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Abstract: The dura-like membrane (DLM) is an outermost membranous structure arising from the
dura mater adjacent to the internal auditory meatus (IAM) that envelops some vestibular schwanno-
mas (VSs). Its recognition is important for the preservation of the facial and cochlear nerves during
tumor resection. This study analyzes the histopathological characteristics of the DLM. The expression
of CD34 and «SMA was histopathologically analyzed in tumor and DLM tissue of 10 primary VSs
with and without a DLM. Tumor volume, resection volume percentage, microvessel density (MVD),
and vessel diameter were analyzed. Volumetric analysis revealed that the presence of a DLM was
significantly associated with lower tumor resection volume (p < 0.05). Intratumoral vessel diameter
was significantly larger in the DLM group than the non-DLM group (p < 0.01). Larger VSs showed a
higher intratumoral MVD in the DLM group (p < 0.05). Multilayered aSMA-positive vessels were
identified in the DLM, tumor, and border; there tended to be more of these vessels within the tumor
in the DLM group compared to the non-DLM group (p = 0.08). These arteriogenic characteristics
suggest that the DLM is formed as the tumor induces feeding vessels from the dura mater around
the IAM.
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1. Introduction

Vestibular schwannomas (VSs) are benign tumors arising from the nerve sheath of
the vestibular nerve. Functional preservation of the facial and cochlear nerves during
their resection is a key concern [1,2]. Understanding the membranous structure of VSs
is important in order to define the ideal surgical plane and perform safe and efficient
resection [3].

The dura-like membrane (DLM) is an outermost membranous structure arising from
the dura mater adjacent to the internal auditory meatus (IAM) that contains dilated vessels
and envelops some VSs [4]. The relationship between DLM and surrounding structures,
including the IAM and dura mater, was described in our previous paper [4]. In this study,
we demonstrated that recognition of the DLM is important in order to preserve the facial
and cochlear nerves during surgical resection of VSs. However, the histopathological
features of the DLM have not been fully elucidated and the factors associated with its
neogenesis are unknown.

Tumors are supplied by various types of vessels that arise from both arteriogenesis
and angiogenesis [5]. Arteriogenesis gives rise to feeder arteries, which are surrounded by
vascular smooth muscle cells [6]. Angiogenesis is the formation of granulation tissue and
collagen and is stimulated by fibroblast growth factor and blood vessel growth [7].

This study examined arteriogenic factors in the DLM of VSs and revealed the origin
of the DLM. The DLM has particular arteriogenic characteristics that may be associated
with perioperative clinical course.
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2. Materials and Methods
2.1. Ethical Statement

All procedures performed in this study involving human subjects were in accor-
dance with the ethical standards of the Institutional Ethics Committee (Reference number:
20050002) and with the 1964 Helsinki declaration and its later amendments or comparable
ethical standards. Informed consent was obtained from all patients.

2.2. Study Population

Ten primary VSs resected via the lateral suboccipital (retrosigmoid) approach be-
tween 2014 and 2019 were retrospectively reviewed. Mass reduction was performed in
all cases. Neurofibromatosis type 2 VSs were excluded. Cases 1-3 have been previously
reported [4]. Tumors were classified according to presence (DLM group) or absence (non-
DLM group) of the DLM based on intraoperative findings. The DLM was defined as an
outermost thick enveloping membrane containing dilated vessels that appeared to be con-
tinuous with the dura mater of the posterior wall of the IAM, as previously described [4].
Gadolinium-enhanced T1-weighted or plane magnetic resonance imaging was used to
evaluate tumor volume. Tumor volume was measured using the segmentation method,
as previously described [8]. Data regarding extent of resection and patient clinical course
were also reviewed.

