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Summary

Environmental hypercapnia induces a respiratory HCO3~. While most fish regulate pH during exposure to
acidosis that is usually compensated within 24-96 in  environmental hypercapnia, the time course for this is
freshwater fish. Water ionic composition has a large usually similar to that for pHe regulation. The degree of
influence on both the rate and degree of pH recovery extracellular acidosis tolerated by L. pardalis, and the
during hypercapnia. Waters of the Amazon are ability to regulate pHi in the face of an extracellular
characteristically dilute in ions, which may have acidosis, are the greatest reported to date in a teleost fish.
consequences for acid-base regulation during The preferential regulation of pH; in the face of a largely
environmental hypercapnia in endemic fishes. The uncompensated extracellular acidosis in L. pardalis rare
armoured catfish Liposarcus pardalisfrom the Amazon, among vertebrates, and it is not known whether this is
was exposed to a watePco, of 7, 14 or 42 mmHg in soft associated with the ability to air-breathe and tolerate
water (in umol 1 Nat, 15, C, 16, K-, 9, C&*, 9, Mg?*, aerial exposure, or living in water dilute in counter ions,
2). Blood pH fell within 2 h from a normocapnic value of or with other environmental or evolutionary selective
7.90+0.03 to 7.56+0.04, 7.34+0.05 and 6.99+0.02,pressures. The ubiquity of this strategy among Amazonian
respectively. Only minor extracellular pH (pHe) recovery  fishes and the mechanisms employed hy. pardalis are
was observed in the subsequent 24-96 Despite the clearly worthy of further study.
pronounced extracellular acidosis, intracellular pH (pH)
of the heart, liver and white muscle was tightly regulated Key words: acid—base regulation, hypercapnia, pHi, intracellular
within 6 h (the earliest time at which these parameters pH regulation, catfisH,iposarcus pardalisAmazon, water hardness,
were measured) viaa rapid accumulation of intracellular air-breathing.

Introduction

Environmental hypercapnia is common in freshwatepH (pH) compensation follows a qualitatively similar
systems with the most extreme examples being tropical aquatemporal pattern (Heisler, 1984; Cameron and Kormanik,
environments covered with dense mats of vegetation, whe982).

CQOp tensions can rise to as high asrétHg (1 mmHg= Complete or significant degrees of pH compensation

approx. 0.133 kPa; Heisler et al., 1982). Hypercapnia causeslaring environmental hypercapnia have been demonstrated in
respiratory acidosis that, in most fish, is corrected withimumerous species of freshwater and marine fish (e.g. Toews et
10-72 h through branchial transfer of acid—base relevant ioms., 1983; Claiborne and Heisler, 1984; Cameron, 1985; Goss
(Heisler, 1984), while the kidney plays a relatively minor roleet al., 1995; Larsen and Jensen, 1997; Larsen et al., 1997;
(Perry et al., 1987). As a result, plasma HC@vels are reviewed by Heisler, 1984; Claiborne et al., 2002). Water

elevated and plasma TClevels reduced, implicating gill composition clearly affects the rate of acid—base compensation
CIH/HCOs~ exchange as the primary mechanism forwhere the rate and degree of compensation is more pronounced
extracellular pH (pl compensation. In general, intracellular in seawater than in freshwater, and more pronounced in hard
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compared to soft freshwater (Heisler, 1984; Larsen and Jensemijor aeration. Water CQevels stabilized within 1 h. Blood
1997). samples were withdrawn from the cannulae at 0, 2, 6 artd 24
Many natural systems are characterized by soft water. Ora each level of hypercapnia. Whole blood pH dpHPo,,
example is the Amazon, where the ionic composition of manyrue plasma total C©content, haemoglobin concentration
rivers and tributaries approaches that of distilled water (Val angjHb]), and haematocrit (Hct) were measured immediately, and
Almeida-Val, 1995). Given that extensive vegetation coverplasma was frozen for later analysis of"N&I and protein
many of the stagnant lakes and ponds in the Amazon during tkencentrations (see Analytical procedures below). Cannulated
dry season, it is likely that resident fishes experience periodsh exposed to 4hmHg did not survive for 24. Thus, non-
of hypercapnia (Heisler et al., 1982). The ability of fishesannulated fish were exposed to méhHg for 96 h, and a
endemic to these ion-poor waters to tolerate and compensdtimod sample was obtained from the caudal vein withis &0
for environmental hypercapnia has not previously beememoval from the water.
investigated. The armoured catfish Liposarcus pardais
common in the Amazon and can withstand relatively severgeries II: Effect of hypercapnia on intracellular acid—base
environmental hypercapnia and large disturbances in plasma #atus
(Randall et al., 1996). Here, we investigate the temporal Non-cannulated fish were placed in individudlchambers
regulation of extra- and intracellular acid-base status duringvernight before being exposed t®@o, of 14 or 32 mmHg
environmental hypercapnia of L. pardailis natural softwater. without access to air. Tissues were sampled from normocapnic
The first experimental series describes extracellular acid—basentrol fish and at 6, 24 or #2into the hypercapnic period.
status during hypercapniad®, of 7, 14 and 42nmHg) in  For tissue sampling, water flow to the chamber was stopped
softwater, while the second series investigates intracellulaand a concentrated solution of buffered MS-222 was slowly
acid—base parameters of heart, liver and muscle duriradded to the water to achieve a final concentration of &1
hypercapnia (Bo, of 14 and 32nmHg). The third experimental according to Wang et al. (1994). Within 2r8n, fish lost
series investigates whole animal fluxes of N&i-and ammonia  equilibrium and could be removed from the water without
during hypercapnia @, of 14 and 32nmHg) to elucidate the struggling. This procedure has been shown to minimize any
mechanisms for acid—base regulation. metabolic and acid—base changes associated with handling and
sampling. Blood (0.3nl) was drawn from the caudal vein into
Materials and methods a heparinized syringe for measurement ofe pked cm_all
) o , intracellular pH (pH), Pco,, [Hb], Hct and plasma NaCF,
Animal acquisition and holding C&* concentrations, and osmolarity. The fish were then killed,
Liposarcus pardalis(Castelnau 1855) (308+15¢) were and 0.5 g samples from heart, liver and muscle were removed
obtained from a commercial fish supplier and held at th@nd frozen immediately in liquid nitrogen for later analysis of

