
1
Running head: Transit of electric currents in the human nervous system: hypothesis
1.      Introduction:
[bookmark: _GoBack]Bioelectrical phenomena may involve the action of electrical currents on neural, muscular and endocrine tissues [1]. The propagation of the nerve impulse occurs predominantly through the flow of sodium and potassium. Changes occur in the permeability of the axon cell membrane. In a resting state in which there are no nerve stimuli, the inner surface of the cell membrane is negatively charged in relation to the outer surface of the membrane. The difference in electrical potential between the two faces of the membrane is mainly due to the action of the sodium and potassium pump or Na+/K+ pump [2].
From the 19th century, several studies made simulations of how the neuronal membrane potential would occur. The Nernst equation (1887) addresses the appearance of an electric potential across the membrane that grows until equilibrium is reached [3]. The limit of entropy in biological systems is the biochemical balance reached at the cellular level in organisms. This statement can be denominated as "dysentropia postulate". The prefix "dys" corresponds to the idea of difficulty. In other words, the biochemical balance hinders the entropy´s degree in a biological system.
An artificial membrane with ion currents greater than 1 mA (milliampere) was used in Goldmann's experiment (1943). If the field applied to the membrane exceeds a few thousand volts per centimeter, there would be a tendency for the ionic conductance to undergo irreversible changes. When a neuron receives a stimulus, it starts to have an action potential. After the nerve impulse passes, the cell membrane returns to its initial polarized state and the neuron resumes its resting state [3].
The action potential generates a variation of energy obtained that can be compared to the act of starting a car. This first energy variation can be called “ignition Δi”, because it is similar to the ignition required to start a vehicle. In Libet's studies, it was observed that this ignition Δi decelerates. There is a moment when this variation of ignition energy becomes a constant electric current or “residual i”, which is what is left over from the ignition energy variation.
Transmission of nerve impulses from one neuron to another occurs through synapses. Action potential conduction is progressively faster in axons of larger diameter and with myelin sheath. In 1952, Alan Lloyd Hodgkin and Andrew Huxley developed equations considering ionic electrodiffusion and the constant return to the resting state of the neuron by the potential difference across the cell membrane [4]. Electric potential differences (ddp) are measured in V (volts), while electric currents are measured in A (amps).
The sodium current (INa) is equal to the sodium conductance (GNa) multiplied by the difference between the membrane potential (E) and the equilibrium potential for the sodium ion (ENa). Depolarization allows the sodium current to increase as the membrane potential is reduced. The relationship between sodium current and voltage was calculated at 0–2 ms after the onset of sudden depolarization and the output sodium current takes time to reach its maximum. Sodium conductance (GNa) can be increased by only a 4 mV reduction in membrane potential. Potassium conductance (GK) is increased with a reduction of 5–6 mV [5].
According to Boltzmann's principle, the proportion of molecules inside the membrane is related to the proportion outside. Based on this principle, Hodgkin and Huxley (1952) suggested that the movement of sodium would depend on the presence of six negative charges at a particular location close to the interior of the membrane. The membrane ion current is the sum of the sodium current (INa), the potassium current (IK) and the other ion current (ICl) [5]. Keynes (1951) concluded that there is a considerable increase in membrane permeability during the action potential [6].
Stimuli of 100 pulses per second increase the flow of potassium into the neuronal membrane about 3.3 times. Stimuli of 100 impulses per second increase the flow of sodium out of the neuronal membrane about 22 times [6]. Studies by Arvanitaki and Chalazonitis (1949) indicate an energy expenditure of approximately 0.8 calories/gram/hour for nervous activity [7]. This expended energy is close to the value of 0.69 calories/gram/hour calculated in the experiment by Beresina and Feng (1932) [8]. If all the resting metabolism energy were used to operate a sodium pump, the efficiency of the mechanism would only need about 6% of the total [9].
Regarding sodium conductance, the most notable difference comes from the fact that the conductance peaks and decays while the membrane voltage is still depolarizing, i.e., going from the typical resting potential of − 65 mV to something close to 10 mV. This phenomenon is called “inactivation”. Hodgkin and Huxley also mathematically expressed the sodium conductance, considering the level of inactivation and gating particles of the sodium channels [5]. 
Hodgkin and Huxley carried out countless tests with the potassium current, until they obtained the characteristic curve of this ion conductance. The particles controlling the ion channel need to be in the open position for potassium to pass through this channel. The opening and closing of these channels is controlled by the electrical voltage in volts applied to the membrane. In summary, Hodgkin and Huxley mathematically expressed the probability that the gating particles are in an open state. It was observed that there was still a flow of residual current, even when the sodium and potassium currents ceased. This residual current is practically all generated due to the flow of chlorine ions, although there are other elements with almost zero relative influence [5].
