
toxin subunits responsible for the clinical 
manifestations of the syndrome. How- 
ever, the ability to distinguish staphylo- 
coccal isolates should prove of value in 
examining the epidemiology of TSS and 
the factors that influence or have influ- 
enced the emergence of these strains. 

MITCHELL L. COHEN 
STANLEY FALKOW* 

Departments of Microbiology and 
Immunology and Medicine, 
University of Washington, Seattle 98195 
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Exercise Hyperpnea and Locomotion: Parallel 
Activation from the Hypothalamus 

Abstract. Unanesthetized decorticate cats walked or ran normally on a treadmill 
either spontaneously or during electrical stimulation of the subthalamic "locomo- 
tor'' region. The respiratory response usually preceded the locomotor response and 
increased in proportion to locomotor activity despite control or ablation of respira- 
tory feedback mechanisms. Respiration increased similarly in paralyzed animals 
duringjctive locomotion despite the absence of muscular contraction or movement. 
Hypothalamic command signals are thus primarily responsible for the proportional 
driving of locomotion and respiration during exercise. 

Despite more than a century of study, 
hypothesis, and debate (I) ,  the mecha- 
nism leading to hyperpnea, or increased 
ventilation, during exercise has re- 
mained uncertain. The hyperpnea close- 
ly parallels the increased metabolic rate 
resulting from muscular contraction, and 
therefore arterial COz, O2, and pH re- 
main relatively constant throughout 
much of the range of moderate exercise. 
Nevertheless, because of the close rela- 
tionships between the hyperpnea and 
metabolic work, many investigators 
have suggested that chemical receptors 
variously located in the brainstem (me- 
dulla), carotid bodies, lungs, blood ves- 
sels, or exercising muscles are the 
source of stimulation. Others have pro- 
posed that neural signals from mechani- 
cal receptors in the working muscles or 
the effects of the exercise-induced in- 
crease of body temperature are respon- 
sible for hyperpnea. Although such feed- 
back mechanisms exert some influence 
on respiration under appropriate experi- 
mental conditions, no single feedback 
mechanism, nor any combination of 
them, has provided a quantitatively ade- 
quate explanation for exercise hyper- 
pnea. 

An alternative hypothesis is that of a 

feed-forward mechanism. As long ago as 
1913, Krogh and Lindhard (2) proposed 
that neural impulses from the motor cor- 
tex that command muscle to exercise al- 
so "irradiate" to the respiratory con- 
troller in the medulla. Such a mechanism 
could lead to neurally driven exercise 
hyperpnea that is proportional to the 
work performed without the intervention 
of feedback mechanisms. This hypothe- 
sis has never been experimentally vali- 
dated. 

To study the relationship between ex- 
ercise (locomotion) and respiration in a 
way in which feedback mechanisms 
could be eliminated, we used unanesthe- 
tized decorticate cats, which Orlovskii 
(3) had shown to walk and run normally 
on a treadmill. These animals develop lo- 
comotion spontaneously as well as dur- 
ing electrical stimulation of the "sub- 
thalamic locomotor region" (3) and also 
exhibit "fictive" locomotion in the mo- 
tor nerves to the legs when the animals 
are paralyzed with a curare-like agent 
(4). 

Our findings support the idea that a 
neural feed-forward mechanism, origi- 
nating in the brain at a level above the 
traditional respiratory centers in the me- 
dulla and pons and requiring no feedback 
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mechanisms for its operation, causes 
both the locomotion and the hyperpnea 
associated with it. 

We decorticated each cat under ether 
anesthesia, cut the vagus nerves, and de- 
nervated the carotid bodies and barocep- 
tors by cutting the carotid sinus nerves. 
We allowed at least 4 hours for recovery 
before performing experiments. We 
measured continuously the carotid arte- 
rial pressure, the partial pressure of COz 
(PCO2) through a tracheal cannula, and 
the body temperature, which was kept 
constant by means of a servo-controlled 
heater. We quantified respiratory output 
by measuring the peak integrated electri- 
cal activity from the central end of a cut 
phrenic nerve root (5) that was placed in 
a boatlike bipolar platinum electrode, 
which we sealed with dental impression 
material and implanted in the cat's neck. 
Bipolar electrodes located in both quad- 
riceps muscles allowed quantification of 
electromyographic (EMG) activity. We 
then placed the cat's head in a stereo- 
taxic apparatus and suspended the ani- 
mal over a free-running (not motor-driv- 
en) treadmill whose speed could be re- 
corded. A concentric bipolar electrode 
(6) was inserted into the subthalamic lo- 
comotor region (3) for stimulation (Fig. 
la). At the end of each experiment we 
perfused the brain in situ with formal- 
dehyde, removed it, and sectioned the 
diencephalon for histological localization 
of stimulation sites. 

