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Abstract

The aim of this study was to describe the effect of hypoxia on whole body ion fluxes and hematological parameters in
two Amazonian teleosts: Serrasalmus eigenmanni and Metynnis hypsauchen. The increase of Na* and Cl- effluxes on
M. hypsauchen exposed to hypoxia may be related to an increase of gill ventilation and effective respiratory surface
area, to avoid a reduction in the oxygen uptake, and/or with the decrease of pHe, that could inhibit Na* and CI" trans-
porters and, therefore, reduce influx of these ions. Effluxes of Na* and CI~ were lower in hypoxia than in normoxia
for S. eigenmanni, possibly because in hypoxia this species would reduce gill ventilation and oxygen uptake, which
would lead to a decrease of gill ion efflux and, consequently, reducing ion loss. The increase on hematocrit (Ht) during
hypoxia in M. hypsauchen probably was caused by an increase of the red blood cell volume (MCYV). For S. eigenmanni
the increase on glucose possibly results from the usage of glucose reserve mobilization. Metynnis hypsauchen showed
to be more sensitive to hypoxia than Serrasalmus eigenmanni, since the first presented more significant alterations on
these osmoregulatory and hematological parameters. Nevertheless, the alterations observed for both species are strate-
gies adopted by fishes to preserve oxygen supply to metabolizing tissues during exposure to hypoxia.
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Fluxos ionicos e parametros hematologicos em duas espécies de
teledsteos do Rio Negro, Amazonia, expostos a hipoxia

Resumo

O objetivo deste trabalho foi descrever o efeito da hipoxia no fluxo idnico corporal e nos pardmetros hematolégicos
em duas espécies de teleésteos da Amazonia: Serrasalmus eigenmanni e Metynnis hypsauchen. O aumento dos eflu-
xos de Na* e CI em M. hypsauchen expostos a hipoxia pode estar relacionado ao aumento da ventilacdo branquial e
da eficiéncia da drea da superficie respiratdria, a fim de evitar reduc@o na captagdo de oxigénio; e/ou com a diminuigédo
do pHe, que pode inibir os transportadores de Na* e CI” e, entdo, reduzir o influxo destes fons. Os efluxos de Na* e
CI- foram menores em hipoxia do que em normoxia para a espécie S. eigenmanni, possivelmente porque esta espécie
em hipoxia poderia reduzir a ventilagdo branquial e a captagdo de oxigénio, a qual levaria a uma diminui¢do do efluxo
branquial de fons e, conseqiientemente, a reducdo da perda de fons. O aumento do hematdcrito (Ht) durante hipoxia
em M. hypsauchen provavelmente foi causado pelo aumento do volume das células vermelhas do sangue (MCV). Para
a espécie S. eigenmanni, o aumento da glicose possivelmente foi resultado do uso da mobilizacdo da reserva de gli-
cose. A espécie Metynnis hypsauchen mostrou ser mais sensivel a hipoxia do que a espécie Serrasalmus eigenmanni,
uma vez que a primeira espécie apresentou mais alteracdes significativas em seus parametros osmorregulatdrios e
hematolégicos. Contudo, as alteragdes observadas em ambas as espécies sdo estratégias adotadas pelos peixes a fim
de preservar o suprimento de oxigénio para metaboliza¢@o nos tecidos durante exposi¢ao a hipoxia.

Palavras-chave: peixes amazonicos, niveis de oxigénio dissolvido, hematologia, fluxo de fons corporal.
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1. Introduction

Amazonian waters present wider changes in dis-
solved oxygen than those observed in waters from tem-
perate zones. Seasonal, daily, and spatial oscillations of
several parameters (photosynthesis, organic decompo-
sition, respiration of macrophytes and phytoplankton,
temperature, etc.) occur in this environment and induce
a complex pattern of oxygen distribution (Junk et al.,
1983; Val, 1993; Almeida-Val et al., 1999). For exam-
ple, in some lakes the oxygen concentrations can change
from oversatured levels at noon to almost zero at night
(Val, 1996). The Amazon freshwater ichthyofauna has
representatives of several teleosts orders, and many spe-
cies are adapted to low oxygen concentrations (Val and
Almeida-Val, 1995). The main strategies to deal with hy-
poxic environment are the use of air-breathing (obligatory
or facultative), aquatic surface respiration, and hypoxia
tolerance mechanisms, including metabolic suppression
(Almeida-Val and Farias, 1996; Almeida-Val et al.,
1999).

