tance of a replicon at the centromere

with an abnormal base ratio, or one

shorter than 2.5 , is not excluded.
Davip E. CoMINGS

Department of Medical Genetics,

City of Hope Medical Center,

Duarte, California
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Perineural Epithelium: A New Concept of its Role

in the Integrity of the Peripheral Nervous System

Abstract. 4 multilayered, squamous-celled epithelial cell membrane covering
the individual nerve fasciculi of the entire peripheral nervous system (both volun-
tary and autonomic) including the sensory and motor end organs has been
demonstrated in various species of animals, including man. This membrane is the
direct continuation of the pia-arachnoid mater from the central nervous system.

Functional significance of this membrane, especially as a diffusion barrier and
as a protector of the peripheral nervous system, is briefly discussed.

Key and Retzius (/) originally de-
scribed what appeared to be a sheath
that was composed of endothelial-like
cells which surrounded nerve trunks; it
has subsequently been referred to spo-
radically in the literature (2). This con-
tinuous layer of cells surrounds not
only nerve trunks but all nerve fascic-
uli, and it underlies the connective
tissue of the perineurium (Fig. 1c) (3).
It completely surrounds the nerve fas-
ciculi in frog, shark, whale, rat, cat,
dog, guinea pig, rabbit, monkey, chim-
panzee, and man.

In the frog, the membrane is two
layers thick; in mammals it is from 5
to 12 layers thick, the number of
layers decreasing with the decreasing
size of the fasciculus. With the electron
microscope, some fine collagen fibrils
can be demonstrated between the lay-
ers (4, 5). Each epithelial cell has a
basement membrane on either side (Fig.
2). Small blood vessels ramify between
the layers and carry a sleeve of epithe-
lial cells from one of these layers some
distance into the nerve fasciculus (4, 6).
In the same way, the blood vessels of
the central nervous system carry a
sleeve of leptomeninges.

The squamous shape of the cells and
the multilayered nature of the mem-
brane can be demonstrated (with the
dissection microscope) when it is iso-
lated and then stained to demonstrate
the cellular borders, or when tangential
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sections are made of it. When trans-
verse or longitudinal sections of a nerve
fasciculus are cut as in standard
histological preparations, the perineural
epithelium appears as the lamellated
structure that is described in some
standard histological textbooks, but
this appearance is due to the multiple
layers of squamous cells. The fasciculi
in sections of a nerve trunk close to
the central nervous system show clear-
cut and very thick lamellation because
of the great number of cellular layers
present, but small nerve fasciculi (ter-
minal divisions) that are some distance
from the central nervous system and
are surrounded by only one or two
layers of cells will not show any obvious
lamellation under the microscope. Thus,
the description of the perineurium as a
Jamellated structure cannot be applied
to the perineural covering of all nerve
fasciculi.

When this membrane is traced back
along the nerve trunk to its point of
origin in the central nervous system,
it can be seen to surround the whole
nerve trunk and to pass through the
vertebral foramen where it becomes
continuous with the pia-arachnoid mem-
brane of the central nervous system
(Fig. 1, a and b). The cells of this
membrane are identical in shape and
size, in nuclear structure, and in enzyme
histochemistry with the cells of the pia-
arachnoid mater (Fig. 1, a—c). We be-

lieve they are the same kind of cell
and that this cellular sheet is embryo-
logically derived from the same ecto-
dermal cells as the pia-arachnoid. If
the latter is regarded as a product of
the ectoderm, then this membrane is an
epithelium—a multilayered squamous
epithelium. However, the name is not
as important as its structure and rela-
tionships.

The capsule of the dorsal root gan-
glion is simply a reflection of the peri-
neural epithelium around the ganglion.
The epithelium also surrounds the sym-
pathetic ganglia and the sympathetic
nerve trunks and their divisions (6); it
also surrounds the fasciculi of the vagus
nerve (7), as well as those of other
cranial nerves.

As the peripheral nerves branch, the
perineural epithelium branches with
them; as the branches get smaller, the
number of layers of cells in the epithel-
ium becomes less, until finally the ter-
minal nerve fiber is surrounded by a
single-layered, continuous sheet of cells
(Fig. 2) which accompanies the fiber to
its termination.

