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Abstract 

In conditions of prolonged hypoandrogenemia, changes in the bioelectric activity of the neuromuscular sys-

tem were studied. The study was performed on 24 rats - males of the Wistar 5-6 months old, weighing 180-260 g. 

A model of the hypoandrogenic state was created by bilateral orchiectomy. After 120 days, the animals were 

involved in an acute experiment. Irritation (electrical impulses of a rectangular shape) was applied to the sciatic 

nerve, caused by the action potential was diverted from the calf muscle. We analyzed the threshold, chronaxy, 

latency, refractoriness (by applying double impulses), and the functional stability of the neuromuscular synapse 

by stimulation of the sciatic nerve with packs of 10 impulses. The muscle excitation threshold increased by 333.96 

± 2.17% with indirect and 41.67 ± 4.41% with direct irritation (p <0.01). The latent period increased by 31.93 ± 

2.55%, the amplitude of the response increased by 65.44 ± 5.71%, the duration of the action potential increased 

by 101.99 ± 2.54% compared with the control group (p <0.001). For stimulation with paired stimuli, starting from 

the interval of 3 ms, a significant decrease in the rate of restoration of the amplitude of the response to the test 

stimulus in the group of animals with experimental hypoandrogenemia was revealed. During stimulation with 

bursts of impulses, starting from a frequency of 50 Hz, in animals with orchiectomy, a significant decrease in the 

amplitude of response caused by the tenth stimulus was observed. And at frequencies above 200 Hz, a rhythm 

transformation was observed. 

Thus, in conditions of prolonged hypoandrogenemia, a pronounced decrease in the excitability of the neuro-

muscular apparatus occurs, moreover due to the nervous structures, against the background of a decrease in lability 

and an increase in the phenomenon of homosynaptic depression in the neuromuscular synapses. 
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Introduction. Testosterone regulates lipid, carbo-

hydrate and protein metabolism and modulates the 

functions of various cells and tissues, including muscle. 

In muscles, testosterone increases protein synthesis by 

stimulating androgen receptors and activating ways to 

increase insulin-like growth factor-1; in addition, it pro-

motes the accretion of myonuclear cells and the in-

volvement of satellite cells. Several studies have ob-

served a cross-relationship between low testosterone 

levels and the development of weakness. [6,10] 

To study pathologies of the neuromuscular system, 

mainly clinical research methods are used, among 

which electrophysiological methods, such as 

electromyography and electroneurography, which 

make it possible not only to evaluate the bioelectric 

activity of nerves and muscles, but also to study the rate 

of excitation through the nerve and through 

neuromuscular synapse [8]. 

In view of the foregoing, changes in the bioelectric 

activity of the neuromuscular system occurring in 

conditions of prolonged androgen deficiency were 

studied in more detail. 

Materials and research methods. To achieve 

these goals, a complex of the sciatic nerve and 

gastrocnemius muscle and their synapse is used - a 

classic model of the neuromuscular system. In order to 

approximate the model to real conditions, studies were 

conducted in vivo [1]. 

The study was performed on 24 sexually mature 

white rats - Wistar males aged 5-6 months and weighing 

180-260 g, which were divided into two groups: control 

(n = 10) and experimental (n = 14) ones. A model of a 

hypoandrogenic state was created by bilateral 

orchiectomy [1]. In the control group, only the opening 

of the scrotum membranes was performed, followed by 

suturing. Both groups of animals were kept under 

standard vivarium conditions (t 22 ± 2 °C, light / dark 

cycle - 12/12 h) on a standard diet for 120 days, after 

which the animals were involved in an acute 

experiment. For anesthesia, thiopental sodium was 

administered at a dose of 50 mg / kg weight. The 

prepared sciatic nerve was placed on bipolar irritating 

electrodes. The registration of the action potential (AP) 

from the calf muscle, as well as its direct irritation, was 

carried out using two needle electrodes. [1] 

To record the responses received and their 

subsequent processing, standard equipment was used: 

an electronic stimulator, an amplifier, an analog-to-

digital converter, and a personal computer. 

