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Abstract—It has long been recognized that parabiosis and paranecrosis are two close cytological theories that
have demonstrated the intermediate state of the cell between life and death from various scientific positions.
However, they have not previously been shown by anyone at the same time on the same object. This became
the goal of our electron microscopic work. Active and non-excitable membranes of nerve and glial cells under
pessimal inhibition were studied. The main sign of paranecrosis was considered to be denaturation and aggre-
gation of membrane protein, manifested itself in a decrease in its degree of dispersion and dehydration. Para-
biosis was caused by the pessimal frequency of electroactivation of the sympathetic ganglion of white rats. As
a result, the axolemma turned into a thick membrane, reinforced with a fringe and the appearance of desmo-
somes. Protein adherence appeared on the inner side of the neurolemma in the form of pyramids, which, by
retracting, distorted the membrane. Pyramid-like loose aggregates of intermembrane protein were formed in
its bends on the outer sides of the glial and axolemm membranes, which, merging, turned into a kind of hour-
glass and septa. The septa were localized in the intercellular slits of axons and glia and often crossed both
membranes. In chemical synapses, the shell of dendrites turned out to be denser than that of presynaptic
axons. The process of protein aggregation and retraction locally narrows the intercellular axo-axonal and axo-
glial cleft. Gap and tight junctions (GJ and TJ) are formed. In this way, for the first time we obtained the
experimental formation of intercellular membrane contacts that correspond to all morphological features. All
reactive changes that occur de novo are considered as one reversible process of denaturation and aggregation
of the mass of intrinsic and near-membrane proteins developed under the influence of frequency electrical
stimulation. The pulse of the drug is restored within minutes. It is assumed that the revealed changes, parane-
crosis, are a morphological manifestation of parabiosis.
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INTRODUCTION

The membrane is a thin lipid bilayer (70 nm) with
membrane-embedded and peripheral proteins, which
form a single inseparable tangle of protein molecules.
Active neuronal and glial non-excitable membranes
are interconnected. They are divided only for scien-
tific and educational purposes. The membranes are
very dynamic. Membrane proteins can move between
lipids, rotate and diffuse between layers. The binding
role of lipids in the membrane is played by the interac-
tion of hydrophobic fatty acids. Most membrane water
is associated with proteins. Half the weight of mem-
branes is protein. The study of morphological con-
structions and the role of denaturation and aggrega-
tion of perimembrane proteins during electrical stim-
ulation to pessimal inhibition is the aim of this study.
We aim to reveal structural changes in the nervous sys-
tem (paranecrosis) in parabiosis.

It is known that electrical activity enhances the
regeneration of damaged brain nuclei (Nekhendzy
et al., 2006; Jiang et al., 2012). Subthreshold stimula-
tion of fiber networks from the premotor areas is used
to study cortico-subcortical connections (Herbet et al.,
2013; Schucht et al., 2013). Various modifications of
electrical stimulation are widely used in the treatment
of epilepsy (Xu et al., 2016; Mardani et al., 2018) and
recovery of the spinal cord after injuries (Rath et al.,
2018; Calvert et al., 2019; Gerasimenko et al., 2019).
Unfortunately, we were unable to find any data on the
morphology of the nervous system during normal or
pessimal electroactivation. Most studies of the effect
of electrical stimulation on the nervous system consist
of the study of chemical synapses, the size of buds and
soma, the spread of synaptic vesicles, and the theory of
synaptic circulation of mediator vesicles.

In the body almost all tissue cells are in contact
with each other. Adjacent membranes are necessarily
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interconnected chemically and physically. Conse-
quently, multiple detailed descriptions of single cell
membranes are largely incomplete or even defective
(Finkelstein and Ptitsyn, 2012). There is a clear need
to study adjacent neuron-glial membrane interactions
in various living conditions. The aim of the study was
to find out whether the nervous and glial systems have
any morphological equivalents during electrical stim-
ulation and how the reactions of active axon mem-
branes and non-excitable glial membranes to the
impact of frequency impulses differ. Data on the pro-
tein environment and reactions of adjacent neuronal
glial membranes are insufficient. There are no com-
plete data on intercellular structural relationships
between neurocytes and gliocytes. Although struc-
tures such as additional loose pyramidal protrusions,
bridges, septa, and fringes can affect neuron excitabil-
ity (Ogawa and Rasband, 2008).

