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ABSTRACT

AIM: To demonstrated demyelination and remyelination of the optic nerve histologically by electron microscopy in an experimental
model similar to the compression of pituitary adenomas on the optic chiasm.

MATERIAL and METHODS: The rats were fixed to a stereotaxic device under deep anesthesia, and a balloon catheter was placed
under the optic chiasm through a burr hole which was in front of the bregma in accordance with the brain atlas of rats. The
animals were divided into five groups (n=8): control, mild compression demyelination, severe compression demyelination, mild
compression remyelination, severe compression remyelination. The fine structures of the tissues obtained were evaluated using
electron microscopy.

RESULTS: We found a significant difference in the severity of degeneration when comparing group 1 with group 5 (p<0.001); there
was no degeneration in group 1 rats and severe degeneration in all of the group 5 rats. Oligodendrocytes were found in all rats in
group 1 and none of the rats in no group 2. The nuclei were preserved in the group 1 rats but damaged in all of the group 5 rats.
There were no lymphocytes or erythrocytes in group 1 and all positives in group 5.

CONCLUSION: This technique, which induced degeneration without causing damage to the optic nerve with toxic or chemical
agents, revealed Wallerian degeneration similar to tumoral compression. After compression relief, the optic nerve remyelination
process can be better understood, particularly for sellar lesions. In our opinion, this model may guide future experiments to identify
protocols to induce and accelerate remyelination.

KEYWORDS: Degeneration, Optic chiasm, Optic nerve, Pituitary tumors, Remyelination, Rats

ABBREVIATIONS: CNS: Central nervous system, DTI: Diffusion tensor imaging, EM: Electron microscopy, OCT: Optic coherence
tomography
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B INTRODUCTION

isual field loss occurs after chiasmal compression in
pituitary adenomas, the most common brain tumors in

the sellar region, if the extension toward the superior
of the sella is observed (7,11). In this case, it causes blurred
vision and narrowing of peripheral vision in patients (10,26).
The most important symptoms of pituitary adenomas and the
main indications for surgical intervention are loss of visual
field and visual acuity. Impaired signal transmission along
axons indicates axonal damage caused by chiasmal lesion
compression (12,21,23). Structural and functional changes
in axonal flow have been reported after operations for sellar
lesions due to surgical decompression (25), and recovery
rates remain unknown (13,17,18,24). For this reason, more
experimental and clinical research is required to better
understand the optic nerve regeneration process.

Myelination improves the physiological function of nerve
fibers by speeding up the transmission of axon electrical
signals (4). Demyelination is caused by the inhibition of myelin
formation or degradation and is classified into two types:
primary demyelination (30), which refers to myelin elimination
without axonal destruction, and secondary demyelination,
which occurs after axonal damage (14,37). CNS neural stem
cells can self-renew and potentially differentiate into neurons,
astrocytes, and oligodendrocytes, repairing CNS injuries
(14,19,28).

In our clinical series, we performed more than 4,400 endo-
scopic transsphenoidal pituitary lesion surgeries and 205 gi-
ant pituitary adenomas (6). We were inspired by the fact that
macroadenomas cause visual impairment and post-surgical
recovery rates vary. In previous DTl studies, we demonstrated
these radiologically. This experimental model was designed to
demonstrate the changes in the optic nerve, which occur at
the cellular level.

Because remyelination occurs after demyelination, the
demyelination processes must be well understood. In this
study, we used a stereotaxy device to apply compression
to the optic chiasm with a balloon catheter, mimicking the
chiasmal compression seen in sellar region lesions. We
observed demyelination and remyelination of the optic nerve
using electron microscopy.