Statistical processing of the study materials was 

performed with biometric analysis methods 

implemented in EXCEL-2003® and STATISTICA 6.1 

(StatSoft Inc., Serial No. AGAR909E415822FA) 

licensed packages. The calculation of the percentages, 

arithmetic mean and the error of the mean (M ± m) were 

used. Probability was estimated using parametric 

statistics methods (Student's t test). Changes in 

indicators were considered probable at p <0.05. 

All experimental procedures were carried out in 

accordance with the European Council Directive of 24 

November 1986 (86/609 / EEC). 

Results and discussion. The main indicators of 

excitability were analyzed - the latent period (LP) of the 

appearance of the bioelectric response, the threshold of 

excitation, chronaxy, the amplitude and total duration 

of the action potential (AP) of the muscle during its 

indirect irritation, as well as the threshold and chronaxy 

of the calf muscle during its direct stimulation. The 

phenomenon of refractivity was studied by indirect 

double stimulation with an application interval of 1 to 

20 ms, duration 0,3 ms, intensity 2 Th. Stimulation of 

the sciatic nerve with a series of 10 pulses and a 

frequency of 50 to 500 Hz was used to obtain data on 

changes in the processes of homosynaptic depression. 

[1] 

The average value of the excitation threshold of 

the gastrocnemius muscle under indirect stimulation 

was 0.053 ± 0.004 mA (n = 10), in animals with 

experimental hypoandrogenemia it significantly (p 

<0.001) increased to 433.96% (0.23 ± 0.005; n = 14). 

The size of chronaxy of the gastrocnemius muscle with 

indirect irritation was 45.5 ± 4.54 μs (n = 10), in 

animals with experimental hypoandrogenemia this 

indicator did not change significantly, only a tendency 

to decrease by 3.76% was observed (43.79 ± 1.23 μs; n 

= 14). 

In order to study the excitability of the 

gastrocnemius muscle directly, the technique of its 

direct stimulation was applied. When examining the 

threshold, it was found that this indicator in the control 

group was 0.12 ± 0.001 mA (n = 10), and in the group 

of animals with experimental hypoandrogenemia it 

increased to 141.67% (in absolute values 0.17 ± 0.0075 

mA p <0.01, n = 10). 

When studying chronaxy of the gastrocnemius 

muscle under direct stimulation conditions, it was 

found that this indicator was 70.6 ± 3.1 μs in the control 

group and decreased in the group of animals with 

experimental hypoandrogenemia to 60.48% (42.7 ± 

1.48 μs, p <0.01, n = 10). 

As for the parameters of the evoked response, the 

duration of the latent period increased by 31.93% 

compared with the value in the control group, the 

amplitude of the AP increased by 65.44%, the duration 

of the AP increased by 101.99% (p <0.001) (Table. 1). 

Table 1 

Parameters of the excitability of the gastrocnemius muscle with its indirect irritation, M ± m 

AP parameters control Animals with EH 

Latent period 1.19 ± 0.027 ms (n = 10) 1.57 ± 0.04 ms (n = 14) *** 

Duration 3.51 ± 0.11 ms (n = 10) 7.09 ± 0.18 ms (n = 14) *** 

Amplitude 20.95 ± 1.70 mV (n = 10) 34.66 ± 1.98 mV (n = 14) *** 

Note: *** - confidence level p <0.001 
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In response to indirect stimulation with double 

stimuli, starting from the interval of 3 ms, a trend was 

found to decrease the amplitude of AP in response to 

the second stimulus in the group of animals with exper-

imental hypoandrogenemia. Changes value ranged 

from 27.08% to 11.6% (p <0.001, n = 14) compared 

with the control group (n = 10). (Fig. 1). 

