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IThe aim of this review is to gather recent
findings from the literature on how electrical synapses act and how changes in their
structure, with emphasis on conexin 36 in-
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fluences clinical aspects. Research
studies have been selected based
on research topics found in globally recognized databases such as
Web of Science, PubMed, Springer
and Scopus from 2009 to date and
ranked by relevance. Previously, it
was believed that brain functioning
required only electrical circuits for
decision making. However, John
Eccles has proven the predominance of chemical synapses in the nervous system; This hypothesis that
led to discrediting the functionality
of electrical synapses. However,
several studies have described the
structure of the gap junctions and
the mechanisms of the electrical
synapse, which occurs through two
mechanisms: through low resistance interneuronal pathways through
the communicating junctions and
through extracellular electric fields generated by nerve cell activity.
Therefore, it is a fact that this form
of cellular communication has greater clinical applicability such as
synchronization of electrical transmission in different neural groups.
The prime example of this applicability is the existence of mixed
synapses. This feature may be the
key point for clarifying the genesis

of various pathologies associated
with cognitive disorders, learning
and memory deficits.
Introduction
Mediated by junctions made
up of numerous intercellular channels, called connexins, which allow
the direct connection of adjacent
intracellular media, the electrical
synapse were an unexplored field
of study, as it was believed that its
activity was restricted to cold blooded animals, especially when compared with research on the chemical
synapse. Recently, several studies
have joined efforts to unravel the
hypothesis that arose with the widening distribution of electrical
synapse in the human and mammalian brain (ALCAMÍ & PEREDA,
2019).
Synaptic transmission allows
electric current to flow bi-directionally, as well as the flow of small
molecules such as calcium, cyclic AMP and inositol-1, 4,5-triphosphate. Therefore, electrical
synapses almost instantaneously
reproduce current flow to the postsynaptic cell without delaying
cellular communication due to in-
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formation processing caused by the
chemical synapse. The combination
of these characteristics provides the
synapses a synchronicity that ensures their presence and performance
in various vital organs that need this
characteristic for their physiological
functioning (PEREDA, 2014).
Electrical synapsis can be
found in numerous organs and functions of the body, such as: cardiac
contraction, breathing, hormonal regulation, retina and nervous system.
Structural or distribution alterations
of the connexins cause severe dysfunctions in these areas or in other
areas that have the combination of
electrical and chemical synapse
(SZCZUPAK, 2016). Thus, the aim
of this review is to gather recent findings in the literature on how electrical synapses act physiologically
and how this physiology influences
clinical aspects.
Methods
This article consists of a mini
review and was performed by the
authors, through a bibliographic search in the available sources, using
as keywords: “electrical synapse,
synaptic transmission and nervous
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system physiology”. Research studies have been selected based on
research topics found in globally
recognized databases such as Web
of Science, PubMed, Springer
and Scopus from 2009 to date and
ranked by relevance. The information provided in the selected studies
has been carefully evaluated and
is described and discussed in the
following sections.
Physiological Aspects
The origin of electrophysiology began with primary studies by
Galvani in 1791. This same study
shows that brain functioning requires electrophysiological calculations
to meet the need for the short time
required by brain circuits to make
decisions (SILVA, 2010). Nevertheless, proof of the existence of electrical synapses was defined 1950 by
physiologists Edwin Furshpan and
David Potter. The following year,
John Eccles, through experimental
studies, proved the predominance
of chemical synapses in the nervous
system, a hypothesis that led to the
discrediting of the functionality of
electrical synapses (BEAR, 2017).
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However, today, numerous
studies on the themes surrounding
the electric synapse have gained prominence. Knowledge about transmission mechanism is one of them.
Previously, it was only known that
communication through the electrical synapse occurred in a unique way
through communicating and bidirectional sense junctions. Faber (2018)
has been proposed two mechanisms:
through low resistance interneuronal
pathways, through communicating
junctions and through extracellular
electric fields generated by the activity of nerve cells.
The first mechanism occurs
through the passage of electrical
currents generated in the presynaptic neuron to the postsynaptic neuron through a low resistance path
(GOODENOUGH & PAUL, 2009).
This low-resistance pathway occurs
through clusters of connexins, commonly known as the gap junction,
allowing the diffusion of ions responsible for the transport of electric
currents. Of the existing connexins,
only a small portion are involved, namely: Cx30.2, Cx36, Cx45,
Cx50 and Cx57. Of these, Cx36 is
the main connexin of the gap junctions in vertebrates (NAGY, 2018).