B MATERIAL and METHODS
Experimental Procedures
Animals

All experiments were performed on adult male Wistar albino
rats (KOU-DETAB) weighing 300 g (16-20 weeks old). The
animals were housed in four cages with a 12-h light/dark cycle
in a temperature-controlled (23°C + 2°C) room. Food and water
were freely available. Animals were housed in single cages
for follow-up during the postoperative period. All research
and animal care procedures were performed in accordance
with international guidelines for the use of laboratory animals
and were approved by the Animal Experiments Local Ethics
Committee at Kocaeli University (KOU HADYEK 2/2-2020;
27.02.2020).
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Stereotaxic Surgery

The animals were deeply anesthetized with an intraperitoneal
injection of ketamine (10 mg/kg) and xylazine (2 mg/kg).
Following the pain tests, rats were placed in a stereotaxic
device (Stoelting, Wood Dale, IL) in a neutral position from
external ears and front teeth in aflat position relative to the skull.
After a local anesthetic agent was applied subcutaneously,
the rat was positioned according to the brain atlas (Paxinos &
Watson, 2007), and a 14- to 15-mm linear incision was made
from the middle of both optic spheres to the posterior of the
bregma.

After lateral scraping of the periosteum, the bregma was
located, and the stereotaxy device was calibrated for each
animal. A burr hole was opened with a high-speed electric
drill at 6.2-mm anterior to the bregma (where the two optic
nerves enter the optic canal according to the atlas of Paxinos
& Watson, 2007).

Based on distance measurements obtained during cadaver
experiments, 7 mm was measured from the burr hole entrance
to the optic chiasma level. All catheters used in the severe
pressure group were simultaneously calibrated with 2 mL
of saline. Catheters were inserted from the burr hole level
perpendicular to the skull base between the two hemispheres,
and after reaching the skull base, they were directed 7 mm
posteriorly between the two optic nerves (Video 1).

Experimental Design

The animals were divided into two groups: those with severe
compression and those with mild compression. In the severe
compression group, the air inside the catheter was removed
with negative pressure and then inflated with 2 mL of saline
under the optic chiasm (Figure 1). In the mild compression
group, the catheter was not inflated and was left at the optic
chiasm level. To ensure no liquid leakage, the catheter was
soldered with a heat-adjustable soldering station while still
fixed. The balloon was then secured beneath the skin with
acrylic. In the mild compression group, the same procedures
were performed, but the balloon was not inflated with saline,
and a compression effect was created using the catheter’s 2F
size (Figure 2).

Animal Classification

Adult male Wistar albino rats were used in this study. The
rats weighed an average of 300 g and were kept in standard
laboratory conditions with free access to food and water. Five
groups of rats were formed (Table I):

Group 1: Control group. This group underwent no surgical
procedure and was decapitated while under deep anesthesia.

Group 2: Mild compressiondemyelination group. Demyelination
was achieved in this group through compression without
saline inflation after stereotaxic catheter application.

Group 3: Severe compression demyelination group. Demye-
lination was achieved in this group by inflating with 2 mL of
saline after stereotaxic catheterization.
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Figure 2: After the rats are fixed to the stereotaxy device, the incision line is determined, and the bregma and burr hole point are

Figure 1: Posterior view of the
cranium after decapitation.
The catheter that has reached
the optic chiasm between
both optic nerves by the
stereotactic method and
creates severe and mild
pressure under the optic
chiasm.

calculated. The burr hole is opened with the help of a high-speed motor from 6.2 mm in front of the bregma and fixed with acrylic after

the catheter is sent.

Group 4: Mild compression remyelination group. Before
removing the optic nerve, this group allowed for remyelination
(after mild compression).

Group 5: Severe compression remyelination group. Before
removing the optic nerve, this group allowed for remyelination
(after severe compression).

The specified model was used in rats in groups 2 to 5
under sterile conditions. Previous research indicates that
the demyelination process caused by optic nerve damage
in rats lasts 7-10 days and the remyelination process takes
7-14 days. On the 10™ day, catheters in all groups were
removed under general anesthesia. The rats in groups 2 and

3 were decapitated under deep anesthesia on the same day
of catheter removal. On the 10" day after catheter removal,
the rats in groups 4 and 5 were decapitated under deep
anesthesia to allow for myelination (Figure 3).