Starting with a stimulation frequency of 50 Hz, in 

animals with orchiectomy, there was a clear significant 

tendency to a more pronounced in comparison with the 

control group index inhibition of the amplitude of the 

AP caused by the tenth stimulus. A rhythm transfor-

mation was observed with a decrease in the frequency 

of AP induced by 50% at stimulation frequencies above 

200 Hz in the group with experimental hypoandro-

genemia. In animals of the control group, rhythm trans-

formation was observed at a stimulation frequency of 

more than 400 Hz (Fig. 2). 
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Figure 1 - Dynamics of changes in the amplitude of the action potential of the gastrocnemius muscle caused by a 

test stimulus in case of indirect irritation. 

The confidence level * – p < 0.05, ** – p < 0.01, *** – p < 0.001 in relation to the corresponding values of the 

control group. 1 - control animals; 2 - animals with experimental hypoandrogenemia. 
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Figure 2 - The nature of the changes in the amplitude of the tenth potential of the gastrocnemius muscle during 

its indirect stimulation by a pack of 10 stimuli with a repetition rate of 50 to 500 Hz. 1 - control animals; 2 - ani-

mals with experimental hypoandrogenemia. 

 

In the experiment, complete regeneration of stri-

ated muscle tissue in animals with normal androgen 

levels was accompanied by a short-term increase in the 

expression of SDF CHEMOKINE receptor 4 (CXCR4) 

and hepatocyte growth factor (HGF). The latter is prob-

ably an MSC activation signal, and CXCR4 initiates 

chemotaxis of the activated satellites towards the center 

of damage. Similarly, the expression of FST (fol-

listatin) changed, which is associated with the control 

of filling during the regeneration process, and IGF-1, 

which is responsible for the differentiation of MSCs. 

[9] 

Androgens also regulate the level of BDNF (neu-

rotrophic factor of the brain) in target muscles. Testos-

terone treatment after castration restored the level of 

BDNF to the level of gonado-intact animals. [12] 

It is likely that a violation of the processes of mus-

cle tissue regeneration during natural renewal caused 
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by androgen deficiency caused a decrease in excitabil-

ity in the calf muscle, which manifested itself as an in-

crease in the threshold of excitation. 

There is laboratory evidence that pharmacological 

testosterone treatment increases the level of mRNA en-

coding the synthesis of cholinacetyltransferase 

(CHAT) in the spinal cord motor neuron in adult male 

rats. An increase in the content of CHAT mRNA in mo-

tor neurons can potentially lead to an increase in the 

level of CHAT activity at the axon terminal, thereby in-

creasing the presynaptic ability for the synthesis of ac-

etylcholine [3]. 

It is possible that a lack of androgens causes oppo-

site effects of impaired transmission of excitation 

through the neuromuscular synapse due to a decrease in 

the synthesis of acetylcholine. This may explain an in-

crease in the phenomenon of homosynaptic depression 

and, as a result, a decrease in the lability of the neuro-

muscular apparatus as a whole (Fig. 2). 

Testosterone has a neuroprotective effect in nerve 

fibers and cells. Castration leads to nerve degeneration, 

especially myelin, sheath degeneration. [2] 

Treatment with androgens increases the ability of 

motor neurons to recover from regressive changes and 

restore both axons and dendrites, restoring normal neu-

romuscular function. [4] 

So, testosterone deficiency can lead to various 

forms of nerve degeneration, which can ultimately lead 

even to anatomical changes [7]. This can explain the 

significant increase in the threshold of excitation in the 

gastrocnemius muscle with indirect stimulation, which 

was observed in the group of animals after orchiec-

tomy.  

There is evidence of a strong remyelinating effect 

of testosterone, which is derived from interaction with 

androgen receptors, in the curison model of sustained 

demyelination, where spontaneous recovery of myelin 

cannot be detected [7]. 

The violation of normal myelination of sciatic 

nerve fibers due to hypoandrogenemia, together with a 

distortion of their morphological structure, can lead to 

a decrease in the rate of excitation and, consequently, 

an increase in the duration of the latent period in ani-

mals from the experimental group (Table 1). Another 

reason for the increase in latency may be a decrease in 

the level of intracellular ionized calcium in the presyn-

aptic terminals of motor neurons caused by a lack of 

androgens. 