2.      Methodology
The article consists of a hypothesis about the types of energy generated by the action potential. A review of the literature on the action potential was performed. The objective is to determine the transit of energy generated in the nervous system. This study was based on the work of Benjamin Libet (1960; 1978). The article suggests laws and postulates related to the transit of nerve impulses, from the action potential to the onset of the next impulse. Restructuring the aspects evaluated by Penfield (1958), graphs were constructed referring to the results of the described experiments. From the graphs, it became possible to calculate variations of electric current in the central nervous system and to understand neuronal electromechanics.
3.      Discussions	
      Libet established that human beings take about 0.5 second to become aware of a sensory stimulus. This is the time threshold below which nothing could be felt [10]. This can be interpreted as the “limited performance law”. That is, there is a limit of 0.5 seconds to be aware of a number of occurrences in the environment. Each sensory receptor can process only a number of stimuli at a time. Too many stimuli at once can mask the first stimulus. Libet called "backward masking". That is, there is a sequence in the perception of stimuli that allows a chronological understanding. Once this sequence is modified, there is confusion in the understanding of what happened. This can be interpreted as the “law of interference in the perception of stimuli”.
Sensory receptors transform sensory stimuli into neural signals. Such signals are conducted to the central nervous system. Mechanoreceptors detect mechanical compression, stretching of the receptor or stretching of the tissues adjacent to the receptor. The ignition Δi corresponds to the variation of electric current generated by the action potential. Each receptor relates to a specific ignition Δi. There are thermoreceptors that detect changes in temperature. There are nociceptors that detect physical or chemical tissue damage. There are electromagnetic receptors that detect the light on the retina. The chemoreceptors that detect the taste in the mouth, the smell in the nose, the oxygen level in arterial blood, the osmolality of body fluids and the concentration of carbon dioxide [11].
Sensation modalities are types of sensibility such as sight, hearing, touch, smell, taste and pain. Sensory stimuli generate electrical excitation conducted by a fiber to a specific brain area in the form of nerve impulses. For example, fibers from the retina terminate in visual brain areas. The labelled lines principle concerns the specificity of nerve fibers in transmitting only one modality of sensation [11]. The individual is aware of a sensory stimulus after 0.5 second. From 0.5 second until the memory´s formation of a stimulus that occurred, there is a variation of electrical current. This variation can be called “effective Δi”. The sum of effective Δi relates to short-term memory.
From 0.5 second or 500 ms, the human being becomes aware of the sensory stimulus that occurred. The effective Δi decelerates until it reaches a constant value of residual electric current. Such a moment represents neuronal repolarization. The effective Δi related to the neuronal circuit of vision sums with the effective Δi related to the neuronal circuit of other sensation modalities. This sum occurs throughout the day and results in short-term memory.
Löwenstein (1961) stimulated denuded nerve endings with tips of various diameters. Different areas of the receptor membrane can be excited with the same force, generating greater potential as more areas are stimulated [12]. When a Pacinian corpuscle is stimulated with mechanical pulses of progressively increasing amplitude, the potentials generated are also progressively greater until reaching a latency time or pause of the receptor in which it ceases to send stimuli for some period [13] [14].
According to the article written by de Lima Prado (2016), modified models of the Hodgkin and Huxley equations are used to describe a wider range of neuronal types. Some electrical potential difference (EPD) was detected between the cytoplasm and the extracellular medium. This difference can be attributed to the term “resting membrane potential”. The value of this potential varies from 5 to 100 mV [15].
The main cause of the resting membrane potential is the uneven distribution of ions in the solution on both sides of the membrane. Direct current (DC) potentials are relatively stable or change very slowly. The direct current potentials are observed when measuring differences in electrical potential between two points on the brain (up to 1mV) or on the skin (up to 10mV), inside active glands or sensory organs [1].
An electrical current of 2 mA is almost unnoticed when it passes through a part of our body. Electric current will have serious consequences above 10mA. The electrons and ions mobilized by the tissue cause it to heat up. Such a heating effect is called the “Joule effect”. The electrical current threshold is 2 mA below which nothing can be felt. The measured amplitudes of nerve impulse waves are on the order of microvolts. Such amplitudes vary between 50 and 200 µV depending on the type of activity and the region studied [1]. The wave amplitude threshold is 50 µV below which nothing can be felt.
The minimum duration of the stimulus train varied with pulse intensity, but was about 0.5 second for the time threshold to elicit any conscious sensation [16] [17]. The individual refers an experience to a moment close to the beginning of the sensorial signal. The individual refers to an experience retroactively [18] [19].