2.3. Immunohistochemical Analysis

A continuous sheet of the DLM was taken from the dura mater on the petrous bone just
behind the IAM to the tumor surface and sectioned, as previously reported [4]. Histopatho-
logical analyses were performed on 3 pm sections of formalin-fixed paraffin-embedded
sections. Immunohistochemistry was performed according to standard procedures, as
previously described [8,9]. Masson’s trichrome (MT) staining was also conducted according
to standard procedures [10]. Samples were stained with the following primary antibodies:
CD34 (1:100; mouse IgG; F1604 Nichirei Biosciences Inc., Tsukiji Chuo-Ku, Japan), anti-
a-smooth muscle actin («SMA) (1:200; mouse IgG; MA1-06110 Thermo Fisher Scientific,
Walton, MA, USA), and S-100 (1:2; rabbit IgG; IR504 DAKO). Hematoxylin and eosin,
CD34, and «SMA stains were used in all cases. The tumor attached to the DLM was totally
removed in cases 1 and 2, which underwent additional staining with S-100. To assess
microvessel density (MVD) and vessel diameter, tissue sections were screened using CD34
immunohistochemistry in low-power fields and the three most vascularized regions (hot
spots) were selected for automatic microvessel counting under high-power magnification
microscopy (0.95 mm?) (Biorevo BZ-9000, KEYENCE, Osaka, Japan), as previously de-
scribed [8]. As vascular smooth muscle cells are the primary component of arterial and
venous walls, the vessel wall was assessed based on «xSMA expression. Multilayered
vessels with positive xSMA expression were defined as arteriogenic vessels.

2.4. Statistical Analysis

The Student’s t-test was used to compare tumor volume, tumor resection volume
percentage, MVD, and vessel diameter between the DLM group and non-DLM group.
Fisher’s exact test was used to compare the presence of multilayered aSMA-positive(+)
vessels between the DLM group and non-DLM group. The correlation between MVD
and tumor volume in the DLM group was analyzed using the Pearson correlation test.
Statistical analyses were performed using SPSS software (IBM Corp., Armonk, NY, USA).
p < 0.05 was considered significant.

3. Results
3.1. Patient Characteristics

Patient characteristics are summarized in Table 1. DLM was defined by the intra-
operative findings (Figure 1A). Cases 1-5 were classified as the DLM group, and cases
6-10 were classified as the non-DLM group. All cases had a preoperative hearing disorder.
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Facial nerve palsy was observed in one case of the non-DLM group. No case experienced a
recurrence. Average tumor volume in the DLM and non-DLM groups was 8.7 cm? (range,
1.1-17.4) and 4.7 cm? (range, 0.3-16.6), respectively. The difference was not significant
(p = 0.39) (Figure 1B). There was no cystic tumor in the DLM group; in the non-DLM group,
tumors with volume >4.0 cm? (cases 9 and 10) contained cystic components.

Table 1. Patients’ characteristics.

Postoperative Tumor Volume Resection Rate

Case Age Sex DLM Preoperative Symptom Symptom (cm®) (%) Rec
hearing disorder facial n. palsy
1 35 M (G-RGr.3) (H-B Gr4, 16 100 -
facial pain permanent)
hearing disorder
(G-RGr.2) )
2 45 M gait disturbance no change 17.4 70
hydrocephalus
3 21 F hearing disorder (deaf) no change 4.8 90 -
hearing disorder
4 61 F (G-R Gr2) no change 44 82 -
hearing disorder hearing disorder
> F (GRGr3) (deaf) L 64 ]
. . facial n. palsy
6 66 M hearing disorder (H-B Gr3, 03 100 -
(G-RGr.3)
temporary)
hearing disorder
7 54 M (G-R Gr.3) no change 1.3 92 -
hearing disorder
8 35 F (GR Gr.3) no change 0.9 100 -
hearing disorder
hearing disorder (deaf)
9 50 M (G-RGr2) facial n. palsy 4.3 100 -
facial numbness (H-B Gr4,
temporary)
hearing disorder
10 60 F (GRGrd) no change 16.6 100 -

facial n. palsy (H-B Gr.2)

facial numbness

DLM, dura-like membrane; F, female; G-R Gr, Gardner—Robertson Grading; H-B Gr, House-Blackman Grading; M, male; N, nerve; Rec,