Androgens can interact with intracellular calcium 

regulators. A further effect of androgen exposure is a 

rapid change in [Ca2+] i [5]. And since modulation of 

calcium levels is a fairly quick reaction that occurs 

within a few seconds to several minutes, it is assumed 

that androgen must bind to some receptor on the cell 

surface to achieve this result [10]. 

Testosterone and its metabolites can interact with 

phospholipids in the membrane bilayer, changing the 

flexibility of the membrane and subsequently changing 

the function of sodium / potassium ATPase and calcium 

ATPase [5]. So, it was shown that molecules that inter-

act with the lipid bilayer reduce the activity of both cat-

ion-activated adenosine-5-triphosphatases, such as so-

dium / potassium-adenosine-5-triphosphatase (Na / K-

ATPase) and calcium-dependent adenosine- 5-triphos-

phatase (Ca2+ -ATPase) [5]. Testosterone, possibly, in-

creases the activity of both Na / K-ATPase and Ca2+ -

ATPase [6]. Acute testosterone therapy causes a dose-

dependent increase in the hydrolytic ability of Ca2+ -

ATPase isolated from the synaptosomal membranes of 

rat cerebral neurons [5]. 

So, a consequence of the lack of androgens can be 

a slowdown in the restoration of the transmembrane ion 

gradient due to a disruption in the functioning of ion 

pumps. The consequence of this is an increase in the 

duration of the refractoriness period, which was re-

vealed in animals with a deficiency of male steroid hor-

mones (Fig. 1). 

It is known that K+ channels in myocytes play a 

key role in the phase of repolarization of the action po-

tential and its duration. Sex steroids can affect the func-

tion of K+ channels by modulating gene expression and 

signaling pathways, which leads to sexual differences 

in electrophysiological and contractile functions. In ad-

dition, sex hormones directly bind to K+ channels or 

auxiliary subunits to modulate the activity of blockers 

and activators of K+ channels. So, testosterone in-

creases repolarization current, ultra-fast current of K+ 

channels, and expression of KV 1.5 protein (voltage-

dependent K+ channels), which leads to a shortening of 

the duration of the action potential of myocytes. [11] 

On the other hand, a lack of testosterone can lead to the 

opposite effect of lengthening the period of refractori-

ness, and therefore the total duration of AP and a de-

crease in lability (Table 1, Fig. 1). 

The metabolite of dihydrotestosterone (DHT) 3α-

diol can interact with the GABAA receptor and lead to 

an increase in intracellular calcium and, therefore, 

membrane potential [5]. Androgen deficiency can 

cause the opposite phenomenon - an increase in the 

transmembrane electric potential, which in turn can 

cause a compensatory increase in the amplitude of the 

induced response of the gastrocnemius muscle in cas-

trated animals. 

Conclusions. Thus, in the conditions of prolonged 

hypoandrogenemia, a marked decrease in excitability 

of the neuromuscular apparatus occurs, mainly due to 

nerve structures, taking into account a 4-fold increase 

in the threshold for the response of the gastrocnemius 

muscle during its indirect irritation. These changes 

were observed against the backdrop of a deterioration 

in temporal characteristics, namely: an increase in the 

duration of the latent period and the period of refracto-

riness caused by AP during indirect irritation of the calf 

muscle, and, as a consequence, a decrease in lability. 

The influence of the experimental state of neuromuscu-

lar connections was manifested in a decrease in the lim-

iting frequency of transmission of excitation through 

synapses, which may indicate an increase in the phe-

nomenon of homosynaptic depression. Unidirectional 

changes in the parameters of the excitability of the gas-

trocnemius muscle with indirect and direct irritation in-

dicate the spread of the influence of low levels of male 

sex hormones in all parts of the neuromuscular com-

plex. 

However, the degree of influence of changes in the 

nerve fibers and central elements of the reflex arc on 
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the excitability of the neuromuscular apparatus and the 

temporal parameters of the induced responses remains 

not entirely clear. It is advisable to continue research on 

the impact of the hypoandrogenic state on the function-

ing of nerve fibers and motor neuron pool. 
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