National Institute for Research of the Amazon (INPA),pH;. Sampling was complete within 2-/3in after the fish had
Manaus, Brazil, for at least 2 weeks prior to experimentatiorheen removed from the water.

Fish were maintained in aerated well-water in outdoor tanks

on a natural photoperiod. The ionic compositiony(nol 1) Series IllI: Effect of hypercapnia on whole animal ion fluxes

was Nd, 15; Ch, 16; K+, 9; C&*, 9; Mg**, 2. Water Non-cannulated fish were placed in individual chambers

temperature was 28°C, and water pH was 6.9+0.3. Fish we[800 ml) overnight and exposed to the same regime as fishes

fed commercially purchased pellets on a maintenance ration gf Series II. Fish were subjected to @dPof 14 or 32mmHg.

1% body mass per day, but feeding was withheld 483201 At 0, 6 and 24 h (and at 72 h aid?of 32 mmHg), water flow

to experimentation. was interrupted for 1 h for measurements of whole animal
unidirectional N&influx (JN9), efflux (JN3), net flux (), net

Experimental protocols CI-flux (J&), and total ammonia excretion.

Series |: Effect of hypercapnia on extracellular acid—base
status Analytical procedures

Fish were anaesthetized in @' Tricaine Blood Po, and Pco, values were measured using
Metanesulfonate (MS-222) buffered with NaH€OOnce Radiometer (Copenhagen, Denmarlg, PE5046) and Bo,
anaesthetized, fish were transferred to a surgery table, and @5b036) electrodes thermostatted at 28°C in a BMS Mk2
indwelling catheter (PE-50) was placed in the dorsal aortalectrode assembly with the output displayed on a Radiometer
according to Soivio et al. (1975). Fish were left to recover foPHM 73. Total CQ content of true plasma was measured
24-48 h in individual chambers, and the cannulae were flushadcording to Cameron (1971). Extra- and intracellular pH were
several times with heparinized saline. Following recovery, theneasured using a Radiometer microcapillary electrode
fish were placed in 2 | chambers without access to air an6299A) held within the BMS Mk2 system. Red cellj ptths
exposed to &co, of 7, 14 or 42 mmHg. The low levels were measured using the freeze-thaw method of Zeidler and Kim
achieved using a flow meter that mixed O@th air into a  (1977), and pHof heart, liver and white muscle was measured
500 | recirculating system, while the high level was achievedccording to Portner et al. (1990). Water pH was measured
using flow-through well-water directly from its source withoutusing a Corning (Corning, USA) combination pH electrode.
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Haematocrit was measured in duplicate after centrifuging Tukey’s post-hotest. Data are presented as me&EM.,
blood in micro-haematocrit tubes at 12 000 r.p.m. for 3 mirN=6, unless otherwise indicated.
Blood [Hb] was measured spectrophotometrically following
conversion to cyanomethaemoglobin, applying a millimolar
extinction coefficient of 11.0. Plasma Nand C&* levels were Results
measured using atomic absorption flame photometry, and Series I: Effect of hypercapnia on extracellular acid—base
plasma Ct concentration was measured according to Zall et al. status
(1956). Plasma ammonia, urea, glucose and lactate wereBlood Pco, remained elevated throughout the exposures to
measured using Sigma (St Louis, USA) diagnostic kits, and giiypercapnia (Fig. 1A). When compared to normocapnia,
homogenate NaK*-ATPase activity was measured accordingextracellular pH was significantly reduced throughout all
to McCormick (1993) and expressed relative to totahypercapnic exposures. However, &g, of 14 mmHg, pH
homogenate protein which was measured using Bradforieicreased significantly at 24 h compared to the initial and
reagent (Bio-Rad, Richmond, CA, USA) and bovine serunmaximal reduction at 2 h, while glhcreased significantly at
albumin as a standard. 96 h compared to 2 h during exposure Rre, of 42 mmHg

