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Abstract
Many of reflexogenic areas have been indirectly tested as O2-sensitive loci in fish. Among these areas, only the gills, pseudobranch and the orofaringeal cavity were confirmed. However, these sites showed a considerable intra-specific variation on the pattern of distribution, localization, orientation, and on which modality of cardio-respiratory response they are specifically related. We examine the site of O2 chemoreception involved in the cardio-respiratory reflex responses to hypoxia in the neotropical fish pacu, Piaractus mesopotamicus. To analyze in which gill arches the O2 chemoreceptors were localized, we compared the cardiorespiratory responses (heart rate, arterial blood pressure, respiratory frequency, ventilation amplitude and the respiratory pattern) of intact and gill-denervated fish (cranial nerves IX and X) during graded hypoxia. The O2 receptors involved in the cardiac responses are located exclusively in the gills and are distributed to all gill arches. The receptors involved in the respiratory responses to hypoxia are also distributed in all gill arches. Furthermore, extrabranchial receptors were also evidenced. The respiratory pattern was maintained in denervated fish, suggesting that this function is under control of receptors located elsewhere outside of the gills.

Introduction

The ecological thrive of some species depends particularly on their skills in detecting O2 level changes and quickly use this information to properly adjust the cardio-respiratory activity (Fritsche and Nilsson, 1993).

The O2 chemoreceptor in water-breathing fish are localized in structures like orobranchial cavity and gills, and these receptors are innervated by the cranial nerves V, VII, IX and X (Randall and Jones, 1973; Daxboeck and Holeton, 1978; Smith and Davies, 1984; Smatresk et al. 1986; Burleson and Smatresk, 1990a; 1990b; Burleson and Milsom, 1993; Sundin et al., 1999; 2000; Milsom et al., 2002). Due to the lack of histological evidences on the exact site of the O2 chemoreceptor, a variety of reflexogenic areas have been tested as possible O2-sensitive loci using many indirect techniques. In spite of the recent increase in the number of studies, the knowledge on fish O2 chemoreception is still based on the data obtained for few species (for a review, see Milsom, 1996). Among neotropical fish, the O2 chemoresponses of few species have been studied: the erytrhinid fish traíra, Hoplias malabaricus (Sundin et al., 1999), and jeju, Hoplerytrhinus unitaeniatus (Rantin et al., 2004), and the serrasalmid tambaqui, Colossoma macropomum (Sundin et al., 2000, Milsom et al., 2002).

The aim of this study was to identify the site (branchial and/or extrabranchial) of O2-sensitive receptors related to the cardiorespiratory responses to hypoxia in the neotropical fish pacu, Piaractus mesopotamicus.

Material and Methods

Specimens of pacu, Piaractus mesopotamicus (Wt = 557 ( 82g) were obtained from fish farms near Sao Carlos, SP, Brazil. 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 daily fed, but food was withheld for 48 h before trials.

Before and during the surgical procedure fish were anaesthetized and artificially ventilated with aerated benzocaine solutions (0,1 g(L-1 and 0,05 g(L-1 respectively).

In order to record the cardiorespiratory variables (respiratory frequency - fR, ventilation amplitude - VAMP, arterial blood pressure – Pa, and heart rate - fH), the fish had the roof of the mouth (through the dorsal palate) and the caudal artery cannulated (PE 100 and PE 50, respectively).

To analyze in which gill arches the O2 chemoreceptors were localized, we compared the cardiorespiratory responses during graded hypoxia of 4 experimental groups: the Intact group, composed by 7 intact and 3 sham operated fish (which results did not differ from those of the intact animals); group IX, with the cranial nerve IX to the gills sectioned; group G1, with the cranial nerve IX and first branch of nerve X to the gills sectioned; group G4, with the cranial nerve IX and all branches of cranial nerve X to the gills sectioned. For details of cannulations and denervation of cranial nerves, see the study of Sundin et al. (2000). After the surgery, the fish were allowed to recover for a minimum of 24 h prior to experimentation. All denervations were confirmed “post mortem”.
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Figure 1. General view of the dorsal area of the left branchial chamber of pacu, P. mesopotamicus, showing the branches of the cranial nerves IX e X to the gills.

