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Human Pavlovian HR-decelerative conditioning with negative tilt as US: evidence of vagal and sympathetic influences
on the UR in dogs
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Following a review of studies employing negative tilt in human Pavlovian conditioning of heart rate (HR) deceleration (Furedy et al., in press), this paper reports data based on animal subjects on such physiological aspects of the decelerative unconditioned response (UR) as the degree of vagal involvement. Five anesthetized dogs underwent 90 ° negative body tilts pre- and postbilateral vagotomy, while interbeat interval (IBI), left ventricular pressure (LVP) and its first derivative, d (LVP)/dt, which is a measure of sympathetic cardiac drive, were recorded. Consistent with the vagal interpretation of the tilt-induced decelerative UR, the results indicated that vagotomy markedly changed the tilt-induced bradycardic reflex from a fast-recruiting, large-magnitude (over 45%). and sustained (throughout the 20-27-s tilt) IBI increase, to slower-recruiting, and markedly smaller (less than 5%) IBI increase. However, there was also evidence of an initial sympathetic excitation of about 5 s, as indicated by a 45% increase in d (LVP)/dt, which returned to baseline level by 9 s following tilt onset. Vagotomy increased this tilt-induced sympathetic excitation to about l00%, and it remained at above 70% throughout the tilt. Prevagotomy LVP showed a slight (about 10%) and delayed (about 6 s following tilt onset) depressor response, which was eliminated by vagotomy. Finally, unaveraged data from individual dogs suggested that prevagotomy, LVP changes preceded IBI changes. Regarding implications of these results for human HR deceleration-inducing preparations, we conclude that the different physiological mechanisms that accompany and/or produce a given change in HR need continuing investigation with multiple dependent physiological variables (which are assessed for topographical differences), and in both human and animal preparations.
INTRODUCTION
The immediately preceding review paper (Fur​edy et al., in press) concluded by raising the physiological issue of the mechanisms involved in the large-magnitude, heart rate (HR)-decelerative unconditioned response (UR) induced by the negative tilt. There are sufficient relevant data
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together with background knowledge to allow the generation of hypotheses that are more than mere speculations. As detailed in Furedy and Poulos (1976, p. 99) these hypotheses are as follows. Firstly, because the HR-decelerative UR is so rapid in onset latency and recruitment, it probably involves a predominantly neural (ANS) mecha​nism rather than (slower) hormonal influences. Secondly, sympathetic nervous system (SNS) withdrawal is probably also involved, because marked T-wave amplitude (TWA) augmentation
(which also appears to be conditionable in the form of a smaller-magnitude augmented TWA response) has been observed (Furedy, 1979). How​ever, it is virtually certain that a powerful vagal, peripheral nervous system (PNS) activation com​ponent is also involved. That is, head-down tilting should increase cephalic arterial blood pressure (BP), causing the baroreceptors to respond by exciting the vagal center. Stimulation of the vagus in turn decreases HR and myocardial contractile strength *, thereby resulting in a decrease in arterial pressure.
It has not been feasible to check these hypothe​ses concerning physiological mechanisms by direct observation in the Toronto laboratory. The physi​ological expertise in that laboratory is limited. Also, the cuff method of measuring BP used on humans does not permit the temporally fine​grained measurement that is necessary for assess​ing connections between BP and the phasically changing tilt-induced HR response. Finally, inva​sive experimental manipulations that can assess the contributions of certain physiological struc​tures are, of course, ruled out in the human sub​ject. These difficulties were overcome in the pre​sent collaborative study performed on an acute anesthetized dog preparation in an animal physi​ology laboratory. This paper reports results rele​vant to the vagal-involvement issue from a mani​pulation using bilateral vagotomy to determine the effects on the tilt-induced HR deceleration reflex. In addition, second-by-second BP readings were obtained by invasively recording left ventricular pressure (LVP). This allowed joint measurement of second-by-second BP and HR changes, and therefore permitted a temporal assessment of the question of precedence between the two tilt-in​duced responses. Finally, the first time derivative of LVP was measured, because it is a widely recognized index of cardiac sympathetic drive.
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Fig. 2. Dog-by-dog breakdown of results used to produce Fig. 1 summary. See text for details.
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* It bears emphasis, however, that compared to the SNS control of myocardial contractility, this sort of vagal, PNS influence on (ventricular) contractility is slight (Guyton, 1976, p. 258; Levy and Martin, 1979, pp. 68-94.)

MATERIALS AND METHODS
Subjects
Five dogs weighing between 12 and 15 kg served as subjects; the animals were obtained from the University of Kentucky Division of Laboratory Resources, which is fully accredited by the American Association for the Accreditation of Laboratory Animal Care.
