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Ion fluxes in silver catfish (Rhamdia quelen) juveniles exposed to different
dissolved oxygen levels

Felipe Link de Rosso, Keidi C. S. Bolner and Bernardo Baldisserotto

Low dissolved oxygen levels in the water (hypoxia) can be provoked by oxygen consumption by fish and other organisms,
organic matter decomposition, phytoplankton blooms, and temperature increase. The objective of the present study was to
investigate Na*, Cl', K*, and ammonia fluxes in silver catfish (Rhamdia quelen) exposed to different dissolved oxygen levels.
Juveniles (9 + 1g) maintained at 6.0 mg.L' dissolved oxygen were transferred to four 40 L aquaria with different dissolved
oxygen levels (inmg.L"): 6.0,4.5, 3.5, and 2.5. In another series of experiments, juveniles were acclimated at 6.0 or 2.5 mg.L"!
dissolved oxygen levels, and then placed in two 40 L aquaria with 6.0 mg.L! dissolved oxygen. For both series of experiments,
1,24, 48 or 120 h after transference juveniles were placed in individual chambers of 200 mL (with the same dissolved oxygen
levels of their respective aquaria) for 3 h. Water samples were collected for analysis of Na*, CI', K*, and ammonia levels. The
obtained results allow concluding that exposure to 2.5 mg.L" dissolved oxygen levels promotes loss of ions and lower ammonia
excretion in silver catfish juveniles, but these losses are rapidly stabilized for Na* and Cl-. Exposure to less hypoxic levels also
changes ion fluxes and ammonia excretion, but there is no clear relationship between both parameters in this species. There-
fore, silver catfish osmoregulation seems to be affected when this species is transferred from normoxic to hypoxic waters and
vice-versa.

Baixos niveis de oxigénio dissolvido na dgua (hipdxia) podem ser causados pelo consumo de oxygénio por peixes e outros
organismos, decomposi¢@o de matéria organica, “blooms” de fitoplancton e aumento de temperatura. O objetivo do presente
estudo foi analisar os fluxos de Na*, Cl, K* e amonia em jundias (Rhamdia quelen) expostos a diferentes niveis de oxigénio
dissolvido. Juvenis (9 + 1g) mantidos em 6,0 mg.L"! oxigénio dissolvido foram transferidos para quatro aquarios de 40 L com
diferentes niveis de oxigénio dissolvido (em mg.L"): 6,0;4,5; 3,5 € 2,5. Em outra série de experimentos, juvenis foram aclimatados
a 6,0 ou 2,5 mg.L"! oxigénio dissolvido e entdo colocados em dois aquarios de 40 L com 6,0 mg.L! oxigénio dissolvido. Para
ambas séries de experimentos, 1,24, 48 ou 120 h depois da transferéncia os juvenis foram colocados em cdmaras individuais de
200 mL (com os mesmos niveis de oxigénio dissolvido dos seus respectivos aquarios) por 3 h. Amostras de agua foram
coletadas para analise dos niveis de Na*, Cl;, K" e amonia. Os resultados obtidos permitem concluir que a exposi¢do a 2,5 mg.L-
! oxigénio dissolvido promove uma perda de ions nos juvenis de jundia, mas estas perdas s3o estabilizadas rapidamente no
caso de Na™ e CI'. A exposi¢o a niveis ndo tdo hipdxicos também altera os fluxos i6nicos, mas ndo ha nenhuma relagéo clara
entre ambos parametros. Portanto, a osmorregulacdo do jundid parece ser afetada quando exemplares sdo transferidos de
aguas normoxicas to hipdxicas e vice-versa.
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Introduction

Low dissolved oxygen levels in the water (hypoxia) can
be provoked by oxygen consumption by fish and other or-
ganisms, organic matter decomposition, phytoplankton
blooms, and temperature increase (Rantin & Marins, 1984).
Fish compensate oxygen shortage by increasing ventilatory
tidal volume and/or ventilation rate, which led to hyperventi-
lation and consequently an increase in gill ventilation

(Sakuragui et al., 2003; Evans et al., 2005; Xu et al., 2006).
This increase in gill ventilation is also accompanied by
haemodynamic alterations to increase blood flow in the gills
to enhance gas exchange (Sundin, 1999).  Freshwater fish
are hyperosmotic in relation to the environment and present
an influx of water and loss of ions by diffusion in the gills
(Baldisserotto, 2003). Therefore, the increase in gill blood flow
and perfusion pressure caused by hypoxia could lead to higher
ion loss because it would stimulate diffusive efflux. As hy-
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poxic conditions also change the activity of several trans-
porters (Na'/H*, K*/CI') and CI- channels in erythrocytes of
various fishes, and inhibit Na'/K" pump in rainbow trout hepa-
tocytes (Nikinmaa, 2002), whole body ion influx could also be
affected.

