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ABSTRACT

The purpose of the present article is to examine the relation-
ships between ion uptakes and morphologies of gill mitochon-
dria-rich (MR) cells in freshwater tilapia. Tilapia were accli-
mated to three different artificial freshwaters (high Na [10
mM], high Cl [7.5 mM]; high Na, low CI [0.02-0.07 mM],
and low Na [0.5 mM], low Cl) for 1 wk, and then morpho-
logical measurements of gill MR cells were made and ion in-
fluxes were determined. The number and the apical size of
wavy-convex MR cells positively associated with the level of
Cl™ influx. Conversely, Na* influx showed no positive corre-
lation with the morphologies of MR cells. The dominant MR
cell type in tilapia gills changed from deep-hole to wavy-convex
within 6 h after acute transfer from a high-Cl™ to a low-Cl™
environment. Deep-hole MR cells became dominant 24-96 h
after acute transfer from a low-Cl™ to a high-Cl™ environment.
We conclude that wavy-convex MR cells associate with CI™
uptake but not Na* uptake, and the rapid formation of wavy-
convex MR cells reflects the timely stimulation of Cl™ uptake
to recover the homeostasis of internal Cl~ levels on acute chal-
lenge with low environmental CI™.
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Introduction

The gill is an important extrarenal organ responsible for ion
regulation in teleosts. In seawater, gill mitochondria-rich (MR)
cells were demonstrated to actively secrete Cl™ (Foskett and
Scheffey 1982). Conversely, freshwater teleosts’ gill MR cells
were thought to play a crucial role in the uptake of diverse
ions, Na*, Cl7, and Ca’*, and in acid-base regulation (Avella
et al. 1987; Laurent and Perry 1990; Perry et al. 1992; Bindon
et al. 1994). More than one type of MR cell has been observed
in the gill epithelia of freshwater teleosts (Pisam et al. 1987,
1993; Hwang 1988; Lee et al. 19964, 1996b; Chang et al. 2002).
However, the relationships between ion uptake and different
MR cell types are still unclear, and further studies are required
to address them (Perry 1997).

By manipulation in pH of the acclimation media (Goss et
al. 19924), gill MR cells with an expanded apical surface were
associated with Cl™ uptake in brown bullhead (Ictalurus ne-
bulosus). Using an X-ray microanalysis technique, it was dem-
onstrated that the intracellular ClI” concentration of MR cells
in brown trout (Salmo trutta) changed with external Cl™ levels
(Morgan et al. 1994; Morgan and Potts 1995). Although the
cell type associated with the function of Cl™ uptake was not
discussed in the above studies, relationships between Cl~ uptake
and MR cells were established in salmonids. However, the
model for salmonids may not be completely applicable to other
species, for example, freshwater mummichog (Fundulus het-
eroclitus), in which Cl™/base exchange was unimportant or ab-
sent, and Na* uptake was mainly via Na*/H" exchanger (Pat-
rick and Wood 1999). Moreover, remarkable interspecies
morphological differences in MR cells were documented among
four freshwater teleosts: brown bullhead, American eel, rainbow
trout, and tilapia (Perry 1997). Therefore, it is necessary and
important to examine the relationships between Cl~ uptake
and MR cells in species other than salmonids.

In our previous study (Lee et al. 1996b), three MR cell types
(deep hole, wavy convex, and shallow basin) were identified in
gills of freshwater tilapia (Oreochromis mossambicus). Moreover,
it was implied that they were associated with uptake of different
ions (Lee et al. 1996b). Recently, it was shown that densities
of wavy-convex MR cells and shallow-basin MR cells increased
with enhanced NaCl and Ca*" uptake, respectively (Chang et
al. 2001). In tilapia larvae, skin wavy-convex MR cells were
also demonstrated to be associated with Cl~ uptake (Lin and
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Hwang 2001). However, no direct data were provided to ex-
clude the relationships between Na* influx and wavy-convex
MR cells.

The object of this study was to examine whether wavy-convex
MR cells are responsible for Cl~ uptake but not for Na*™ uptake
in freshwater tilapia. Artificial media with different Na* and
Cl™ compositions were used to stimulate the influxes of Na*
and Cl™ as well as the development of different types of gill
MR cells in tilapia. The results indicate that the increased den-
sity and apical size of wavy-convex MR cells coincided with
the stimulation in Cl™ influx, suggesting the involvement of
these cells in Cl™ uptake in tilapia gills.

