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ABSTRACT

The euryhaline, amphibious mangrove killifish Kryptolebias
marmoratus is known to survive weeks out of water in moist
environments. We tested the hypothesis that the skin is a site
of osmo- and ionoregulation in K. marmoratus. We predicted
that under terrestrial conditions, gill and skin remodeling
would result in an enhanced role for skin and a diminished
role for the gills in osmo- and ionoregulation. Fish were ex-
posed to water—either freshwater (FW, 1%o) or hypersaline
water (saltwater [SW], 45%o0)—or air over a moist surface of
FW or SW for 9 d and then recovered in water. When fish
were emersed for 9 d, **Na and *H-H,O were exchanged across
the cutaneous surface. Homeostasis of whole-body Cl~ and
water levels but not of Na* levels was maintained over 9 d in
air. In air-exposed fish, there was a significant increase in the
size of skin ionocytes (in SW), a decrease in the number of
skin mucous cells (in SW), and an increase in the gill inter-
lamellar cell mass relative to those of fish in water. Gill ionocytes
were mostly embedded away from the external surface in air-
exposed fish, but the number and size of ionocytes increased
(in FW). Interestingly, skin ionocytes formed distinct clusters
of 20-30 cells. The estimated number of ionocytes over the
whole skin surface was comparable to that in the gills. Overall,
the findings support the hypothesis that the skin is a site of
osmo- and ionoregulation in K. marmoratus in aquatic and
terrestrial environments. Reversible cellular and morphological
changes to the skin and gills during air exposure probably
enhanced the cutaneous contribution to ion and water balance.
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Introduction

In most fishes, the gills are the primary site of osmo- and
ionoregulation (Evans et al. 2005). Gill ionocytes play a role
in regulating the salt concentration of the internal environment
of the fish with respect to the external environment (Marshall
and Grosell 2006). If a fish leaves water (emersion), its gill
lamellae collapse because of the surface tension at the air-water
interface, which in turn results in a shutdown of regulatory
processes (i.e., respiration, nitrogen excretion, and osmo- and
ionoregulation) and ultimately leads to death (Sayer and Dav-
enport 1991; Sayer 2005). Therefore, when amphibious fishes
are out of water, they must be able to osmo- and ionoregulate
via alternative routes, modify their gills to function in air (Gra-
ham 1973, 2006; Hughes and Munshi 1979; Randall et al. 1999),
or be able to tolerate nonregulation (Sayer 2005).

The skin may be an important site of regulatory processes
during air exposure. Most blood vessels are located in the der-
mis, but in some amphibious fishes, blood vessels penetrating
the epidermis may enhance cutaneous respiration during emer-
sion (see Graham 1997 for review; Zhang et al. 2003). The
amphibious mangrove killifish Kryptolebias marmoratus (for-
merly Rivulus marmoratus) has an epidermal thickness ranging
from 6 to 50 um, and epidermal capillaries have been found
within 1 um of the skin surface, decreasing the diffusion dis-
tance between blood and the external environment (Grizzle
and Thiyagarajah 1987). In this species, the cutaneous surface
appears to be important in gas exchange (Ong et al. 2007) and
NH; excretion (Frick and Wright 20025; Litwiller et al. 2006).
The FW swamp eel (Synbranchus marmoratus) also endures
long periods of emersion in a damp environment and continues
to take up ions (albeit at low rates) from the environment
through the cutaneous surface (Stiffler et al. 1986). Similarly,
in the marble goby (Oxyeleotris marmorata) and the mudskip-
per (Periophthalmodon schlosseri), Ca** influx (but not efflux)
continued at low rates through the cutaneous surface when the
fish were placed in air on wet filter paper saturated with sea-
water (SW; Fenwick and Lam 1988). Furthermore, Wilkie et
al. (2007) determined that the ventral skin surface is an im-
portant site of exchange in the FW African lungfish (Protopterus
dolloi) during prolonged terrestrial exposure. Cutaneous ion-
ocytes have been identified in larvae and in some adult fishes
(e.g., Marshall 1977; Nonette et al. 1979; Perry and Wood 1985;
Ishimatsu et al. 1992; Sturla et al. 2001; Hsiao et al. 2007), but
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it is not known whether these cells are remodeled during pro-
longed air exposure.

We examined osmo- and ionoregulation during air exposure
in the amphibious and euryhaline mangrove killifish K. mar-
moratus. Kryptolebias marmoratus is a small, cyprynodontid,
self-fertilizing, hermaphroditic fish native to southern Florida,
Central America, and South America. Kryptolebias marmoratus
is able to tolerate hypoxia (<1 mgL™"' O,; Dunson and Dunson
1999), hydrogen sulfide (Abel et al. 1987), varying salinity
(0%0—114%o; King et al. 1989; Taylor et al. 2008), and air ex-
posure (>2 mo in air; Taylor 1990). In the mangrove habitat,
abrupt changes in salinity may occur because of rainfall, the
tidal cycle, and the season (Davis et al. 1990; Taylor et al. 2008).
Emersion behavior in K. marmoratus has been well documented
in the ecological literature (e.g., Davis et al. 1990; Taylor 2000;
Taylor et al. 2008), but there is no information on how they
osmo- or ionoregulate when emersed.

The gills of K. marmoratus are assumed to be nonfunctional
in air because they are no longer irrigated with water, there are
no buccal or opercular movements, and the operculum remains
closed. Also, after 7 d in air, a reversible interlamellar cell mass
(ILCM) develops in the gills of K. marmoratus, which embeds
the lamellae and reduces gill surface area (Ong et al. 2007). A
gill ILCM also develops in other species in response to envi-
ronmental temperature, oxygen (Carassius carassius, Carassius
auratus, Gymnocypris prezewalskii; Sollid et al. 2003, 2005; Ma-
tey et al. 2009; Mitrovic and Perry 2009), or developmental
changes in gill structure (Arapaima gigas; Brauner et al. 2004).
However, these species remain in water, and the gill ionocytes
appear on the outer surface (water edge) of the gill epithelium
(Brauner et al. 2004; Mitrovic and Perry 2009), suggesting a
continued involvement of the gill in iono- and osmoregulation.
We predicted that a similar scenario would not occur in K.
marmoratus, given that the gills are emersed during terrestrial
episodes.

How do amphibious euryhaline fish like the mangrove kil-
lifish osmoregulate on land? We tested the hypothesis that the
skin is a site of osmo- and ionoregulation in K. marmoratus.
If so, then the skin should contain ionocytes, and the mor-
phometrics of these cells may be regulated in response to vary-
ing environments. We predicted that during air exposure, the
gills (if functional) would have a reduced role in exchange with
the external environment but whole-body ionoregulatory and
osmoregulatory homeostasis would be maintained because of
exchange of water and ions across the cutaneous surface. We
also predicted that to prevent desiccation, mucous cells in the
skin and gills would play a greater role in mucus production
during air exposure.

To test the hypothesis, killifish were acclimated to either FW
(1%o) or hypersaline SW (45%o) for at least 1 mo before ex-
perimentation. The salinities were chosen because K. marmo-
ratus are exposed to a wide range of salinities (0%0—-65%o) in
their natural habitat (Davis et al. 1990; Frick and Wright 20024;
Taylor et al. 2008). After the acclimation period, the fish were
separated into three groups: (i) control (water), (ii) air expo-
sure, and (iii) recovery. Air-exposed fish were placed on a moist

surface in contact with either FW or SW for 9 d. Water and
ion efflux rates were determined by use of *"H-H,0 and **Na.
Whole-body Na*, Cl~, and water contents were also measured.
In the skin and gills, ionocytes were identified by means of a
vital mitochondrial stain (2-(4-dimethylaminostyryl)-1-ethyl-
pyridinium iodide; DASPEI) and immunohistochemistry for
Na*, K*-ATPase (NKA), and periodic acid-Schiff (PAS) stain-
ing was used to identify mucous cells.

