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Summary

The effects of salinity on chloride cells (CC) and
Na*/K*-ATPase content in gill epithelium of euryhaline
killifish Fundulus heteroclituswere analyzed using laser
scanning cytometry (LSC) and tissue microarrays
(TMASs). Salinity acclimations consisted of acute transfer
from freshwater (FW) to 1x seawater (SW) and gradual

relative fluorescence units, RFU) after 1 week of acute
acclimation to 1x SW but returns to baseline values
(2.4+0.5¢10° RFU) within 5 weeks. In contrast, gradual
acclimation to 2.4« SW permanently increases NaK*-
ATPase content per CC (from 2.0+0.810° to 6.7+2.%10°
RFU after 5 weeks). CC sizeén situ did not correlate well

transfer from FW to 2.4x SW. Suspensions of dissociated
gill epithelial cells were stained with DASPMI and
evaluated using LSC. CC number and volume are
proportional to external salinity, being lower in FW
(0.5+0.210° and 405+32um3, respectively) and higher
after 5 weeks in 2.4 SW (3.7+0.%10° and 2697+146.m3,
respectively). TMAs were constructed from fixed gill
tissues and developed using antibody for N&K *-ATPase
to visualize CCsin situ and compare their characteristics
with isolated CCs. Nd/K*-ATPase content per CC
increases transiently (from 2.2+0.510° to 4.8+1.1x1(°

to salinity because of basolateral membrane infoldings.
Taken together, these data suggest that euryhaline fishes
are capable of sensing environmental salinity to utilize
transient  short-term and permanent long-term
adaptations for coping with salinity changes. These results
also demonstrate the power of LSC and TMA for
comparative biology.

Key words: chloride cell, salinity adaptation, Killifisfundulus
heteroclitus gill epithelium, osmoregulation, tissue microarray, laser
scanning cytometry, N&K*-ATPase.

Introduction

Chloride cells (CC) in gills of euryhaline teleosts are highlyarray all samples of one or more experiments on a single slide
differentiated ion-transporting cells that are characterized bthey can be stained and analyzed under identical conditions.
an enormous energy turnover, as indicated by the gred@hus, immunohistochemistry and other fluorescence-based
abundance of mitochondria and ATPases (Karnaky, 1986). imeasurements using this technique are highly quantitative
response to changes in environmental salinity, importanvhen comparing salinity effects in different samples.
morphometric properties of CC and abundance of many Laser scanning cytometry (LSC) was developed as a
membrane transport proteins are regulated to accommodate tingdrid-technology merging the advantages of laser scanning
altered requirements for transcellular ion transport across thkiorescence microscopy and flow cytometry (Kamentsky,
gill epithelium and to maintain plasma ion homeostasis. 2001). Tissue microarrays (TMASs) are an ideal complementary

In this study we utilize laser scanning cytometry (LSC) andechnology to LSC because they permit high-throughput
tissue microarrays (TMAs) for quantitative analysis of salinityanalysis of many tissue samples simultaneously under identical
effects on CC and N&*-ATPase in gills of the euryhaline conditions, thus minimizing sample-to-sample variation.
killifish Fundulus heteroclitusVe hypothesize that using this TMAs were originally developed to accelerate the scoring of
approach it is possible to compare salinity effects on chlorideumor tissues for clinical pathology (Bubendorf et al., 2001).
cell propertiesn situ and in dissociated gill cell suspensions However, because of their versatility TMAs are increasingly
and that this will enable us to better understand the kinetics pbpular for many other applications in biological research and
adaptation during acute and gradual salinity increase. A majoiney promise to become a powerful tool for comparative
advantage of the TMA-LSC approach is its high-throughpuexperimental biology. Using LSC and TMA technology it is
capability and extraordinary sensitivity in recording possible to perform large-scale analyses of proteins, e.g. by
fluorescence-based properties of thousands of individu@nmunophenotyping (Mocellin et al., 2001), of DNA, e.g. by
chloride cells in a very short time. In addition, because TMAsuclear DNA staining (Buse et al., 1999) and of RNA, e.g. by
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fluorescencen situ polymerase chain reaction (Pachmann ef0.4% aminobenzoic acid-ethylether-methanesulfonate). The
al., 2001). Such LSC/TMA-based analyses are much fastgpericardium was opened and the gills perfugadhe bulbus
less error-prone and more cost-efficient than other approachesteriosus with ice-cold phosphate-buffered saline (PBS:
Using this novel approach we have investigated the kinetick46 mmoll-1 NaCl, 3mmoll-1 KCI, 15mmoll-1 NaHPQy,
of CC hypertrophy and proliferation as well as¥&-ATPase  15mmoll-? NaHPQs, 10mmoll-1 NaHCQ;, pH7.4;
abundance in CC of killifish gill epithelium after exposure ofosmolality=330mosmo'kg1). After blood had been removed
fish to acute and gradual salinity acclimation regimens. and gills had turned white (ca. 1A8n) individual gill arches
were dissected. All four gill arches of the left side were
) rinsed in PBS and fixed in 4% paraformaldehyde for
Materials and methods immunohistochemistry (see below). All four gill arches of the
Animals and acclimation procedures right side were rinsed with PBS and the gill epithelium was
Killifish Fundulus heteroclitut. were collected on Mount scraped off the cartilage and cells dissociated as previously
Desert Island, Maine, USA in a brackish water (estuarineflescribed (Kiltz and Somero, 1995). Cell suspensions were
habitat. They were then transported to Davis, California, USAtained with DASPMI (1@umol I-1) for 30min and washed
and acclimated for more than 1 month to freshwatetwice in PBS. After resuspension in 200—300BS an 8Qul