After the recovery period, the buccal and caudal catheters were connected to pressure transducers of a data acquisition system to obtain the fR and VAMP, Pa and fH, respectively. Before starting the experiments, a period of 30 min was observed to assure that all the cardiorespiratory parameters were on the basal level. After this, the PwO2 was stepwise reduced from the O2 saturation level (normoxia - 140 mmHg) to 100, 70, 50, 30 and 20 mmHg. Fish remained for 10 min in each experimental PwO2. The water temperature of the experimental chamber was maintained always at 25(C.

The cardiorespiratory parameters were recorded for 1min in normoxia and during the last minute of each hypoxic tension. The fR and fH were expressed in breaths(min-1 and bpm, respectively. The VAMP and VTOT (VTOT = VAMP(fR) were calculated as a percentage change of the control value.

The data are presented as median ( SE. The Kruskal-Wallis and Wilcoxon tests were employed to detect significant differences between normoxic and hypoxic values within the same experimental group. The difference between the Intact group and the denervated ones were tested using the Mann-Whitney test. The Cocran’s test was used to verify the change between the episodic and continuous ventilation pattern. Values were considered statistically different when P < 0.05.

Results

The bilateral denervation of the gills caused a significant increase in fH only in the group G4. The denervation did not affect fR during normoxia (table I). The Intact group displayed hypoxic bradycardia below the PwO2 of 50 mmHg. This bradycardia was more evident in O2 tensions below the critical oxygen tension for this specie (PcO2 = 35 mmHg; Rantin et al., 1998). Conversely, the groups XI and G1 increased their fH in O2 tensions between 70 and 50 mmHg. Below these tensions this variable decreased significantly. In these groups the fH was always higher than in the Intact group (figure 2). The group G4 presented hypoxic bradycardia only in the more hypoxic tension of 10 mmHg. The hypoxic bradycardia was recorded for all groups in this O2 tension.

The hypoxia elicited respiratory changes in all experimental groups. The groups Intact, IX and G1 progressively increased their respiratory parameters fR, VAMP and, consequently, the VTOT, in O2 tensions below 100 mmHg (figure 3). The denervated fish presented lower values of fR when compared to the Intact group. Even with the four gill arches denervated, the group G4 presented vetilatory response to hypoxia. Despite of this, the magnitude of changes in ventilatory variables was lower than that recorded for the groups IX and G1. Furthermore, fR, VAMP and VTOT started to increase in lower O2 tensions than that of other groups (PWO2 = 70 mmHg for group G4 and 100 mmHg for groups Intact, IX and G1).

All groups showed episodic respiration (normoxic rest pattern), which changed to continuous respiration below the O2 tension of 100mmHg.

Table I. Cardiorespiratory parameters of P. mesopotamicus (Intact and denervated groups: IX, G1 e G4) during normoxia (PwO2 = 140 mmHg). Points are median ( standard error. ( - denotes significant differences (P < 0,05) in relation to the Intact group.

	
	Intact (n = 10)
	IX (n = 10)
	G1 (n = 10)
	G4 (n = 8)

	fH (bpm)
	73 ( 6
	77 ( 4
	79 ( 3
	82 ( 3 *

	fR (breaths∙min-1)
	67 ( 4
	64 (7
	58 ( 4
	60 ( 6


[image: image2.emf]Hypoxia

0

20

40

60

80

100

120

0 20 40 60 80 100 120 140

P

w

O

2

 (mmHg)

f

H

 (bpm)