MATERIALS AND METHODS

The object of the study were the truncus sympathi-
cus of 10 white Wistar rats. The experiments were car-
ried out in accordance with the requirements of the
Council of the European Community (86/609/EEC)
1986 and the recommendations of the ethical commit-
tee of the Pavlov Institute of Physiology. Russian
Academy of Sciences (protocol No. 02/02 dated Feb-
ruary 2, 2022). After dissection of the truncus sym-
pathicus, a single lumbar ganglion was exposed. Its
interganglionic branches were placed in fixed glass
pipettes filled with Ringer’s solution. Excitation was
carried out with an ESU-1 electrical stimulator
(USSR). The current was drawn from the connectors
using isolated non-polarizable silver chloride elec-
trodes and an amplifier. The response was recorded on
an oscilloscope. The truncus sympathicus preparation
was stimulated to achieve the pessimum frequency.
The preparation was stimulated at a frequency of
150 pulses/s (1–2 V, 0.2 ms). After the experiment, the
impulse appeared at the ganglion at 9–12 min. After
cessation of stimulation, action potentials (AP) recov-
ered within minutes. After the electrophysiological
experiment, the lumbar ganglion was fixed for 1 h in a
2.5% solution of glutaraldehyde (Acros Organics,
USA) and 4% paraformaldehyde, prepared in 0.1 M
cacodylate buffer pH 7.4 (Sigma, Israel) at 4°C. Fur-
ther fixation was carried out in a 1% solution of chilled
osmium tetroxide (Sigma-Aldrich, Germany). After
dehydration in ethanol solutions, the material was
poured into a mixture of araldites (Fluka, Switzer-
land). Ultrathin sections were prepared on a Leica
Microsystems ultratome (Austria). Viewing and pho-
tography were carried out using an FEI Tecnai G2
Spirit BioTWIN electron microscope (Netherlands) at
a voltage of 80 kV. It is well known only bilayer phos-
pholipid membranes and denatured proteins that form
internal and near-membrane structures can usually be
impregnated and contrast well in electron microscopy
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of the nervous system (Gayer, 1974; Mironov et al.,
1994). This allows, even in the absence of histochem-
istry, the interpretation of certain morphological
changes such as protein denaturation and aggregation
during electrical stimulation.

Histological methods of fixation are designed to
study the normal structure of organs, tissues and cells.
When structures change, histological methods should
register the effect according to the final result. Histo-
logical fixation is not intended to study the processes
and dynamics of structures. During denaturation and
aggregation, the known natural properties of proteins
are taken into account, such as retraction of aggregates
and an increase in optical density (visibility of the pro-
tein) during its accumulation and fixation. A morpho-
logical study of a known physiological process suggests
a hypothetical connection between the variants of
structures as their dynamics.

In the Materials and Methods section, it is neces-
sary to make a reservation that all the clear and solid
structures presented in the article, fixed in the prepa-
ration, are semi-liquid, gel-like formations in dynam-
ics. Peri-membrane accumulations of proteins, which
form new additional morphological structures in
experiments, will henceforth be referred to as
“fringes” by the authors. Using the term “parabiosis,”
N.E. Vvedensky had in mind significant intravital
changes in the neuron (para—Greek.—“near”). In
English-language journals, the authors unanimously
use the term “parabiosis” as an experimental surgical
connection of the vascular systems of two animals
(Conese et al., 2017).