(FW: Na=28mgl-1, K*<5mgl-1, C&*=33mgl-1, Mg?*=
36mgl-1, pH8.0) in circular flow-through tanks of rfh
diameter. Fish were fed commercial trout pelkdslibitum

sample was placed on a microscope slide and covered with a
60x24 mm coverslip. Preliminary experiments established that
80l are optimal for complete coverage of the entire area

The water temperature was 18°C and the photoperiod was setder the coverslip without any excess liquid remaining in the
to 12h:12h L:D during all experiments. Seawater (SW) useduncovered area of the slide. Slides were then evaluated using
for experiments was prepared from synthetic sea salt (Red SESC (see below).
Fish Farm, Israel) and the final salinity adjusted using a
freezing point osmometer (Advanced Micro Osmometer, Tissue microarray construction and immunohistochemistry
model 3300; Norwood, MA, USA). All salinity acclimation  Gill arches were fixed in 4% paraformaldehyde for at least
experiments were performed in 1i0flosed circulation aquaria 48h and the fixative was changed once before embedding the
equipped with external power filters and aeration. Prior tdissue in paraffin (Tissue Prep 2, Fisher Scientific, Pittsburgh,
acclimations fish were allowed to adjust to these aquaria in F\WWA, USA). These paraffin blocks were then used as donor
for 2 days. Hyperosmotic stress was induced by transferringlocks for tissue microarray (TMA) construction. An empty
fish from FW to SW according to the acclimation regimengaraffin block served as a recipient block for TMA. TMA
illustrated in Figl. construction was done with a MTA-1 tissue microarrayer
(Beecher Instruments, Sun Prairie, WI, USA) equipped with a
Gill perfusion, cell dissociation and live cell staining set of 1mm diameter punches as described previously
At each sampling point during the acclimation experiment¢Kononen et al.,, 1998). Fixed and paraffin-embedded
fish were killed by exposure to a lethal dose of MS-22Zpecimens of gill tissue from all acclimation groups were
arrayed in the same recipient block andm sections of this
block were taken using a microtome (Bromma 2218

3000, ~@- Acute SW  —A- Gradual SW(E2)  yistorange, LKB, Uppsala, Sweden) and floated onto poly-
2500 —- FXV control —- Gradual SW (Ea) lysine coated slides. The slides containing the arrayed samples
H_E? were dried overnight. When completely dry they were
E 20001 deparaffinized three times formgin each in xylene, twice for
2 100l 5min each in 100% ethanol, twice formin each in 95%
£ ethanol, and once for Bin in 80% ethanol. After
2 1000 ® ® deparaffinization the slides were incubated forn80 in
% blocking solution (PBS containing 1% bovine serum albumin)
v 5001 and for another 3fin in blocking solution containing 2%