JNawas measured by adding 11Ei (56 kBq) 22Na to each  (Fig. 1B). Hypercapnia was associated with a progressive
experimental chamber and taking anbwater sample at the elevation of plasma HCOthat was more marked at the more
respective time 0 (i.e. 0, 2, 6, 24 or [T2after initiating severe exposure (Fig. 1C). When expressed in a pHsHCO
exposure to hypercapnia) anch2following addition of
isotope. Water samples were measured for radioactivit
using a Beckman (Fullerton, USA) Coulter LS 6500 50 A
(Multi-purpose scintillation counter) for calculation of b b
Jn as indicated below. Water Na (measured __ 40
spectrophotometrically), €l(measured according to Zall et £ — 3
al., 1956), and total ammonia (measured using a Sign £ 301
diagnostic kit) were determined for calculation of net fluxes 3
based upon the difference of the respective parameter ov g b
the 2h incubation duration, taking into account the weight of & 1] j;;

b

individual fish.

01= : : .
Calculations

Plasma [HC@] was calculated from the measured blood
pH and Ro, (Series Il). In series |, plasma [HG) was
calculated from pH and total GQoncentration of plasma, 7.81
using the Henderson—Hasselbalch equation. The, CC 2 7.6
solubility coefficient and pK'for plasma were taken from <& ;4|
Boutilier et al. (1984). Intracellular [HCS for heart, liver

and muscle were calculated from thej i the respective 7:21
tissue, and the COsolubility coefficient and pKfor plasma 7.01
as described by (Heisler, 1982; Heisler et al., 1982). 6.8 .
JN2was calculated from the disappearance of isotope fror _ 20-
the water and the average Neoncentration of the water T
during the flux period using the equation from Gonzalez an g 16+
Dunson (1987): £ 1
_ (In Qouto— N Qout1) Qout g
Jin = ) 1) T 8
(Mt) o
whereQouto and Qout1 are the total counts per minute (c.p.m.) % 41
in the flux chambers at the beginning and end of the flux perio & ol . . . .
respectivelyQoutis the average amount of Nia the flux bath 0 10 20 90 100
during the flux periodiM is the mass of the fish in g, ahts Time (h)

the time in h.
Fig. 1. The effect of exposure to a watepPof 7 mmHg (circles),

14 mmHg (triangles) and 42 mmHg (squares) on (A) bR, (B)
Differences among mean values within a giveaoP plood pH (pH) and (C) plasma HC® in L. pardalis. Within each
treatment were determined using a one-way ANOVA, or a On€Pco, treatment, lower case letters indicate values that differ

way repeated-measures ANOVA as appropriate, followed bsignificantly from each other.

Statistics
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30 80 60 40 20 10 5 Pco, (MMHg]
Fig. 2. pH-HC@ plot of blood fromL. pardalisexposed to ®co,
25 of 7 (circles), 14 (triangles) and 42 (squares) mmHg for up to. 96

3 The broken line represents threvitro buffer line for rainbow trout
whole blood (Wood et al., 1982), and curved lines indi¢ate,
isopleths.

N
o
1
o
(e}

likely, relates to blood sampling. There were no significant
changes in Hct in Series 1.

'_\
it

Series Il: Effect of hypercapnia on intracellular acid—base
status

When non-cannulated fish were exposed to hypercapnia,
blood was withdrawn from the caudal vein following terminal
anaesthesia to prevent struggling and associated acidosis.
Nevertheless, p&of normocapnic fish was lower than géf
cannulated fish in Series | (Figs1 and 3). Exposure to
14 mmHg significantly reduced pldnd red cell pHat 6 and
diagram (Fig. 2), and assuming that the whole blood nor24 h with no sign of pH compensation over 24h (Bjg.There
bicarbonate buffer line of L. pardalis similar to trout, it is Were however, no significant changes in pHheart, liver or
apparent that half of the HGOaccumulation in plasma can White muscle (Fig. 3). When exposed torB&Hg,L. pardalis
be ascribed to non-bicarbonate buffering (Ry.pH did not ~ also experienced a substantial, and largely uncompensated,
recover at any level of hypercapnia. When expressed relativgduction in pd and red cell pHthat persisted for up to 72 h
to the difference between plh normocapnia and that after (Fig. 4). Again, however, there were no statistically significant
2 h, pl—é 0n|y recovered by 8% f0||owing ol ! exposure to reductions in ph‘bf heart, liver or white muscle during the 72 h
7 mmHg, 32% following 24 at14 mmHg, and 23% following ©f hypercapnia. Intracellular pH regulation of heart, liver and
96 h exposure to 42mHg. white muscle during the extracellular acidosis is evident when

