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CONCENTRATION OF VASCULAR
ENDOTHELIAL GROWTH FACTOR IN
AQUEOUS HUMOR OF EYES WITH
ADVANCED RETINOPATHY OF
PREMATURITY BEFORE AND AFTER
INTRAVITREAL INJECTION OF
BEVACIZUMAB

NORIE ITO NONOBE, MD, SHU KACHI, MD, PuD, MINEO KONDO, MD, PuD,
YOSHIKO TAKAIL MD, PuD, KOJI TAKEMOTO, MD, ATSUSHI NAKAYAMA, MD,
MASAHIRO HAYAKAWA, MD, PaD, HIROKO TERASAKI, MD, PuD

Purpose: To determine whether an intravitreal injection of bevacizumab alters the
concentration of vascular endothelial growth factor (VEGF) in the aqueous humor of eyes
with retinopathy of prematurity.

Methods: Seven Stage 4 and three Stage 5 eyes of eight patients with retinopathy of
prematurity were studied. Bevacizumab (0.75 mg/0.03 mL/eye) was injected intravitreally
in six eyes of six patients after approval was obtained from the Institutional Review Board
of Nagoya University Hospital and an informed consent was signed by the parents.
Aqueous humor was collected just before the surgery or before the intravitreal injection of
bevacizumab. Agueocus humor was also collected immediately before vitrectomy 4 to 48
days after the injection of bevacizumab. Aqueous humor was also collected from four
patients undergoing congenital cataract surgery as controls. The concentration of VEGF
was measured by enzyme-linked immunosorbent assay.

Results: In the 4 control eyes, the concentration of VEGF in 2 eyes was 156 and 158
pg/mL and was not detectable in the other 2 eyes. The average concentration of VEGF was
1,109 pg/mL in the active Stage 4 eyes and 3,520 pg/mL in the active Stage 5 eyes. After
bevacizumab injection, the unbound VEGF concentration was 60, 230, and 290 pg/mL in
3 eyes and not detectable in 1 eye.

Conclusion: intravitreal bevacizumab resulted in a marked decrease in the unbound
VEGF concentration in eyes with retinopathy of prematurity.

RETINA 29:579-585, 2009

ascular endothelial growth factor (VEGF) is a which leads to retinal neovascularization. This is im-

dimeric glycoprotein that plays an important role
in angiogenesis and neovascularization.! The retina is
known to be ischemic in certain ocular diseases, such
as diabetic retinopathy and retinopathy of prematurity
(ROP), and the expression of VEGF is up-regulated,
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portant because the neovascularization can progress to
vitreous hemorrhage, proliferative membranes, and
retinal detachments (RDs).2~4 Thus, one of the strat-
egies to prevent these vision-threatening changes is to
block the upregulation of VEGF.
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Bevacizumab (Avastin; Genentech Inc., San Fran-
cisco, CA) is a humanized anti-VEGF monoclonal
antibody that has been used systemically to treat pa-
tients with cancer.3 For the eye, an intravitreal injec-
tion of bevacizumab was found to be effective in
reducing the severity of ocular diseases such as neo-
vascular age-related macular degeneration,® retinal
vein occlusion,” and diabetic retinopathy.® Bevaci-
zumab has also been used as a preoperative adjunctive
therapy for proliferative diabetic retinopathy (PDR).
Sawada et al'® have reported a marked decrease of
ocular unbound VEGF level after an intravitreal in-
jection of bevacizumab in eyes with PDR suggesting
that the effectiveness of bevacizumab was due to a
reduction of the unbound VEGF level.

ROP is a major cause of serious visual impairment
in infants born prematurely, and the number of cases
of severe ROP is increasing with the increase in the
survival rate of the smallest pronatis.!' In most cases,
retinal photocoagulation is very effective in treating
eyes with ROP, and the photocoagulation leads to a
quiescent stage. However, despite this treatment,
some eyes progress to the advanced stages of ROP
with proliferative membranes and RDs. For severe
cases, vitrectomy must be performed to reattach the
retina, although surgeons must wait for the neovascu-
lar membranes to become quiescent, which greatly
hinders the prognosis of good vision.

VEGF plays a key role in progression of ROPs, and
Chung et al!2 have reported that bevacizumab was
effective in treating eyes with ROP. This finding sug-
gested that preoperative bevacizumab can be an effec-
tive adjunctive therapy for ROP. To the best of our
knowledge, there have been only two studies on the
ocular VEGF level in eyes with ROP,'3.!4 and neither
of these reported the level of VEGF after an intravit-
real injection of bevacizumab.

Thus, the purpose of this study was to measure the
concentration of VEGF in the aqueous humor in eyes
with Stage 4 and Stage 5 ROP before and after an
intravitreal injection of bevacizumab.

Methods

Subjects

Approval for this study was obtained from the In-
stitutional Review Board of Nagoya University Hos-
pital, and an informed consent was obtained from the
parents. The procedures used in this study conformed
to the tenets of the Declaration of Helsinki.

