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The effect of highly alkaline water (pH 9.5) on the
morphology and morphometry of chloride cells
and pavement cells in the gills of the freshwater
rainbow trout: relationship to ionic transport and
ammonia excretion

Pierre Laurent, Michael P. Wilkie, Claudine Chevalier, and Chris M. Wood

Abstract: Exposure of rainbow troutgncorhynchus mykiygo alkaline water (pH 9.5) impairs ammonia excretion

(Jamm) @nd gill-mediated ion-exchange processes, as characterized by decreagafl )cind N& influx (JN?) across

the gill. Scanning electron microscopy suggested that the depressigffl @fas concomitant with an early decrease in

the population of the most active chloride cells (CCs), partly compensated for by an increasing number of immature
CCs. However, within 72 h after the onset of exposure to alkaline water, there was a 2-fold increase in the fractional
apical surface area of CCs that paralleled complete recovery of the maximaifidk rate ($.,). These results sug

gest that recovery adSl, was associated with greater CC surface area, resulting in more transport sites on the gill epi
thelium. Morphometric analysis of the outermost layer of pavement cells on the lamellar epithelium showed a greater
density of microvilli during exposure to alkaline water, which may have contributed to partial restoration of the number
of Na* transport sitesJ2,). Finally, the blood-to-water gill-diffusion distance decreased by 27% after 72 h at pH 9.5,
and likely contributed to progressive restoration of ammonia excretion in alkaline water.

Résumé: L'exposition de la Truite arc-en-cielQncorhynchus mykiysx de I'eau alcaline (pH 9,5) cause d’'importantes
modifications morphologiques dans I'epithélium branchial. Ces modifications visent a contrebalancer des troubles fonc-
tionnels comme I'inhibition de I'excretion d’ammoniaqué ) et la diminution des flux entrants de QUS') et de

Na'(JN2) & travers la branchie. La microscopie électronique a balayage a montré que la diminufighéteit conco-

mitante d’une diminution rapide de la population des cellules a chlorure les plus actives partiellement compensée par
une augmentation des cellules a chlorure immatures. Cependant dans les 72 h qui suivent le début de I'exposition alca-
line, on a observé un dédoublement de la surface fractionnelle apicale des cellules a chlorure en parallele avec la res-
tauration compléte du flux entrant maximal de" @SL,). Ces résultats suggérent que le rétablissementigest

associé a une plus grande surface de cellules a chlorure et donc a un plus grand nombre de sites de transport par unité
de surface épithéliale branchiale. L'analyse morphométrique de la surface apicale des cellules pavimenteuses a montré
une augmentation de la densité des microvillosités pendant une exposition alcaline, contribuant ainsi a la restauration
partielle du nombre des sites de transport dé N&2). Finalement, la distance de diffusion eau-sang a diminué de

27 %, contribuant ainsi a la restauration progressive de I'excrétion d’ammoniaque en milieu alcalin.

Introduction Coleman and Johnson 1988; Wagner et al. 1997). Indeed, at
tempts to stock salmonids into many alkaline saline lakes
Although the rainbow trout@ncorhynchus mykissdloes have been complicated by the inability of the fish to adjust
not normally live in alkaline (pH> 9.4) waters, some indi readily to high pH (Coleman and Johnson 1988; Wagner
viduals may be subjected to temporary upward pH surgest al. 1997). One major problem often encountered by salmo
due to the photosynthetic processes of macrophytes and alids in alkaline environments is a severe depression of plasma
gae (Halstead and Tash 1982; Murray and Zeibell 1984)electrolyte levels, which may be lethal if not corrected
anthropogenic factors (Heming and Blumhagen 1988), ofYesaki and lwama 1992; Wilkie et al. 1993). Our recent
stocking into naturally alkaline lakes (Kucera et al. 1985;results using rainbow trout demonstrated that this depression
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of plasma chloride (C) and sodium (N§ levels was due to system’s head-tank reservoir (for complete details see Wilkie et al.
initial 60-70% reductions in Clinflux (JS'") and N& influx ~ 1999).

(INa; Wilkie et al. 1999), but that alkaline water (pH 9.5)
affected outflux (diffusive ion loss) only slightly. The reduc
tions in CI" influx were due to a transient 50% reduction in After the 2-d acclimation period in the flux chambers, the trout

the maximal Ct uptake ratel,‘n:'a?(), but q— influx recpv_ered were either left at pH 8.0 (controls) or subjected to pH 9.5 for 10,

after 3 d of exposure to an alkaline environment (Wilkie et al. 24, or 72 h. 1on uptake kinetics experiments and determinations of
1999). Since chloride cells (CCs) are the probable site 0ohmmonia-excretion rate were performed on 6-8 fish under control
CI~ uptake across the fish gill (reviewed by Laurent andconditions or at high pH. To determink, and JNa  the influx

Perry 1995; Goss et al. 1995; Perry 1997), one goal of theates for each ion were made at sequentially higher concentrations

present study was to relate changes in CC morphology tef NaCl in the water, using®Cl and?Na. Influx rates were based
CI- influx patterns during alkaline exposure. on the measured change in the water mean specific activity of each

H i i i+

Alkaline water also reduced the maximal Naptake rate  S0tope and the respective changes in total watero€iNa' cor