The skull was carefully opened, and the brain tissue was
elevated superiorly from the foramen magnum. Catheter
placement was controlled in groups 2 and 3, and the optic
nerves and chiasm were removed from the optic canal to
the ending nerves after anatomical dissection. The optic
nerves were removed in their entirety and placed in test
tubes containing a glyceraldehyde solution at +4°C to be
examined using electron microscopy. The animals in groups
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4 and 5 were decapitated 10 days after these procedures,
and their optic nerves were removed and stored in tubes
containing glyceraldehyde at +4°C to be examined using
electron microscopy. During the experiment, six animals died
in the postoperative period (three animals due to damage to
the anterior cerebral artery complex and three animals due to
anesthesia).

Histopathological Examination

The fine structures of the tissues obtained from each exper-
imental group were evaluated using electron microscopy. All
procedures were performed sequentially to examine the tis-
sues under the electron microscope. The grid sections were

20th Day
First Day Group 4 and 5
Surgery decapitated

10th Day

Group 2 and 3
decapitated

Group 4 and 5
Cathater Removed

Figure 3: Experimental process.

Table I: Groups of Rats in the Study and Number of Samples Taken

contrasted with uranyl acetate and lead nitrate and examined
under the Jeol JEM 1011 transmission electron microscope.
Sections were imaged using a Mega View Il digital camera
and the Soft Imaging System Analysis program. Nerve fibers
were examined based on the severity and degree of damage
(Table 1l). Damaged nerve fibers were classified into three cat-
egories based on the pathological changes described above
(83): mild degeneration, moderate degeneration, and severe
degeneration.

Statistical Analysis

Statistical analysis was performed using the computer-
based software program SPSS 28.0, which employed simple
descriptives and frequencies. The Chi-square test, Mann—
Whitney U test, and Kolmogorov-Smirnov tests were used to
determine the significance among groups. p values of <0.05
were considered significant.

B RESULTS

There were eight rats in group 1, seven rats in groups 2 and
4, and six rats in groups 3 and 5 (Table Ill). When comparing
group 1 with group 5 rats, there was a significant difference
in pathological findings, such as degeneration severity, oligo-
dendrocytes, nuclei, and lymphocytes/erythrocytes (p<0.001).
No degeneration was detected in group 1 rats, and severe
degeneration was seen in all group 5 rats. Oligodendrocytes
were found in all rats in group 1. Nuclei were preserved in

Number of
Groups Animal Live Animal Glutaraldehyde
Samples
Group 1 Control 8 8 8
Group 2 Mild compression demyelination group 8 7 7
Group 3 Severe compression demyelination group 8 6 6
Group 4 Mild compression remyelination group 8 7 7
Group 5 Severe compression remyelination group 8 6 6

Table lI: Histopathological Evaluation in Experimental Groups

Mild Compression
Demyelination

Severe Compression
Demyelination

Mild Compression
Remyelination

Severe Compression
Remyelination

Oligodendrocytes (+) Oligodendrocytes (+)

Oligodendrocytes (+) Oligodendrocytes (-)

Preserved Intracellular
Organelles

Preserved/damaged
Intracellular Organelles

Preserved Intracellular
Organelles

Damaged Intracellular
Organelles

Preserved nuclei Preserved/damaged Nuclei

Preserved nuclei Damaged nuclei

Lymphocytes/ erythrocytes (-)  Lymphocytes/erythrocytes (-)

Lymphocytes/erythrocytes (-) Lymphocytes/erythrocytes (+)

Myelin Debris Increase in Extracelular area

Myelin Debris Severe Delamination

Delamination in Myelin Lamels

Watery Degeneration

Dark Axon Degenerations

814 | Turk Neurosurg 33(5):811-820, 2023
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Table lll: Degeneration Severity and Cellular Evaluation After Electron Microscopy Examination

Group 1 Group 2 Group 3 Group 4 Group 5 Total

Degeneration Violence

None 8 8 (23.5%)

Medium 7 1 6 14 (41.2%)

Heavy 5 1 6 12 (35.3%)
Oligodendrocytes

None 0 0 2 1 6 9 (26.5%)

Positive 8 7 4 6 0 25 (73.5%)
Intracellular Organelles

Preserved 8 7 5 4 2 26 (76.5%)

Damaged 0 0 1 3 4 8 (23.5%)
Nuclei

Preserved 8 7 3 6 0 4 (11.8%)

Damaged 0 0 1 6 30 (88.2%)
Lymphocytes/ Erythrocytes

None 8 7 5 6 0 26 (76.5%)

