Trials of the apparatus in practice have shown its reliability in operation and the good
reproducibility of the results.
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QUANTITATIVE ANALYSIS OF STIMULATION FREQUENCY TRANSFORMATION
IN THE NEUROMUSCULAR APPARATUS

B. I. Balanter UDC 612.816

The dependence of the parameters of neuromuscular transmission on the frequency of
stimulation was determined. This dependence was analyzed in relation to "fatigue"
of the synapse arising during prolonged repetitive stimulation of muscle. The
proposed mathematical model and the method of statistical analysis of the records
of evoked responses of the muscle derived from it permit approximate estimates to
be made from the experimental data of parameters quantitatively reflecting fre-
quency (transmission) properties of the neuromuscular apparatus.

KEY WORDS: Electrical activity of muscle; models of neuromuscular transmission;
electromyogram.

Investigation of the dependence of parameters of neuromuscular transmission on the fre-
quency of stimulation is of great importance both to the analysis of the experimental data
and to the diagnosis of diseases associated with the disturbance of this transmission. This
dependence is studied in the investigation described below as it applies to the development
of "fatigue" processes in the synapse during prolonged repetitive indirect stimulation of
a muscle, although the approach to be considered can also be used to analyze other work re-
gimes of the neuromuscular apparatus (NMA).
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The process of fatigue in the peripheral NMA is characterized in particular by the tail-
ing off through a stationary level of work, when for a certain period of time a relatively
stable mean value of the evoked muscle potential is recorded [1].

Under these conditions the mean frequency of the flow of responses (action potentials,
AP) of single muscle fibers arises with an increase in the frequency of stimulation (fgt)
and then, starting with a definite frequency, it falls until transmission is inhibited. At
the beginning of the first phase of a change in fgtr an interval of rhythm reproduction is
usually observed.

The dependence of integral electrical activity of a muscle, as defined by the product
of the mean amplitude of the evoked potentials and fg¢, on the value of fg itself is simi-
lar in character to the patterns of frequency characteristics recorded in single muscle fi-
bers [2].

Changes in the frequency characteristics of the AP flow in the muscle fiber and in the
amplitude of integral evoked activity of the muscle are connected with variations in the
intimate mechanisms of transmission of excitation from nerve to muscle and the parameters
of various structures of the neuromuscular synapse (NMS).

The model suggested in this paper and the method of statistical analysis of records of
evoked muscle responses (the electromyogram, EMG) can be used to determine approximate values
of certain characteristics which reflect quantitatively the frequency (transmission) prop-
erties of the NMA.

To design the model consideration must be paid to some features distinguishing processes
taking place in a single synapse during prolonged stimulation of the muscle by pulses of dif-
ferent frequency, when the reliability factor is lowered and the amplitude of the end-plate
potentials (EPP) comes close to the threshold for the muscle fiber. Under these circum-
stances the mean frequency of responses of a single muscle fiber to stimulation by pulses
above the threshold for the nerve fiber, and with an arbitrary fixed frequency and the mean
amplitudes (m) of the EPPs recorded in this case show changes in the same direction: with
an increase in the value of m the frequency of the AP flow (fresp) rises. The reason why
these dependences are similar in character will be clear from an examination of the process
of formation of the AP flow of the fiber when the EPP exceeds the threshold (h) of the muscle
membrane, assuming constancy of the value of h [3].

It may also be considered, as is usually done during the analysis of neuromuscular
transmission [6, 7], that the quantum composition of the EPP and, correspondingly, its am—
plitude depend in an established regime on the quantity of mediator (A) contained in the
operative (ready for liberation) fraction of its stock. It follows from these premises that
the change in fregp of AP will be of the same character as the change in the value of the
operative mediator, i.e., the value of A as a function of fgt rises steadily in the phase
of potentiation and falls in the phase of depression. The value of A, as it changes con-
tinuously with time, is thus also a function of the frequency of the flow of impulses reach-
ing the terminal of the nerve fiber, i.e., A=A(t, fgi).

The rate of change of A in time 3A/3t or as a functionof the stimulation frequency 8A/3fg:
depends on the parameters of processes taking place in the various components of the mediator
transport system. Basically these rates are dependent on the processes of liberation of
mediator from the operative fraction of the stock and on restoration of the discharged me-
diator as a result of its resynthesis,

It can be taken that the rate of change of A as a function of t and fg+ is influenced
by two groups of antagonistic factors, one group of which is connected with an increase in
the value of A (processes of replenishing of the operative fraction), whereas the other group
(processes of liberation of mediator from this fraction) are associated with its decrease.
These antagonistic factors, which are mentioned in experimental papers [4, 5], can be pre-
cisely defined in terms of a mathematical model of mediator tramsport [8].

