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THE study of input/output relationships of the carotid sinus is facilitated using 
digital computer techniques for analysis of recorded data. A three-stage 
computer program has been developed relating the timecourse of firing 
frequency of a single fiber of the carotid sinus nerve. 

The first stage consists of generating an amplitude histogram from the direct 
input of action potentials. A Schmitt trigger is used to set a threshold level 
which an impulse must cross before it is recognized by the computer. On 
crossing the threshold an impulse triggers the computer at a rate of 50,000 
samples/sec for 0.5 msec during which 25 samples are read into the computer. 
Only that portion of the action potential above the threshold is sampled. The 
rapid sampling rate insures accurate measurement of each peak amplitude 
which is then stored in the. computer. After 1000 impulses have been sampled, 
an amplitude histogram is generated and displayed on a memory oscilloscope. 
Figure I is a direct read-out from the computer on the memory oscilloscope. 
The height of any point on this histogram indicated the number of peak 
amplitudes falling into that category. Because random noise is present on the 
recorded data, a multifiber preparation will result in a multi modal distribution 
as is seen in Fig. l which was taken using data with at least two fibers and the 
threshold set at a low level. The threshold was then raised and the same data 
was used to generate a new histogram. The urumodal distribution seen in 
Fig. 2 indicates that the fibers firing at lower amplitude level have been 
eliminated. 

It is conceivable that on dissecting the nerve until only two or three active 
units remain that electrode summation still might occur. In this case, however, 
the distribution of the summed spikes will be evident as a distinct peak in the 
amplitude histogram. One can easily recognize such a peak in that it will be 
much smaller in height than the peak due to either single unit distribution. 

The second stage of the program is designed to measure the frequency of 
action potentials from a single fiber as a function of time during each heart 
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FIG. 1. Oscilloscope display of multifiber amplitude histogram. 
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FIG. 2. Oscilloscope display of single uni t ampli tude histogram. 
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cycle. T hi s is achieved by determining the interva l between each pair of action 
poten tials as it occurs. Figu re 3 is a photograph of a face of a n osci ll oscope 
displaying the time-cou rse of arteria l pressure and frequency of firing of a 
sing le nerve fiber. In this program each actio n po tenti a l, upon c rossi ng the 
thre ho ld , interrupts the compu ter a nd ca uses the computer to read the time 
o n its interna l clock and th a t time is stored in memo ry. Upon occurrence of 
the fo ll owing impul se above the presen t thresho ld , the clock is read aga in and 
the time lapse between impul ses is determined . The frequency of acti on 
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FIG. 3. Continuous oscill oscope display from computer of ca rot id artery pressure 
(upper curve) and time-course of frequency of firi ng of single un it (lower curve). 

potentia ls is measured as the reciprocal of thi s interspike interval a nd is 
sto red in a frequency array in the computer. During the next hea rt cycle the 
frequency is agai n determined a t each poi nt during the Cyc le and the new 
frequency is ave raged with the frequency at the corresponding point in the 
preced ing hea rt cycles. In thi s way a bea t-by-bea t averaged frequency co rres
ponding with each point in the heart cycle is established. Simultaneous 
sa mpling of the pressure pulse a t a ra te of 100 sa mples/sec is ca rried ou t. Each 
va lue 0.0 I sec a part is averaged with the va lue occurring at the same time with 
the preceding hea rt cycle. These ave raged va lues are sto red in a pressure a rray 
in the computer. Two arrays have now been establi shed, one conta ining the 
averaged frequen cies, the o ther averaged pressures. These va lues are co n
tinuo usly displayed on a n oscill oscope a nd in thi s way the devel opment of the 
average waveform ca n be fo ll owed. When the frequen cy curve has become 
sta ble a ma nua l interrupt will cause the averaged time-cou rse for both 
pressure and frequency to be recorded o nto digita l tape for further a na lysis. 
The two a rrays a re repl aced with ze ros a nd the averagi ng is res ta rted . In thi s 
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way a series of records can be generated on digital tape for a variety of 
physiologic states for later analysis in phase three of the program. 

