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Abstract—This review aims to consolidate current views on the cells of one of the peripheral nerve
sheath layers, perineurium. The relevance of the subject matter owes the lack of basic knowledge
about the involvement of these cells in the restoration of damaged nerve conductors, as well as the
need to unravel the molecular mechanisms that stimulate the regeneration of damaged nerves. The
review summarizes recent data on the morphofunctional features of the perineurium, phylogenetic
and ontogenetic origins of perineurial cells, and molecular features of the regulation of the blood–
nerve barrier. It accentuates the uniqueness of the ontogenetic origin of the perineurium,
characterizes immunohistochemical markers of perineurial cells, describes the features of the
perineurium in the dorsal root ganglia and spinal nerve roots.
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INTRODUCTION

The perineurium is one of the nerve sheaths,
which consists of cells whose morphofunctional
features make them unique among other cells of
the animal and human organism. The relevance of
studying perineurial cells is due to the lack of basic
information about their involvement in the resto�
ration of damaged nerve conductors, as well as the
need to elucidate the molecular mechanisms that
stimulate nerve regeneration after damage.
Despite the high regenerative ability of peripheral
nerve fibers, it is not always possible to achieve
complete post�traumatic functional recovery of
the nerve using surgical methods [1, 2]. The suc�
cess of neuroplasty and suture techniques used in

clinical practice depends on the degree of nerve
injury. The search for new methods to assess this
degree, as well as methods to stimulate their
regeneration, are in rapid progress now [1–5]. To
develop and improve these methods, it is neces�
sary to study the molecular mechanisms that reg�
ulate the reparative processes in the damaged
nerve and the relationship among the cells that
provide endoneural homeostasis and the func�
tioning of the blood–nerve barrier.

Studies of the morphofunctional features of
nerves in health and disease have been carried out
for many decades, dating back to the classic works
by an English histologist August Waller (1816–
1870) and a Spanish neurobiologist Santiago
Ramуn y Cajal (1852–1934). The results of recent
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studies using immunohistochistry, electron, con�
focal and fluorescence microscopy, Western blot�
ting, PCR, and other methods, are summarized in
a number of monographs and reviews [2, 6–12].
Currently, much of the focus is on the glial ele�
ments of the peripheral nervous system (PNS),
Schwann cells [8, 11, 13, 14]. Other cellular ele�
ments of the nerve remain by far less studied, spe�
cifically it concerns perineurial cells, which,
alongside with Schwann cells, are involved in cre�
ating a microenvironment needed for the growth
and regeneration of axons. The present review
aims to generalize the available literature data on
perineurial cells, their origin in phylo� and ontog�
eny, injury responsiveness, and regenerative
potential.

NERVE SHEATHS

The sheaths that create a microenvironment
ensuring the normal functioning of the nerve fiber
(epineurium, perineurium, endoneurium) were
described as early as the 19th century. They repre�
sent a continuation of the meninges covering the
brain and spinal cord: dura mater, arachnoid
mater and pia mater, respectively [15, 16]. In
some modern studies, they are sometimes called

not sheaths, but parts or layers of nerve conduc�
tors [17]. The term “sheath” accounts for the fine
structure of the nerve (Fig. 1a). Individual nerve
fibers enveloped by Schwann cells are located in
the endoneurium. Among them, there are
myelinated and nonmyelinated fibers. The fasci�
cles of such fibers are enveloped by a perineurial
sheath. The nerve trunk comprising several nerve
fascicles is covered on the outside by the epineu�
rium [7, 9, 10].

The endoneurium contains (apart from nerve
fibers, SCs, capillaries and individual arterioles
with few pericytes) mast cells, resident macro�
phages, fibroblasts, and collagen fibers consisting
of collagen types I and III, which are produced by
fibroblasts and Schwann cells [18]. Blood vessels
penetrate into the endoneurium from the epi�
neurial outer sleeve through the perineurium,
acquiring a sheath of perineurial cells [15]. The
mechanical strength of the nerve trunk is provided
by collagen fibers. The percentage of endoneurial
cells is as follows: account for 10%, 2–9% fall on
macrophages and few mast cells, while the rest of
the cells belongs to peripheral glia, myelinating
and nonmyelinating Schwann cells [18]. Most of
endoneurial vessels receive no innervation.
Importantly, endothelial cells of endoneurial ves�

Fig. 1. A diagram of the sheaths covering the nerve (a) and spine nerve roots (b). I—endoneurium; II—perineurium; III—epi�
neurium; 1—nerve fiber; 2—subperineurial space; 3—basement membrane; 4—collagen fibers; 5—adipocyte; 6—blood vessel;
7—subarachnoid angle; 8—dura mater; 9—arachnoid mater; 10—pia mater; 11—nerve root sheath; SC—spinal cord; G—dor�
sal root ganglion; DR—dorsal root; VR—ventral root; N—nerve. Modified from [46, 49] using our own histological slides.
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sels are interlinked by tight contacts and are
involved, along with perineurial cells, in the for�
mation of a specific blood�nerve barrier [9, 19].

The epineurium is the outer connective�tissue
sheath of the nerve trunk, containing fibroblasts,
mast cells, adipose tissue, numerous type 1 colla�
gen and elastic fibers, blood and lymphatic vessels
[9, 20]. Throughout the entire length of the nerve,
the epineurium has a different thickness, because
its constituent adipose tissue does not form a con�
tinuous layer along, but is concentrated as discrete
islets. Adipose tissue protects nerve fascicles from
compression. It has been shown that the depletion
of adipose tissue in the epineurium during general
exhaustion leads to the development of paralysis
[18]. The epineurial sheath allows the nerve to
retain some mobility, i.e. the ability to lengthen
and shorten to a limited extent. The epineurial
blood vessels are quite permeable. Epineurial
arterial and venous vessels of different calibers
anastomose, thus forming a vasculature, which is
linked with large�caliber arteries and veins run�
ning along the nerve trunk. Epineurial vessels are
amply innervated: sympathetic adrenergic and
peptidergic nerve terminals provide their tone,
constriction and dilation [9]. The innervation of
the nerve sheaths involves thin unmyelinated
axons exiting from the endoneurium of the nerve
trunk (nervi nervorum) [9, 21]. In the epineurium,
there are nervi nervorum that are not associated
with blood vessels and revealed by immunohisto�
chemical reactions to calcitonin gene�related
peptide (CGRP) and peripherin [21]. Lymphatic
vessels of the epineurium are linked with regional
lymph nodes. It is noteworthy that lymphatic ves�
sels are present only in the epineurium, being
absent in other nerve structures [9, 18]. Having
penetrated through the perineurial sheath, epi�
neurial vessels form a vasculature of the inner
sheath of the nerve trunk, endoneurium.

The composite human nerves, containing affer�
ent and efferent fibers and associated with exten�
sive innervation zone, are covered with the
paraneurium on the outside of the epineurium.
This is a connective tissue structure located
between the nerve and muscles [22]. It contains a
large amount of adipose tissue and collagen fibers.
In the recent studies, the paraneurium is often
called circumneurium [22]. For some reasons, the

problem of studying the paraneurium is very topi�
cal and acquires great practical significance [22–
25]. Firstly, it is related with elucidating the pro�
cesses that occur inside and outside the nerve
trunk after surgical interventions or intraneural
injections. In medical practice, it is important to
explore the distribution of local anesthetics used
in anesthesiology, as well as the sequelae of unin�
tentional intraneural injections [26]. Secondly,
changes in the paraneurium can lead to degenera�
tive processes in the nerve trunk itself.

All nerve sheaths and the paraneurium are
structurally and functionally interrelated. The
medium sheath of the nerve trunk, perineurium,
differs in a number of morphofunctional features
not inherent to other nerve sheaths.