recurrence.
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Figure 1. Tumor characteristics. DLM, dura-like membrane. (A) Tumors with and without dura-
like membrane (DLM). DLM (black arrow) is observed in Cases 1-5, and not observed in Cases
6-10. DLMs contain the dense dilated vessels from the originated dura mater. These vessels are
continuously observed on the surface of the tumor. In non-DLM group, these dilated vessels were
not noticeable in the dura mater around the internal auditory meatus (IAM). (B) Tumor volume and
resection rate between DLM and non-DLM group. The average tumor volumes of DLM group and
non-DLM group are 8.7 cm? and 4.7 cm?, respectively (p = 0.39). The resection rate of the DLM group
is significantly lower than that in non-DLM group (81.2% and 98.4%, p < 0.05). N.S.: not significant.
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3.2. Intraoperative Findings and Surgical Outcome

Intraoperative ndings demonstrated that the DLM enveloped the tumor around the
IAM and contained dense dilated vessels arising from the adjacent dura mater (Figure 1A).
These vessels continued along the tumor surface. There was a tight adhesion between the
DLM and the tumor or nerves, which made preservation of the nerves more challenging
at the beginning of the subcapsular dissection. It was dif cult to identify correct layer
for dissection when the DLM envelopes the tumor and nerves. In the non-DLM group,
these dilated vessels were not noticeable in the dura mater around the IAM. Postoperative
facial nerve palsy occurred in one case of the DLM group (case 1, permanent) and two
of the non-DLM group (cases 6 and 9, temporary). In case 1, the facial nerve was injured
during dissection of the tumor capsule, which was tightly attached to its DLM. Although
the facial electromyography monitoring was normal throughout the operation in case 6,
postoperative facial palsy occurred. In case 9, the facial nerve was injured during exfoliation
of the tumor from the brain stem. The resection volume percentage was signi cantly lower
in the DLM group than the non-DLM group (81.2% vs. 98.4%, p < 0.05) (Figure 1B). In these
patients with DLM, tumor remnants were mainly found around the IAC after the operation.

3.3. Histological Analysis

S-100(+) tumors were covered by a thick connective tissue layer (DLM), which stained
blue with MT (Figure 2). Although there was no signi cant difference in MVD of CD34(+)
intratumoral vessels between the DLM and non-DLM groups (20.5/3HPF vs. 14.0/3HPF,
p = 0.19), vessel diameter was signi cantly larger in the DLM group than the non-DLM
group (74.7 myvs. 42.7 m, p<0.01) (Figure 3A,B). MVD of the CD34(+) vessels correlated
with tumor volume in the DLM group (  p=0.042,r = 0.89) (Figure 3C). Few CD34(+) vessels
were observed in the DLM (Figure 3A). In contrast, multilayered vessels with ~ SMA(+)
vascular smooth muscle cells were observed in both the DLM and tumor in the DLM group
(Figure 4A); there tended to be more of these vessels within the tumor in the DLM group
compared to the non-DLM group (Figure 4B) ( p = 0.083). Cross-boundary multilayered
vessels with  SMA(+) expression were observed between the DLM and tumor ( Figure 4A).
The dura mater of the posterior wall of the IAM in case 1 showed multilayered vessels with

SMA(+) vascular smooth muscle cells, similar to DLMs (Figure 5).