*

*

*

*

*

*

*

*

*

*

*

*


Figure 2. Heart frequency (fH) of P. mesopotamicus as a function of the PwO2. ( - Group Intact (n = 10); ( - Group IX (n = 10); ( - Group G1 (n = 10); ( - Group G4 (n = 8). Points are median ± standard error. The open symbols mean statistical difference in relation to the normoxic values. ( - denotes significant differences (P < 0,05) in relation to the Intact group.
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Figure 3. Ventilatory variables (fR, VAMP e VTOT) and respiratory pattern changes of P. mesopotamicus in response to graded hypoxia. ( - Group Intact (n = 10); ( - Group IX (n = 10); ( - Group G1 (n = 10); ( - Group G4 (n = 8). Points are median ± standard error. The open symbols mean statistical difference in relation to the normoxic values. ( - denotes significant differences (P < 0,05) in relation to the Intact group.

Discussion

In the current study the normoxic fish presented fR and fH (table I) slightly higher than those obtained by Rantin et al. (1998) for the same specie (fR = 53 ( 7 e fH ~ 54). However, the highest fR and lowest fH values during hypoxia, and the O2 tension in which they started to change were similar to those reported by these authors. These differences could be attributed to seasonal variations, level of stress, body size, and different experimental protocols.

Cardiac reflexes

Graded hypoxia did not elicit bradycardia in pacu until a PWO2 similar to the PcO2 for this species. Both partial (group IX) and total (G1) denervation of the first gill arch retard the response and also were responsible for an increase in fH in the PWO2 = 50 mmHg. This results differ from those obtained for Atlantic cod, Gadus morhua (Fritsche and Nilsson, 1989), trout, Onchorhynchus mykiss (Smith and Jones, 1978), and traíra, Hoplias mlabaricus (Sundin et al., 1999). In these species the first gill arch denervation abolished the hypoxic bradycardia. However, some species present O2 chemoreceptors involved on the fH control distributed also in other sites. Catfish has these receptors in the three first gill arches (Burleson and Smatresk, 1990a). In tambaqui and pacu as well, the hypoxic bradycardia was not abolished by complete denervation of the first gill arch (Sundin et al., 2000). Both species also presented distinct responses between the groups G1 and G4. This means that pacu, like the tambaqui, posses O2 chemoreceptors involved in the fH control distributed in all gill arches.

Complete gill denervation abolish the hypoxic bradycardia, unless under PWO2 of 10 mmHg. According to Rantin et al. (1998), the bradycardia observed in pacu exposed this O2 levels was accompanied by electrocardiographic alterations, suggesting myocardial impairment. Under the same O2 tension, tambaqui presented a bradycardia that persisted even after atropine administration (Sundin et al., 2000). Sundin et al. (1999) also reported that, at a PwO2 of 20 mmHg, traíra developed hypoxic bradycardia even after complete gill denervation and atropine administration. Thus, the bradycardia presented by pacu of group G4 could be a consequence of myocardial impairment (for a review, see Rantin et al., 1995) rather than a reflex originated in the O2 chemoreceptors. Based on the present results, the gills are the unique O2-sensitive sites involved on the mediation of the hypoxic bradycardia.

According to Burlesson et al. (1992), most of water-breathing teleosts present cardiac response mediated by O2 chemoreceptors externally oriented and located in the first gill arch. Some species support this statement, such as Hemitripterus americanus (Saunders and Sutterlin, 1971), Onchorhynchus mykiss (Daxboeck and Holeton, 1978; Smith and Jones, 1978), and Gadus morhua (Fritsche and Nilsson, 1989). Nevertheless, Sundin et al. (1999) reported that traíra, Hoplias malabaricus, has O2 chemoreceptors internally oriented, but restrict to the first gill arch. The tambaqui, Colossoma macropomum, has internally and externally oriented O2 receptor distributed in all the gill arches (Sundin et al., 2000). The similarity of the O2 chemoreception in both pacu and tambaqui indicates that the distribution and location of the O2 receptors are not exceptions among species. To date, the unique rule for the O2 chemoreceptors involved on the cardiac reflex responses to hypoxia is that they are located only in the gills.

