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Abstract

Introduction: The vagal network has a major potential role in the immune-life of Peyer’s patches,
but there is no satisfying information if vagal ischemia causes Peyer’s patches (PP) disruption
following subarachnoid hemorrhage (SAH).

Methods: Twenty-two rabbits were used as control (Gl, n=5), “sham” (Gll, n=5), and SAH
(Glll, n=12) groups in this experiment. 0.5 cc saline for Gll and 0.5 cc autologous blood for
Gl was injected into cisterna magna of the rabbits. Four weeks later, they were euthanized.
Their brains, vagal nerves, nodose ganglia, Peyer’s patches, and intestines were examined,
using stereological methods. The Peyer’s patches volumes (PPVs)/intestine volume per cubic
millimeter was accepted as PP injury score based on a total of 10 points.

Results: The mean degenerated neuron densities of the nodose ganglia and degenerated axon
densities of vagal nerves were 5+2/mm? and 6 +2/mm? in the Gl, 13 £4/mm?® and 89 + 16/mm?
in the Gll and 321+83/mm?® and 293 £88/mm? in GlIl. The mean PPVs and PP score were
8+ 1x10° pm*mm? and 0-3 in the GI, 10£3x10° ym*/mm? and 4-7 in the GlI, and 21 £5x10°
pm?*/mm?* and 8-10 in GlIl. P<0.0001 in PPV/PP score/degenerated axon densities of vagal
nerves; P<0.0005 in PPV/PP score/degenerated neuron densities of the nodose ganglia between
GI/Glll; P<0.001 in (PPV/PP score)/degenerated axon densities of vagal nerves; P<0.005
in PPV/PP score/degenerated neuron densities of the nodose ganglia between GII/GlII; and
P>0.05 in GI/GIl were noted.

Conclusion: Vagal ischemia/insult may be responsible for PP denervation, and injury-induced
dangerous intestinal immunodeficiency following SAH.

Introduction

Peyer’s patches (PP) host as a security castle for lymphoid
cells or a trench for pathogens.! They function as intestinal
microspheres.” PP and the vagal network containing the
neuro-immunological web are essential components
of intestinal immunity and are commonly located in
the jejunum and ileum. PP shape the first intestinal
barrier against pathogens.> Vagal fibers are found in PP,
and adjacent villi.* Biological, physical, and chemical
homeostasis are generally maintained by the vagal® and
splanchnic nerves.® Also, Meissner’s and Auerbach’s
networks, as well as thoracic spinal and solar ganglia,
modulate all intestinal lymphoid organs.” The PP blood
supply is maintained by the mesenteric arteries. Mesenteric

artery spasm, induced by sacral parasympathetic network
damage, may cause ischemic intestinal degeneration.?
Onuf’s nucleus originated sacral parasympathetic web
ischemia can be responsible for Hirschsprung-like disease
following spinal subarachnoid hemorrhage (SAH).
Sympathetic hyperactivity induced by vagal collapse
may cause intestinal atrophy following SAH." Because
vagal nerve insufficiency causes dangerous pathologies
in the intestinal system, vagal nerve stimulation may
be an alternative application for neuro-inflammatory
bowel disease' and ischemic intestinal disease. The
electromagnetic field created by the vagal nerve is
necessary for the regulation of intestinal microbiota."
We showed that vagal network ischemia might cause
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denervation injuries characterized by PP enlargement and
reactivity induced follicular hyperplasia in the early phase.
In due course, however, vasospasm of the PP supplying
arteries causes PP edema, swelling, hemorrhage, and
necrosis.

Materials and Methods

Animal-study model

This experimentally induced SAH model was studied on
22 rabbits. After examination, the animals were randomly
divided into the following three groups: the control group
(GI, n=5); the “sham” group (GII, n=5), which received
0.5 cc of saline; and the study group (GIII, n=12), which
received autologous blood injections (0.5 cc) in tapering
doses into their cisterna magna one time/three days for
two weeks.

Following the head anteflexion position for to held in
foramen magnum, 0.5 cc of autologous blood was injected
over about one minute via 22-gauge needle after 0.5 cc
cerebrospinal fluid aspiration.