Seven eyes at Stage 4 and three at Stage 5 of eight
patients with ROP were studied (Table 1). The mean
postmenstrual age of the patients was 41.1 weeks

(35-64 weeks). Bevacizumab at a dosage of 0.75
mg/0.03 mL was injected intravitreally in 6 eyes of 6
patients. An encircling or buckling procedure was
performed on four eyes at Stage 4 ROP. Vitrectomy
with lensectomy was performed on two Stage 4B and
on two Stage 5 ROP eyes after bevacizumab injection,
and in one Stage 5 ROP eye without an injection.
Aqueous humor was collected just before the sur-
gery from seven eyes at Stage 4 and three at Stage 5
eyes. Aqueous humor was also collected just before
the intravitreal injection of bevacizumab from two
eyes at Stage 4 and two at Stage 5. For control,
aqueous humor was also collected from three eyes
with congenital cataract and one eye with persistent
pupillary membrane that underwent surgery (1 male
and 3 female infants). The mean age of these patients
was 4.0 = 2.1 months with a range of 2 to 7 months.
Ophthalmoscopy showed that the fundus was normal
in these four eyes. Although the eyes used as control
were younger than that used in a previous report,'*
they were still older than the ROP eyes. This differ-
ence in the ages might have altered the VEGF level.

Ophthalmologic Examinations and Staging of
Retinopathy of Prematurity

Fundus and 15-MHz ultrasound biomicroscopy
(RION Inc., Kokubunji, Tokyo) examinations were
performed on all eyes in the outpatient clinic. Color
fundus photographs were taken with RetCam (Massie
Research Laboratories Inc., Dublin, CA). Fluorescein
angiography was performed under general anesthesia
using the fluorescein angiography unit of the RetCam
just before the sample collection.

The stage of the ROP was classified according to
international classification,'$ and the vascular activity
was classified as active if the eye had 1) plus disease,
2) new vessels growing into the vitreous at the ridge of
a tractional RD area, or 3) combined effusive and
tractional RD. !

Sample Collection and Measurement of Vascular
Endothelial Growth Factor

Aqueous humor was collected under general anes-
thesia with a 27-gauge needle just before the surgery
or intravitreal injection of bevacizumab. The amount
of undiluted aqueous humor collected ranged from
0.02 mL to 0.1 mL. The samples were not analyzed at
the time of collection, but were stored in a deep
freezer at —80°C until use. The concentration of
VEGF was measured by enzyme-linked immunosor-
bent assay using a commercially available kit (Quan-
tikine: R&D Systems Inc., Minneapolis, MN), which
measures both human VEGF,,, and VEGF ;. There
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Table 1. Patient Characteristics and the Concentration of VEGF in Aqueous Humor

Gestational Postmenstrual Age VEGF Before or Without VEGF After

Patient No. Age (Weeks) Age (Weeks) (Months) Bevacizumab (pg/mL) Bevacizumab (pg/mL)
Controi

1 2 156

2 2 ND

3 5 ND

4 7 158
Stage 4 ROP

1 22 39 564

2 26 37 944

3R 27 37 1,750

3L 27 37 1,880

4* 24 64 184

5 25 411 60 (4 dayst)

6 22 35, 361 395 ND (4 dayst)
Stage 5 ROP

7 28 40, 41% 1,990 230 (7 dayst)

8L 23 38, 43t 5,050 290 (48 dayst)

8R* 23 45 370

*Inactive.

tPostmenstrual age when agueous humor was collected after bevacizumab infection.

1Days after bevacizumab injection.
ND, not detectable.

were three samples in which the VEGF was not de-
tectable. However, as the amount of the samples col-
lected from each eye was different and less than 0.2
ml., the minimum amount necessary for the test, all of
the samples had to be diluted with Calibrator Diluent
RD6U before use. The sample from Control 2 was
diluted 10X, Control 3 was diluted 4X, and ROP 6 after
bevacizumab was diluted 5X before the measurement.
Thus, the concentration of VEGF in these eyes, in which
VEGF was not detectable, might have been higher than
31 pg/mL, the minimum detectable limit of this kit.

Results

The concentration of VEGF in the aqueous humor
of 1 of the eyes with congenital cataract was 158
pg/mL, and it was less than the detection level in the
other 2 eyes. The concentration in an eye with a
persistent pupillary membrane was 156 pg/mL.

The concentration of VEGF in 10 eyes with ROP
ranged from 184 to 5,050 pg/mL, which is approxi-
mately 1.2X to 32X higher than that in the control
eyes (Figure 1). Aqueous humor was collected from
seven eyes at Stage 4 and three eyes at Stage 5. One
eye at Stage 4 and one at Stage 5 were vascularly
inactive. The mean concentration of VEGF in the
vascularly active ROP was 1,109 pg/mL in the 5 Stage
4 eyes (395, 564, 944, 1,750, and 1,890 pg/mL in the
Stage 4 eyes), and 3,520 pg/mL in the 2 Stage 5 eyes
(1,990 and 5,050 pg/mL). In the vascularly inactive
eyes, the VEGF level was 184 pg/mL in the 1 Stage 4

eye and 370 pg/mL in 1 Stage 5 eye. Thus, the
concentration of VEGF in the vascularly active eyes
tended to be higher than in inactive eyes, although
statistical analysis could not be performed due to the
small number of eyes (Figure 1).