Material and Methods
Animals

Tilapia (Oreochromis mossambicus) at 0.3—0.7 g were obtained
from laboratory stocks. All individuals were reared in 26°-28°C
aerated local tap water with a photoperiod of 12L : 12D before
the acclimation experiments.

Preparation of Artificial Freshwater

Three kinds of artificial freshwater (low Na, low Cl [L-Na-L-
Cl]; high Na, low Cl [H-Na-L-Cl]; high Na, high Cl [H-Na-
H-Cl]) were prepared by adding appropriate amounts of NaCl,
Na,SO,, MgSO,, K,HPO,, KH,PO,, and CaSO, to double-
deionized water (Milli-RO60, Millipore, Billerica, Mass.). The
ion concentrations of K*, Ca®", and Mg’" in the artificial fresh-
water were near the ranges of local freshwater. The ionic com-
positions (Table 1) of the three media were confirmed by mea-
suring the Na*, K*, Ca**, and Mg*" concentrations with an
atomic absorption spectrophotometer (Hitachi Z-8000, Tokyo),
and the Cl™ concentration was determined by the ferricyanide
method (Franson 1985) with a spectrophotometer (Hitachi U-
2000, Tokyo). The pH of the media was adjusted with K,HPO,
and KH,PO, and kept between 6.2 and 6.7, and the water
temperature was 26°-28°C.

Morphology of Gill MR Cells

After anesthetization with MS222 (100-200 mg L"), fish were
killed and their gills excised. The first gill arch from each side
was fixed at 4°C in fixative consisting of 5% glutaraldehyde
and 4% paraformaldehyde in 0.2 M phosphate buffer (PB, pH

7.2) for 12 h. After rinsing with 0.1 M PB, specimens were
postfixed with 1% osmium tetroxide in 0.2 M PB for another
1 h. After rinsing with PB and dehydration with ethanol and
acetone, specimens were critical-point dried using liquid CO,
in a critical-point dryer (Hitachi HCP-2, Tokyo) and sputter
coated for 3 min with a gold-palladium complex in a vacuum
evaporator (Eiko 1B-2, Tokyo). The coated specimens were
examined in a scanning electron microscope (Hitachi S-2500,
Tokyo) at an accelerating voltage of 15 kV.

It was previously confirmed that in tilapia gills, MR cells are
concentrated on the afferent and interlamellar regions of the
filament, but no MR cell was found on the efferent filamental
surface and the lamellae (Lee et al. 19964, 1996b). Densities of
different types of MR cells were measured according to Lee et
al. (19964, 1996b). Briefly, areas on the afferent side of the
filament near the lamellae were chosen at random for mea-
suring at x 1,200 magnification the densities of different types
of MR cells. One area (4,250 um* each) was counted on each
of two branchial filaments from a fish. The greatest linear di-
ameters of MR cells were measured as the indicator of the apical
size according to Franklin (1990). Filamental surfaces associated
with the afferent artery were considerably broad compared with
those with the efferent artery (Lee et al. 1996a, 1996b) so that
it was quite easy to find surfaces with minimum curves for
morphological measurements in order to diminish errors from
a curved surface. An average of each morphological parameter
of the MR cell in these two areas was obtained.

Ion Influxes

Whole-body Na*, Ca’*, and Cl~ influxes were measured fol-
lowing (Wood 1992) with some modifications. Tracer media
were prepared by adding appropriate amounts of *NaHCO,
(prepared with a 1-mW Tsing Hwa Open-Pool Reactor,
Nuclear Science and Technology Development Center, National
Tsing Hua University, Hsinchu, Taiwan) and *Ca*" or **Cl~
(Amersham, Piscataway, N.J.) to an artificial freshwater
([Ca*"] = 0.148 mM, [Na*] = 0.547 mM, and [CI"] = 0.308
mM) to give the final working specific activity: **Na®,
20,000-36,000 cpm x pmol™% *Ca’*, 510,000-540,000
cpm x pmol™'; **Cl~, 210,000-260,000 cpm X pmol~'. After
rinsing briefly with the same artifical freshwater, fish from each
acclimation medium were transferred to plastic flux chambers
with 20 mL of tracer media for 2.5 h. The tracer medium in
the flux chambers was gently aerated, and the water quality was

