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‘angiogenesis and to play 2 crifical role in wound healing
[21, 27,28].

Li et al found that PDGP-D i§ a potent: transformmg
-and angiogenic growth factor for NIH/3 T3 cells, and.
that the transformed cells also inditce VEGE: ‘expression
[28].-Zhao et al. also found that inhibition of’ PDGE-D
leads to decreased cell invasion in:gastric cancer, partly
’thr:ough the regu]atxon of VEGE: [29] In: our study, many

‘ express PDGPR«[S These
i 1 PDGF- and D play rolesin ang10~
,genesxs and mﬂammatzon through atitocrine and paracring
‘stimitilition: Although the functions of ‘these isoforms:of
"PDGFs onrcells are similar’ in.many réspects; each isoform

‘might play different roles in different cell types via various

99

receptors and pathways.

Prewously,ﬁ it was. reported that several types: of cells’

participate in. angiogenesis and. inflamimation in. brain:
RN [ ,5,6). But. the‘underlwng'mechamsms have:not been:

completely elitcidated. We. desperabely néed to know why
different‘types-of cells, including macrophages, mlcrogha,:»;

Iymphocytes, and astrocytes, acquire the capacity for.

dlfferentlatlon, producmg nfla
growth factors under. cer
Ungvari et al. reporb:d that:

tOry € k}nes{and_
pathologxcal conditions.
y-irradiated cerebromicrovas-

‘cular endothelial cells- acqmred 4 seriescence-associated

secretory phenotype {SASP) characterized by the upregn-

lation of proinflammiatory cytokines and chiemokines [30} :
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Our results suggest that several types of cells that survived
irradiation in PN acquired SASP, and that this mechanism
may be a key process in brain RN.

In this study, we performed retrospective analysis with
clinical specimens of symptomatic RN and revealed that
PDGFs/PSGFRs were involved in RN. However, this ana-
lysis covers just one aspect of RN. It is impossible to de-
termine whether PDGFs exacerbate RN or rather are
produced as a byproduct of RN. Also, we cannot specu-
late as to the dose-response relationship or the time
course of the expression of PDGFs and their receptors
in RN. These questions will be answered if a reprodu-
cible animal model of RN can be established.

Conclusions

In conclusion, PDGFs/PDGFERs play critical roles in angio-
genesis and possibly in inflammation, and they contribute
to the pathogenesis of RN, irrespective of the original
tumor pathology and applied radiation modality. More-
over, the autocrine or paracrine signaling of PDGFs also
plays crucial roles in aggressive angiogenesis and inflam-
mation in RN. PDGF-C, PDGF-D and PDGFR-« have
clinical importance, because PDGFR-f3 was expressed even
in UB. Treatments to inhibit PDGF-C and D, or to inhibit
PDGF-C and D in combination with PDGFR-a with a kin-
ase inhibitor, may provide new approaches for RN induced
by common radiation therapies, including XRT, SRS and
BNCT.

Additional files

Additional file 1: Typical MRI of symptomatic radiation necrosis
from case 3. Gd-enhanced T1 MRI just prior 1o excision of necrotic foci
{A). Gd-enhanced T1 MRI 2 weeks after surgery {(A). FLAIR MR just prior
to excision of necrotic foci (B). FLAIR MR, 2 weeks after surgery {B). After
surgical resection of the only enhanced lesion, perilesional edema was
decreased compared with preoperative MRI.

Additional file 2: Representative immunohistochemistry from
case 1. immunostaining revealed the necrotic core (4, D NC) and
perinecrotic area (A, D PN). PDGF-A (A, B, C) and PDGF-B (D, E} were
produced by some monoaytic celis (8, E arrow) and endothelial celis

{C, B} in PN, Original magnification, A, D 4G, B, C, EX 200.

Additional file 3: H&E staining and immunohistochemistry from
case 3. H&E staining (A) and immunohistochemistry (B through C) from
case 3, showing NC and PN. PDGF-A (B, C) and PDGF-B (D, £} weie
produced by some menocytic cells (arrows in C, €) in PN. in contrast,
PDGF-C {F, G, H) and POGF-D {}, J) were produced by many monogytic
celis {arrowss in G, H, J), reactive astrocytic cells {arrowheads in G, J}, and
endothelial cells {H, J*). PDGFR-a {K, L, M) was expressed in monocytic
celis {1, arrow), reactive astrocytic celis {L, arowhead) and endothelial
celis M%) in PN. PDGFR-B (N, O) was expressed mainly in endothelia cells
{09 Original magnification, A, B, D, F, L K, Nx40, CE G H, J LM,

O x200.

Additional file 4: Frequency of expression of PDGFs in the GBM
group and non-GBM group. We assessed the frequency of exprassion
of PDGFs semi-quantitatively. In the GBM group {cases 3, 4, 5, 6) and
non-GBM group {cases 1, 2, 7), there was no apparent statistical
significance in expression of each isoform (A, B, C, D).
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Additional file 5: Double immunofluorescence staining results from
case 3. Double immunofluorescence staining from case 3 revealed that
POGF-C or D-positive cells were merged with many CD68, hGLUTS, CD45
and GFAP-pasitive cells, Endothelial cells {*) were nonspecifically stained
with secondary fluorescence antibody. The scale bar represents 50 pm.

Additional file 6: Double immunofluorescence staining results from
case 3. Double immuncfluorescence staining of the specimen from case
3 revealed that PDGFR-a and B were strongly expiessed in CD31-positive
cells {© and §). PDGFR-a-positive celb were merged with many cells positive
for CD68 (A}, GFAP (B}, hGLUTS (0. and CD45 (B). PDGFR-B-positive cells
waere merged specifically with endothelial celis (F thorough J). Endothelial
cells (*) were nanspecifically staired with secondary flusrescence antibody.
The scale bar represents 50 ym.

Additional file 7: Immunofluorescence staining from consecutive
specimens from case 1 and 3. Immunofiucrescence staining of
consecutive specimens fiom case 1 (A, B} and 3 {C D) showed positivity for
PDGFR-B {A) or GFAP {B). PDGFR-3 (A} was not observabie at an excitation
wavelength of 561 nm but was apparent at 499 nm in endothelial cells ().
On the other hand, GFAP {(B) was cbserved only at an excitation wavelength
of 561 nm in reactive astrocytes. The scale bar represents 50 pim. J

Abbreviations

RN: Radiation necrosis; PDGFs: Platelet-derived growth factors;
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RANIOPHARYNGIOMAS located in retrochiasmatic re-
gions are regarded as particulady challenging tu-
mors to remove safely and totally because of their
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Surgical outcomes of the minimum anterior and posterior
combined transpetrosal approach for resection of
retrochiasmatic craniopharyngiomas with

complicated conditions

Clinical article

NoriTsucu Kuntmiro, M. D., Takeo Gorto, MLD., Kenicuz IsHisasar, MLD.,
AND Kunjt OHata, MLD.

Department of Neurosurgery, Osaka City University Graduate School of Medicine, Osaka, Japan

Object. Retrochiasmatic craniopharyngiomas are surgically challenging tumors. Retrochiasmatic craniopharyn-
giomas with complicated conditions such as large diameter, major calcification, or significant extension to the third
ventricle or posterior fossa present surgical challenges; moreover, recurrent retrochiasmatic cramopharyngiomas
are particularly formidable challenges. Although the transpetrosal approach to retrochiasmatic craniopharyngiomas
published by Hakuba in 1985 can provide umique advantageous exposure of the relrochiasmatic area to allow safe
neurovascular dissection and facilitate radical tumor removal, the procedure is viewed as complicated and time con-
suming and has a high risk of damaging hearing functions. The authors have modified Hakuba’s technique to mini-
mize petrosectomy and reduce surgical complications and have applied this modified approach to retrochiasmatic
craniopharyngiomas with complicated conditions. In this study, the avthors describe their technique and surgical
outcomes to elucidate the role of this modified transpetrosal approach for retrochiasmatic craniopharyngiomas with
complicated conditions. This is the first study to report surgical outcomes of the transpetrosal approach for retrochi-
asmatic craniopharyngiomas.