Hypercapnia did not affect arterial OP (p00|ed pH| is pIOtted against pﬁor all time periOdS at both levels of
value=45.4+2.7mmHg), mean cell haemoglobin concentratiofypercapnia (Fig. 5). Clearly, red cell pH decreases with
(MCHC) (pooled value=3.9+0.1), plasma [jli¢pooled value= lowered pH, while pH of liver heart and skeletal muscle tend
140.5+3.0meql-Y) or [CH (pooled value=114.6+1rheql-1).  to increase.

There was, however, a statistically significant reduction in Hct As in series |, plasma HGOincreased during hypercapnia
(from 40.4+1.6 at time 0, to 30.9+3.4 at timet4wvhich, most

Plasma [HC@] (mmol 1)
'_\
(6)]

(63}
|

7.8 7.8
7.6- %\D/O 7.61 @
7.4- 7.44
o b
7.2 7.24
T
o T
7.0 S 7.0
a —a
6.8 3 6.8
6.6- i/ 6.6-
6.4 ; ; ; ; ; - 6.4 : : : :
0 5 10 15 20 25 30 5 20 20 0 80
Time (h) Time (h)

Fig. 3. The effect of exposure to a watepPof 14 mmHg on whole  Fig. 4. The effect of exposure to a watepPof 32 mmHg on whole
blood pH (open circles) and intracellular pH of red blood cells (closeblood pH (open circles) and intracellular pH of red blood cells (closed
circles), heart (triangles), liver (diamonds) and muscle (squares) in circles), heart (triangles), liver (diamonds) and muscle (squares) in L.
pardalis. Letters that differ within a tissue differ significantly from pardalis. Letters that differ within a tissue differ significantly from
one another. No significant differences were observed at any time one another. No significant differences were observed at any time in
heart, liver and muscle. heart, liver and muscle.
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(Table 1). There were no significant changes in plasm§,[Na = T e £
[CI] or [C&*]; however, there was a trend toward a reduction e %
in plasma [C1], consistent with the changes in plasma BCO © 2 N o Nwnm =
There was no significant effect of hypercapnia on haematocrit gc —~< 9% 9999 9
. =3 & © © S o >
(pooled value=27.9£1.5), mixed-venous?o, (pooled =0 38 ©w RS 5
value=19.4+1.6nmHg), plasma urea (pooled value= Py E g =2 b
513+56 pmol 1 nitrogen), plasma lactate (pooled value= é S ‘g 2
0.41+0.13 mmotFf), plasma glucose (pooled value= g2 s S ~ 0o g
3.0+0.2 mmoliY) or gill Na",K*-ATPase activity (pooled 278 A 299 F9FE 8
— 1 -1 -1 e = | T+ @ S AN~ o
value=0.82+0.32nmol + gt hY). There was a significant < Elso N~ © do<a g
. . . > 519 0 — O O — O oo S
increase in plasma ammonia levels at both levels of % 3 = = Adaa 2
hypercapnia (Table 1). Calculated intracellular [RGGor g o ‘GEJ
heart, liver and kidney were significantly elevated hati6 both E E
levels of hypercapnia. There were no significant differences 3 Mmoo cmo s T
after 6 h, indicating complete intracellular acid—base regulation = T 98Y O[99 2
. . —_ 1© < O < o 00 N~ [
at this time (Table 1). 3 23 wod wY~w 8
While most of the intracellular HGO accumulation during 5 = o o d e E
hypercapnia is due to non-bicarbonate buffering, additional g 2
HCOs~ accumulation must have occurred to compensate for the S 3
acidosis. Assuming a non-bicarbonate buffer value alykes & 2o 1 © S oNmo 3
. . . . Q g E ™ N W © N © S
for white muscle, as determined for the facultative air-breather, @ 25 dad HEHH o
Synbranchus marmoratysieisler, 1982), it can be estimated % £ % a3 ~Noegx 8
that intracellular [HC@1], in the absence of intracellular pH g O—| «N«dA a2
compensation, would have risen to approximatelynivol -1 < )
at a Rco, of 14mmHg (A in Fig.6). When compared to the = 5 mean swaee £
calculated intracellular value of @@moll-1 (Tablel), ‘—g_ S E 299% SHTEE =
1.3mmol "1 HCO3~ must have accumulated in the white muscle = = 3 g ;"r- g :f)- f_”' 3 5
within 6h to alleviate the acidosis. At aadd, of 32mmHg, 3 = ®omo 8
intracellular [HCQ7] would be expected to increase to @ %
approximately 9.2nmoll-1in the absence of pldompensation n - > 2
(B in Fig.6). When subtracted from the calculated intracellular : < JEI JEI g
value of 13.0mmoll-1 (Tablel), it appears that 3r@moll-1 o | € < E +~ E
. . [ = o © N O © N~ @)
HCOs~ accumulated in white muscle to restorg.pH [ =3 S
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Series llI: Effect of hypercapnia on wholi Pco, (MmHg)
animal ion fluxes 80 60 40 30