Bevacizumab was injected into six active ROP
eyes, four at Stage 4 and two at Stage 5, and aqueous
humor was collected from two Stage 4 and two Stage
5 eyes 4 to 48 days after the injection just before
vitrectomy. In the Stage 4 eyes, the concentration of
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Fig. 1. Concentration of vascular endothelial growth factor (VEGF) in
the agueous humor without or before bevacizumab injection in Stages
4 and 5 ROP and control eyes are shown.
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Fig. 2. Vascular endothelial growth factor (VEGF) in the aqueous
humor before and/or after bevacizumab injection. The concentration of
VEGF in four ROP eyes that had a bevacizumab injection is shown.
The concentration before (right) and after (left) injection was measured
in three eyes, and after injection in one eye.

unbound VEGF was not detected in 1 eye, and was 60
pg/mL in the other eye 4 days after the injection. In 1
stage 5 eye, the concentration decreased to 230 pg/
mL, 7 days after the injection. For 1 Stage 5 eye,
vitrectomy was postponed because the patient devel-
oped chronic lung disease, and vitrectomy could be
safely performed 48 days after the bevacizumab in-
jection. The concentration of VEGF at that time was
290 pg/mL (Figure 2). Fourteen days later, vitrectomy
was also performed on the fellow eye without bevaci-
zumab injection, and the concentration of VEGF was
370 pg/mL. The concentration of the VEGF after bev-
acizumab injection was significantly lower than that of
active ROP eyes (145 versus 1,460; P = 0.04 with
Mann-Whitney U test. The level of VEGF in nondetect-
able samples was set to 31 pg/mL for statistical analysis).
The concentration of VEGF after bevacizumab injection
was not measured in two eyes, because the retina was
reattached by scleral buckling that was performed to-
gether with the injection of bevacizumab, and vitrectomy
was not necessary.

Fluorescein angiography was performed before and
after the intravitreal injection of bevacizumab in two
eyes. In these eyes, there was a considerable decrease
of fluoresccin lcakage from the ncw vesscls after the
injection of bevacizumab (Figure 3A and B).

All of the Stage 4 eyes injected with bevacizumab
were Stage 4B, and the retina of the two eyes was
reattached with one or two vitrectomies without sili-
con oil tamponade (Figure 3C-F), and two eyes with
single encircling surgery (Figure 3G and H). One
Stage 5 eye underwent vitrectomy 48 days after the
injection, and the retina was reattached under silicon
oil (Figure 31 and J). However, one Stage S eye with
multiple retinal breaks required three surgeries for the

retina to be reattached under silicon oil. The silicon oil
removal is still being considered for these two eyes.

No ocular complications, such as endophthalmitis,
new retinal breaks, or any obvious systemic side ef-
fects that were related to bevacizumab were observed.

Comments

The concentration of VEGF in the aqueous humor
of eyes at advanced stages of ROP was very high and
was higher than that of eyes of adults with PDR (1,460
versus 524; P = 0.01 with Mann~Whitney U test) and
eyes of infants <1 year without retinal disorders
(1,460 versus 94; P = (.01 with Mann—Whitney U
test). In these statistical analyses, samples with non-
detectable levels of VEGF were set to 31 pg/mL.

Because the concentration of VEGF in the aqueous
humor was correlated with the grade of diabetic reti-
nopathy,!¢ it would be interesting to know whether
there was also a correlation between the VEGF con-
centration and stage of ROP. Our results showed that
the mean VEGF concentration in the Stage 5 eyes was
3X higher than that in the Stage 4 eyes, and one eye
at Stage 5 had a level of 5,050 pg/mL. Only three eyes
at Stage 4 had <1,000 pg/mL of VEGF. However,
Lashkari et al'? reported that the concentration of
VEGEF in the subretinal fluid in Stage 4 eyes did not
differ significandy from that of Stage 5 ROP eyes.
This difference from our results was probably because
of the difference in the site where the sample was
collected, viz, the aqueous humor or the subretinal
fluid. Another reason that might account for this dif-
ference might be whether the vessels were active or
inactive. Lashkari et al did not report the vascular
status of their eye, and it may have been at the vas-
cularly inactive ROP stage. Sonmez et al'4 classified
Stage 4 ROP into vascularly active or vascularly in-
active state, and reported that the level of VEGF was
higher in the active group than in the inactive group as
we have found. However, the number of eyes tested in
our study was limited, and statistical analysis was not
performed. Thus, we cannot make a conclusion on this
question.

The intravitreal injection of bevacizumab decreased
the concentration of VEGF in the aqueous humor of
Stage 4 and Stage 5 ROP eyes markedly, and the
concentration decreased to 60, 230, and 290 pg/mL
and the level was not detectable in one eye (direct
statistical comparison, before and after injection, was
not performed because of the small number of the
eyes), which is comparable with that of the control
eyes of infants. However, it was still higher than that
in eyes with PDR after bevacizumab injections re-
ported previously.’® The concentration in all of these