Positive 0 0 1 1 6 8 (23.5%)

Table IV: Statistically Significance or Near Significance p Values

Pathology p-value
Degeneration violence Group 1vs Group 5  <0.001
Group 1 vs Group 3 0.003
Oligodendrocyte Group 1vs Group5  <0.001
Group 1 vs Group 3 0.069
Intracellular organelles Group 1 vs Group 5 0.015
Group 1 vs Group 4 0.039
Nuclei Group 1vs Group5  <0.001
Group 1 vs Group 3 0.063
Lymphocytes/Ertyhrocytes Group 1 vs Group 5  <0.001

group 1 rats but damaged in all rats in group 5. No lympho-
cytes or erythrocytes were found in group 1 rats, but they were
found in all group 5 rats. In terms of intracellular organelles, we
found a significant difference between groups 4 and group 1
rats (p=0.039).

Degeneration was greater in group 3 rats than in group 1 rats
(p=0.003). There were statistically significant differences in
oligodendrocytes and nuclei between groups 1 and 3. Group
2 rats did not differ significantly from group 1 rats (Table IV).

The ultrastructural damage to the optic chiasm in the exper-
imental groups was similar to changes in Wallerian degen-

eration (secondary demyelination). Ultrastructural damage
resulted in three major changes: watery degeneration (axon
swelling), dark axon degeneration, and demyelination.

The cytoplasm of the control group’s oligodendrocytes
contained numerous ribosomes, endoplasmic reticulum, and
round- or oval-shaped mitochondria (Figure 4).

The mild compression demyelination group vacuolized
swollen axons (watery degeneration) and myelin debris inside
or outside the myelin (Figure 5A). Vacuolization, delamination,
axon narrowing, and damage were observed between the
myelin and axolemma of the axon (Figure 5B, C). Delamination,
demyelination, destruction, and loss of myelin lamellae (Figure
5A) and dark axon degenerations were observed (Figure 5B).
Oligodendrocytes exhibit large and excessive cytoplasm
vacuolation and damaged mitochondria when compared with
the control group (Figure 5D).

Severe nerve fiber disorganization was observed in the severe
compression demyelination group (Figure 6). We observed
vacuolized irregularly shaped axons, myelin debris inside
or outside the myelin, and vacuolized axons. Numerous
swollen and dark axon degenerations and an increase in
extracellular space were also observed (Figure 7). A large
number of vacuolations and damaged mitochondria were
found in oligodendrocytes, which were reduced in number
when compared with the control and mild demyelination and
remyelination groups.

We found severe nerve fiber disorganization in the mild
compression remyelination group (Figure 8). There were
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Figure 4: A, B) A round or oval
euchromatic nucleus and an
electron-dense nucleus.

C, D) The myelin sheath and
concentric rings around the axon.
(x10000).

Figure 5: A) Myelin-induced
thickened debris structures
and loss of myelin (white
arrow) in the optic chiasm,
watery degeneration with axon
swelling (black asterisks), and
nucleus of oligodendrocyte

(N). B) Thickened debris from
myelin structures (white arrows)
and lamelinization in axons
(black asterisks) and vacuoles
(black arrows). C) Dark axon
degeneration (white arrows)
and vacuoles (black arrow).

D) Myelin-derived multilayered
helical tubulovesicular structures
(white arrow). (x7500).

Figure 6: A) Degeneration of
myelin debris (white arrows),
excessive vacuolization of
oligodendrocyte nucleus (N),

and cytoplasm (black arrows).

B) Degeneration of myelin debris
(white arrow), loss of myelin and
lamelization, and vacuoles (black
arrow) in axons (asterisks).