There are no studies of effect of hypoxia on osmoregula-
tion in teleosts, but at least for rainbow trout (Oncorhynchus
mykiss) there is a clear increase in Na* diffusive efflux when-
ever oxygen uptake rate (and consequently, blood flow in the
gills) increases due to exercise (Gonzalez & McDonald, 1992).
Exhaustive exercise also increased ion loss in species of a
broad spectrum of habitats, as common shiner (Notropis
cornutus), lake trout (Salvelinus namaycush), rainbow trout,
killifish (Fundulus heteroclitus), smallmouth bass
(Micropterus dolomieu), banded sunfish (Enneacanthus
obesus), and others because there is an increase of gill water
flow and intralamellar blood pressure in this situation (Gonzalez
& McDonald, 1994).

Studies of ion fluxes in fish were performed with speci-
mens exposed to optimal dissolved oxygen levels. As fresh-
water fishes can frequently be exposed to hypoxic environ-
ments, the objective of this study was to analyze ion fluxes in
silver catfish juveniles (Rhamdia quelen) exposed to differ-
ent dissolved oxygen levels.

Material and Methods

Silver catfish juveniles (9 + 1 g) were purchased from Bela
Vista fish culture (S&o Jodo do Polésine, RS). Fish were trans-
ported to the Laboratory of Fish Physiology of the
Universidade Federal de Santa Maria and were kept for at
least two weeks in a continuously aerated (6.0 mg.L! dis-
solved oxygen) 250 L tank (minimum 20% water renewal per
day) and fed commercial feed juveniles Supra with 42% pro-
tein (Alisul Alimentos S.A., Carazinho, Brazil) to satiety once
aday. After this acclimation period 160 juveniles were sepa-
rated into four 40 L aquaria with different dissolved oxygen
levels (inmg.L"): 6.0£0.2,4.5+0.2,3.5+0.1,and 2.5+0.2 (or
75.7+£2.5,56.8+£2.5,44.1+£1.3,and 31.5 +2.5% oxygen satu-
ration, respectively). In another series of experiments, to verify
the effect of transference of hypoxia-adapted fish to normoxia
on ion fluxes, silver catfish juveniles were maintained for 3
weeks in 250 L tanks with 6.0 or 2.5 mg.L! dissolved oxygen
levels. After this period juveniles were placed in two 40 L
aquaria with 6.0 mg.L"! dissolved oxygen.

For both series of experiments, 1, 24, 48 or 120 h after
transference to the 40 L aquaria, juveniles (different groups
of 10 juveniles were used for each time) were placed in indi-
vidual chambers of 200 mL with the same dissolved oxygen
levels of their respective aquaria. After a 10 min settling pe-
riod, water samples (5 mL) were taken then and 3 h later for
determination of Na*, K+, Cl-, and ammonia concentrations.
Previous experiments demonstrated that net ion fluxes of ju-
veniles maintained for 24 h in chambers with 6.0 mg.L" dis-
solved oxygen levels were not significantly different from the
fluxes of those which measurements started around 10 min
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after placing them in the chambers. Dissolved oxygen levels
of the chambers were measured every 30 min. The dissolved
oxygen levels in the aquaria and chambers were maintained
bubbling air (for oxygenation) or nitrogen (for deoxygenation).
Room temperature (22°C) was maintained with an air condi-
tioner.

Waterborne Na* and K* levels were measured with a B262
flame photometer (Micronal), and CI- levels by the colorimet-
ric assay as described by Zall ef al. (1956). Ammonia levels
were determined according to Verdouw ef al. (1978). Net ion
and ammonia fluxes were calculated from the changes in the
ion or ammonia concentration of the bathwater over the 3 h
period according to the equation proposed by Gonzalez et al.
(1998):

Jnet=V([ion] —[ion],).(Mt)",

where [ion], and [ion], are the bath ion concentrations at
the beginning and end of the flux period, respectively, V is
the bath volume in liters, M is the mass of the fish in kg, and
t is the duration of the flux period in hours.

Dissolved oxygen levels of the tanks, aquaria and cham-
bers were measured with oxymeter YSI (model Y 5512), pH
levels (7.8 —8.2) with pH meter DMPH-2 (Digimed, Sao Paulo,
Brazil), and water hardness (38 + 1.5 mg L” CaCO,) was ana-
lyzed by the EDTA titrimetric method, alkalinity (40.2 + 0.3 mg
L" CaCO,) and nitrite (maximum 0.01 mg L") according to Boyd
and Tucker (1992) at the beginning and the end of the experi-
ment. Waterborne Na*, K" and CI- levels in the aquaria were
(in mmol/L): 0.3 £0.05,0.07£0.01 and 0.05 = 0.01, respec-
tively.