Table 1: Tonic compositions (mM) in artificial freshwater

Medium [Na*] [Cl7] [Ca*? [K*] [Mg*"] pH

L-Na-L-Cl 55 = .01 .002 £ .001 .182 + .006 .16 = .01 .18 = .01 6.79 = .09
H-Na-L-Cl 10.47 = .31 .007 £ .005 .171 = .004 .16 = .01 .20 £ .01 6.81 = .06
H-Na-H-Cl 9.65 £ .38 7.597 = .283 .188 = .002 .16 = .01 .18 = .01 6.74 = .04

Note. Means + SE (N = 7) is indicated.
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confirmed to show no significant change during the period of
incubation. The plot of accumulated radioisotope against time
was linear within the first 6 h (R = 0.974; N = 6; sampling
times: 1, 2, 3, 4, 5, and 6 h), and the calculated influxes at each
period of the first 6 h were constant. Moreover, preliminary
experiments with fish over anesthetized on ice indicated that
radioisotope sticking to the surfaces of flux chamber and fish
accounted for less than 2% of the total radioisotope in the
chamber, and the amount sticking reached saturation within
the first 10 min of incubation (N = 5; sampling times: 0, 10,
20, 30, 60, and 150 min). Therefore, water samples (100 uL;
three samples for each determination) were collected at 0.5 and
2.5 h after incubation in order to exclude the effects of sticking.
Radioactivities of water samples from the **Na* media were
counted with an auto-gamma counter (B5002, Packard, Mer-
iden, Conn.). Counting solution (Fluoran-Safe Scintran, BDH,
Poole) was added to water samples from the *Ca’" or *Cl~
media, and then radioactivities were counted with a beta
counter (LS6500, Beckman, Fullerton, Calif.). Volumes of the
tracer media were measured at 0.5 and 2.5 h after incubation.
The ion influxes in fish from different acclimation media were
measured with the same levels of ions in order to compare the
ion uptake capacities.

Ca’*, Na*, or ClI” influx was calculated by the following
formula:

(Qfx Vf)_(Qix ‘/l)
T 12 % (SA,+SA)x tx W

J;

where Q, and Q; (cpm x mL™') refer to the initial (0.5 h) and
final (2.5 h) radioactivities in the tracer media; V, and
Vi (mL) refer to the initial and final volumes of the tracer
media; SA; and SA; are the initial and final specific activities
(cpm x pmol™); ¢ (2 h) is incubation time; and W (g) is the
body weight of the fish. The decay of radioisotopes during the
influx experiments was corrected for. Because all water samples
were in the same condition, the effects of quenching on data

were excluded through calculation.

Statistical Methods

All values are presented as the mean + SE (N). The significance
of the difference between treatments was assessed by one-way
ANOVA (Tukey’s pairwise comparison).

Experimental Design

Acclimation Experiment 1. Effects of low environmental Na* or
Cl” on MR cell morphology and capacity of ionic regulation
were examined in this experiment. Tilapia (5 to 6 individuals
for each test) were acclimated to the H-Na-H-Cl, H-Na-L-Cl,
and L-Na-L-Cl media for 1 wk and then were sampled for

morphological observations and ion influx measurements. In
our preliminary experiments, tilapia acclimated to local fresh-
water with presence or absence of additional 20 mM mannitol
and indicated that osmolality difference, which resulted from
mannitol, did not result in morphological alteration in apical
surface of gill MR cells. Moreover, effects of SO;~ were shown
previously that did not correlate with the appearance of MR
cells (Lee 1996). Thus, morphological modification in gill MR
cells of tilapia that acclimated to different artificial freshwater
may result from different Na™ and Cl~ composition in artificial
freshwater. The acclimation experiment was repeated three
times. In order to maintain the water quality, the acclimation
media were aerated with a filtered air pump and changed every
2 d, and the water samples for ion measurements were collected
at the beginning of acclimation and before and after the water
renewal. Fish were fed commercial pellets 1 h immediately prior
to the water change every 2 d, but feeding was stopped 3 d
before the sampling.

