
lus was determined by acoustically cou- 
pling the earmuff to a sound level meter 
(General Radio). The input to the sound 
level meter was monitored by oscil- 
loscope to ensure proper phase rela- 
tions. The spectral content of the stimuli 
was monitored by performing fast Fou- 
rier transforms (FFT' s) on analog-to-dig- 
ital representations of the stimuli. A 40- 
dB low-pass noise with a high cutoff of 
450 Hz was present during all stimulation 
to minimize the possibility of recording a 
response to low-frequency auditory dis- 
tortion. 

Figure 1C shows the composite FFR's 
for five subjects to each of the stimuli; 
and Fig. ID, the FFT spectrum of the re- 
sponses. Composite FFR's are shown 
because the FFR amplitudes and phases 
were similar across subjects. The FFR 
correlates well with the periodicity of the 
waveform envelope: When a 200-Hz en- 
velope periodicity was prominent (stimu- 
lus 1), a 200-Hz FFR occurred; when 
200- and 400-Hz envelope periodicity 
was evident (stimulus 2), both 200- and 
400-Hz FFR's occurred; when 400-Hz 
envelope periodicity was prominent 
(stimulus 3), a 400-Hz FFR occurred. 

That the 400-Hz FFR to stimulus 3 did 
not correspond to the pitch perceived 
from this stimulus (200 Hz) indicates that 
the FFR is a reflection of envelope perio- 
dicity, but not of the pitch of the missing 
fundamental. 

Although this result does not support 
temporally based pitch theories, it does 
indicate that envelope periodicity is an 
available cue for timbre perception and 
sound lateralization. Behaviorally, the 
cue of envelope periodicity is of special 
significance for the lateralization of high- 
frequency complex sounds. Therefore, if 
the FFR is truly a representation of en- 
velope periodicity, it should occur for 
high-frequency complex stimuli as well 
as the low-frequency complex stimuli al- 
ready studied. The stimulus of 3800 and 
4200 Hz added in cosine phase provided 
a high-frequency complex stimulus with 
a prominent 400-Hz envelope periodicity 
(Fig. 2, A and B). When this stimulus 
was presented in the same manner as the 
previous ones, a clear 400-Hz FFR was 
recorded (Fig. 2, C and D). This perio- 
dicity information could serve as a cue 
for the lateralization of high-frequency 
stimuli with low-frequency envelopes. 

The results show that the periodicity 
of the stimulus waveform envelope is 
represented by the FFR; this indicates 
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The results show that the periodicity 
of the stimulus waveform envelope is 
represented by the FFR; this indicates 
that very early in the processing of sen- 
sory information, waveform periodicity 
is reflected. This finding supports the hy- 
pothesis that neural timing cues repre- 
senting envelope periodicity may be 
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used for timbre perception and sound lat- 
eralization. The results also show a lack 
of correspondence between the FFR and 
the pitch of the missing fundamental. 
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cant for human hypertension. 

Baroreceptor stimulation lowers blood 
pressure by reflex actions on the heart 
and blood vessels. In addition, such 
stimulation has a separate effect: it pro- 
duces cortical and behavioral inhibition. 
We have suggested that this less well 
known effect may reinforce the learning 
of elevations in blood pressure (1). This 
experiment is an initial step toward ex- 
ploring that hypothesis. 