purified mouse 1gG. Primary antibody against aviar/K&

0 ATPasea-subunit developed by Douglas M. Fambrough was

obtained from the Developmental Studies Hybridoma Bank
_ . o ) o . instituted under the auspices of National Institute for Child
Fig. 1. Sgllnlty accllmatlon regimens used in this study. Killifish Health and Human Development (NICHD) and maintained by
were subjected to either acute transfer from freshwater (FW¥ to 1th Uni ity of | D t t of Biological Sci
seawater (SW, 100@osmokgl, green circles) or to gradual € nlyerS|y of Towa, Departmen 0, lologica ,C'e”C‘?S’
transfer from FW to 2x SW (2400mosmokgl). During Iowa.C|ty, IA. 52242,'USA. The an'tlbody was dlluted.ln
gradual transfers the salinity was increased either at a rate G1OCKing solution to a final concentration of 1% and the slides
300mosmolkgL per day (red triangles) or 25@smolkgt per day ~ incubated in this solution at room temperature fommo.
(black triangles) until it reached 24@tbsmolkgl. FW controls  Slides were rinsed three times fomin each in PBS and
were transferred once on the first day to FW (blue diamonds). incubated for 3®nin with secondary goat anti-mouse IgG

14
Acclimation time (days)

21 28 35
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antibody covalently bound to PacificBlue (P-10993, Moleculahttp://www.kyenslab.com) was used to evaluate the
Probes, Eugene, OR, USA) at a final concentration of 0.5% isignificance of differences between treatment groupsFfhe
blocking solution at room temperature in the dark. Slides wertest was used to assess statistical differences of standard
rinsed again three times fomiin each in PBS, topped with a deviations. Depending on its result, either a patresst or
coverslip, and sealed with nail polish. They were stored in ththe Mann—Whitney test was used to test for statistical
dark until analyzed by LSC. significance between means of treatment groups. The
significance threshold iB<0.05 for all tests.
Laser scanning cytometry
A Laser Scanning Cytometer (LSC, Compucyte,
Cambridge, MA, USA) was used to analyze suspensions Results
of dimethylaminostyrylmethylpyridiniumiodine (DASPMI)-  Rapid, reliable quantification of chloride cell properties by
stained gill cells and slides containing gill TMAs. For analysis laser scanning cytometry
of chloride cells (CC) in gill cell suspensions we useda 20 We have optimized a method using the LSC from
objective (UPlanF| 2€/0.5060/0.17, Olympus, Melville, NY, Compucyte for quantitative analysis of CC properties in the
USA) in combination with the LSC argon laser (488). For  euryhaline Kkillifish E. heteroclitu3. This method is based on
analysis of TMA slides processed by immunohistochemistrgtaining CC with the vital mitochondrial dye DASPMI
we used a 40objective (UPlanFL 4&/0.75k0/0.17, Olympus)  (Bereiter-Hahn, 1976) and quantification of the fluorescence
in combination with the LSC UV laser (40@n). Contouring  signal emitted by each CC after excitation by an argon laser at
and event segmentation variables were adjusted for optimdB8nm. Dissociated CC from cell suspensions loaded onto
detection of CCs as identified by high DASPMI fluorescencenicroscope slides were segmented as individual events by the
in live cell suspensions and by M&*-ATPase/Pacific Blue LSC software and contoured along their perimeter. For each of
fluorescence in TMAs using WinCyte software (Compucyte)these events representing single CCs the fluorescence integral,
For each CC detected during scanning we recorded the ar@aaximum pixel, perimetergy coordinates on the slide, and
fluorescence integral and maximum pixel fluorescence, amoragea were recorded. When plotted as scattergrams with the
other variables using WinCyte software. Fluorescencerdinate representing CC area and the abscissa representing
intensities are expressed as relative fluorescence units (RFIASPMI maximum pixel fluorescence we could discern a
Wincyte software also automatically recorded the exactegion that contained a distinct cluster of events, which were
coordinates of each CC on the slide and the number of CCs @onfirmed to be CC by relocation and visual inspection of cells
the scan area. These features enabled us to rapidly and relialvythis region using the LSC relocation function (4—C).
record the properties of thousands of CCs in isolated ceCells falling outside this region were not included in the
suspensions and of hundreds of CCs in TMA sections. lanalysis for the following reasons: (1) their fluorescence was
addition, the recorded coordinates for each CC made it possitiieo low and uncharacteristic of CC (events to the left of the
to use the LSC relocation function to visually inspect particularegion of analysis); (2) they were too small and represented
subpopulations of CCs after each scan. For live CC analysieagments and debris generated during cell dissociation (events
we used the same scan area air8x6 mm for each sample. below the region of analysis); (3) they were too large and
For TMA analysis of fixed gill tissue we scanned an area withepresented clusters of multiple cells rather than single cells
a diameter of mn? for each sample. All data were stored (events above the region of analysis). After visual inspection

automatically in electronic form in FCS file format. of many events from a large number of samples taken from
o _ fish acclimated to various salinities we identified the minimum
Statistical analysis and maximum thresholds for CC area to be optimal when set