It can be concluded from the above description that the empirical dependence of the mean
frequency of AP flow in the muscle fiber on the frequency of stimulation fresp=fresp(fst)
during a fixed time t reflects, although very indirectly, the influence of the two above-
mentioned antagonistic factors on the rate of change of the operative reserve A.
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It can be taken as a first approximation that these factors are linear functions of fgp,
i.e., that the following equations are satisfied:

Wevi—oPiy L
vd= Vg+“dfst ,

where VP and V4 are components of the rate of change of the mean frequency of the responses
fresp of the muscle fiber at different frequencies of stimulation fgt, connected with factors
replenishing the mediator or liberating it from the operative fraction A. Vg and Vg'are the
initial values of these components at a very low frequency of stimulation (under 1 pulse/
sec), and oP and ad are the rates of change of the values of VP and yd during a change in

the frequency of stimulation, i.e., the corresponding components of the second derivative
dzfresp/dfstz-

Equations (1) are examined at values of fg, lower than the frequency at which a complete
block of transmission takes place.

The values of VP and Vd are, generally speaking, also functions of time. However, the
quantitative description of the frequency properties of the NMS given above is satisfied
without regard to the dependence of VP and vd on time. The quantitative description of the
temporal course of potentiation and depression can be given on the basis of the use of a
model of the dynamics of mediator circulation [8].

Only the static characteristics VP=VP(fst) and Vd=Vd(fst) are thus examined. This is
equivalent to stating that these values are considered to be means for a certain sufficiently
short time interval T:

1 1%
VP=— (VP (t,fy;) 01; de—;gvd(t,fst)at.

oOt——y

The rate of change fregp observable experimentally in the function fgt can be determined as
the difference between the values of VP and Vd:

aF
—yp_ yd_9Fresp 2
V=V-v Ofst 2)

The following differential equation canAbe deduced from Eqs. (1) and (2):

aF
afztesp= (V%—Vg) — P+ g (3)

with zero initial conditions:
fresp=o when fgt=0.
Equation (3) has the solution:

1
fresp=Volst — 3 @P -+ O‘d) Fit. (4)

"=vP — yd
where Vo=VP — V¢,
With these assumptions, it is thus found that fresp is a parabolic function of fg¢.

Other approximate equations for the relationship fregp=fresp(fst) can also be determined
similarly by making more sweeping assumptions.

Statistical analysis of the electrical responses of single muscle fibers of the isolated
NMA to stimulation by series of pulses of above-threshold strength and of varied frequency
fst has established differences between NMS based on frequency properties [1]. 1In the pres-
ent investigation a method of calculating the parameters of distribution of muscle fibers
by frequency of rhythm binding f£° and coefficients of potentiation and depression KP and Kkd
was described. Determination of the law of distribution of NMS by the parameters VE, Vg,
aP, and ad is also of great importance for analysis of the properties of synaptic transmis-
sion.

A method of calculating the distributions of NMS by these .parameters can be suggested.
Let us use it as an illustration in the case when the value vd depends only on one unknown
parameter, i.e., it can be written in the form: Vd=adfst. In that case the equations (1)
assume the form:
[ VP=vh—aPfy, (5)
| vid=oadfg.

1276



To calculate the desired distribution of NMS by frequency parameters, let us examine
NMA as a system of independent elements identical in function. It follows from Egs.
(4) and (5) that a single element transforms a sequence of impulses arising in the nerve fi-
ber during frequency stimulation into an AP flow of the muscle fiber in accordance with the
rule:

1 d
fresp:ngst—T(Oﬁp-i—@)fsgt- (6)

By using Campbell's theorem of the moments of a pulsed random process and the rule (6) let
us find the mathematical expectation of integral activity at the output of a system of ele-
ments as a function of stimulation frequency:

k / 1 9 \
M) =S [2} n; (Vf,’ fs[~7(a§+a?) fs‘t)]. (7)
=

where k is the number of groups of elements each numbering nj, with equal frequency param-
eters; S the area of a single AP of a muscle fiber.

The equation (7) at different frequencies fg¢ is a system of linear algebraic equations
the solutéon of which gives the desired distributions of NMS relative to the parameters Vg,
aP, and ad.

The use of the model examined in this paper for the analysis of clinical and experi-
mental data will be described in a separate communication.
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