Figure 2. Histopathological images of DLM (dura-like membrane). DLM in Case 1 is shown. MT and
S-100 stainings are shown. The thick connective tissue layer is the “DLM” that envelops the vestibular
schwannoma. The tumor was positive for S-100 staining (asterisk) (scale bar=100 m). The dotted
line represents the borderline between the tumor and DLM in each staining. HE: Hematoxylin-Eosin
staining; MT: Masson's Trichrome staining; S-100: S-100 protein immunostaining.
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Figure 3. Immunohistopathological analysis of CD34 staining. ( A) Microvessel density (MVD) and diameter analyzed using
CD34 staining are shown. Large CD34(+) vessels are observed in the tumors with DLM. Few CD34(+) vessels are identi ed
in DLM (scale bar=100 m). (B) No signi cant difference is observed in the MVD in the tumors between DLM group and
non-DLM groups ( p = 0.19). Vessel diameters are signi cantly larger in DLM group than that in non-DLM group ( p < 0.01).
(C) The correlation between tumor volume and MVD are shown. The larger-sized VSs demonstrate higher MVD in the
tumor with DLM ( p< 0.05,r = 0.89).
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Figure 4. Immunohistopathological analysis of = -smooth muscle actin ( SMA) staining. (A) Tumor, DLM and the borderline
are identi ed using S-100 staining. The SMA expressions of the tumor and DLM are shown. Multilayered =~ SMA(+) vessels
are identi ed in DLM, tumor, and the borderline. Low- and high-magni cation images are shown ( scale bar =100 m).
Black arrow, SMA(+) vessels located on the borderline between DLM and tumor. Black arrow head, borderline between
DLM and tumor. *, tumor. ( B) Multilayered SMA(+) vessels tend to be more in the tumor of the DLM group than that of
non-DLM group ( p=0.08).
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Figure 5. SMA expression of the dura mater around internal auditory meatus (IAM) in Case 1.
Intraoperative ndings of the dura mater around IAM. The dilated vessels are shown on the dura
mater (black arrow). Low- and high-magni cation images are shown (scale bar =100 m). Large
multilayered vessel with  SMA(+) vascular smooth muscle cells are observed in the dura mater,
which are similar to DLM.

4. Discussion

Schwannomas are comprised of a true capsule, which is densely attached to the tumor,
and a pseudocapsule, which contains nerve tissue [11]. Our previous study demonstrated
an additional DLM which sometimes envelops the VS adjacent to the IAM; recognition of
this membranous structure during surgery is important in order to preserve the facial and
cochlear nerves [4]. In this study, quantitative volumetric analysis demonstrated that the
presence of a DLM was associated with a lower tumor resection volume.

We found that the DLM consists of thick connective tissue and multilayered vessels
with  SMA(+) vascular smooth muscle cells. SMA(+) vessels were also found in the
border and within the tumor just beneath the DLM. Intraoperative ndings showed that the
dilated vessels proliferating on the DLM surface arose from the dura mater around the IAM.
These ndings resemble a feeding artery. Sitohy et al. [ 5] reported that tumors are supplied
by six types of blood vessel which arise from both angiogenesis and arteriovenogenesis.
Feeder arteries and draining veins are induced by arteriovenogenesis. The large vessels
induced by arteriogenesis are coated with multiple layers of vascular smooth muscle
cells [12]. Our ndings suggest that tumors are fed by arteriogenesis in the DLM. As
vascular smooth muscle cells produce an extracellular matrix [ 13], we hypothesize that
they are involved in the production of the thick connective tissue of the DLM.

Tumor angiogenesis as assessed by CD31 and CD34 staining is associated with tumor
growth [ 14]. Vascular endothelial growth factor (VEGF) upregulates a massive signaling
cascade in endothelial cells, stimulating tumor angiogenesis [ 15]. Previous reports have
demonstrated that VS growth also requires VEGF and basic broblast growth factor [ 16].
Unlike normal blood vessels, tumor blood vessels are dilated and irregularly shaped [ 17].
This study demonstrated that tumors with a DLM also had large and irregularly shaped
CD34(+) vessels. In addition, MVD of intratumoral CD34(+) vessels correlated with tumor
volume in tumors with a DLM. Angiogenesis is a vital process in tumor formation as well
as the formation of collagen [ 7]. Activated broblasts promote formation of collagen[ 18].
Therefore, the presence of a collagen-rich DLM may be associated with high angiogenic
capacity.