CC numbers are expressed per fish and were calculated &ty 3Cum? and 600um?, respectively. Only cells having a
multiplying the cells counted by the LSC with the scan areanaximum pixel DASPMI fluorescence of 0RORFU and
factor, the cell suspension volume factor and 2 (because onfygher were included in quantitative analysis because lower
four of the eight gill arches were used for cell dissociation)values were uncharacteristic for CC and indicative of other cell
The scan area factor equals 1400? (effective slide types containing fewer mitochondria that stain more weakly
area)/64um? (LSC scan area)=21.875. The cell suspensiomwith DASPMI. Black circles in Fig2A—C identify CC whose
volume factor equals the volume that was used to resuspeadea and DASPMI fluorescence correspond to mean values for
the cells after DASPMI staining/8d (volume of cell each sample. Image galleries shown in Big8 were collected
suspension under the coverslip). Cell sizes are expressedfemm those areas. When plotting the data as scattergrams with
cell volume (1m3) for dissociated CC because they round upthe ordinate representing CC area and the abscissa representing
in suspension and volumes can be calculated based on tive integral CC fluorescence then CC within the region of
area measured with the LSC using the sphere formula. Fanalysis display a very strong linear relationship between these
CCin sity, cell sizes are expressed as the area measuredtimo parameters (Fi@D—F). This linear relationship is
um2. All data are expressed as means + standard error of tle@pected for CC because the density of mitochondria in CC is
mean §.e.m.) and the number of replicates is four animalsextremely high and their number is limited by the available
for each salinity and time. Statistics software (KyPlot,space, which in turn depends directly on CC size. Thus, using
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Fig.2. (A—-C) Laser scanning cytometry (LSC) analysis of chloride cells (CC) from Killifish acclimated for 10 days to FW ki), 1
(green) and 2X4 SW (red). CC were identified based on DASPMI fluorescence with the LSC. CC area and maximal intensity of DASPMI
fluorescence were recorded for each CC during scanning by WinCyte software and plotted as scattergrams. (AxBW; (8))12.4 SW.

The boxes enclose all accepted data and the circles enclose events that were used for generating image galleries wighotiaeidoSC r
function. (D-F) Additional scattergrams showing the relationship between CC area and integrated DASPMI fluorescence peal€C were
recorded. (D) FW; (E)XSW; (F) 2.4 SW. CCs have higher DASPMI fluorescence than other cell types and are colored in all panels.

these optimized parameters for LSC analysis we were able to

3000 A rapidly and reliably scan slides containing DASPMI-stained
o 250 gill cell suspensions from many different fish.
—
2:, 200 Effect of intermediate term salinity acclimation on chloride
é 150 cell properties
2 1004 T T We a.\c'climated killifish gradually to 2x4SW by inpreasing
8 l I the salinity by 250 mosmaig= per day for a period of 10
50 days. Such intermediate term salinity acclimation was also
0 done for two additional groups: acute transfer from FWxto 1
SW and transfer from FW to FW, which served as a control.
3000y g At the end of the 10 day acclimation period CC numbers and
T 2500 CC volumes from fish exposed to these different salinity
= acclimation regimens were evaluated by LSC analysis.
g 2000+ a
§ 15001 I Fig.3._ChIoride_ ceII_(CC_:) number and. size det_ermined by LSC
O analysis from gill epithelial cell suspensions obtained after 10 days
CC) 1000+ - of acute and gradual acclimation from FW to SW. (A) CC number
s 5004 * does not incr_ease significantly after acclimat?on *oSW or 2:4_<
= SW (P>0.05 in each case). (B) CC volume increases significantly
0 after acclimation to 4 and 2.4 SW (P<0.05;3W vs 1x SW, PFW

FwW 1x SW 2.4x SW Vs 2.4x SW, ¢1x SW vs 2.4x SW). N=4 animals for each salinity
(acute) (gradual) and time.
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Fig.4. Laser scanning images
(A—-C) and corresponding LSC
histogram (D) of chloride cells
(CC) from Kkillifish exposed to
FW, 1x SW or 2.4 SW for 1
week. Image galleries were
acquired using the relocation
function of the LSC. Cells shown
in image galleries represent CC
from within the circled areas in
Fig.2A-C. (A) CC from FW
fish; (B) CC from ¥ SW fish;
(C) CC from 2.4 SW fish.
(D) Histogram of CC area from
fish acclimated to FW (blue)x1
SW (green) and 2X4SW (red).
The arrow points to a population
of small cells that may represent
accessory cells in the SW groups.
Bars, 50um.

