Effect of chronic aquatic hypercarbia in the the South American lungfish, Lepidosiren paradoxa: Pulmonary ventilation and 
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Abstract

The South American lungfish (Lepidosiren paradoxa, Fitzinger) possess well-developed lungs, whereas its gills are rudimentary. To evaluate its patterns of acid-base regulation, we applied hypercarbia for up to 48 h. After normocarbic control measurements, we applied aquatic hypercarbia (7% ~ 49 mmHg), whereas the gas phase remained normocarbic. Blood was withdrawn from a catheterized caudal branch of the dorsal aorta, and pulmonary ventilation was measured by  pneumotachography. 

Normocarbic blood gas values were: pHa ~ 7.5; PaCO2 ~ 17 mmHg; [HCO3-]pl ~ 22 mM (Experimental temperature 25oC). Aquatic hypercarbia (water PCO2 ~ 49 mmHg) significantly changed of acid-base status. Thus, PaCO2 increased over the first h to 37.4 mmHg, while pH fell to about 7.21. The ventilatory responses were transient but prevented PaCO2 to reach the level of the water. There was no clear evidence of pHa compensation by active modulation of [HCO3-]pl. The regulatory patterns of Lepidosiren resembles that of aquatic lung breathing salamanders and differs completely from pH compensation in teleost fish.

Introduction
Land vertebrates (Tetrapoda) along with the coelacanths (Latimeria) and the lungfish (Dipnoi) evolved from sarcopterygian (lobe finned) ancestors. (Carroll, 1988). Recent studies indicate Dipnoi as the most probable sister group relative to the land vertebrates (Meyer and Dolven, 1992), which has inspired an increasing interest in this group.

Combined lung and gill respiration is common to lungfish, but O2-uptake in Protopterus (Africa) and Lepidosiren in (South America) is highly dependent on pulmonary respiration (Johansen and Lenfant, 1967). Recent studies show that respiratory control in lungfish and amphibians share many features. Thus, both amphibians and L. paradoxa depend on central chemoreceptors that underlie ventilatory control of acid-base status (Sanchez et al., 2001). On the other hand, virtually no information is available on a possible active modulation of extracellular bicarbonate levels. Therefore, we decided to expose Lepidosiren to aquatic hypercarbia at for up to 72 h, while blood samples were obtained from the dorsal aorta and analyzed for acid-base status, PaO2 and [O2]a. Concurrently, the effects of hypercarbia on pulmonary ventilation were recorded. 

Materials and Methods

Specimens of L. paradoxa (Fitzinger), weighing 300 to 600 g were collected close to city Cuiabá, Mato Grosso State, and transported to Ribeirão Preto, São Paulo State, where they were kept in 1000-L tanks containing dechlorinated water at 25oC. 

Surgical procedures.

Immersion into a benzocain solution (1g·L-1) usually caused anaesthesia within 10 min.. Then, the animal was placed into a support for surgery. A 3-cm incision was cut in the caudal region of the animal. A branch of the dorsal aorta was dissected free and the vessel was catheterized. The catheter was then tied to surrounding tissue and exteriorized. Recovery was obtained placing the animal in benzocain free aerated water. 

Blood gas analysis

Blood PO2 was measured using an O2 electrode coupled to a FAC 204 O2 analyzer (FAC Instr., São Carlos, SP, Brazil) while PO2, PCO2 and pH were measured using a micro-electrode assembly (Cameron Instr. Co, Texas, USA). A GF3/MP Gas Flow Meter (Cameron Instr., Port Aransas, Texas, USA) was used to provide gas mixtures for calibration of electrodes and also delivered the hypercarbic mixture (7% CO2) to equilibrate the water. 

Total plasma CO2 was obtained using a Capni-Con 5 Analyzer (Cameron Instr.), calibrated with standard bicarbonate solutions (see Nicol et al. 1983). 

Experimental set-up

Lung ventilation was measured using pneumotachography for diving animals (cf. Glass et al., 1983). Kept in a 10-L aquarium, the animal was guided to surface and breathe within an air-filled funnel, connected to a.pneumotachograph. A highly sensitive differential pressure transducer (Mod. DP45-14-2112, Valydine Instr., Northridge, CA, USA) was used to measure inspired and expired volumes.