VSs with high arteriogenic capacity rarely induced DLM formation around the IAM
in this study. The DLM consisted of thick connective tissue and multilayered vessels
with  SMA(+) vascular smooth muscle cells, which may also become the source of feed-
ing arteries. Furthermore, the formation of DLM may be associated with not only high
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vascularization, but also other growth factors and microenvironment described below.
Walocha et al. also demonstrated the similar capsule around uterine leiomyoma. During
development of leiomyoma, the pre-existing blood vessels undergo regression and new
vessels invade the tumor from the periphery probably promoted by growth factors secreted
by the tumor (i.e., basic broblast growth factor (bFGF) and adrenomedullin (ADM)). The
formation of a “vascular capsule' was responsible for supply of blood to the growing tumor
under the hypoxic condition [19].

The main limitation of the present study was the small number of VSs with DLM.
Studies using a larger number of patients are warranted to con rm our ndings. In
addition, only VSs were analyzed; a study examining schwannomas arising from other
cranial nerves should be conducted to generalize our results. Although the presence of the
DLM has a possibility to negatively affect the surgical outcome in some cases, the resection
rate and functional preservation of the facial and cochlear nerves may be associated with
several factors including tumor volume, preoperative hearing status, age, and expertise of
the surgeons. Further multivariate statistical analysis is needed.

5. Conclusions

The existence of DLM was associated with dif cult and lower volume of VS resection.
VSs with a DLM were demonstrated to have strong arterio- and angiogenic characteristics.
Multilayered vessels with  SMA expression were observed in the border between the DLM
and tumor. These characteristics suggest that the DLM is formed as the tumor induces
feeding vessels from the dura mater around the IAM.

Author Contributions:  Conception and design: R.T. and K.Y. Acquisition of data: Y.O. and R.T.
Analysis and interpretation of data: Y.O. and R.T. Drafting the article: Y.O., R.T. and M.T. Critically
revising the article: K.Y. Reviewed submitted version of manuscript: M.T. and K.Y. Statistical analysis:
Y.O. and R.T. Study supervision: K.Y. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported in part by grants from the Japan Society for the Promotion of
Science (JSPS) (18K19622 to M.T.).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board of Keio University School of
Medicine (protocol code: 20050002).

Informed Consent Statement: Informed consent was obtained from all patients.

Data Availability Statement: The datasets generated and/or analyzed during the current study are
available from the corresponding author upon reasonable request.

Acknowledgments: The authors thank Naoko Tsuzaki of the Department of Neurosurgery for
technical assistance with laboratory procedures.

Conicts of Interest: The authors declare no con ict of interest.

References

1. Rachinger, J.; Rampp, S.; Prell, J.; Scheller, C.; Al eri, A.; Strauss, C. Tumor origin and hearing preservation in vestibular
schwannoma surgery. J Neurosurg2011, 115 900-905. [CrossRef] [PubMed]

2. Troude, L.; Boucekine, M.; Montava, M.; Lavieille, J.-P.; R2gis, J.-M.; Roche, P.-H. Predictive Factors of Early Postoperative and
Long-Term Facial Nerve Function After Large Vestibular Schwannoma Surgery. World Neurosurg.2019 127, e599-e608. [CrossRef]
[PubMed]

3. Sasaki, T.; Shono, T.; Hashiguchi, K.; Yoshida, F.; Suzuki, S.O. Histological considerations of the cleavage plane for preservation of
facial and cochlear nerve functions in vestibular schwannoma surgery. J Neurosurg2009 110, 648-655. [CrossRef] [PubMed]

4. Tomio, R.; Yoshida, K.; Kohno, M.; Kamamoto, D.; Mikami, S. The outermost "dura-like membrane" of vestibular schwannoma.
Surg. Neurol. Int.2016 7, 71. [CrossRef] [PubMed]

5.  Sitohy, B.; Nagy, J.A.; Dvorak, H.F. Anti-VEGF/VEGFR Therapy for Cancer: Reassessing the Target: Figure 1. Cancer Res2012 72,
1909-1914. [CrossRef] [PubMed]