Chloride cell frequency (count)

T Chloride cell areaym?)

Interestingly, there is no significant increase in CC numbeconsistently seen, falling within the same size range as the peak
after acute or gradual SW acclimation compared to FWor FW CC (arrows in Fig§D and 6D). Cells forming this
controls, although a trend can be seen towards a higher numiperak were probably accessory cells. Image galleries depicting
of CC in the group acclimated to the highest salinity 0k2.4 CC of mean size that corresponded to the peaks in the
SW (Fig.3A). In contrast to CC number, the size of CChistograms in FigdD, 5D and 6D were acquired using the
increases significantly after 10 days acclimation to SW, witlelocation feature of the LSC. Examples are shown in
the extent of the increase being proportional to the osmotieigs4A—C, 5A—C and 6A—C. Large CC size differences were
strength of the SW (Fi@B). The size of animals from the particularly apparent after 5 weeks of acclimation (6#g=C).
different groups was not significantly different and thereforeCC hypertrophy occurred rapidly in fish acutely exposedto 1
not a factor that could explain the lack of a significant andW and the size of CC did not continue to increase
salinity-dependent increase in CC numbers (data not showrsignificantly from 1 week to 5 weeks under these conditions
Therefore, killifish respond to intermediate term hyperosmoti¢Fig. 7A). In contrast, CC hypertophy was absent after 1 week
stress by CC hypertrophy but not by an increase in CC numbaexf gradual acclimation to 2x4SW (the salinity at this time was
120Cmosmolkg™l; see Figl). Instead CC size in fish
Effect of long-term salinity acclimation on chloride cell  gradually acclimated to 2x4SW reached that of fish acutely
properties acclimated to & SW after 2 weeks and continued to increase
Based on the data presented in Bigve carried out another dramatically at 5 weeks (FigA). Quantitative analysis of all
series of experiments during which killifish were exposed t@amples revealed that CC numbers increased moderately by
acute and gradual salinity acclimation for 5 weeks. Durin@bout twofold after 1-2 weeks of acute and gradual acclimation
these experiments fish were sampled at 1, 2 and 5 weeksttolx and 2.4 seawater (FigrB). They continued to increase
assess intermediate- and long-term effects of acute and gradualbustly and after 5 weeks CC numbers were fourfold higher
salinity acclimation on CC number and size. Histogramsn fish acclimated to @ SW and sevenfold higher in fish
depicting CC size distributions illustrate that salinity-inducedacclimated to 2.4 SW compared to FW controls (FigB). CC
CC hypertrophy was already apparent after 1 week 4B)yy. hypertrophy displayed very different kinetics depending on the
but continued to become more prominent after 2 weekSW acclimation regimen. Differences in CC numbers and CC
(Fig.5D) and for the 24 SW group even more so after 5 hypertrophy cannot be explained by fish size because total
weeks (Fig6D). Notably, besides a major peak for large CClength of the animals did not differ significantly among
in 1x and 2.4 SW acclimated fish a more minor peak wasexperimental groups (data not shown).
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Fig.5. Laser scanning images
(A—C) and corresponding LSC
histogram (D) of chloride cells
(CC) from Kkillifish exposed to
FW, 1x SW or 2.4 SW for 2
weeks. Image galleries were
acquired as described for Fi.
(A) CC from FW fish; (B) CC
from 1x SW fish; (C) CC from
2.4x SW fish. (D) Histogram of

CC area from fish acclimated to

FW (blue), X SW (green) and ‘ \

2.4x SW (red). The arrow points | ‘

to a population of small cells that Mill 1 "N “I Ll | |'||| .
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Fig.6. Laser scanning images
(A—C) and corresponding LSC
histogram (D) of chloride cells
(CC) from Kkillifish exposed to
FW, 1x SW or 2.4 SW for 5
weeks. Image galleries were
acquired as described for Fig.
(A) CC from FW fish; (B) CC
from 1x SW fish; (C) CC from
2.4x SW fish. (D) Histogram of
CC area from fish acclimated to
FW (blue), X SW (green) and
2.4x SW (red). The arrow points
to a population of small cells that
may represent accessory cells.