Weiss and Baker (2) investigated a 
form of fainting which resulted from in- 
advertent mechanical stimulation of the 
carotid region and determined that loss 
of consciousness in carotid syncope 
could occur without cerebral ischemia or 
a fall in blood pressure (3). Koch (4) re- 
ported that, in the dog, dilatation of a ca- 
rotid cul de sac by an implanted balloon 
would produce prompt and deep sleep 
(5). Bonvallet et al. (6) reported exten- 
sively on the inhibitory electrophysiolog- 
ical sequels of stimulation of the barore- 
ceptor nerves, and they showed these ef- 
fects to be independent of hypotension. 
Lacey and co-workers (7) suggested that 
baroreceptor activation could be respon- 
sible for changes in response latency ob- 
served in vigilance tasks. Adam and co- 
workers (8) showed that removal of the 
tonic influence of the carotid sinus by 
surgical denervation of rats resulted in 
reduced latency of a learned response 
and increased inappropriate responding 
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to an unreinforced discriminative stimu- 
lus. They also demonstrated that agi- 
tated "neurotic" behavior could be more 
easily stress-induced in denervated rats. 
Bartorelli et al. (9) observed that reduc- 
ing baroreceptor stimulation in decere- 
brate cats elicits sham rage, whereas in- 
creasing such stimulation inhibits it. In 
preliminary experiments we observed 
that denervated rats were more sensitive 
to a variety of noxious stimuli (10). 

These results suggested a motivational 
effect of blood pressure that would be of 
general biological interest and possibly 
relevance to human hypertension. We 
designed the present experiment to mea- 
sure blood pressure-induced changes in 
the escape-avoidance behavior of rats. 

Escape running increases with aver- 
siveness of the motivating stimulation 
(11). We therefore trained rats to escape 
a periodic aversive stimulus by running 
on the top of a treadwheel. Then we 
studied the effect of phenylephrine-in- 
duced hypertension on this behavior. 

We used 16 male Sprague-Dawley rats 
(Charles River) weighing 300 to 350 g: 
ten intact and six with surgically dener- 
vated carotid and aortic arch barorecep- 
tors (12). Denervation was confirmed by 
observing heart rate changes in response 
to an infusion of phenylephrine (13). One 
of the operated rats showed almost nor- 
mal bradycardia to phenylephrine-in- 
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Baroreceptor Activation Reduces Reactivity to Noxious 

Stimulation: Implications for Hypertension 

Abstract. The hypothesis was tested that an acute rise of blood pressure may re- 
duce reactivity to noxious stimuli through a baroreceptor-mediated reduction of 
cerebral arousal. When blood pressure was raised by an infusion of phenylephrine, 
rats showed less running to terminate or avoid noxious stimuli than during saline 
infusions. This effect was not seen in rats with denervated baroreceptors. The results 
suggest that a rise of blood pressure could have motivational consequences signifi- 
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Fig. 1. Greater reduction in heart rate (beats 
per minute), as an index of baroreceptor acti- 
vation, produces a decrease in running as in- 
dicated by the distance ratio. (A) Intact sub- 
jects; (V) denervated subjects; (0) partially 
denervated subject (r = -.75; P < .001). 

duced blood pressure elevation and thus 
was only partially denervated. A cannula 
for infusion was implanted in the abdom- 
inal vena cava and one for monitoring 
blood pressure in the left renal artery af- 
ter a unilateral nephrectomy (14). For 
administering highly controlled aversive 
stimulation, an electrode was implanted 
in the sensory nucleus of the trigeminal 
nerve (15). 

The treadwheel is 60 cm in diameter, 
15 cm wide, and freely turning (16). On 
it, blood pressure and heart rate can be 
recorded without need for a swivel while 
a rat secured in an enclosure by only the 
base of its tail can run ad libitum. All ani- 
mals were trained to rotate the wheel at 
least 10 cm to terminate trigeminal nucle- 
us (TN) stimulation (17). During the ex- 
periment, a rat could either escape from 
the TN stimulation by turning the tread- 
wheel 10 cm, which immediately termi- 
nated current delivery and began the 
180-second intertrial interval, or alto- 
gether avoid the stimulation for an addi- 
tional 180 seconds by turning 5 cm dur- 
ing the 5-second prestimulus interval. 
Otherwise, the stimulation was contin- 
ued for a maximum of 60 seconds. In 
each daily session, ten stimulation trials 
were followed by three extinction trials 
(no stimulation). On half of the testing 
days, blood pressure was elevated by in- 
fusing phenylephrine into the vena cava; 
on the others, physiological saline was 
infused. 