Methods. Between 1999 and 2011, the minimum anterior and posterior combined (MAPC) transpetrosal ap-
proach, which is a modification of Hakuba’s transpetrosal approach, was applied in 16 cases of retrochiasmatic
craniopharyngiomas with complicated conditions. Eight cases were recurrent tumors, 4 had previously received
radiotherapy, 11 had a large diameter, 10 had large calcification, 15 had superior extension of the turnor into the third
ventricle, and 10 had a posterior extension of the tumor that compressed the midbrain and pons. In all 16 patients,
more than 2 of these complicated conditions were present. The follow-up duration ranged from 0.8 to 12.5 years
(mean 5.3 years). Surgical outcomes assessed were the extent of resection, surgical complications, visual function,
endocrinological status, and neuropsychological function. Five-year and 10-year recurrence-free swvival rates were
also calculated.

Results. Gross-total or near-total resection was achieved in 15 cases (93.8%). Facial nerve function was com-
pletely maintained in all 16 patients. Serviceable hearing was preserved in 15 cases (93.8%). Visual function im-
proved in 13 out of 14 cases (92.9%) that had visual disturbance before surgery. None of the patients experienced
deterioration of their visual function. Twelve cases had endocrinological deficit and received hormonal replacement
before surgery. New endocrinological deficit occurred in 2 cases (12.5%). Neuropsychological function was main-
tained in 14 cases (87.5%) and improved in 1 case (6.3%). One case that had received previous conventional radio-
therapy treatment showed a gradual decline in neuropsychological function. The 5-year and 10-year recurrence-free
survival rates were both 86.5%.

Conclusions. The authors obtained good results by using the MAPC transpetrosal approach for the removal
of retrochiasmatic craniopharyngiomas with complicated conditions. The MAPC transpetrosal approach should be
considered as a therapeutic option for selected cases of retrochiasmatic craniopharyngiomas with complicated condi-
tions.

(hstp://thejns.org/doilabs/10.3171/201 3.10.JNS13673)

Key WorDs  »
surgical approach »

retrochiasmatic craniopharyngioma ¢ skullbase e
transpetrosal approach «  oncology

lar structures.?*?® Surgical resection of this type of cra-
niopharyngioma is associated with high rates of surgical
mortality, surgical complications, and incomplete resec-
tion resulting in a high recurrence rate.5% Although vari-

anatomical location and proximity to critical neurovascu-

Abbreviations used in this paper: KPS = Karmofsky Performance
Scale; MAPC = mnirmumn anterior and posterior combined;, PCoA
= posterior comrmumnicating artery; VIS = visual impairment scale
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ous surgical approaches to remove retrochiasmatic cranio-
pharyngiomas have been described, including pterional,
orbitopterional, orbitozygomatic, transbasal subfrontal,
frontobasal interhemispheric, and transnasal transsphenoi-
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dal approaches,?>48105-1723282 the gptimal surgical ap-
proach remains controversial.

In 1985, Hakuba reported the usefulness of the trans-
petrosal approach for the removal of retrochiasmatic cra-
niopharyngiomas,!! emphasizing that this approach offers
wide exposure of retrochiasmatic lesions and unique pos-
terior-to-anterior and inferior-to-superior projection to the
inferior and posterior surfaces of the chiasm, the floor of
third ventricle, and the hypothalamic tuber cerium area.
However, in his approach, Hakuba sacrificed 3 semicircu-
lar canals with 33% hearing preservation. Al-Mefty et al.
used Hakuba’s techniques and reported the effectiveness
of the transpetrosal approach for giant retrochiasmatic
craniopharyngiomas® but have not yet reported outcomes
and complication rates in their surgical series. In addi-
tion, the complicated surgical procedures involved in the
petrosal approach have discouraged neurosurgeons from
assessing the most effective approach for removal of ret-
rochiasmatic craniopharyngiomas.

‘We have modified Hakuba’s techniques to minimize
petrosectomy and reduce surgical complications and have
applied this approach to 16 patients with retrochiasmatic
craniopharyngiomas with complicated conditions such as
a history of excision or radiotherapy, tumors with large
calcification, large diameter (> 30 mm), superior exten-
sion into the third ventricle, or severe posterior extension
compressing the midbrain and pons. This study retrospec-
tively analyzed surgical outcomes, including the extent of
tumor resection, recurrence rate, surgical complications,
visual function, endocrinological status, neuropsychologi-
cal function, and functional performance status, to eluci-
date the role of our modified transpetrosal approach for
the removal of retrochiasmatic craniopharyngioma with
complicated conditions. This is the first study to report
surgical outcomes of the transpetrosal approach for retro-
chiasmatic craniopharyngioma.

Methods
Indications for MAPC Transpetrosal Approach

Minimum anterior and posterior combined (MAPC)
transpetrosal approaches were applied to retrochiasmatic
craniopharyngiomas with complicated conditions such as
a history of excisions or radiotherapy, tumors with large
calcification, large diameter (>30 mm), superior extension
into the third ventricle, or severe posterior extension com-
pressing the midbrain and pons. If a retrochiasmatic cra-
niopharyngioma possessed not less than 2 of these com-
plicated conditions and no well-developed middle fossa
venous sinus (such as the sphenobasal or sphenopetrosal
sinus) blocking the surgical route to the tumor, the MAPC
transpetrosal approach was applied.

Patient Population

Between 1999 and 2011, a total of 44 consecutive pa-
tients underwent resection of craniopharyngiomas in the
Department of Neurosurgery at Osaka City University in
Osaka, Japan. Medical records from all 44 patients were
retrospectively examined. Tumors showing the following
conditions on imaging were defined as retrochiasmatic

2
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craniopharyngiomas: 1) the tumor extending toward the
posterior fossa and upward toward the third ventricle, dis-
placing the midbrain posteriorly and the optic chiasm an-
teriorly; and 2) no upward displacement of the anterior ce-
rebral arteries as would be seen in patients with a prechi-
asmatic craniopharyngioma. Thirty-six of the 44 tumors
were classified as retrochiasmatic craniopharyngioma and
16 of these 36 tumors were resected using our modified
MAPC transpetrosal approach. These 16 cases formed the
sample for this study. All clinical data of the 16 patients
were reviewed retrospectively.

Six patients were male and 10 patients were female,
and their mean age at the time of surgery was 47.9 years
(range 27-71 years; Table 1). Eight patients (50.0%) had un-
dergone previous surgical procedures at other institutions
(Table 1). Prior surgical approaches were interhemispher-
icin 3 patients, pterional in 2, extended transsphenoidal in
2, and orbitozygomatic in 2. Omunaya reservoirs had been
placed in 2 patients. Four patients had received repeated
or combined operations. The mean interval between first
surgery and our surgery was 10.0 years (range 0.7-32.0
years). Four patients had already received radiotherapy
prior to referral to our institution. Stereotactic radiosus-
gery was added in 2 cases, conventional radiotherapy to
1, and conventional radiotherapy and 3 sessions of stereo-
tactic radiosurgery in 1. The mean maximum diameter of
the tumor, as estimated from preoperative MR images,
was 32.1 mm (range 25-40 mm). A large tumor diameter
(maximum tumor diameter > 30 mm) was present in 11
patients (68.8%). A large calcification (intratumoral calci-
fication > 10% of tumor volume on preoperative CT im-
ages) was present in 10 patients (62.5%). Superior exten-
sion into the third ventricle was documented in 15 patients
(93.8%). Posterior extension in which the tumor appeared
to be compressing the midbrain and pons was present in
10 patients (62.5%). All 16 patients had no fewer than 2 of
these complicated conditions (Table 1).