Note the shift of CCs to a larger MHH‘ ﬂl "\llbl ||||”1| LT A0 Mu‘adﬂ.l'.'lu e U il i At iy i
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(see Fig7C) the kinetics of CC-specific N&K*-ATPase
abundance also differs greatly in these two groups. While the
Na'/K*-ATPase abundance per CC increases rapidly and
transiently in fish transferred acutely ts $W, it increases
more slowly but permanently in fish acclimated gradually to
2.4x SW (Fig.8D). An advantage of LSC analysis is that the
source of variation, which is particularly high for Xa*-
ATPase abundance per CC after 5 weeks of gradual
acclimation to 2.4 SW (x40.1%), can be traced to the level
of individual animals because within each animal the cell-to-
cell variation for N&/K*-ATPase abundance in chloride cells
is much lower for 2.4 SW at 5 weeks (9.9, 9.8, 12.1 and
10.0%). This suggests that there are large individual
differences in adaptability to very high salinities that approach
the tolerance threshold for this species of euryhaline fish.
With regard to CC hypertrophy we observed the same trend
in intact tissue specimens with the tissue microarray approach
compared to evaluating dissociated suspensions of CC. The
size of CC is smallest in FW fish and increases rapidly after
acute transfer toXLSW and more slowly but more steadily
during gradual acclimation to Z4SW (Fig.8E). However,
differences between salinity groups are largely statistically
insignificant and the overall effect is not as pronounced as

Fig. 7. Mean chloride cell (CC) number and size determined by LS@bserved in isolated cell suspensions. Because it was possible
analysis from gill epithelial cell suspensions after acute or gradualith the LSC/ TMA approach to accurately quantify* -

acclimation from FW (blue diamonds) tax BW (green circles) or
2.4x SW (red triangles), respectivelyersusacclimation period.
(A) In the 1x SW group, CC volume is significantly larger at all the
times analyzedR<0.05) but does not continue to increase after
weeks. In contrast, during 5 weeks of 2.8W acclimation CC
become significantly larger only after 2 weeks, but continue t

2

ATPase abundance per CC we calculated the totadlKNa

ATPase abundance in all killifish CC by multiplying CC-
specific Na/K*-ATPase fluorescence with the number of CC
for each sample (Fi®A). The resulting data show a

gomparable kinetics of increase in"ia"-ATPase abundance

increase P<0.05). (B) CC number does not significantly increase@S for CC hypertrophy: a rapid increase that levels off within

until 2 weeks for 2.4 SW and until 5 weeks for<ISW acclimation
(P<0.05;3FW vs 1x SW,PFW vs 2.4¢x SW, ¢1x SWvs 2.4x SW).

N=4 animals for each salinity and time.

Tissue microarray analysis of chloride cells during salinity

acclimation

1 week in fish exposed to acute $W transfer and a slow
increase that continues steadily for 5 weeks in fish exposed to
gradual 2.4 SW transfer. After 5 weeks of acclimation
Na'/K*-ATPase abundance is ca. 4.5-fold m 3W and 17-

fold in 2.4x SW fish compared to FW controls. At that time
the relationship between total gill NK*-ATPase and
environmental salinity is exponential suggesting that the

Pieces of intact (non-dissociated) gill filaments from fishamount of energy needed to maintain plasma ion homeostasis
exposed to FW,ASW or 2.4 SW for 1, 2 and 5 weeks were increases steeply when the salinity exceedSW (Fig.9B).