The gap junctions, formed by these
connexins, act as a ohmic resistors,
allowing the passage bidirectionally.
therefore, the bidirectional transmission capacity provides electrical synapses with a plastic capacity similar
to that found in chemical synapses
(PALÁCIOS-PRADO, 2014).
The second mechanism does
not yet have its physiology widely
discussed as the mechanism realized
through the gap junctions, therefore,
there is still to be clarified. At first,
Blot and Barbour (2014) define it as
a form of communication performed
through electric fields. These fields
are located in subcellular regions,
such as the initial segment of the
neuron. This feature allows electric synapses mediated by electric
fields quickly, that assists in decision making within a neural circuit.
However, in the sensory regions, the
transmission speed is not capable of
adequate information processing,
impairing the organ’s functionality,
such as the circuits involved in hearing.
Miller (2017) points out that
during all this electrical transmission,
no changes in the action potentials
of the pre and postsynaptic neurons.
This characteristic, related to the ina-
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bility of information processing, gives electrical synapses the capacity
of cellular synchronization, allowing
their performance in specific and vital areas of the human organism.
Thus, one can find electrical
synapse activity in regions where it
is necessary to perform its synchronic activity. This activity begins from
human embryogenesis during the
cell differentiation stage, in which
the uncoupling of neuroblastic cells
located in the germ zones. Electrical
synapses are essential in this germ
period, since it is necessary to occur
to the synchronized action of juvenile neurons so that there is an ontogenetic process without alterations
(Lent, 2010).
After the period of human development, the action of electrical
synapses is present in cardiac cells,
brainstem neurons, hypothalamus
hormone-secreting neurons and retina. In cardiac cells, electrical synapses act on the synchronicity of the
contraction of the cardiac cavities,
allowing the blood flow through the
body. In brainstem neurons, electrical synapses are responsible for
controlling respiratory rhythmicity,
producing, through these neurons,
synchronizing discharge into the res-
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piratory muscles. Already the hypothalamic neurons, responsible for the
secretion of hormones and regulated
by electrical synapses, are capable
of triggering action potentials at the
same time, allowing cells to immediately perform hormone secretion
in the bloodstream. Another characteristic inherent to vertebrates, caused by electrical synapses, relates to
the ganglion cells of the retina. The
human ability to support various
visual stimuli in different intensity
ranges is only possible due to a mechanism triggered by the action of
electrical synapses in the coupling of
ganglion cells, allowing the retina a
wide range perception (LENT, 2010;
PURVES, 2010; PUBLIO, 2014).
Recent studies show the occurrence of mixed synapses. This
fact favors the complexity of changes in the plastic behavior of nerve
cells induced by chemical transmission through the association with
the speed and accuracy provided by
electrical transmission. However,
this complex interrelationship can
lead to relevant pathological complications (ALCAMÍ & PEREDA,
2019) (Figure 1).
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Figure 1: Chemical (A), electrical (B) and mixed (C) synapses in the adult
nervous system. Metabotropic receptors modulate ionotropic receptors, gap junctions
and the release of the synaptic vesicles. Differents conexins form the gap juntions (D).
(Based on PEREDA, 2014).

The electrical and chemical
synapses not work isolated, but in
constant interaction and in different ways (figure 1). Therefore,
the occurrence of these two forms
of synapses is regulated by inter-