Fig. 3. Clinical outcome of
the eyes treated with bevaci-
zumab. (A-D) Patient 5 (Stage
4, Table 1). Retina was totally
detached except the peripheral
retina (A and C) and bevaci-
zumab was injected as a preop-
erative adjunctive therapy at
postmenstrual age of 40 weeks.
Four days after injection, de-
crcasc of fluorcscence lcakage
(arrow) was observed (B) and
vitrectomy with lensectomy was
performed. One month later, sec-
ond membrane removal opera-
tion was performed, and retina
was totally reattached (D). The
visual acuity of this eye is LS
(+) 1 year after the second sur-
gery may be due to the good
vision of the fellow eye, and the
vision training is performed. (E
and F) Patient 6 (Stage 4, Table
1). Because of the strong prolif-
eration of active new vessels, be-
vacizumab was injected as pre-
operative adjunctive therapy at
the postmenstiual age of 35
week (E). Four days after in-
jection, vitrectomy with lensec-
tomy was performed, and the
retina was totally reattached.
Four months after operation,
macular is formed (F) and vi-
sion tracking is obtained. (G
and H) Patient 2 (Stage 4, Ta-
ble 1). Encircling surgery was
performed at postmenstrual age
of 35 weeks, but as the vascular
activity was high and the reti-
nal detachment remained (G),
vitrectomy was planned. How-
ever, after the bevacizumab in-
jection at 14 days after the
encircling procedure, the pro-
gression stopped and the retina
was reattached, Six months af-
ter the injection, the macular
configuration was present (H)
and visual acuity of 0.75 cycles/
degree (Teller Acuity Cards)
was obtained. (I and J): Patient
8L (Stage 5, Table 1). At post-
menstrual age of 36 weeks, the
retina was totally detached to
closed funnel shape with mul-
tiple retinal breaks (I). Bevaci-
zumab was injected, but vitrec-
tomy was postponed because
of the chronic lung disease.
Vitrectomy with lensectomy
was performed 48 days after
the bevacizumab injection at
the postmenstrual age of 43
weeks, and silicon oil was in-
jected becanse of the retinal
break, One year after the oper-
ation, the retina is reattached
(J), and silicone oil removal is
considered.
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eyes was below the detection level of 31 pg/mL (no
statistical analysis was performed). This difference might
be because the VEGF concentration before the injection
was much higher in the eyes with ROP, or the amount of
bevacizumab injected in PDR eyes was greater. How-
ever, because the assays were run by different methods,
at different institutes, and at different times, it might not
be proper to compare these results, Although there was
detectable VEGF remaining in some eyes, it was decided

not to increase the amount of bevacizumab for these

infants because we did observe a decrease of {luorescein
leakage after the injection and less bleeding during vit-
rectomy with this dosage, and because of the possible
systemic side effects. It also is possible that the residual
level of VEGF might have prevented the topical side
effects, e.g., obstruction of the development of normal
vessels and neural retina, as the level is similar to that of
control eyes, although the distribution of VEGF might be
different from normal.

One Stage 5 eye became vascularly inactive and its
VEGEF level was 370 pg/mL, 62 days after the bev-
acizumab was injected into the fellow eye. However,
it is not clear whether this was due to circulating
bevacizumab or just a natural course of ROP. Because
there was no ROP eye in which samples were col-
lected twice in 4 or 7 days without bevacizumab as
control, there is a possibility that decrease in ocular
VEGEF in other bevacizumab injected eyes can be the
natural course of this disease. However, as a rapid
inactivation of ROP was observed in these eyes and
bevacizumab is shown to decrease VEGF in other
diseases such as PDR, ' this rapid decrease of VEGF
is likely to be the effect of this drug.

From August 2004 to November 2006, vitrectomy
was performed for Stage 4B (3 eyes) and Stage 5 (17
eyes) eyes without bevacizumab injection at our hos-
pital. The average postmenstrual age of these infants
was 49.7 weeks (38-67 weeks). Without bevaci-
zumab, vitrectomy was performed 2.1 = 0.9 times/eye
(1-5 times), and the rate of reattachment was 55%.
However, vitrectomy could be performed on the eyes
treated with bevacizumab without severe bleeding
during membrane removal at postmenstrual age of
40.3 weeks (36—-43 weeks) which is earlier than that
without bevacizumab, without severe bleeding during
membrane removal. In two Stage 4B eyes, reattach-
ment of the retina was obtained without silicon oil
tamponade with one or two surgeries, and one Stage 5
eye, reattachment of the retina under silicon oil was
obtained with one surgery. The removal of the silicon
oil is being considered. For one Stage 5 eye with
multiple retinal breaks, reattachment of the retina un-
der silicon oil was obtained with three surgeries, and
removal of the silicon oil is still being considered.

Moreover, two Stage 4B eyes, which received an
injection of bevacizumab just before or 2 weeks after
encircling surgery, had a reattachment of the retina
without additional operations. From August 2004 to
November 2006, encircling surgery was performed
without bevacizumab at our hospital for two Stage 4B
eyes, but both eyes progressed to Stage 5, and vitrec-
tomy was required for reattachment. These results
suggest that bevacizumab injection might be useful
adjunctive therapy for both vitrectomy and encircling
surgery for severe ROP, although the number of the
eyes studied was very limited.

In conclusion, an intravitreal injection of bevaci-
zumab decreased the VEGF level markedly in the
aqueous humor of ROP eyes although a direct com-
parison, before and after injection, was not performed
statistically. However, the concentration of VEGF was
not below the detection level in most of the eyes after
injection. Our findings indicate that bevacizumab
might be useful for preoperative adjunctive therapy
for ROP, however the number of eyes studied was
very limited and further studies are needed.