C) Dark axon degeneration (white
arrow). D) Vacuoles (black arrow)
and lymphocyte nucleus (N) in
axons. (x10000).
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vacuolized irregularly shaped axons, excessively thickened
myelin sheaths, and suffocated axons with a vacuolized
periaxonal area. There were also severe delamination,
demyelination, destruction, and loss of myelin lamellae and
multiple swollen axon degenerations (watery degeneration).
Large and excessive vacuolation, damaged mitochondria,
and lipofuscin granule accumulation were observed in the
cytoplasm of oligodendrocytes when compared with the
control group. Elongated amoeboid (activated migrating)
microglia may be found near oligodendrocytes. The microglia
were characterized by a hypertrophic cytoplasm with vacuoles
and an irregularly contoured and disoriented nucleus.
Microglia exhibited an electron-dense nucleus and cytoplasm
and an increase in extracellular space.

The severe compression remyelination group had severe
disorganization of nerve fibers, vacuolized axons, myelin
debris, and vacuolized axons (Figure 9). Multiple swollen axon

Figure 7: A) Myelin-derived
debris structures (white arrow),
myelin disorganization and loss,
and microglia nucleus (N).

B) Loss and lamelization of
myelin and vacuoles (black
arrow) in axons (asterisk).

C) Excessive vacuolization and
degeneration of myelin-derived
debris structures (white arrow),
oligodendrocyte nucleus (N),
and cytoplasm.

D) The nucleus of
oligodendrocytes (N) and
lipofuscin (white arrows)
deposition. (x7500).

Figure 8: A) Myelin-

derived multilayered helical
tubulovesicular structures (white
arrow) and vacuoles (black arrow)
in axons (black asterisks).

B) Degeneration of myelin

debris (white arrow), vacuoles
(black arrowheads), and nucleus
(N) in axons and cytoplasm of
microglia. C) Degeneration of
myelin debris (white arrows), loss
and lamelization of myelin, and
excessive vacuolization of the
cytoplasm (black arrows).

D) Degeneration of myelin debris
(white arrow), lamelization of
myelin, and vacuoles (black
arrow) in axons (asterisks).
(x7500).

degenerations resulted in an increase in extracellular space.
When compared with the control and mild demyelination
and remyelination groups, the number of oligodendrocytes
was significantly reduced. Microglia had cytoplasm with
vacuoles and irregularly contoured nuclei. Lymphocytes and
erythrocytes were found in the extracellular space.

B DISCUSSION

Although various models have been developed to exhibit op-
tic demyelination, no remyelination model has been defined
to exhibit chiasmal compression caused by tumoral lesions.
There is a need to investigate the amount of recovery in the
process of visual pathways after pituitary gland tumor surgery
and patient-to-patient differences in optical remyelination.
Our experimental model causes degeneration due to pressure
while avoiding toxic and chemical agents from damaging the
optic nerve. Thus, in electron microscopy examinations, our
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Figure 9: A) Degeneration and
lamelization of myelin debris
(white arrow), vacuoles (black
arrow), and nuclei (N) in axons
and cytoplasm of microglia.

B) Degeneration of myelin debris
(white arrowhead) in the axon
(asterisk). C) Degeneration of
myelin debris (white arrow) in
the axon and vacuoles and
lamelization. D) Degeneration
of myelin debris (white arrow),
vacuoles in axons (white
asterisks), and erythrocytes
(black asterisks). (x10000).

model can be used to study the pre-remyelination process
following an episode of demyelination due to tumoral com-
pression in all groups, except the control group. We expect
the expected time for optic healing to be extended, so this is
a preliminary study for new treatment protocols that will affect
this process.

Pituitary macroadenomas cause vision loss by compressing
the anterior visual pathways. Many prognostic factors (age,
tumor size, duration of visual symptoms, secreting or non-se-
creting adenoma, and retinal nerve fiber layer problems) are
defined for visual field defects and contribute to surgical de-
cision-making for sellar region tumors (2,13,16,24,35). Initial
axoplasmic flow disorder, conduction blockage, and demy-
elination are reversible functional mechanisms on the optic
nerve in patients with pituitary apoplexy presenting with signs
of acute vision loss (1,32), and significant improvements are
often observed if early surgical decompression is performed
(29). A reversible demyelination process allows for rapid re-
covery without the need for remyelination.