Na o : . centrations during each 30- to 60-min flux period (cf. Wilkie et al.
g]ffﬁ‘ﬁﬁ bgf7t(r)1 e/o ’ i?luft)trhll\lsayvgzr?sarg?tlI\/)\//azgsrteodrﬁge%ft:{ til?srl-irlgelggg)' .The ammonia concentrations oflwater sampleg were a]so
howezer as r%flected by a 4 ?old increaselﬁma (Wilkie et » determined, which enabled us to determine the ammonia-excretion

Na . k rate for each fish as described by Wilkie and Wood (1994).
al. 1999). AlthoughJ;;* was chronically reduced in trout at  gqjioning completion of the ion uptake kinetics experiments,

high pH, net N& balance was eventually restored, owing t0 the trout held at pH 8.0 or exposed to pH 9.5 were sacrificed with
a progressive counterbalancing reduction in*Nautflux  an overdose of neutralized MS 222 (1.5 L Other than expo
(IN2). In view of these results, a second goal of the presengure to pH 9.5, the control trout held at pH 8.0 were treated identi
study was to relate possible changes in transbranchial Neaally with the experimental animals. Although the periods of
movements to alterations in gill architecture at pH ®&ve enclosure in the flux boxes were not identical for all groups of ani
ment cell (PVC) morphology was a particular focus in thismals, our previous studies indicated that this variable has no effect
regard, in view of the recent finding that these cells may pePn either plasma cortisol level (Wilkie et al. 1996) or gill ukra

important in N& uptake (Goss et al. 1992, 19941995;  structure (Wilkie and Wood 1994). o
Laurent et al. 1994; Sullivan et al. 1995). Immediately following death, the gill arches (right side) were

. . A S excised from each trout and quickly rinsed in ice-cold sodium
Although ammonia excretion{yy) is initially inhibited cacodylate (0.15 mol). The individual gill filaments were then

at high pH, it generally recovers after 1-3 d, owing to the re—aefylly dissected away from each gill arch in the buffer, then

tention of ammonia, which leads to a progressive rise in thexed for transmission electron microscopy (TEM) or scanning elec-
blood-water R, diffusion gradient (Wright and Wood tron microscopy (SEM) as outlined by Laurent and Perry (1990)
1985; Wilkie and Wood 1991, 1995; Yesaki and Iwamaand Goss et al. (1992). The completely fixed gills were then used for
1992; Wright 1993; Wilkie et al. 1999). In the present studythe morphometric studies described below. This approach enabled
these findings have been confirmed, but Laurent and Hebibis to directly compare gill morphometric data for each period with
(1989) suggested that adjusting the length of the diffusiorihe re_spective i_on_-uptake kinetics reported for the groups of fish
pathway is one mechanism that could also be used to mod{€scribed by Wilkie et al. (1999).

late Jomm. Thus, a final objective of the present investigation

was to relate the_z changes_in ammonia-excretion patterns @reparation of samples and measurements

high pH to possible reductions of the blood-to-water @iffu  gach piece of gill arch contained several pairs of filaments

sion distance across the gill. (anterior and posterior rows), from which most of the arch tissue
was removed. Only the anterior and posterior rows of filaments
remained attached to the septum of the arch. The gill samples were
: subsequently processed for SEM and TEM according to methods
Materials and methods described in detail elsewhere (Laurent 1984; Laurent and Hebibi
Rainbow trout (175-250 g) of both sexes were obtained from1989; Perry and Laurent 1989). In addition to qualitative studies of
Spring Valley Trout Farm, Petersburg, Ontario, and acclimated tdill ultrastructure, morphometric measurements were also performed
hard dechlorinated Hamilton tap water (composition (mitid): using scanning electron and transmission electron micrographs.
[Na] = 0.6; [CI] = 0.8; [C&*] = 0.9; [Mg?*] = 0.4; titratable alka SEM morphometry entailed measuring individual apical surface
linity = 2.0) at 13—-15°C. Complete details of holding conditions areas and numerical density of chloride cells (CCs) to allow ealcu
and the experimental set-up are given by Wilkie et al. (1999).ation of their fractional apical surface area (i.e., the relative area
Briefly, 1 week before experiments, fish were transferred inoccupied by the parts of CCs exposed to the external medium) ac
batches of 10 to an isolation tank set to the experimental temperaording to methods described previously (Laurent and Hebibi 1989;
ture of 13-15°C. Food was withheld at this time to minimize the Laurent and Perry 1990). Measurement of the density of microvilli
known effects of feeding on nitrogenous-waste metabolism in fishpermitted individual CCs to be divided into three categories ac
(Brett and Zala 1975). Two days before experiments, rainbow troutording to the nature of their apical surfaces: (1) smooth (no villi);
were removed from their isolation tank and quickly transferred to(2) moderately villous (up to 8 microvilim=); and (3) highly
darkened individual Plexiglas flux boxes of about 2.0 L volume.villous (more than 8 microvilljim=). Dead or dying CCs have a
The chambers were well aerated to ensure that water was suffsmooth apical surface, but to determine if the cells were apoptotic
ciently oxygenated and mixed when water flow to the boxes wa®r necrotic, it was necessary to analyze the intracellular mofphol
terminated during determinations of maximal-@nd N& influx ogy of the cell using TEM (see below). For SEM morphometry, at
rates 0Sk,, JN3), along with ammonia-excretion rated(,,). The  least 10 noncontiguous fields of the filamental epithelium close to
chambers were part of a flow-through system consisting of a pHhe base of the lamellae were photographed on each fish. Statistical
stat set-up that kept the water entering the flux chambers at anethods have been described previously (Laurent and Hebibi
nominal pH of 9.5 through the addition of 1 nibft KOH to the  1989; Laurent and Perry 1990).