Isoflurane was administered by a face mask, and 0.2
cc/kg of the anesthetic combination (ketamine HCI, 150
mg/1.5 cc; Xylazine HCI, 30 mg/1.5 cc; and distilled water,
1 cc) was subcutaneously injected.

Clinical-experimental data collection and results

Heart rate, respiration rate, and blood pressure values
were recorded for ten days. The rabbits were fasted for six
hours before surgical intervention and decapitated after
balanced injectable anesthesia was induced. Their brains,
vagal complexes, and intestines were extracted just after
intracardiac formalin injection and then fixed in 10%
formalin solution. The intestines were examined with
anatomical microscopy. For histopathological analysis,
microsections were taken from the whole brains, vagal
complexes, and intestines intercrossing PP. Tissue sections
(5 pm) were stained with hematoxylin-eosin (H&E),
S$100, GFAP, and TUNEL methods. Intestinal tissues
were examined by the Cavalieri method. Vagal complexes
and PP were reviewed by the stereological techniques
described in our previous reports.'”> '* To compare PP
hyperplasia, Peyer’s patches volume (PPV) was calculated
with geometrical formulas. For statistical analysis, the PP’s
hyperplasia index (PPHi) was required. PPV/intestine
volume is accepted as PPHi and shown as L. I values are
classified into five groups (I 0-4). The geometrical grading
compensated with the histopathological grading also has
five categories.

In the control group, routine histopathological
examination revealed lymphoid aggregates without
dendritic networks under the surface -epithelium.
In the sham group, primary follicles with dendritic
networks were observed under the surface epithelium
by GFAP. In some subjects in the SAH group, secondary
follicular structures with prominent germinal centers
under the surface epithelium were detected. Enlarged,

interconnected, abundant secondary follicles were
detected in PP. Some follicles had dendritic cells without
extensions and uncombined clusters in animals with
strong vagal network ischemia. These histopathological
features could be accepted as lymphoid follicular atrophy
or necrosis. The histopathological scoring system was
graded as 0+1+2+3+4=10. A score <2 was considered
normal, a score of 2-4 was considered hyperplasia, a score
of 4-7 was considered gross PP enlargement, and a score
>7 was considered intestinal invasion by PP (Table 1).
Follicular hyperplasia initially increased the ratio of PP to
small intestine volume and increased the PPHi. Over time,
excessive PP hyperplasia brought the intestinal volume to
zero, bringing the PPHi closer to infinity. A PPHi near
zero indicates that the intestines have no efficacy and are
becoming apoptotic. Necrosis of the lymphoid follicle
volume approaching zero makes the PPHi equal to zero.
A state equal to zero indicates that the PP is depleted in
volume and that intestinal immunity is no longer present.
These different histopathological responses within the
SAH group were interpreted as different individual
responses to the same stimulus.

Histopathological procedures

To detect ischemic vagal lesions, brain materials were
sectioned crossing the vagal motor nucleus. Vagal nerve
axons and nodose ganglia were embedded in the same
paraffin block and sectioned horizontally. Their numbers
were estimated using the stereological method. The
ileum segments were cut into 5 um paired sections per
20 pm every 20th and 21st sections to calculate the PPV.
All sections were stained with H&E, S-100, GFAP, and
TUNEL methods and examined with light microscopy.
The total PP numbers of the intestines were estimated
with the fractionatory method."

To estimate the total PP numbers and volume values,
the sections were embedded in paraffin blocks. They were
stained with H&E and immunohistochemical (S-100,
GFAP, and TUNEL) methods. The advantages of these
methods are as follows: They allow particle numbers to

Table 1. Histopathological Scoring System of Peyer’s Patches

Score
lymphoid aggregates without dendritic network under the 0
surface epithelium
primary follicles with the dendritic network were observed 1
under the surface epithelium
secondary follicular structures with prominent germinal )
centers under the surface epithelium
enlarged, interconnected, abundant secondary follicles 3
detected in PP
lymphoid follicular atrophy or necrosis 4
Total Score 10

Score <2; considered as normal, score 2-4; considered as hyperplasia, score
4-7; considered as gross enlargement PP, score >7; considered as invaded
intestine by PP.
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be estimated easily. They are readily performed. They
are intuitively simple. They are free from assumptions
about particle shape, size, and orientation: and they are
unaffected by overprotection and truncation.