Procedure and apparatus
Treatment of the subjects conformed in all respects with the NIH Guide for Care and Use of Laboratory Animals. Each dog was sedated with Innovar-Vet (2 ml, i.m.; 0.4 mg/ml fentanyl and 20 mg/ml droperidiol; Pitman-Moore, Washing​ton Crossing, NJ), and subsequently lightly anesthetized with intravenous sodium pentobar-bital (10 mg/kg). This combination of drugs re​ndered the animals totally unresponsive to painful stimuli, but preserved the low HR, sinus arrhythmia, and reflex responses (Randall et al., 1986) which are usually eliminated by deep barbiturate anesthesia. Supplemental doses of either agent were given, as required, via a venous catheter in the femoral artery (see below). Various manipulations were performed pre- and post-per​formance of bilateral vagotomy (cutting the left and right cervical vagi), which was done to eliminate the cardiac parasympathetic efferent innervation. The animals were killed at the end of the experiment by an overdose of T-61 euthanasia solution (American Hoechst Corp., Somerville, NJ).
The subject was strapped on a tilt table, where it was positioned so that the heart was located at or near the axis about which the table rotated. The skin over the left and right femoral trigones was liberally infiltrated with lidocaine (4% solution), so that the femoral arteries and veins of both legs could be exposed. A precalibrated Millar catheter-tipped pressure transducer (PC-350) was inserted into one femoral artery, and advanced until the pressure-sensitive tip passed into the left ventricle. Three considerations were relevant for choosing this method of collecting pressure data: (a) it avoids a long fluid column (i.e. as in the arterial   catheter) that   is   subject   to   artifactual
changes during tilting due to hydrostatic fluid columns; (b) it records at a site known to be located at or near the hydrostatic indifference point; (c) it has an extremely high frequency re​sponse characteristic such as is required for com​putation of d(LVP)/dt. A fluid-filled catheter was placed into the remaining femoral artery to mea​sure arterial blood pressure. The catheter was con​nected to a Statham P23 Db pressure transducer, which was positioned at the axis of the tilt table, which, because of the positioning of the dog, corresponded to the 'hydrostatic indifference point' (Guyton and Greganti, 1956). A second catheter was inserted into a femoral vein for drug administration, as required. In addition, electrodes were placed on each of the animal's limbs to record the ECG for the assessment of HR *.
The physiological data were recorded on a Grass model 79D four-channel polygraph. The basis for the present data analysis was the strip-chart re​cord, although the physiological variables were also recorded on fm tape using a Tandberg Series 115 four-channel tape recorder. The paper chart recording speed was advanced from 5 to 25 mm/s during the tilt trials, to permit accurate measure​ment of interbeat intervals (IBIS). In addition to recording the ECG and arterial and left-ventricu​lar pressures (LVP), the first time derivative of LVP [d (LVP)/dt)] was recorded using an active differentiator circuit.
Unlike previous (human) studies in the Toronto laboratory (e.g. Furedy and Poulos, 1976) the tilt manipulation was not automated. However, the motion was smooth, and required only about 2-3 s to complete. Nevertheless, there was some mo​tion artifact during the actual rotation of the table so that the physiological data collected during this transition period were noisy, and will not be re​ported in any summarized (averaged) form of data
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* The ECG was also taken in order to measure T-wave amplitude (TWA), and evaluate this controversial measure's status as a sympathetic index (see, e.g.. Furedy and Heslegrave, 1983; Heslegrave and Furedy, 1983; Schwartz and Weiss, 1983). However, unlike the human ECG, the dog's ECG ap​pears to produce dual (T and U?)-waves rather than a single T, so these T-wave related data are still being examined, and will not be reported here.

presentation. The data reported here are from trials where the dog was positioned in a 45“, head-up position until a steady-state baseline was attained. The table was then rotated to a 45O, head-down position for 20-27 s (variation due to lack of automation in the procedure), before being returned to the control position. There were two such 90” tilt trials both before and after the bilateral vagotomy. The reported data are based on the first pre- and postvagotomy 90 ” tilt trials. There were also some 45 ° head-up and head-down tilt trials, but these manipulations produced only slight physiological effects, and are not reported here.