Material and Methods

Experimental Animals

Adult, hermaphroditic mangrove killifish Kryptolebias marmo-
ratus Poey (formerly Rivulus marmoratus) at least 1 yr of age
and weighing between 0.06 and 0.14 g were used in these ex-
periments. Mangrove killifish were obtained from a breeding
colony in the Hagen Aqualab at the University of Guelph, On-
tario. The fish were held in individual containers (120 mL) within
an environmental chamber mimicking average conditions in
their natural environment (25°C, 16%o, pH 8, 12L: 12D cycle).
Fish were held in artificial seawater made from tap water treated
by reverse osmosis and Crystal Sea Marinemix (Marine Enter-
prises International, Baltimore). The water in each container was
changed once per week, and the fish were fed 1 mL of concen-
trated live Artemia mixed with seawater three times a week.

Experimental Protocol

Two experiments were conducted. The first examined ion and
water flux, and the second examined gill and skin remodeling
during prolonged air exposure.

Experiment 1: Ion and Water Flux. Fish were transferred to FW
(1%o) or hypersaline SW (45%o) for at least 1 mo before ex-
perimentation. At the start of the experiment, the fish were
divided into four groups: (1) SW fish in water (control group),
N = 11; (2) SW fish in air, N = 8; (3) FW fish in water (control
group), N = 10; and (4) FW fish in air, N = 8. Fish in groups
1 and 3 were placed in individual containers filled with 20 mL
of the appropriate medium (SW or FW) for 7 d. Air-exposed
fish in groups 2 and 4 were placed in individual mesh-bottomed
containers (120 mL) that were placed directly in contact with
the surface of 20 mL of water (SW or FW) for 7 d. The water
kept the mesh wet but never rose above it so as to prevent the
fish from immersing their gills. Therefore, air exposure in this
study is defined as the condition in which fish are sitting in
air but in contact with water in a moist environment. This
accurately reflects conditions killifish experience in the wild.
On the seventh day, fish in water (groups 1 and 3) were
placed together with other fish from their respective groups in
a 50-mL beaker containing 20 mL of the appropriate medium
supplemented with 1 uCi mL™" x °H-H,O. On the seventh
day of air exposure, the fish in groups 2 and 4 were placed
together with other fish from their respective experimental
groups in a mesh-bottomed container sitting in contact with
20 mL of the appropriate medium supplemented with 1 uCi
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mL™" x "H-H,O. The fish were left overnight to absorb *H-
H,O and equilibrate with the external bath. In their natural
habitat, killifish are often crowded together in crab burrows
and rotting logs; therefore, crowding stress should not have
greatly affected the results of this experiment (Taylor et al.
2008). Also, all groups experienced similar crowding. Approx-
imately 12 h later, the fish in water were quickly rinsed, and
each was placed in 20 mL of water without radioisotope. Sim-
ilarly, fish in air were rinsed and placed in a mesh-bottomed
container in contact with 20 mL of water. Water samples (5
mL) were taken from each container every 30 min for 10 h,
and the volume was replaced with 5 mL of water after each
sampling.

On completion of the *H-H,O efflux period, the fish were
weighed and returned to either water or air, as appropriate.
These same fish were then used to measure **Na flux because
the number of specimens available for study was very limited.
On the eighth day, the fish were placed together in or in contact
with the appropriate medium (as above). SW fish were exposed
to 4 uCi mL™" x *’Na, whereas the FW fish were exposed to
0.4 pCi mL™" x *’Na. The fish were left overnight to absorb
*Na from the water.

Approximately 12 h later and on the ninth day, fish were
quickly rinsed in water without radioisotope, placed in a plastic
vial (20 mL), and measured for total body **Na counts in a
gamma counter (see below). Fish were counted for 1 min and
then placed in individual experimental chambers in or in con-
tact with 20 mL of water (as above). For SW fish, water samples
(5 mL) were collected every 15 min for 3 h. For FW fish, water
samples (5 mL) were collected every 30 min for 6 h. Sampling
times were chosen on the basis of preliminary experiments that
demonstrated that *Na washout occurred faster in the SW-
than in the FW-acclimated fish. After each 5-mL water sample
was removed, the volume was replaced with 5 mL of new water.

On completion of *Na efflux measurements, each fish was
placed in a vial, and whole-body **Na counts were measured
as described above. The fish were euthanized via cephalic blow,
and body mass was recorded. During this experiment, handling
may have resulted in high levels of stress in the fish. However,
the experiment was arranged to minimize stress to the fish and
to handle the fish equally in order to equalize stress. Also, the
killifish used in this experiment were handled at least once a
week for container cleanings, which may have desensitized
them to some handling stress.

Experiment 2: Cell Composition of the Skin and Gills. Fish were
transferred to FW (1%o) or hypersaline SW (45%o) for at least
1 mo before experimentation. At the start of the experiment,
the fish were divided into six groups: (1) SW fish in water
(control group), N = 7; (2) SW fish in air, N = 8; (3) SW fish
in air and then recovered in water, N = 8; (4) FW fish in water
(control group), N = 8; (5) FW fish in air, N = 8; and (6) FW
fish in air and then recovered in water, N = 7. Fish in groups
1 and 4 were placed in individual containers filled with 20 mL
of the appropriate medium (SW or FW) for 9 d. Fish in groups
2, 3, 5, and 6 were exposed to air for 9 d in individual mesh-

bottomed containers (120 mL) that were placed in contact with
the surface of a 20 mL pool of water (SW or FW). After 9 d
in air, fish in the recovery condition (groups 3 and 6) were
immersed in water (20 mL of either SW or FW, as appropriate)
for 7 d.

On the ninth morning in water or air and the seventh day
of recovery, the fish were placed together either in or above a
350-uM solution of DASPEI (Sigma-Aldrich, Oakville, On-
tario) made with either SW or FW, depending on the group.
DASPEI is a vital probe that accumulates in mitochondria,
allowing for the detection and identification of ionocytes (also
known as mitochondria-rich cells [MRCs]). DASPEI is a highly
specific stain with low toxicity, and it has been used to identify
ionocytes in live tilapia embryos without any indication of side
effects (Bereiter-Hahn 1976; Hiroi et al. 1999). After an in-
cubation period of at least 3 h, fish were lightly anesthetized
with 2-phenoxy-ethanol (2-PE; 1.2 mL L™"), rinsed in DASPEI-
free water, and then imaged. The fish were placed on their
dorsal surface on a thin sponge held down on a microscope
slide with white petroleum jelly (Life Brand, Toronto). A
coverslip was placed over the fish to restrict movement. The
ventral surface of the fish was examined with a Nikon Eclipse
90i epifluorescent microscope (hereafter referred to as “the mi-
croscope”; Nikon Instruments, Melville, NY). The microscope
was fitted with two cameras (a QImaging Retiga Exi and a
QImaging QI Cam, QImaging, Surrey, British Columbia), and
images were captured with the Nikon Imaging Software—
Elements: Advanced Research program (NIS-Elements AR; Ni-
kon Instruments). Immediately after imaging, the fish were
euthanized with a lethal dose of 2-PE (2 mL L") and weighed.
The fish were fixed in 10% neutral buffered formalin for 24 h
at 4°C, decalcified (1 h) with Surgipath Decalcifier II (Medical
Industries, Richmond, IL), and preserved in 70% ethanol at
4°C before dissection and histological processing. Tissue was
embedded in paraffin and sectioned at 4 pm.

