O2 CHEMORECEPTORS INVOLVED IN THE CONTROL OF AIR-BREATHING AND AQUATIC SURFACE RESPIRATION IN NEOTROPICAL FISH
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Abstract

Our purpose is to review the role of O2 chemoreceptors involved on the control of respiratory function of air-breathing in jeju, Hoplerythrinus unitaeniatus, and aquatic surface respiration in tambaqui, Colossoma macropomum, in response to hypoxia. In jeju, denervation of the cranial nerve IX and the pretrematic branch of cranial nerve X serving the first gill arch did not abolish air-breathing in jeju. This response, however, was completely eliminated after branchial denervation. The control of air-breathing in jeju involves O2 chemoreceptors distributed on all the gill arches. In tambaqui, complete denervation of the gills did not affect ASR, which was abolished after sectioning the cranial nerve V.

Introduction

The jeju (Hoplerytrhinus unitaeniatus, Teleostei, Erytrhinidae) is an air-breather and an active fresh water predator distributed in South America. The species is normally found in streams and shallow waters in tropical and sub-tropical areas where it frequently survives periods of environmental hypoxia. The air-breathing organ (ABO) of jeju is the swim bladder, which is subdivided into an anterior and a posterior section. The posterior section is further subdivided into an anterior respiratory portion, richly vascularized, and a non-respiratory posterior sac. As a facultative air-breather, jeju relies primarily on its gills for gas exchange as long as the water is normoxic or moderately hypoxic, but uses its ABO as a facultative option during severe environmental hypoxia (Carter and Beadle, 1931; Kramer, 1978; Stevens and Holeton, 1978; Withers, 1992). Since jeju can extract O2 from water (gills) and, alternatively, from air (swim bladder), the species is considered a bimodal respirator (Graham, 1997). The partitioning of O2 uptake from the air and from the water in jeju was studied by Stevens and Holeton (1978), and its air-breathing pattern was well established by Kramer (1978). However, some cardio-respiratory aspects involved in the transition from water- to air-breathing still remain to be clarified. Lopes (2003) found that the threshold for the air-breathing in jeju coincided with significant increases in the respiratory frequency (fR) and gill ventilation (
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), and significant decreases in the O2 extraction from the ventilatory current (EO2) and heart rate (fH). The significant changes in these cardio-respiratory variables also coincided with the critical O2 tension (PcO2) for this species. This author also reported that, in jeju, the O2 chemoreceptors involved on the control of fR and fH are distributed to all gill arches and are both internally (monitoring the PaO2) and externally (monitoring the PiO2) oriented.

The tambaqui (Colossoma macropomum, Teleostei, Serrasalmidae) is a hypoxia tolerant species which employs a variety of behavioral, morphological, physiological and biochemical mechanisms to adapt to widely fluctuating oxygen concentrations in its habitat (Rantin and Kalinin, 1996). To alleviate the effects of hypoxia, this species performs aquatic surface respiration (ASR) facilitated by the development dermal swelling of lower lip. This lip is not involved in gas exchange but serves as a mechanical structure that enhances skimming of the well-aerated surface water across the gills (Saint-Paul, 1988). Tambaqui immediately begins ASR even in moderate hypoxia (50 – 70 mmHg), and the frequency of ASR increases as the environment becomes more hypoxic. However, the complete development of the swollen lip takes 3 h or more (Rantin and Kalinin, 1996). In this species, the O2 receptors eliciting the reflex bradycardia and increase in breathing frequency during hypoxia are situated on all gill arches and sense O2 changes in both arterial blood and inspired water (Sundin et al., 2000). On the other hand, the O2 receptors that trigger the elevation in systemic vascular resistance and breathing amplitude during hypoxia are extra-branchial. In the aforementioned experiments, fish were exposed to hypoxia for a short period of time (10 to 30 min), a protocol that has been frequently employed in studies on O2 chemoreception and cardiorespiratory reflex responses in fish. Rantin et al. (2002) evaluated the cardiorespiratory reflex responses of tambaqui during long-term (6 h) exposure to hypoxia (PO2 = 10 mmHg) and compared their data with those (short-term exposure) previously obtained by Sundin et al. (2000). Rantin et al. (2002) also investigated if the O2 receptors involved in the cardiorespiratory reflex responses and found that they were the same as those which trigger ASR and elicit the development of the lower lip swelling. These authors found that ASR and inferior lip swelling were not abolished by total gill denervation, as previously observed by Sundin et al. (2000). They also observed that both intact and denervated fish developed inferior lip swellings during hypoxia and, at the end of 360 min of exposure to severe hypoxia, there was no difference in lip dimensions between the two groups. These data and the previous studies of Sundin et al (2000) and Milsom et al. (2002) suggest the participation of extrabranchial O2 receptors, possibly located in the orobranchial cavity, on the increase in VAMP in response to hypoxia, the initiation of the ASR and development of the inferior lips swellings.