Nine tumors were removed in a single step via the
MAPC transpetrosal approach and 7 tumors were excised
in 2 steps via a combination of the MAPC transpetrosal
approach and other approaches (for example, orbitozy-
gomatic, interhemispheric lamina terminalis, and trans-
sphenoidal). The mean follow-up duration was 5.3 years
(range 0.8-12.5 years). The median survival duration was
5.6 years (range 1.4-12.5 years). Three patients died dur-
ing the follow-up period: 1 patient of radiation necrosis 3.6
years after surgery; 1 of chronic heart failure 6.1 years af-
ter surgery; and 1 of old age 1.7 years after surgery. Anoth-
er patient was followed up for 0.8 years before being lost
to follow-up after being transferred to another hospital for
an unrelated disease 1.4 years after surgery. Clinical and
ophthalmological examinations, imaging studies, endocri-
nological studies, neuropsychological function, and surgi-
cal complications were reviewed retrospectively based on
the medical records at our institution.

Neuroradiological Evaluation

Before surgery, all patients underwent MRI, CT, and
angiography. Tumor size was estimated from MR images
by measuring the maximum anteroposterior, vertical, and
horizontal diameters. The extent of intratumoral calcifica-
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Transpetrosal approach for challenging craniopharyngiomas

TABLE 1: Characteristics of 16 patients with tumors resected via the MAPC transpetrosal approach*

Max Tumor Posterior Extension
Case Age {yrs), Interval Btwn Diameter  Calcification Superior Extension Compressing

No. Sex Previous Op Ops {yrs)t  Previous Radiation {mm) (%) into 3rd Ventricle Brainstem

1 3L F 25 >50 yes no

2 63,F PTx4 32 conventional RT 32 <10 yes yes

3 69 F 40 >10 yes yes

4 27, F  0OZx 2, Ommaya 1.6 27 >10 yes yes

5 60, F 30 none yes no

6 30, M N none yes no

7 39.M H 37 SRS 36 none yes yes

8 71, F 37 >50 yes no

9 69, M 36 none yes yes
10 45 M 3 <10 yes yes
11 34, F  OZ, extended TSS A 1.2 25 >10 no no
12 47.M  extended TSS 0.7 38 >10 yes yes
13 69, F 30 >50 yes yes
14 33,F  PTx3, Ommayax 2 18 SRS x 3, convention- 25 >50 yes no

al RT

15 I3M H 53 SRS 26 >50 yes yes
16 61,F IH 18 44 >10 yes yes

* |H = interhemispheric approach; OZ = orbitozygomatic approach; PT = pterional approach; RT = radiation therapy; SRS = stereotactic radiosurgery;

TSS = transsphenaidal surgery.
T Interval between first surgery and surgery at our institution.

tion was determined on CT images. Intratumoral calci-
fication that accounted for more than 10% of the tumor
volume was defined as large calcification. Anatomical
features of the cerebral vessels, such as the extent of de-
velopment of the posterior communicating artery (PCoA)
and the development of venous drainage on the lesion side,
were evaluated on angiograms. Precise understanding of
venous flow in the middle and posterior fossa is manda-
tory to safely complete the transpetrosal approach. For ex-
ample, the insertion of the petrosal vein into the superior
petrosal sinus represents a key landmark for ligation of
the superior petrosal sious and the cerebellar tentorium.
In addition, a well-developed sphenobasal sinus without
sufficient collateral venous flow represents one of the most
significant hazards to the transpetrosal approach. These
fine venous findings can currently only be obtained on 3D
angiography. We therefore performed angiography in ail
cases in addition to MR angiography.

Extent of Tumor Resection

Neuroradiologists independently reviewed the results
of preoperative and postoperative MR and CT images to
assess the extent of tumor resection. The extent of resec-
tion was determined from MR and CT images obtained
within 1 week after surgery and from follow-up radiologi-
cal studies. All tumors were evaluated using enhanced
MRI. However, small calcifications can only be detected
on CT, which is why this modality was used for radio-
logical evaluation. If smail calcifications were identified, a
small residual tumor was considered to be present. Small
enhanced lesions that diminished in the late period were
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judged as representing postoperative reactive changes
rather than as residual tumor.

Resection was classified as gross-total resection when
there was no residual enhanced lesion or residual calcifi-
cation, near-total resection when residual enhanced lesion
or calcification was limited to less than 0.5 cm?, and sub-
total resection when there was residual enhanced lesion or
calcification was equal to or less than 0.5 cm?®, The volume
of the residual enhanced lesion or calcification was calcu-
lated as the volume of an ellipsoid: volume = 4mabc/3 x
2%, where a, b, and ¢ represent the orthogonal diameters on
the MR image.

Tumor Recurrence

Follow-up MRI was performed within 1 week after
surgery, within 3 months after surgery, and then at regu-
lar intervals of 6-12 months. Three patients underwent
the second MRI session at 4 months after surgery rather
than within 3 months. All other patients underwent MRI
in accordance with the schedule. Recurrence of the tumor
during follow-up was defined as the appearance of new
pathological tissue on MR images or the growth of tumor
remmnants.

Visual Function

Ophthalmological evaluation, including visual acuity
and field examination in accordance with the guidelines
of the German Ophthalmological Society, was performed
by an ophthalmologist before and after surgery and when
clinically appropriate. The timing of subsequent assess-
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ments was decided on an individual basis. Visual function
was quantified using the visual impairment scale (VIS),
which is based on visual acuity and visual field defects in
both eyes (Fig. 1).” Available ophthalmological examina-
tions including visual acuity and visual field testing for
reviews were performed in 15 cases. One patient who was
transferred to another hospital for an unrelated disease
during the follow-up period did not undergo full ophthal-
mological evaluation.

Endocrinological Status

In addition to clinical symptoms, we evaluated basic
levels of luteinizing hormone, follicle-stimulating hor-
mone, free tritodothyronine, free thyroxine, thyroid-stim-
ulating hormone, growth hormone, cortisol, adrenocorti-
cotropic hormone, and prolactin before and after surgery.
Anterior pituitary hormone dysfunction was defined as
the use of hormone supplementation; deficits in basic lev-
els of luteinizing hormone, follicle-stimulating hormone,
free triiodothyronine, free thyroxine, thyroid-stimulating
hormone, growth hormone, cortisol, or adrenocorticotrop-
ic hormone; or high levels of prolactin without use of do-
pamine agonists. Diabetes insipidus was diagnosed before
and after surgery based on sodium level and the presence
of hypotonic polyuria. All patients underwent available
endocrinological assessment for review.

Neuropsychological Function

Neuropsychological function was evaluated preoper-
atively and postoperatively by face-to-face examinations.
Patients were classified as showing neuropsychological
dysfunction if any of the following conditions were met:
1) score <70 on the full scale of the Wechsler adult intel-
ligence scale (3rd edition);® 2) score < 20 on the Mini-
- Mental Status Examination;® or 3) the patient found it im-
possible to continue in a previous occupation. These data
were available for review from all patients.