Acclimation Experiment 2. In order to examine the time-course
changes of the apical modifications in branchial MR cells during
Cl™ acclimation, tilapia acclimated to H-Na-H-Cl and H-Na-
L-Cl were directly transferred to H-Na-L-Cl and H-Na-H-Cl
media, respectively. After the transfer, gills of six individuals
for each sampling time were sampled for morphological ob-
servations at 0, 1.5, 3, 6, 12, 24, 96, and 168 h.

Results

Gill MR Cells in Tilapia Acclimated to Different Artificial
Freshwaters

Low-Cl groups developed more MR cells than did H-Cl groups
(Table 2). Wavy-convex MR cells predominantly developed in
gills of both H-Na-L-Cl and L-Na-L-CI groups while deep-hole
MR cells dominated over the other two types of MR cells in
the H-Na-H-CI group (Fig. 1). Data of relative percentages of
different MR cell types indicate that declining environmental
Cl” but not Na* concentration stimulated the development of
wavy-convex MR cells (Table 2). Frequency distributions of the
apical diameters of each type of MR cell varied among the three
groups (Fig. 2), and the average apical diameter of wavy-convex
MR cells in H-Na-L-Cl tilapia was significantly larger than that
in the L-Na-L-Cl and H-Na-H-Cl groups (Table 2). It was also
noted that decreased environmental Na™ resulted in a reduction
in the apical diameter of wavy-convex MR cells in the low-Cl
groups, while decreased environmental Cl™ caused a dramatic
increase in the apical diameter of the same type of MR cells in
high-Na tilapia gills (Table 2). With regard to shallow-basin
MR cells, no significant differences were found in the cell den-
sity among the three groups of tilapia (Fig. 2).
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Figure 1. Scanning electron microscopic images of branchial mito-
chondria-rich (MR) cells in tilapia acclimated to different artificial
freshwater mediums. A, high Na, high Cl; B, high Na, low Cl; C, low
Na, low Cl. D, deep-hole MR cell; W, wavy-convex MR cell. Magni-
fication x 2,400.

Modification of Gill MR Cells in Tilapia on Acute Acclimation
to High Environmental CI”

During acclimation to high CI7, the total number of MR cells
was maintained within 24 h (34.1 = 1.3 cells/unit area of fil-
ament) and then dramatically decreased to 33%-40%
(13.0 £+ 1.6 to 15.5 = 0.5 cells/unit area of filament) at 96—168
h compared with that at 0 h (38.7 = 6.8 cells/unit area of
filament; Fig. 3A). On high-Cl acclimation, predominant MR

cells in gills changed gradually from the wavy-convex to the
deep-hole type. Initially, the relative percentage of wavy-convex
MR cells gradually decreased from 86% (33.2 = 5.5 cells/unit
area of filament) to 53%-52% (20.2 = 3.9 to 17.5 * 4.0 cells/
unit area of filament) between 12 h and 24 h and rapidly down
to 0% at 96 h. On the contrary, the relative percentage of deep-
hole MR cells increased rapidly from 10% (4.0 = 1.6 cells/unit
area of filament) to 40% (12.5 = 1.0 cells/unit area of filament)
by 24 h and subsequently up to 94%-98% (12.3 = 1.6 to
15.3 =+ 0.6 cells/unit area of filament) by the end of acclimation
at 168 h. Shallow-basin MR cells showed no significant change
in relative percentage during high-Cl acclimation.

Modification of Gill MR Cells in Tilapia on Acute Acclimation
to Low Environmental Cl-

The total number of MR cells obviously increased within 3 h
from 15.7 = 0.6 to 25.5 * 3.6 cells/unit area of filament and
then remained constant (36.2 = 2.6 cells/unit area of filament).
At the end of low-Cl acclimation (168 h), MR cells had in-
creased threefold in number (45.1 *+ 5.9 cells/unit area of fil-
ament), and the dominant type had rapidly changed from deep-
hole to wavy-convex (Fig. 3B), in contrast to what was observed
during acclimation to high Cl. The relative percentage of deep-
hole MR cells decreased rapidly from 100% (15.7 + 0.6 cells/
unit area of filament) to 30% (25.8 = 3.6 cells/unit area of
filament) within the first 6 h of acclimation and finally down
to 15% (6.8 * 1.5 cells/unit area of filament) between 96 and
186 h. On the other hand, wavy-convex MR cells increased
from 0% to 67% (25.8 =+ 3.6 cells/unit area of filament) during
the first 6 h of acclimation and remained between 60% and
80% (22.0 = 5.5 to 37.0 % 5.7 cells/unit area of filament). Shal-
low-basin MR cells increased to 28%-32% at 1-3 h but re-
turned to a constant level, about 2%-8%, thereafter.

