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To detect c r i t e r i a  of the optimal state of t ransi t ional  p rocesses  during reflex changes in the 
c i rculat ion it is suggested that the dynamics of the responses  of the heart  and blood vesse ls  
to changes in the flow of impulses in their  effector  nerves be compared with respect  to c e r -  
tain a rb i t r a ry  laws and to the law simulating the charac te r  of the change in the optimal state 
during reflex action. In response  to continuous tetanic stimulation of the A + C-f ibers  of the 
tibial nerve in cats,  impulses appear in the vasomotor  nerves of the kidney in a sequence 
which resembles  that used for high-speed optimal control  of cer ta in  engineering objects. An 
electronic device which controls  the pulse frequency of a s t imulator  in accordance with a 
p r o g r a m  simulat ing the exper imental ly  determined dynamics of changes in the flow of im-  
pulses in sympathet ic  nerves  is described. 

General considerat ions on the evolution of the control  sys tems  of the living organism suggest that 
they act in accordance  with laws of optimal control  [2]. To discover  the concrete  mechanisms of this con- 
t ro l  information is required  on the c r i t e r i a  of the most  suitable p rog ram of activity of the various physiol-  
ogical sys tems  and, in par t icu lar ,  during t ransi t ional  p rocesses ,  i.e., during the t ransi t ion f rom one state 
of the sys tem to another. To establ ish the dynamic charac te r i s t i cs  of the objects of the control ,  namely 
the hear t  and blood vesse ls ,  their  response  to a periodic change in the frequency of impulses in efferent 
f ibers is investigated [3]. However, the problem of the c r i t e r i a  of efficiency of control  cannot be solved by 
this method because it is not known how the pulse frequency should be changed in t ime in order  that the 
t rans i t ion  of the object into the new state should take place by the best  (optimal) method. The sea rch  for 
c r i t e r i a  of efficiency can be made eas ie r  if it is f i rs t  established how signals at the output of the control-  
ling sys tem,  i .e. ,  the brain,  vary  in t ime during reflex action. In that case ,  by compar ing the dynamic be-  
havior  of the object (the hear t  and vessels)  during stimulation of their efferent nerves  in accordance with 
cer ta in  a rb i t r a r i ly  chosen laws and with the law simulating the experimental ly  d iscovered changes in ef- 
ferent  impulse activity during ref lex action, the quality of the t ransi t ional  p rocesses  can be assessed  with 
respect  to such c r i t e r i a  as rapidity of action, fluctuation, precis ion,  power- loss ,  and so on. 

This paper gives the resul ts  obtained in an attempt to solve the f i rs t  half of this problem, and a pro-  
graming sys tem designed to simulate the dynamics of changes in the flow of impulses in the sympathet ic  
nerves  of the hear t  in response  to tetanic stimulation of spinal afferents is described. 

E Y P E R I M E N T A L  M E T H O D  A N D  R E S U L T S  

Potentials f rom one of the postganglionic nerves of the kidney were recorded  in cats anesthetized with 
urethane and chloralose (0.5 and 0.03 g / k g  respect ively ,  intravenously),  immobil ized with succinylcholine 
(150 pg /kg .min ) ,  and maintained on art i f icial  respirat ion.  These potentials were amplified and led to an 
e lect ronic  in tegra tor  with forced discharge  at a frequency of 10 sec -1. The output signal f rom the in tegra-  
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Fig. 1. Charac te r  of changes in 
a r te r ia l  p r e s su re  and integral  of 
e lec t r ica l  activity of vasocon-  
s t r i c to r  nerves of the kidney in 
response to st imulation of A + C- 
afferents of the tibial nerve (15 V, 
l m s e c ,  20 sec-~). Per iodic  chan- 
ges in integral  of activity before 
and after stimulation correspond 
to r e sp i r a to ry  modulation of bio- 
potentials. Time m a r k e r  4 sec. 
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Fig. 2. Frequency f of pulse signal 
of p rograming  device as a function 
of t ime (A) and functionaI scheme of 
the device (B). Explanation in text. 

tor  was recorded  on an electronic potentiometer,  the other channel 
of which recorded  the p res su re  measured  by an e lec t romanomete r  
in the carot id artery.  The response  of the vasocons t r ic tor  sys tem 
was evoked by e lect r ical  st imulation of the tibial nerve,  the ampli-  
tude of the stimuli being sufficient to excite only the A- or  the A- 
and C-afferents  of this nerve. Activation of the fibers of each group 
was judged f rom the appearance of potentials in the corresponding 
groups of fibers in the e lec t roneurogram of the stimulated nerve. 

Results showing the change in a r te r ia l  p ressu re  and e lec t r i -  
cal activity in the renal  nerve in response to stimulation of A + C- 
afferents of the tibial nerve at 20 sec -1 are  given in Fig. 1. A t ran-  
sient "positive" signal, much s t ronger  than the spontaneous e lec-  
t r ica l  activity, appeared first .  Its duration usually did not exceed 
2-4 sec. The brain then gave a negative signal, i .e. ,  it inhibited the 
flow of impulses in the cons t r ic tor  fibers.  The activity in the cons-  
t r i c to r  fibers then began to increase  again. As Fig. 1 shows, the 
amplitude of the p r e s s o r  ref lex was entirely determined by the 
s trength of the initial positive signal. When the stimulation ceased,  
the negative signal reappeared (complete inhibition of the flow of 
impulses) ,  after  which the strength of the tonic activity gradually 
returned to its initial level. 