At the termination of the fiber, the
perineural epithelium forms the capsule
of the end organs. In the motor end
plate it constitutes the bell mouth of
Henle which envelops the end plate
and attaches directly to the sarcolemma
(8) (Fig. 3). In the Pacinian corpuscle,
the various lamellae of the corpuscle
are simply additional layers of cells of
the epithelium which surround the
naked nerve ending (9) (Figs. le, 3,
and 4) as they are in the morphologi-
cally similar structure, the Herbst cor-
puscle of the duck. The capsule of the
muscle spindle (Fig. 3) is a sculptured
or molded perineural epithelium (10)
as are the capsules of the various nerve
endings in the skin (Fig. 3). In the eye,
the choroid is continuous with the pia-
arachnoid membrane (perineural epi-
thelium) of the optic nerve (Fig. 1d),
the cells of the two structures being
morphologically and histochemically
identical (7).

The choroid is continuous with the
endothelial cells of the anterior-cham-
ber angle meshwork and with the
“endothelium” underlying the cornea,
so that the retina and the contents
of the eye are completely enclosed
by a membrane continuous with the
pia-arachnoid membrane of the optic
nerve (perineural epithelium) (Z1),
and the choroid is presumably derived
from the same embryological origin as
the pia-arachnoid and the perineural
epithelium covering the nerve endings.
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Because of its complexity, no attempt
has been made to homologize the struc-
tures of the inner ear with the peri-
neural epithelium; to do this, detailed
embryological study is needed.

If a nerve is sectioned, the peri-
neural epithelium remains unchanged
in the parts of the nerve both distal
and proximal to the point of section
(12). Thus, it forms a tube inside
which the degenerating and regenerat-
ing components of nerve fasciculi are
protected and isolated. In keeping with
their relationship to this epithelium,
the sheath of the bell mouth of
Henle and the capsule of the muscle
spindle are unaffected, although the
former collapses on top of the remains
of the motor end plate (8, 12). The
perineural epithelium, therefore, func-
tions as an additional guide for regen-
erating nerves, and serves to lead the
nerve back precisely to the end organ.

Our studies show that the peripheral
nervous system has its own equivalent
of a “blood brain barrier” in which it
is encased from its origin up to, and
including its termination and is, there-
fore, isolated from the body fluids. This
barrier, like the pia-arachnoid mem-
branes from which it is derived, does
not have very high activities of oxida-
tive enzymes, but does have consider-
able activity of dephosphorylating en-
zymes, especially of adenosine triphos-
phate (ATP), thus indicating that it
can function as a metabolically active
diffusion barrier (3, 13). Removal of
the sheath covering the nerve fasciculus
causes its swelling, increase in its
weight, and gradual change in the fast
part of the electrotonus (14).

The presence or absence of a diffu-
sion barrier in the sheath covering the
nerve fasciculus has been the subject
of controversy for a long time. Lorernte
de No (15) showed that sodium (small
molecular weight and strong electrolyte)
and cocaine (large molecular weight
and strong electrolyte) were able to dif-
fuse freely and rapidly through the
epineurium. Therefore, he states that
the view held by other workers that
the epineurium is an effective diffusion
barrier is erroneous. On the other hand,
Feng and Gerard, and Feng and Liu
(16), by using an assortment of agents
such as inorganic ions, alkaloids, iso-
tonic solutions of different organic
substances, organic solvents, metabolic
poisons, and methylene blue, have con-
clusively shown that the connective
tissue sheath of the amphibian sciatic
nerve is an effective diffusion barrier.
Causey and Palmer (I7), using P32, in-
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vestigated the transport of phosphate
ions in nerve and concluded that the
epineurium is a barrier to diffusion of
phosphate ions in vivo. Krnjevic (/8),
using a variety of compounds (BaCl,,
CuCl,, RbCl, NH,Cl,, HgCl,, CaCl,,
and so forth), demonstrated that the
perineurium is a diffusion barrier. The
sheath covering the nervous system in
insects also acts as a diffusion barrier by
allowing the normal functioning of the
nerve in spite of the great variations
in the potassium concentration of the
blood (19). It is very likely that this
sheath is the equivalent of the perineu-

ral epithelium of vertebrate nerves. The
sheath covering the nerve fasciulus, not
the epineurium, is the limiting factor
in the entry and exit of experimental
substances in the intact sciatic nerve
in vitro (20). That it acts as a diffu-
sion barrier for ions, is suggested by
the work of Vorontsov (21) who dem-
onstrated that the fast part of the elec-
trotonus of nerves is lost if the peri-
neurium, but not the epineurium, is
removed. Vorontsov stated that this
effect could result from the perineurium
acting as an obstacle to the passage of
both anions and cations. It appears,