Homogeneity of variances among the groups was veri-
fied with Levene test. Data of Na*, Cl- and ammonia fluxes
presented homogeneous variances, so comparisons among
different treatments and times were made by two-way Anova,
followed by Tukey test. Data of K* fluxes were not
homocedastic, and consequently comparisons among differ-
ent treatments were made by Kruskall-Wallis Anova and
Mann-Whitney test. All tests were made with the software
Statistica. Minimum significance level was P <0.05.

Results

Silver catfish juveniles maintained at 6.0 mg.L" dissolved
oxygen and transferred to chambers with the same level of
dissolved oxygen showed low Na* efflux, which kept con-
stant up to 120 h of experiment. The transference of juveniles
adapted to 6.0 mg.L" dissolved oxygen to aquaria with 3.5 or
4.5 mg.L"! dissolved oxygen also did not change net Na* fluxes
in the first 24 h. However, Na" influxes significantly different
from the efflux of those maintained at 6.0 mg.L"! dissolved
oxygen were observed 48 and 120 h after transference of the
juveniles to these lower dissolved oxygen levels. Juveniles
transferred to 2.5 mg.L! dissolved oxygen presented a signifi-
cantly higher Na* efflux in the first hour and at 24 and 48 h after
transference lower Na* efflux than those kept at 6.0 mg.L! dis-
solved oxygen (Fig. 1A).
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Fig. 1. Na" (A) and CI" (B) net fluxes of silver catfish juveniles
acclimated at 6.0 mg.L"! dissolved oxygen levels and transferred
to aquaria with different oxygen dissolved levels. Data expressed
as mean + SEM. Positive values indicate net influxes, and nega-
tive values net effluxes. Different letters under the bars indicate
significant difference among treatments at the same time after
transference by two-way ANOVA and Tukey test (P <0.05).

There was a CI influx in the first hour, followed by low
effluxes (but no significant differences among them) in silver
catfish juveniles maintained at 6.0 mg.L"' dissolved oxygen
and transferred to chambers with the same level of dissolved
oxygen. Transference to lower dissolved oxygen levels led to
significantly higher CI" effluxes in the first hour, but after 24 h
only those exposed to 3.5 mg.L! dissolved oxygen still showed
higher CI' efflux than those maintained at 6.0 mg.L"' dissolved
oxygen. Forty-eight and 120 hours after transference fish ex-
posed to 4.5 mg.L! dissolved oxygen showed higher CI efflux
and influx, respectively, than juveniles kept at 6.0 mg.L"' dis-
solved oxygen (Fig. 1B).

Juveniles maintained at 6.0 mg.L" dissolved oxygen pre-
sented low K" effluxes in all times and no significant differences
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Fig. 2. K" (A) and NH," (B) net fluxes of silver catfish juve-
niles acclimated at 6.0 mg.L" dissolved oxygen levels and
transferred to aquaria with different oxygen dissolved levels.
Data expressed as mean + SEM. Positive values indicate net
influxes, and negative values net effluxes. Different letters
under the bars indicate significant difference among treat-
ments at the same time after transference by one-way ANOVA
and Tukey test (NH,") or by Kruskall-Wallis Anova and
Mann-Whitney test (K*) (P <0.05).

among them. Significantly higher K* effluxes were observed 48 h
after transference to 2.5, 3.5 and 4.5 mg.L"! dissolved oxygen
levels, but after 120 h those transferred to 4.5 mg.L"' showed a
decreased of these effluxes down to the same values of those
maintained at 6.0 mg.L"' dissolved oxygen (Fig. 2A).

There was no significant difference on ammonia fluxes
among treatments 1 h after transference. However, 24 h later
juveniles transferred to 2.5 mg.L! dissolved oxygen showed
significantly lower ammonia flux than those transferred to 6.0
and 3.5 mg.L"! dissolved oxygen. In addition, those trans-
ferred to 3.5 mg.L! dissolved oxygen presented the signifi-
cantly highest ammonia flux. Forty eight hours after transfer-
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ence juveniles transferred to 4.5 mg.L' dissolved oxygen
showed significantly higher ammonia fluxes than those trans-
ferred to 6.0 mg.L! dissolved oxygen. After 120 h ammonia
fluxes were significantly lower in juveniles transferred to 2.5
and 3.5 mg.L! dissolved oxygen levels than in those trans-
ferred to higher dissolved oxygen levels (Fig. 2B).