Analysis

Radioactivity

To each 5-mL water sample containing *H-H,O, 10 mL of
aqueous counting scintillant (Amersham, Oakville, Ontario)
was added, and the sample was then mixed and left in the dark
(2 h) before beta radioactivity was measured with a Tri-Carb
2900TR liquid scintillation analyzer (Perkin Elmer, Waltham,
MA). Each sample was counted for 5 min. Internal standard-
ization tests demonstrated that quench was constant, so no
correction was applied. The starting counts in the fish were
estimated by multiplying the average percent body water by the
mass of each fish and then multiplying this value (in mL) by
the counts per minute per mL of the loading water. Water
samples containing **Na as well as live fish were measured for
gamma radioactivity using a Wallac Wizard 3 automatic gamma
counter (Perkin Elmer). Each sample was counted for 5 min.
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Efflux Calculations

The unidirectional efflux rate was determined by the rate of
loss of radioisotope from the fish to the water. Unidirectional
efflux rates (J,,,) for Na* in umol g™' h™" and for water in mL
g ' h™' were then calculated with the following formula (see
Wood and Laurent 2003):

Kx3 x F
]oul_ W

>

where K is the rate constant of the amount of radioisotopic
washout per hour, ¥, is the total measured internal pool of
Na* or water (in pmol g~' or mL g/, respectively), F is the
fractional labeling of that pool, and W is body weight (g). Note
that K was measured for each individual fish in each treatment,
separately for each radioisotope, by fitting an exponential re-
gression line to the loss of counts to the water against time.
On the basis of preliminary experiments and earlier experience
with other killifish (Wood and Laurent 2003), F was taken as
0.95 for *Na and 1.0 for *"H-H,O. Fractional labeling of the
internal Na* and water pools was complete after 12 h, and
individual values varied by less than 5%.

Whole-Body Na*, CI~ Content

The fish were euthanized via cephalic blow, weighed, and then
placed in 1 mL of 1 N HNO; at 68°C for 48 h. The homogenate
was mixed periodically. After 48 h, the digested material was
cooled and centrifuged at 500 g for 5 min. The supernatant
was diluted 10 times, and the Na* level of the solution was
determined with atomic absorption spectrophotometry (Varian
Australia Model 220FS, Mississauga, Ontario). Whole-body Cl™
content was determined with a colorimetric mercuric thiocy-
anate assay modified from Zall et al. (1956).

Body Water Content

Twenty-four fish acclimated to FW (1%o) or SW (45%o) for at
least 1 mo before experimentation were used to determine per-
cent body water. There were four treatment groups (in all cases
N = 6): SW fish in water, SW fish in air, FW fish in water,
and FW fish in air. To determine body water content, eutha-
nized fish were blotted in a standardized fashion, then weighed
and placed in a drying oven (50°C) for at least 3 d until constant
mass was achieved. The formula [(wetmass— dry mass)/
wet mass] x 100 was used to calculate body water content in
fish that spent 9 d in either water or air.

Immunofluorescent Staining for NKA

To identify and quantify ionocytes in the skin and gills, NKA
was localized with the «-5 antibody (mouse antichicken NKA)
developed by D. M. Fambrough (Johns Hopkins University,
Baltimore). Thin sections (4 um) of skin and gills were de-
paraffinized in xylene (2 x 3 min), rehydrated in 100% ethanol
(2 x 2 min), and allowed to air-dry before a hydrophobic bar-

rier (PAP pen; Sigma-Aldrich) was applied around the sections.
Once the barrier had dried around the sections, the slides were
rinsed in phosphate-buffered saline (PBS, 3 x 5 min) and in-
cubated for 1 h with 0.01% bovine serum albumin (BSA) and
5% normal goat serum (NGS) in PBS. The slides were left
overnight at 4°C with the primary antibody («-5, 1:50 dilu-
tion) in a buffer solution of 1 x PBS containing 0.05 mg mL™"
BSA, 0.05 mg mL ™' thyroglobulin, 2.5 mg mL ™" sodium azide,
and 20 mg mL "' ethylenediaminetetraacetic acid. The next day,
the slides were rinsed in PBS (3 x 5 min), incubated for 1 h
in the secondary antibody (Alexa fluor 488 goat antimouse IgG
[H+L], 1:400 dilution; Invitrogen, Burlington, Ontario) in
the buffer solution and rinsed again in PBS (3 x 5 min) before
being mounted with a 1:1 glycerol : PBS solution and sealed
with clear nail polish. The slides were visualized with the mi-
croscope, and images were captured with NIS-Elements AR. To
determine the degree of nonspecific staining and autofluores-
cence, negative controls were used. On negative-control slides,
either the primary and secondary antibodies or only the sec-
ondary antibody were left out of the buffer solution. All other
steps remained the same. The negative controls demonstrated
that there was no autofluorescence or nonspecific staining in
the skin and gills. The spinal cord, liver, kidney, and gut fluo-
resced because of a higher concentration of NKA in those tis-
sues (Clendenon et al. 1978; Fuentes et al. 1997; Sherwani and
Parwez 2008).

Light Microscopy

Slides were stained with PAS to allow for identification of mu-
cous cells in the tissue sections. Sections were examined on the
microscope, and images were collected as above.

4', 6-Diamidino-2-Phenylindole Staining

To ensure that DASPEI was specifically staining cells, DAPI (4/,
6-diamidino-2-phenylindole) was used in combination with
DASPEI to identify nuclei in the cells. DAPI binds DNA and
fluoresces under ultraviolet light, allowing for the detection and
identification of nuclei (Kapuscinski and Szer 1979). Live fish
(N = 3) were incubated in 10 mL of a 350-umol L™' DASPEI
solution (made with brackish water, 15%o salinity) for at least
2 h before being euthanized with 2-PE (2 mL L™'). DAPI was
added to 10 mL of DASPEI solution for a final concentration
of 0.182 pmol L7'. Euthanized fish were returned to the
DASPEI/DAPI solution for 1 h. The fish were then removed
from the solution, placed on their dorsal surface, as above, and
imaged with the microscope.

Counting and Measuring NKA-Labeled and Mucous Cells

All cell counts, cross-sectional area measurements, and gill mor-
phometrics were performed with NIS-Elements AR by means
of a coding system to ensure the experimenter was blind to the
treatment. Also, cells were numbered during the counting pro-
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cess and then chosen for cross-sectional area measurements via
random-number selection in Microsoft Excel.

Skin. The cell counts of DASPEI images were performed at
three sites along the ventral surface: (1) directly between the
pectoral fins, (2) directly below the pectoral fins (midway along
the body), and (3) 4 mm below the pectoral fins. At each site,
the cross-sectional areas of 15 cells were determined in three
0.0625-mm?* fields (5 cells x 3 fields = 15 cells site™" x 3
sites = 45 cells total fish™").

The NKA-labeled and PAS-stained images were of the skin
in cross-section (the cross-sections were made directly behind
the pectoral fins). The following protocol was performed sep-
arately for each staining technique. The circumference of each
fish was divided into four equal sections; dorsal, ventral, and
left and right lateral sides. The cross-sectional areas of two cells
per section (8 cells fish™') were measured. Although data were
collected separately for four sections, data from cell counts and
cross-sectional area measurements were later combined for
NKA-labeled cells and mucous-cell cross-sectional area mea-
surements (but not mucous-cell counts) because there were no
significant differences between sections.

Gills. Cell counts and area measurements were performed on
four gill filaments per fish. The filaments were randomly se-
lected by numbering all entire (undamaged) filaments in a sec-
tion and randomly generating numbers in Microsoft Excel. In
the NKA-labeled gills, the NKA cells found in 10 interlamellar
spaces (ILSs) and on the lamella were counted separately (giving
a count of the number of NKA cells per ILS). The cross-
sectional areas of three NKA cells per filament were measured.

While we thoroughly examined the filaments, lamellae, and
ILSs for mucous cells, they were very sparse (indeed none were
found in some fish), and therefore no data have been presented.
Gill morphometry measurements included lamellar length, la-
mellar width, and ILCM height, as previously described (Ong
et al. 2007).