RESULTS
In response to electrical stimulation, both the

active and non-excitable membranes of the ganglion
truncus simpathicus change, but not simultaneously.
After pessimal frequency stimulation axons were wider
(with thick membranes) than gliocyte membranes
(Fig. 1). The general expansion of the axolemma con-
cerns large areas, but this is not a total thickening. It is
noteworthy that this observation corresponds to the
well-known statement about the accumulation of
sodium ions on the inside of the axolemma during
activation. The thickness of the axolemma increases
due to the membranous sections of the axoplasm
(fringe). Such a membrane is also a characteristic fea-
ture of the first section of the axon of the neuron—the
spike generator. It can be concluded that these mor-
phological and physiological phenomena are possibly
interrelated. This appearance of thick membranes in
normal conditions corresponds to those axolemmas
that often deal with electrical AP. Sometimes this layer
of fringe forms structures like small protein pyramids
apex inward towards the axoplasm and resembles the
thick axoplasm of Ranvier’s nodes, the one-sided des-
mosome, the chemical synapse specialization mem-
brane, and the desmosome of the borders of cardiac
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Fig. 1. Comparison of active and non-excitable rat sympathetic trunk ganglion membranes after activation. (а) Аctive and non-
excitable membranes are normal; (b) thick active membrane; (c) fringe expands the axolemma; 1—thick axolemma; 2—thin gli-
olemma; 3—connections of the inner sheets of gliolemmas; arrows, cone-shaped and other fringe deposits under the axon mem-
brane; A—axon; G—glia, here and in Figs. 2–5, 7. Electron microscopy. SW. 26000.
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Fig. 2. The axolemma increases in width due to the growth of the fringe. (а) Fringe of a thick membrane; (b) one- and two-sided
desmosomes; 1—loose fringe, enlarged transitional form of the desmosome; 2—bilateral desmosome; 3—unilateral desmosome.
Electron microscopy. SW. 34000.
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myocytes, i.e., the membranes that often deal with
electrical impulses. Apparently, following the thicken-
ing of axon membranes, a local, more intense protein
membrane, the desmosome, appears in our experi-
ment (Fig. 2). Such structures on a thick membrane
can be unilateral and bilateral. At the same time, the
intermembrane gap may have transverse loose accu-
mulations of protein (Fig. 2a). It is important to note
that in our experiment we are talking about the same
morphological process during drug activation. During
the frequency pessimum, denaturation of membrane
proteins develops, which is consistent with an increase
in adhesion and the appearance of axonal membrane
protein aggregates.

Aggregation of moving protein masses is always by
retraction. Therefore, when a single desmosome is
sharply expressed on a thick axolemma, it begins to
bend the membrane, forming an invagination similar
to endocytosis (Fig. 3a). This often occurs in the pres-
ence of an adhesive bond between the axolemma and
gliolemma or in the absence of the latter. It differs
from endocytosis only by the attachment of a com-
pacted fringe to the axolemma not from the outside,
but from the inside of the membrane. But gradually,
protein aggregates appear in the form of triangular
shadows and inside the intercellular glio-axonal
spaces (Fig. 3a, 2) outside the gliolemma. They appear
to begin to grow from the glial membrane. Moreover,
the thickness of the gliolemma also increases locally.
BIO
This is combined with the manifestation in the inter-
cellular gap of aggregates full of cross bridges (Fig. 4),
bridges, and septate junctions of denatured protein.
Obviously, glia are also involved in the process of axo-
plasm lability. Different forms of these bridges are vis-
ible, from barely noticeable shadow structures of the
gliolemma and intercellular cone-shaped aggregates
on opposite sides of the membranes (hourglass) to
connections and the formation of clear rectangular
septa (Fig. 4d). Next to the groups of septa, there are
multiple, invaginations of the axolemma, that are sim-
ilar to endocytosis, which indicate the continuation of
the same process of axolemma change, despite the
many manifestations of protein aggregation.