In the second series of experiment, juveniles acclimated
to 2.5 mg.L"! dissolved oxygen showed significantly lower
Na* effluxes from 24 to 120 h after transference to 6.0 mg.L"!
dissolved oxygen than those maintained at the same dissolved
oxygen levels (Fig. 3A). However, Cl- effluxes of fish accli-
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Fig. 3. Na" (A) and CI" (B) net fluxes of silver catfish juveniles
acclimated to 2.5 (2.5-6.0) or 6.0 (6.0 — 6.0) mg.L"" dissolved
oxygen levels for three weeks and transferred to aquaria with
6.0 mg.L"! dissolved oxygen levels. Data expressed as mean +
SEM. Positive values indicate net influxes, and negative val-
ues net effluxes. Mean value of CI flux at 24 h in juveniles
transferred to 6.0 mg.L" is too small to be seen in the figure. *
significantly different from juveniles transferred to 6.0 mg.L"!
at the same time after transference by one-way ANOVA and
Tukey test (P <0.05).
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mated to 2.5 mg.L! dissolved oxygen were higher 1 and 48 h
after transference to 6.0 mg.L! dissolved oxygen than those
maintained at the same dissolved oxygen levels (Fig. 3B).
Juveniles acclimated to 2.5 mg.L" dissolved oxygen presented
significantly higher K" influx at 48 h and efflux at 24 and 120 h
after transference to 6.0 mg.L! dissolved oxygen than those
maintained at the same dissolved oxygen levels (Fig. 4A).
Ammonia fluxes were not significantly different in juveniles
acclimated at 2.5 mg.L! dissolved oxygen and transferred to
6.0 mg.L! dissolved oxygen than of those maintained at the
same dissolved oxygen levels (Fig. 4B).
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Fig. 4. K" (A) and NH," (B) net fluxes of silver catfish juve-
niles acclimated to 2.5 (2.5-6.0) or 6.0 (6.0 —6.0) mg.L"! dis-
solved oxygen levels for three weeks and transferred to aquaria
with 6.0 mg.L"! dissolved oxygen levels. Data expressed as
mean = SEM. Positive values indicate net influxes, and nega-
tive values net effluxes. * significantly different from juve-
niles transferred to 6.0 mg.L! at the same time after transfer-
ence by one-way ANOVA and Tukey test (NH,") or by
Kruskall-Wallis Anova and Mann-Whitney test (K*) (P <0.05).
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Discussion

Dissolved oxygen lethal concentration (96 h) for silver
catfishis 0.52 mg.L"(C.1. 0.42 - 0.61 mg.L") or 6.7% oxygen
saturation, and mortality did not occur in those exposed to
1.68 mg.L" (21.6% oxygen saturation) or higher dissolved
oxygen levels. However, exposure to levels lower than 5.2
mg.L"(65.6% oxygen saturation) reduced growth of this spe-
cies (Braun et al., 2006). In the present study all analyzed dis-
solved oxygen levels were above lethal limits for this species.

Transference of silver catfish juveniles to new aquaria with
the same dissolved oxygen levels apparently did not provoked
osmoregulatory disturbance, as ion effluxes were low 1 h after
transference and remained constant up to 120 h. Ammonia
effluxes (or excretion) also did not present any significant
change throughout the experiment. Net flux values of silver
catfish were in the same range of those described for tambaqui
(Colossoma macropomum) after overnight recovery in the flux
chambers (Gonzalez et al., 1998) and Na™ and CI- effluxes lower
than those of Metynnis hypsauchen, a teleost from Rio Negro,
Amazon, 2 h after transference to the flux chambers (Baldisseroto
& Val, 2002). On the other hand, silver catfish juveniles trans-
ferred to 2.5 mg.L" dissolved oxygen levels in the first hour
showed significantly higher Na" and CI- effluxes than those
maintained at 6.0 mg.L" dissolved oxygen levels. The adapta-
tion of Na” and CI" fluxes in silver catfish juveniles exposed to
this low oxygen level seems to be fast, as 24 h later these fluxes
were similar to fluxes of those maintained at 6.0 mg.L" dis-
solved oxygen levels. However, a different pattern was ob-
served for K* fluxes of juveniles transferred to 2.5 mg.L" dis-
solved oxygen levels: effluxes were higher than of those main-
tained at 6.0 mg.L" dissolved oxygen levels only 48 h after
transference. This indicates that osmoregulatory equilibrium
was not complete even 48 h after the transference. It is pos-
sible that the initial disturbance of Na" and CI fluxes led to a
decrease on plasma levels of these ions, and a consequent
decrease on plasma osmolality, as observed by Sakuragui et
al. (2003) in Hoplias malabaricus exposed to hypoxia (around
1 mg.L! dissolved oxygen levels). This reduction on plasma
osmolality could provoke loss of K* from the intracellular me-
dium to the plasma. Higher plasma K level could induce a
higher efflux two days after transference. Apparently some
decrease on catabolism might have occurred in silver catfish
transferred to 2.5 mg.L" dissolved oxygen levels because am-
monia effluxes were lower than in those maintained at 6.0 mg.L
"dissolved oxygen levels 24 and 120 h after transference.