Key words: retinopathy of prematurity, vascular
endothelial growth factor, bevacizumab, intravitreal
injection, aqueous humor.
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ARTICLE INFO ABSTRACT
Atticle history: The paired box 6 (PAX6) is a transcription factor expressed early in development, predominantly in the
Received 28 May 2009 eye, brain and pancreas. Mutations in PAX6 are responsible for eye abnormalities including aniridia, and
Received in revised form 3 july 2009 itis also known that some PAX6 mutations result in autism with incomplete penetrance, We resequenced
Accepted 6 July 2009 all the exons and flanking introns of PAX6 in 285 autistic patients in the Japanese, with the possibil-
ity that novel mutations may underlie autism, Fifteen different polymorphisms were identified: 13 are
5:3)’(‘;"'”5’ novel, and 2 were previously reported (rs667773 and rs3026393). Among the novel ones, there is one
Missense mutation missense mutation that was found in a patient: 136C> G (Leud6Val) {single nucleotide polymorphism ID
Autism “ss130452457" is temporarily assigned). Leud6 is extremely conserved from fly to human, and we did
Aniridia not detect Val46 in 2120 nonautistic subjects. The autistic patient carrying this heterozygous mutation

showed reduced vision, photophobia and eyelid ptosis, but no other ocular abnormality such as aniridia.
Our findings suggest the necessity of further studies on the causal relationship between PAX6 and autism.

© 20089 Elsevier Ireland Ltd, Al rights reserved.

The human paired box 6 (PAX6) gene is located on chromosome
11p13, and its orthologues have been found in diverse species. This
gene encodes a transcription factor that is involved in multiple
developmental pathways and is expressed early in the development
of the eye, numerous regions of the brain, and the pancreas [25]. The
PAX6 gene of 22 kb size contains 14 exons, including an alternatively
spliced exon 5a that encodes 14 amino acids, and encodes a protein
of 422 amino acid (Fig. 1). The PAX6 protein contains two DNA-
binding domains (one paired domain and one homeodomain), and
one proline/serine/threonine-rich (PST) transactivation domain.
PAX6 affects the development of the nervous system and brain
by regulating proneural genes such as neurogenin 2 (Ngn2) and
achaete-scute complex homolog-like 1 (Mash-1) [28,36]. The Pax6
heterozygous mutant mice and rats, i.e,, “small eye”, show both ocu-
lar and neuronal phenotypes including an absent olfactory bulb, a
decrease in the number of cortical neurons and cortical plate thick-
ness, as well as altered dorsoventral patterning of the forebrain,

* Corresponding author. Tel.: +B1 48 467 5968; fax: +81 48 467 7462.
E-mail address: mmaekawa@brain.riken jp (M. Maekawa),

0304-3940/S - see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.neulet.2009.07.021

and a decrease in hippocampal neurogenesis at the postnatal stage
[18].

In human, in addition to the reports of associations of various
PAX6 mutations with eye abnormalities including syndromic ones
like Peters anomaly [8,26], there is emerging evidence of the roles
of PAX6 mutations in behavioral and neurodevelopmental disease
phenotypes such as autism and mental retardation. For instance,
recent studies have identified individuals with PAX6 mutations who
manifest mental retardation and aniridia [12,20,32). In addition,
magnetic resonance imaging (MRI) studies of patients with aniridia
have shown subtle brain abnormalities including a lack of the ante-
rior commisure and pineal gland [23]. These accumulating lines of
evidence suggest that concomitant phenotypes are determined by
the nature of PAX6 mutations, In this study, we carried out rese-
quencing analysis of the gene in autistic patients with, with the
aim of searching for additional mutations of PAX6, which might be
associated with the disease.

Two hundred and eighty-five autistic patients of Japanese
descent (236 men, 49 women; age, from 3 to 32 years old) were ana-
lyzed. The diagnosis of autism was made on the basis of the Autism
Diagnostic Interview-Revised (ADI-R) criteria [17] with consensus
from at least two experienced psychiatrists, All available medical
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Fig. 1. Genomic structure of human PAX6 and amino acid sequences of PAX6/Pax6. (A) Genomic structure and location of 136G (Val46) missense mutation for human PAX6.
Exons are denoted by boxes, with untranslated regions in white and translated regions in black. A black arrowhead indicates the location of the missense mutation. Note
that the three isoforms are shown (http:f/genome.ucsc.edufcgi-binfhgGateway?org=human), (B) Amino acid sequence alignments of PAX6/Pax6 among species. The black
boxes indicate the conserved amino acids from Drosophila to human. The grey boxes show the partially conserved ones. The conserved 46Leu is indicated by a red square.
The red-broken-line box shows the paired domain that contains the conventional 128 residues {34] and five subsequent residues (SEKQQ) {38}, (For interpretation of the
references to color in this figure caption, the reader is referred to the web version of the article.)

records were also taken into consideration. Regarding a detected
missense mutation in patient samples, we analyzed 2120 nonautis-
tic subjects, who are 1060 patients with schizophrenia (503 men,
557 women; mean age 48.0+ 13.8 years) and 1060 controls who
are free of mental disorders (503 men, 557 women; mean age
47.7 £ 13.6 years) [16]. All the subjects were from central Japan.
The study was approved by the ethics committees of RIKEN and
Hamamatsu University and was conducted in accordance with the
Declaration of Helsinki (http://www.wma.net), All the participants
provided written informed consent (for patients under 16 years old,
we explained the aim of this study to the patients’ parents and as
long as possible to the patients in easy terms, and obtained written
informed consent from at least their parents),