Stereological analysis
Stereological methods provide reliable results to estimate
particle number, material volume, and number. For this
article, the stereological and Cavalieri methods have been
explained in our previous studies.” >

The total PPV was estimated by taking the sum of all
PPVs. Each PP was considered an ellipsoid structure and
its volume was calculated with the following formula:

Vpp = (4/3)71":()6 +y+ z)/3]3

The x, y, and z are half of the radius values of the
ellipsoid-shaped PP, which are coordinated on the x, y,
and z apsis included in the analytical space. The total PPV
was estimated using the following formula:

ZVpp = Z:’nan

The physical dissector method was preferred to evaluate
the numbers of living and degenerated follicle cells of
PP, nodose ganglia, vagal axons, and neurons of the
vagal motor nuclei. The used analytical and geometrical
methods have been clearly explained in our previous
studies.” > 1°

The data obtained were analyzed with the SPSS software
package (SPSS’ for Windows v. 12.0, Chicago, USA). The
one-way ANOVA test was used and the differences were
considered to be significant at P <0.05.

Results

Clinical findings

Meningeal irritation signs, such as neck stiffness,
decreased coma score, convulsion, and fever, as well as
cardiorespiratory disturbances, were reported.

Anatomical and pathological findings
Blurred-hemorrhagic brain surface, cortical swelling,
sulcal narrowing with adhesion, bloody basal cistern,
thrombosed blood vessels, gyral bombing, and less extend
tentorial herniations were observed in some cases (Figure
1/Base).

Histopathological findings

Microscopic views showed constructed vasa vasorum,
deformed vagal axons, apoptotic axons, and apoptotic
nodose ganglia neurons in the rabbits with SAH (Figure
1). Brain stem sections included ischemic vagal motor
nuclei just behind the aqueduct. Apoptotic neurons were
also seen (Figure 2). Normal PP and villi with abundant
myenteric plexuses were observed in normal rabbits
(Figure 3). Minimally enlarged atrophic/degenerated villi-

Figure 1. Macroscopic view of the basal side of the brain with SAH
(Yellow arrow), constructed vasa-vasorum (arrow) and deformed
axons of the vagal nerve within jugular foramen (LM, H&E, x40/A);
a cross-sectional area in a normal rabbit (LM, H&E, x40/B) and
apoptotic axons (LM, Tunnel, x40/C) and apoptotic nodose ganglia
neurons (LM, Tunnel, x10/D) are seen with a SAH created rabbit.

!

Figure 2. Histopathological view of the brain stem section including
vagal motor nucleus (VMN) just behind of aqueduct (Aq) (LM, H&E,
x4/Base; GFAP, x4/A); and apoptotic neurons (LM, Tunnel, x20/B)
are seen in vagal ischemia developed rabbit.

PP with reactivated focuses, and follicular dendritic cells
were seen in the sham group (Figure 4). Enlarged inflamed
pathologic PP with importantly atrophic/degenerated villi
representing denervated/atrophic Meissner’s networks
and reactivated focuses of PP with normal and deformed
follicular dendritic cells were observed in the study group
(Figures 5 and 6). An apoptotic neural network and
stromal cells were observed in the rabbits with developed
vagal ischemia (Figure 7). The PPHi calculation method
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Figure 3. Histopathological view of the ileal section with normal
Peyer’s patches (PPn) and Willi (LM, H&E, x4/Base) and abundant
myenteric plexuses (Red arrow) (LM, S-100, x10//A) are seen in a
normal rabbit.

Figure 4. Histopathological view of the ileal section with a
minimally enlarged pathologic Peyer’s patches (PPi) with partially
atrophic/degenerated Willi (LM, H&E,x4/Base; LM, S-100, x10/A); a
magnified form of reactivated focus (LM, GFAP,x20/B) and follicular
dendritic cells are seen in a rabbit from sham group

that was used was designed by the authors (Figure 8).
More ischemic vagal injury resulted in more intestinal
injury such as myenteric network deformation, intestinal
glandular atrophy, and regional necrosis.