Some septa have a certain order (Fig. 5). Protein
osmiophilic aggregates are clearly combined with
enlightenments, with contrasting white spaces devoid
of protein. Perhaps this is a rupture of a long dense
protein impregnated intermembrane strand into single
fragments with retraction. But only some septa are
built in this way, and most of them have irregularities
in the length of the gaps between the septa and differ-
ent OsO4 impregnation densities (Fig. 5) this distin-
guishes them from natural, “normal,” permanent
septa described by other authors. Our experiment sug-
gests that the septa, which are constantly found in
invertebrates and in vertebrates in other parts of the
brain, in the nodes of Ranvier, may also be temporary
structures, not permanent, as many authors suggest.
LOGY BULLETIN REVIEWS  Vol. 13  No. 2  2023
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Fig. 3. Endocytosis with glia inside and without it. (a, d) Cone-shaped fringe with endocytosis; (b, c) curvature of the axolemma
in the region of the unilateral desmosome; 1—cone-shaped protein aggregates on the inner side of the axolemma; 2—developing
cone-shaped aggregation inside and outside the intercellular glio-axonal gap; 3—thick membrane 4—pyramidal cone-shaped
curvature of the axoplasm; arrows, cone-shaped fringe on the cytoplasmic side of the axolemma. Electron microscopy. SW: (а)
35000; (b, c)100000.
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Fig. 4. Neuroendocytosis and membrane septa during frequency electroactivation. (a) Desmosome and neuroendocytosis appear
simultaneously on the same axolemma; (b) intermembrane septa during electrical stimulation; (c) cone-shaped aggregates of
invaginations of the axolemma inside the cell body; (d) bridges at different stages of formation from “cones” to “hourglasses” and
rectangular intermembrane bridges; 1—cone-shaped intracytoplasmic protrusions of the fringe; 2—shadow of a forming septum;
3—neuroendocytosis. Electron microscopy. SW: (а) 18000; (b) 35000; (с) 28000; (d) 40000.
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By form, it appears to be possible to reveal the dynam-
ics of their construction. It is important to note that
protein aggregations are able not only to connect the
glial and axonal membranes of nerve fibers, they are
able to penetrate through both adjacent membranes,
neuronal and glial(Fig. 5c). That is, glia is also
involved in this process of frequency pessimum forma-
tion.

In a single process of protein denaturation and
aggregation, structural changes in the membranes of
chemical synapses should also be noted. They are also
intensively connected to glia by the same bridges
during frequent electrical stimulation. Pyramid-like
axonal accumulations of protein are especially notice-
able in presynaptic specializations (Fig. 6), although
before stimulation, fringes prevailed in the dendrite
specialization in control. Postsynaptic dendrites have
a large membrane thickness, as do axons. The synaptic
specialization of the dendrite is very dense. The inter-
cellular gap is narrowed due to the accumulation of
many protein bridges. The septa here are very thin, but
there are many of them.
BIOLOGY BULLETIN REVIEWS  Vol. 13  No. 2  2023
In addition to local septa, preparations also show
intercellular clefts occupied by osmiophilic black (Fig. 7)
or simply elongated large intercellular spaces. In some
of these structures, both adjacent membranes are nar-
rowed and have the same thickness. They are no dif-
ferent from SC or PC: 7 clear lines (Fig. 7d) or 5 if the
fringe masks the membranes (Fig. 7c), or 3 lines if
both membranes are occupied by osmium black, as
well as aqueous intermembrane expansions (Fig. 7a).
During aggregation and denaturation, proteins are
known to release a significant amount of free water.
Dehydration is an indispensable condition for parane-
crosis. The expansion of the gap after the formation of
the GJ is a sign of released water of the protein on the
sides of the contact.

Axonal-glial contacts can be occupied by a contin-
uous impregnating protein mass and some conver-
gence of neighboring constricted membranes upon
activation. It should be noted that in Fig. 7, intercellu-
lar axo-glial GJs or PCs were found by us during pes-
simal stimulation of autonomic ganglia for the first
time. In our experiments, they occupy small areas of
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Fig. 5. Intercellular septa after pessimal stimulation
according to Vvedensky. (a) Membrane septa of different
lengths and gliolemma of equal thickness with axolemma;
(b) septa of various shapes; (c) septa crossing the neuronal
and glial membranes; 1—glio-axonal superlong septum;
arrows are triangular aggregates. Electron microscopy. SW:
(а) 40000; (b) 24000; (с) 30000.
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Fig. 6. Intercellular denaturation protein aggregates in the
region of the mediator synapse. 1—intermembrane gap; 2—
thin glio-axonal septa; arrows—pyramidal fringe of axo-
lemma; A—axon; G—gliocyte; D—dendrite; P—presyn-
apse. Electron microscopy. SW. 38000.
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membranes, but much larger than septa. The intercel-
lular gaps narrow, forming GJ and PC. This is the first
experimental production of gap axo-glial intermem-
brane junctions while maintaining glia, that is,
between the active and non-excitable membranes. If
narrowing does not occur, such intercellular gaps
filled with osmium black are usually called continuous
junctions by morphologists. Apparently, they repre-
sent stages in the formation of gap junctions.