Ion Influxes in Tilapia Acclimated to Different Artificial
Freshwaters

Na* influx in the L-Na-L-ClI group was significantly higher than
those in the H-Na-L-Cl and H-Na-H-CI groups at about 2.6
and 3.0 times, respectively (Fig. 4A). There was no significant
difference in the Na* influx between the H-Na-L-Cl and H-
Na-H-CI groups. These data suggest that a low environmental
Na* level resulted in enhancement of Na* uptake in tilapia.

CI” influx in H-Na-L-Cl and H-Na-H-Cl tilapia was signif-
icantly higher and lower than that in L-Na-L-Cl tilapia at about
1.1 and 0.2 times, respectively (Fig. 4B). These results indicate
that declining environmental CI~ levels stimulated ClI™ influx
in tilapia, while low environmental Na™" levels showed inhibi-
tory effects on Cl™ uptake. On the other hand, no significant
differences were found in the Ca** influxes among the three
groups of tilapia (Fig. 4C).
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Table 2: Comparisons of morphological parameters of mitochondria-rich (MR) cells in tilapia acclimated to different

artificial freshwater mediums

Artificial Freshwater

Relative Percentage (%) of MR Cell Types

Total Number of MR Cells  Apical Diameter of

Medium Deep Hole Shallow Basin Wavy Convex  (Cells/Unit Area) Wavy Convex (um)
L-Na-L-Cl 35 + .8 1.1 = 9 952 + .84 34.8 + 4.9* 7.78 + .11*
H-Na-L-Cl 23 + 1.4 7 £ 5 96.8 + 1.6* 34.6 = 6.4* 8.55 + .10®
H-Na-H-Cl 83.8 + 3.5° 7.2 + 238 8.8 + 1.8° 14.8 + 2.6° 3.87 + 31°¢

Note. Means = SE (N = 5 to 6) is indicated. One-way ANOVA was conducted among different mediums for each type of MR cell, the total number of
MR cells, and the apical diameter of wavy convex cells, respectively; different letters indicate significant differences between different media (Tukey’s pairwise

comparison).

Discussion

The major findings of the present study are that (1) relation-
ships between Cl™ uptake and gill MR cells are established in
tilapia (Oreochromis mossambicus), a species other than salm-
onids; (2) the appearance of wavy-convex MR cells character-
ized by expanded apical surfaces is associated with the stim-
ulated capacity for CI~ uptake but not with those for Na™®
uptake or for Ca’* uptake; and (3) the dominant MR cell type
in tilapia gills changes from deep-hole to wavy-convex within
6 h of acclimation to a low-Cl~ environment, while the deep-
hole type becomes dominant much more slowly, at about 24—
96 h, on acclimation to high CI™ medium.

Polymorphism of MR cells in fish gills is well documented
and is believed to play crucial roles in the uptake of diverse
ions as well as in acid-base regulation (Perry 1997). However,
until recently there were no comprehensive data to illustrate
the relationships between morphological differences of gill MR
cells and the uptake of diverse ions in freshwater fish. Based
on the ultrastructure and location of the cells, Pisam et al.
(1987) identified o and 8 MR cells in gills of several teleosts.
In subsequent studies using salinity or exogenous hormone
treatments (Pisam et al. 1993, 1995), it was suggested that «
MR cells were associated with Ca*" uptake while o MR cells
displayed dual functions: Cl~ secretion in seawater and Na*
uptake in freshwater. However, there were no ion flux data or
other substantial data to support their inferences. Previously,
we identified wavy-convex, shallow-basin, and deep-hole MR
cells, based on the apical morphology using scanning electron
microscope observations and found a close association between
the relative densities of these cells and environmental Na*, Cl~,
and Ca’* compositions (Lee et al. 1996b). In our subsequent
studies, manipulation of the ion compositions of the accli-
mation media, an approach that is simple, repeatable, and lack-
ing pH disturbances that were reported to affect contributions
from principal cells and MR cells to Na* uptake in amphibian
skin (Harvey 1992), was used to examine the morphology-
function relationships of gill MR cells (Chang et al. 2001; Lin
and Hwang 2001; Chang et al. 2002; this article). Based on data
of ionic influx and relative densities of the above three different
MR cell types (Chang et al. 2001), it was found that MR cells