Functional Performance Status

Functional performance status was evaluated using
the Karnofsky Performance Scale (KPS).

Statistical Analysis

The cumulative risk of tumor recurrence was calcu-
lated according to the Kaplan-Meier method; JMP 9.0
software (SAS Institute Inc.) was used.

The MAPC Transpetrosal Approach

Positioning. Patients were placed in a semiprone park
bench position. The head was fixed using 3-point fixation
with the head rotated and vertex down to keep the tempo-
ral side of the head in the horizontal plane.

Skin Incision. The skin incision started at the upper
margin of the zygomatic arch anterior to the tragus, turned
2-3 cm above the ear, and then descended behind the pos-
terior margin of the mastoid process. After reflecting the
skin fiap, a temporal fascia-pericranial flap with a pedicle
of the sternocleidomastoid muscle was harvested to pre-
vent leakage of CSE
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Craniotomy. Temporo-occipito-suboccipital cranioto-
my was performed prior to mastoidectomy. Key bur holes
were placed at 4 anatomical landmarks to avoid injuring
the sigmoid sinus. The first bur hole was made at the as-
terion, the second at the intersection of the supramastoid
crest with the squamous suture, the third at the mastoid
emissary foramen, and the fourth just at the inion-asterion
line. The first bur hole was usually just above the lateral
end of the transverse sinus, the second just anterior to the
transverse-sigmoid sinus junction, the third a few milli-
meters medial to the posterior edge of the sigmoid sinus,
and the fourth just on the transverse sinus.

Preparation for MAPC Petrosectomy. After temporo-
occipito-suboccipital craniotomy, the outer cortical bone
of the mastoid portion of the temporal bone was removed
as a thin triangular plate for cosmetic mastoidectomy.
This procedure was not essential and was skipped in cases
in which the groove of the sigmoid sinus was too large. At
this point, the transverse sinus and transverse sinus—sig-
moid sinus junction had been safely exposed (Fig. 2A).
Dural dissection from the petrous and mastoid portions
of the temporal bone was then started for safe and swift
petrosectomy. At the middle fossa, the dura matter at the
temporal base was gently reflected to fully expose the en-
tire course of the petrous ridge and apex by cutting the
middle meningeal artery and dissecting the greater super-
ficial petrosal nerve. At the posterior fossa, the presigmoid
dura was carefully dissected from the posterior surface of
the petrous portion of the temporal bone and the entrance
of the internal auditory canal was epidurally exposed by
cutting the endolymphatic sac (Fig. 2B). After completion
of this dural dissection, bone work for petrosectomy was
performed (Fig. 2C). This full dural retraction is a unique
characteristic of the MAPC transpetrosal approach. The
membranous labyrinths of the semicircular canals were
kept intact to preserve hearing, A small amount of bone
at the petrous ridge was drilled out to obtain a surgical
corridor along the axis of the petrous ridge (Fig. 2D and
E). The amount of petrous portion of the temporal bone
required for petrosectomy is quite limited and this allows
a quick surgical procedure.

Dural Opening. The presigmoid dura was opened
along the drilled petrosal portion of the temporal bone as
far anteriorly as possible while the insertion of the petro-
sal vein at the superior petrosal sinus was inspected. The
subtemporal dura was opened anteriorly and the superior
petrosal sinus was divided by Weck clips (Teleflex) at a
point anterior to the insertion of the petrosal vein at the
superior petrosal sinus fo preserve venous reffux from the
petrosal vein. The tentorium was cut behind the dural en-
trance of the trochlear nerve, and the trochlear nerve into
the tentorium was exposed.

Intradural Procedure. After superior retraction of the
temporal lobe and medial mobilization of the sigmoid si-
nus, the arachnoid membrane was dissected to obtain a
surgical corridor to the retrochiasmatic space (Fig. 3A).
The trochlear nerve, oculomotor nerve, C, and C, portions
of the internal carotid artery, PCoA and its perforating
branches, posterior cerebral artery, and superior cerebellar
artery were identified step by step; the tumor was widely
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Closure. All opened mastoid air cells were sealed with
abdominal fat-soaked fibrin glue; then the mastoid and pe-
trous portions of the temporal bone and dural defect were
entirely covered with the harvested fascia-pericranial flap.
The tumbar drain was left open for approximately 3 days
to allow CSF pressure to reduce and prevent leakage of
CSE

Results
Extent of Tumor Resection

The extent of tumor resection is shown in Table 2.
Gross-total resection was achieved in 9 patients (56.3%)
and near-total resection was achieved in 6 patients (37.5%).
Subtotal resection was found in only 1 patient (Case 2).
This patient had particularly complicated conditions, in-
cluding 4 previous surgeries and a history of conventional
radiation therapy.

Tumor Recurrence

During the follow-up period, no tumor recurrence oc-
curred in any of the 9 patients with gross-total resection
(Table 2). Regrowth was detected in 1 of the 6 patients
with near-total resection but was successfully controlled
for 108 months after an additional resection and stereotac-
tic radiosurgery. Regrowth began 8 months after surgery
in the patient with subtotal resection. This was controlled
by additional resection and stereotactic radiosurgery treat-
ment, but the patient died due to radiation necrosis.

Morbidity and Mortality

No surgery-related deaths occurred. Transient oculo-
motor nerve palsy was confirmed in 7 patients and was
fully resolved within the follow-up period. Facial nerve
function was completely maintained in all 16 patients.
Serviceable hearing was preserved in 15 of the 16 patients.
No other cranial nerve palsies were seen. Venous infarc-
fion or contusion-related temporal retraction was not de-
tected. Leakage of CSF and surgical-site infection did not
occur in any patients (Table 2).

Visual Function

Results of the VIS are presented in Table 2. Fifteen
patients (93.8%) showed visual disturbance before sur-
gery. One patient who was lost to follow-up alter admis-
sion to another hospital with an unrelated disease did not
undergo a full ophthalmological evaluation and thus was
not included in this analysis. One patient with normal
visual function preoperatively retained normal function
postoperatively. Visual function improved after surgery
in 13 (92.9%) of the 14 patients who had visual distur-
bance before surgery. One patient (Case 2) did not show
improvement in visual function after surgery. This patient
was blind in both eyes (VIS score of 100) before surgery.
No patients experienced any deterioration in visual func-
tion. The mean VIS score improved from 37.2 + 33.7 pre-
operatively to 17.3 + 31.3 postoperatively.

Endocrinological Status
Tivelve patients (75.0%) had an endocrinological def-
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icit or had received hormonal replacement before our sur-
gery. Preoperatively, 4 patients had received replacement
of anterior pituitary hormone, 6 patients showed a def-
icit in anterior pituitary hormone, and 9 patients had dia-
betes insipidus. Three patients showed deficit of anterior
pituitary hormone without diabetes insipidus and 2 pa-
tients showed only diabetes insipidus. Postoperatively, 14
patients (87.5%) received endocrine replacement (Table
2). Of these patients, 2 received replacement of anterior
pituitary hormone without diabetes insipidus and 1 had
diabetes insipidus only. Pituitary stalks were anatomi-
cally preserved in 6 patients but preservation of function
was only achieved in 2 patients.

Neuropsychological Function

Five patients (31.3%) showed neuropsychological def-
icit before surgery, and the neuropsychological function in
the remaining 11 patients (68.8%) was normal. During fol-
low-up, neuropsychological function was preserved in 14
patients (87.5%), improved in 1 patient (6.3%), and dete-
riorated in 1 patient (6.3%) (Table 2). The patient who had
deteriorated neuropsychological function had received
previous conventional radiotherapy and showed a gradual
decline in neuropsychological function.