FEATURES OF PERINEURIAL CELLS

First light microscopic studies. The results of
structural studies of nerves and their sheaths, car�
ried out as early as the 19th century and even ear�
lier, are surveyed in a number of articles and
monographs [17, 27–29]. The first histological
descriptions of the perineurial sheath date back to
the studies of the German physiologist and ana�
tomic pathologist Friedrich Gustav Jacob Henle
(1809–1885), Swedish physicians and anatomists
Ernst Axel Henrik Key (1832–1901) and Magnus
Gustav Retzius (1842–1919), and French histol�
ogist Louis�Antoine Ranvier (1835–1922). In dif�
ferent years, it was possible to come across various
names for the perineurial sheath, such as the
Henle layer, sheath of Ranvier, neurothelium,
perilemma, etc. Ranvier, when studying the three
sheaths of nerve conductors, called them the
intrafascicular tissue, lamellated sheath, and the
perifascicular tissue. The terms endo�, peri� and
epineurium, which are still being used in neuro�
science, were coined by Key and Retzius.

Studies carried out in the middle of the past
century on several vertebrate species [15, 30]
demonstrated that the perineurial sheath enve�
lopes both common nerve trunks and their seg�
ments, peripheral nerve fascicles. It was shown
that it consists of flattened cells arranged in sev�
eral layers. In the same years, it was proved that
nerve sheaths have a barrier function [27].

The perineurial nerve sheath has some specific
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features in different animals. It has been studied in
detail in fish occupying different rungs of the
“evolutionary ladder”: in a cartilaginous elasmo�
branch fish (shark, Ginglymostoma cirratum) and
in a teleost fish (Danio rerio). It was found that the
shark perineurium consists of as few as three cell
layers [30]. In the zebrafish Danio rerio, the peri�
neurial sheath shows a structural similarity with
the mammalian perineurium. In zebrafish larvae,
it was shown that perineurial progenitor cells
migrate from the ventral part of the developing
spinal cord [31, 32]. In amphibians, specifically in
a frog, in contrast to mammals whose perineu�
rium comprises 4–5 layers of perineurial cells
[15], and humans, where the number of cell layers
ranges from 8 to 18 [10] (according to some
reports, up to 20), the perineurium is not a lami�
nar structure and consists of two layers that are
stained on histological preparations in different
colors (Mallory’s staining) [27]. The morphology
of the perineurium in birds is similar to that in
mammals. Studies of the sciatic nerve, carried out
on chickens and their embryos, have shown that
perineurial features, characteristic of an adult,
form at the age of 10–20 days [33]. It should be
noted that there are no works in the literature that
would generalize data on the evolutionary pat�
terns of the perineurium development in phylo�
genesis. There are only separate studies devoted to
a comparison of the paraneurium (circumneu�
rium) structure in animals of different taxa [24,
34].

Ultrastructural studies of perineurial cells. The
structure of the perineurial sheath in different ani�
mals and humans has been studied in more detail
using electron microscopy and the freeze�etching
technique [6, 7, 10, 18, 35]. It was established that
the perineurium that envelopes the nerve fascicle
consists of several layers of flattened cells interlaid
with collagen fibers of connective tissue. Each
layer is formed by polygonal cells tightly inter�
linked via specialized contacts. The number of
perineurial cell layers depends on the thickness of
the fascicle [17]. In humans, the number of peri�
neurial cell layers in the sciatic nerve varies from 8
to 18 [10], and the thickness of the perineural
sheath reaches 20 μm. The laminar arrangement
of the perineurium, described previously in stud�
ies performed at the light�optical level, was con�

firmed and detailed by electron microscopy. It
was found that each layer of perineurial cells is
covered on either side with the basement mem�
branes. Between the layers of perineurial cells,
along with type IV collagen fibers (675 to 765 nm
in diameter), there are extracellular matrix pro�
teins, such as fibronectin and laminin, as well as
glycosaminoglycans [36, 37]. The nuclei of peri�
neurial cells, like the cells themselves, are typi�
cally flattened. Electron microscopic studies of
perineurial cells have revealed cytoplasmic actin�
containing structures resembling actin filaments
in smooth muscle cells [18]. The function of these
structures in perineurial cells is not entirely clear.
Presumably, they provide the contractile proper�
ties of the perineurial sheath, preserve the nerve
fascicle’s shape, and allow this to alter when dam�
aged. It is also possible that, due to peristaltic
movements, perineurial cells contribute to the
flow of endoneurial fluid along the nerve fascicles.

Within the layer, there are no basal laminae
between adjacent perineurial cells, which are
interconnected via tight junctions. The latter are
produced by marginal cytoplasmic invaginations
of adjacent cells, forming a “zip lock” between
the opposing plasma membranes [7]. Freeze�
etching studies have shown that tight junctions are
much more common in the perineurium than
shown on ultrathin sections [18]. There are also
rare gap contacts indicating the presence of an
active diffusion barrier. It has been shown that
such contacts are more characteristic of the early
periods of ontogeny; therefore, immature nerves
are more sensitive to toxins and infectious agents
[18]. Electron microscopy reveals intracytoplas�
mic pinocytic vesicles and caveolae in the outer
layers of the perineurium [10, 18]. Perineural cells
are able to take up via pinocytosis and transport
various substances from the endoneurial space.

Between the perineurium and endoneurium,
there is a subperineurial space filled with a weakly
basophilic homogeneous matrix, which includes
glycosaminoglycans [38]. It also contains thin
collagen fibers and blood vessels involved in the
formation of the endoneurial microcirculatory
bed. Presumably, the subperineurial space pro�
vides homeostasis and molecular transport [38].

As mentioned above, the perineurium is associ�
ated with the arachnoid mater of the spinal cord.
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As the nerve moves away from the spinal cord
meninges distalward, the number of nerve fasci�
cles increases, and the perineurial sheath becomes
ever thinner. Its termination at the distal end
depends on the fiber type. In unmyelinated fibers,
the perineurium fades away in the area of the
nerve terminals.

In myelinated nerve fibers, the perineurium
ends near the neuromuscular synapses at a dis�
tance of 1–1.5 mm [17]. While ending near the
nerve terminals, the perineurium gradually alters.
It loses the basement membranes and tight junc�
tions, and nerve fibers becomes surrounded only
by an accumulation of single fibroblasts.

In some encapsulated sensory endings, peri�
neurial cells do not disappear, but enter into the
composition of their capsules. This is typical of
Ruffini and Vater–Pacini corpuscles, as well as
similar Timofeew’s bodies, which occur in the
human body in the late prenatal and early postna�
tal periods [39]. It has been shown that in the
encapsulated sensory endings, the perineurium is
represented by a continuous outer, but not inner,
layer. For instance, it has been proven immuno�
histochemically that the outer layers of the Vater�
Pacini corpuscle’s capsule are indeed derivatives
of perineurial cells, while the cells of the inner
layers express S100+ and Leu�7+ proteins and,
therefore, originate from Schwann cells [40].

The structure of the perineurium is heteroge�
neous. Pinã�Oviedo and Ortiz�Hidalgo [17] dis�
tinguish three zones therein: (1) the inner zone,
which is separated from the endoneurium by a
subperineurial space and is formed by a single
layer of perineurial cells connected via mutual
interdigitations and tight junctions; (2) the inter�
mediate zone consisting of several cell layers
whose number depends on the size of the nerve
fascicle and ranges from 3 to 15 concentric layers
(5 to 20 μm wide); and (3) the outer zone, which
is transitional between the perineurium and epi�
neurium. The third zone does not have a laminar
structure, but consists of several wide collagen
bundles similar to those in the epineurium [17].
The modern domestic histological nomenclature
distinguishes two parts of the perineurium: the
epithelioid part (pars epitheloidea) and the fibrous
part (pars fibrosa) [41].