      4.      Results:
I. The time threshold is 0.5 second;
II. The electrical current threshold is 2 mA;
III. The wave amplitude threshold is 50 µV.
Penfield implanted electrodes inside the skull. Electrical stimulation of the postcentral gyrus requires pulse repetition frequency to elicit any conscious sensation. A pulse repetition frequency equivalent to 30 pulses per second is represented in graph 1. The graph represents the electrical currents of nerve activity over time. The graph was distributed on a Cartesian plane. On the x-axis or the abscissa, the time in which the nervous stimuli occur is symbolized in tenths of a second. On the y axis or the ordinate, the values of the electric current intensities are symbolized in milliamps (mA).
In graph 1, it is possible to analyze:
1. In 0.1 second, the variation of electric current intensity or Δi is about 7.875 mA – 3.625 mA = 4.25 mA
2. Between 0.1 and 0.2 second, Δi is about 3.625 mA – 2.875 mA = 0.75 mA
3. Between 0.2 and 0.3 second, the Δi is about 2.875 mA – 2.625 mA = 0.25 mA
4. Between 0.3 and 0.4 second, Δi is about 2.625 mA – 2.375 mA = 0.25 mA
5. Between 0.4 and 0.5 second, the Δi is about 2.375 mA – 2.125 mA = 0.25 mA
The conclusion is that there is a variation of 5.75 mA in 0.5 s (4.25 mA + 0.75 mA + 0.25 mA + 0.25 mA + 0.25 mA). This energy variation can be called “ignition Δi”. It is similar to the ignition needed to start a machine. This is the variation of energy to reach 500 ms, which is the time threshold to elicit any conscious sensation. The electric current (i) remains constant after 800 ms. This residual current is similar to the heat dissipated in the work of a machine. The effective Δi occurs between 500 ms and 800 ms.
The residual current is about 1.75 mA. That is, “residual i” = 1.75 mA. Between 500 ms and 800 ms there are 300 ms corresponding to the effective Δi. This electrical current equals about 2.125 mA – 1.75 mA = 0.375 mA. It represents the short time interval in which the perception of nerve stimulation occurs. Multiplying the wave amplitude threshold by the ignition Δi, the first wattage is obtained: 5.75 mA x 50 µV = (5.75 x 10-3) A x (50 x 10-6) V = 2.875 x 102 x 10-9 = 2.875 x 10-7 watts (W). This wattage is a minimum measurement quantity to elicit any conscious sensation in this Libet´s experiment that considered a pulse repetition frequency equivalent to 30 pulses per second.
A pulse repetition frequency equivalent to 60 pulses per second is represented in graph 2. The graph represents the electrical currents of nerve activity over time. The graph was distributed on a Cartesian plane. On the x-axis or the abscissa, the time in which the nervous stimuli occur is symbolized in tenths of a second. On the y axis or the ordinate, the values of the electric current intensities are symbolized in milliamps (mA).
In graph 2, it is possible to analyze:
1. In 0.1 second, the variation of electric current intensity or Δi is about 7.875 mA – 2.5 mA = 5.375 mA
2. Between 0.1 and 0.2 second, Δi is about 2.5 mA – 1.875 mA = 0.625 mA
3. Between 0.2 and 0.3 second, the Δi is about 1.875 mA – 1.625 mA = 0.25 mA
4. Between 0.3 and 0.4 second, Δi is about 1.625 mA – 1.4375 mA = 0.1875 mA
5. Between 0.4 and 0.5 second, the Δi is about 1.4375 mA – 1.3125 mA = 0.125 mA
The second conclusion is that there is a variation of 6.5625 mA in 0.5 s (5.375 mA + 0.625 mA + 0.25 mA + 0.1875 mA + 0.125 mA). This energy variation can also be called “ignition Δi”. This is the variation of energy to reach 500 ms, which is the time threshold to elicit any conscious sensation. In graph 2, it can be seen that ignition Δi is greater than in graph 1. Analogously to the first graph, it is observed that a residual current is also maintained after 800 ms.
 The residual current is about 0.8333 mA. That is, “residual i” = 0.8333 mA. Between 500 ms and 800 ms there are 300 ms corresponding to the effective Δi. This electrical current equals about 1.3125 mA – 0.8333 mA = 0.4792. It represents the short time interval in which the perception of nerve stimulation occurs. Multiplying the wave amplitude threshold by the ignition Δi, the second wattage is obtained: 6.5625 mA x 50 µV = (6.5625 x 10− 3) A x (50 x 10− 6) V = 3.28125 x 102 x 10− 9 = 3.28125 x 10− 7 watts (W). This wattage is a minimum measurement quantity to elicit any conscious sensation in this Libet´s experiment that considered a pulse repetition frequency equivalent to 60 pulses per second.