Functional Performance Status

Postoperative KPS scores at final follow-up were
compared with preoperative KPS scores in 13 patients.
Two patients died of unrelated diseases, and 1 patient
was lost to follow-up after admission to another hospital
with an unrelated disease and thus was not included in
this amalysis (Table 2). The mean preoperative KPS score
was 80.0 (range 60.0-90.0) and the mean postoperative
KPS score was 83.3 (range 70.0-90.0). The KPS scores
improved in all but 1 patient (Case 2), who died due to
radiation necrosis. All patients (except the one who died
due to radiation necrosis) returned to their normal daily
life and social activities after surgery.

Long-Term Outcome

The recurrence-free survival rate is shown in Fig. 4.
The 5-year recurrence-free survival rate in the 16 patients
was 86.5% (Fig. 4). The 10-year recurrence-free survival
rate was also 86.5% (Fig. 4). The 5-year recurrence-free
survival rates were 100.0% after gross-total resection and
68.5% after near-total and subtotal resection (Fig. 5).

Discussion

Craniopharyngiomas located in the retrochiasmat-
ic region are regarded as challenging tumors to remove
safely and totally because of their anatomical location and
proximity to critical neurovascular structures. Because of
the hidden position of retrochiasmatic craniopharyngio-
mas behind the optic chiasm, their upward extension into
the third ventricle, and their downward extension in front
of the brainstem, the surgical exposure of these tumors
is usually unsatisfactory.>?9252? Resection of this type of
craniopharyngioma has thus been associated with a high
rate of surgical mortality, surgical complications, and in-
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TABLE 2: Surgical outcomes in 16 patients with tumors resected via the MAPC transpetrosal approach®

601

VIS Score Endocrinological Dysfunction ~ Neuropsychological Deficit KPS Score
Preop Paostop Preop Postop
Case No. Approach Resection Complication Recurrence VA VF Total VA VF Total APH DI APH DI Preop Postop Preop  Postop
1 0Z--TP GTR  none no 0 0 0 0 0 0 no  no no yes no na 90 90
2 TP STR  none yes 100 25 100 100 O 100 yes  no yes  no no yes 60 deadt
3 TP GTR  none no 28 3 59 2 10 12 no  yes  yes  yes yes no 70 deadf
4 TP--0Z NTR  none. yes 15 22 37 0 0 0 yes  yes yes  no na no 80 90
5 TP—TSS  GTR  hearing disturbance no 0 0 10 0 0 0 no  yes yes  yes no no 60 deadt
6 P GTR  none no 0 10 20 0 0 0 no  no yes  yes no no 80 90
7 P NTR  none no g8 22 30 0 0 0 yes yes  yes  yes no no 80 90
8 TP GTR  none no 2 6 28 17 6 23 yes yes  yes  yes no no 80 90
g TP NTR  none no 4 14 18 0 4 4 yes no no no no no 80 90
10 TP—-0Z GTR  none no 20 14 34 0 0 0 yes yes  yes  yes yes yes 80 90
1 TP NTR  none no 2 0 2 0 0 0 no no no no no no 80 90
12 TP GTR  none no 2 22 24 0 22 22 yes yes  yes  yes no no 90 50
13 TP NTR  nhone no % 22 97 — yes no yes  yes yes yes 70 unknown§
14 TP—0Z NTR  none no 100 25 100 60 22 82 yes yes  yes  yes yes yes 60 70
15 TP—IH GTR  none no 0 18 18 0 0 0 yes yes  yes  yes no no 90 80
16 TP—0Z GTR  none no 4 14 18 0 16 16 no  no yes  yes yes yes 90 90

SinsoanaN 1

-

#10¢ Lavinuvy ; 07T auop /

* APH = anterior pituitary hormone; DI = diabetes insipidus; GTR = gross-total resection; NTR = near-total resection; STR = subtotal resection; TP = transpetrosal approach; VA = visual acuity; VF =
visual field ‘

1 Patient died of radiation necrosis related to the treatment.

1 Patient died of an unrelated disease.

§ Patient was lost to follow-up.
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complete resection resulting in higher recurrence rates: 848
In addition, previous large séries of cramopharynglomas
have reported that retrochiasmatic location, larger size,
greater than 10% calcification, extension’ into the thn“d
ventricle, and recurrence are significant prognostic factors
that negatively affect the extent: of resection 512192126 28
Fahlbusch et al. achieved complete resection in only
21.4% of tumors with greater than 10% intratumoral cal-
cification® Several studies have reported that: the rate of
‘total resection in repeat surgery is markedly lower than
in primary surgery, moreover, perioperative morbidity
:and mortality. are also increased in cases of repeat sur-
‘gery.81218192529 Ty, tumors with posterlor extension where
the tumor appears to compress the midbrain and pons,
‘most surgeons might recognize that preservation of the
‘membrane of Lilliquist prevents the tumor from. adhenng
to vessels and the brainstem in this area. However, this is
less true for recurrent cases. We therefore regarded poste-
rior extension as one of the complicating conditions.

The 16 cases of retrochiasmatic. cramophalyngxomas
with complicated conditions reported in this seriesall pos-
sessed at least 2 of these risk factors and thus can be re-
, garded as the most challenging sabgroup of cramopharyn—
‘giomas. Bven vnder such difficult conditions;- the results
of‘our MAPC transpetrosal approach were satisfactory in
‘terms of the extent of tumor removal, tumor control, and
comphcat:on rate. The unique posterior-to-anterior and
inferior-to-superior surgical corridor to the retrochias-
‘matic area afforded by the MAPC transpetrosal approach
‘pmvxdes a relatively wide space. for surgical procedires
in‘the retrochiasmatic space and offers direct visualiza-
tion of the posterior and inferior surfaces of the chiasm,
the floor of the third ventricle, and the hypothalamlc tuber
einereum area. In addition, h1 erior-anterior corridor
‘to’ the chiasm and the third ventricle has the advantage
of preserving small perforating vessels from the internal
carotid arteries that provide the primary blood supply to
the optlc chiasm and'h pothalamus The har:
are distinct from other conventional surgical appxoaches
such-as pterional, orbitozygomatic; and intethemispheric
Jamina terminalis -approaches; and are the ‘primary reason
for.our.good results regarding the extent of tumor removal
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and preservation of visual function in retrochiasmatic cra-
niopharyngiomas with complicated conditions. The endo-
nasal endoscopic approach can also offer a direct view ‘of
the posterior and inferior surfaces ‘of ‘the chiasm; but it
is not effective in cases of recurrent tumors, tumors with
Iarge calcification, and large tumors because the maneu-
verabxhty of surgical instruments is not as good as it is
when using a microscope; particularly when bipolar for-
ceps are needed for dissection of perforating vessels.1®
The endonasal endoscopic approach would thus be unsuit-
able for the complicated cases reported here.