Features of the perineurium in spinal nerve roots

and dorsal root ganglia. The perineurial sheath is
inherent not only to nerves, but also to spinal
roots and ganglia, where its structure has a num�
ber of distinctive features. The ventral (anterior)
root contains the axons of motor neurons. The
dorsal (posterior) root consists of the processes of
sensory neurons located in the dorsal root ganglia.
Their sheaths protect nerve fibers of the roots only
from chemical and mechanical exposures, but not
from deformation and stretching as they are not
elastic enough. Unlike nerve sheaths, root sheaths
are also not suited for suturing [42]. The area of
spinal roots is a transitional zone between the
PNS and CNS. All the details of the transition of
the spinal meninges into nerve sheaths have not
yet been fully elucidated. The CNS–PNS transi�
tion zone also requires further investigation [43].

Outside the subarachnoid space, the ventral
and dorsal spinal roots have three sheaths typical
for peripheral nerves: epineurium, perineurium,
and endoneurium. In the region of the subarach�
noid angle, the epineurium of peripheral nerves
turns into the spinal dura mater (Fig. 1b). The
endoneurium remains unchanged until the area
where the roots contact the spinal cord. In the
area of the subarachnoid angle, the structure of
the perineurial sheath undergoes considerable
alterations [44, 45]. In this zone, the outer part of
the nerve perineurium passes between the spinal
dura mater and arachnoid mater, and the spinal
arachnoid mater coalesces with the outer peri�
neurial layers of the roots [42, 44, 45]. The inner
perineurial layers reach the CNS within the
sheath of spinal roots. An electron microscopic
study of the mutual arrangement of the nerve and
spinal sheaths [46] showed that the inner layers of
the root sheath look like the perineurium of the
nerve trunk. The outer part of this sheath structur�
ally resembles the arachnoid mater, and in some
places, the pia mater [42, 46]. A typical rat spinal
root sheath consists of three or four layers of flat�
tened cells, with cells of the inner layers contain�
ing a large number of pinocytic vesicles and
cytoplasmic vacuoles. In contrast to the perineu�
rium of the nerve trunk, the basement membranes
in the spinal root may have an intermittent struc�
ture [46]. Nearby the spinal cord, perineurial cells
in the spinal roots gradually lose the basement
membrane, the number of collagen fibers
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decreases, the cells become more and more alike
the flattened meningothelial cells that line the spi�
nal meninges [7].

The relationship between the subarachnoid
space and the endoneurium of the spinal root and
peripheral nerve is understudied. Previously, it
was believed that perineurial cells isolate spinal
roots from the subarachnoid space, and due to
this, there is no direct communication between
the subarachnoid space and endoneurium [47].
Currently, tracer studies have established that the
cerebrospinal fluid (CSF) of the subarachnoid
space spreads along all nerves and can transport
various antigens [48]. Some authors suggest that
the dorsal root entry zone and motor exit point
may represent the areas, where the subarachnoid
space contacts the root endoneurium, and is defi�
nitely the site of contact between the endoneurial
fluid and CSF [49]. It still remains unclear how
the CSF flow is realized: through the perineurial
space between the perineurial layers [33], through
the perineurial space between the perineurium
and epineurium [48, 50], or directly via the endo�
neurium [49, 51].

The urgency of solving this issue is tightly asso�
ciated with the problem of the penetration of
pathogens into the CNS organs. Studies per�
formed on the cranial and spinal nerves have
shown that, along with the hematogenous route of
penetration, there is a perineurial invasion of
some pathogens and tumor cells [52–55]. It is also
believed that the continuity between the subperi�
neurial space and the subarachnoid space with its
CSF ensures drug penetration into the brain and
spinal cord.

As for the capsule of the autonomic and spinal
ganglia, it consists of two parts. The inner part is
equivalent to the perineurium of peripheral
nerves, while the outer part represents an enlarged
epineurium containing collagen fibers and fibro�
blasts [56]. The use of tracers (horseradish peroxi�
dase and ferritin) has shown that the inner part of
the superior cervical ganglion capsule in rats and
mice, consisting of several layers of perineural
cells, forms a barrier similar to the blood–nerve
barrier [57]. In this case, the blood vessels of the
ganglion are more permeable than the endoneural
vessels of the nerve. Among them, there are fenes�
trated capillaries. It has been shown that horse�

radish peroxidase (but not large ferritin
molecules) penetrates into such vessels and is
present in perivascular macrophages.

According to modern views, each perineurial
cell layer of the sensory ganglia, like the perineu�
rium of nerve conductors, is limited on both sides
by the basement membranes; the cells of each
layer have numerous tight junctions and desmo�
somes, as well as few gap junctions [58]. Cell lay�
ers are separated by extracellular spaces
containing collagen fibers. The perineurium of
spinal ganglia consists of a larger number of cells
than the perineurium of the nerve. For example,
in a rat, cat and rabbit, the perineurium of the
ganglion has 7–11 cell layers, while in the sciatic
nerve, up to 5. Moreover, in the ganglion, the
perineurial layers themselves are thicker than in
the nerve [7].

Immunohistochemical labeling of the perineu�
rium. The advent of novel immunohistochemical
methods allowing identification of different cell
types through visualization of their specific pro�
teins opened a new era in studying morphofunc�
tional features of the perineurium. Currently, a
host of neuronal and glial markers are widely used
to explore the PNS structures (nerve plexuses,
fibers, terminals, neurons and glial cells) [12, 59–
61]. Meanwhile, the number of immunohisto�
chemical markers for the identification of peri�
neurium cells is not that large.

Immunohistochemical studies have shown that
perineurial cells express vimentin, a ubiquitous
type III intermediate filament protein of mesen�
chymal (connective tissue) cells, as well as the
glucose transporter 1 (GLUT1), epithelial mem�
brane antigen (EMA), but do not express the
Schwann cell�specific S100 protein and nerve cell
markers, such as neurofilament proteins [17].

As noted above, the overlapping polygonal cells
of the perineurium are linked by tight junctions.
Specific proteins of these junctions are used as
markers for perineurial cells. Using the methods
of indirect immunofluorescence and immuno�
electron microscopy, it has been shown that the
tight junction proteins—claudins, ZO�1, occlu�
din—are expressed in the perineurium of the
mammalian and human nerve [62].

Claudins, intercellular adhesion molecules
located in the area of tight junctions, are involved
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in the maintenance of cellular homeostasis, inter�
cellular signal transmission, and cytoskeleton
organization [63]. Claudin�1 (Cldn1) is expressed
in the PNS and CNS as the main protein of the
blood–nerve and blood–brain barriers (BBB).
Studies of peripheral nerves have shown a high
Cldn1 expression in the perineurium of peripheral
nerves, as well as in the Schmidt–Lanterman
incisures and mesaxon [64]. When the rat sciatic
nerve is damaged by ligation, the expression of
Cldn1, Cldn5, and other tight junction proteins
decreases [65]. It this case, using intravenous and
local administration of the Evans blue azo dye, it
was found that the blood–nerve barrier is dis�
rupted, and its restoration only occurs a week later
[65]. It has been noted that spinal ganglion injury
does not entail similar changes [66].

In the mammalian nervous system, species�
specific differences were noted in the presence of
certain claudins. In addition, using real�time
PCR, it was demonstrated that claudin�11 is
expressed in the CNS cells, whereas claudin�19 is
more PNS�specific. Claudin�19 was identified in
the perineurium, as well as in Schwann cells of the
mesaxon area [64, 67]. In the spinal ganglion, this
protein is present in the zone where the processes
of sensory neurons concentrate [66]. The signifi�
cance of claudins is very high: in claudin�19�defi�
cient knockout mice, the normal conductance of
the sciatic nerve is impaired [64, 68].