connected processes (JABEEN,
2018). The most common mixed
synapse in the body, is located in
the hippocampus and is formed
mainly by chemical glutamatergic
synapses coupled to the electrical
synapse modulated by Cx36. In this
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type of mixed synapse, there is the
participation of two neurotransmitters, glutamate and dopamine, which
act in the regulation of the strength
of the electrical synapses. This regulation can occur through activation
of NMDARs receptors and calcium
/ calmodulin-dependent protein kinase II (CaMKII) or activation of
the metabotropic glutamate receptor
(mGluR). Regulation by activating
mGluR triggers the release of the
endocannabinoid (eCB) in the postsynaptic neuron, activating type 1
cannabinoid receptors (CB1Rs) in
the vicinity of dopaminergic fibers.
The activation of CB1R promotes
the release of dopamine which, by
activating postsynaptic dopamine
D1 receptors (D1Rs) and D5Rs,
provides greater activity of protein
kinase A (PKA), making dopamine
responsible for the simultaneous improvement of the glutamatergic synapse (HAAS, 2016).
Clinical Aspects
Electrical synapses have as
main objective, for clinical application, the synchronization of electrical transmission in different neural
groups. This electrical transmission
is controlled through the cells invol-
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ved in the coupling of the gap junctions. Thus, in order for the electric
current to follow its flow, changes in
the metabolic patterns and the potential of the membranes involved
in the process, such as pH reduction,
membrane depolarization or increase of Ca+2 plasma concentration.
From these changes, the connexons
can react chemically, modifying
the cellular disposition, allowing
the passage of the ionic current and
the molecules involved (MILLER,
2017).
Thus, it can be inferred that
each electrical communication mechanism has a unique way of carrying out current transmission, which makes it impossible to exclude
one or the other, but does not prevent
the combination of one (mediated
by gap junction or by electric fields)
with chemical synapses, in order to
guarantee a better functioning of the
organism (FABER, 2018).
Neurological and psychiatric
disorders are commonly associated
with dysfunction in mixed synapses,
especially those that occur in the
period of human development. For
example, juvenile myoclonic epilepsy, which has its genesis associated with a deletion in Cx36, whose
expression is modified by nucleotide
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polymorphisms. In addition to this
pathology, the presence of a glutamine deletion triggers a reduction in
cellular communication by NMDA
receptor-activated gap junctions,
resulting in a change in electrical
transmission synchronicity causing
convulsive episodes (PEREDA,
2014).
The association of alterations
in this activity, with dysfunctions
in glutamatergic and dopaminergic transmission help to clarify the
pathophysiology of schizophrenia,
Parkinson’s disease and autism
spectrum disorder. Thus, studies suggest that the identification of these
new possibilities may lead to the establishment of therapies not yet developed (PEREDA, 2014).
Changes in glutamatergic and
dopaminergic transmission related to neurological and psychiatric
disorders are common due to the
dense presence of these neurotransmitters in the central nervous system. Neurodegenerative pathologies
occur due to the neurotoxicity of
glutamate, which assumes this capacity when it is in high concentrations. This occurs due to the release
of glutamate by the injured neurons,
promoting the activation of the NMDAR receptor and calcium overload

at the injury site. This situation generates an increase in the gap junction
permeability, which, when linked to
the mGluR present in the Cx36, amplifies the neural damage. Cognitive
deficits occur due to the inactivation
of the D1 receptor, which acts mainly in the memory-generating processes present in the prefrontal cortex
and hippocampus (BELOUSOV,
2013).
Other pathologies are associated with mixed synapses, specifically due to the occurrence of
genetic deletion in Cx36. This connexin is present in neurons in the
neocortex, hippocampus and thalamus, involved in many brain functions. In mammals, the majority of
gap junctions in the brain are made
up of Cx36, responsible for synchronizing the neuronal oscillatory patterns of the hippocampus, necessary
for emotional memories (SHYU,
2019). The deletions of Cx36 alter
the normal oscillatory activity of
the gamma frequency. These changes are associated with cognitive
disorders, learning and memory
deficits (BUZSÁKI, 2012). These
synapses, when associated with the
GABAergic synapses present in the
internal network of fast-paced cells,
contribute to the temporal precision
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of neuronal discharges through their
synchronicity. However, this association promotes attenuation of the
delay in cellular activity.

Studies have been demonstrated that
the deletion of the Cx36, promotes impaired learning and affect the
neuronal plasticity (POSTUSZNY,
2014) (Figure 2).

Figure 2: Mixed and eletrical synapsis in neurological diseases.
A: dysfunctions of chemical synapsis modulation on the electrical synapsis increase
the cellular damage; B: Deletion or changes in the structure of the connexons cause
impairment of the electrical communication.

Conclusion
In recente years the study of
electrical synapses has gained prominence. The mechanisms involved in the physiology of its current
transmission have yet to be clarified. However, it is a fact that this
form of cellular communication
has greater clinical applicability.
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The prime example of this applicability is the existence of mixed
synapses, which this feature may
be the key point for clarifying the
genesis of various pathologies.
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