‘Despite the effectiveness of the MAPC transpetrosal
approach, some consideted it to be a time-consuming and
difficult procedure. that carries @ risk of damaging cranial
nerves, such as the facial and acoustic nerves; and causmg‘
leakage of CSFand. surgical-site infection. At our insti-
tute, we modified the original transpetrosal approach of
Hakuba et al!! to overcome these problems 2 and.developed
the MAPC transpetrosal approach in 1999.In our proce-
dure the dura materat the middle and posterior fossa is
completely: peeled off the superior-and posterior surfaces
of the petrous portion of the temporal bone before the
petrosectomy is initiated. This differs from other petro-
sal approaches and effectively shortens the surgical time
for petrosectomy and reduces the extent of bone removal
required. For epidural retraction of the temporal and pre-
sigmoid dura, a small amount of petrous drilling. along:
the petrous ridge is sufficient to obtain the surgical cor
ridor to the retrochiasmatic space and is also effective in
préserviiig facial and cochlear functiosis. In fact, hearing
was preserved in 15 of the 16 cases and facial function:
was preserved in all 16 cases. In addition, no surg1cal~sxte‘
infection and no leakage of CSF were seen in any of the
16 cases.

A disadvantage of our MAPC transpetrosal approach..
was: an, occasmnal occurrence. of transient oculomo-
tor nerve palsy just after the surgical procedure; but we:
consider this an acceptable complication considering the
surglcal difficulty of the cases: Seven patients underwent
2-staged operations. involving the: transpetrosal approach‘~
and another approach. One of the reasons for a second.
operation was that in cases with adhesions between the tu-
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mor and the perforator of the opposite internal carotid ar-
tery, these parts of the tumor are more difficult to remove
safely via the transpetrosal approach. However, these
parts could be removed safely using an orbitozygomatic
approach from the contralateral side. Another reason is
that the part of the sella turcica or the superoposterior part
of the third ventricle is more difficult to access directly
because the transpetrosal approach provides inferior-to-
superior and posterior-to-anterior projections. However,
the residual tumors in the sella turcica could be removed
safely via transsphenoidal surgery and residual tumors in
the superoposterior part of the third ventricle could be re-
moved using an interhemispheric approach.

There is a school of thought that retrochiasmatic
craniopharyngiomas with complicated conditions should
be treated conservatively with a combination of safe par-
tial resection and stereotactic radiosurgery to reduce the
risks of surgery. This conservative treatment has provided
acceptable results for some types of craniopharyngio-
mas.*#242527 However, of the cases presented in this re-
port, radiotherapies or radiosurgeries had already been
applied in 4 cases; radiotherapies or stereotactic radiosur-
geries were not acceptable in the other 12 cases because
of the proximity of the tumors to the optic chiasm and hy-
pothalamus. In general, radiosurgery is contraindicated
if the distance between the tumor and optic apparatus is
less than 3 nun because the visual pathways would typi-
cally receive more than 10 Gy in these situations.’* The 16
cases of retrochiasmatic craniopharyngiomas presented
in this report could be considered the most difficult cases
to control, and radical resection of the tumor should be re-
garded as the last treatment. Qur results regarding extent
of tumor removal, tumor control, complication rate, and
visual function were satisfactory compared with the other
reports of craniopharyngiomas. 461219212629

Conclusions

Although this represents the first report on surgical
outcomes of the transpetrosal approach for retrochiasmat-
ic craniopharyngiomas, we achieved satisfactory results
using the MAPC transpetrosal approach for the removal
of retrochiasmatic craniopharyngiomas under compli-
cated conditions. The MAPC transpetrosal approach can
provide an alternative procedure for resection of retrochi-
asmatic craniopharyngiomas with complicated conditions
such as recurrence, history of radiation, large calcification,
large tumor diameter, and extreme superior and posterior
extension.
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BNCT is based on the nuclear capture and fission reactions that
occur when borcmd(} -2 non-radi ioactive isotope and z constituent
of natural elemental boron, is zrraé;ated with low energy
(<0025 eV} thermal neutrons: {nth) o ‘produce hxgh energy
{23 ‘Mev} alpha {a} particles and recoiling lithium-7 nuclei
('8 + nth — {B] ~+*He (o) + "Li + 2.38 MeV) [3,4] BNCT has been
used to treat patients with high- grade primary. bram tamors and a
much smaller number of patients with other types:of brain tumors
: . For BNCT to be sticcessful, there must be high uptake of '°8
by the tumor ‘and low levels in the normal brain, and sufficient
fluence of thermal neutrons must be delivered tothe tumor, In their
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BNCT, two low molecular weight °B-containing drugs, bor-
onaphenyia}amne (BFA} and,’ur sodium borocaptate: (BSH ‘were
used as capture agents |7}, Two boron compountds have been used
clinically:  sodium  undecahydro-mercaptocloso-dodecaborate
(NazByzHySH, also referred to as sodium borocaptate or "BSH) in
Japan and Europe and 4- dfhydmxybcry!phenyialamne {bor-
anophenyialanine or ‘BPA")in the United States | Larrenter
and accumulate in malignant cells, but BSH shows leakage from the:
tumor areaand cannet transduce into celts |41, The nuclear reaction
caused by BNCT outside cells is mzkﬂy effective against malignant
cells; ‘but a precise simulation dependent on the intracellular
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localization of the boron compound has not been performed. To
overcome this weakness of BSH, several drug delivery systems
(DDS} have been reported using therapeutically useful doses of
BSH-containing pharmacophores {2 Protein transduction therapy
with cell-membrane penetrating peptides (CPPs) and a protein/
peptide transduction domain (PTD) has marked advantages to get
several materials (e.g. protein, peptide, small-interfering RNA) into
cells without toxicity in vitro and in vivo {i3-15]. Well-known
intracellular transduction domain peptides, including the HIV
trans-activator of transduction {TAT; aa 48—60 or 47—-57), poly-
arginine domain (11R and R9), antennapedia (Antp; aa 43—58)
etc; have been reported as CPPs and PTD . The mechanism of
intracellular delivery using these peptide domains is proposed as a
three-step process: first, binding of the CPPs to the cellular mem-
brane with electrical interaction between CPPs and the cell mem-
brane; second, stimulation of intracellular uptake by
macropinocytosis; and third, release from macropinosomes into
the cytoplasm {i7].

In this time, we will try to prove that the intracellular localiza-
tion of the boron compound is a marked advantage in BNCT and
CPPs could be applied as a delivery system to carry a boron com-
pound (BSH) into malignant glioma cells in vitro and in vivo for
BNCT.

2. Materials and methods

2.1. Simulations of energy deposition in the nucleus for the local distribution of '°B
in one cell

There have been some previous works on the estimation of energy deposition at
the cell level for BNCT {13—2%}. Referring to these previous works, the influence of
energy deposition in the cell nucleus for the local distribution of '°B in a cell was
assessed using analytical and stochastic methods. Fig. 1-A shows the geometry and
mathematical expression for this assessment The shapes of the cell and cell nucleus
were supposed to be spherical. The contributions from B distributed outside and
inside of the nucleus were assessed separately. For the contribution from outside
108, the probabilities of the alpha particle and “Li nucleus generated due to
10B(n,)’Li were calculated geometrically for the incidence in the nucleus at a certain
angle. The particle energy, for entering and exiting the cell nucleus, was calculated
for each angle, considering the stopping powers {222} The difference of these
particle energies was regarded as the deposited energy in the cell nucleus.

For the contribution from inside B, the probabilities of the generated particles
for going forward in a certain direction were calculated geometrically. The energy
lost until the particle exited the cell nucleus was calculated considering the stopping
power. This lost energy was regarded as the deposited energy in the cell nucleus.

Integrating the above-calculated energy depositions into the weight of the angle
and the 9B distribution, the average energy deposition in the cell nucleus due to a
10B(n,x)’Li reaction was estimated. Here, assessments were performed for five
conditions of %8 distribution; @ uniformly distributed in the whole cell, @ locally
distributed only in the cell membrane, @ uniformly distributed in cytoplasm, @
locally distributed cnly in the nuclear membrane, and ® uniformly distributed in
the cell nucleus. The radius of the cell was fixed at 5 pm, and the radius of the cell
nucleus was varied among 2, 2.5 and 3 pm.