Fish were exposed to hypercar 20
simultaneously with those of Series Il and 1
experienced identical levels of hypercap
At a Pco, of 14 mmHg, fish exhibited abou
70% reduction in N2 in conjunction with
large reduction in §2. As a result }2 did not
change at 6 and 24 (Fig. 7). There was
significant decrease inG), but no significar
effect of hypercapnia exposure on t
ammonia excretion (pooled value
396+28 nmol gt rY). Urea excretion rat
prior to hypercapnia were low (11.

154 20

10D\

10

Intracellular [HCQ] (mmol 1)

1.0 nmol gt 1) representing a total — L
8.0+£0.9% of total nitrogenous waste excre 0
Urea excretion was not measured du 6.85 6.90 695 7.00 7.05 7.10 7.15 7.20 7.25 7.30

hypercapnia.

The effects of exposure to 38mHg wer:
qualitatively similar with large reductions Fig. 6. pH-HC@  plot of white muscle intracellular fluid df. pardalisexposed to a
both \]irr\fa and JON& resulting in no significa Pco, of_ 14 and 32 mmHg for 6 h. The dotted Iin(_a represents thigro buf_fer Iir_1e f_or
change in ple% over 72 h (Fig. 8). A significa the white muscle of Synbranchus marmorafHeisler, 1982); curved lines indicate
Pco, isopleths. A and B indicate the predicted HC@oncentrations in white muscle
in the absence of pH compensation at a wagey, of 14 and 42 mmHg, respectively.

White muscle piH

reduction in [, relative to normocapn
control fish, was observed during exposut
hypercapnia. However, after 6 B3, was

near O. 400 a
3501 1 1 g\a
Discussion 300 SRV
When L. pardalis were exposed T 50 a b Jrzel?
environmental hypercapnia, arterial pH \ . 2004 b . i
reduced in proportion to the riseRaco,, with S
little subsequent accumulation of plas E 1501
HCOz~ and almost no compensation of ¢ < 1004 b b
over the following 24-9. In spite of th = 504
pronounced extracellular acidosis (reachii G ﬂ
level as low as 6.99), ptdf the heart, live % 0
and white muscle was tightly regulated wit s —50- a
6 h (the earliest time at which these param Z _1004
were measured). While most fish regu _150 ay s b
pHi during exposure to environmer a
hypercapnia, the time course for this is o -200 A : o '

similar to that for pH regulation (Heisle
1984). The degree of extracellular acid

tolerated by L. pardalis, and the ability g 7. unidirectional Nauptake () or loss (3u) and net (%) Na* and Cf flux during
regulate pklin the face of an extracellul  exposure to a waterdd, of 14 mmHg for 24 h in L. pardalitetters that differ within
acidosis, are among the greatest report¢  a given parameter differ significantly from one another.

date in a teleost fish.

Duration of exposure to wategB, of 14 mmHg

Extracellular acid-base regulation (McKenzie et al., 2002), resulting in no mortality with
The magnitude of the respiratory acidosis tolerated_by continued exposure to hypercapnia (McKenzie et al., 2003).
pardalisis among the greatest reported in the literature. Bloo&ollowing 6 weeks exposure tdPao, of 45 mmHg, there was
pH fell from 7.98 to 6.99 within & of exposure to a water considerable HC® accumulation (up to 7&mol t1)
Pco, of 42 mmHg. Eel (Anguilla anguil)as also remarkably associated with a large fall in plasma @l the eel (McKenzie
tolerant to hypercapnia, and blood pH fell from 7.92 to 7.16 ast al., 2003); however, restoration of gaHd not exceed 50%.
Pco, increased from 3 to 45 mmHg over a 3 h periodVhite sturgeon Acipenser transmontanatso tolerate a
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300 fish, all fish greater than 150 g survived, while all
a — JNa those weighing between 50-80died. Cannulation

2501 IaI EXSIJL';uat also resulted in higher mortality. Fish reduced

INa spontaneous  activity and remained stationary fpr

- g, days during exposure to severe hypercapnia.