Cell-Cluster Analysis

In examinations of fish stained with DASPEI, it became ap-
parent that the cells on the ventral surface of FW- and SW-
acclimated fish were clustered. In SW fish, the clusters were
examined at the same three sites imaged after DASPEI staining
(see above). At each of the three sites, measurements of the
areas of the clusters and the distance between adjacent clusters
were taken, along with the number of cells in each cluster. The
area of a cluster was measured by drawing a circular shape
around the cluster, with cells on the outer edge as guides. The
distance between the clusters was measured conservatively by
taking the distance between the two closest cells in neighboring
clusters.

Number of Ionocytes in the Skin versus the Gills

The number of skin ionocytes in the whole fish was estimated
from the NKA-positive cell counts in 4-um whole-body sections.
The average diameter of these cells was ~10 um. To determine
the best approach for estimating the number of NKA-positive
cells in the skin from these cell counts, we created a simulated
two-dimensional (2D) fish skin in which a finite number of 10-
pm-diameter cells were randomly placed on a grid with an area
of 100,000 um* and an average intercell spacing of about 20 um,
which is similar to the spacing on our fish. We measured the
average rate of cells intersected by 40 randomly placed 4-um
slices. From these measurements, we calculated a cell encounter
rate per 100 pm of linear distance that we took as characteristic
for the density of cells in two dimensions (in units of cells um ).
To calculate the density of cells on our real fish, we multiplied
the 2D density of cells in the simulation by the ratio of the linear
encounter rate for the fish to the linear encounter rate in the
simulation. The linear encounter rate for each fish was deter-
mined by taking the number of cells in a 4-um slice of the total
fish body and dividing by the circumference of the fish. Cell
density values were then multiplied by the total surface area of
the fish to estimate the total number of cells. Fish skin area for
10 fish was estimated by modeling each fish as two half cones
(mean surface area = 59 mm?).

To estimate the number of ionocytes in the whole gill, the
average number of NKA-positive cells per gill filament (very
few cells were found in the lamellae) was calculated in the plane
of the 4-um sections. The depth of the filament was determined
in micrometers from a separate set of gill micrographs per-
pendicular to the plane of the original micrographs. Filament
depth was 67.5 = 13.2 um (N = 3) for SW fish in water and
58.6 £ 5.3 um (N = 3) for FW fish in water. To estimate the
total number of ionocytes in the gills, the average filament depth
(above) was divided by the average diameter of an iono-
cyte (SW fish in water = 14.6 = 5.1 pum; FW fish in water =
114 #* 2.5 pm). This ratio was then multiplied by the number
of ionocytes per gill filament (measured individually in each
fish), the average number of gill filaments per hemibranch
(36.1 = 1.3), the number of hemibranchs per arch (2), and the
number of arches per fish (4).

Statistical Analysis

All data are presented as means *+ SEM. For measures in ex-
periment 1 (*H-H,O and Na" efflux rates, whole-body ions, and
whole-body water content), individual 2 x 2 factorial ANOVAs
were conducted. For some measures in experiment 2 (ionocyte
counts and area measurements in the gills and gill morphometric
analyses), individual 2 x 3 factorial ANOVAs were also con-
ducted. For DASPEI staining, individual2 x 3 x 3 mixed-model
ANOVAs were conducted. For NKA and mucous cell counts and
cross-sectional area measurements, individual2 x 3 x 4 mixed-
model ANOVAs were conducted. All analyses were done with
SPSS, version 13.0, and P < 0.05 was considered significant. After
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a significant result, simple main-effects tests were conducted with
a Bonferroni adjustment.

Results
Water and Ions

In both water and air, FW fish had significantly higher water
efflux rates than SW fish, a difference of two- to threefold (Fig.
1A). Air-exposed FW fish had significantly higher water efflux
rates relative to FW fish in water (Fig. 1A). In contrast, SW
air-exposed fish had significantly lower water efflux rates than
SW fish in water (Fig. 1A).

FW fish had much lower Na* efflux rates than SW fish in
both water and air, a difference of approximately 16-fold, but
air exposure had no effect on Na™ efflux rates at either salinity
(Fig. 1B). Whole-body Na™ concentration was significantly
higher in SW fish than in FW fish (Fig. 1C). Air-exposed FW
fish had slightly (but significantly) lower Na* concentrations
than FW fish in water (Fig. 1C). Air-exposed SW fish had
significantly higher whole-body Na* concentrations than SW
fish in water (Fig. 1C). Whole-body CI concentrations
(FW, o = 66.0 = 6.8 pmol g FW,, = 675 + 2.8 umol g™
SW, o = 68.1 £ 4.7 pmol g*'; SW,,, = 66.1 + 4.2 pmol g7')
and percent body water content (FW,,. = 76.7 &= 0.2;

=76.5=*0.2)

FW,, = 764 = 04; SW,
were not significantly different between any of the groups.

ir
ir

air water — 76.7 £ 0.2; SW

air

MRC:s in the Skin

The mitochondrial marker DASPEI revealed the presence of
two “types” of cells in the skin. The cells were distinguished
by shape and pattern of illumination. There were oval cells that
were stained strongly and uniformly throughout the whole cell
(Fig. 2A, 2B) and round cells that were stained around the
edges and looked like doughnuts (Fig. 2A). The round cells
were primarily found in the FW fish. To ensure that the oval
and round stained objects were indeed cells and not nonspecific
staining (or staining artifacts), DAPI (a nuclear stain) revealed
that nuclei were present in both cell types (Fig. 2C, 2D). In the
images, a nucleus does not appear in every cell. However, this
is probably because the dye was unable to penetrate through
some layers of the skin. Also, some nuclei do not appear to be
in DASPEI-positive cells. This is because DAPI is not specific
to MRCs and other skin cells bound with DAPI.

In general, the number of oval MRC:s in the skin of FW and
SW fish was similar; however, SW, . overy > FW,orery and
FW..covery < FW,.., and FW ;. (Fig. 2E). In all groups, oval MRCs
were significantly larger in SW fish than in FW fish (Fig. 2F).
Within the SW treatment, MRCs were significantly larger in
air-exposed fish than in fish in water and recovery fish. Also,
oval MRCs were significantly larger in SW recovery fish relative
to SW fish in water (Fig. 2F).

In contrast to oval cells, the number of round MRCs was
greater in FW fish than in SW fish (Fig. 2G). The cross-sectional
area of round MRCs in FW fish was not affected by treatment
(FW,,., = 227 + 7 um? FW, = 193 =5 ym? FW, =

ater air recovery

219 + 12 pum?®). There were insufficient numbers of round
MRCs in SW fish to analyze data.

NKA-Rich Cells in the Skin

In whole-body cross-sections, immunohistochemistry of NKA
showed a strong signal in intestine, kidney, spinal column, and
skin (Fig. 3A). At higher magnification, NKA-rich cells in the
skin were observed on the epidermal surface close to the ex-
ternal environment (Fig. 3B). The SW fish had significantly
more NKA cells than the FW fish (Fig. 3C). The SW air-exposed
fish had significantly more NKA cells in the skin than the SW
recovery fish (Fig. 3C). SW fish had NKA cells significantly
larger than those of FW fish (Fig. 3D). SW fish in air had cells
significantly larger than those of SW fish in water (Fig. 3D) or
after recovery from air exposure.

Cell Clusters in the Skin

A distinct pattern of cell clusters was observed on the skin
surface of all fish (FW and SW, water- and air-exposed), but
the pattern was more distinct in SW fish (Fig. 4A). Clusters
were initially quantified by counting the number of cells in 25
side-by-side grids measuring 50 um x 50 um. A clear peak-
and-valley pattern was apparent (Fig. 4B).

For fish in water, the area of the clusters was significantly
greater at site 1 (directly between the pectoral fins) than at site
2 (posterior to site 1; Table 1). The distance between clusters
was similar in all sites (Table 1). Also, there were significantly
more cells at site 1 that at sites 2 and 3 (4 mm posterior from
site 1; Table 1). The area of the clusters was significantly higher
at site 1 than at site 3 in air-exposed fish and at site 1 than at
sites 2 and 3 in recovery fish (Table 1). As well, the number
of cells was lower and the distance between clusters was higher
at site 3 relative to site 1 in recovery fish (Table 1). In all cases,
the differences between sites were relatively small (22%-37%).