Many adaptive adjustments in fishes may occur si-
multaneously to improve oxygen intake, such as increase
in ventilatory volume and frequency and heart rate, al-
terations of enzyme levels in different tissues, alterations
in plasma concentrations of metabolites (glucose and
lactate), and changes in hematological parameters, lev-
els of intraerytrocytic phosphates, and proportion of he-
moglobin fractions (reviewed by Val and Almeida-Val,
1995; Almeida-Val et al., 2006; Brauner and Val, 2006).
Val (1996) suggested that when these adjustments occur
concomitantly they could be the result of the effect of
catecholamines released during stress.

The waters of the Rio Negro drain nutrient-poor for-
est soils and are very dilute and acidic (Furch, 1984).
Teleosts living in these waters exhibit exceptional acid
tolerance, and studies on ion fluxes of some Amazonian
species deal with the effect of low water pH and low cal-
cium levels (Gonzalez et al., 1997; 1998; Wood et al.,
1998). As far as we know, few studies have analyzed the
effects of hypoxia on ion fluxes in Amazonian teleosts.
The possible effects of hypoxia on ion fluxes include
changes of osmoregulatory properties in the gills due to
changes in blood flow (Sundin, 1999), changes in blood
properties (Fernandes et al., 1999), and increase of Na*
loss (Gonzalez and McDonald, 1992; 1994). The present
study describes the effect of hypoxia on whole body ion
fluxes and hematological parameters in two Amazonian
teleosts: Serrasalmus eigenmanni (black piranha) and
Metynnis hypsauchen (pacu).

2. Material and Methods

Specimens of Serrasalmus eigenmanni Norman,
1929 (50-150 g) and Metynnis hypsauchen (Miiller and
Troschel, 1844) (60-120 g) (Serrasalmidae) were col-
lected with drift nets from Rio Negro, at Anavilhanas
Archipelago, Amazon, Brazil. Fish were kept outdoors
without feeding in a running 1000 L freshwater tank

(27-28 °C) for at least 24 hours. Measured water compo-
sition was (in uM.L™"): Na*, 12.3; CI-, 34.9; pH 6.37.

After acclimation fish were placed in individual
chambers (850 mL) served with a flow of 110 mL/min
of recirculated water. The fish chambers were housed on
a wet table that drained water back into the recirculation
reservoir. Total volume of the system, serving a maxi-
mum of 4 fish, was 50 L. This flow of water was kept for
1 hour and then the chambers were operated as closed
systems for 240 minutes. Water samples (5 mL) were
taken at the beginning and end of this period for Na*,
CI- and pH analysis. Na* concentrations were measured
with a B262 flame photometer (Micronal), and CI- con-
centrations were measured by the colorimetric assay as
described by Zall et al. (1956). Water pH was determined
with pH meter DMPH-2 (Digimed, Séo Paulo, Brazil).
Ton fluxes were calculated according to Gonzalez et al.
(1998).

Dissolved oxygen levels in the chambers were
measured each hour with an acid-base digital analyz-
er, connected to a “Radiometer” (PHM72-Mk2). One
group of M. hypsauchen was maintained in the range of
110-130 mmHg throughout the experiment (normoxia
group), while another group was exposed to 70-85 mmHg
oxygen levels (hypoxia group). The dissolved oxygen
levels were initially reduced within 15 minutes by bub-
bling N, in the water. Reduced aeration kept oxygen
levels within the described range during the experi-
ments. Exposure of this species to lower oxygen levels
(40-60 mmHg) resulted in the death of most specimens
in 2 hours. For S. eigenmanni, the dissolved oxygen lev-
els were 110-135 mmHg and 55-70 mmHg for normoxic
and hypoxic groups, respectively.

At the end of both series of experiments blood sam-
ples were collected from the caudal vein into heparinized
syringes. Hematocrit values (Ht %) were determined af-
ter 10 minutes centrifugation in micro-haematocrit tubes.
Hemoglobin concentration ([Hb] mg.dL™") was meas-
ured as described by Kampen and Zijlstra (1964). Red
blood cell counts (RBC) were obtained with the use of a
Neubauer chamber. Mean corpuscular volume (MCV),
mean corpuscular hemoglobin concentration (MCHC),
and mean corpuscular hemoglobin (MCH) were deter-
mined according to Brown (1976). Plasma glucose lev-
els were estimated using commercial kits (Doles S.A.).
Plasma pH (pHe) was measured using a glass micro-
capillary electrode (G229, Radiometer, Copenhagen)
coupled to a PHM-73 pH meter. Radiometer precision
buffers were used to calibrate the electrode.