Although L. pardalisis a facultative air-breather,

they did not attempt to air-breathe even when they

b had access to air (C.J.B., unpublished observation).
It has been proposed that the exceptional tolerance
to environmental hypercapnia observed in the eel is
associated with the need to tolerate air exposure

Na* and Ct flux (nmol gt b3
| = = N
a1 a o a1 o
¢ o © 8 8§ 8

%_f (Heisler, 1982; McKenzie et al., 2002). This may
5 b %% also be the case for L. pardalis, which can survive
a aerial exposure for days (A. L. Val, unpublished
100 data). .
: _b : : A complete lack of extracellular pH regulation
0 6 24 72 during the respiratory acidosis that develops upon
Duration of exposure to a wateg®, of 32 mmHg transition to air-breathing was observed in the

facultative air-breatherSynbranchus marmoratus
Fig. 8. Unidirectional Nauptake (ih) or loss (dup) and net (d9 Na" and Cf (Heisler, 1982). When exposed to aquatic hypoxia
flux during exposure to a watBeo, of 32 mmHg for 72 h in L. pardalitetters for 4 days,S. marmoratuselied exclusively upon
that differ within a given parameter differ significantly from one another. air-breathing which, in combination with the

reduction of water flow across the gills, led to a
reduction in pH from 7.7 to 7.15 when exposed to severefivefold increase of Ra, and a reduction in piHfrom about
hypercapnia where arteriakB, reaches 30 mmHg (Crocker 8.15 to 7.5. Plasma HGOdid not increase to compensate for
and Cech, 1998). the acidosis, and there was very limited [HCQiptake from

Most fish completely or partially restore gHhrough net the water. This lack of pdHcompensation was concluded to
accumulation of plasma HGOin exchange for C| within 10  result from the lack of gill-water contact and the associated
to 72 h of being exposed to hypercapnia. Sturgeon, howevempairment of branchial transfer of acid—base relevant ions
show a very blunted recovery of pH during hyepercapnia(Heisler, 1982). It remains, however, to be established whether
where exposure to Bco, of 30 mmHg resulted in no pH exposure to hypercapnic water, where gill-water interaction is
compensation at 24 h, and a mere 35% restoration ef phkhaintained, would be associated witheaidmpensation in S.
following 72 h (Crocker and Cech, 1998). The water used imarmoratus.Liposarcus pardalisis also a facultative air-
this study was relatively hard, which in many species facilitatebreather and it is possible that its limited compensation ef pH
acid—base regulation during hypercapnia (Heisler, 19844uring hypercapnia is associated with this trait rather than with
Larsen and Jensen, 1997). The degree of pH compensatithre low ionic content of the water in which the fish lives.
observed in L. pardaligluring hypercapnia was similar to However, not all facultative air-breathers that experience a
sturgeon. 24 after exposure to 7 mmHg, gHiad only respiratory acidosis upon air-breathing exhibit a lack of pH
recovered by 8% and 96 exposure to 4BhmHg merely led compensation as seenSnmarmoratusin another Amazonian
to a 23% recovery of pHHypercapnia was associated with acatfish, Hypostomussp., air-breathing was associated with a
small reduction in &, indicating that branchial GHCOs~  large reduction in gill ventilation (and presumably gill-water
exchange was involved in the small rise of intra- andnteraction) and blood ¢, increased from 3 to 20 mmHg;
extracellular HC@~. There was also a significant reduction of however, pH was fully compensated after 4-7 days due to a
JN2 which may be a direct effect of the low water pH (Wood,15 mmol 1 rise of plasma [HC®], in spite of the low ionic
1989). When L. pardaligzere exposed toRco, of 10 mmHg  content of the water (Wood et al., 1979).
in the presence of a 60- to 70-fold elevation in water NaCl
concentration (1.0 mmaotiNacCl), there was no change in the Intracellular acid-base regulation
rate or magnitude of acid—base recovery withirhZdiata not Regulation of intracellular pH is important for enzyme
shown), indicating that the blunted extracellular response tiunction and metabolism and pHs tightly regulated in
hypercapnia may not be solely due to limitations associatesiost animals. Regulation of pi$ generally associated with
with ionic composition of the water. partial to complete pécompensation during an acid-base

L. pardaliscan tolerate a wat@co, of 42 mmHg for weeks disturbance in most animals (Heisler, 1984). A reduction in pH
in water with low ionic levels, but it is not known whether theyfrom 6.95 to 6.57 decreases glycolysis by 71% in mammalian
do compensate extracellular acid—base status over thigrdiac muscle (see Somero and White, 1985). Severe
duration. Interestingly, the ability df. pardalisto tolerate impairment of aerobic metabolism is also likely with relatively
extreme hypercapnia was size-dependent; in non-cannulatethall reductions of pH(0.1-0.3 pH units), due to the pH
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sensitivity of enzymes such as citrate synthase and pyruvag@vironmental or evolutionary selective pressures. It is
dehydrogenase (see Hazel et al., 1978). The effects of intreenceivable that this strategy could be selected in order to
and extracellular acidoses can be partially alleviated by a highinimize problems associated with-Ghomeostasis in an
tissue buffer value, achieved through an elevation in histidyhquatic environment such as the Amazon, which is dilute in
imidazole or phosphate groups (Somero and White, 1985); bidgns (particularly Ctand HCQ"), acidic, and prone to daily
pHi compensation requires active regulation. oscillations in hypercapnia. Complete gplompensation