Phenylephrine and saline control days 
were matched in pairs and counterbal- 
anced for order of occurrence. For any 
matched pair of days, the current levels 
used for the TN stimulation trials were 
identical. Immediately before starting 
the schedule, we gave a sufficient dose of 
phenylephrine to initially elevate blood 
pressure by 20 to 55 mm-Hg (18). 
Throughout the ten TN stimulation trials 
and the three extinction trials of each 
phenylephrine session, average blood 
pressure of the intact rats was 31.2 mm- 
Hg above and heart rate 93.1 beat/min 
below the preinfusion baseline, and for 
the successfully denervated rats 49.25 
mm-Hg above and 15.2 beat/min below 
baseline. During saline sessions, across 
all trials for the intact rats, average blood 
pressure and heart rate, respectively, 
were 1.9 mm-Hg and 4.4 beat/min below 
baseline. 
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We obtained data from 44 matched 
pairs of sessions for the ten intact rats 
and for 25 matched pairs for the five suc- 
cessfully denervated rats. Distance run 
was measured for both the TN stimula- 
tion and the extinction trials. Because 
our design compared the distance run 
(DpE) during each elevated blood pres- 
sure session with the distance run (Dsc) 
on the corresponding saline control ses- 
sion matched for stimulation intensity, 
we calculated the running distance dif- 
ference ratio 

(DPE) - (Dsc) 

(DPE) + (Dsc) 

for each pair of sessions. A negative ra- 
tio indicates that the rat ran more on the 
normotension (saline) day than on the 
matched hypertension (phenylephrine) 
day, a ratio of 0.0 means equal running, 
and a positive ratio indicates less running 
on the saline day. 

Our hypothesis that intact rats would 
run less to escape or avoid TN stimula- 
tion on days when their blood pressure 
was elevated by phenylephrine was 
found to be correct (P < .01) (19). Surgi- 
cally denervated animals did not show 
this effect; thus, blood pressure eleva- 
tion reduced running by the intact sub- 
jects more than by denervated controls 
(P < .01) (20). Apparently, eliminating 
baroreceptor function by surgical dener- 
vation, as evidenced by a lack of phenyl- 
ephrine-induced bradycardia (13), is suf- 
ficient to attenuate the effect of the blood 
pressure elevation on the aversiveness of 
the TN stimulation or on some other 
component of the running response. 

In extinction, intact rats continued to 
run less during the phenylephrine ses- 
sions than the saline control sessions. In 
fact, this effect in extinction was reliably 
greater than that during the TN stimula- 
tion trials (P < .02) (19) and the dif- 
ference between the denervated and in- 
tact subjects was maintained (P < .01) 
(20). Perseveration of established escape 
responding into extinction is convention- 

ally interpreted as an indication of 
heightened fear (21). 

We attempted to elevate blood pres- 
sure by the same amount for all subjects 
by individually adjusting the phenyleph- 
rine dose (18): there was no relationship 
between the distance ratio and either the 
blood pressure change (correlation coef- 
ficient r = .0) or the dose of phenyleph- 
rine (r = . 11). 

Figure 1 shows the relationship be- 
tween the hypertension-induced change 
in heart rate and the distance ratio aver- 
aged across all trials (TN stimulation and 
extinction) for all rats, including the par- 
tially denervated one. As bradycardia, 
an indicator of baroreceptor activity 
(13), increased, the average distance ra- 
tio became more negative; that is, run- 
ning during phenylephrine sessions de- 
creased relative to saline sessions 
(r = -.75; P < .01). Also note that the 
average distance ratio for the ten intact 
rats was less than zero and for the five 
denervated rats greater than zero. Thus, 
when the TN stimulation trials and the 
extinction trials are combined, there is 
no overlap of the distance ratios for the 
intact and the completely denervated 
rats. 