Experimental protocol
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~ TEM morphometry of CCs and intracellular organelles was car (pH 9.5), with a nonsignificant upward trend in density and
ried out on photographs (magnification 10 000 x) of ultrathin crosssurface area at 10 h. By 72 h, numerical density rose by 77%

sections of epithelium from 5 ﬁlam_ents frqm the first gill arch _(a Fig. 1B) and individual apical surface area increased by 42%
total of 25 photographs from each fish). This morphometry entaileq i 1¢)  |eading to an overall increase in fractional apical
dividing CCs into three categories: (1) immature and mature’surface area of 128% (Fig. 1A).

(2) apoptotic; and (3) necrotic. The criteria used for this procedure . .
are described and interpreted in the Discussion. The percentage of [N general, previous morphofunctional assessments of
CCs in each category was calculated for each group of fish. Vol CCs have suggested that the density of microvilli in CGs re
ume density as a percentage of cell volume, and the surface aredlects the cells’ functional status (Laurent and Perry 1990;
volume ratio of CC mitochondria and cell tubules, were estimatedMendelaar Bonga and van der Meij 1989). Accordingly, in
morphometrically. Assessment of these parameters was necessahe present study, CCs were categorized as highly villous,
for identifying the degree of functionality of CCs. These measure moderately villous, or smooth (no microvilli; Figs. 1, 6). In
ments were done aCCOI’dIng to Weibel et al. (1966) in which ar’the context Of the present Study, hlghly V|”OUS and meder
overlaid square lattice of parallel short segments that intersects th&tely villous CCs were considered functional. since in all
§urface of the structure in question _is used and the e_nds_ of_the laﬁkelihood they represent mature and young ,CCS, respec
tice segments are counted according to their location inside thﬁvely. However, smooth cells likely represent swollen CCs

structure. hat h I heir abill i hei | d
The blood-to-water diffusion distance was calculated by- ran that have lost their ability to regulate their volume and are

domly superimposing a circular grid on transmission electrontherefore nonfunctional or “worn out” (compare Figs. 6A
micrographs. This grid consisted of the ends of short samplingnd 6B; Laurent and Perry 1990).
lines oriented in three directions (for details see Weibel and Knight After 10 h at pH 9.5, there were significant reductions in
1964; Laurent and Hebibi 1989). Nine different grid positions werethe numerical density (Fig. 1B) and individual surface area
averaged on each photograph of a lamella cross section. TwenFig. 1C) of highly villous CCs, leading to a marked (80%)
cross sections from each fish were photographed and the data avgfecrease in the fractional surface area of highly villous CCs
aged for each fish. at this time (Fig. 1A). The fractional surface area of highly
villous CCs was partially regained by 72 h, while the frac
Pavement cell surface morphology . tional surface area (Figs. 1A, 6) of both moderately villous
PVCs constitute the outermost layer of the lamellar epithelium.; 4 smooth CCs increased progressively throughout the al-

Contrary to earlier opinion, there now exists a body of morphologi- . - L -
cal and physiological evidence that PVCs participate in ion ex-ka'me exposure, owing to significant changes in both the

change (see the Introduction). The apical surface area of PVCs Caqi‘ensny and surface. firea of the CCs (Figs. 1?" 1C, 6). .
be estimated morphometrically using a surface density test. Unlike The volume densities and the surface area : volume ratios

subcellular structures (mitochondria, tubules), which are more off the mitochondria and tubules, which are the most charac-
less isotropic (i.e., oriented in no particular direction), the apicalteristic organelles present in functional and nonfunctional
plasma membrane of the PVC is anisotropic. In the present case, gapoptotic and necrotic) CCs, were also quantified (Fig. 2).
suggested by Weibel and Bolender (1973), the curvilinear test sysfthe percentage of the total cell volume (nucleus not in-
tem grid of Merz (1968) was superimposed on 20 different TEM c|yded) occupied by mitochondria, about 20%, was not sig-
lamellar pr_oflles per fish, photographed at a final magnification Ofnificantly affected by exposure to high pH for either 10 or
8640x. This provided a reference counting area of 4@€. The 75 (Fig. 2A). In contrast, the volume density of intra
intersections were then counted, and the numBgrwas used to . . 2 )
calculate the actual surface area of secthgnwhich is described cytoplasmic tubules decreased dramqtlcally within the first
by 10 h after exposure to pH 9.5, recovering to a value clos_e to
control levels by 72 h (Fig. 2A). Surface area : volume ratios
A; = P;-d? (unit surface area per unit volume of the compartment) of tu
bules increased within the first 10 h after the onset of expo
Sure to high pH and returned to control values by 72 h
(Fig. 2B). These observations reflect the fact that at 10 h, the
cellular volume occupied by these organelles contained nu
merous, but very narrow, tubules. The much lower surface
ber of fish () in parentheses, except in Fig. 4. whexeis the area : volume ratio of the mitochondria did not change in

number of CCs analyzed for the frequency distribution of different'®SPONSe to exposure to high pH_ (Fig. ZB)'_ i

CC types. The significance of differences between frequency-distri A total of 230 CCs from the entire population of fish stud
butions was analyzed by th@ test, and differences between meansied (controls, and 10 and 72 h at pH 9.5) were sorted and
were evaluated using the nonparametric Kruskal-Wallis test or oneplaced in one of three categories, based on morphological
way ANOVA followed by Dunn’s or the Bonferroni post-test method criteria that likely relate to the functional status of CCs (see

whered corresponds to the diameter of the semicircles correcte
by the magnification (8640x).