6. Nagy, J.A.; Dvorak, H.F. Heterogeneity of the tumor vasculature: The need for new tumor blood vessel type-speci c targets.  Clin.
Exp. Metastasi®012 29, 657-662. [CrossRef] [PubMed]



Brain Sci.2021, 11, 1649 10 0of 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Stegmann, T.J. FGF-1: A human growth factor in the induction of neoangiogenesis. Expert Opin. Investig. Drugsl998 7, 2011-2015.
[CrossRef] [PubMed]

Tamura, R.; Fujioka, M.; Morimoto, Y.; Ohara, K.; Kosugi, K.; Oishi, Y.; Sato, M.; Ueda, R.; Fujiwara, H.; Hikichi, T.; etal. A
VEGF receptor vaccine demonstrates preliminary ef cacy in neuro bromatosis type 2. Nat. Commun.2019 10, 1-11. [CrossRef]
[PubMed]

Tamura, R.; Tanaka, T.; Ohara, K.; Miyake, K.; Morimoto, Y.; Yamamoto, Y.; Kanai, R.; Akasaki, Y.; Murayama, Y.; Tamiya, T.; et al.
Persistent restoration to the immunosupportive tumor microenvironment in glioblastoma by bevacizumab.  Cancer Sci2019 110,
499-508. [CrossRef] [PubMed]

Hernjndez-Morera, P.; Castafio-Gonz lez, |.; Travieso-Gonzj lez, C.; Mompeé-Corredera, B.; Ortega-Santana, F. Quanti cation
and statistical analysis methods for vessel wall components from stained images with Masson's trichrome. PL0oS ONE2016 11,
e0146954. [CrossRef] [PubMed]

Stone, J.J.; Boland, J.M.; Spinner, R.J. Analysis of Peripheral Nerve Schwannoma Pseudocapsul&Vorld Neurosurg.2018 119,
€986—-e990. [CrossRef] [PubMed]

Cleaver, O.; A Melton, D. Endothelial signaling during development. Nat. Med. 2003 9, 661—-668. [CrossRef] [PubMed]
Carmeliet, P. Mechanisms of angiogenesis and arteriogenesisNat. Med. 200Q 6, 389—-395. [CrossRef] [PubMed]

Kimura, Y.; Morohashi, S.; Yoshizawa, T.; Suzuki, T.; Morohashi, H.; Sakamoto, Y.; Koyama, M.; Murata, A.; Kijima, H.;
Hakamada, K. Clinicopathological signi cance of vascular endothelial growth factor, thymidine phosphorylase and microvessel
density in colorectal cancer. Mol. Med. Rep.2016 13, 1551-1557. [CrossRef] [PubMed]

Prior, B.M.; Yang, H.T.; Terjung, R.L. What makes vessels grow with exercise training? J Appl Physiol.2004 97, 1119-1128.
[CrossRef] [PubMed]

Koutsimpelas, D.; Stripf, T.; Heinrich, U.R.; Mann, W.J.; Brieger, J. Expression of Vascular Endothelial Growth Factor and Basic
Fibroblast Growth Factor in Sporadic Vestibular Schwannomas Correlates to Growth Characteristics. Otol. Neurotol.2007, 28,
1094-1099. [CrossRef] [PubMed]

A Nagy, J.; Chang, S.-H.; Dvorak, A.M.; Dvorak, H.F. Why are tumour blood vessels abnormal and why is it important to know?

Br. J. CanceR009 100 865—869. [CrossRef] [PubMed]

Mishra, P.J.; Mishra, P.J.; Glod, J.W.; Banerjee, D. Mesenchymal stem cells: Flip side of the coin. II€ancer Res2009; Volume 69,
pp. 1255-1258. [CrossRef]

Walocha, J.A.; Litwin, J.A.; Miodonski, A.J. Vascular system of intramural leiomyomata revealed by corrosion casting and
scanning electron microscopy. Hum. Reprod.2003 18, 1088—-1093. [CrossRef] [PubMed]