At site 1, recovery fish had significantly smaller distances
between the clusters than fish in water and in air (Table 1).
Similarly, at site 2, the recovery fish had distances between the
clusters that were significantly smaller than those for fish in
water but not those of air-exposed fish (Table 1). At site 3, the
areas of the clusters in recovery fish were significantly smaller
than those of fish in water (control fish; Table 1). The mean
number of cells per cluster (20-30) was not significantly dif-
ferent for any of the groups at any of the sites.

Number of Ionocytes in the Skin versus the Gills

The estimated total number of ionocytes in the whole skin was
similar to that in the whole gills, but significant differences
were found (FW,;, <FW,,, and SW,;,>SW,,; Fig. 5). The
SW fish had significantly more skin and less gill cells than FW
fish (Fig. 5). Within salinities, the FW air-exposed fish had
significantly more cells in the skin and gills than the water-
exposed groups (Fig. 5). As well, the FW recovery fish had

significantly fewer cells in the skin and gills than the air-exposed
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Figure 1. "H-H,O (A) and *Na (B) efflux rates and whole-body Na" concentrations (C) of freshwater (FW)- and saltwater (SW)-acclimated
Kryptolebias marmoratus in water (black bars) and in air (white bars). Significant differences (P < 0.05) between FW- and SW-acclimated fish
within a group are marked with different letters. An asterisk denotes significant differences (P < 0.05) between water-exposed and air-exposed
groups of fish within either FW- or SW-acclimated fish. Values are means (N = 8-11) + SEM.

groups. In SW fish, the recovery fish had significantly fewer
cells in the skin than the air-exposed groups (Fig. 5).

Mucous Cells (PAS Staining) in the Skin

There were significantly more (threefold) skin mucous cells in
FW air-exposed fish than in the SW air-exposed fish (Fig. 6A).
There were significantly fewer cells in the FW recovery group
than in the FW air-exposed fish (Fig. 6A). In the SW group,
the number of mucous cells varied significantly (SW,,.,>
SWi,ecovery > SW,i5 Fig. 6A). The SW recovery fish had signifi-
cantly larger mucous cells than the FW recovery fish and SW
air-exposed fish (Fig. 6B).

In terms of the mucous cells, in all groups except the air-
exposed SW fish, the ventral section had more cells than the
dorsal and left and right lateral sections (Table 2). Also, in FW
air-exposed fish and SW water-exposed and recovery fish, the

dorsal section had more cells than the two lateral sections (Table
2). In all sections, FW air-exposed fish had more cells than SW
air-exposed fish (Table 2). There were too few mucous cells in
the gills to quantify.

NKA-Rich Cells in the Gills

NKA-rich cells were found mostly on the gill filaments of fish
in water (Fig. 7A, 7B), but this was not apparent in air-exposed
fish because an ILCM obliterated the lamellar-filamental bound-
aries (Fig. 7C, 7D). Only a few of the NKA cells were observed
near the edge of the gill structure close to the external environ-
ment in air-exposed fish, but many NKA cells were embedded
within the clublike gill (Fig. 7C, 7D). In all groups, the number
of NKA cells was greater in FW fish than in SW fish (Fig. 7E).
In FW, the number of NKA cells was greater in air-exposed fish
than in water-exposed and recovery fish (Fig. 7E).
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Figure 2. Representative images of 2-(4-dimethylaminostyryl)-1-ethyl-
pyridinium iodide (DASPEI)-stained mitochondria-rich cells (MRCs)
in the skin of Kryptolebias marmoratus acclimated to freshwater (FW;
A) or saltwater (SW; B). An asterisk indicates a round MRC (stained
at edges and having a “doughnut” appearance); a dagger indicates an
oval MRC (more strongly and uniformly stained). These images are
from fish in water. Scale bars = 20 pm. Also, in C and D, there are
representative images of double-labeled MRCs in the skin of K. mar-
moratus (acclimated to brackish water, 15%o). Cells were stained with
DASPEI to label mitochondria (green) and with 4, 6-diamidino-2-
phenylindole (DAPI) to label DNA in the nuclei (blue). C, Nuclei
appearing in the round MRCs (asterisks). D, Nuclei appearing in

In all groups, the cross-sectional area of the NKA cells was
significantly larger in the SW fish than in the FW fish (Fig.
7F). FW air-exposed fish had significantly larger NKA cells than
the FW fish in the water-exposed group but not the recovery
group (Fig. 7F).

Gill Morphometrics

There were no significant differences in average lamellar

height (FW, ., = 46.8 =29 pum, FW, =425+ 23 pum,
FW,. oy, = 472 £2.6 pm, SW,,., =535+39 um,
SW,;, = 45.5 & 2.0 um, SW,_ e, = 464 + 3.0 um) or average

lamellar width (FW,

‘water
FW,overy = 70 = 0.5 pm,

=71+ 0.3 yum, FW,, = 64 + 0.5 um,
SW,... =70 = 0.3 um, SW,, =
6.5+ 0.3 um, SW,. pyery = 7.1 = 0.4 pum) between any of the
fish. The ILCM height of SW fish in water was significantly
smaller (33%) than that of FW fish in water (Fig. 8). There
was a significant increase in the ILCM height with air exposure
(relative to that of the fish in water) in both FW (23%) and
SW (67%) fish (Fig. 8). These changes were reversible, with a
return to control values in the recovery fish.

Discussion

In this study, we have shown that Kryptolebias marmoratus
survives for at least 9 d out of water in contact with a low-
(1%0) or a high-salinity (45%o) moist surface. Radiolabeled ions
and water were exchanged across the skin at rates that were
not greatly different from those in water-exposed fish. Ho-
meostasis of whole-body Cl™ and H,O levels was maintained
in emersed fish, whereas Na* homeostasis was moderately dis-
turbed. Using a mitochondrial marker (DASPEI) and an NKA
antibody, we showed that ionocytes were present in both skin
and gills under all conditions (FW and SW, water and air ex-
posure) and that skin ionocyte cross-sectional area increased
in air-exposed (SW) fish. The gross morphology of the gill was
reversibly altered in emersed fish, and ionocytes were not con-
sistently observed on the external surface. The whole cutaneous
surface had a similar number of ionocytes relative to the whole
gills, and skin cells were arranged in a cluster pattern. Taken
together, these results provide evidence that the skin is a site
of ion and water exchange and that when K. marmoratus are
out of water, the skin probably plays a more prominent role
in osmoregulation than the gills.

oval MRCs (dagger). Scale bars = 10 pm. The graphs depict the average
number (E) and cross-sectional area (F) of DASPEI-stained oval MRCs
or the cross-sectional area (G) of DASPEI-stained round MRCs in
0.0625-mm” grids on the ventral skin surface of FW- and SW-accli-
mated K. marmoratus in water (black bars), in air (white bars), and in
the recovery treatment (hatched bars). Significant differences (P <
0.05) between FW- and SW-acclimated fish within a group are marked
with different letters. An asterisk denotes a significant difference
(P < 0.05) between the water- and air-exposed groups; a dagger denotes
a significant difference from the air group; a double dagger denotes a
significant difference (P < 0.05) between the recovery group and the
other two groups. Values are means (N = 5-8) = SEM.
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Figure 3. Representative images of immunohistochemically stained cross-sections of the skin in saltwater (SW)-acclimated Kryptolebias mar-
moratus in water. A, Whole-body cross-section (scale bar = 100 um) showing the skin (s). The spinal column (c), liver (), kidney (k) and
gut (i) likely fluoresce because there are high levels of Na*, K*-ATPase (NKA) in those tissues (Clendenon et al. 1978; Fuentes et al. 1997;
Sherwani and Parwez 2008). B, Section of the skin at a higher magnification (scale bar = 10 um); NKA-labeled cells are indicated with asterisks.
Tissue is oriented so that the external skin surface is at the top. C, Total number of NKA cells in cross-sections of the skin of FW- and SW-
acclimated K. marmoratus in water (black bars), in air (white bars), and in the recovery treatments (hatched bars). A dagger denotes a significant
decrease (P<0.05) in the cross-sectional area and number of cells counted in the SW-acclimated recovery fish compared with the air-exposed
fish. Values are means (N = 3-8) = SEM. D, Average cross-sectional area of NKA cells in FW- and SW-acclimated fish. An asterisk denotes
a significant increase (P < 0.05) in the cross-sectional area of the NKA cells in SW-acclimated air-exposed fish compared with the water-exposed
group. Values are means (N = 7-8) = SEM. On both graphs, significant differences (P < 0.05) between FW- and SW-acclimated fish within

a group are marked with different letters.