This final phase consists of evaluation of the data by use of a model derived 
to predict the time-course of frequency of firing of the nerve with the time
course of pressure in the carotid sinus as the forcing function. From previous 
work two important facts about carotid sinus receptor mechanisms were 
known. These are represented by the equation at the top of Fig. 4. The first 
was the sensitivity of the receptors to the rate of change of pressure. 2 This is 
most evident during the positive rate of change of systole and less marked 
during the negative rate of change of diastole. The second fact was establi shed 
by observing that nerve activity in response to a constant pressure input 
remains zero until a threshold pressure is exceeded and then the frequency of 
firing increases with increasing pressure. 3 The term Pt - Pth in Fig. 4 represents 
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FtG. 4. Computer output of simple model-calculated frequency curves (dotted) 
a nd actual curves. Upper cu rves are carotid artery pressure. 

this threshold phenomenon. When P1. is less than threshold pressure, no firing 
due to the threshold term is evident and firing of the nerve is due to the 
positive derivative term alone. When Pt is greater than threshold pressure, 
frequency of firing is influenced by both derivative and threshold terms. 
Successful experiments were performed on five mongrel dogs weighing 10 to 
22 kg, anesthetized with nembutal 30 mgjkg. Positive pressure ventilation was 
maintained with room air during most of the experiments, although some 
recordings were made with the animal off the respirator in order to avoid the 
phasic variations in arteria l pressure which occurred with the respiratory 
cycle. In each experiment, three physiologic pressure level s were produced. 
These consisted of control levels at the dog's normal pressure, elevated level s 
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introduced by an intravenous drip of norepinephrine in saline at a concentra
tion of2 mg of adrenal in hydrochloride in 500 cc of saline and decreased level s 
induced by intravenous drip of hexamethonium at a concentration to 50 mg 
of hexamethonium io n in 500 cc of saline. 

In phase three of the progra m, the digitized data obtained from the first 
two parts is now used by the first approximation of the model described above 
to predict the frequency of firing of the carotid sinus nerve. In order to 
optimize model parameters so that the best correlation between frequency 
curves calculated by the model and the frequency curves obtained from the 
data easy communication of the investigator with the computer is necessary . 
This is facilitated by a peripheral station to the computer consisting of a 
memory oscilloscope and an octal coding switch. 

On initialization of the program , a set of parameters used by the model in 
Fig. 4 are read into the computer from a card reader. After initialization all 
communication with the computer is through the oscilloscope and the four 
digit octal switch. Thus, two important aspects of model building are inherent 
in the system, the first being rapid and accura te calculations, the second, a 
direct link between the in vestigator and the model is possible. 

U sing this first approximat io n to the model as shown in Fig. 4, curves fro m 
each experiment , including a ll three physiologic states, were chosen and 
theoretical frequency curves were predicted. After each ca lculation by the 
model a ll three variables, namely, the input forcing functio n or pressure, the 
output predicted frequency curve and the actua l frequency curve, were 
di spl ayed on the memory osci ll oscope. Here it was possible to visually review 
the result s to see if a good correlation between predicted and measured 
frequency curves had been obtained. If not , then the model parameters were 
varied accordingly using the octa l switch to input the parameter values and 
the curves were recalcul ated using the new parameters. In this way the effects 
of parameter variation on model prediction can be followed and new insight 
into the system obtained . 

When the best fit poss ible has been obtained, the results are displayed on a 
printer along with all pertinent pa rameter values used to obtain the curve. A s 
is seen in Fig. 4, a representation of one such experiment, good matches were 
obtained simply by varying the parameters C and P1,. Even over the small 
pressure range seen in thi s figure P111 varied from 139 mm Hg at high pressure 
levels to 110 mm Hg at lower pressure levels. C was seen to vary from 1.7 to 
6.6 over the same pressure range in thi s experiment. Using the information 
obta ined from the simple model , the derivation of a model which would 
predict the frequency of firing for a given experiment keeping the parameters 
constant in going from o ne ph ysiologic sta te to another was determined. From 
the si mple model another characteristic of the system was a lso observed ; 
namely, that the effect o f the positive derivative was more marked at low 
pressures and the negative derivative more marked at high pressmes. Two 
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sensitivity terms were then included, one for the positive derivative and the 
other for the negative derivative. These were both made a function of mean 
pressure and can be seen as the coefficients of the derivative terms in Fig. 7. 