In 9 of 14 experiments, the prepara- 
tions were successful, and the animals 
walked spontaneously on the treadmill. 
An increase in respiration and arterial 
pressure usually preceded the onset of 
locomotion, even though there was no 
increase in end-tidal COz concentration. 
The cessation of locomotion led to a rap- 
id decrease of both magnitude and fre- 
quency of respiration. One animal fortui- 
tously walked spontaneously at two dif- 
ferent speeds. The respiratory outputs 
and treadmill speeds increased propor- 
tionately (3229 units per minute at rest, 
6735 at a treadmill speed of 14.4 mlmin, 
and 10,815 at 25.9 mimin). Arterial pres- 
sure also rose progressively with in- 
creasing exercise. 

Induction of locomotion by stimula- 
tion of the subthalamic locomotor region 
(7) with continuous trains of impulses (30 
Hz, 1 .O-msec duration) led to similar re- 
sults. Stimulation caused arterial pres- 
sure and respiration to increase prompt- 
ly, and there was an associated decrease 
of end-tidal PCO, (Fig. lb). All of these 
changes preceded the onset of actual lo- 
comotion. Ending the stimulation led to 
cessation of locomotion, a rapid fall in 
respiration, and a slow decrease in arte- 
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Fig. 1. (a) Decorticate animal preparation used in experiments in which respiratory responses were studied during spontaneols locomotion and 
locomotion induced by stimulation in the diencephalon. The cat's head was held in a stereotaxic apparatus. Respiratory activity was determined 
from phrenic nerve recordings. (b) Example of locomotion induced by4ectfical  stimulation of subthalamic locomotor region. (c) Decorticate 
paralyzed animal preparation used in experiments in which respiratorfresponses were studied during spontaneous fictive locomotion and loco- 
motion induced by stimulation in tRe diencephalon. End-tidal PCO, was kept constant by means of a servo-controiled ventilator. (d) Example of 
cardiovascular and respiratory responses during fictive locomotion induced by stimulation of subthalamic locomotor region. 

rial pressure toward control, values. We 
examined the relationships between the 
mean stimulating current at the hypotha- 
lamic electrode and the qllantitative 
changes in locomotion and respiration 
(pig. 2a). A low mean current caused the 
respiratory activity to increase from the 
resting level, but did not produce loco- 
motion. Progressively higher mean stim- 
ulating cuTents led to approximately 
proportional increases in both respira- 
tion and locomotion. Arterial pressure 
also increased in proportion to the stimu- 
lus current. 

These studies show that neural signals 
from the diencephalon can drive 1ocom0- 
tion and that respiration increases pro- 
portionately without arterial hyper- 
capnia or other feedback from carotid 
bodies, vagal receptors, or temperature 
changes. However, because the animals 
were exercising, we could not absolutely 
rule out neural feedback from receptors 
in muscle or moving joints as the cause 
of the hyperpnea. We therefore studied 
fictive locomotion in four cats paralyzed 
with gallamine triethiodide (81, prepared 
as described above except that we re- 
corded electrical activity from both bi- 
ceps femoris nerves (Fig. lc) instead of 
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the quadriceps muscles. We maintained 
end-tidal PCOz at a constant level 
throughout the experiment by means of a 
servo-controlled ventilator (9). Stimula- 
tion of the subthalamic locomotor region 
caused fictive locomotion, shown by mo- 
tor activity in one or both biceps femoris 
nerves, and led in all cats to increases of 
both magnitude and frequency of phrenic 

0 2 4 6  8 1 0 1 2  
Mean stimulus current ()LA) 

bursts and arterial pressure. Figure Id is 
an example which has alternating motor 
activity in the opposixig nerves. Figure 
2b shows the relationships between hy- 
pothalamic mean stimulating current and 
the changes in respiration and fictive lo- 
comotion in this cat. The findings are 
similar to those for the nonparalyzed ani- 
mal (Fig. 2a) in that low currents caused 
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Q 
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Fig. 2. (a) Responses of respiration (phrenic nerve activity) and locomotion (quadriceps muscle 
activity) to increasing stimulus current across electrode located iil subthalamic locomotor re- 
gion. (b) Responses of respiration (phrenic nerve activity) and fictive locomotion (biceps fem- 
oris nerve activity) to increasing stimulus current across electrode located in subthalamic lo- 
comotor region. 
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respiratory activity t o  increase without 
generating locomotion, but progressively 
higher currents led to  proportional in- 
creases in respiration and fictive locomo- 
tion. 