Net ion fluxes and hematological parameters of fish
groups exposed normoxia and hypoxia groups were
compared by Student’s two-tailed 7-test (data with nor-
mal distribution) or by Mann-Whitney test (data with
non-normal distribution) with the aid of the GraphPad
Instat program (version 2.05a). Data are expressed as
mean £SEM, and the minimum significance level was
P <0.05.
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3. Results

Specimens of M. hypsauchen presented an influx
of Na* and CI- in normoxia. Exposure to hypoxia in-
duced an efflux of both ions in this species. However,
S. eigenmanni normoxic groups showed Na* and CI- ef-
fluxes (mainly CI), which were reduced in specimens
exposed to hypoxia (Figure 1). Water pH in the chambers
at the end of the experiment was 6.56 + 0.05 for both
species.

Exposure of M. hypsauchen to moderate hypox-
ia led to an increase of hematocrit and MCV values,
while MCHC and extracellular pH (pHe) decreased.
Other blood parameters were not affected by hypoxia.
On the other hand, moderate hypoxia induced increase
on plasma glucose and reduction on MCHC values of
S. eigenmanni. Other blood parameters remained un-
changed in this species (Table 1).

200

~ 0 {i

2

= 2001

=

g 400/

&

£ —600

=

S _gool | = cL-

z 8001 | =2 (L
-1000

N H N H

M. hypsauchen S. eigenmanni

Figure 1. Net Na* and CI- fluxes of Metynnis hypsauchen
and Serrasalmus eigenmanni maintained in normoxia (N)
and hipoxia (H). Asterisks indicate significant difference of
fluxes by Student’s two-tailed #-test or Mann-Whitney test
(P < 0.05) at normoxia.

4. Discussion

Osmoregulation and gas exchange are the two most
important roles of the gills in fish. Freshwater teleosts
must balance the improvement of O, diffusion at the
gills with the osmoregulatory disadvantage that result
from the ion loss and water influx increases (Perry and
McDonald, 1993). The so called oxygen conformers de-
crease their oxygen demand and reduce ventilation when
exposed to hypoxia. On the other hand, other species,
called oxygen regulators, increase gill ventilation to keep
O, consumption constant under hypoxia until a critical
oxygen level occurs, at which the respiration modes
changes from regulating to conforming (Fernandes
et al., 1999). Hypoxia also stimulates chemoreceptors
in the gills (Milsom et al., 1999) and catecholamine re-
lease (Reid and Perry, 2003), promoting reflex changes
in the branchial vasculature, elevating blood pressure
in the branchial perfusion and an increase in the lamel-
lar flux, which induces an increase of the effective res-
piratory surface area (Sundin, 1999). This circulatory
change probably distorts and widens gill tight junctions,
and consequently they become more permeable to ions
(Gonzalez and McDonald, 1992; 1994).

Specimens of M. hypsauchen exposed to hypoxia
presented an increase of Na* and Cl- effluxes. The
same was observed in silver catfish, Rhamdia quelen
(Quoy and Gaimard, 1824) exposed to hypoxic levels
(around 55 mmHg) for the same time. However, effluxes
in R. quelen maintained in hypoxia decreased as time
went by (Rosso et al., 2006). Two explanations are pos-
sible: when exposed to hypoxia, M. hypsauchen would
increase gill ventilation and effective respiratory surface
area to avoid a reduction in the oxygen uptake. These
changes would lead to an increase of the diffusional
gradient resulting in ion loss across the gills. Studies
with several teleosts species showed that there is an in-
crease in Na* efflux whenever oxygen uptake increases
(Gonzalez and McDonald, 1992; 1994). In addition,

Table 1. Blood parameters of Metynnis hypsauchen and Serrasalmus eigenmanni exposed to normoxia and hypoxia. Data are
expressed as mean +SEM, numbers of individuals are indicated in branches. Asterisks indicate significantly difference from

normoxia values by Student’s two-tailed 7-test (P < 0.05).

Parameters

Metynnis hypsauchen

Serrasalmus eigenmanni

Normoxia

Hypoxia

Normoxia Hypoxia

(100-130 mmHg)
81.54 +21.39 (5)
6.35+0.43 (6)
28.00+ 1.71 (6)
2.12+0.24 (6)

glucose (mg.dL™")
hemoglobin (g.dL™")
hematocrit (%)
RBC (x106 mm3)

MCV (um3) 138.68 + 13.51 (6)
MCH (pg) 31.38 £3.32 (6)
MCHC (%) 22.66 % 0.63 (6)
pHe 7.57+0.07 (5)

(65-95 mmHg)

69.73 £12.72 (6)

5.85+£0.31 (6)
34.90 £2.30 (5)*

1.73 £0.19 (6)
198.17 £ 18.85 (6)*
35.16 £3.07 (6)
17.84 £0.47 (4)*

7.06 £ 0. 0.08 (12)*

(100-150 mmHg)
38.91 +£15.47 (6)
8.43 £0.62 (7)
29.29 £2.53 (7)
2.03+0.18 (7)
136.98 £7.87 (9)
29.36 £ 1.61 (10)
46.91+3.91 (9)