Statistics
Data are expressed as the meal SEM, followed by the num

(P < 0.05) as appropriate. the Discussion): functional (immature and mature), apop
totic, or necrotic (Fig. 3). Mature cells have a characteristic
Results appearance, which has been repeatedly described in the liter

ature: a well-organized dense network of tubules (basolateral

The mean values of individual apical surface areas, numembrane invaginations) closely associated with a large
merical densities, and fractional areas of the total CC popunumber of mitochondria (Fig. 7B). Immature CCs display

lation (the sum of smooth, moderately villous, and highlysimilar characteristics but have a less developed network of
villous CCs; see below) were obtained from SEM photostubules according to the degree of differentiation (Fig. 7A).

(e.g., Fig. 6) and are presented in Fig. 1. All three parameSince the differences between mature and immature CCs are
ters increased significantly after 72 h in alkaline conditionsnot always clear, they are combined as “functional” in our

© 2000 NRC Canada
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Fig. 1. Alterations in the fractional apical surface area (A), numerical density (B), and individual cell apical surface area (C} of chlo
ride cells (CCs) on the filamental epithelium of rainbow trout gills at pH 8.0 (control) or after transfer to pH 9.5. CCs were also
assigned to one of three classes according to the density of microvilli on their apical surface. Accordingly, the proportions of CCs hav
ing a smooth (no villi; solid bar), moderately villous (hatched bar), or highly villous (open bar) apical surface are also illustrated.
Fractional apical surface areas of CCs are calculated from the data presented in B and C. Values are expressedras th&haMa

(N = 6-7). An asterisk (*) indicates a statistically significant difference from control values for entire CC populations; a dagger (1),
double dagger (1), or starx) indicates a statistically significant difference from values at pH 8.0 for smooth, moderately villous, or
highly villous CCs, respectively.
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classification. The differences between nonfunctional apopquantitative morphology of the tubules. Generally, tubules
totic (Figs. 7A, 7C) and necrotic CCs (Fig. 8) are clear-cutoccupied about 12% of the cell volume (nucleus not in
and have been summarized by Wendelaar Bonga and vartuded) in functional (immature or mature) CCs, but this
der Meij 1989; new information about the internal structurevalue was more than 2-fold higher in apoptotic cells
of the three CC categories is outlined below, based on analyFig. 3A). Indeed, in functional CCs, tubules are quite
sis of the three cell types from all treatments. narrow (smaller volume). The surface area : volume ratio
Figure 3A demonstrates that mitochondrial volume -den (Fig. 3B), i.e, the membrane surface area per unit of tubular
sity (in other words, the fractional volume occupied by mito compartment volume, was greater in functional cells but sig
chondria) was not significantly affected by the functional hificantly smaller in apoptotic cells. This is consistent with
status of the CCs. In necrotic CCs, values were more- varithe high volume of the tubules in apoptotic cells (Fig. 3A).
able because of mitochondrial alteration, but again there was A few hours after transfer to high pH, the percentage of
no significant difference. An absence of differences wadunctional CCs increased from 44 to 72%, whereas the
also seen in the mitochondrial surface area : volume ratipercentage of apoptotic cells decreased from 55 to 23%
(Fig. 3B). In contrast, we observed large changes in th€Fig. 4). By 72 h, however, the frequency distribution of the
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Fig. 2. Changes in the morphometry of CC mitochondria (open Fig. 3. Differences in the morphometry of mitochondria (open
bars) and tubules (hatched bars) in rainbow trout gills during bars) and tubules (hatched bars) in functional, apoptotic, and
exposure to pH 9.5 in terms of volume density as a percentage necrotic CCs of trout gills in terms of volume density as a-per
of total cell volume (A) and surface area : volume ratio (B). All centage of total cell volume (A) and surface area : volume ratio