arrayed on a microscope slide and stained with anftikKta

ATPase antibody and fluorescent secondary antibody as

described in Materials and methods. An example of a

Discussion

Hematoxylin/Eosin-stained tissue microarray constructed from Laser scanning cytometry is a useful tool for comparative

gill tissue is shown in FiBA. By staining such arrays with a
fluorescent antibody against M&*-ATPase CC were

biology
Laser scanning cytometry (LSC) is a very powerful tool for

identified as distinct and brightly fluorescent cells at the outesddressing an increasing variety of biological problems. The
layer of gill filaments and at the base of the secondary lamelldechnology is less than a decade old and represents a merger
(Fig. 8B). We have used the LSC for automatically contouringoetween conventional fluorescence microscopy and flow
all fluorescent cells using the segmentation algorithm inhereytometry methods. It is currently being used mainly for

in the LSC WinCyte software (Fi§C). For each sample on biomedical research applications including cell cycle analysis,
the slide the integral fluorescence per CC and the area of eaaimunophenotyping and measurement of apoptosis (Bedner et
CC were automatically measured during the LSC scan. Thed., 1999; Darzynkiewicz et al., 1999; Claytor et al., 2001).
data for N&/K*-ATPase abundance (= integral fluorescenceMany LSC applications also represent extremely useful
per CC are plotted in Fi§D. Similarly to the different kinetics approaches to general problems of comparative experimental

of CC hypertrophy in fish exposed t& $W versus2.4x SW

biology and LSC technology can be expected to greatly
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facilitate the investigation of such problems on a much wideaccurate counts and size determinations. Thus, the LSC is an
scale. Because LSC analysis is a slide-based techniqueideal tool for CC analysis, offering significant advantages over
allows quantification of cell populations from defined criteriaconfocal laser scanning microscopy and conventional flow
and relocation to/viewing of cells within a population based orrytometry approaches that have been used previously (e.g. Van
those criteria. In this study we have used LSC technology fater Heijden et al., 1997; Wong and Chan, 1999).

the first time to reliably and fully automatically quantify CC

properties in euryhaline killifish exposed to salinity stress. Kinetics of changes in chloride cell properties

Using the LSC we were able to consistently detect CC based The results of our experiments on dissociated suspensions
on DASPMI or N&/K*-ATPase fluorescence and to excludeof CC visualized with the vital stain DASPMI show that the
cellular debris and cell fragments as well as clusters of multiplkinetics and extent of CC proliferation are only marginally
CC from the analysis by applying lower and upper size limitsaffected by the salinity acclimation regimen. In contrast, CC
Furthermore, we were able to visually inspect CC during antlypertrophy depends very strongly on the salinity acclimation
after scanning to make sure that the detection parameters weegimen. Acute transfer toxISW leads to rapid but relatively
optimal. Using the LSC it was possible to scan thousands afiodest hypertrophy of CC that is complete within 1 week
CC in each sample within a few minutes resulting in verywhile gradual acclimation to 24 SW does not induce
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Fig. 8. Quantification of N&K*-ATPase per chloride cell (CC) and CC area dependence on salinity and acclimation period. (A) Tissue
microarray containing tnm cores of gill filament from fish acclimated to FW or SW for different times. Barm1(B) Nd/K*-ATPase
antibody combined with PacificBlue-conjugated secondary antibody specifically labels CC. (C) Automatic laser scanning dy&®)eter (
contouring of CC in the same area as shown in A. (D) Quantification ‘dKNATPase content per CC based on LSC analysis (FW, blue
diamonds; ¥ SW, green circles; 24SW, red triangles). N&*-ATPase in CC is significantly but transiently elevated only at 1 week for fish
acclimated to £ SW (P<0.05). In contrast, N&K*-ATPase in CC is significantly elevated at all times measured in fish acclimated ®V2.4
(P<0.05) (E) CC area based on contouring of/K&ATPase fluorescence as shown in B. Although elevated at all times forxbattd 2.4

SW groups the increase is statistically significant only at 1 weeB.05;2FW vs 1x SW, PFW vs 2.4x SW, ¢1x SW vs 2.4x SW). N=4

animals for each salinity and time.
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significant CC hypertrophy during the first week but leads tavith salt secretory capacity than CC number (Foskett et al.,
a slow and constant increase in CC size over 5 weeks. Thek@81). Size distribution profiles of CC obtained in this study
differences in salinity-dependent kinetics of CC hypertrophyare very similar to those obtained previously ©.