Genomic DNA was isolated from blood samples by standard
methods. All the exons and exon/intron boundaries of PAX6 were
screened for polymorphisms by direct sequencing of polymerase
chain reaction (PCR) products. The primers used for amplification
are listed in Supplementary Table 1. PCR was performed with anini-
tial denaturation at 95 *C for 10 min, followed by 35 cycles at 95°C
for 15 s, 60-63 °C (optimized for each primer pair) for 15, 72 °C for
30s, and a final extension at 72 °C for 10 min, with AmpliTaqGold
(Applied Biosystems, Foster City, CA) or it was performed with an
initial denaturation at 98 °C for 5 min, followed by 35 cycles at 98 °C
for45s,58-61Cfor30s,68 “Cfor30s,and afinal extensionat 68 °C

for 10 min, with Pwo SuperYield DNA Polymerase (Roche, Basel,
Switzerland), Direct sequencing of PCR products was performed
with the BigDye Terminator v3.1 Cycle Sequencing kit (Applied
Biosystems) and the ABI PRISM 3730x! Genetic Analyzer (Applied
Biosystems). Polymorphisms were detected with the SEQUENCHER
program (Gene Codes Corporation, Ann Arbor, MI), The genomic
structure of PAX6 is based on the UCSC March 2006 draft assembly of
the human genome database (http://www.genome.ucsc.edu), and
the NCBI (http://www.ncbi.nim.nih.gov/) database was searched
for known single nucleotide polymorphisms (SNPs), Custom Taq-
Man SNP Genotyping assays (Applied Biosystems) were used to
score the identified missense SNP by the TagMan assay method
[27}, and using ABI PRISM 7900 Sequence Detection System (SDS)
and SDS v2.3 software (Applied Biosystems),

Our polymorphism screening detected a total of 15 different
variants in the PAX6: 13 are novel (—11,521C>T, I[VS4-85T > C, [VS4-
70~ —72Ins{DelTCT, IVS4-42C>T, 117G > A, 136C > G, [VS5-163C > T,
319C>T, IVS6+28C>T, IVS8 + 14ins/DelT, 867T>C, IVS12+11G>A
and 1194C>T), and 2 were previously reported (rs667773 and
rs3026393) (Table 1), With respect to novel variants, the 136C>G
was a missense mutation (Leu46Val; ss130452457) located in the
paired domain, which was found in one patient as a heterozygote
(Table 1 and Fig. 1). We then examined 2120 nonautistic subjects for
this missense mutation. However, the mutation was not detected
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Table1

PAX6 polymorphisms detected in 285 autistic patients in the Japanese.
Polymorphism? dbSNP 1D Allele frequency
ATG~-11521C>T Novel 1/570
IVS4-85T>C Novel 1/570
1V$4-70~72ins/DelTCT Novel 1/570
1Vs4-42C>T Novel 1/570
117G > A [Pro{CCG)39Pro(CCA)) Novel 1/570
136C > G [Leu(CTG)46Val(GTG)] Novel 1/570
VS5-163C>T Novel 1/570
319C> T {Leu(CTG)107LeuTTG) Novel 1/570
IVS6+28C>T Novel 1/570
1VS8 + 14ins/DelT Novel 1/570
IVs9-12C>T rs667773 68/570
867T>C [Ser{AGT)289Ser(AGC)] Novel 4/570
IVS12+11{G>A) Novel 1/570
VS12+443T>G r$3026393 261/570
1194C > T [Ser(TCC)398Ser(TCT)] Novel 4/570

3 Major aliele > minor allele; intron Nos. are based on the NM_000280 (Fig. 1A).

in these subjects, We also examined 252 Autism Genetic Resource
Exchange (AGRE) trios (756 samples; http://www.agre.org), but
again did not detect it.

The autistic patient with the PAX6 missense mutation
(Leu46Val) is a daughter of nonconsanguineous parents (Fig. 2), and
the mutation was transmitted from her father. However, her father
does not have autism, major depression, anxiety and social awk-
wardness implying a sign of autism upon psychiatric interview, as
well as her mother and older brother. The patient’s pregnancy and
birth history were without any problems, At 1.5 years of age, she
was assessed as developing normally except for mild speech delay.
During her preschool days, she used to spend many hours play-
ing alone. She attended a normal elementary school and a normal
junior high school. However, she attended a high school for hand-
icapped children because of her difficulty in learning at a normal
high school, When she was 10 years old, she was diagnosed as hav-
ing autism by an expert in childhood psychiatry. She had deficits
in all three areas of communication, reciprocal social interaction
and behavior. Her ADI-R scores were 17 in the social domain (cut-
off=10), 15 in the language (verbal) domain {cutoff= 8), and 6 in the
repetitive/restrictive behaviors domain (cutoff=3), The Wechsler
Intelligence Scale was administered with a full-scale WISC-III of 66
(verbal IQ 73, performance IQ 67). She sometimes looked anxious,
which manifested intermittently and briefly. Therefore, she was
administered psychotropic drugs from 10 years of age, She had no
histories of any other neurological illnesses including seizure and
head injury. In addition, MRI examination revealed normal mor-