The tight junction protein ZO�1, which forms
complexes with Cldn1, occludin and cytoskeletal
actin, is an integral part of the blood–nerve bar�
rier and is expressed not only in the perineurium,
but also in the walls of endoneurial blood vessels.
Immunohistochemical staining for ZO�1 reveals a
clear�cut zigzag pattern, which is blurred in neu�
ropathy [69]. In the sciatic nerve of mice and
humans, the expression of the ZO�1 protein has
also been described in myelinating Schwann cells
[64].

Occludin is an integral protein with a molecular
weight of 65 kDa, consisting of four domains. The
N� and C�termini of the occludin molecule are
located on the outer surface of the plasma mem�
brane. Occludin performs a regulatory function
and is associated with other tight junction proteins
[70]. Occludin is expressed in the perineurium of
peripheral nerves, endothelial cells of endoneurial

vessels, as well as in the Schmidt–Lantermann
incisures and mesaxon of myelinating Schwann
cells [64]. Occludin has been shown to colocalize
with another protein of tight contacts, tricellulin
[67].

Such structural cytoskeletal proteins, charac�
teristic of perineurial cells, as talin and vinculin,
are involved in establishing contacts between
perineurial cells and other cellular elements and
extracellular matrix via integrin receptors. It was
found that the talin content in the perineurium
diminishes in diabetes [71].

In immunohistochemical studies of the peri�
neurium, along with proteins of cell contacts, the
proteins of the extracellular space are used as
markers. As noted before, the basement mem�
branes, which contain type IV collagen, are
located between the perineurial cells. Double
immunolabeling of type IV collagen and Cldn1
(as well as other tight junction proteins) made it
possible to study the embryogenesis of the peri�
neurial sheaths of the human sciatic nerve [62].
Immunohistochemical detection of laminin and
integrin is also used in studies of the perineural
membrane [72]. It was established that, under in
vitro conditions, all laminin isoforms can be
expressed both by perineurial cells and endoneur�
ial fibroblasts. However, it was noted that in vivo,
these cell types express different laminin isoforms:
A, B2, and S chains in perineurial cells, in con�
trast to B1, B2, M and S chains in endoneurial
fibroblasts [17].

Another immunohistochemical marker of peri�
neurial cells, typically used in combination with
occludin or laminin labeling, is the reaction for
the protein of cell contacts connexin 43 [73].

Some authors believe that, apart from Cldn1,
the best perineurium markers are EMA and
GLUT1 [17]. EMA belongs to a heterogeneous
family of highly glycosylated transmembrane pro�
teins that were originally found on the surface of
mammary epithelial cells, and that are also pres�
ent in the cells of virtually all epithelial tumors. It
was found that, under normal conditions, this
protein occurs in the cytoplasm of perineurial,
arachnoid and pia mater cells. The GLUT1 pro�
tein belongs to the group of glucose transporters
and was found in many cell types. It has been
shown that GLUT1 occurs all perineurial areas,
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as well as in the endothelium of endoneurial blood
vessels. The normal distribution of GLUT1 was
studied in the PNS and CNS of young and aged
animals, using immunohistochemical methods, in
situ hybridization, and Evans blue perfusion [74].
It was shown that shortly after birth, GLUT1 is
not expressed in the perineurium and appears
only in adult animals in the perineurial sheath of
nerves and spinal roots, as well as in the capsule of
the dorsal root ganglia and in the pia mater. In
humans, it was noted that, at the early stages of
ontogeny, GLUT1 is absent in the fetal perineu�
rium, and is expressed in amounts quite sufficient
for visualization beginning from weeks 22–26 of
gestation [75, 76]. After nerve injury, its content
declines and is restored in the process of regenera�
tion [74, 77].

To date, studies that employ immunohisto�
chemical detection of the above proteins in a ver�
tebrate lineage have been mainly carried out on
the perineurium of laboratory animals (rats and
mice). There are no data on the availability and
characteristics of perineurial markers in other ani�
mal species.

Thus, a study of perineurial cells using classical
histological staining methods and electron
microscopy showed their structural similarity in
different vertebrates and humans. The structure of
the perineurium is complicating in the lineage
leading from amphibians to mammals, as mani�
fested in the multiplication of perineurial cell lay�
ers. In the available literature, we failed to find
any works on the alternative developmental pat�
terns of the perineurial sheath during phylogeny.
The lack of such works may be due to the fact that
the issue of whether perineurial cells belong to a
definite tissue type is still debatable. In 1876, Kay
and Retzius found the resemblance between the
cells forming a sheath that envelopes the nerve
fascicles and endothelial cells and called them
“endothelial�like”.

Ranvier, having describing the laminar
arrangement of the perineurium, emphasized that
each of its lamellae consists of “fibrillar stroma
and endothelium”. Indeed, the structure of cells
in that part of the perineurium, which directly
borders on the endoneurium, is similar to the
endothelium of endoneurial microvessels [78].
There is also a similarity in the structure of inter�

cellular contacts between perineurial and endo�
thelial cells. At the same time, the laminar
structure of the perineurium and the alternation
of tight (zonula occludens) and adhesive (zonula
adherens) cell–cell contacts are characteristic of
epithelial tissues. In this regard, in studies carried
out in the middle of the past century, the perineu�
rium was referred to epithelial tissues [15]; later,
in the 1980s, it was called an “epitheliomorphic”
structure [7], while perineurial cells were chris�
tened “neurothelial epithelioid cells” [79]. In
vitro studies have emphasized an epithelial growth
of perineurial cells [80]. Some authors call peri�
neurial cells modified fibroblasts [18, 81], others
call them epithelioid myofibroblasts [19]. In mod�
ern studies, perineural cells are often referred to as
peripheral glial cells [75, 82–84]. Thus, the nature
and origins of perineurial cells is still under dis�
cussion. A study of the perineurium embryogene�
sis sheds some light on this issue.

EMBRYOGENESIS OF THE 
PERINEURIUM

The ontogenetic development of perineurial
cells was studied in embryos of birds [33] and
rodents [7], as well as in and human fetuses [62,
72, 76, 85]. It was shown that at the initial stage of
embryogenesis, nerve fibers are separated into fas�
cicles by loosely spaced fibroblasts. Later, there
occurs a maturation of the perineurial sheath in
the nerve, i.e. the formation of typical tight junc�
tions between cells and basement membranes
between layers of perineurial cell layers. This pro�
cess coincides with the onset of axonal myelin�
ation.

Electron microscopic studies performed on rats
[7] showed that on prenatal days 10–11, there are
no perineurial sheaths around the embryonic pri�
mordium of peripheral nerves and dorsal root
ganglia. On prenatal day 15, i.e. in the period
when the growing axons get into a relationship
with the Schwann cell precursors, flattened cells
appear on the surface of the developing nerves and
ganglia, and collagen fibers begin to concentrate
around them. On prenatal day 18, when individ�
ual myelinated fibers appear in the developing rat
nerve trunks, there are already 1–2 layers of peri�
neurial cell precursors at the periphery, which
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have a heavily flattened cytoplasm and nucleus
and are interconnected by tight junctions. Two�
three weeks after birth, the structure of the peri�
neurium resembles that of adult animals. A month
after birth, the perineurium begins to perform a
barrier function [86, 87].

Du Plessis et al. [33], when studying the forma�
tion of the chicken perineurium, distinguished
three phases in its development. The early period,
when the embryonic perineurium is just beginning
to organize, the second period, which includes the
differentiation and formation of a multilayer
structure, and the third phase associated with the
formation of a barrier. The authors emphasize
that perineurial differentiation occurs during the
period of active proliferation of neurolemmocytes
(Schwann cells) and is closely related to the
development of axon�neurolemmocyte com�
plexes. Having traced perineurial differentiation
at all stages of the chicken development, the
authors found that perineurial cells are of mesen�
chymal origin, and do not derive from Schwann
cells as previously thought. It has been shown that
differentiation of perineurial cells from the sur�
rounding mesenchymal cells can be influenced by
factors released from growing axons and neurol�
emmocytes. On prenatal day 17, the basement
membranes form in the perineurium, and at the
same time, blood vessels appear in the endoneur�
ial area. The authors consider this period as an
onset of the formation of the blood–nerve barrier.
However, a perineurial laminar organization
inherent to an adult organism, as well as a charac�
teristic ultrastructure of perineurial cells, are only
observed in chickens aged 10 days.