Many teleost fishes regulate red cell pH during extracelluladuring environmental hypercapnia is associated with large
acidosis through release of catecholamines that stimulate reelductions in plasma Clevels that would have to be replaced
cell Na'/H* exchange. This acts to safeguard oxygen transpontapidly when the fish moves from a hypercapnic to
due to the presence of extremely pH-sensitive haemoglobinsormocapnic environment. The ubiquity of this strategy among
This response protects blood oxygen binding that would havekmazonian fishes preferentially to regulate j pkhd not
been reduced through the Root effect (see Nikinmaa, 1990egulate pHis clearly worthy of further study.
The armoured catfish do not exhibit a Root effect and do not
posses adrenergic stimulation of red cell/Md exchange Mechanisms of intracellular pH regulation
(Val et al., 1998). In contrast to the other tissues studiéd in  Intracellular pH regulation is associated with a net BCO
pardalis, red blood cell pH decreased throughout theiptake into the tissue, which is accomplished by active
hypercapnic exposures. The ratio of fkgHi/ApHe was 0.45, membrane transport of strong ions (Reeves, 1985). ThesHCO
which is similar to that of other tissues in animals thataccumulated may ultimately come from the water in
experience a large extracellular acidosis over a 24-48 h periaksociation with gill HC@/CI- or Na‘/H* exchange. The
and similar to that observed in red blood cells of rainbow troud,%; required to account for the intracellular HEO
in vitro in the absence of catecholamines (Heming et al., 1986xccumulation during hypercapnia can be calculated, but is only
Turtle hearts, in vitro, exhibit apMi/ApHe of approximately  reported for white muscle here. White muscle was the single
0.55 (Jackson et al., 1991) and whole body gitthe catfish largest tissue measured, and because white musgléspH
Ictalurus punctatuss reduced with a @Hi/ApHe of 0.60 during  higher than heart and liver, it is likely to represent a large
hypercapnia (Cameron, 1980), following which changes # pHproportion of the total intracellular HGOaccumulated by L.
and pH occurred roughly in parallel. In the skate exposed to pardalis during hypercapnia. Assuming that white muscle
Pco, of 7 mmHg ApHi/ApHe values for brain, heart and white comprises about 50% of body masd.irpardalis(lower than
muscle are approximately 0.39, 0.45 and 0.76, respectivelgther teleosts because of the dense bone of the skull), and that
over a 24 h period, where recovery of; gtightly correlated intracellular water represents about 85% of the white muscle
with that of pH. During continued exposure to hypercapniamass, the active accumulation of 1.3 mmbl HCOz~
(days to weeks), pHhas been reported to be completely(see Results, Section 1l), requires that approximately
regulated in aquatic animals; however, this requires som@55 pmol HCQ~ g1 must have been accumulated within the
degree of extracellular compensation, usually approachinghite muscle 6 h after exposure to a wates,Pof 14 mmHg.
50% (Claiborne and Heisler, 1986; Poértner et al., 1998Assuming that this HC@ ultimately came from the water in
McKenzie et al., 2003). exchange for G| then a & of =92 nmol gt ! would be

The only two vertebrates reported to date that regulate phequired to regulate white muscleipk¥hich is very similar to
(of heart and white muscle) in the face of a largethe measured,d; value of —102nmol gt bt (Fig. 7). Thus,
uncompensated, extracellular acidosis are S. marmoratissed upon the fluxes measured in this study, and consistent
(Heisler, 1982) and the salamander Siren lacelihaisler et  with studies on other species (Heisler, 1984; Larsen and
al., 1982). In the salamander, an increase in water pH densen, 1997), branchial HECCI- exchange is most likely
bicarbonate infusion did not alter the acid—base strategyp account for intracellular acid—base regulation under
indicating that the animals do not attempt to regulate, pH hypercapnia in L. pardalis
and preferentially regulate pHIn both S. marmoratuand Net CHHCOs~ exchange across the gills, however, does
salamanders, ptf the heart and muscle was tightly regulatednot appear to be sufficient to account for muscle BHCO
within 4 days, the earliest time measured. In the heart, liveaccumulation at a highercB,. If 3.8 mmol 11 HCOz~ was
and white muscle of L. pardalithere was a trend towards an actively accumulated in the white muscle at 32 mmHg
increase in pHduring the pronounced extracellular acidosis,(Table 1), and given the assumptions above uhél HCOs~
which occurred as early as 6 h, indicating that active phyer gram of fish would have to be accumulated in the white
regulation must be involved. It is not known whett®&r muscle over the 6 h exposure duration, which would require a
marmoratusor S. lacertinaare capable of regulating pthis  J& of =267 nmol gt hrL. This is far greater than the highest
rapidly. rate of —=80 nmolg hrl measured at 6 h during this exposure,