22. Ghoma cell lines

U87 DEGFR and PA U87 glioma cell lines (kindly donated by Professor Cavenee
and Dr. MuKasa of the University of California at San Diego) were used in all ex-
periments. U87 DEGFR cells stably express constitutively active EGFR, EGFRVII,
whereas PAU 87 cells not overexpress EGFR. The cells were maintained in Dulbecco’s
modified Eagle's medium (DMEM) (Invitrogen) with 10% fetal bovine serum (FBS),
penicillin and streptomycin at 37 °Cina humidified atmosphere containing 5% CO3.

2.3. Cell proliferation assay (WST-1 assay)

Celt Viability Assay—Cell viability was determined using a WST-1 assay (Roche
Applied Science) as described previously [11]. After glioma cells (1 x 10°fwell) were
seeded in 96-well flat-bottomed plates, they were cultured in Dulbecco’s medified
Eagle’s medium containing 10% FBS for 24 h. The cells were then supplemented with
various concentrations of BSH or BSH-peptide and further incubated for 24 h (day 1),
48 h (day 2), 72 h (day 3) and 96 h (day 4). Cell viability was measured using the
WST-1 assay each day according to the manufacturer’s instructions (Roche Applied
Science).

2.4. Immunohistochemical analysis (IHC) and measurement of '°B content in vitro

[HC was carried out to analyze the distribution of BSH in vitro. Cells were
incubated for 1 h, 3 h, 6 h and 24 h with BSH and BSH-peptide. After incubation of
boron compounds, the cells were thoroughly washed with PBS twice, fixed with 4%
paraformaldehyde (PFA) for 10 min, and then incubated with anti-BSH mouse mAb
{24}, The secondary antibody was Cy3 or Cy5-conjugated mouse IgG. Fluorescence
signals were observed using a confocal laser microscope (FluoView; Olympus,
Japan). To detect B in cells, BSH or BSH-peptides were added to 6-cm dishes. After
2 h, 8 hand 24 h of incubation, the cells were washed with PBS, dissolved in 200 pL
concentrated nitric acid overnight, and diluted with 5 mL MillQ water. The °B
content was measured by inductively coupled plasma-atomic emission spectrom-
etry (ICP-AES, Vista Pro, Seiko Instruments; Japan) as described previously {23,221,

2.5. Brain tumor model and detection of BSH-peptide in vivo
US7 AEGFR cells (3 x 10° cells/5 pL) were injected into the striatum of fernale 4—

6 week-old nude mice (15—~20 g, BALBfc Slc-nu/nu; Japan SLC) as described {

After two weeks, boron 0.7 mg-boron/200 pL of 8BSH-peptide or BSH was admin-
istered into tumor-bearing mice intravenously via the tail. After 6 h and 24 h, the
mice were sacrificed and the brains were placed in PBS. Sections of 10-um thickness
were cut on a microtome (CM 1850; Leica Microsystems, Wetzlar, Germany). IHC
was carried out as described previously and observed with a confocal laser micro-

scopy {73,

2.6. Muiti BSH-peptide synthesis

BSH was purchased from Katchem (Prague, Czech Republic) and all BSH-
peptides were synthesized at KNC Laboratories Co. Ltd (Kobe, Japan).

2.6.1. [Cys(Npys)ls-(Lys)r-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg-NH;

The desired fully protected peptides resin was assembled using an Applied
Biosystems model 433 peptide synthesizer with Fmoc-NH-SAL-PEG resin
(0.18 mmolfg, 0.25 mmol) as the starting solid support, as shown in Fig 3. Fmoc-
Arg(Pbf), Fmoc-Lys(Fmoc), Boc-Cys(Npys) were used as amino acid materials The
obtained [Boc-Cys{Npys)ls{(Lys)7-Arg(Pbf)11-NH-SAL-PEG resin was treated with
the usual deprotecting reagents (TFA-TIS-H,0 (95/2.5/2.5/v{v)) at room temperature
for 2 h. The desired crude S-Npys title peptide derivatives were isolated and purified
by RP-HPLC.

2.6.2. [Cys(BSH)]g-(Lys)r-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg-NH>

To a solution of S-Npys peptide (35 mg 7.46 pmol) in water-CH3CN-DMSO (6/1/
3 mi) was added solid B1oSH- 2Na (11.6 mg, 54.9 umol) and stirred at room tem-
perature for 6 h. The reaction mixture was then directly applied to the following
preparative HPLC purification procedure. The purified titled BSH peptide was ob-
tained as 13.4 mg (37.6% yield) as the lyophilized TFA salt producis.

RP-HPLC Purity: 98.7%, MW:4771.95 (C132H355B96N67026510),m/z 1592.4
({M=+-3HP* 1591.7), mjz 328.7 ((M+TFA+15H)+ 326.7), m/z279.4 ([M-+17H]'"+
281.7)

Cys(BSH)}-Arg11-NH;

Cys(BSH)-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg-NH;, MW:2001.37,
C69H152B12N461252, MS : my/z 668.4 ((M+3H|3-+668.13, m/z 706.5 ([M+TFA+3H]
3+706.14 mfz 7823 ([M+3TFA-+3H|3+782.16

Cys(BSH)-Lys| Cys(BSH)- JArg11-NH;

Cys(BSH)-Lys[Cys{(BSH)-]-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg-NH;

MW : 2394.1 C78H177B24 N49014 54, MS : m/z398.9 (M+12H.)12+ 398.7

|Cys(BSH)]4-(1ys)3-Arg11-NH;

[Cys(BSH)|8-(Lys)7-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg- Arg-Arg-Arg-NH;

MW : 31814 C98H231B48N55018 S8, MS : myjz 3994 ([M+8H|8+ 398.7, m/
2376.2 (M-+5TFA+10H.)10+ 3761

2.7. Cell proliferation assay with neutron radiation in research reactor

U87 delta EGFR cells were incubated with 0.1, 1, or 10 uM 8BSH-11R or 0.8, 8, 80,
800, or 8000 M BSH for 6 h at 37 °C and 5% CO; in an incubator. After the incubation
of boron compounds, glioma cells were washed with PBS twice and then irradiated
with neutrons in Kyoto University research reactor (KUR) for 30 min (1 MW, rate of
thermal neutron fluence 2.9-3.7 x 101%fcm?, rate of epithermal neutron fluence
52-65 x 10" jcm?). After irradiation, to check the early-stage BNCT reaction, the
cells were separated into 3000 cells per well in a 96-well plate (each group n = 6)
with culture medium and the WST-1 assay was performed 24 h and 48 h after
neutron irradiation. To evaluate the late-stage BNCT effect, 5000 cells per 35 mm
dish (each group n = 6) were cultured for 2 weeks and evaluated by colony for-
mation assay with methanol fixation and 2% Giemsa solution staining {5}

2.8. Statistical anaiysis

Data are shown as the mean =+ S.D. Data were analyzed using Student’s ¢-test to
compare the two conditions, and p < 0.05 was considered significant.
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vivfv), i) BSH.

3. Results membrane to 100%, because the boron compound of BSH cannot
penetrate the cell membrane and we aimed to show the different
effectiveness of an inside-cell or outside-cell boron compound with
neutron irradiation.