The formation of the perineurium in human
embryos and fetuses was studied using various
methods (electron microscopy, immunohisto�
chemistry, Western blotting) [62, 72, 76, 85]. It
was found that the basement membranes in the
developing sciatic and tibial nerves appear first
around Schwann cells (already at 11 weeks), and
only in the period from weeks 17 to 35, they grad�
ually form around the perineurial cells; tight junc�
tions appear in the perineurium at 14 weeks,
GLUT1 expression starts from weeks 22 to 26. It
has been shown that in the period from weeks 11
to 35, the diameter of the fetal sciatic nerve
increases. This is due to an increase in the diame�

ter of the nerve fascicles, which in turn is associ�
ated with the onset of axonal myelination and an
increase in the amount of the endoneurial extra�
cellular matrix. During these periods, thin septa
extending from the perineurium into the endo�
neurial space divide the fascicles into the smaller
ones. At this time, the nuclei of perineurial cells
have a flattened shape, which resembles that of
the nuclei in perineurial cells of adult animals. As
development advances, there is a gradual increase
in the number of perineurial cell layers.

A study of the appearance of the tight junction
proteins Cldn1, Cldn3, ZO�1, and occludin
during the embryogenesis of the human sciatic
nerve [62] showed that Cldn1 is expressed first,
being identified in the perineurium already at
11 weeks of gestation and forming an intense dot�
ted pattern. Cldn3 and occludin exhibited more
diffuse dotted labeling of the perineurial sheath.
ZO�1, by all appearances, became detectable by
week 35. Thus, in the works of these authors, it
was shown that the perineurial barrier in develop�
ing peripheral nerves matures quite late in
embryogenesis, in the third trimester. In the ear�
lier period, the barrier remains permeable.

Regarding the origins of perineurial cells in
embryogenesis, there is no consensus in the litera�
ture. Cells of the following embryonic primordia
are considered as the sources of perineurium
development: neural crest and ectomesenchyme,
mesenchyme (mesoderm) and neural tube.

The neural crest as the origins of perineurial cells.
Initially, it was believed that perineurial cells are
of neural origin and descend from the cells of the
neural crest [29]. During the embryogenesis of
vertebrates, the neural crest derives from the dor�
sal part of the neural tube. Epidermal neural crest
stem cells (NCSCs) are multipotent and give rise
to many neural and non�neural structures [88–
90]. It has recently been shown that some neural
crest derivatives, e.g., Schwann cell precursors,
retain their multipotency even after birth and can
differentiate into both neural and mesenchymal
cells [91]. As for perineurial cells, there is no com�
plete clarity on the possibility of their descent
from NCSCs. For instance, Joseph et al. (2004)
[92] studied peripheral nerve development using a
Cre�Lox recombination technology to trace the
fate of migrating cells. They found that in the
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developing nerve, NCSCs mainly differentiate
into Schwann cells (more than 75%) and endo�
neurial fibroblasts. The authors emphasized that
neither perineurial cells, nor pericytes, nor endo�
thelial cells derive from NCSCs. However, in the
summary table of the obtained results, it was
pointed out that a small part of perineurial cells
(about 3%), in the area immediately adjacent to
the endoneurium, may nevertheless be derived
from NCSCs.

Anderson et al. [83] set up original experiments
using a three�dimensional model of the develop�
ing nerve to prove the origin of the perineurium
from NCSCs. The dorsal root ganglia of rat
embryos were cultured in a capillary alginate gel
(Capgel™). Ganglion explants, when placed in
Capgel, retained their viability for 35 days and
comprised neurons and satellite glial cells. The
axons of ganglion cells grew into parallel capillar�
ies 30–50 μm in diameter. Laminin, an extracel�
lular matrix protein that promotes axonal growth,
was applied onto the inner surface of the gel capil�
laries. The axons of sensory neurons grew through
the capillaries at a distance of 1 cm as axonal fas�
cicles. A study of the axonal fasciculation dynam�
ics revealed that, along with axons and Schwann
cells, flattened cells formed in the capillary along
the periphery of the fascicle. Using immunohisto�
chemical methods, it was shown that these cells
contained claudin�1, GLUT1 (a mature perineu�
rium marker), and type IV collagen (a basement
membrane marker). The authors believed that,
since the cultures contained only a dorsal root
ganglion explant whose cells derive from the neu�
ral crest, it is quite likely that at least some cells of
the definitive perineurium in this system also orig�
inate from NCSCs.

It is well known that some part of the mesen�
chyme, called ectomesenchyme or mesoectoderm
[93, 94], forms from NCSCs. The ectomesen�
chyme gives rise to adipocytes, chondrocytes,
osteocytes, smooth muscle cells, pericytes, cuta�
neous facial fibroblasts, and many other cell types
[95, 96]. It was previously believed that the
ectomesenchyme engenders the brain and spinal
cord meninges, as well as the perineurial sheath. It
has now been established that the brain meninges
derive from the cells of the cranial neural crest,
whereas the spinal cord meninges are of mesoder�

mal origin [43, 90]. This property also extends to
the perineurium: some of its cells form from the
ectomesenchyme (i.e., they are neural crest deriv�
atives), while the other part is of mesodermal ori�
gin.

Mesodermal origin of perineurial cells. The
mesodermal (mesenchymal) origin of perineurial
cells follows from the results of studies conducted
in vitro. According to some authors, during long�
term culturing, perineurial cells adopt morpho�
logical features inherent to fibroblasts and become
fibroblast�like [97, 98]. However, when compar�
ing perineurial cells with fibroblasts, Kusenas [29]
fairly noted that they differ significantly from the
latter. For example, they are covered by a base�
ment membrane on both sides, while fibroblasts
on the one side only. Furthermore, they are inter�
linked via tight junctions, thus forming character�
istic layers not inherent to fibroblasts in any
organs. The author emphasized yet another dis�
tinctive feature of perineurial cells: a single peri�
neurial cell can envelope a small axonal fascicle,
which is also not typical for fibroblasts. Neverthe�
less, the original in vitro studies [99] demon�
strated a close relationship of fibroblasts (more
precisely, their precursors) with perineurial cells.
When co�culturing embryonic fibroblasts,
obtained from the cranial periosteum, with
Schwann cells and sensory neurons [99], it was
found that a sheath similar to the perineurium
formed around the nerve fascicles developing in
the explants. The authors’ task was to find out
from which cells of this culture the perineurium
can form: Schwann cells (neural crest derivatives)
or fibroblasts (mesodermal derivatives). For this
purpose, Schwann cells and fibroblasts were alter�
nately labeled with retrovirus. It was shown that
developing perineurial cells contained a label only
provided that fibroblasts, but not Schwann cells,
were pre�labeled. Consequently, under the given
in vitro conditions, perineurial cells differentiated
from fibrobasts, but not from Schwann cells or
their precursors.

One more evidence for the mesodermal origin
of perineurial cells is the Renaut corpuscle. These
cylindrical or rounded structures, described by the
French physician Joseph Louis Renaut (1844–
1917) as early as the 19th century, are formed
from the inner layer of the perineurium through
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its invagination into the endoneurium [17, 100].
Renaut corpuscles occur in peripheral nerves of
humans and animals (more often in horses and
donkeys), and their number increases with com�
pression and some other neuropathies. Renaut
bodies contain typical structural components of
connective tissue: fibroblasts, glycosaminogly�
cans, basement membranes and elastic fibers. It
was shown immunohistochemically that Renaut
bodies immunopositive to the perineurial markers
EMA and GLUT1, while being immunonegative
to such a Schwann cell marker as the S100 protein.