with different apical surfaces display different capacities for
differential ion uptake; for example, wavy-convex MR cells are
associated with NaCl uptake. However, the particular relations
between MR cells and Na* or Cl~ could not be distinguished
in Chang et al. (2001) because the concentrations of Na* and
Cl” in artificial diluted media were changed in parallel in that
experimental design. In the present study, various combinations
of Na* and Cl~, which could induce differential changes in the
morphologies of gill MR cells and ion influxes, were designed
to examine further the correlations among these parameters.
Total number of MR cells and apical size and relative density
of wavy-convex cells were highly positively correlated with ClI™
influx, while relative density of deep-hole cells was negatively
correlated (Table 3), indicating that appearance of wavy-convex
MR cells with larger apical surfaces was associated with a stim-
ulation of Cl™ uptake. Similar results were reported in our
previous article on tilapia larvae (Lin and Hwang 2001) and
stenohaline goldfish (Chang et al. 2002). Moreover, the present
study also provides data for examination of the relations be-
tween MR cells and Na* uptake. All the morphological param-
eters of MR cells did not show statistically significant corre-
lations with the changes in Na™ influx (Table 3), suggesting
that MR cells may not be the sites for Na*uptake, as proposed
previously (Goss et al. 1995; Perry 1997). On the other hand,
it is worthwhile to note that in the low-Na® environment,
Na'uptake caused a significant decrease of wavy-convex MR
cells on the apical surface and consequently an inhibition of
Cl™ uptake. This indicates that wavy-convex MR cells and pave-
ment cells compete with each other on the gill surface for Cl~
and Na'uptake, respectively. As proposed by Goss et al.
(19924), manipulation of the alkalinity and acidity resulted in
competition between MR cells and pavement cells on the gill
epithelial surface and hence led to changes in Cl~ and Na*
influxes.

MR cells have been suggested to be the site for Ca*" uptake
(Perry and Wood 1985; Ishihara and Muyiya 1987). Our pre-
vious study demonstrated that Ca** influx was positively cor-
related with the number of shallow-basin MR cells only (Chang
et al. 2001). In the present study there was no significant dif-
ference in Ca** uptake among the three groups of tilapia, which
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Figure 2. Longest diameter and number of the apical opening of dif-
ferent types of branchial mitochondria-rich cells in tilapia acclimated
to different media. A, High Na, high Cl; B, high Na, low Cl; C, low
Na, low CL

developed different numbers of wavy-convex and deep-hole
MR cells but which had the similar numbers of shallow-basin
MR cells. The appearance of wavy-convex or deep-hole MR
cells caused no change in Ca’* influx. The roles of wavy-convex
and deep-hole MR cells in the mechanism of Ca’" uptake re-
main to be studied. In the current Ca’* uptake model (Flik et
al. 1993), Ca’*enters an MR cell via apical Ca*" channels down
an electrochemical gradient, and then Ca®" exits the cell
through basolateral Ca*>*-ATPase. Modification of the apical
membrane of MR cells may not be necessary to reflect the
activity of apical Ca®* channels, while the activity of the ba-

solateral Ca*"-ATPase may play a more crucial role in the reg-
ulation of Ca’* uptake.

In the present study, the dynamic cellular profile of the three
types of MR cells was also examined during acute acclimation
to different levels of environmental Cl". The relative density
of the three types of MR cells began to change 3 to 12 h after
acclimation to low or high CI™. In previous studies (Mackinnon
and Enesco 1980; Tsai and Hwang 1998b), it was demonstrated
that the time needed for the renewal of gill epithelial cells is
about 4 d. This implies that direct morphological conversion
on the apical surface of MR cells occurs prior to renewal of
the cells. Several studies (Shikano and Fujio 1998; Tsai and
Hwang 1998b; Hiroi et al. 1999) have also indicated that direct
morphological conversion between different MR cell types oc-
curs to deal with environmental challenges such as Ca** level
or salinity. Recently, Lin and Hwang (2001) pointed out that
remodeling of MR cells (conversion between wavy-convex and
deep-hole types) in tilapia larvae skin without a change in the
total number of MR cells occurred in response to low ambient
ClI" medium. In mammals, cytoskeleton reorganization has
been demonstrated to be associated with osmoregulatory prop-
erties such as regulatory volume decreases or increases (Al-
Habori 1994). Accumulative evidence also indicates that the
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100 1 a ab =~ Deep hole MR cali ¢ g
o ~@- Shallow basin MR cell
g &\0’ I\ ab -A-Wavy convex MR cell
o — 80 ab
9 b
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& 5201 §—1=
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1224 96
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168