The sequence of changes in the flow of efferent impulses with 
t ime as described above was reproduced consistently on repetit ion 
of the same stimuli,  although during a long experiment the ampli-  
tude and duration of the "positive" and "negative" signals could 
vary. By comparing the responses  in the renal  nerve to s t imula-  
tion of A- fibers alone and of A + C-f ibers  of the tibial nerve,  it was 
found that the phases of the change in the signals in the cons t r ic tor  
f ibers descr ibed above are  formed by the brain only if group C af- 
ferents  are  included in the excitation. 

The sequence of changes in polari ty of the output signals of 
the brain controll ing the blood vesse ls  discovered in these exper i -  
ments was s imi la r  to that used for the control of cer ta in  engineer-  
ing objects when close to optimal rapidity of action is essent ial  [1]. 
By analogy it can be consideredthat ,  during a ref lex change in a r te -  
r ia l  p r e s su re  f rom one level to another,  the vasomotor  s t ruc tures  
of the brain will produce a near -op t imal  signal. 

P R O G R A M I N G  D E V I C E  F O R  M O D E L  E X P E R I M E N T S  

To stimulate the sympathetic fibers of the blood vessels  and 
hear t  in accordance with the law governing the change in strength 
of impulse activity with t ime as shown in Fig. 1, a device was cons-  
t ructed which, by controll ing the t r igger ing  of the s t imulator ,  would 
change the frequency of st imulating pulses f (Fig. 2A). 

When t < t t and t> t 5 the pulse sequence has the background 
frequency f0. Starting f rom an assigned moment of t ime t t the pulse 
frequency changes stepwise during the interval t I = t 5 and re turns  at 
the moment t 5 to its initial value f0. 

The duration of the intervals  At k and the frequency at each interval  can be varied up to 30 see and 
between 0.1 and 100 sec -1. 

A functional scheme of the p rograming  device is shown in Fig. 2B. When the voltage supply is switched 
on, by press ing  the button marked "background adjustment," the t r igge r  T is set in the position 1, c o r r e s -  
ponding to the open position of the gate G 5. A pulse signal f rom the generator ,  with background frequency 
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Fig. 3. Theoret ical  c i rcui t  of p rograming  device. Explanation 
in text. 

f0, thereupon passes  through the gate G 5 to the logical summation circuit  ~. The signal f rom the summation 
c i rcui t  is amplified and led to the "output." 

The t ime intervals  At k are  assigned by the success ive ly  activated t ime re lays  TRk, each of which 
forms a gating pulse of duration Atk. The trai l ing edge of the gating pulse of the preceding time re lay  t r ig -  
gers  the next relay.  The f i rs t  t ime re lay  TR 1 is t r iggered  by the background discharge and signal t r igger  
button at the moment of t ime tl. 

F r o m  the leading edge of the gating pulse f rom TRI, a pulse is formed by means of a combined am- 
p l i f i e r  and shaper  to throw the t r igger  T into the 0 position. The gate G 5 is thereby closed and ar r iva l  of 
the background pulses at the summation circuit  ceases.  The gating pulses of the remaining t ime re lays  in 
turn open the corresponding gates through which pulses f rom the genera tors  PG 1 - PG 4 proceed to the sum- 
mation circuit.  The t ra i l ing edge of the gating pulse of the last  t ime relay TR4, at the moment of t ime ts, 
forms  the pulse which re turns  the t r igger  T to position 1. When this happens, pulses f rom the background 
genera tor  begin to reach  the summat ion circuit .  To change the frequency of the output pulse signal again, 
the button background discharge and signal t r igger  must  again be pressed.  

The theoret ical  c i rcui t  of the p rograming  device developed for this investigation is given in Fig. 3. 
The t ime re lays  have a t r ans i s to r i zed  monost~ble mult ivibrator  circuit.  The duration of the interval  &tk is 
fixed by a circui t  consist ing of variable r e s i s t o r  R = 1 M~2 and capaci tor  C = 10.0 #F  in the collector  of the 
left t rans i s to r .  The t ime-se t t ing  c i rcui t  is connected to the base of the second t r ans i s to r  through a source 
follower on a field t rans is tor .  The high input impedance of the field t r ans i s to r  on the gate side enables gat- 
ing pulses of sufficiently long duration to be obtained despite the relat ively small  capacitance. 

The pulse genera tors  PG k are  of mul t iv ibra tor  type working under se l f -osci l la t ing conditions. The 
duration of the output pulse is fixed by a circuit  of R = 100 k~ and C = 0.5 /~F in the col lector  of the right 
t r ans i s to r .  The pulse repeti t ion period is set by the variable r e s i s t o r  R = 2 M~2 and capaci tor  C = 10.0 pF  
in the col lector  of the left t rans is tor .  This RC-ei rcui t  is connected with the base of the r ight t r ans i s to r  
through a source follower on a field t r ans i s t o r  with high input impedance. 

Type MP41A germanium p -n -p  t r ans i s to r s ,  type KY3 01 sil icon n-p-n  t r ans i s to r s ,  and KP102 sil icon 
field t r ans i s to r s  are used in the circuit.  
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