Current studies on the development of new
technologies to stimulate the regeneration of
peripheral nerves using stem cells (neural stem/
progenitor cells, mesenchymal stem cells
obtained from various sources, hair follicle stem
cells, etc.) can also serve as evidence of the meso�
dermal origin of perineurial cells [see reviews
101–103]. Using various methods of assessing the
degree of peripheral nerve regeneration (behav�
ioral tests, electrophysiological nerve conduction
studies, histomorphometric analysis), it has been
shown that such a therapy can indeed promote the
regeneration of the recipient’s nerve. These stud�
ies are not only of great applied significance, but
also make it possible to reveal the differentiation
potential of transplanted cells developing under
conditions of an altered microsurrounding. Some
researchers apply NCSCs for experimental cell
therapy [104–106]. It was found that most of the
transplanted cells differentiate into Schwann cells
and express their specific markers (S100β, GFAP)
[104, 105]. Some studies have shown that a part of
the transplanted NCSCs can differentiate not
only into S100β+ Schwann cells, but also into
FSP1+ fibroblasts and CD31+ endotheliocytes of
growing blood vessels [104]. At the same time,
there are no works demonstrating that trans�
planted NCSCs are able to differentiate into peri�
neurial cells. When using bone marrow
mesenchymal stem cells for cell therapy of an
injured nerve, it was shown that some of them can
migrate into the perineurium of a recipient rat and
differentiate into perineurial cells [107, 108]. This
argues in favor of the fact that at least some of the
perineurial cells may be of mesodermal origin.

Neuroectodermal origin of perineurial cells.
When studying migration of perineurial cell pre�

cursors during zebrafish embryogenesis, it was
found that these cells take their origin from the
ventral region of the developing spinal cord and
migrate to the periphery along with the growth of
ventral root fibers [32, 109]. It was also established
that migration and further differentiation of the
precursors are regulated by Notch�dependent sig�
naling pathways [32].

In zebrafish, the perineurium of the motor
nerve consists of Nkx2.2a�containing cells
derived from the CNS [31, 109]. This has been
recently reconfirmed in a study of glial cells in the
motor exit point, carried out on the Zebrabow
(zebrafish Brainbow) transgenic construct, a mul�
tispectral cell labeling tool designed to trace and
analyze clones) [84]. Using this transgenic model,
it was proved that a certain population of glial
cells in the spinal nerve roots, which originates
from Nkx2.2a+ precursors of the ventral spinal
domain, migrates from the CNS during embryo�
genesis. This peripheral glial subpopulation of
central origin forms the perineurium along motor
nerves.

It has recently been established that not only in
fish, but also in mammals, a part of perineurial
cells derives from Nkx2.2+ precursors residing in
the embryonic spinal cord [82]. Using transgenic
mice, it was found that at E15.5, Nkx2.2+ cells are
located in close proximity to α�tubulin�contain�
ing axons of motor neurons at the periphery.
Moreover, it was noted that Nkx2.2 knockout
mice exhibit perineurial defects. It was concluded
that a part of the ventral root perineurium origi�
nate from Nkx2.2+ precursors situated in the ven�
tral region of the spinal cord (presumably, the
p3 progenitor domain). Perineurial cells originat�
ing from CNS cells exit the spinal cord through
the nascent motor exit point and combine with
their peripherally generated counterparts, form�
ing a continuous sheath around motor nerves
[43]. Importantly, such cells are only characteris�
tic of the perineurium in the ventral root of axons
from motor neurons, while the origin of dorsal
root perineurial cells remains unknown [29].

Thus, the perineurium is a unique structure,
whose cells derive from different embryonic pri�
mordia [29, 82, 83, 110]. Nevertheless, in differ�
ent species of animals and humans, the
perineurium and its components share a similar
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structure, which is due to similar functions per�
formed by these cells.

FUNCTIONS OF THE PERINEURIUM

Protective function. One of the major functions
of the nerve sheaths is the mechanical protection
of nerve fibers, which permanently experience
mechanical loads due to changes in body position,
especially limbs. The structure of nerves and their
sheaths allows controlling the local environment
of nerve fibers and modulating physical loads [37].
Nerves have the ability to withstand stretching
and contraction, sliding (excursion) and com�
pression [111]. Changes in the biomechanical
properties of nerves were studied under different
conditions: in varying limb positioning, during
motion, in late ontogeny, as well as in pathology
(diabetes mellitus) [111]. The perineurium modu�
lates external influences, protecting the nerve
from mechanical injury, and provides its mechan�
ical strength [17]. This is reflected in its structure:
maximum thickness of the perineurial sheath (i.e.,
the largest number of cell layers therein) occurs in
the nerves that experience maximum stress, as
well as at the sites where nerve trunks ramify [37].
Perhaps one of the adaptations to mechanical
loads observed during motion and changes in
body positioning is the presence of contractile fil�
aments and vesicles in the cytoplasm of perineural
cells [18, 112].

The perineurium also performs an immunopro�
tective function. Its cells express a number of pro�
teins that regulate the compliment system, such as
inhibitors of the complement system (C1IHN and
C4b�binding protein), inhibitors of the comple�
ment membrane attack complex (glycoprotein
CD59), and the complement decay�accelerating
factor (DAF) [113, 114].

Nerve homeostasis maintenance. Perineurial
cells interconnected via tight junctions in concert
with endotheliocytes of endoneurial capillaries
create the environment needed for the function�
ing of nerve fibers and help maintain the required
pressure of the endoneurial fluid, 2–3 mm Hg
[17, 37]. When the capillaries are damaged due to
trauma, altered pressure of the endoneurial fluid
leads to hyperfusion, ischemia, Schwann cells and
axon injury. Excess fluid removal occurs very

slowly, since the endoneurium lacks lymphatic
vessels [37].

Barrier function. Histo�hematological barriers
are described in various organs; they include the
BBB, blood–ocular, blood–testis and other bar�
riers. The formation of histo�hematological barri�
ers in any organ involves both cellular and non�
cellular components: endotheliocytes, pericytes,
basement membranes, pericapillary space, and
cells of the organs themselves [115]. The barrier
function of the perineurial sheath of peripheral
nerves was discovered in the second half of the
past century [30, 47, 116]. The blood–nerve bar�
rier that occurs in the PNS organs is also called by
some authors the “blood–nerve interface” [49]. It
has now been established that the main compo�
nents of the blood–nerve barrier in the PNS
organs are the inner perineurial layers, which
control the flow of interstitial fluid elements
between the epineurium and endoneurium, and
the endoneurial microvessels, which control the
penetration of ions, dissolved nutrients, water,
macromolecules and leukocytes from the blood�
stream into the endoneurial space [19, 66]. The
endoneurial space extends from the spinal root to
the peripheral nerve endings and is protected from
the penetration of substances that can impair or
block nerve conduction, as well as from the pene�
tration of potential carcinogens [17].