phologies of the corpus callosum, anterior commissure, grey matter
in anterior cingulate cortex, medial temporal lobe, olfactory bulb,
pineal gland and cerebellum, The blood karyotype analysis result
was also normal and “fragile X" was excluded. With respect toocular
phenotypes, the patient displayed reduced vision, photophobia and
eyelid ptosis, but no other ocular abnormalities including aniridia.
Her father carrying the same mutation did not show abnormal ocu-
lar phenotypes except for reduced vision and age-related macular
degeneration (Fig, 3). Recently it is also known that PAX6 regulates
proinsulin processing and glucose metabolism via modulation of
PC1/3 production {37}, Therefore, we also checked blood glucose
levels and BMIs (body mass indexes) of the patient and her father
(the patient's BMI is 16.8 and her father’s BMI is 22.4), and these
measures were within normal limits,

Val46 is deemed to elicit functional impairment, because Leud6
is conserved from Drosophila to human (Fig. 1) and Leu46Arg
and Leud6Pro mutations are reported to affect ocular pheno-
types in previous studies [5,7]. Additionally, this mutation may
be important for the following reasons: (1) the Leud6Val muta-
tion is located in the paired domain, (2) structural analysis of
this mutation using the Sequence Analysis Software “GENETYX"
(GENETYX Co,, Tokyo, Japan) suggests that it may disrupt the
helix-turn-helix motif, and as a consequence the DNA-binding
properties of the resulting mutated protein may vary, (3) this vari-
ant is predicted to be possibly damaging using a tool-website
“PolyPhen” that can estimate the possible impact of an amino
acid substitution on the structure and function of a protein
(http://coot.embl.de/PolyPhen/), and (4) it is also possible that this
mutation may exert its effect by disrupting the activity of an exonic
splicing enhancer (ESE), because the SC35 score matrix of this muta-
tion (3,17473) is lower than that of the wild type (4.09004), which
is calculated using a tool-website “ESE finder” (an online resource
to identify ESEs in query sequences) (http:/[rulai.cshl.edu/cgi-
bin/tools/ESE3/esefinder.cgi?process=home), Therefore, these pre-
dicted functional consequences may be relevant to the autism
phenotype, although the cosegregation was not observed in the
present nuclear family.

A network of protein-protein interactions underlies complex
biological processes. We addressed this issue using the Genome
Network Platform (http://genomenetwork.nig.ac,jp/). There are 36
proteins that can interact with Pax6 and it is reported that 5 pro-
teins out of the 36 proteins correlate with autism, which include
HoxB1 [15,22}, Tbp [6,31], Diaph1 [24,33], Ifi16 [1,11] and Ep300
[14,29] (Supplementary Fig. 1). For example, Hoxb1 that plays an
important role in morphogenesis in all multicellular organisms can
interact with both the paired domain and homeodomain of Pax6
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Fig. 2. Family structure of a patient with the PAX6 missense mutation. Grey symbols indicate individuals carrying heterozygous PAX6 Val46 allele. White symbols show the
subjects with homozygous Leu46 alleles. Squares represent men and circles represent women, Genotype and sequence electrophelogram of each subject are also shown.
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Fig. 3. Biomicroscopic observations of autistic patient (A) and her father (B) both
of whom carry the mutant allele. (A) and (B) show the slit lamp aspects of ocular
anterior segments as well as the lens of the subjects. Ages are also shown, R, right
eye; L, left eye,

and can enhance Pax6-mediated transactivation of a minimal pro-
moter that contains consensus Pax6 paired domain binding sites
in in vitro experiments {22]. The Leu46Val missense mutation was
located in the paired domain of PAX6, Therefore, the mutated PAX6
may affect the autism phenotype, owing to the attenuated interac-
tion with HOXB1.

Concerning the penetrance of PAX6 mutations in aniridia, it is
known that PAX6 missense mutations are a less frequent cause
than expected [35], and they are not fully penetrant for other ocu-
lar anomaties [8]. Our current results that the Val46 allele did not
cosegregate with autism or ocular phenotype in the family suggest
that the Val46 of PAX6 may have only a modest effect, if any, on the
development of autism and ocular abnormalities. It is also of note
that in general autism is a multi-factorial disease caused by multi-
ple susceptibility genes of small effect sizes, environmental factors
and their interactions like other psychiatric illnesses [4].

MRI and functional MRI (fMRI) show that individuals with
PAX6 heterozygous mutations (haploinsufficiency) have structural
abnormalities of grey matter in the anterior cingulated cortex, cere-
bellum and medial temporal lobe, as well as white matter deficits in
the corpus callosum [9,10,13,23,30]. Additionally, patients of high-
functioning autism with PAX6 mutations (not haploinsufficiency)
also have significant structural abnormalities [2,3,7]. In this study,
we did not detect any abnormal brain structures in the patient.
However, we previously reported that hippocampal neurogene-
sis is reduced in the Pax6 heterozygous mutant rats that present
behavioral abnormalities including decreased prepulse inhibition
[18,19), Therefore, we suspect that the autistic patient with the PAX6
missense mutation may also have suffered from dampened hip-
pocampal neurogenesis, potentially contributing to autism as one
of the risk-conferring events [21].