Fig. 1. Whole-mount preparations (a to e) of the covering membranes of various
parts of the central and the peripheral nervous system, isolated under the dissection
microscope and stained to show cellular borders. Two (¢ and e) are counterstained
to show the nuclei in these cells. (a) Leptomeninges (pia-arachnoid mater) covering
the spinal cord of the rat; (b) leptomeninges (pia-arachnoid mater) covering the root
(arrow) of the spinal nerve of the cat; (c) perineural epithelium covering the cat

sciatic nerve;

(d) choroid of the rat eye;

(e) perineural epithelial lamellae

covering the Pacinian corpuscle of the cat; (f) section of rat trigeminal nerve
fasciculus showing adenosine triphosphatase activity in the perineural epithelial mem-

brane (arrows).
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Fig. 2. Electron micrograph of a nerve
in the rat bone marrow showing the
perineural epithelial cell (arrows) cover-
ing the whole nerve fasciculus. Note the
basement membrane on both sides of
this cell (courtesy of Dr. O. P. Jones,
X 23,400).

therefore, that one of the physiological
functions of this membrane is to keep
a proper concentration of ions in the
neighborhood of the nerve fibers. The
presence of considerable adenosine tri-
phosphatase activity in its cells would
provide the energy for active transport
and would permit the membrane to as-
sume such control of ion diffusion.
Electron microscopical studies have
shown that this membrane acts as a
diffusion barrier for ferritin (22).

We believe that the lack of proper

understanding concerning the structure
of the epineurium and perineurium is
responsible for the diversity of opinions
about the existence or nonexistence of
a diffusion barrier in the nerve sheath.
Our studies on various parts of the
peripheral nervous system (voluntary
and autonomic) have shown that
the epineurium is composed only of a
lacework of connective tissue fibers, but
that the perineurium has two compo-
nents, a perineural connective tissue
made up of a connective tissue network,
and a perineural epithelium immedi-
ately below the perineural connective
tissue of multiple layers of continuous
squamous cells. Since the epineurium
and perineural connective tissue are
made up of a lacework of connective
tissue components, they cannot act as
effective diffusion barriers. It is the peri-
neural epithelium, containing continu-
ous sheets of cells, that acts in this
way. If substances are injected un-
der the epithelium, there will be no
diffusion; if the injection is made only
into the connective tissue of the peri-
neurium, diffusion will be evident. This
concept may help investigators control
their approaches to the subject of dif-
fusion barriers in nerve sheaths.

This epithelium probably also func-
tions as a protective membrane against
infection. This membrane has bezn
found histologically intact even in badly
infected areas where it is surrounded

Fig. 3 (left). Diagrammatic representation,
based on our studies, of various mem-
branes and connective tissue sheaths of
the central and peripheral nervous sys-
tem including various sensory and motor
end organs. (1) The spinal cord along
with its membranous coverings and their
relationship to peripheral nerve. The
dura mater (DM) continues with the
epi- and perineural connective tissue (EP)
of the nerve trunk (NT). The pia-arach-
noid mater covering the dorsal root and
its ganglia (DR) as well as the ventral
root (VR) continue as perineural epi-
thelium (PE) of the nerve trunk (2-7).
These drawings demonstrate the relation-
ship of membranes of the peripheral nerve
and the supply nerve (NF) of various
sensory and motor end organs and the
relationship of the membranous coverings
of the supply nerve to the coverings of
various sensory and motor end organs.
(2) Sympathetic ganglion with its rami
communicans and its branch; (3) T.S.
of a muscle spindle and its nerve of sup-
ply; (4) motor end plate and its nerve of

supply; (5) Krause end bulb for cold sensation and its nerve of supply; (6) Meissner’s
corpuscle for touch sensation and its nerve of supply; (7) Pacinian corpuscle for
pressure sensation and its nerve of supply. AM, arachnoid mater; PM, pia mater;
CA, capsule made up of extension of perineural epithelium covering the nerve fiber
supplying the end organ; PSC, perisynaptic cell; MF, muscle fiber; IMF, intrafusal

muscle fiber.
1466

by pus, and there has been no inflam-
matory change in the nerve fasciculus
within this membrane. The rabies virus
ascends the nerves underneath the peri-
neural epithelium and in association
with the Schwann cells (23). The pres-
ence of this epithelial cell layer under
the perineurium, which acts as a
barrier to the penetration of antibi-
otics and antitoxins, may account for
the difficulties of treating neural infec-
tions. '

The more peripheral the nerve, the
fewer the number of layers of cells; at
the terminal nerve fibers the epithelium
is only one layer thick, and the epineu-
ral and perineural connective tissue is
scanty (Fig. 2); thus, it would be easier
for infection, edema fluid, or toxic sub-
stances to penetrate to the fiber in these
regions. This fact probably explains the
distal distribution of peripheral neuritis
(24). The role of the perineural epithe-
lium of the optic nerves in the develop-
ment of sympathetic ophthalmia has
been discussed (24).