Silver catfish transferred to 3.5 and 4.5 mg.L" dissolved
oxygen levels did not show the same clear pattern on Na*, CI
and ammonia fluxes of those transferred to 2.5 mg.L" dis-
solved oxygen levels. Apparently changes on ventilation rate
(and consequently, ion fluxes) only occur when fish are ex-
posed to very low dissolved oxygen levels. For example, in
Nile tilapia, Oreochromis niloticus, ventilation rate decreased
significantly only when dissolved oxygen levels fell below 1
mg.L*! (Xuetal., 2006). On the other hand, K* fluxes in silver
catfish 48 h after transference to 3.5 and 4.5 mg.L" dissolved
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oxygen levels showed a similar pattern of those transferred
to 2.5 mg.L"' dissolved oxygen levels (except K* efflux 48 h
after transference in fish transferred to 4.5 mg.L" dissolved
oxygen levels, which were comparatively very high). There is
no apparent reason for this discrepancy.

Exposure to hypoxia stimulates chemoreceptors in the gills,
producing a reflex bradycardia and usually an increase in arte-
rial blood pressure (Milsom ez al., 1999). Hypoxia also causes
catecholamine release (Reid et al., 1998, Reid & Perry, 2003)
and consequent adrenergic constriction of the arterio-venous
pathway, increasing branchial perfusion pressure. This pro-
cess promotes lamellar recruitment to increase respiratory sur-
face area and, consequently, gas exchange (Sundin, 1999).
Therefore, silver catfish juveniles transferred to 2.5 mg.L"" dis-
solved oxygen levels would increase their respiratory surface
area to improve oxygen uptake, which could explain their higher
Na* and CI net effluxes by diffusion in the first hour after
transference. In addition, as hypoxia inhibited ion transporters
in fish erythrocytes and hepatocytes (Nikinmaa, 2002), ion in-
flux by osmoregulatory organs might also be affected, but stud-
ies regarding this subject are still missing.

When silver catfish adapted to hypoxia (2.5 mg.L" dis-
solved oxygen level) is transferred from to 6.0 mg.L" dissolved
oxygen levels a decrease on gill ventilation would reverse the
situation, explaining why 24 h after transference net Na*
effluxes were lower than of those maintained at 6.0 mg.L"'
dissolved oxygen levels. In agreement with this hypothesis,
Nile tilapia transferred from hypoxic levels (around 1.0 mg.L-
!dissolved oxygen levels) to normoxic levels showed a de-
crease on ventilation rate (Xu et al., 2006). There are no stud-
ies regarding hypoxia and ion fluxes, but the rate of Na* loss
per unit of oxygen consumed is similar in several teleosts
species investigated, as rainbow trout, common shiner, lake
trout, killifish, smallmouth bass, and banded sunfish. Gill blood
flow increases when fish are submitted to exhaustive exercise
because they need higher oxygen input. This circulatory
change probably distorts and widens gill tight junctions,
making them more permeable to ions (Gonzalez & McDonald,
1992, 1994). The same could happen in fish exposed to hy-
poxic levels. However, CI" effluxes in silver catfish transferred
from 2.5 to 6.0 mg.L"" dissolved oxygen levels were higher 1
and 48 h after transference than of those maintained at 6.0
mg.L" dissolved oxygen levels, which indicates that possibly
mechanisms regulating Cl- fluxes present some differences
from those regulating Na* fluxes. K* fluxes in silver catfish
transferred from 2.5 to 6.0 mg.L™" dissolved oxygen levels also
did not present a clear relationship as Na* fluxes.

The obtained results allow concluding that exposure to
2.5 mg.L" dissolved oxygen levels promotes loss of ions and
lower ammonia excretion in silver catfish juveniles, but these
losses are rapidly stabilized for Na* and Cl". Exposure to less
hypoxic levels also changes ion fluxes and ammonia excre-
tion, but there is no clear relationship between both param-
eters in this species. Therefore, silver catfish osmoregulation
seems to be affected when this species is transferred from
normoxic to hypoxic waters and vice-versa.
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