data are expressed as the meal SEM (N = 6-7 fish). An (B). All data are expressed as the meal SEM. An asterisk
asterisk (*) indicates a statistically significant difference from (*) indicates a statistically significant difference from functional
values at pH 8.0 (control). CCs.
= 2567 A . . Q A
) :r:tt)o::hondrla % (I mitochondria
g Ztubules £ tubules
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S L L T s
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Table 1. Changes in ammonia excretion ratdg{,) Fig. 4. Percentages of functional (hatched bars), apoptotic (open
and plasma total ammonia concentratidn,(,,) dur- bars), and necrotic (solid bars) CCs among the total CC pepula
ing exposure of rainbow trout to pH 9.5 for 72 h. tion measuredN = 61-87 total measurements) in 6—7 rainbow
- trout exposed to either pH 8.0 (control) or 9.5. An asterisk (*) or
Time Jamm - PIasmaT{\mm a dagger (1) indicates a statistically significant difference from
PH (h) (Hmol-kg™) (Hmol-L™) control values for functional or apoptotic cells, respectively. For
8.0 C 135.7+£12.7 84.7+13.8 clarity, error bars are not included.
9.5 3 28.7+3.3* — *t
10 64.6+8.6* 358.4+81.5* ® 1°°'_ Hl necrotic
24 98.8425.8 577.9465.0* 8 el [ apoprotic
48 164.9+47.1 — 5 ] functional
72 165.0+29.8 285.0+59.4* g 607
Note: Values are given as the mea 1 SEM ( = 6-7). ~§ 40 -
“C” denotes control (pH 8.0) conditions. 8 E
*Significantly different from control valuesR < 0.05). o 20 4
a |
T pHS.0 10 h 72h
three CC types had returned to a pattern not significantly dif atpH9.5 atpH9.5
ferent from control values (Fig. 4). The density of necrotic
cells was not significantly altered at pH 9.5. accompanied by an initial 80% reduction in the ammonia-

The length of the blood-to-water diffusion pathway wasexcretion rate Jymm), Which gradually recovered and -ap
assessed from about 50 transmission electron micrograpisoached control levels after 24 h at pH 9.5 (Table 1). The
per fish taken at each sampling time. By 10 h, there was @nhibition of J,,,, was accompanied by a simultaneous in
slight fall (nonsignificant) in the diffusion distance, which crease in plasma total ammonia concentration, which peaked
became more substantial (a 27% decrease) and highly-signit 578umol-L* after 24 h but then dropped by about 50%
icant by 72 h (Fig. 5A). These morphological changes werefter 72 h at pH 9.5 (Table 1).
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Table 2. Changes in the kinetic parameters of unidirectional chloride) (@id sodium (N§ uptake
during exposure of rainbow trout to pH 9.5 for 72 h.

Chloride Sodium
Time JImax Km Jimax Km
pH () (umol-kg*-r?) (umol-L (umol-kg*-h?) (umol-L
8.0 C 358.2+£39.9 311.0+84.8 481.5+53.1 88.5£13.3
9.5 10 172.6+£30.2* 405.6+116.3 155.5+14.9* 66.2+19.8
24 285.8+31.9 391.9+51.7 259.2+33.2* 188.3+49.0
72 297.3+£37.8 335.61£58.1 322.6+13.5* 375.2+85.4*

Note: Data are from Wilkie et al. (1999). Values are given as thermed SEM (N = 6-7). “C” denotes control
(pH 8.0) conditions.
*Significantly different from control (pH 8.0) values?(< 0.05).

PVCs on the filamental and lamellar surfaces were considFig. 5. Changes in gill lamellar thickness (arithmetic mean) as
erably different from one another in general morphology.an index of the diffusion pathway length (A) and the lamellar
The surfaces of the filamental PVCs were ornamented witlpavement cell (PVC) surface area in rainbow trout subjected to
long ridges, whereas lamellar PVCs were pleomorphic {varipH 8.0 (control; hatched bars) or pH 9.5 (open bars) for 10 or
able morphology). The analysis of PVC surface morphometryr2 h (B). Estimates of PVC surface area take into account-topo
that we employed was applied to the lamellar epitheliumgraphical relief due to microvilli and ridges by using an arbitrary
only, which constitutes by far the larger fraction of total reference surface area of 1A®? (10 x 10um), which repre
PVC surface area. This approach quantifies the observesknts a completely smooth surface. See the text for further
surface morphology relative to an arbitrary reference valueletails. All data expressed as the meal SEM (N = 67 fish).
of 100um?, which represents a completely smooth surfaceAn asterisk (*) indicates a statistically significant difference from
The PVC surface area of the lamellar epithelium under contratontrol values.
conditions (pH 8.0) was 14{im?, representing a 47% in- 129 A
crease above that of a flat surface (1007 Fig. 5B). The
increase (77%) was slightly greater after 10 h, and signifi-
cantly greater (143%) after 72 h at pH 9.5 (Fig. 5B; compare
Fig. 9A with Fig. 9B).

104

Discussion

CC morphometry and ion exchange

Recent morphological and physiological studies indicate
that CCs are the sole sites of Clptake in freshwater
teleosts (see reviews by Laurent and Perry 1995; Perry 1997). &
In some studies, significant correlations have been estab
lished between fractional surface area of CCs and Bjjth
andJS' (e.g., Perry et al. 1992). By manipulating the acid—
base status of the fish, however, it has been possible to
dissociate Cl and N4& fluxes, thereby demonstrating that
CI~ uptake tracks the fractional surface area of CCs, whereas
Na* uptake does not (Goss et al. 1294994%).

Kinetic analysis of unidirectional influx rates across the
gills, measured by means of radioisotopes, demonstrated that
the initial inhibition of J&' during exposure to pH 9.5 was
not due to competitive inhibition by the higher concentration
of OH ions in the water, because tig&' of the transporters 100
for CI~ did not increase (Table 2; Wilkie et al. 1999). Rather pH 8.0 10 h 72h
there was a reduction of the maximum transport capacity of atpH 9.5 at pH 9.5
the system for C} reflected in a significant decreaseJlf.,.