Thus, the main objective of the current study was to determine the location and role the O2 chemoreceptors involved on the control of air-breathing in jeju and ASR in tambaqui. Furthermore, we compare in which extent the mechanisms controlling air-breathing and ASR in both species are related.

Material and Methods

Experimental animals:

Adult specimens of jeju, weighing 250 ± 50 g, were collected in the Paraná River Basin near Bataguaçu, Mato Grosso do Sul State. In the laboratory fish were maintained in 1000 L holding tanks supplied with aerated water (normoxic conditions, PwO2 ( 130 mmHg) at 25 ± 1°C (acclimation temperature). Fish were fed weekly with live food (smaller live fish of various species), but food was withheld for 2-3 days before trials.

Tambaqui weighing 657 ( 39 g were obtained from the Center of Aquaculture of São Paulo State University (CAUNESP), Jaboticabal, SP. In the laboratory, fish were kept at the same conditions mentioned above. The fish were fed ad libitum with commercial food pellets but were fasted for two days prior to experimentation.

Denervation of cranial nerves IX (glossopharingeal) and X (vagus) - Jeju:
In order to denervate the cranial nerves IX and X, fish were anesthetized and moved to a surgical table where they were artificially ventilated. The denervation protocol was the same as described by Sundin et al. (2000). Under a stereoscopic microscope (Opto SM 2001, Opto Electronics, São Carlos, SP, Brazil), the operculum was reflected forward, and a small incision (2 cm) was made in the epithelium at the dorsal end of the 1st and 2nd gill arches where they meet the roof of the opercular cavity. The incision allowed the access to the cranial nerve IX and the pretrematic branches of the nerve X. Cranial nerve IX alone was sectioned (group IX – n = 10). In another group of fish, both cranial nerve IX and the pretrematic branch of cranial nerve X to the first gill arch were sectioned, completely denervating the first gill arch (group G1 – n = 10). In a third group, the cranial nerve IX and all branches of cranial nerve X going to the gills were sectioned, completely denervating all four gill arches (group G4 – n = 10). The same procedure was then performed on the other side so that all denervations were bilateral. The cardiac and visceral branches of the vagus were preserved in all the cases. The healing process in jeju was rapid, and the incisions were covered with “scar tissue” within 24 h. All denervations were documented with a video camera attached to the microscope and connected to an ATI Pro interface of a Pentium IBM PC. Denervations were confirmed post mortem by autopsy. After surgery, fish were ventilated with aerated water, and as soon as they showed signs of arousal from anesthesia, they were transferred to the experimental system where they recovered for 24 h in normoxic water prior to experimentation.

Air-breathing frequency and duration - Jeju:

Air-breathing frequency (fAR) and air-breathing duration (TAR) were recorded using an experimental setup specially developed for this purpose. The upper part of the experimental chamber consisted of an “inverted funnel”, the neck of which housed an electric bulb positioned in front of a photoelectric cell. To breathe air fish were forced to pass throughout the neck, interrupting the light circuit between the bulb and the photocell. This interruption was detected by a decoder/amplifier in which a square wave was generated and recorded by a data acquisition system (DI 154 Dataq Instruments). Different hypoxic levels were achieved by bubbling the lower part of the experimental chamber with controlled amounts of N2. The water PO2 was continuously monitored by the electrode of a FAC-204A O2 analyzer connected to a micro-processed system controlling a solenoid valve.