It was also decided that a new threshold term was needed . To derive this 
term plots were made of C, the sensitivity (LJffLJP) and threshold pressure 
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F IG. 5. Plot of threshold vs. mean pressure. Each different symbol represents one 
experiment. 

c 
I 

0 .9 
0 . 8 
0.7 

0.6 

0.5 

0. 4 

0 . 3 

o.z 

C = SSe- o.o234 tPl 
Co rr. - 0 .942 

p 
190 

FIG. 6. Semi-logarithmic plot of sensitivity vs. mean pressure. 
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against mean p ressure us ing th e values of these terms as determined by the 
simple model in each ex periment. 

In F ig. 5 a plot of th reshold pressure vs. mean pressure is shown. Th reshold 
pressure was found to increase linearl y with mean pressure a nd fo r every 2 mm 
Hg increase in mean pressure, th e threshold pressure increases by I mm Hg. 
A regression analys is was used to determine the best fit of thi s line. The slo pe 
of the line is 0.49 a nd th e intercept is 60.5 mm H g. 

Figure 6 shows a plot of the logarithm of C the sta tic sensitivity, as a func
ti on of mean pressure fo r each experiment. Regression analysis showed that 
fo r every mm Hg increase in mea n pressure, C increases exponentially by 
2. 34 %. A new threshold term was now esta blished as a function of mean 
pressure. 

The model , which now included parameter va lues which varied with mean 
pressure, was used to predict the time-course of firing frequency over the 
wh ole range of physiologica l states. F igure 7 shows plots o f the predicted and 
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F IG . 7. Computer o utput of fi nal m odel-calcul a ted frequency curves (do tted) and 
actu a l curves. 

actual frequency curves for one complete experiment u sing thi s model. T he 
first curve represents the cont rol sta te a t a mea n pressure of 154 mm Hg. The 
correl ation is 0.94. The last curve is a t decreased pressure produced by hexa
meth onium which lowered mean pressure to 107 mm Hg. The correla tion is 
0.89 using the same parameter values as in the control a nd hypertensive sta tes. 

Figure 8 shows th e va ri a ti on of pro portio nal sensitivity with increasing 
mean pressure in six successful single fiber experiments o n five dogs. Sensitivi
ty C varied from 25 to 60 (sec mm Hg)- 1 while Ck was unchanged (0.0234) in 
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Fro. 8. Plot of proportional sensitivity vs. mean pressure. Horizontal line repre
sents data from dog where two separate single units were obtained . 

all four experiments. In the one dog where it was possible to record separately 
from two separate fibers the model parameters were the same for the two fibers 
but for both fibers the parameters differed significantly from those of the other 
clogs. In this dog mean pressure ranged from 151 to 280 mm Hg and the pro
portional sensitivity term ex did not change with increase in mean pressure 
as in the other dogs. This dog had an unusually high arterial mean pressure 
at the beginning of the experiment (150 mm Hg). No firing occurred below a 
mean pressure 140 mm Hg in this dog, while in the other animals activity was 
seen at much lower levels. 

Figure 9 shows the plot of the static sensitivity against threshold. Notice 
that as threshold pressure increases with increase in mean pressure, sensitivity 
decreases. 
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SUMMARY 

Two important co ncepts have been considered in the study of the ca ro tid 
inus recepto r mecha ni sms. The fi rst is that the thresho ld fo r firing due to 

proporti ona l term increases with increasing mean pressure d own to a limit 
a fter which no change in sensitivity occurs. 

A mathematica l model has been described which predicts the time-course 
of frequency of action po tenti als on a single fiber of the carotid sinus nerve 
from the time-course of the carotid a rtery pressure. This system rapidly adapts 
to increase in mean pressure bo th by increas ing the threshold a nd decreasing 
its sen sitivity. 
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DIS CUS SION 

SAGAWA: I wonder whet her I understand you clearly. Did you say tha t o ne part icu lar 
tiber exhi bi ted both a fast adapti ng response component a nd a slow adapting p ropo rtio na l 
re>ponse component ., Did you mea n that the response depends no t o n the type of fiber, but 
the sam e fi ber has two respond ing natu res? 

C HRISTENSEN: o. I meant that the threshold a nd sensitivi ty rapidly adapt to increase in 
mean pressure. This is not to say tha t there a re two separa te mecha nism s in a receptor, o ne 
ca nnot conclude this. 