Hypertension-induced baroreceptor 
activity thus reduced escape-avoidance 
running either by attenuating the aver- 
siveness of noxious trigeminal stimula- 
tion or by an unknown action on some 
other link in the response system. Al- 
though a direct action on muscular tone 
cannot be excluded, the former ex- 
planation is more consistent with our 
preliminary observations (10) and with a 
variety of studies in which others have 
obtained parallel results for miscella- 
neous response measures, including di- 
rect electrophysiological observation of 
cortical inhibition (6). Furthermore, the 
results on the behavioral effects of cloni- 
dine, an antihypertensive drug that is 
known to increase the gain of the barore- 
ceptor reflex, are entirely consistent with 
the hypothesis that baroreceptor activa- 
tion reduces the aversiveness or motiva- 
tional consequences of noxious stimula- 
tion (22). 

Combined with recent reports that 
squirrel monkeys, baboons (23), and hu- 
man paraplegics (24) can learn to sustain 
significantly increased blood pressure, 
these results suggest a pathophysiologi- 
cal mechanism that could manifest itself 
as elevation of blood pressure in re- 
sponse to incessant aversive stimulation 
(25). Thus, some hypertension may be- 
gin as an instrumentally learned blood 
pressure response for which the reward 
is a baroreceptor-mediated reduction in 
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anxiety or in the aversiveness of ambient 
noxious stimuli. This hypothesis (1) can 
be reconciled with many observations 
about essential hypertension (26). 
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place. Scalp retraction, drilling of skull holes, 
and so on, were accomplished under deep anes- 
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stop drinking (even though water-deprived for 
24 hours) to escape from 20- to 45-g/A stimula- 
tion, and higher intensities elicit nonperseverat- 
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Floras and Oxygen Floras and Oxygen 

McLean (1, p. 1061) claims that "the 
importance of terrestrial plants in the 
overall world productivity in the geolog- 
ic past has not been recognized" in ear- 
lier papers on the control of atmospheric 
oxygen, and that this greater primary 
productivity means that the control of 
the partial pressure of oxygen must oc- 
cur predominantly on land. The first 
claim is false (2, 3), and the second is in- 
adequately supported. 

Like some earlier investigators, 
McLean fails to consider the necessary 
(3) concentration-dependent regulation 
of oxygen. Photosynthesis, like any re- 
action, produces no net change in oxida- 
tion. Almost all the oxygen from photo- 
synthesis later reoxidizes the carbon re- 
duced photosynthetically. Any net 
change in free oxygen is equal to the dif- 
ference between the amount of reduced 
carbon buried and the amount of pre- 
viously buried carbon that is oxidized. 
(Other reactions are coupled to this or 
are now minor.) The way in which the 
regulation occurs is not yet clear in de- 
tail, but most nonephemeral reduced car- 
bon is deposited in ocean sediments. 
Much of this reduced carbon comes from 
the land. Therefore, to the extent that 
regulation of free oxygen occurs by way 
of the deposition of reduced carbon, we 
must look to marine processes. Even a 
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sudden excess deposition of 1012 metric 
tons of reduced carbon in coal swamps 
left by a retreating sea would decrease 
the partial pressure of oxygen by less 
than 0.0005 atm. To the probably smaller 
extent that regulation occurs by erosion, 
by oxidation of detrital carbon before it 
is redeposited, we must look primarily to 
the continents. But McLean's argument 
is irrelevant to either case. With respect 
to regulation, we must focus on the sinks 
of free oxygen rather than on their 
sources. 

With respect to temporary changes in 
free oxygen, an increase in land area by 
eustatic regression should give a some- 
what greater net input after the reoxida- 
tion of unburied carbon. However, re- 
gression would also increase erosion and 
therefore the amount of previously bur- 
ied carbon available to be reoxidized. 
From the inadequate data I know, either 
effect might predominate. 
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