Experimental protocol

Before experimentation fish were kept overnight period in the experimental chamber. After recording eventual air-breathing episodes during normóxia (140 mmHg), intact fish and fish of all denervated groups were subjected to the following hypoxic tensions: 94, 64, 45, 35, 26 and 17 mmHg for 30 min each tension.

Denervation of cranial nerves V, VII, IX and X - Tambaqui:
For denervation of cranial nerves V (trigeminal) and VII (facial), fish were anesthetized and moved to the surgical table where they were artificially ventilated. The denervation followed the same protocol described by Milsom et al. (2002). Under stereoscopic microscope (Opto SM 2001, Opto Electronics, São Carlos, SP, Brazil), the palatine branches of cranial nerve VII, as well as all mandibular branches of cranial nerve V innervating the orobranchial cavity were sectioned. This removed sensory information arising from the mouth and buccal cavity. Two small branches of cranial nerve VII were left intact which were sufficient to produce opercular movements that could be monitored as an indication of the frequency and amplitude of ventilation. The opercular branches of VII innervating the floor of the mouth were accessed where they course over the inner surface of the operculum, the palatine branches of VII were accessed through a midline incision in the roof of the mouth. The mandibular branches of V innervating the roof of the mouth were accessed bilaterally by rotating the eyes and cutting the nerves, where they coursed over the back of the orbit, through a small incision in the top of the conjunctiva. In all cases, cranial nerves IX and X to the gills were kept intact. The healing process in tambaqui was rapid, and the incisions were covered with “scar tissue” within 24 h. The denervations resulted in two experimental groups: group V (cranial nerve V sectioned) and group V + VII (cranial nerves V + VII sectioned). Denervations were confirmed post mortem by autopsy. After surgery, fish were ventilated with aerated water, and as soon as they showed signs of arousal from anesthesia, they were transferred to the experimental system where they recovered for 24 h in normoxic water prior to experimentation. Denervation of cranial nerves IX and X followed the same procedure as described above for jeju. The complete denervation of cranial nerves IX and X to the gills resulted in the experimental group G4.

ASR frequency and duration - Tambaqui:
To examine the effects of hypoxia on ASR and development of lip swelling, an experimental setup similar to that described by Rantin et al. (1998) was employed. The system consisted of two chambers: an upper compartment, where the fish was kept during the experiment, and a lower part, serving to gas the water with N2. The water was continuously re-circulated from the lower to the upper compartment. The shape of the upper chamber allowed fish to remain on the bottom or move up to the surface to perform ASR whereas lateral movements were restricted. This compartment was also equipped with two ventilators to maintain a unidirectional flow of air above the water surface. This "air tunnel" removed the excess of N2 released from the water and kept a constant atmospheric gas concentration on the water surface, so as to maintain the PO2 of the surface layer about 10 mmHg higher than in the rest of the tank. Movements and behavior were continuously monitored by means of a closed TV circuit (Sharp VL-L 310B video camera and Samsung CN-3355Z monitor) and recorded on videotape (Semp X470 VCR) to verify the occurrence of aquatic surface respiration.

Experimental protocol

The experiments were conducted in three distinct phases: The first with intact fish, the second with group V, and the third with group V+VII. In all phases tambaqui were exposed for a period of 360 min to severe hypoxia (PwO2 = 10 mmHg). To verify the effects of hypoxia on the development of the lip swelling, the dimensions of inferior lips (length and width) of intact and denervated fish were measured before and after exposure to hypoxia.

Statistics
The data were analysed using a repeated measures analysis of variance (ANOVA) followed by a Tukey-Kramer multiple comparison test. The level of significance was set at P < 0.05. The data are presented as the mean ( SEM.