According to two-substrate kinetic theory (Goss and Woodhumber of functional Cltransport sites. Subsequent recov
1991), such a reduction ., can occur either because of a ery was due to a real increase in the number of functional
reduction of internal substrate availability (HG for ex- CI~ transport sites in the face of persistent decreases ininter
change with Cl and (or) because of a real decrease in thenal HCO;~. Concomitant with this recovery, the present
number of functional Ci transport sites. Wilkie et al’s study has demonstrated that the fractional surface area of
(1999) analysis demonstrated that the reduction)@f at CCs increased 2-fold between 10 and 72 h at high pH
10 h was mainly due to a loss of internal Hg@aused by (Fig. 1A) as a result of an increase in the numerical density
respiratory alkalosis and simultaneous metabolic acidosis aif CCs (Fig. 1B) and in the apical surface area of individual
high environmental pH, together with a small decrease in th€Cs (Fig. 1C). These results are in accord with the coenclu
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Fig. 6. Representative scanning electron micrograph of filamental epithelium of a rainbow trout at pH 8.0 (A) or pH 9.5 (B) for 72 h.

In A, note the presence of many large highly villous CCs (1), the low density of smooth CCs (2), and the low degree of PVC surface
ornamentation (white asterisk). In B, note the large, smooth apical surfaces of many CCs (2) and the young, smaller, but highly villous
CCs (1). In addition, the PVC surface (black asterisk) has a greater degree of ornamentation at pH 9.5. Scalepbar = 10

o G : » = AT T SN AT TR
AN e = VP TN . < —

G

sion drawn by Wilkie et al. (1999), from two-substrate anal  Collectively, these studies on the responses of salmonids
ysis, that there was a real increase in the number of Clto alkaline water suggest that CC populations are very labile,
transport sites over this period. These results also suppoa phenomenon already reported in relation to other environ

previous observations of increases in the fractional surfaceental circumstances (Laurent and Dunel 1980; Pisam et al.
area of CCs in rainbow trout and Lahontan cutthroat troutl987; Laurent et al. 1994; see also the reviews of Jirss and
(Oncorhynchus clarki henshawfiollowing transfer to pH 9.5 Bastrop 1995 and Perry 1997). One problem encountered in
and to alkaline (pH 9.4) Pyramid Lake in Nevada, respecthe present study was that normal, functional CCs coexisted
tively (Wilkie and Wood 1994; Wilkie et al. 1994). with a large population of apoptotic and, to a lesser extent,
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Fig. 7. Transmission electron micrographs of representative CCs. (A) A young mature chloridekfdlegide an apoptotic CC (*).

Note the small apical surface area of the young cell and the incomplete development of its tubules (arrowhead). Conversely, note the
swollen tubules of the apoptotic cell and the densification of mitochondn)a (B8) A fully mature CC, showing an abundance of

tubules clearly open to the basolateral extracellular space and well-developed apical villi. (C) In apoptotic CCs the mitochondria are
unevenly distributed within the cytoplasm, and the tubules form a swollen, sinus-like compartment. The apical surface also lacks villi.
pv, pavement cell. Scale bar =pim.

Fig. 8. Representative transmission electron micrograph of gill filamental epithelium from rainbow trout 10 h after transfer from
pH 8.0 to pH 9.5. Note the difference between a necrotic cell sloughing off from the epithelium sukfpemd the apoptotic cell (*).
In addition, note that fully mature CCs (1) are in contact with, or positioned very near to, the external medium, while immature CCs
(2) are found deeper within the epitheliupy, pavement cell. Scale bar =p2n.

necrotic CCs. Thus, it was necessary to base our analyses amature), apoptotic (i.e., undergoing programmed cell death),
the three major stages of the CC life cycle. Using criteriaor necrotic (exhibiting pronounced lysis).

first established by Wendelaar Bonga and van der Meij Mature CCs have a well-known, thoroughly documented

(1989), CCs were identified as functional (mature and im structure characterized by a dense, highly branched network
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Fig. 9. Representative transmission electron micrograph of lamellar epithelium from rainbow trout exposed to pH 8.0 (A) and pH 9.5
(B) for 72 h. Note the presence of long microvilli on the PV@/)(and the abundance of organelles in the PVC at pH 9.5. Scale bar =
1pm.