We have described the similarity in
structure and histochemistry of the peri-
neural epithelium of peripheral nerves
and the pia-arachnoid of the brain and
spinal cord. We are not just homologiz-
ing these membranes, we have shown
by direct dissection that they are con-
tinuous with each other. Like the pia-
arachnoid, the perineural epithelium is
a squamous-celled multilayered mem-

Fig. 4. Whole-mount preparation of a
cat - Pacinian corpuscle stained to show
the cellular borders. The whole corpuscle
is covered by squamous-cell lamellae laid
on top of one another.
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brane. It follows all peripheral nerves
(including the autonomic nerves) to
their termination, being reflected over
the various ganglia on the way to pro-
duce their capsules. At the termination
of the nerve fibers it forms or com-
pletely surrounds the end organs, thus
ensuring that the peripheral nervous
system is completely enclosed in the
equivalent of a blood brain barrier. The
pia-arachnoid covering (perineural epi-
thelium) of the optic nerve extends
into the eye as the choroid, which, with
the endothelial cell layer underlying the
cornea, encloses the components of the
eye in a cellular membrane, just as the
other end organs are enclosed. The
perineural epithelium appears to have
important functions in the regeneration,
physiology, and pathology of peripheral
nerves.

T. R. SHANTHAVEERAPPA

GEOFFREY H. BOURNE

Yerkes Regional Primate Research
Center, Emory University, Atlanta,
Georgia 30322
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Feaedback of Speech Muscle Activity during Silent

Reading: Rapid Extinction

Abstract. Surface electromyograms of the larvngeal muscles were made while
subjects read silently. Those who showed an increase in electrical activity over
that at relaxation were provided with auditory feedback of the muscle activity.
This treatment resulted in immediate and long-lasting cessation of the subvocali-
zation. This method should prove valuable in treating some reading problems.

The phenomenon of subvocal speech
has been of great interest to educators
concerned with the teaching of reading.
It has, however, received little sys-
tematic study, with the exception of the
work by Sokolov and by Edfeldt (7).
Subvocalization is considered one of
the most difficult problems to over-
come in increasing reading speed. An
individual who subvocalizes to any
great extent is limited to a top reading
speed of approximately 150 words per
minute—a maximum attainable while
reading aloud. We use the term sub-
vocalization to include a wide range of
activity, from inaudible articulations and
vocalizations to audible whispering while
reading. If subvocal activity includes
movements of the lips and jaw, some
corrective measures are possible. How-
ever, if the activity is limited to the
vocal musculature, eliminating the re-
sponse becomes more complex, especial-
ly since individuals are often not aware
they are subvocalizing.

The initial study of subvocalization
required the examination of several sub-
jects with strong subvocalization pat-
terns to determine whether subvocaliza-
tion during silent reading could be de-

e
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Relaxed before
reading

Reading before
feedback

LU W TR

Reading after
feedback

Relaxed after
reading

tected by surface electromyograms re-
corded from the throat. A successful
technique  was developed with mesh
electrodes placed over the thyroid carti-
lage. An ink-writing oscillograph was
used to record the electromyogram
(EMG). At maximum sensitivity of the
oscillograph unit, the electrical activity
of the vocal muscles can be detected
while the subject is reading (if sub-
vocalization is present), in contrast to
a minimum signal (approximately 3 pv)
obtained when the subject is relaxed,
and to an extremely strong signal (ap-
proximately 1 mv) obtained when the
subject speaks during normal conversa-
tion. To determine the presence or
absence of subvocalization, the subject
first selects reading material which he
reads for 30 minutes, and during this
time an oscillograph record of the
EMG is obtained.

The presence of subvocalization is
determined by asking the subject to
stop reading, then to begin reading, and
then to stop reading. Each time, the
changes in the EMG record are noted.
The presence of subvocalization can be
detected quite reliably, there being a
large increase in action potentials when

Reading at beginning Reading at 5 minutes

of feedback of feedback

Vocal speech

Fig. 1. Electromyograms recorded from the laryngeal muscles. This record is typical
of those obtained from the 17 subjects who received feedback treatment.
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