T ucKMAN: Just o ne po int. Did yo u say there was no firing under 140 mm Hg pressure ~ 
C HRISTENSEN: This is true in o ne dog where I recorded separately fro m two fibers . At the 

beginning o f the experiment the m ea n pressure was at 140 mm Hg. This was the control 
pressure of the dog a t tha t time. 

PETERSON: One o f the things that each o f the investiga tors cou ld mentio n is, if the pre
pa ra tions were a nesthetized and. if so, wha t a nesthetic agent was used, because certnin ly we 
have fo und this is impo rta nt in de termining res ponses. 

CHRISTENSEN: Nembuta l was given to these dogs a t 30 mgfkg. 
WAR NER: I rea lly do not thin k that the anesthes ia is important in s tudying the response 

of the organ it self. It is certainly o f grent importa nce when you a re s tudy ing tra nsfer func
tions through the centra l nervous system. but in ou r experience the level o f anesthesia o f the 
a nima l appears to play no role whatsoever in the tra nsfer function of the orga n itse lf. 

PETERSON: I thin k thi s is something that can rea lly be argued, because particu larly with 
ba rbit urates the acid base levels cha nge. This changes the behav io r o f both the m yoca rdium 
a nd a lso the sm ooth muscle acti vity. 

SCHER: I would like to get this clea r aga in . Docs thi s statement o f adaptation of thresho ld 
mean tha t if one reaches the sa me pressure coming up and coming clown, then m a inta ins it , 
o ne will get a d ifferent firin g level, i.e. tha t the threshold cha nges continuously as a result of 
the past history of pressure a t the recep to r ? A re you say ing the recepto r is complet ely un
stable '' 

PETERSON: Coul d I add to this . was the thresho ld determined by actual m easurement o f 
freque ncy of fibers. electr ica l ac ti vity of the fibers themselves·> 

CHR ISTENSEN: On this thre ho ld, I just say tha t it is ra pidly ada pting to mea n pressure. 
that as the mean pressure ri ses the threshold rises rapidly. a lso. and as menn pressure 
decrcnses the threshold decreases. 
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CoNWAY: I wo uld like to draw Mr. C hristensen out a little bit on this business of adapta
ti on. 1 feel tha t a very essentia l point in the functio n of the ba roreceptors is probably the 
rate of adaptation. He did not say how rap id ly this occu rred , a nd as this section appea rs to 
deal with the properties of the receptors, l wonder whether we could have some discussion 
in that a rea. 

WARNER: In response to Dr. Conway's question I would like to say tha t in this particula r 
study the rate of adaptat io n was not measured, but was in earlier studies which we reponed 
using an a na log computer. In the a na log computer we averaged the response with vary ing 
time constants a nd found what time constant we had to put in to ma tch the transistion from 
one state to a no ther. U nder these c ircumstances we found a time constant fo r the system 
of about seven seconds. This represents the rate of adaptation to the new mea n pressure 
level. 

PETERSON: This is adaptat ion o f what to what? 
WARNER : Adaptation of the constants we described in the preceding paper, tha t is, the 

sensitivity and the threshold are adapting a t approximately the time consta nt of seven 
seconds. 

PETERSON : This is no t the adaptat ion of the receptors in the wall to mechanical changes, 
though? 

WARNER: This is adapta ti on of the receptors in the wa ll to mechan ica l change, yes. 
PETERSON: Seven seconds? 
WARNER : T hat is right. 
ZOTTERMAN: To zero? 
WARNER : No. This is the time constant, which wou ld be two-th irds of the response. 
ALEXANDER: I would like to point o ut that this va lue is just about the viscoelastic time 

constant of the mechanics of the wall. 
H EYMANS : l wo uld say tha t it is adaptation no t of the receptors but of the structures of 

the wall in which the receptors are located. 
WARNER : Of course, the receptors are only importa nt when considered as part of the 

context of the wa ll. So it is the system rela ting pressure to frequency of firing that is adapti ng. 
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HOMER R . WARNER: 

I intend to approach this a little differently than Dr. Wang and I apologize 
because what I will say will be what I have tried to summarize in my own 
mind and is obviously going to be biased by the ideas I had prior to coming 
to this meeting. 