of fine intracellular tubules (for review see Laurent 1984),area : volume ratio (or external mitochondrial membrane den-
which are invaginations of the cell’'s basolateral membranesity) were negligibly affected when functional cells became
(Fig. 7B). Mature CCs also have a highly villous apical-sur apoptotic, unless complete disorganization took place within
face (Fig. 7B), but immature (“young”) CCs are character the CC’s intracellular space (Fig. 3).
ized by fewer microvilli and are therefore categorized as In the rainbow trout gill, the apical membranes lose micro
moderately villous (Fig. 7A). Apoptotic CCs show shrinkage villi and become flat and smooth during apoptosis (P. Laurent,
and densification of the cytoplasm and nuclei, as well as ainpublished data). Indeed, this is borne out by the present
swollen tubular system (Figs. 7A, 7C). Necrotic cells areresults, which suggest that CCs in the initial stages of apop
characterized by vacuolization of the cytoplasm, lysis of mito tosis exhibit poor ornamentation of apical surface microvilli,
chondria, and disorganization of the tubular system, whichand this could lead to their erroneous classification as-mod
becomes thick and interrupted. Later, necrotic cells oftererately villous. CCs are overlaid by PVCs during apoptosis,
desquamate from the gill surface (Fig. 8). Structural differ however, which would isolate them from the ambient water,
ences between apoptotic and necrotic cells are related to thfore they are engulfed by scavenger cells (macrophages).
factors that cause cell death; apoptosis is controlled by intrinThus, in the present study we considered apoptotic cells to
sic factors (e.g., hormonal signals), while cell death, whichbe no longer functioning, although we recognize that prior to
leads to necrosis, is caused by extrinsic factors (e.g.,-xenaheir being covered by PVCs, their transport function could
biotics). have declined progressively, though this has not yet been
Compared with functional CCs, the intracellular tubulesexamined.
of apoptotic cells exhibited marked swelling (Fig. 3A) and a Apoptosis in fish gills, as in other epithelia that are sub
corresponding decrease in the surface area : volume ratject to rapid turnover, is functionally crucial. Indeed, apop
(i.e., tubular membrane surface area; Fig. 3B). In necrotitosis was frequent in the present control fish, as more than
CCs, the volume density of tubules (Fig. 3A) and their-sur 50% of the CCs examined exhibited internal features censis
face area : volume ratio were intermediate between those d@ént with this process (Fig. 4). Although these values may
“functional” and apoptotic cells but highly variable. Indeed, seem high at first glance, it should be pointed out that
tubules were often broken into pieces and were very thin irapoptosis is common in fish gills (Wendelaar Bonga and van
some places and more or less swollen in others. In contraster Meij 1989), although the proportion of apoptotic cells in
to the tubules, mitochondrial volume and membrane surfacélapia (Oreochromis mossambicusvas about 50% lower
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than values reported here (Wendelaar Bonga et al. 1990progressive increases in the proportion of the moderately
We have no explanation for these differences, but it isvillous CC population between 10 and 72 h may have-con

possible that environmental factors and (or) interspecifidributed to the recovery adS'.

differences lead to varying rates of CC apoptosis. Indeed,

proportions of apoptotic CCs have been reported té appyvC morphology and ion exchange

proach 50% when fish are subjected to low pH (Wendelaar Most PVCs displayed a complex structure, as previously
Bonga et al. 1990) or changes in environmental NaCl ofeported (Laurent 1984; Goss et al. 1992). This study- con
Ca"* concentrations (Laurent 1989). firmed the different morphology of filamental and lamellar

The comparative assessment of CC functional statupVCs in O. mykiss where the filamental cell surfaces are
adopted in this study, established using the above CC-intragrnamented with long ridges, and lamellar PVCs are pleo
cellular parameters, revealed that the percentage of apoptotisorphic. The density and length of microvilli ornamenting
cells decreased significantly during the first 10 h following the lamellar cells might be related to environmental cendi
transfer to pH 9.5, before rebounding towards control levelsions or PVC functional status. Although the mechanism(s)
after 72 h (Fig. 4). The lower volume density and higher sur and site(s) of Nauptake remain far more controversial than
face area : volume ratio of the tubules in the total CC poputhose of Cf uptake in gills of freshwater fish, recent mor
lation observed during the first 10 h at pH 9.5 support thisphological and physiological findings have favoured the so-
interpretation (Fig. 2). Collectively, these observations-sugcalled N& channel / proton pump transport system (Avella
gests that apoptotic degeneration is down-regulated when thesgd Bornancin 1989; Lin et al. 1994), the primary location
is a need to restore or increase the CC population undeif this system being the PVCs rather than the CCs (Goss et
high-pH conditions. al. 1992, 1998, 1995; Laurent et al. 1994; Sullivan et al.

Using the same criteria, the above analysis also revealet995). This evidence prompted our examination of changes
that the percentage of CCs in the functional category rosén PVC morphology in relation to Nauptake during expo
within the first 10 h at pH 9.5 (Fig. 4). By 72 h, however, the sure to high pH.
proportion of functional CCs had returned almost to the-con  Kinetic analysis indicated a complex origin for the
trol level (pH 8.0; Fig. 4). Overall, the greater proportion of observed depression df\® (Wilkie et al. 1999; Table 2).
functional CCs, together with fewer apoptotic cells, suggestsnitially, a sharply decreased}2 played the primary role
that the rate of CC differentiation (cell turnover) is acceler-in this reduction, but thereaftel\a, progressively regained
ated during the early stages of exposure to high pH and thajontrol levels. These changes were largely due to real
programmed cell death is slowed down. This response wouldhanges in the number of active N&ransport sites, with
be beneficial because it would tend to prevent larger reducenly a small contribution from reduced internal substrate
tions in JGh, than were observed by Wilkie et al. (1999), (H*) availability. However, at the same tim&N2 progres-
which might have been due to the limitations of internal subsively increased (Table 2), and by 72 h became the predomi-
strate (HCQ) supply and (or) reduced transporter numbers. nant factor responsible for the chronic depressionJpf.