RESULTS
Because of the small number of trials and sub​jects, only summary and no inferential statistics will be given, together with a full description of the data being summarized. In addition, as de​tailed in the text relating to Fig. 3 below, one subject (Dog 4) showed unique, and profound cyclic changes in IBI immediately after the tilt in the control (pre-vagotomy) state, so the data for this subject will be presented separately. The data for the remaining 4 subjects are summarized in Fig. 1, which shows the mean second-by-second change in IBI, left ventricular systolic pressure (BP), and d (LVP)/dt during a 3-s prestimulus baseline (BL), the 3-s transition period during the actual tilt (where, as indicated above, the artifacts make the data too unreliable for averaging over subjects), a 12-s period that begins 3 s following tilt onset, the last 3 s of the tilt (END), and an 8-s period (RECOVERY) following return to the 45 ° head-up position. Data in the top panel are from prevagotomy trials, while those in the lower are from postvagotomy trials. In this summary figure, to allow comparison of the 3 dependent variables, each measure is expressed as a percentage of the mean values during the 3-s prestimulus BL period.
Perhaps the most striking physiological re​sponse in the normal (i.e. non-vagotomized) dog is the increase in IBI which occurs immediately after the transition to the head-down position. Al​though the response varied from dog to dog (as

detailed below), note that, in the aggregate, this bradycardia was sustained as long as the animals were in this position (see END). Return to the head-up state (see RECOVERY) was accompa​nied by a gradual decrease in IBI.
Also evident is the sudden, marked, but tran​sient, tilt-induced increase in d (LVP)/dt; this variable had returned to the baseline level by the end of the head-down period, and displayed a further decrease late in the RECOVERY phase, with a downward trend that reached 65% of base​line at the end of the RECOVERY measurement. Finally, the composite analysis shown in Fig. 1 suggests that systolic left ventricular pressure was unchanged during the early seconds of the transi​tion to the head-down position, and showed a progressive downward trend during much of the 15-s post-tilt-onset interval. We stress, however, that individual dogs did not all manifest these pressure changes (see text below and Fig. 2).
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The vagotomy (Fig. 1, bottom panel) produced remarkable changes in the physiological sequelae of the tilt. In particular, the immediate brady-cardia was eliminated and replaced by a small, delayed increase in IBI. Although the pressure was still relatively stable in the face of the sudden central translocation in the blood, the depressor trend noted prior to vagotomy was replaced by a modest pressor response afterwards. With the re​moval of the antagonistic parasympathetic in​fluences (vagotomy), the tilt-induced d(LVP)/dt (sympathetic excitation) was increased in magni​tude, lost its transiency, and did not show any below-baseline trend during RECOVERY. Fi​nally, one notes in both the pre- and postvagot-omy conditions, that the recruitment of the BP response is faster than that of HR, suggesting that, as one would expect, the tilt-induced BP change temporally precedes the HR change.
The 4 panels of Fig. 2 show the individual trials on which the means in Fig. 1 are based. As indicated above, there were individual differences in response magnitude and topography across animals, but several general trends suggested in Fig. 1 are confirmed and/or brought into sharper focus.
The prevagotomy, tilt-induced increase in IBI is seen in all animals. In addition, the temporal precedence of the BP change over the HR re​sponse is more easily seen in the individual plots than in the composite analysis. The composite (Fig. 1) analysis obscures this relationship because of individual differences in latency to full develop​ment of the BP response. The initial increase in left ventricular systolic pressure and its first de​rivative is also evident in all but one animal (number 6, for comments on which see below). It is also clear that the bilateral vagotomy eliminated the short-latency IBI increase in all animals, al​though a smaller, delayed increase was fairly obvi​ous in several dogs (e.g., number 7).
Two animals deserve individual mention. As was indicated above, Dog 6 was somewhat un​usual, since its systolic pressure decreased almost immediately after the initiation of the tilt, espe​cially in the prevagotomy condition. In that condi​tion, it is also interesting that this dog showed a profound and sustained bradycardia. Even more


Fig. 3. Results of Dog 4, showing uniquely cyclic HR response. See text for details.
unusual was the response in Dog 4, whose data were not averaged into the composite plot of Fig. 1, but are shown separately in Fig. 3. It is evident that, in the control (prevagotomy) state, this animal showed profound cyclic changes in IBI im​mediately after the tilt. Examination of the ECG confirmed that its heart was still showing a sinus rhythm. Although we did not record respiration, the frequency of this cyclic IBI pattern appears to be similar to that of respiration. There was also no evidence of a significant AV nodal block. As the bottom panel of Fig. 3 indicates, vagotomy eliminated this pronounced, tilt-induced cyclic HR change. It is also evident that the pressure and d(LVP)/dt patterns of change of this 'cyclic-HR dog were not markedly different from those of the other dogs.