Experimental protocol

Aquatic hypercarbia, 7% CO2 ~49 mmHg:. Initially normocapnic control measurements were performed, including pulmonary ventilation, blood acid-base status, [O2]a, PaO2 and hematocrit(time = 0 h). Next, 7% CO2 was applied to equilibrate the water, while animal continued to breathe atmospheric air. Blood gas measurements were performed during hypercarbia at 1, 3, 6, 24 and 48 h, while ventilation was measured. 

Statistics

Krustall-Wallis test was performed followed by Dunn´s test for differences between individual groups. Values are expressed as mean ( SE. Significance level was taken as P< 0.05. For N-values see figure legends. 

Results 

Fig. 1 (A, B, C) shows the effects of aquatic hypercarbia (level 7% ~ 49 mmHg) on acid-base status of the blood. A steep increase of PaCO2 from 18.1(1.8 to 37.4(3.1 mmHg occurred within the first h of exposure. Subsequently PaCO2 remained close to 40 mmHg, which was about 10 mmHg below PCO2 of the water (Fig. 1A). During the first hour of exposure, pHa decreased from a normocarbic control value of 7.48(0.03 to about 7.21(0.02 and remained at that value until the end of the experiment. Plasma [HCO3-] increased slightly during the experiment, but this did not alter pH (Fig. 1 B, C).

Ventilatory responses: VT was large and constant both during normocapnia and hypercarbia. Meanwhile, the effects of hypercarbia on pulmonary ventilation and fR were large (Figs.2 A, B, C) and this was reflected in the time course of PaO2.(Fig. 2 D).

Discussion
Hypercarbia:. About 60% of total CO2 elimination in Lepidosiren is aquatic at 25oC (Amin-Naves et al. in press), which explains the large effect of hypercarbia on blood acid-base status. Nevertheless, PaCO2 remained well below the level in water throughout the experiment. This can be explained by the continuing pulmonary CO2-elimination to atmospheric air. Similar data exist for aquatic salamanders, that were exposed to aquatic hypercarbia, while they respired air at the surface (Heisler et al., 1982). In both cases, pulmonary ventilation and CO2-elimination in air efficiently limits the effects of aquatic hypercarbia.

Compensation of pHa: Lepidosiren compensate pHa during hypercarbia. This is consistent with the data for aquatic salamanders, which stresses that many functional similarities between Amphibians and Dipnoi. When exposed to 6.4% CO2 during 32 h, the urodele salamanders Amphiuma means and Siren lacertina failed to show any active compensation of pH by elevated [HCO3-]pl (Heisler et al., 1982). The authors suggested, that  [HCO3-]pl  was not adjusted, because these salamanders inhabit a permanently hypercarbic environment, which may also apply to Lepidosiren. Moreover, PaCO2 and [HCO3-]pl of Lepidosiren are high, even under normocarbic conditions. Instead, Siren, increased intracellular [HCO3-] levels in response to hypercarbia (Heisler et al. 1982). 
Some amphibians are able to acid-base  status by active modulation of [HCO3-]pl. Thus, .when exposed to hypercarbia, the urodele salamander Cryptobranchus alleganiensis (hellbender) partially compensated pHa by actively increased [HCO3-]pl, (Boutilier and Toews, 1981). Likewise, Stiffler et al. (1983) reported hypercarbia-induced active modulation of extracellular [HCO3-]pl in the neotenic tiger salamanders, Ambystoma tigrinum. The authors emphasized that A. tigrinum has well-developed mechanisms for cutaneous Na+ and Cl- exchanges, which suggests that acid-base relevant ion exchanges could take place (Alvarado et al., 1975). 

Anuran amphibians are capable of a limited compensation of pHa by elevation of [HCO3-]pl. Thus, the toad Bufo marinus reached a compensation of about 30% after 24 h of exposure to 5% CO2  (Boutilier et al., 1979). Based on several studies, it appears that the upper limit for [HCO3-]pl in B. marinus would center around 30 mM (Heisler, 1986; Boutilier and Heisler, 1988). This conclusion was drawn from studies that applied one level of hypercarbia for 24 h. Alternatively, Toews and Stiffler (1990) used a stepwise increase of CO2 (2, 4, 6, and 8% CO2) in B. marinus and Rana catesbeiana. They hypothesized that a stepwise elevation of CO2-levels would increase the upper limit for [HCO3-]pl. Indeed, under these conditions, B. marinus attained a [HCO3-]pl of about 40 mM, while R. catesbeiana reached as much as 46 mM, which suggests that anuran amphibians are better regulators than previously assumed. Moreover, tadpoles of R. catesbeiana exhibit an efficient pH-compensation of hypercarbia (Busk et al., 1997).