Dr. Peterson has asked me to attempt to tie together in some kind of a 
concept, based on material presented here and what we may know, about the 
elements of the control loop that are outside of the carotid sinus and the 
central nervous system itself. 

Let me first re-emphasize the concept I presented in my paper yesterday; 
namely, that the heart is a constant pressure pump. Let us look at this for a 
moment in terms of what it implies with regard to regulation of the circulation. 

If the heart is a constant pressure pump (and by " constant" here I mean 
constant relative to some reference level that can be reset up and down) the 
regulation of flow through the system then becomes a matter of regulation at 
the local level. 

The studies we heard today regarding exercise and regarding the effects of 
eating, could well be tied into such a hypothesis in which the needs for 
increased blood flow at the tissue level reflect themselves through increased 
end-products of metabolism through local vasodilatation at the local level to 
bring about an increase in flow . 

The second point I would like to mention here concerns the relative roles 
of the vagus and sympathetic effects. We are all agreed, I think , that any 
action that the carotid sinus mechanism has will be affected on the efferent 
side through these two pathways. There has been considerable discussion 
back and forth in various types of experiments as to the relative importance 
of one or the other of these effector pathways. As I mentioned in a comment 
yesterday, an important clue in evaluating whether a reflex effect is being 
mediated through vagal or sympathetic pathways is the time-course of the 
response. We do have mathematical descriptions now of the heart rate 
response and the vasoconstrictor response to these efferent nerves. The 
sympathetic is characterized by a slow response to the onset of stimulation, 
or to a sudden increase in rate of stimulation. The time constant is in the 
neighborhood of 7~ 10 sec. The vagus response, on the other hand, often 
occurs within one heart beat and is extremely fast . And the time-course of 
these variables, I think, should be an important clue in helping us unscramble 
their relative roles under various complicated experimental conditions. 

The off response to stimulation of these, again, is very different. The 
sympathetic heart rate response and the vasoconstrictor response often will 
take as long as 20 or 30 sec to return to its control level. The vagus off response 
does not occur quite as fast as the on response, but within a matter of 2 or 
3 sec it will return to its control level. 
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Finally, I think the role of the carotid sinus in regulating cardiac output 
under a variety of physiologic states discussed in the reports we have heard 
today is consistent; that is, that the cardiac output responses to changes in 
carotid sinus activity are minimal. Although there a re some effects on the 
force of contraction, both the studies in humans by Or. Tuckman and the 
studies that I reported , showed pretty clearly that the carotid sinus mechanism 
has relatively little role in regulating cardiac output per se although it has a 
definite effect on heart rate. Variation in peripheral resistance is apparently 
the dominant mechanism by which arterial pressure is regulated through the 
carotid sinus mechanism. 

PAUL KEzor: 

I was asked to discuss the meaning of what you heard during these two days 
and what has just been summarized by the previous speakers as it relates to 
the mechanism of hypertension. 

I think we all agreed tha t hypertension can be co nsidered a disease of 
regulation. We beard numerous papers and discussions yesterday and today 
regarding how the blood pressure control system works as a whole. Then we 
heard how the individual segments, the carotid baroreceptor system, the 
medullary centers, the effector side function, and the entire system can be tied 
together. We have scanty information in certain a reas and more information 
in others. 

We heard, and we agreed, that the baroreceptors are reset in hypertension. 
We do know that resetting occurs at the receptor site, but we do not know 
what role a change in the receptors themselves, and in the stiffness of the 
arterial wall play in this. There were indications that both are involved, but 
we do not know the degree of their participation. We also do not know 
whether resetting occurs in hypertension in the central nervous system. This 
is a difficult problem and very little work has been done to investigate central 
control of the baroreceptors in hypertension. 

We also heard that there is evidence of " resetting" at the peripheral effector 
site, as Dr. McCubbin has shown to us. In the past we talked about increased 
vascular reactivity in hypertension as an inherent, probably hereditary defect. 
But we have seen that this can be produced by subpressor amounts of angio
tensin. This is a form of resetting of the periphery. N ow we see that there may 
be a whole chain of resetting mechanisms in hypertension. The entire blood 
pressure control loop is perhaps sensitized and the baroreceptors maintain 
the sympathetic output at a normal to increased level through resetting 
without which the angiotensin induced sympathetic potentiation could not be 