Numerical results

The rabbits with SAH showed an unconscious state at
the beginning of the SAH, and two of them were dead.
The mean degenerated neuron density of the nodose
ganglia, and axon densities were estimated, respectively,
as 5+2/mm?’ and 6+2/mm?*in the control group, 13+4/
mm’ and 89+ 16/mm?*in the sham group, and 321 +83/
mm?® and 293 + 88/mm?in the study group. The mean PPV
and histopathological scores were 8 + 1x10° pmS/mm3 and
0-3 in the control group, 10+3x10° pm*/mm?® and 4-7 in

the sham group, and 21 +5x10° pum?*/mm?® and 8-10 in the
study group. Results and p values are summarized in Table
2.

Discussion

The immunomodulatory role of vagus on PP is the critical
component of intestinal immunity commonly located
in the jejunum and ileum. Vagal fibers are found in PP,
and adjacent villi.* PP form the first intestinal barrier
against pathogens.® Physical and chemical homeostasis
of the alimentary tract is sensed by the nodose ganglia
and regulated by parasympathetic vagal fibers.” The
vagal and splanchnic nerves convey information to the

| Tz00um.

Figure 5. Histopathological view of the ileal section with an enlarged,
inflamed pathologic Peyer’s patches (PPi) with importantly atrophic/
degenerated Willi (LM, H&E, x4/Base); representation of denervated/
atrophic Meissner network (red arrow) and PP magnified form of
reactivated focus with follicular dendritic cells (LM, H&E,x20) are
seen in a study rabbit.

Figure 6. Histopathological view of the ileal section with an
enlarged, inflamed pathologic Peyer’s patches (PPi) with importantly
atrophic/degenerated Willi (LM, H&E, x4/A); representation of
denervated/atrophic Meissner network and PP magnified form of
the reactivated focus of PP (LM, H&E, x10/Base), normal (N) and
deformed (D) follicular dendritic cells (LM, GFAP, x40/B).
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Table 2. Numerical results of the study

Group I n=5) Group Il (n=5) Group Il (n=12)
Degenerated neuron density of nodose ganglia (mm?) 13+4 321837
Degenerated axon densities (mm?) 89+16° 293 +88°
Mean volumes of Peyer’s patches (x10° um*/mm?) 10£3¢ 21+5°
Histopathological score 4-7° 8-10"

The values are given as mean + standard deviation or median (minimum-maximum), Group I: Control Group, group Il: SHAM group, group lI: study

group.
2 P< 0.0001 Group ll vs. I and Il one-way ANOVA test.
> P< 0.0001 Group | vs. Il one-way ANOVA test.

€ P<0.005 Group | vs. Il one-way ANOVA test.

central nervous system from mechanosensory in the
intestinal tract regarding the feeding of nutrients and
specific endocrine-motor patterns.® PP can be considered
intestinal microspleens.? PP cells modulate antibiotic-
bacteria interactions.'” Each PP has several elongated dome
regions flanked by intestinal villi formed from lymphoid
follicles covered with enterocytes. The interfollicular
zone has high endothelial venules.”® Phagocytes include
dendritic cells, which play a significant role in mucosal
homeostasis.”” Dendritic cells are sensitive to the intestinal
microenvironment and are at the front line in bacterial
invasion.® Dendritic cells have an essential role in the
first adaptive immune responses.”’ Mucosal layers of
PP regulate microbiota colonization.” PP have selective
sensitivity to digested materials.”® Nonbiological particles
undergo phagocytosis by PP cells.** PP synthesize most of
the immunoglobulins, especially IgA.* Immunoglobulin
synthesis primarily occurs in intestinal PP

There is mounting evidence for interactions between
the PP and the vagal system. Lymphoid tissues are well
supplied by somatic and autonomous nerves.”’ Oral
microbiota has great importance and is regulated by
the olfactory, trigeminal, and lower cranial nerves.”
All intestinal lymphoid organs are innervated by the
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Figure 7. Histopathological view of the ileal section with apoptotic
neural network and stromal cells (arrow, L&M, Tunnel, x10) in vagal
ischemia developed rabbit.

myenteric and solar plexuses as well as the thoracic spinal
ganglia’ because immune modulation of the enteric
nervous system is required for a dense neural network. To
demonstrate the enteric nervous system and PP, specific
markers, such as the S-100 protein, GFAP protein, and
TUNEL methods, were used. This has been mentioned by
Krammer et al in their research.”’