7.37+0.06 (10)

(55-90 mmHg)
52.39 £ 12.54 (4)*
7.49 £0.37 (4)
30.80£0.90 (4)
2.00+£0.20 (4)
159.52 £ 11.57 (4)
24.60 £ 1.77 (5)
29.04 £1.13 (4)*
7.26+0.14 (4)
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an increase of lamellar flux due to hypoxia could also
contribute to increase ion gill permeability. Another ex-
planation, which does not exclude the previous one, is
that the decrease of pHe of M. hypsauchen, induced by
hypoxia, inhibited Na* and CI transporters and, there-
fore, reduced the influx of these ions. A decrease (com-
pared with control at pH 7.8) of short-circuit current and
transepithelial potential difference values was observed
in the “in vitro” stripped intestine of freshwater-adapted
Anguilla anguilla (Linnaeus, 1758) submitted to pH 7.0,
indicating an inhibition of ion transporters in this or-
gan (Baldisserotto and Mimura, 1995). A similar effect
could occur in the gills of M. hypsauchen. In addition,
as hypoxia itself inhibited ion transporters in fish eryth-
rocytes and hepatocytes (Nikinmaa, 2002), ion influx by
osmoregulatory organs might also be affected.

However, S. eigenmanni in normoxia presented
higher Na* and CI” effluxes than in hypoxia. A possi-
ble explanation is that this species would adopt a dif-
ferent strategy from M. hypsauchen. When submitted
to hypoxia, S. eigenmanni would reduce gill ventila-
tion and oxygen uptake, which would lead to a decrease
of gill ion efflux and, consequently, reducing ion loss,
as observed. For example, a significant decrease on
gill ventilation (compared to specimens maintained in
normoxia) was observed in Nile tilapia, Oreochromis
mossambicus, (Peters, 1852) exposed to hypoxic levels
(below 20 mmHg) (Xu et al., 2006).

During hypoxia events, fishes use various strategies
to cope with adverse condition. One of these strategies
is the regulation of hematocrit and hemoglobin levels,
as observed in the characiform Colossoma macropomum
(Cuvier, 1816) (tambaqui) (Val, 1996). M. hypsauchen
also showed significant increase of hematocrit, but prob-
ably this increase was not induced by spleen contraction
as observed in tambaqui, since hemoglobin concentra-
tion did not increase. It is possible that the alteration of
hematocrit was caused by an increase of the red blood
cell volume (MCV). For S. eigenmanni, no relevant
alteration was observed on hematological parameters,
except by the increase on glucose levels. This increase
can indicate that glucose was used as energy supply.
According Almeida-Val et al. (2006), most Amazonian
fish species subjected to some level of oxygen depletion
showed alterations in plasma glucose and lactate levels
resulting from the usage of glucose reserve mobiliza-
tion, as probably occur with S. eigenmanni. The Amazon
cichlid, Astronotus crassipinnis (Heckel, 1840), also pre-
sented accumulation of plasma glucose at low oxygen
levels, probably due to an activation of hepatic glycog-
enolysis as indicated by the decrease in liver glycogen
(Chippari-Gomes et al., 2005). The use of carbohydrate
reserves such as glycogen or amino acids, which are the
main fuels available for fermentation in animals, is al-
most always necessary (Hochachka and Somero, 2002).
Glucose mobilization may occur even in facultative air
breathers such as the armored catfish Pterygoplichthys
gibbiceps (Kner, 1854), which is not necessarily related

to anaerobic metabolism activation, since lactate levels
are significantly decreased (Lopes, 2003). The reliance
on extracellular glucose as a metabolic fuel under oxygen
limitations may constitute one of the strategies to better
deal with oxygen limitation and may occur in addition to
other responses, and it may be dependent upon respira-
tory pattern and species phylogeny (Almeida-Val et al.,
2006).

5. Conclusions

Metynnis hypsauchen showed to be more sensitive
to hypoxia than Serrasalmus eigenmanni, since the first
presented more significant alterations on these osmoreg-
ulation and hematological parameters. Nevertheless, the
alterations observed on the metabolism of both species
studied in this work are some of the myriad strategies
adopted by fishes in order to preserve oxygen supply to
metabolizing tissues during exposure to hypoxia (natural
or experimental, for short or long term). Future studies
of the effect of hypoxia on oxygen consumption and me-
tabolism of the studied species will be necessary for bet-
ter understanding of the obtained results.
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