Visual improvement is believed to occur in two or three
stages following surgical treatment (20). Improvement of
nerve transmission begins in the early stage, which includes
the first days after surgery, by relieving pressure on the visual
pathways. The delayed recovery stage is caused by axonal
transport and remyelination repair and is based on vascular
structure recovery (13,18,20). Delayed surgery can cause
irreversible axonal fiber degeneration in the optic nerve (32).
These mechanisms are believed to play a significant role in
nerve healing during the first 3 months (10).

The size of the tumor influences the degree of preoperative
vision loss, duration of symptoms, and postoperative recovery.
The primary surgical goal for giant adenoma is to provide
maximum tumor resection and optic chiasm decompression
with intracapsular debulking (6). Additionally, some researchers
have shown that visual recovery is related to tumor size and
duration of symptoms. Previous research had shown that
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tumor size was the most important factor influencing visual
pathways and postoperative visual improvement was mostly
observed in the first year (2,3).

VEP, optical coherence tomography (OCT), and diffusion
tensor imaging (DTI) can be used to show the demyelination
and remyelination processes in these optic nerves (27,34,36).
In our clinic, the demyelination process was demonstrated
using DTl in two studies showing optic nerve degeneration and
remyelination in patients with visual loss due to sellar lesions
(2,3). The results of this study indicate that demyelinated fibers
can undergo remyelination following optical decompression
and the first 1-yr period after the compression effect is
removed is the most critical time interval in terms of axonal
recovery (2).

The aim of our experimental model was to specifically
target the optic chiasm with mechanical compression. All
experimental groups showed Wallerian degeneration and
myelin loss, except for the control group. Myelin debris was
found in the extracellular space as a result of axonal loss. Other
axons showed myelin changes, such as myelin delamination
or enlargement, circular buds-bulges, and myelin tangles
originating from the inner layers of myelin. Our compression
model was used to achieve demyelination based on the
results obtained in the experimental groups. Myelin debris was
found in groups with mild demyelination and remyelination
that had preserved intracellular organelles and nuclei. While
the extracellular space increased in the severe compression
groups, lymphocytes increased, and oligodendrocyte cells
were absent in the severe remyelination group.

Previous studies found that the model caused by remyelination
4-5 weeks after optic damage but the remyelinated fibers
did not reach their normal thickness and coexisted with
demyelinated fibers (8,9). After mild and severe compression,
remyelination was not observed, but oligodendrocyte cells
were observed in the mild compression group. However,
oligodendrocyte cells that would provide remyelination and
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myelin formation in more than one axon could not be seen
in EM examinations in the severe compression remyelination
group. As a result, by allowing enough time for an increase in
the number and activation of oligodendrocyte cells, it may be
possible to show remyelination in mild compression groups
after the compression is removed using this model. However,
because the axonal damage in the severe compression
group was irreversible, it was predicted that the remyelination
process would not begin. Therefore, a longer follow-up period
is required to allow for the remyelination process to begin after
demyelination.

Demyelinating agents, such as lysolecithin, were used in ste-
reotaxy experiments (15,31). However, demyelination caused
by lysolecithin is due to the detergent-like effect of the toxin
on myelin lipids rather than an immune-mediated inflamma-
tory response. If the aim is to examine the demyelination and
remyelination processes that occur after full tumoral compres-
sion, a mechanical compression model with a diffuse demy-
elination effect should be considered rather than a toxic and
chemical agent with a focal effect (5,22).

Following the focal effect, all experimental groups showed
Wallerian degeneration (rather than axonal degeneration).
These degeneration mechanisms exhibit different remyelin-
ation processes. As a result, remyelination agents and treat-
ments that promote axonal healing should perform differently
in these degeneration mechanisms.

This technique, in which degeneration was induced solely by
compressing the optic nerve without damaging it with toxic
and chemical agents, clearly showed Wallerian degeneration
caused by tumoral compression. In our opinion, this model
will guide future experiments that will identify protocols to
induce and accelerate remyelination.

B CONCLUSION

The model used in this study showed histologically, using
electron microscopy, the Wallerian degeneration observed
under optic nerve compression. This is distinct from neurode-
generative disease degeneration. After the effect of compres-
sion is removed, this model allows for a better understanding
of the optic nerve remyelination process, particularly in pa-
tients with pituitary macroadenoma. This experimental model
can be used to develop new treatments and approaches.
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