The rapid, preferential regulation of pkh the face of a indicating that other pathways must be involved. Hypercapnia
largely uncompensated extracllular acidosis in L. pardalis did not affect net Nauptake or ammonia excretion ahd
rare among vertebrates. It is not known whether this trait ipardalis does not appear to excrete aciéh the kidney
associated with the ability to air-breathe and tolerate aerigRandall et al., 1996). Thus, the remaining HCtaken up by
exposure, with the low ionic content of the water, or with othethe muscle (and other tissues) may have been shuttled from the
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extra to intracellular space. A reduction in plasma [HTO  gas and acid-base status in the white sturggdpenser transmontanug.
below the blood buffer line was observed &, ihdicating that ~_ Comp. Physiol. B168, 50-60.

. . . Gonzalez, R. J. and Dunson, W. A(1987). Adaptations of sodium balance
this may have occurred. A reduction in plasma [H@@nd an to low pH in a sunfishEnneacanthus obeguisom naturally acidic waters.

increase in plasma [Glwere observed in S. marmoratiging J. Comp. Physiol. BL57, 555-566.
initial exposure to hypercapnia, iIIustrating the preference ofoss, G., Perry, S. and Laurent, R1995). Ultrastructural and morphometric

i . . . L. studies on ion and acid-base transport processes in freshwater figgh In
pHi over pk: regulatlon (He|S|er’ 1982)' Liposarcus parda:hs Physiology: Cellular and Molecular Approaches to Fish lonic Regulation

endowed with a high bone mass, predominantly skull, and given(ed. C. M. Wood and T. J. Shuttleworth), pp. 257-284. New York: Academic
the role of the shell and bone in compensating for an acidosis""ess:

. . Hazel, J., Garlick, W. and Sellner, P.(1978). The effects of assay
in turtles (Jackson, 1997; Jackson et al, 2000)1 bonetemperature upon the pH optima of enzymes from poikilotherms a test of

demineralization may be playing a role in intracellular the imidazole alphastat hypotheslsComp. Physiol. B23, 97-104.

acid—base regulation in L. pardalis. Bone does not appear to bl@isler, N. (1982). Intracellular and extracellular acid—base regulation in the
tropical fresh-water teleost fish Synbranchus marmoiatussponse to the

a route for acid-base compensation in t_he channel CatfiSh'transition from water breathing to air breathing. J. Exp. Biol. 99, 9-28.
Ictalurus punctatus, exposed to hypercapnia (Cameron, 1985)gisler, N. (1984). Acid-base regulation in fishesFish Physiology, vol. X

and there were no statistically significant changes in plasma(Per‘i-S;N- S. Hoar and D. J. Randall), pp. 315-401. San Diego: Academic

[Ca2+] in L-'parda"S; however, Cd efflux from the fish during Heisler, N., Forcht, G., Ultsch, G. R. and Anderson, J. §1982). Acid-base
hypercapnia was not measured. Whether or not boneregulation in response to environmental hypercapnia in two aquatic
demineralization is involved in acid-base regulationLin salamandersSiren lacertinaand Amphiuma meanResp. Physiol. 49, 141-
pardalis remains to be investigated. Clearlyip# the heart, eming, T. A, Randall, D. J., Boutiler, R. G., wama, G. K. and
liver, white muscle, and probably other tissues, is tightly Primmett, D. (1986). lonic equilibria in red blood cells of rainbow trout

i i Salmo gairdneli Cl-, HCOs~ and H. Resp. Physiol. 65, 223-234.
regulated in the face of a large, predominantly uncompensatgg(ckson, D.(1997). Lactate accumulation in the shell of the tuCtheysemys

eXtra_-CGH.Ular aCidOSiS' in L. parqaliﬂuring hypercaprjia. picta bellii during anoxia at 3°C and 10°G. Exp. Biol. 200, 2295-2300.
Elucidating the precise mechanisms involved remains adackson, D. C., Arendt, E. A., Inman, K. C., Lawler, R. G., Panol, G. and
it ; . S. 31p- dy of normoxic and anoxic perfused
exciting avenue for further studies. Wasser, J. S. (1991)7P-NMR study of normox P
9 turtle heart during graded GQ@nd lactic acidosis. Am. J. Physiol. 260,
R1130-R1136.
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