DISCUSSION
The purpose of this study was to investigate the relative involvement of the parasympathetic (PNS) and sympathetic (SNS) divisions of the autonomic nervous system in mediating the one component of the tilt-induced reflex that can be easily quanti​fied in (human) psychophysiological experiments, namely changes in IBI. As detailed in the prior paper (Furedy et al., 1988) an important reason for interest in this reflex is that its use in Pavlovian conditioning studies has suggested the operation
of S-R rather than S-S processes, and has, there​fore, made it critical to investigate the characteris​tics of the tilt-induced UR, rather than focusing on such cognitive S-S factors as knowledge of the CS-US relationship.
We found that, in the dog, bilateral vagotomy attenuated the (bradycardic) IBI response to the point of eliminating any short-latency changes in HR. Several dogs did show more delayed, smaller-magnitude increases in IBI postvagotomy. The large cyclic changes in IBI observed in Dog 4 lend further support to the hypothesized vagal predominance in mediating the bradycardic tilt-in​duced response. That is, an increase in the ampli​tude of sinus arrhythmia, most particularly the respiratory sinus arrhythmia, has been interpreted as indicating an increased cardiac vagal drive (Eckberg, 1983). We cannot rule out, of course, the possibility that this animal's breathing pattern changed remarkably after the tilt, but the most parsimonious interpretation of the data suggests an increase in vagal tone as the responsible mech​anism.
To reflect SNS effects, we measured peak-posi​tive d(LVP)/dt, and observed a more transient, but still large, increase following tilt onset. This measure not only returned to baseline by 9 s following tilt onset, but even reached 65% of baseline following the tilt (during which time IBI was still 25% above baseline. Changes in cardiac loading probably accounted in part for the changes in d(LVP)/dt, but our previous experience (White et al., 1984; Randall, 1974) indicate that these effects are relatively small, even when a 2-G gravi​tational field is used to change central blood volume. Therefore it seems reasonable to postulate that after the 90” head-down tilt, SNS cardiac drive transiently increased, and then waned. The tilt, therefore, induces significant SNS effects that are not at all accurately mirrored by HR (recipro​cal of IBI). One obvious apparent contradiction of the findings in Fig. 1 may be seen by considering Fig. 4, which shows the effect of tilting on human HR and TWA, which is another, albeit more controversial (see, e.g., Furedy and Heslegrave, 1983; Schwartz and Weiss, 1983) index of SNS effects. In Fig. 4, as HR decreases, TWA markedly


Fig. 4. Summary of HR and TWA changes to negative tilt averaged over 3 human subjects, with tilt speed (1.7 vs 1.2 s) varied within subjects (each subject receiving 6 of each tilt type). The speed variable appears to shorten UR latency, but the purpose of presenting these data is to show, as indicated in the text, the close topographical similarity of the HR and TWA URs to the tilt US.
clinically significant), and the time course of the two measures are closely similar, with both changes lasting throughout the tilt (see also Furedy and Poulos, 1976, Fig. 1, and Furedy and Heslegrave, 1983, Fig. 1, Panel III, respectively, for HR and TWA).
In the present study, the vagotomy's effect of eliminating the normally antagonistic PNS was evident on the d(LVP)/dt, SNS measure. The tilt-induced SNS change increased in magnitude and duration, and the posttilt, below-baseline de​crease was eliminated. This finding is provocative, since it suggests that the withdrawal of sym​pathetic drive, as just discussed in the normal dog may be due to increased parasympathetic presynaptic inhibition of norepinephrine release from the sympathetic nerve endings (i.e., "accentuated antagonism") as envisioned by Levy (1978). Taken together, the IBI and d(LVP)/dt results provide a striking illustration of the interactive and hence complex relationships that hold between the two branches of the ANS, as they are affected by a reflex manipulation such as negative tilting.
In terms of this study's relevance for (human) psychophysiological studies that employ the tilt-induced HR reflex as a UR in Pavlovian condi-
tioning, the most salient feature is the presence of marked, though transient, sympathetic excitation that accompanies the tilt-induced bradycardia in the intact (prevagotomy) dog. The transience of the SNS response parallels that found in another HR-decelerative inducer in humans, namely the dive-reflex preparation, which has been used in cardiological therapeutic applications to treat paroxysmal atria1 tachycardia (e.g. Wildenthal et al., 1975). However, a systematic laboratory study of the human dive-reflex indicated that the bradycardic reflex was accompanied by a transient attenuation in TWA, which is at least suggestive of increased sympathetic drive (Hurwitz and Furedy, 1986). Moreover, the cardiological literature has been sensitive to the problem of dive-induced SNS excitation (e.g. Mathew, 1978) but the rec​ommendation has been to increase water tempera​ture to reduce these undesirable sympathetic ef​fects (e.g. Condry et al., 1975). An experimental investigation of this recommendation by Arabian et al. (1983) failed to support it, since (the medi​cally undesirable) TWA attenuation was unaf​fected by the increased water temperature, which produced only an effect of diminishing the (de​sirable) bradycardia. As has been noted above, the sympathetic-index status of TWA remains con​troversial (see e.g. Furedy and Heslegrave, 1983; Heslegrave and Furedy, 1983; Schwartz and Weiss, 1983). Nevertheless, it does appear that adding the TWA measure to HR in the dive-reflex prepara​tion has resulted in forcing some reconsideration of the benefits of this mode of inducing HR deceleration. The present results with the less con​troversial d(LVP)/dt SNS measure provide analo​gous grounds for reconsidering any potential be​nefits of the tilt-induced HR-decelerative proce​dure.