Dangerous histomorphological changes occur in
denervated PP especially with vagal ischemia, because
vagal network ischemia results in intestinal atrophy.'
Sacral parasympathetic network ischemia causes
mesenteric artery spasm related intestinal degeneration.?
Onuf’s nucleus originated from sacral parasympathetic
network ischemia, can be responsible for Hirschsprung-
like disease following spinal SAH.? Olfactory bulb lesions

PPHi < 0.01 : PPnormal

PPHi > 0.2: PP Hyperplasia
PPHi = 0: PPAtrophy /[Necrosis
PPHi < oo: Intestine was dead

Figure 8. Peyer’s patches hyperplasia index (PPHi) calculation method
designed by ourselves shown as an equation prri=3 pp /3 vi. Each PP
is like a cylinder or sypher, and their volumes mdy be ‘estimated as
the following common formula: Vpp =(4/Z3:)7z[(x +)/+z)/3]3; total PP
volumes were estimated as a formula: VPP=Z,VUCV"; a cylindroid
segment volume estimated as a formula Vsi=zh(R* —h*). Because
PP become enlarged owing to various immunological phenomena
following vagal ischemia, PP volume values will increase, and also
PPHi values will be increased. Consequently, the value of the equation
will be greater than zero. According to our standardization the
equation should be under 0.01. If the equation is over 0.2, there is an
enormous PP hyperplasia; it is equal to zero, necrosis will be started. If
it approaches infinity owing to extremely PP hyperplasia, the intestine
is dead. Constructed mesenteric arteries aggravate PP and intestinal
necrosis.
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could rely on denervation injuries of PP affected by vagal
software.”” Gut microbiota change in a dangerous manner
following PP-vagal network lesions.”’ PP is the most
affected part of the intestine following radiotherapy,®
probably due to an increased intestinal electromagnetic
field with the summation of magnetic fields. This theory
of Wang, who justified Nikola Tesla’s theory, supports our
theory.

Vagal nerve stimulation maybe an alternative application
for immune suppression in neuroinflammatory bowel
disease, a condition in which PP are the essential
mediators."" A century ago, the great genius Nicola Tesla
declared that the value of electromagnetic fields is the
most crucial factor for all living things. Based on his
theorem, the electromagnetic field created by the vagal
nerve is an indispensable necessity for the presence of
intestinal microbiota.

PP regulate the energy production, proliferation, effector
functions, and metabolism of immune cells in response
to the immunologic stimulus.” Intestinal ischemia is a
necessary pathophysiological process for PP dysfunction.*
Maternal colostrum, and milk immunoglobulins are
essential for the development of strong immunity in jejunal
and ileal PP** Also, Liu et al. declared that ischemic stroke
damages the intestinal epithelium as well as immunity.*
Invasion by parasites, bacteria, or dangerous particles is
frequently seen following ischemic intestinal disease.”
Vagal nerve-breast network is essential for lactation,
breastfeeding and the development of baby immunity.*®

Limitations
Better results could be obtained by conducting
bacteriologic, electrophysiologic, radiologic, and

biochemical examinations.

Conclusion

The PP-vagal network is an excellent barrier against
internal and external hazardous agents with its anti-
infective, anti-tumoral, and anti-poisoning effects through
its neuro-immunomodulatory functions. Although
the mentioned functions of the vagal network are well
known, there is no satisfying information as to whether
or not vagal ischemia results in intestinal immune system
hardware/software disruptions following SAH. This
article demonstrates that SAH-induced vagal ischemia
may be responsible for intestinal immunodeficiency by
way of PP denervation injury.

Future insight
Vagal nerve stimulation or intestinal transplantation would be
used for intestinal immune deficiency situations in the future.
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