One of the cats spontaneously devel- 
oped recurring episodes of fictive loco- 
motion, each lasting about 10 seconds. 
With each episode, respiratory (phrenic) 
activity and frequency rose in associa- 
tion with the locomotor activity; in most 
cases the phrenic activity had begun its 
increase before the onset of biceps fe- 
moris nerve activity. Phrenic activity fell 
promptly when locomotor activity dis- 
appeared. 

Our experiments demonstrate that au- 
tomatic locomotion and proportional in- 
creases in respiration and arterial pres- 
sure, changes that mimic those of natural 
exercise, can be consistently evoked 
from a very restricted subthalamic re- 
gion. The development of similar re- 
sponses during spontaneous locomotion, 
which does not occur in the absence of 
the hypothalamus (lo), indicates that the 
evoked responses are due not to for- 
tuitous stimulation of independent path- 
ways but rather to activation of a single 
hypothalamic mechanism. 

Our crucial experiments are those in 
which both the respiratory and cardio- 
vascular responses occurred during fic- 
tive locomotion in the absence of muscu- 
lar contraction, since they show that ac- 
tual exercise is not required to produce 
the responses and thus rule out the 
causative role of feedback from mechan- 
ical receptors in working muscles. 

Other workers have reported similar 
qualitative respiratory or  cardiovascular 
responses during spontaneous locomo- 
tion in decorticate cats (10, 11) and dur- 
ing electrical stimulation of the hypothal- 
amus in both decorticate animals (12) 
and those with intact brains (13). The 
cardiovascular responses persist after 
muscular paralysis (13) and therefore d o  
not depend on muscular contraction and 
metabolic changes. Our experiments 
confirm that the cardiovascular events 
are independent of muscular con- 
traction. 

Our study provides experimental vali- 
dation of the Krogh and Lindhard feed- 
forward hypothesis (21, except that we 
have shown that the motor cortex is not 
an essential part of the mechanism. We 
propose that neural command signals 
emanating from the hypothalamic lo- 
comotor region are primarily responsible 
for the approximately proportional driv- 
ing of locomotion and respiration, as  
well as the cardiovascular adjustments 
associated with exercise. 

Feedback controls are not required for 

the operation of this mechanism. Never- 
theless, the participation of secondary 
feedback mechanisms during exercise in 
the intact animal cannot be disregarded. 
It  is likely that they are involved in the 
fine control of both respiratory magni- 
tude and frequency, and may be respon- 
sible for the demonstrated close tracking 
of ventilation and metabolic events dur- 
ing exercise (14). 

FREDERIC L. ELDRIDGE 
DAVID E. MILLHORN 
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Departments of Medicine and 
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Mutualism Among Sessile Invertebrates: 
A Mediator of Competition and Predation 

Abstract. Hydroids of the genus Zanclea are epizoic on encrusting bryozoans. The 
bryozoans protect these hydroids with skeletal material. Zancleapolyps on the bryo- 
zoan Celleporaria brunnea sting small predators and adjacent competitors, helping 
Celleporaria to survive and to grow over competing species. This mutualism enables 
the two species to cover a larger area than they could individually. 

Space is an important limiting re- 
source for many organisms. In marine 
benthic communities this is most evident 
for sessile invertebrates and algae in- 
habiting rocky substrates. For these or- 
ganisms the habitat exists as discrete 
patches of limited area. Individuals (or 
colonies) are restricted to  the particular 
substrate onto which their larvae settle 
and attach. Population size, survival, 
and reproductive output are all influ- 
enced by the amount of space that is oc- 
cupied. Competition is often intense and 
involves the shading, undercutting, or 
overgrowth of one individual by another 
(1-4). Single species can dominate and 
sometimes monopolize a patch of sub- 
strate. This competitive dominance by 
one or a few species can be reduced by 
predators and through the physical dis- 
turbance of patches of habitat (2, 5).  

Competition, predation, and physical 
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disturbance are not the only phenomena 
that can regulate a species' use of spatial 
resources. Mutualism, in which two spe- 
cies positively affect one another's abun- 
dances, may be equally important (6, 7). 
Mutualistic associations between ben- 
thic species have been demonstrated (3, 
7, 81, but infrequently. In studying the 
succession of marine invertebrate com- 
munities living on experimental panels 
(91, we found an example of mutualism 
between the bryozoan Celleporaria and 
the hydroid Zanclea . The bryozoan pro- 
tects the hydroid by depositing CaCO, 
and the hydroid reduces the impact of 
competitors and predators on the bryo- 
zoan. This association improves the sur- 
vival of both species and increases the 
amount of space that they can cover and 
hold. 

Zanclea grow as vinelike colonies in 
which polyps with capitate tentacles 
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