Also of relevance for human tilt-induced HR-decelerative studies are aspects of the present BP-associated findings, as measured by LVP under pre- and postvagotomy conditions. These aspects are less striking than the d(LVP)/dt-based SNS excitation findings, but are, nevertheless, of some importance. In this regard, it is important, first, to recognize that there may be some species-depen​dent variations in the mediation of HR responses to shifts in the body's position within a gravita-

tional field. The dog is known to have a much higher resting vagal tone than man or baboon (Scher et al., 1972). Consequently, it may rely more upon vagal withdrawal in its reflexive strategy than does man. There also appear to be marked individual differences within species. In our Dog 6 (Fig. 3) the reflex vagal adjustments appeared to be so aggressive, that the potential tilt-induced pressor response was offset by para-sympathetic excitation within less than 3 s.
Vagotomies, of course, cannot be performed on human subjects, and its is likely that our under​standing of the mediation of cardiovascular re​flexes must rest significantly upon the use of pharmacological autonomic blocking agents (e.g., Raven et al., 1985). Nevertheless, another path to further understanding, especially when the focus is on the 90” tilt-induced HR-decelerative reflex, rather than on cardiovascular adjustments to gravitational change, is the purely psychophysio-logical one of seeking to record measures other than HR itself.
An early attempt at such a strategy for evaluat​ing mediating factors for human negative-tilt HR-decelerative conditioning was a study in which, over two sessions, 4 human subjects mani​fested little change in BP following 90” degree tilts (Arabian and Furedy, 1978). This is con​sistent with the relatively small BP changes found in the dogs of the present study. However, the cuff method used did not resolve the hydrostatic indif​ference point problem in a way that was done here. More importantly, the cuff method of BP measurement is obtrusive and discontinuous, so that the second-by-second sampling that is possi​ble with the ventricular BP measure in the present preparation is precluded. It would, therefore, be of interest to run a human negative-tilt study with an indirect measure of BP such as pulse transit time (PTT), which makes second-by-second measure​ment feasible. The point is that to determine the question of what BP changes, if any, are induced by the negative tilt, it is not necessary to have absolute estimates of BP. Rather, what is im​portant is to have measures that are unobtrusive, and that can be taken sufficiently frequently to provide a temporally fine-grained analysis of the tilt-induced response.
Investigation of the extent to which the tilt-in​duced bradycardia is accompanied, in humans, by a BP increase is important not only for basic research, but also for applied purpose. To the extent that such BP increases occur, the negative tilt's potential usefulness as a therapeutic tool for teaching reductions in levels of cardiovascular ac​tivity is considerably diminished.
Both the data presented here and what is known about the tilt-induced HR deceleration suggest that, at least initially, there is a BP increase which is produced by tilting, and to which HR decelera​tion is a homeostatic, adjustment reflex. However, the extent and duration of this initial BP increase may well be different in wake humans in contrast to anesthetized dogs. What is clear is that, from an applied perspective, the present BP results under​score the need both to treat even dramatic HR-de-celerative results with caution, and to investigate what other cardiovascular changes are induced by the HR-decelerative stimulus.
An additional reason for assessing PIT in the human tilt preparation is that, like TWA, this measure is a potential, though controversial (see e.g. Furedy et al., 1984; Heslegrave and Furedy, 1980; Weiss et al., 1980) index of SNS influences. Also, like TWA, PTT is sufficiently non-invasive so that, unlike d(LVP)/dt (and LVP itself), it can be assessed in human studies. More generally, however, it is clear that the different physiological mechanisms that accompany and/or produce a given change in HR need continuing investigation with multiple dependent physiological dependent variables (assessed on a temporally fine-grained basis, so that topographical differences can be studied), and in both human and animal prepara​tions.
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