Respiratory reflexes

Pacu changed the magnitude of the respiratory responses with progressive denervation. Groups IX and G1 presented lower capacity to increase fR in response to the hypoxia. This indicates the presence of O2 receptors in the first gill arch. The difference between the response of G1 and G4 also indicates the presence of O2 receptors in the other gill arches. The complete gill denervation reduced the general response intensity but did not abolish the responses of the ventilatory variables (fR, VAMP, VTOT) and the alteration in the respiratory pattern from episodic to continuous. This indicates the presence of O2 chemoreceptors distributed in all the gill arches, and also suggests the existence of extrabranchial O2 chemoreception in this specie.

As to the extrabranchial sites for the fR response, pacu differs from most of the species already studied. The groups G1 and G4 developed, respectively, 83 and 74,2 % of the Intact maximal response, demonstrating the relevance of the extrabranchial receptors for the mediation of this reflex. Sundin et al. (2000) showed that tambaqui with all gill arches denervated increased fR after buccal injection of NaCN. The similarity of the responses reported for both species supports the hypothesis that the extrabranchial O2 receptors in pacu could be located in the oropharyngeal cavity. Differently from tambaqui, pacu presents pseudobranches, a structure recognized as an O2-sensitive site in other species. Eventually, it is possible that the extrabranchial O2 receptors are internally and/or externally oriented. This was validated with another experimental series conducted in our laboratory with this species (unpublished data).

In the groups IX and G1, hypoxia did not affect the initial increase in VAMP as observed in the Intact group, except for the over-increasing tendency observed in group IX. In the group G4, the beginning of the VAMP hypoxic response was delayed, but not abolished. This revels the presence of O2 chemoreceptors related to control of VAMP in all the gill arches and also in extrabranchial sites. Moreover, the VAMP increasing tendency shown by the group IX could indicate the presence of receptor involved on the inhibition of the VAMP in response to hypoxia. Likewise, Sundin et al. (1999) suggested that traíra presents externally oriented receptors in the first gill arch that could exert an inhibitory effect on the fR and VAMP. Experiments on internal and external stimulation with NaCN confirmed the presence of theses receptors in pacu (unpublished account).

Extrabranchial O2 receptors related to the VAMP were also detected in traíra (Sundin et al., 1999) and tambaqui (Sundin et al., 2000; Milsom et al., 2002). In both species these receptors are externally oriented. Since, like in tambaqui, the O2 chemoreceptors involved on the control of the VAMP are located in the oropharyngeal cavity, it is possible that, in pacu, the receptors eliciting this response are also localized in the oropharynx and/or in the pseudobranch.

To date, only the pseudobranches and oropharynx were confirmed as O2-sensitive extrabranchial sites. Moreover, all the attempts to induce respiratory response by central stimulation did not result in consistent data (Roivainen, 1977; Wilkies et al., 1981; Hendric et al., 1991; Milsom et al., 2002).

The responses of pacu to hypoxia seem to involve many chemoreceptors populations, in different site, have different central projection producing distinct motor effects. And also, the possibility that the same receptor may be involved in more then one of the reflexes studied here cannot be rejected.
It is also possible that the respiratory pattern, changing from episodic to continuous as PwO2 decreases, results from the interaction between fR and VAMP alterations rather than from reflexes initiated in specific O2 chemoreceptors.

Finally, based on the available data, it is difficult to determine patterns for the complex distribution of the O2 chemoreceptor in teleosts. The basis related with the inter-specific variability of O2 chemoreceptors populations that have been studied remains elusive. More information of this sort is still necessary for a variety of species from various habitats, before compose feasible hypothesis concerning the influence of the evolution, phylogeny and adaptive differences in the distribution of O2 chemoreceptors (Sundin et al., 2000).
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