DISCUSSION

Describing histological fixation as excessive
paranecrotic irritation of proteins, leading to death,
D.N. Nasonov and L.Ya. Alexandrov (1940) assumed
that these two states could not be separated during fix-
ation, and that it was realistic to obtain and fix only
paranecrotic changes. It is possible that this was one of
the reasons for the lack of morphological studies of
parabiosis. However, it turned out that a number of
fixatives, due to their physical abilities, such as OsO4,
glutaraldehyde and some other substances are able to
create a “thin sediment” and rapid hardening of the
drug, preventing the redistribution of proteins, ahead
of “colloidal changes in the protoplasm” (Gayer,
1974; Mironov et al., 1994). Thus, electron micros-
copy gained access to paranecrosis and parabiosis,
although this, of course, does not exclude the appear-
BIO
ance of small artifacts in preparations during fixation
and beyond the resolution of ultramicroscopes.

It is known that during frequency electrical stimu-
lation according to Vvedensky and the onset of pessi-
mal frequency, the sympathetic ganglion of the rat
undergoes a wave of all-round depolarization. The
excitable membrane plays the role of an AP carrier,
while the gliolemma is, as it were, inactive, but our
experiments also show its participation in the fre-
quency pessimum. First of all, attention is drawn to
the denaturation and aggregation of mobile proteins.
The circummembrane proteins of the axolemma grad-
ually form its thickness and pyramid-like aggregates
on the cytoplasmic side of the neurite membrane, on
the same inner side of the membrane where Na+ ions
accumulate with frequency activation. In this way
additional structures appear. Protein aggregates in the
axon, as well as in glia, end with connections of mem-
brane adhesions in the form of rectangular septa that
pierce both membranes. The appearance of new struc-
tures is, perhaps, the first case when, morphologically,
it is possible to obtain not a change in the experiment,
but the de novo construction of protein formations.

The value of the fundamental research carried out
by N.E. Vvedensky undoubtedly plays an important
role in modern neurophysiology. Even in the first
studies of Professor M.A. Masson (Masson, 1837) in
the auto-experiments of pain sensations during fre-
quency stimulation, a surprising phenomenon was
discovered—the cessation of pain at high frequencies
of activation. This phenomenon is currently widely
used in human and animal medicine (Fisher et al.,
2015; Ling et al., 2019; Janjua et al., 2021). His
research didn’t stop there. With continuous activation,
more precisely after it, N.E. Vvedensky discovered
indistinct and incomprehensible noises in the stetho-
scope (Vvedensky, 1952). He understood that this was
LOGY BULLETIN REVIEWS  Vol. 13  No. 2  2023
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Fig. 7. Narrowed intercellular gaps filled with aggregated proteins (gap and tight junctions) and extensions on the sides of the con-
tacts. (a) Gap junction and water expansion of the intercellular gap on the sides of the gap junction; (b) axo-glial gap contact; (c)
axo-axonal tight contact; (d) axo-axon gap contact; 1—triangular intercellular protein aggregates; 2—water expansion of the
intermembrane gap; arrows—slot-like and tight contacts; A—axon; G—glia. Electron microscopy. Magnification: (а, d) 38000;
(b, с) 24000.
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a nervous impulse, but to explain it with a developing
pessimal frequency in the 19th century was impossi-
ble. Nowadays, with the help of oscilloscopes, it is
possible to show this unique, mysterious impulse after
blocking nerve conduction. The appearance of new
electrical synapses that we discovered during electrical
stimulation (Fig. 7) is a possible explanation for this
phenomenon. Deeper study of the frequency pessi-
mum may yet yield additional results.