Figure 3. Relative cellular profile of branchial mitochondria-rich cells
in tilapia acclimated from low to high environmental Cl media (A)
and from high to low environmental Cl media (B). Means + SE
(N = 6) is shown. A one-way ANOVA was conducted among different
sampling time points, and different letters indicate significant
differences among different sampling times (Tukey’s pairwise
comparison).
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& Table 3: Correlation between ion influx and
4000 7 a morphology of gill mitochondria-rich (MR) cells
% £ 30001 + -
% % Morphological Na® Influx Cl™ Influx
'E_u _g 2000 1 Parameter r P r P
Z
£ 10007 Total number of MR
0 cells 419 262 923 <.001
4B 2500 Apical size of wavy
B 606 convex 437 239 943 <001
% g 1500 1 Relative percentage
= 2 4000 of wavy convex 536 .137 962 <.001
5 € 1000 .
£ ] Relative percentage
500 .
5 of shallow basin 159 680 —.624 .013
a - Relative percentage
of deep hole 544 130 —.953 <.001
E -'.g, 80 Note. Data from the three groups, H-Na-H-Cl, H-Na-L-Cl, and L-
:E 3 60 Na-L-Cl, were combined for correlation analysis (Pearson correlation,
&I’U g 40 1 Minitab, 2000).
ot
29 6 h) than in that of high-Cl™ acclimation (12-24 h). This im-
0

Artificial freshwater groups

Figure 4. Na™ (A), CI™ (B), and Ca** (C) influxes in tilapia acclimated
to different media. Means = SE (N = 5 to 6) is shown. A one-way
ANOVA was conducted among different media for each ion influx,
and different letters indicate significant differences between different
media (Tukey’s pairwise comparison).

cytoskeleton system is involved in the stabilization, delivery,
and activity of membrane proteins that mediate transport
events (Mills and Mandel 1994). Several studies have also pro-
posed that the cytoskeleton may participate in the modification
of the apical surface of MR cells to deal with the transport of
various ions in fish. Modification of the microtubule network
in MR cells was found to play a critical role in Ca®" uptake
and NaCl secretion in tilapia (O. mossambicus) and mullet (Mu-
gil capito; Maetz and Pic 1977; Tsai and Hwang 19984). Wa-
terborne Cd** was also reported to cause morphological alter-
nation in MR cells via actin reorganization in salmon (Salmo
salar; Devos et al. 1998), and more recently a strong actin ring
at the apex of MR cells was found to be involved in the active
adjustment of the opening/closing of the apical crypt of cells
in killifish (Fundulus heteroclitus; Daborn et al. 2001). It will
be important and interesting to see whether remodeling of MR
cells, which results in the changes in CI™ uptake in tilapia gills,
is also achieved by reorganization of such components of the
cytoskeleton as actin.

On acute acclimation, morphological transformations of MR
cells began more rapidly in the case of low-Cl™ acclimation (3—

plies that tilapia are more sensitive and thus respond more
rapidly to low ambient Cl™ than to high ambient Cl". Goss et
al. (19924, 1992b) suggested that the number and exchange rate
of teleost branchial CI"/HCO; exchangers can be modulated
and result in adjustment of CI™ uptake and modification of the
MR cell apical surface. Wilson et al. (2000) demonstrated that
the CI"/HCOj; exchanger was localized in tilapia MR cell apical
membranes. Wavy-convex MR cells with an expanded apical
surface may contain a much higher number of CI"/HCO; ex-
changers for ClI™ uptake than do the other two types of cells.
Taken together, prompt transformation to wavy-convex from
the other two types may reflect the timely and efficient stim-
ulation of Cl™ uptake to recover the homeostasis of internal
Cl™ levels when challenged with low environmental Cl™.
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