The density of micovilli in CCs was also assessed in parWilkie et al. (1999) explained the latter as an attempt by the
allel with the high pH exposure regime. Under control con-fish to retain H in the face of chronic respiratory alkalosis.
ditions the majority of CCs were highly villous and only a The present morphological results indicate a definite change
few moderately villous. If we compare these data to thosén PVC morphometry that accompanied the simultaneous in
presented in Fig. 4, it appears that some of the moderatelgrease in bothK)\® and the restoration of active Narans
villous cells, and perhaps some highly villous ones, shoulgort site numbers. In the present study, the determination of
already be undergoing apoptosis. However, we must keep iRVC surface area indicated that the density of microvilli
mind that Fig. 1 is based on SEM, whereas Fig. 4 is basethcreased progressively after the onset of exposure to high
on TEM. Since SEM only revealed cells opened to thepH (Fig. 5B; compare Fig. 6A with Fig. 6B).
water, and apoptotic cells are ultimately overlaid by PVCs From TEM studies, it is well established that PVCs are
(Wendelaar Bonga and van der Meij 1989), we conclude thaictive sites of membrane synthesis (Laurent et al. 1994).
slightly more than 40% of the CCs counted using TEM wereClathrin-type vesicles containing putative*4dumps ema
functional cells that were mainly highly villous, with some nate from the Golgi body, and many of these appear to fuse
moderately villous (Figs. 1, 4). with the plasma membrane, thereby inserting the transport

At high pH, highly villous CCs decreased in terms of nu proteins (for review see Perry 1997). The 143% increase in
merical density, individual apical surface area, and fractionaPVC surface area after 72 h at high pH indicates that similar
apical surface area between 0 and 10 h (Figs. 1, 6A, 6B)processes took place during the present study (Fig. 5B: com
The simultaneous increase in moderately villous and smootipare Fig. 9A with Fig. 9B). We further suggest that such a
surfaced cells after 72 h at pH 9.5, however, is also indicaprocess might account for the increase Kj\® and (or) the
tive of an augmented CC turnover rate. From our TEMrestoration of the number of functional N&ansport sites
examinations, it was obvious that moderately villous cellsduring exposure to high pH. For example, the increased PVC
were young, healthy CCs. It is well known, particularly from surface area could accommodate the insertion of neWv Na
studies on kidney cells (for review see Brown and Bretonchannels with lower Naaffinity and (or) more Nachannels
1996), that apical microvilli are an important characteristicand H pumps to increase transport capacity. Indeed, the
of active transport cells. These data suggest that an initighresent results are generally in accord with the findings of
decrease in the density and surface area of apical microvillGoss et al. (1999), who observed similar changes in the
on CCs may have contributed to the decreasdinafter ~ PVCs of brown bullheadsidtalurus nebulosysduring acti
the onset of exposure to alkaline conditions. Furthermoreyation of N& transport.
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Ammonia excretion and diffusion distance gill to hyperoxia, base (NaHCQand acid (HCI) infusions. Fish
Another important aspect of the responses of teleosts to Physiol. Biochem12: 465-477.
highly alkaline environments concerns the inhibition of bran Goss, G.G., Perry, S., and Laurent, P. 1995. Ultrastructural and
chial ammonia excretion (Wright and Wood 1985; Wilkie _morphometric _studies_ on ion _and acid-base transport processes
and Wood 1991, 1995). In the present study, the 4- to 7-fold N freshwater fishin Fish physiology. Vol. 14. Cellular and mo
increases in total plasma ammonia at pH 9.5 were due to the !ecular approaches to fish ionic regulatidtdited byC.M. Wood
marked (80%) decrease i,y (Table 1). The progressive and T.J. Shu@tleworth. Academlc_ Press, New York. pp. 257-284.
recovery ofJ,., which exceeded control values after 48 h, G"€c0. A-M., Gilmour, K.M., Fenwick, J.C., and Perry, S.F. 1995.
was partly due to an increase in the blood-to-water partial The ef}‘ects of soft water acclimation on respiratory transfer in
pressure gradient favouring outward NHiffusion (Wilkie t2h5e57ra|2r15t(>507w troutOncorhynchus mykissJ. Exp. Biol. 198
and Wood 1991; Yesaki and Iwama 1992; Wright et al. ) '

Halstead, B.G., and Tash, J.C. 1982. Unusual diel pHs in water as
1993). Another factor revealed by the present study was the related to agquatic vegetation. Hydrobiologli; 217—224.

rapid decrease in the blood-to-water diffusion distancq_|eming T.A., and Blumhagen, K.A. 1988. Plasma acid—base and
(Elg' SA%’ Whlcfrf] was Sllgdmrf:cambafter|72 h. ltis ?]Ogbtfm If electrolyte status of rainbow trout exposed to alum (aluminum
that such an effect wou ave been large enough Dy itse sulphate) in acidic and alkaline environments. Aquat. Toxicol.

(@ 27% decrease) to account for the complete recovery of 5. 125 140

Jamm reported by Wilkie et al. (1999), but previous studies yrss k., and Bastrop, R. 1995. The function of mitochondria-rich
clearly demonstrated an association between gas-exchangecells (chloride cells) in teleost gills. Rev. Fish Biol. Fisk.
(O,, CO,) efficiency and the length of the diffusion pathway 235_255.

across trout gills (Bindon et al. 1994; Greco et al. 1995). kycera P.A., Koch, D.L., and Marco, G.F. 1985. Introductions of
Lahontan cutthroat trout into Omak Lake, Washington. N. Am.
J. Fish. Manage5: 296-301.
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