The morphological data obtained also have general
biological significance. This concerns the unexpected
appearance in the nervous system during electrical
stimulation of tertiary and quaternary structures of
proteins (septum, GJ, etc.). Septa are organelles long
described in cytology. Now they are recognized as
independent and permanent cellular structures, the
origin and nature of which are unknown (Rice et al.,
2021). They are described in invertebrates and verte-
brates between epithelial cells, in the nervous system,
and also in humans in pathology. Septa are even con-
sidered by many as an exclusive feature of some inver-
tebrate species. They are described in daphnia, cock-
roaches, crayfish, beetles, termites, caterpillars, and
worms, mainly between the epitheliocytes and the
cuticle of the animal. They are also described in the
epithelium of organs, for example, salivary glands. We
analyzed 52 studies, and all of them consider these
structures to be permanent formations of a normal
cell, but our experience indicates their temporary,
possibly alterated, formation.

These septa have one thing in common. They nec-
essarily occur together with other cellular organelles,
such as desmosomes, gap, tight and continuous junc-
tions, as if they arose for one reason, at the same time,
that is, just like in our case, after electrical stimulation.
BIOLOGY BULLETIN REVIEWS  Vol. 13  No. 2  2023
The only thing that we have not seen in the articles of
other authors is structures similar to endocytosis,
which are found in large numbers during pessimal
electrical stimulation. Recently, a large number of
articles have appeared on the function of the paran-
odal septa intercept of Ranvier (Vallat et al., 2017;
Manso et al., 2019; Faivre-Sarrailh, 2020). Unfortu-
nately, all the ideas presented in the articles about the
function of these septa are expressed in the form of
unfounded assumptions. Based on in vivo studies of
intercepts, we believe that the variability of intercept
septa are also an indicator of their temporary appear-
ance associated with the experimental conditions
(Sotnikov and Revenko, 2022).

Permeability of phospholipid artificial membranes
generally appears only when peptides and proteins are
introduced into the membrane from an external solu-
tion (Khodorov, 1975). It has long been known that
proteins destabilize membranes by forming small and
large pores. The appearance of newly formed gap
junctions in our preparations allows us to discuss the
pore formation of proteins during electrical stimula-
tion in a new way. Pore-forming proteins come from
many unrelated families. They refer to ion pores and
ion channels. It is known that they tend to change the
size of perforations from 0.7 to 40 nm (Omersa et al.,
2019). It has recently been shown that such proteins
are able to pass through bacteria (Cosentino and
García-Sáez, 2018) and intracellular parasites (Mar-
chioretto et al., 2013; Guerra and Carruthers, 2017). It
is possible that a change in protein conformation, as
we have seen during electrical stimulation, also occurs
with other membrane proteins. The variable diameter
of the pores (channels) is achieved either by incorpo-
rating a different number of protein subunits or by
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stretching the area of the liquid membrane along the
perimeter of the channels. That is, the pores may be
not only ionic, but also larger (Laube et al., 1996).
During aggregation during electrical stimulation of
fibers and bodies of neurons, a new contact of mobile
proteins is possible, which means that an increase in
membrane permeability is also possible. Molecular
modeling suggests that pore amyloid subunits can
assemble into 24-dimensional pore-forming struc-
tures (Kagan, 2012). Potassium channels with two
pores are widely distributed among neurons and glia
(Luo et al., 2021).

It is known that during the fusion of intramem-
brane connexin proteins (numerous different Cx), GJ
channels are formed. We hypothesize that during the
aggregation of denatured proteins during electrical
stimulation, the processes of combining proteins,
which are always enriched in water caves and channels
with high electrical conductivity of membranes, are
also possible. I wonder if the septa disappear after the
restoration of the activity of the drug? This remains to
be seen in the future. Neuronal septa, as it turned out,
also appear when ganglia are treated with 0.4% pro-
nase (Sotnikov, 2019). This means that their appear-
ance confirms the nonspecific properties of the pro-
tein. Characterizing parabiosis and paranecrosis,
D.N. Nasonov, V.Ya. Alexandrov and N.E. Vvedensky
also emphasized the nonspecific nature of paranecro-
sis and parabiosis of these phenomena. The protein
structures noted in the article and the mixing of water
during parabiosis, can apparently be considered a
manifestation of paranecrosis.

CONCLUSIONS

These results confirm that the electrophysiological
process, frequency pessimum is accompanied by
dehydration, denaturation of the near-membrane pro-
tein, and also has an abundant morphological equiva-
lent: dense membranes, desmosomes, endocytosis,
near-membrane protein aggregates, septa and gap
junctions.
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