Tracer studies of the perineurial barrier perme�
ability using ferritin [117] or horseradish peroxi�
dase [118, 119] showed that tracer molecules are
unable to penetrate through the perineurium or,
at best, reach only its most superficial layer [118].
According to some authors, a high selectivity of
the perineurial barrier is due to the fact that this
structure is multilayer [38]. Nevertheless, in terms
of permeability, the nerve�tissue barrier in the
PNS is inferior to the BBB. The perineurial bar�
rier is most permeable in the area of nerve end�
ings, where relatively large molecules can
penetrate into the axoplasm, and at the sites of
penetration of epineurial vessels passing through
the perineurium to the endoneurium [17, 38, 49].
Besides, the barrier is absent in the dorsal spinal
roots and in some autonomic ganglia [17]. The
absence of a laminar perineurium, and hence of
the perineurial barrier, characterizes the ganglia
of nerve plexuses located in the walls of the gas�
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trointestinal tract organs.
The relevance of studying the molecular mech�

anisms that regulate the permeability of the
blood–nerve barrier is explained by the fact that
its disruption leads to severe diseases. The main
focus of current studies is on the endothelial com�
ponent of the blood–nerve barrier. It has been
shown that tight junctions between endothelio�
cytes of endoneurial blood vessels are formed by
the same proteins as the contacts between adja�
cent perineurial cells, such as occludin, claudin�5,
ZO�1 and ZO�2 [120]. Recent studies carried out
on cultures of human endoneurial endothelio�
cytes enabled the identification of 133 molecules
of the intercellular junctional complex in these
cells. Under in situ conditions, such proteins as
catenin α1 (CTNNA1), cadherin�5 (CHD5),
cadherin�6 (CDH6), Cldn4, Cldn5, protocad�
herin�1, and vesatin have been identified in the
endothelium of endoneurial microvessels of the
human sural nerve [121]. Using confocal laser
microscopy, it was found that Cldn4 is associated
with tight junctions of the blood–nerve barrier,
CDH5 with adhesive contacts. The proteins ZO�1
and Cldn5 are identified as scaffold proteins that
bind endothelial cell membranes to the cytoskele�
ton [19].

Current data obtained on in vitro and in situ
models allow several hypotheses to be advanced
about the influence that Schwann cells, pericytes
and other structural nerve elements exert on the
permeability of the blood–nerve barrier. For
instance, endothelial cells of endoneurial vessels
have receptors for growth and neurotrophic fac�
tors, such as the glial cell line�derived neuro�
trophic factor (GDNF; GFRα1), vascular
endothelial growth factor (VEGF), basic fibro�
blast growth factor (BFGF), and transforming
growth factor�β (TGF�β) [120], which are syn�
thesized by such endoneurial cells as neurolem�
mocytes, pericytes, mast cells and fibroblasts.
There is a hypothesis that GDNF�synthesizing
Schwann cells regulate the permeability of the
blood–nerve barrier through the RET/MAPK
(receptor tyrosine kinase/mitogen�activated pro�
tein kinase signaling pathway [122]. It is hypothe�
sized that Schwann cells influence the formation
of the blood–nerve barrier during ontogeny
through GDNF production; GDNF also induces

the specialization of perineurial cells [19]. The
functioning of the blood–nerve barrier is provided
by transporter proteins (509 transcripts), includ�
ing GLUT1, monocarboxylate�1, creatine and
other transporters [120].

Normal functioning of the blood–nerve barrier
requires endoneurial water balance, which is reg�
ulated by aquaporins, integral membrane proteins
that form pores in cell membranes (AQP1, AQP3,
and AQP11) [120]. AQP1 production occurs not
only by endotheliocytes and pericytes, but also by
cells of the perineural sheath. The involvement of
immunocompetent cells in the regulation of the
nerve barrier function has been noted, but this
issue requires further investigation.

Nerve injury impairs the blood–nerve barrier
and alters the function of endothelial cells in
endoneurial microvessels [66, 123]. It has been
shown that the disruption of the vascular barrier
entails Hedgehog signaling pathway dysfunction
as early as 1 h after injury, leading to a change in
the expression of Cldn5 and other molecules
[124]. Moreau et al. [123], using a model of
chronic nerve compression, showed that the Wnt/
β�catenin signaling pathway is also involved in
impairing the blood–nerve barrier in interaction
with the activation of the toll�like receptor 4
(TLR4). It was established that activation of the
Wnt/β�catenin pathway and inhibition of Hedge�
hog signaling in the endothelium of endoneurial
microvessels lead to a chronic impairment of the
blood–nerve barrier after nerve injury. Impor�
tantly, impaired permeability is observed before
macrophages penetrate into the damaged nerve
during Wallerian degeneration. Changes in the
synthesis of the adhesive contact protein cadherin
and the simultaneous suppression of the synthesis
of tight junction proteins Cldn�1, Cldn�5 and
occludin precede the infiltration of immune cells
and toxic molecules during local inflammation
and the development of neuropathic pain.

Metabolic function. The perineurium is a meta�
bolically active structure [18, 62]. Numerous
basement membranes in its composition provide a
high selectivity of penetration of various mole�
cules into the endoneurium from the epineurium
[75]. One of the methods to transport the neces�
sary molecules across the perineurium is transcy�
tosis (endo� and exocytosis within the same cell is
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typical for flattened cells, e.g., endotheliocytes
[125]), which was confirmed by autoradiography,
electron microscopy and tracer studies [62, 126,
127].

Morphogenetic function. During embryogenesis,
the precursors of nascent peripheral nerves (pre�
cursors of neurons, Schwann cells, endoneurial
fibroblasts and perineurial cells) are closely inter�
related. It has been shown that the development
and differentiation of the perineurium in embryo�
genesis is influenced by Schwann cells. The differ�
entiation of perineurial cells, formation of a
typical laminar structure of the perineurium, as
well as the formation of the blood–nerve barrier,
owe a signaling molecule “desert hedgehog”
(Dhh), which is expressed by Schwann cells [128,
129]. In turn, perineurial cells themselves also
affect the development and functioning of
Schwann cells. It has been shown that genetic
elimination of perineurial cells at an early ontoge�
netic stage leads to a hindrance in the develop�
ment of Schwann cells and to motor nerve defects
[109]. The interplay between perineurial and
Schwann cells at different stages of motor nerve
development has been demonstrated in knockout
animals with impaired Notch signaling [32, 82].
Perineurial cells are indispensable not only for the
survival and differentiation of Schwann cells, but
also for the implementation of their axon�myelin�
ating function [32].

The morphogenetic function of the perineu�
rium also manifests itself during the period when
the axons of developing motor neurons reach the
periphery [31]. At the CNS–PNS interface, peri�
neurial cells perform the functions similar to those
of boundary cap cells: they prevent the migration
of motor neuron precursor bodies beyond the
CNS, control the barrier, and participate in the
regulation of axon guidance [82, 130].

Involvement in nerve regeneration. As noted
above, structural changes in peripheral nerves
during reparative regeneration were first described
in classical neurobiological studies by A. Waller
and S. Ramуn y Cajal. Later, owing to electron
microscopy, the ultrastructural details of changes
that occur in the nerve after injury were eluci�
dated. A large body of studies has shown that
Schwann cells are essential participants in the
processes of both degeneration and regeneration

of nerve fibers. Following nerve injury, they
undergo dedifferentiation, proliferate, produce
growth factors, extracellular matrix proteins and
cytokines, ensuring the growth of regenerating
axons (see reviews: [2, 11, 131, 132]). At the same
time, much less attention is paid to the response
of perineurial cells to nerve injury.

In a rabbit model of tibial nerve injury, it was
shown that perineurial cells respond to nerve
injury by detaching from one another and their
basement membranes and assuming the fibroblast
morphology. After that, they surround small fasci�
cles of regenerating axons and restore their struc�
ture [81].

When studying the perineurium in the distal
segment of the mouse phrenic nerve after clamp�
ing, it was shown that in the first week after injury
(during Wallerian degeneration), some of the
perineurial cells looked hypertrophied [33]. Many
cells proliferated, and mitotic figures were
observed for one week. Intracellular microcavities
were detected in the cytoplasm of perineurial cells
due to an increase in the number of pinocytotic
vesicles. The perineurial cells adjacent to the
endoneurium contained lipid droplets, the num�
ber of which increased over time.

To study the response of the perineurium to
nerve injury, a convenient model, called the
“perineurial window”, has been developed [134].
This model makes it possible to study the nerve
response to a limited perineurial injury, which
leads to demyelination of nearby nerve fibers and
impairment of nerve conduction [47]. There is
evidence that the microsurrounding influences
the regenerative potencies of the perineurium.
For example, when a nerve segment is trans�
planted into an injured spinal root, the perineu�
rium does not regenerate, but when a root
segment is transplanted into a nerve, it regener�
ates [47, 135].