may be physiologically important. Although it appears thatmossambicugKiltz et al., 1992). In FW-adapted fish there is
most natural environments are characterized by graduahly one population of small mitochondria-rich cells (FW CC)
changes in salinity we know much more about CC responseghile in SW there are two populations. A minor population is
to acute salinity transfer (e.g. Ktz et al., 1992). Interestinglyyery similar in size to the FW CC and the major population is
CC number in opercular epitheliumfn heteroclitusdoes not  significantly larger and represents typical SW CC. We
change in response to acute transfer from FW xoSW  hypothesize that the population of small mitochondria-rich
(Daborn et al., 2001). These authors suggest that only the areglls in SW fish are accessory cells that form multicellular
of apical CC exposure varies with salinity in opercularcomplexes with CC because they display lower DASPMI and
epithelium. Thus, inF. heteroclitussalinity-dependent CC Na'/K*-ATPase fluorescence (Katoh et al., 2001). An elegant
proliferation may be regulated differently in gill and opercularrecent study o®©. mossambicuarvae indicates that FW CC
epithelia. Such differential regulation of CC proliferation inare transformed into SW CC during salinity acclimation while
gill and opercular epithelia contrasts to other euryhalin@ccessory cells represent a newly differentiated cell type
teleosts, for instanc®reochromis mossambicuarhere CC  unique to SW fish (Hiroi et al., 1999).

number increases in both types of epithelia proportional to Interestingly, in some euryhaline teleosts such as
external salinity (Kiltz et al., 1992). Our data support theDicentrarchus labraxhe number of CC is lowest irxISW
notion that CC hypertrophy is much more closely correlate@énd increases upon salinity transfer to FW and W
(Varsamos et al., 2002). In this context, it is important to note
that the energy requirements for osmoregulation increase in
very dilute environments, and are accompanied by increases in
CC number (Laurent and Hebibi, 1989; Perry and Laurent,
1989; Greco et al.,, 1996; Moron et al., 2003). For our
experiments the FW was still relatively rich in major ions (see
Materials and methods), and the increased CC numbers in SW
relative to FW confirm previous observations under these
conditions in other euryhaline teleosts (Foskett et al., 1981;
Langdon and Thorpe, 1984; Karnaky, 1986; Kiltz et al., 1992).

a,b,c

A

Tissue microarrays enable quantitative tissue analysis by LSC

In addition to analyzing suspensions of single, dissociated
2 3 4 5 CC we have used LSC to analyze salinity effects on CC and

Time (weeks) Na*/K*-ATPase in fixed gill tissue. To minimize variability

B associated with tissue processing, staining and slide scanning

3x101 and to increase the throughput of samples we constructed tissue
v=2x10!1xd-001% microarrays (TMAs) from the filament portion of fixed and

r2=0981 paraffin-embedded gills from killifish exposed to FW¥, W

and 2.« SW for 1, 2, and 5 weeks. TMA technology was

developed only a few years ago and is currently almost

exclusively used for clinical pathology (Kononen et al., 1998;

Packeisen et al., 2003). It is an extremely useful tool for many

areas of histology and immunohistochemical analysis and

holds great potential for applications in comparative

, , , , , experimental biology. We decided to combine TMA

0 500 1000 1500 2000 2500 technology with LSC to assess salinity effects on gill tissue of

Salnity (mosnol kg™1) killifish because the combination of the two provides a very
. . ) ) powerful means of quantitative tissue analysis (Gandour-
Fig. 9. Total N&/K*-ATPase content in all gill CC d. heteroclitus Edwards et al., 2002). This approach worked exceptionally

acclimated to FW (blue diamonds)x BW (green circles), or 24 Lyve” for quantification of CC-specific NAC*-ATPase

SW (red triangles) expressed as relative fluorescence units (RF gbundance in dependence of salinity acclimation and it
(A) Time dependence of total NK*-ATPase content at different P

salinity acclimation regimen$¢0.05;3FW vs 1x SW,bFW vs 2.4 provides.a usgfull tool for quantifying other proteins, DNA and
SW, €1x SWvs 2.4< SW). (B) Salinity-dependence of total Ma*-  RNA in fish gills in the future.

ATPase content after 5 weeks of acclimation. The data fit an o . o
exponential regression witt#=0.981.N=4 animals for each salinity Salinity-dependence of CC and™M&*-ATPase in situ
and time. In fixed gill tissue CC can be identified based on their strong

Total Na"/K*-ATPase RFU)
o
o
'_\
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expression of NdK*-ATPase (e.g. Van der Heijden et al., We would like to thank Dr Sally Mak for advice and help
1999). We used this property to automatically segment angith immunohistochemical procedures. This work was
quantify CC on tissue microarrays of killifish gills using the supported by a grant from the National Science Foundation
LSC. On average 144+29 (mears.£M.) CC were quantified (MCB 0244569).

in each Imm diameter piece of gill tissue on the array. This
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