Ventilatory responses to hypercarbia: Studying Protopterus Johansen and Lenfant (1968) reported that aquatic hypercarbia reduced frequency of gill ventilation, while pulmonary respiration became more frequent. Likewise, Lepidosiren increased pulmonary ventilation in response to aquatic hypercarbia. (Johansen and Lenfant, 1968). At least partially, the hypercarbia-induced ventilatory responses are due to central chemoreceptors that increase pulmonary ventilation in response to reduced CSF pH (Sanchez et al., 2001). Consistently, a pioneering study on Protopterus reported that aquatic hypercarbia (5%CO2) reduced gill ventilation, whereas pulmonary respiratory frequency increased (Johansen and Lenfant, 1968). Central chemoreceptors are present both in lungfish and in tetrapods classes and probably developed early during the sarcopterygian evolution. 

In Lepidosiren the hypercarbia-induced ventilatory responses were characterized by an initial slow increase of VE  followed by a peak at 6 h.  Subsequently, ventilation declined between 6 and 24 h to approximate initial normocarbic control values. Why this decline of ventilation? It might be that a partial compensation of intracellular pH took place and replaced ventilatory responses (Heisler et al., 1982), but the time seems rather short for this to occur.

In teleost fish, the kidneys contribute little to transfers of acid-base status related ions, while the bulk part of the transfers takes place by means of specialized cells in the gill epithelia (Heisler, 1984). When exposed to hypercarbia, teleost fish may increase plasma bicarbonate levels up to four-fold which efficiently approximates extracellular pH towards the original set-point value (Heisler, 1984; Claiborne and Heisler, 1986).

In Lepidosiren, it seems that neither gills, nor the kidneys, have any well-defined role in acid-base regulation. Rather, ventilatory responses provided some alleviation of acidosis as long as pulmonary ventilation eliminated was eliminated CO2 to a normocapnic gas phase. The ventilatory responses were, however, short-term, which could suggest that the intracellular space as the regulated  compartment. 
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Fig. 1. A). The effects of aquatic hypercarbia (water PCO2 = 49 mmHg; air at surface) on PaCO2 in L. paradoxa. Zero h represents the normocapnic control value.. Notice that PaCO2 was lower than  PCO2 of the water. B). The corresponding effects on  pHa. C). Changes of plasma bicarbonate. Statistics as above. P< 0.05..Mean values ( SE. N-values: 0 h = 12; 1 h = 12; 3h =11; 6h =10; 24 h = 8; 48 h = 4.

[image: image2.wmf]0

10

20

30

40

50

0

10

20

30

40

50

PCO

2

= 48,5 mmHg

Hypercarbia (water)

Time (h)

V

T

 (ml BTPS.kg

-1

)

control

0

10

20

30

40

50

0

3

6

9

12

*

*

Hypercarbia (water)

PCO

2

= 48,5 mmHg

Time (h)

f

R

 (breaths.h

-1

)

control

0

10

20

30

40

50

0

100

200

300

400

*

Time (h)

V

E

 (ml BTPS.kg

-1

.h

-1

)

control

*

0

10

20

30

40

50

0

25

50

75

100

125

150

              control

Time (h)

PaO

2

 (mmHg)

A

B

C

D


Figure A).The effects of aquatic hypercarbia (water PCO2 = 49 mmHg; air at surface) on tidal volume (VT). B). Effects on respiratory frequency (fR). C). Time course of ventilation (VE). D). The corresponding time course of PaO2,. Statistics as above. P< 0.05.Mean values ( SE. N-values: Figs. 2,  A, B, C: N =4; Fig. 2, D: N- 0 h = 12; 1 h = 12; 3h =11; 6h =10; 24 h = 8; 48 h = 4.
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