      5.       Conclusion:
When the pulse repetition frequency is doubled, the ignition Δi increased by 12.39%, the effective Δi increased by 21.80%, and the residual i decreased by 52.39%. Higher pulse rates allow less energy to be dissipated and higher wattage. The wattages were calculated up to the time threshold which is 500 ms. It is necessary to double the wattage value to convert it to joules per second. That is, the joules per second divided by two results in the wattage value. This law can be called the fractioned Joule law.
It is necessary to double the value of wattage to convert to joules per second. The first wattage multiplied by 2 results in: W1 x 2 = 2.875 x 10-7 x 2 = 5.75 x 10-7 joules per second. The second wattage multiplied by 2 results in: W2 x 2 = 3.28125 x 10-7 x 2 = 6.5625 x 10-7 joules per second.
The human nervous system tries to synchronize itself to new occurrences in the external environment. It must be considered that the variation of the electric current is equal to the final electric current minus the initial electric current.
I. ignition Δi + effective Δi = – (final current – initial current).

         The graph 3 represents the calculated wattages up to the time threshold which is 500 ms. This graph was distributed on a Cartesian plane. On the x-axis or the abscissa, the pulse repetition frequency is symbolized in pulse per second (pps). On the y axis or the ordinate, wattages calculated are symbolized in milliamps (mA). Assuming 30 pps, 2.875 x 10-7 watts are used. Assuming 60 pps, 3.28125 x 10-7 watts are used.         
         Brain frequencies vary between 0.5 and 100 Hz. This variation influences the connection matrix between each neuron in the network [20]. One of the expressions used to model such interactions is the so-called “postsynaptic current”. Temperature also influences the equations obtained by Hodgkin-Huxley [21] [22], but the human are homeothermic animals.
         In Libet's experiment, stimuli were applied to subcortical regions. For example, to the white matter below the frontal ocular field, brainstem targets, ventral posterolateral nucleus of the thalamus or NVPL, and medial lemniscus (LM). However, stimuli in the periphery require frequencies of only a single pulse. This single pulse is effective in generating a conscious experience. The pulse repetition frequency of peripheral stimuli does not interfere with the time threshold [23].
         If the pulse repetition frequency in a specific sensory system is insufficient to provoke a sensation, it can provoke substantial electrophysiological responses. In Libet's experiments, direct cortical responses were induced. Furthermore, the electrophysiological response in S1 cortex is similar to the electrophysiological response of a peripheral sensory stimulus [23].
         There are evoked potentials on the skin in response to single-pulse stimuli. The potentials were recorded in the subdural and S1 cortex. Libet hypothesized that adequate neuronal "activations" at brain levels must occur for a minimum substantial period of time [16]. The graph 4 represents the calculated residual currents. This graph was distributed on a Cartesian plane. On the x-axis or the abscissa, the pulse repetition frequency is symbolized in pulse per second (pps). On the y axis or the ordinate, residual currents are symbolized in milliamps (mA). Assuming 30 pps, residual i = 1.75 mA. Assuming 60 pps, residual i = 0.8333 mA.
         Some researchers prefer to use the term “memory codes” instead of “memory”. Memory is part of the mind that projects reality, according to the individual interpretation. Memory codes evoke associations peculiar to each person. For example, although people agree on what a dog is, the word “dog” evokes different memories. These memories are differentiated by the content (e.g. different breeds of dogs that someone knows) and by the person's previous relationship with the animal. Someone who has suffered canine attacks will certainly evoke negative memories when hearing the word “dog” [24].
         The external stimuli are always perceived shortly after our nerves send the impulses to our brain, or through synapses that send the information to the Central Nervous System where the information is interpreted. The awareness of, reaction to, and final understanding of what has happened are elaborated, and also how we acted before the event. What synchronizes our perception of time with events in the external environment is our mental capacity of memory [25].
         What is presented to consciousness has duration, and therefore, a structure in time [26]. Penfield (1958) reported that conscious perception of a peripheral stimulus P could be suppressed by a 'simultaneous' electrical stimulus C in the corresponding cortical somatosensory area [27]. Subjective information can also be analysed mathematically. From 0.5 second until the memory´s formation of a stimulus that occurred, there is a variation of electrical current. This variation can be called “effective Δi”. The sum of effective Δi relates to short-term memory. Long-term memory involves more complex mechanisms that deserve further study.
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