It was found that the energy deposition markedly decreased

when !°B was not taken up into or near the cell nucleus, even for

3.1. Simulations of changes in the energy deposition at one cell level
for the radius of the cell nucleus

Suppl Fg. 1 and Table | show the energy transfer ratio to the cell

nucleus for the cell and nucleus radii. In Suppl Fig 2, the three
curves correspond to three of the above-mentioned 1°B distribu-
tions, such as uniformly in the cell, cytoplasm only and nucleus
only, forcell radii of 5, 7.5 and 10 um. Under all distribution con-
ditions, the average '°B concentration in the whole cell was equal to
1 ppm. For any cell-nucleus radius, the energy deposition was
normalized for local distribution only in the cytoplasmic
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the same average '°B concentration in the whole cell. As the cell
nucleus is smaller, the effect of 1°B localization to the cell nucleus is
larger. In the comparison of the absolute values, the energy depo-
sition in the nucleus relatively increased as the cell nucleus became
larger, for any condition of 1°B distribution. These three curves
correspond to three of the above-mentioned 108 distributions.
Under any distribution condition, the average !°B concentration in
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Table 1

Calculated value of the local energy transfer ratio against nucleus % cytoplasm-membrane control from ¥ig. 1.

Cell radius (pm) Nucleus radius (pm)

Energy transfer ratio to nucleus (¥ cytoplasm-membrane control)

Nucleus only Nuclear-membrane only Cytoplasm only Cytoplasm-membrane only Uniformly distributed
5 25 3370 900 317 100 592
75 25 13,100 3490 371 100 827
75 5 2090 570 206 100 746
10 25 104,000 27,700 1420 100 2990
10 5 9320 2540 458 100 1540
10 7.5 1940 507 205 100 917

the whole cell was equal to 1 ppm. For any cell-nucleus radius, the
energy deposition was normalized to the uniform distribution in
the whole cell to 100%.

In particular, Tabde 1 shows that the energy transfer ratio to the
nucleus in nucleus-only localization was almost 30—1000 times
different form cytoplasm membrane localization. Boron localiza-
tion in the cytoplasm membrane control led the outside cell
localization and outside cell-to-cell space in an in vivo model.

3.2. Intracelhdar BSH localization and boron concentration of
glioma cells administrated BSH-fused peptide

BSH-peptide was produced with 5—S connection between
peptidesCys-NPYS and SH of BSH. The administration of BSH-fused
CPPs (TAT:GRKKRRQRRR and 11R:RRRRRRRRRRR} to glioma cells
showed high boron concentration according to the amount of
administrated BSH-CPPs (¥Fig. 1-A), and BSH was clearly observed in
U87 delta EGFR cells in the cytoplasmic region but not in the nu-
clear area (Fig. 1-B). On the other hand, BSH and BSH-NLS (NLS:
PKKKRKV) administrated glioma cells did not demonstrate BSH
inside the cell on immunohistochemistry with BSH antibody. The
intracellularly transduced BSH was not toxic to glioma cells in the
WST-1 assay for 4 days (Fig. 1-C).

3.3. Synthesis of 8BSH-8Cys-7Lys-11Arg (8BSH-1IR)

The 8BSH-8Cys-7Lys-11Arg (8BSH-11R) was synthesized by di-
sulfide linkage between the Cys(Npys)-activated cell-penetrating
peptide (CPP) containing a peptide dendrimer and the BSHs after
the CPP was prepared by Fmoc-based solid-phase peptide syn-
thesis (SPPS) {28]. The sequence of peptide moiety is N'-Lys(Ly-
s(Lys(H-Cys(Npys)2)2)2)-Argl1-NH-C'; Npys =  3-nitro-2-
pyridinesulfenyl group. The synthesis route of 8BSH-11R is
shown in Fig. Z. The structure contains multiple boron clusters and
one CPP, and such a dendritic structure containing one CPP has
seldom been reported {27}

3.4. Transduction of multi-BSH fused CPP into malignant glioma
cells

BSH-11R could enter glioma cells, but was localized in the
cytoplasm. BSH-11R’s boron content ratio was only a few percent-
age of total molecular weight. To improve the boron content in one
BSH-peptide, multi-BSH-fused CPPs (2BSH, 4BSH, and 8BSH) were
synthesized. After administration, all multi-BSH fused 11R could
enter cells and almost all was localized in the nucleus (Fig. 3-A). The
time course imaging of 8BSH-11R-administrated glioma shows the
change from cytoplasmic localization (1 h} to whole cell existence
(3 h and 6 h) (¥ig. 3-B). In particular 24 h after administration,
almost all BSH was localized in the nucleus. Malignant glioma cells
administrated with each multi-BSH-11R (2BSH-11R, 4BSH-11R,
8BSH-11R) showed a high concentration of intracellular boron
concentration in direct proportion to the number of connected BSH
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in ICP results (Fig. 3-C, Table 2). In the 10 pm 8BSH-11R group, the
boron content amount was almost 5000 ppm in 10° cells. Despite
using a high-concentration BSH-peptide, this was no toxicity to the
cells (Fig. 3-D).

3.5. In vivo 8BSH-11R distribution in intracranial brain tumor
model

U87 delta EGFR glioma cells were implanted into a nude mouse
brain and, after two weeks, 8BSH-11R was injected through the tail
vein {23.24]. These mice were sacrificed 6 h and 24 h after the in-
jection. Human GFAP antibody specifically stained only human
GFAP that showed U87 delta EGFR cells. In low magnification re-
sults, 8BSH-11R was localized in the tumor and peripheral tumor
area (Fig. 4-A). Almost all 8BSH-11R was co-localized with human
glioma cells at 6 h and 24 h. In high magnification observation,
8BSH-11R had definitely transduced into the tumor center and
tumor edge, but not into the normal brain at 6 h and 24 h (¥ig. 4-B,
C). 8BSH-11R in the tumor area and at the tumor edge could enter
cells and was localized in the nucleus and cytoplasm. On the other
hand, 8BSH-11R could not be detected in the normal brain area on
high magnification confocal microscopy (Fiz. 4-B, C).

3.6. BNCT effect after neutron irradiation with BSH or 8BSH-1IR
against malignant glioma

8BSH-11R or BSH was administrated to glioma cells at the point
of equalization of boron content. With neutron radiation for 30 min,
1 kW (thermal neutron fluence 3.2 x 101%/cm?) at Kyoto University
Reactor Institute, after neutron irradiation, early-stage (24 h and
48 h after neutron radiation) and late-stage (2 weeks after neutron
radiation) BNCT effects were evaluated separately with the WST-1
assay and colony formation assay. As early effects on cell prolifer-
ation, the 1 pm- and 10 pm- administrated 8BSH-11R groups showed
marked cell growth inhibition at both 24 h and 48 h compared to
the 100 or 1000 times more BSH-administrated group (¥Fig. 3-A).
Furthermore, in the colony formation assay 2 weeks after BNCT,
8BSH-11R 1 pm and 10 um groups had no colony formation. 800 pm
and 8 mm BSH groups showed slight cell growth inhibition effects
compared to the control group (¥ig. 3-B, C).

Table 2
B ICP-AES results in U87 delta EGFR cell from Fig. 4-C.

108 [CP-AES data in vitro

Name of boren 198 con. (ng'°B/10° cells) Boron ratic (%)

compound 10 pum to U87 AEGFR

BSH 15.9% 574
BSH-11R 219.4 6.0
2BSH-11R 3914 100
4BSH-11R 588.8 15.1
8BSH-11R 5623.7 201

2 BSH without CPPs could not penetrate cell membrane.



