from newly formed
ionocytes. Although we were able to achieve suitable and persistent
(2 weeks) staining by bathing live fish with ™Mitotracker red, we
were less successful when using a second application of
™Mitotracker green 2 weeks later. Thus, we modified the original
protocol of Katoh and Kaneko (Katoh and Kaneko, 2003) by using
the a5 antibody (to localize NKA) on tissue sections derived from
fish previously subjected to ™Mitotracker red (two weeks earlier).
The interpretation of the data obtained using this double labeling
technique relies on the assumption that ™Mitotracker and the NKA

Table 2. The effect of increased acclimation temperature on plasma
ion levels in goldfish (Carassius auratus)

7°C 25°C
[CI'] (mmol ) 85.8+6.9 70.5+6.5"
[Na*] (mmol I") 103.5+3.5 131.2+8.1*
[K*] (mmol ") 6.6+0.5 5.1+0.4*
[Ca?*] (mmol ") 5.8+1.0 11.0+1.1*

Data are presented as means + 1s.e.m. Significant differences from values
at 7°C are indicated by asterisks (P<0.05; N=11 for all groups).
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Fig.7. The effects of acclimation temperature on branchial efflux of
polyethylene glycol (PEG) in goldfish, (Carassius auratus). Data are
presented as means + 1s.e.m.; significant difference from 7°C is indicated
by an asterisk.

antibody are indeed labeling the same cell type. We believe that
this is a reasonable assumption especially given the remarkably
similar changes in ionocyte numbers and surface areas determined
using the two different techniques (Table1). Although all cells
positive for NKA are likely to be enriched with mitochondria (and
hence labeled with ™Mitotracker), there may be a sub-population
of mitochondrion-enriched cells that are not enriched with NKA as
observed for the V-ATPase enriched cells of zebrafish (Hwang and
Lee, 2007). Even if such cells exist in goldfish, the conclusions
regarding cell migration and differentiation would not be altered
given the likelihood that all NKA-positive cells are also identified
using ™Mitotracker.

The redistribution of ionocytes from filament to lamellar epithelia
was previously described in rainbow trout during acclimation to
ion-poor water (Laurent et al., 1995). It was concluded that the
appearance of additional ionocytes on the lamellar epithelium in
fish acclimated to ion-poor water largely reflected differentiation
of filament stem cells and their migration to lamellae. Because the
migration of ionocytes from filament to lamella is thought to be
relatively slow [e.g. 4days (Chretien and Pisam, 1986)], it was
proposed that the rapid (as early as 12h) appearance of lamellar
ionocytes in the fish kept in ion-poor water may have resulted from
differentiation of lamellar stem cells (Laurent et al., 1995) thought
to reside in the inner layer of the multi-layered lamellar epithelium
(Laurent, 1984). We do not know the origin of the newly formed
ionocytes in the fish transferred from 25°C to 7°C in the current
study. Interestingly, the new ionocytes, which accounted for about
30% of the total ionocyte population in fish acclimated to 7°C, were
never found on the outer edge of the ILCM but instead tended to
be located within the cell mass, itself.

Paracellular permeability and transepithelial CI~ fluxes in fish
with or without an ILCM

In accordance with the theory, the large difference in functional
lamellar surface area in the fish acclimated to 7°C or 25°C resulted
in a markedly increased branchial efflux of the paracellular flux
marker PEG (Wood et al., 1998) in the warm-water-acclimated fish.
Although not quantified in the present study, the extent of gill
remodeling in goldfish acclimated to the two temperatures appeared
qualitatively to be similar to the degree of gill remodeling observed
in crucian carp exposed to hypoxia (Sollid et al., 2003). Thus, it
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seems likely that the increase in PEG efflux at higher temperature
simply reflected the increased functional surface area. However, the
paracellular efflux of CI” at higher temperature was statistically
constant and did not vary with the presumed increase in surface
area. Thus, these results provide evidence for a specific regulation
of CI" permeability as surface area increases so as to minimize the
paracellular loss of CI".

The rate and specificity of solute movement through paracellular
pathways is thought to be governed by several families of proteins
that constitute tight junctions (Anderson et al., 2004). The two most
widely studied tight junction protein families are the claudins and
occludin (Gonzalez-Mariscal et al., 2003). Recently, claudins or
occludin have been identified in the gills of a variety of fish species
where they have been implicated in regulating paracellular salt
permeability during salinity transfer (Bagherie-Lachidan et al., 2008;
Lundgreen et al., 2008; Tipsmark et al., 2008a; Tipsmark et al.,
2008b; Tipsmark et al., 2008c) or ionic imbalance imposed by food
deprivation (Chasiotis and Kelly, 2008). There is emerging evidence
that specific claudin proteins can differentially regulate the
paracellular movement of anions and cations. For example, over-
expression of clauidn-7 in cultured porcine kidney cells causes a
decrease in paracellular CI™ conductance while simultaneously
increasing paracellular Na* conductance (Alexandre et al., 2005).
It would be useful in future studies to determine the effects of gill
remodeling on the relative expression of goldfish gill tight junction
proteins.

Another factor presumably reducing the paracellular efflux of CI-
in the warm-water-acclimated fish is a lowering of the blood-to-
water diffusion gradient because plasma [C17] was approximately
15mmoll™" lower (Table2) in the fish at 25°C. Combined, the
lowering of the CI™ diffusion gradient and selective ‘tightening’ of
the paracellular pathways to CI7, provide an effective strategy to
reduce the costs of absorbing CI™ in fish with increased functional
surface area. Indeed, the rate of CI™ uptake was not increased in the
fish at 25°C suggesting no additional costs of transporting CI".
Although there were no statistically significant changes in CI” efflux
or influx in the warm-water fish when measured after 2 weeks of
acclimation, there was an obvious net negative flux of Cl™ (at least
when considering the mean data). Thus, it would appear that the
measured levels of plasma CI” can only be maintained at steady
state via supplementary dietary uptake of CI™.
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guidance for the microscopy experiments and Jason Popesku for providing the
initial goldfish Na*/K*-ATPase sequence.
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