Experimental Approach

DASPEI staining and immunohistochemistry for NKA were
both used as markers for ionocytes in the skin. From the sim-
ilarity between the cross-sectional area measurements of oval
DASPEI-stained and NKA-labeled cells between different ex-
perimental regimes, it is likely that we are identifying the same
population of ionocytes with both techniques. Cell counts be-

tween DASPEI staining and NKA labeling could not be directly
compared because cells were counted on entirely different
planes (flat skin surface and transverse sections, respectively).
Further reference to ionocytes in the skin represents a com-
bination of the data from both techniques, whereas reference
to ionocytes in the gills represents NKA-labeled cells. It should
be noted that in the skin of FW K. marmoratus, there appears
to be at least two types of ionocytes (oval and round). Ionocyte


https://www.researchgate.net/publication/22926369_Inhibition_of_Na-K-ATPase_activity_following_experimental_spinal_cord_trauma?el=1_x_8&enrichId=rgreq-4c40f071cc6c22f6d98a9a8423793d67-XXX&enrichSource=Y292ZXJQYWdlOzQ3NjIwMTAwO0FTOjE4NTUyMDIwNjM5MzM0NEAxNDIxMjQyODcyMTYz
https://www.researchgate.net/publication/5323399_Plasma_Thyroxine_and_Cortisol_Profiles_and_Gill_and_Kidney_NaK-ATPase_and_SDH_Activities_During_Acclimation_of_the_Catfish_Heteropneustes_fossilis_Bloch_to_Higher_Salinity_with_Special_Reference_to_th?el=1_x_8&enrichId=rgreq-4c40f071cc6c22f6d98a9a8423793d67-XXX&enrichSource=Y292ZXJQYWdlOzQ3NjIwMTAwO0FTOjE4NTUyMDIwNjM5MzM0NEAxNDIxMjQyODcyMTYz
https://www.researchgate.net/publication/215822893_Progressive_transfer_to_seawater_enhances_intestinal_and_branchial_Na-K-ATPase_activity_in_non-anadromous_rainbow_trout?el=1_x_8&enrichId=rgreq-4c40f071cc6c22f6d98a9a8423793d67-XXX&enrichSource=Y292ZXJQYWdlOzQ3NjIwMTAwO0FTOjE4NTUyMDIwNjM5MzM0NEAxNDIxMjQyODcyMTYz

Osmo- and Ionoregulation in Killifish 941

NOoON RO
w

U

# of cells/2500 pum?

Figure 4. A, Representative fluorescent image of cell clustering of mitochondria-rich cells in the ventral skin of SW-acclimated Kryptolebias
marmoratus in water. This fish was incubated in a 350-uM solution of 2-(4-dimethylaminostyryl)-ethylpyridinium iodide for at least 3 h and
then imaged. Blood vessels beneath the skin surface are marked with arrows. B, Number of cells per 2,500-um’ grid along the section of the
image between the white lines (which is 1,250 pm in length). Scale bar = 100 pm.

subtypes have been described in other species (for reviews, see
Perry 1997 and Marshall and Grossell 2006), but further his-
tological studies would be required to characterize the prop-
erties of these cells in K. marmoratus.

In this study, we chose to measure efflux but not influx rates,
on the assumption that after 9 d in a treatment, influx and
efflux rates should be in approximate equilibrium. In addition,
this approach avoided the use of large amounts of expensive
*’Na that would be required to measure Na* influx in SW fish

as well as the need to kill these valuable animals. In the common
killifish (Fundulus heteroclitus), Na* and Cl~ concentrations
were measured after fish were transferred from 10% SW to FW
and from 10% SW to 100% SW. In most cases, the fish estab-
lished equilibrium after 7 d, and whole-body Na* and CI~
concentrations were similar to those reported for control fish
(Wood and Laurent 2003). Therefore, in this experiment, fish
were left in air for 9 d, a period of time that was likely sufficient
for influx and efflux to reach equilibrium.

Table 1: Characterization of cell clusters in the ventral skin of mangrove killifish Kryptolebias marmoratus

Measurement, Site Water Air Recovery
Area of clusters (um?):
1 28,700 + 400 25,400 * 2,300 28,500 *+ 1,800
2 19,900 + 1,500° 20,000 * 1,900 21,400 * 900°
3 23,200 = 1,400 18,800 = 1,400° 17,900 = 900*°
Distance between clusters (um):
1 44.0 = 3.7 452 + 3.4 32 + 1.5
2 475 + 2.4 419 + 2.7 346 + 1.9°
3 46.8 = 2.7 45.6 + 2.7 39.3 £ 2.5
Cells per cluster:
1 31 £ 2 25 = 3 28 = 2
2 22 £ 1° 21 =3 21 £ 1
3 23 + 1° 19 = 2 18 = 2°

Note. Characterization of cell clusters collected from sites 1-3 in the ventral skin of saltwater-acclimated mangrove killifish in water,

air, and recovery groups. Values are means (N = 7-8) = SEM.
“Significant (P < 0.05) difference from site 1.
"Significant difference (P < 0.05) from the water group.
“Significant difference (P < 0.05) from the air group.
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Figure 5. Estimated total number of ionocytes in the skin versus the gills of FW- and SW-acclimated Kryptolebias marmoratus in water, in air,
and in the recovery treatments. The skin had significantly fewer cells than the gills in FW fish (P < 0.05) and more cells than the gills in SW
fish (P < 0.05). Significant differences (P < 0.05) between FW- and SW-acclimated fish within a group are marked with different letters. Significant
differences (P < 0.05) between FW- and SW-acclimated fish are marked with lowercase (skin) and uppercase (gills) letters. A dagger denotes
a significant difference (P < 0.05) between the recovery group and the air-exposed groups. An asterisk denotes a significant increase (P <
0.05) relative to the water-exposed group. Values are means (N = 6-8) = SEM.

Aquatic Ionoregulation in FW versus SW

Kryptolebias marmoratus are tolerant of a wide range of water
salinities (0%o0—114%o; King et al. 1989), and their ionoregu-
latory strategy in FW (1%o) and hypersaline SW (45%o) appears
to be similar to that of other euryhaline teleosts. Higher rates
of diffusive water exchange in FW relative to SW K. marmoratus
in water are consistent with data on marine and FW teleosts
(e.g., Evans 1969; Motais et al. 1969). In this study, Na* efflux
rates in SW fish were about 16 times those in their FW coun-
terparts. In previous studies, Na* fluxes were consistently
higher in SW-acclimated than in FW-acclimated euryhaline tel-
eosts (e.g., Potts and Evans 1967; Forrest et al. 1973; Bath and
Eddy 1979; Wood and Laurent 2003). Whole-body Na* con-
centrations in K. marmoratus were slightly but significantly
higher in SW fish than in FW fish in water, whereas Cl™ con-
centrations were approximately the same. Whole-body or
plasma ion concentrations in euryhaline species transferred to
a different water salinity typically show acute changes followed
by stabilized values (e.g., Wood and Laurent 2003; Mackie et
al. 2005). It is unlikely that intracellular amino acids contrib-
uted to tissue osmoregulation, because in a previous study,
whole-body total free amino acid levels did not change in K.
marmoratus transferred from water of 15%o salinity to 0%o or
45%0 water (Frick and Wright 2002a).