In recent studies on a zebrafish laser nerve tran�
section, it has been shown that perineurial cells
are among the first (along with Schwann cells) to
respond to nerve injury. They form a “bridge”
that links the proximal and distal segments of the
nerve trunk yet before the onset of axonal frag�
mentation at the distal end [29, 136].

According to current data, reparative regenera�
tion of the perineurium is associated with proteins
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of intercellular junctions, the amount of which
decreases after injury. At the same time, there
occurs a suppression of the synthesis of Cldn1,
Cldn5, ZO�1, and other proteins of intercellular
junctions [66, 137]. It was shown that 7 days after
nerve injury, the immunoreactivity to occludin
and ZO�1 was restored. The restoration of the
immunoreactivity to connexin 43 was only
observed after 21 days. It was noted that the resto�
ration of gap junctions lags behind that of tight
junctions [137].

A study of the molecular mechanisms of nerve
regeneration showed that, despite the fact that
perineurial cells actively exploit Notch signaling
during the ontogenetic development of nerves,
this mechanism is not implicated in reparative
regeneration [32].

The regenerative potential of perineurial cells
can be traced when analyzing the works per�
formed on the clinical material of nerve pathol�
ogy. It has been shown that perineurial cells are
able to proliferate and form benign and malignant
tumors (perineuromas) [17, 138]. In addition,
they enter into the composition of such heteroge�
neous tumors as neurofibromas, schwannomas,
and malignant tumors of the nerve sheaths.
Immunolabeling of Cldn1, EMA, GLUT1 and
other perineurial markers is used to identify peri�
neurial cells in neurofibromas, which also include
Schwann cells and fibroblasts [139, 140]. The
location of perineurial cells in neurofibromas is
not random; the perineurium forms around rudi�
mentary nerve fascicles [139], indicating that, like
in ontogenesis, the formation of perineurial cells
occurs under the influence of the nascent nerve
fibers and surrounding Schwann cells. It is
hypothesized that, in neurofibromatosis�1, a dis�
ruption of intercellular junctions between peri�
neurial cells leads to an impairment of their
barrier function and penetration of growth factors
and cytokines from the nearby tissues into the
perineurium, which stimulate proliferation and
tumor growth of perineurial cells [139].

Phagocytic function. Phagocytosis is the most
important cellular process for peripheral nerves
after their injury. Nerve injury in the distal seg�
ment of the nerve triggers Wallerian degeneration,
including the destruction of axons and their
myelin sheaths. In order to implement subsequent

regeneration of nerve fibers, the endoneurium
needs first to be cleared from the axonal and
myelin degradation products, which is mainly
executed by macrophages of hematogenous origin
[141]. Resident macrophages and Schwann cells
are also involved in phagocytosis of myelin debris
[11, 142]. In some studies, it was shown that peri�
neurial cells can also be implicated in this process
[136, 141, 143] as demonstrated in studies carried
out on different experimental models (cold injury,
LPS administration, nerve clamping, etc.) [143].
There are suggestions that perineurial cells may
transform into macrophages when involved in
phagocytosis [7]. In some ultrastructural studies,
the cytoplasm of some perineurial cells was found
to contain the vacuoles [141] and lipid droplets
[143] characteristic of phagocytic cells, although
there is an assumption that these cells may repre�
sent macrophages migrating from the endoneu�
rium to epineurium during nerve injury [18]. The
issue of the phagocytic function of perineurial
cells requires further clarification.

CONCLUSION

This review article covers a range of issues
related to the features of one of the sheaths of the
nerve trunks, the perineurium. Here we summa�
rize the data available in the literature on the
structure and functions of perineurial cells, their
phylo� and ontogenetic origin, responses to
injury, and possible ways to identify these cells
using immunohistochemical reactions. An analy�
sis of the available literature has shown that,
despite the fact that the nerve sheaths have been
an object of studies for several decades, many
issues regarding the structural and functional fea�
tures of the perineurium still remain unresolved.
For example, there is not enough information
about the evolutionary developmental patterns of
the perineurium. It has been shown that in the
vertebrate lineage, the perineurial sheath is a uni�
versal structure inherent to all nerves. In the lin�
eage from amphibians to mammals, its structure
undergoes complication as manifested in an
increase in the number of perineurial cell layers.
Electron microscopy showed that the ultrastruc�
tural features of the perineurial sheath are similar
across different species. At the same time, studies
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of the perineurial sheath using modern immuno�
histochemical methods were carried out only on
humans and laboratory animals, and practically
were not carried out in representatives of other
species. This is probably due to the fact that selec�
tive immunohistochemical markers specific
exclusively to perineurial cells have not yet been
found. Most of the antigens used for the immuno�
histochemical identification of perineurial cells
are proteins of intercellular tight junction.

In�depth structural studies of the perineurium
using modern methods and experimental in vitro
and in vivo models made it possible to expand the
idea of the perineurium as just a protective sheath
and to elucidate some of the regulatory mecha�
nisms of the blood–nerve barrier. When analyzing
the data available in the literature, it has turned
out that perineurial cells are responsible not only
for mechanical, but also immunological protec�
tion of the nerve, are involved in the regulation of
metabolic processes, play an important morpho�
genetic role in early ontogeny, and are actively
implicated in the reparative regeneration of
nerves.

This review presents the data available in the
modern literature on the morphofunctional fea�
tures of the cells constituting the perineurial
sheath of spinal roots and ganglia in comparison
with the perineurium of the nerve trunk. We ana�
lyze evidence of the ontogenetic origin of peri�
neurial cells from different embryonic primordia.
Various experimental models have shown that the
perineurium can descend from neural crest cells,
mesoderm, and neuroectoderm. For a long time,
the issue of the origin of perineurium was consid�
ered disputable and controversial. Currently,
many researchers have come to the conclusion
that the perineurium is a unique structure consist�
ing of cells that are structurally and functionally
similar but have different origins. It is not yet clear
what determines from which embryonic primor�
dium the perineurium of different nerves, spinal
roots and ganglia is derived, and whether there are
distinctive features of the histoblastic potencies of
cells derived from different primordia. The data
published over the past few years indicate that the
cells of the ventral root perineurium derive from
the neuroectoderm and may therefore belong to
peripheral glia. At the same time, there is no idea

about the origins of dorsal root perineurial cells.
Further studies aimed at elucidating the peculiari�
ties of the origin of these cells in mammals and
humans may lead to a revision of ideas on the ori�
gin of peripheral glia. An analysis of evidence
available in the literature on the origin of peri�
neurial cells from different embryonic primordia
allows a conclusion that the perineurium consists
of different cell populations. All the aforesaid
indicates the need to continue versatile research
in this direction.

One of the most important functions of the
perineurium is its involvement in the formation of
the blood–nerve barrier. Along with endoneurial
microvascular endotheliocytes, the the perineu�
rium is involved in the creation of a microenvi�
ronment favorable for the growth and
development of nerve fibers, as well as in the
maintenance of endoneurial homeostasis. Cur�
rently, there is not enough information about the
molecular mechanisms that regulate this barrier.
There are virtually no data on the formation of the
blood–nerve barrier across different animal spe�
cies. Hopefully, a comparative investigation of the
molecular mechanisms regulating the blood–
nerve barrier will provide deeper insight into the
processes underlying the sophistication of this
barrier during evolution.

It should be noted that a study of the blood–
nerve barrier is of great practical importance. It
has been shown that impaired barrier function
precedes the development of traumatic and meta�
bolic neuropathies, as well as tumors. In this
regard, unraveling the mechanisms regulating the
blood–nerve barrier will promote further devel�
opment of new therapeutic approaches to treat
chronic peripheral neuropathies and neuropathic
pain.
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