Results and Discussion

Figure 1 shows the air-breathing frequency (fAR) of jeju (groups intact, IX, G1 and G4) exposed to graded hypoxia. Bilateral denervation of cranial nerves XI and (group IX) and denervation of the 1st gill arch (cranial nerve IX and the pretrematic branch of cranial nerve X to the first gill arch - group G1) did not abolish the response. However, after complete gill denervation (group G4) the response was entirely abolished. Although fish of group IX presented significantly lower fAR in relation to the intact ones, no statistical differences were observed within the curves of intact fish and G1. The air-breathing duration (time spent in air-breathing – TAR) also followed the same tendency as observed for fAR (figure 2).
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Figure 1. Air-breathing frequency (fAR) of jeju, Hoplerythrinus unitaeniatus (n = 10) in response to gradual reduction in the PiO2.

Figure 2. Air-breathing duration (TAR) of jeju, Hoplerythrinus unitaeniatus (n = 10), in response to gradual reduction in the PiO2.

These results indicate that the air-breathing behavior performed by jeju in response to graded hypoxia is elicited by O2 chemoreceptors, probably distributed by the 2nd, 3rd and 4th gill arches and. These receptors, as previously described by Lopes (2003), are internally and externally oriented and monitor both arterial PO2 and the PiO2, respectively.

Smatresk (1991) obtained similar results with the air-breather Lepisosteus oculatus. In this species, the partial denervation of the gills only attenuated the air-breathing frequency, which was totally abolished after complete bilateral section of cranial nerves IX and X. The complete denervation of the gills and pseudobranches of Amia calva abolished its accessory air-breathing in response to hypoxia, evidencing that, in this species, the air-breathing behavior is associated with O2 chemoreceptors innervated by the cranial nerves VII, IX and X (McKenzie et al., 1991).

Figure 3 presents the time spent by tambaqui in ASR in response to acute hypoxia (PiO2 = 10 mmHg). Complete denervation of cranial nerves IX and X failed to abolish the ASR behavior, which was completely abolished by bilateral section of cranial nerve V (group V). The V+VII denervated group also did not perform ASR. Denervation of cranial nerves V and V+VII, however, did not affect the development of inferior lip swelling in response to severe hypoxia. Intact and denervated groups of tambaqui developed inferior lip swelling in the same proportion.

As previously observed by Rantin and Kalinin (1996) and Rantin et al. (1998), severe hypoxia induces ASR in tambaqui with intact gill and oro-branchial innervation. In this species, ASR was not abolished by bilateral denervation of the branches of cranial nerves IX and X to the gills (Sundin et al. 2000; Rantin et al. 2002), suggesting that branchial O2 chemoreceptors are not involved in triggering this behavioural response. However, in the current study, denervation of the mandibular branches of cranial nerve V innervating the orobranchial cavity abolished such a response. This finding confirms that ASR is controlled by O2 chemoreceptors located within the orobranchial cavity innervated by cranial nerve V, as suggested by Sundin et al (2000) and Milsom et al. (2002).
The inferior lip swelling induced in tambaqui by severe hypoxia was not abolished by denervation of either cranial nerves IX and X to the gills (Sundin et al. 2000; Rantin et al., 2002) or by denervation of cranial nerves V and VII to the orobranchial cavity. This suggests that the formation of inferior lip swelling in tambaqui is either controlled by O2 receptors located outside the gills and orobranchial cavity or results from a direct effect of hypoxia/hypoxemia on the lip tissue itself.
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Figure 3. Time spent in ASR (TASR) by intact (control, n = 10) and denervated (group G4, n = 10; group V, n = 8; group V+VII, n = 8) tambaqui, Colossoma macropomum, during exposure to severe hypoxia (PwO2 = 10 mmHg) for 360 min.

Our data document that the control of ASR in response to hypoxia is related to O2 chemoreceptors that are distinct from those that elicit air-breathing. Both mechanisms allow the fish to achieve more oxygen, when confronted with ambient  hypoxia, but the receptors seem to have evolved independently.
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