On the whole, skin and gill ionocytes were larger in SW than
in FW K. marmoratus in water. Gill ionocytes that are larger
in SW-acclimated than in FW-acclimated fish have been re-
ported in tilapia (Oreochromis mossambicus; Uchida et al. 2000)
and Hawaiian gobies (Stenogobius hawaiiensis; McCormick et
al. 2003) as well as in K. marmoratus (King et al. 1989). In-
terestingly, the number of gill ionocytes was lower in SW than
in FW K. marmoratus in water. Similar changes in gill MRCs
(increased size and decreased density in SW-acclimated relative

to FW-acclimated fish) were noted in tilapia Oreochromis mos-
sambicus (van der Heijden et al. 1997). Multiplying cell density
by cell size provides a rough estimation of the space occupied
by MRCs in SW- and FW-acclimated fish (van der Heijden et
al. 1997), and in K. marmoratus these calculations reveal that
very little change (<7%) occurred in the relative occupation of
gill NKA-positive cells between the two salinities.

One noteworthy difference between the FW- and SW-accli-
mated fish in water was that the ILCM height was significantly
greater in the FW-acclimated than in the SW-acclimated fish.
Fish that develop a gill ILCM in higher-oxygen/lower-temper-
ature FW environments (Sollid et al. 2003, 2005; Nilsson 2007;
Matey et al. 2009; Mitrovic and Perry 2009) are thought to be
balancing the oxygen requirement against the loss of blood ions
(osmorespiratory compromise; Gonzalez and McDonald 1992).
The differences in ILCM height with salinity in this study sug-
gests that gill remodeling in K. marmoratus occurs in response
to both air exposure (Ong et al. 2007) and blood-to-water ion
gradients.

Role of Skin versus Gill under Terrestrial Conditions

We hypothesized that the skin plays a role in osmo- and iono-
regulation in K. marmoratus in water and air. Jonocytes were
discovered in the skin of FW and SW fish under all conditions,
and the estimated number of cells over the whole skin was
comparable to the gills. In embryonic and larval fishes that
respire cutaneously, ionocytes are mostly present in the skin,
but over developmental time, the number of ionocytes in the
skin decreases, whereas the number increases in the gills (Fu
et al. 2010; see reviews by Varsamos et al. 2005; Rombough
2007). In the estuarine mudskipper Periophthalamus modestus,
DASPEI-positive cells were found in the epidermis behind the
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Figure 6. Total number (A) and average cross-sectional area (B) of mucous cells in the skin of FW- and SW-acclimated Kryptolebias marmoratus
in water (black bars), in air (white bars), and in the recovery treatments (hatched bars). Significant differences (P < 0.05) between FW- and
SW-acclimated fish within a group are marked with different letters. An asterisk denotes a significant difference (P < 0.05) between water- and
air-exposed fish, a double dagger denotes a significant difference (P < 0.05) between water-exposed and recovery fish, and a dagger denotes a
significant difference (P < 0.05) between air-exposed and recovery fish. Values are means (A: N = 4-8; B: N = 2-8) = SEM.

pectoral fin at densities (~1,000 mm™?) similar to those in this
study (~1,200 mm™?). Ionocytes were also identified in the skin
of Periophthalamus cantonensis but not in that of the mud-
skipper Boleophthalmus pectinirostris (Yokoya and Tamura
1992). After transfer to SW, ionocytes appear in the abdominal
epidermis of the guppy Poecilia reticulata (Schwerdtfeger and

Bereiter-Hahn 1978). Thus, skin ionocytes occur in a number
of species, but changes in cell size and density with aerial ex-
posure in an amphibious fish have not been previously re-
ported. These results suggest that the skin ionocytes in K. mar-
moratus play an important role in ionoregulation in air.

If the skin plays a role in osmoregulation, then water and

Table 2: Mucous cell counts in cross-sections of skin in the mangrove killifish

Kryptolebias marmoratus

Freshwater Acclimated

Seawater Acclimated

Section Water Air Recovery = Water Air Recovery
Dorsal 16 =4 27 £ 4 11 £ 4 22+ 4 11 £ 4> 21 + 3°
Ventral 41 = 7° 44 £ 5 39 +£6° 51+ 6 14 =5 37 £ 5°
Left lateral 8§ £3 13 £ 3 73 6 =3 3+ 3 6 =2
Right lateral 93 12 = 2 4 +3 9 2 4 + 2P 6 =2

Note. Mucous cell counts in the skin from freshwater (FW)- and saltwater (SW)-acclimated mangrove

killifish in water, air, and recovery groups. Values are means (N = 4-8) + SEM.

“The dorsal section (within group and salinity) had significantly (P < 0.05) more cells than the left and

right lateral sections.

"Within sections and group, all the sections in the FW-acclimated air-exposed fish had significantly

more (P < 0.05) mucous cells than all the sections in SW-acclimated air-exposed fish.

“The ventral section (within group and salinity) had significantly (P < 0.05) more cells than all the

other sections.
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Figure 7. Representative images of immunohistochemically stained gills of freshwater (FW)-acclimated (A, C) and saltwater (SW)-acclimated
(B, D) Kryptolebias marmoratus in water (A, B) and in air (C, D). Na*, K"-ATPase (NKA) cells appear green. Note that there are more NKA
cells in the interlamellar space (ILS) on the filament of FW-acclimated fish than in that of SW-acclimated fish and that NKA cells appear larger
in SW-acclimated fish than in FW-acclimated fish. Scale bars = 10 pm. The graphs depict the average number (E) and cross-sectional area
(F) of NKA-labeled cells (in the gills) per ILS in FW- and SW-acclimated K. marmoratus in water (black bars), in air (white bars), and in the
recovery treatments (hatched bars). Significant differences (P < 0.05) between FW- and SW-acclimated fish within a group are marked with
different letters. An asterisk denotes a significant increase (P<0.05) in the number and cross-sectional area of NKA-labeled cells per ILS in
the FW-acclimated air-exposed fish compared with the water-exposed fish. A dagger denotes a significant decrease (P < 0.05) in the number
of NKA-labeled cells per ILS in the FW-acclimated recovery fish relative to air-exposed fish. Values are means (N = 6-8) = SEM.

ion flux should occur across the skin, and this was indeed water. When these fish were then placed on a mesh surface
the case. When air-exposed Kkillifish were placed in a mesh- over clean water (without radioisotopes), *Na and *H-H,O
bottomed chamber in contact with a pool of water containing appeared in the water. The transfer of radioisotopes likely oc-
radioisotopes, they absorbed the radioisotopes. This was first  curred mostly across the skin because the gills were not in direct
demonstrated by the appearance of *Na and *H-H,O counts contact with water. However, we cannot completely rule out
in air-exposed fish in contact with the radioisotopically labeled  gill air/water exchange because water may have entered the



Osmo- and Ionoregulation in Killifish 945

25
20 - &

3 a '

=t o

£ 15 o

2 .

< 10

O

, .

NN

0 AN

Freshwater

m Water
1 Air
a* =1 Recovery

Seawater

Salinity

Figure 8. Interlamellar cell mass (ILCM) height measured in the gills of FW- and SW-acclimated Kryptolebias marmoratus in water (black
bars), in air (white bars), and in the recovery treatments (hatched bars). Significant differences (P < 0.05) between FW- and SW-acclimated fish
within a group are marked with different letters. An asterisk denotes a significant increase in the ILCM height in air-exposed fish compared
with water-exposed fish. A dagger denotes a significant decrease in the ILCM height in recovery fish compared with air-exposed fish. Values

are means (N = 6-8) = SEM.

opercular chamber through capillary action (see below). These
ion flux results, as well as the presence and regulation of skin
ionocyte morphometrics, support the hypothesis that the skin
is involved in osmo- and ionoregulation in K. marmoratus.

We predicted that during air exposure, the gills (if functional)
would have a reduced role in exchange with the external en-
vironment. Indeed, the lamellar surface area of the gills de-
creased because of an increase of the ILCM height in air-
exposed K. marmoratus in both salinities. Ong et al. (2007)
hypothesized that an ILCM develops during emersion in K.
marmoratus to support the gills and prevent collapse and pos-
sibly to limit desiccation by reducing gill surface area. In this
study, gill ionocytes were observed along the filamental surface
between lamellae in both FW and SW fish in water, but in
emersed fish they were scattered throughout the clublike gill
structure. This contrasts with findings in Arapaima gigas and
Carassius auratus, where gill remodeling involves a reorienta-
tion of gill ionocytes to the outside edge of the embedded
lamellae (Brauner et al. 2004; Mitrovic and Perry 2009).

If the gill has a reduced role in osmoregulation during air
exposure, then the number or size of ionocytes in the gills
might be expected to decrease. In the gills of FW air-exposed
killifish, surprisingly, there was an increase in the number and
size of ionocytes relative to killifish in water, and this was re-
versed in the recovery group. The physiological significance of
these changes in the FW gill is unknown. Fish in our experi-
ments had no opportunity to gulp water when in aerial con-
ditions, and to our knowledge, there are no reports in the
literature of this behavior, but it has been observed in am-
phibious mudskippers, P. cantonensis (Gordon et al. 1978) and
Periophthalamus schlosseri (Chew et al. 2007). It is still possible,
however, that the gills have access to water in some terrestrial
habitats. In this study, capillary action created by the porous
mesh (below air-exposed fish) may have drawn water up into
contact with the operculum, where it might have been further

wicked into the opercular cavity. Therefore, we cannot rule out
the possible involvement of gill ionocytes in ion exchange even
when there was no significant water flow over the gills.

In fish stained with DASPEI, clusters of MRCs were observed
in the skin of both SW and FW fish. The cell-cluster pattern
was not altered in air-exposed fish. Sturla et al. (2001) observed
MRC clusters of about three to five cells in the opercular skin
of FW African lungfish (Protopterus annectens), whereas cell
clustering (two or three cells) occurs in SW- but not FW-
acclimated Japanese eel (Anguilla japonica) during early life
stages (Sasai et al. 1998). Interestingly, in the mangrove killifish,
the cell clusters were much larger (20-30 cells). It has been
proposed that these cell clusters are important for sodium ex-
trusion in the eel (Sasai et al. 1998). Epidermal ionocyte clus-
tering in zebrafish embryos is regulated by Delta/Jagged-Notch
signaling, and a loss of signaling leads to a higher density of
ionocytes in clusters (Hsiao et al. 2007; Jdnicke et al. 2007).
More work is necessary to understand the functional role of
these skin ionocyte clusters in K. marmoratus.

In air, total body water and Na® exchange rates might be
expected to decrease because of decreased gill surface area for
exchange in the fish, all else being equal. Decreased diffusive
water exchange rates observed in air-exposed SW fish were
possibly due to reduced passive water loss to the environment
because the surface area for exchange was reduced. However,
water exchange increased in air-exposed FW fish, opposite to
our predictions and previous data on air-exposed FW African
lungfish Protopterus dolloi (Wilkie et al. 2007). Water perme-
ability of epithelial barriers (epidermis, branchial, renal) is reg-
ulated by numerous factors, including tight-junction proteins
(Bagherie-Lachidan et al. 2008) and aquaporins (Agre et al.
1995; Cutler and Cramb 2000). Expression of these proteins
may have been altered in air-exposed fish, resulting in modified
water efflux rates, but whether this occurred is unknown. It is
unlikely that fish lost a significant amount of water by evap-
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oration because the relative humidity was at least 99% in the
experimental chambers during air exposure (D. LeBlanc, un-
published data), and body water content did not change.

As predicted, air-exposed K. marmoratus largely maintained
ionoregulatory and osmoregulatory homeostasis; however,
whole-body Na* concentrations in FW were slightly but sig-
nificantly lower, while in SW they were significantly higher,
relative to control fish in water. The direction of these changes
follows the passive gain of NaCl in SW and passive loss in FW.
The turnover time of the internal Na pool, estimated by di-
viding the measured whole-body Na concentration ( x 0.95) by
the measured efflux rates, is about 12 h in FW fish and 1.5 h
in SW fish. It is therefore very unlikely that the fish are much
out of equilibrium by 9 d (216 h = 18 turnover times in FW,
144 turnover times in SW). Influx and efflux rates are probably
back in balance, but the internal body Na pool has been reset
to a higher or lower level. When Synbranchus marmoratus
(~1%o0) and P. schlosseri (~8%o) were emersed, Na* (influx and
efflux) and Ca** (influx), respectively, continued to move
through the skin (Stiffler et al. 1986; Fenwick and Lam 1988).
It is unlikely that the kidney was involved in Na* efflux in SW
fish to any great extent because mostly divalent ions and few
monovalent ions are released in urine (Marshall and Grosell
2006). Therefore, it is likely that air-exposed killifish primarily
use ionocytes in the skin for active Na* efflux in SW but that
they have some difficulties maintaining Na* balance. In FW
fish, we cannot rule out some loss of Na* via the urine; however,
from studies in other species, this is probably a small com-
ponent (Curtis and Wood 1991; Marshall and Grosell 2006).
Indeed, even in two species of African lungfish (P. dolloi and
P. annectens) that have greatly reduced gills and low skin per-
meability, measured renal Na' loss rates were only 12%-22%
of loss rates across the body surface (Patel et al. 2009) in FW.

Whole-body Na* concentrations increased to levels substan-
tially higher than whole-body Cl™ concentrations in SW fish
in air. We can only speculate that either a compensating cation
(anion) decreased (increased) to maintain electrical neutrality.
It is possible that whole-body concentrations of K* fell in re-
sponse to rising Na*. The most likely explanation, however, is
that the anion HCOj; increased in concentration. We speculate
that the fish suffered a respiratory acidosis (CO, retention) in
air that was metabolically compensated after 9 d by the ac-

cumulation of HCO;, a well-documented phenomenon tha =+

occurs when other amphibious fish are transferred to air (e.g.,
Graham 2006). However, it is not clear why the same Na*

versus Cl~ discrepancy was not seen in FW Kkillifish exposed tc=*

air. This warrants further investigation.

We predicted that during air exposure there would be an
increase in the number of mucous cells in the skin and gills,
regardless of salinity. However, few mucous cells were found
in the gills of FW and SW Kkillifish compared with those re-
ported in some species (Mattheij and Stroband 1971; Gona
1979; Solanki and Benjamin 1982). SW fish in air had signif-
icantly fewer mucous cells in the skin relative to the control
and recovery groups, the opposite of what would be predicted

iccation or facilitated ionoregulation. Overall, the results in-
dicate that mucus production is no more important in terres-
trial than in aquatic environments.

In conclusion, we found evidence that the skin of K. mar-
moratus is a site of iono- and osmoregulation in aquatic and
terrestrial habitats. We estimated that the cutaneous surface had
a number of ionocytes similar to that in the gills and that skin
cells were arranged in a cluster pattern of 25-30 cells per cluster.
During extended terrestrial periods, gill and skin cells and mor-
phology were reversibly remodeled. Kryptolebias marmoratus
maintains water balance but not perfect ionic homeostasis dur-
ing extended terrestrial excursions. These findings provide the
first detailed study of iono- and osmoregulation in a cutaneous
breathing euryhaline amphibious fish.
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