In summary, we identified in this study a novel missense muta-
tion of PAX6 in one autistic patient with mild ocular abnormalities,
and the mutation was not detected in 2120 nonautistic subjects. Fur-
ther studies using larger samples and on the biological importance
of this missense mutation are required.
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Abstract

Purpose: To determine the central corneal thickness (CCT) in Japanese children and to investigate the
changes in CCT with increasing age.

Methods: Pachymetry was performed on 338 eyes of 169 patients undergoing eye muscle surgery under
general anesthesia, and the intraocular pressure (IOP) was measured on 312 eyes of 156 of those same
patients. Patients with abnormalities other than refractive errors and strabismus were excluded. Patients
were divided into four groups: group 1, <1 year of age; group 2, 2-4; group 3, 5-9; and group 4, 10-18
years of age. Analysis of variance (ANOVA) was performed to determine the significance of the changes
in CCT.

Results: The average CCT of the right eye was 544.3 £ 36.9 um. The CCT was thinner in group 1 than
in groups 3 and 4 (ANOVA, P = 0.02). There was a positive but weak correlation between IOP and
CCT (I0P = 6.253 + 0014 x CCT; 7 = 0.047, P = 0.007).

Condusions: CCT reaches the adult thickness in Japanese children by age 5 years. The average CCT
is thinner in Japanese children than in Caucasians but thicker than in African American children.
Jpn J Ophthaimel 2009;53:7-11 © Japanese Ophthalmological Society 2009
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pachymeter-

Introduction

Measuring central corneal thickness (CCT) has become
increasingly important, particularly for the diagnosis and
management of glaucoma. The Ocular Hypertension Treat-
ment Study reported that subjects with ocular hypertension
had greater CCT,' and subjects with smaller CCT had a
higher risk of developing glaucoma.’

Goldmann applanation tonometer measurement is based
on the assumption that CCT is 500 pm, a thickness obtained
from measurements of cadaver eyes. Because a permanent
thinning or flattening of the cornea induces lower intraocu-
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lar pressure (IOP) after refractive surgery,™ special atten-
tion has been paid to the variability of CCT in the healthy
population and in patients with various eye diseases. To
obtain an accurate IOP value, measurements with the Gold-
mann applanation tonometer should be corrected by the
CCT value.’ Thus, measuring CCT has become essential for
determining true IOP for glaucoma management.

Children with congenital glaucoma also have signifi-
cantly thinner CCT than healthy children.®” However,
aphakic® and pseudophakic' children with glaucoma have
significantly thicker CCT than healthy children. These find-
ings then raise the question of why up to 45% of aphakic
children who have thicker than average CCT develop glau-
coma.”! Muir et al.”? speculated that CCT increases after
cataract surgery because of endothelial cell damage, or
because increased IOP injures the endothelial cells. Thus,
measuring CCT in children who are at high risk for glau-
coma, such as children with aphakic or pseudophakic eyes,
is important.



Another important factor that influences the CCT is race
or ethnicity. The CCT of African American adults is thinner
than that of Caucasian adults,*” and lower IOP in African
Americans may delay the diagnosis of glaucoma and deter-
mination of an appropriate treatment target.* CCT in the
Japanese population has been found to be thinner than in
Chinese and Filipino populations.””

These racial differences are also found in the pediatric
population. African American children have thinner CCT
than do Caucasian'® or Hispanic children.” A literature
search on PubMed did not extract any CCT data regarding
healthy Japanese children. Knowing the normal range of
CCT of Japanese children is important for diagnosing and
treating pediatric glaucoma.

Thus, the purpose of this study was to determine the
CCT in Japanese children and to investigate the changes in
CCT with increasing age. To accomplish this, we measured
the CCT of 338 eyes of 169 children <18 years of age by
ultrasound pachymetry under general anesthesia.

Subjects and Methods

All patients scheduled for strabismus surgery under general
anesthesia were recruited from Hamamatsu University
School of Medicine and Aichi Children’s Health and
Medical Center from December 2005 to August 2007.
Patients with corneal disease, a history of intraocular
surgery, glaucoma, cataract, or eyelid abnormalities were
excluded. Patients known to have abnormally thin corneas
such as those with Down syndrome® or with Marfan syn-
drome,” or abnormally thick corneas such as those with
aniridia,”® were also excluded.

" This study was approved by the Institutional Review
Board of the Hamamatsu University School of Medicine
and Aichi Children’s Health and Medical Center. Full
explanation of the research, including the measurement
procedures for CCT and IOP was given, and written
informed consent was obtained from a parent or legal
guardian of each of the patients.

For controls, we measured the CCT of eight heaithy
subjects aged 26 to 52 years under topical anesthesia.

CCT was measured between 9:00 and 16:00 in the oper-
ating room with an ultrasound pachymeter (SP-100 Handy,
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1640 Hz; Tomey, Nagoya, Japan). Measurements started
within 5 min of endotracheal intubation. All patients were
sedated by inhalation or intravenously, and a muscle relax-
ant was given before insertion of the airway tube. Sevoflu-
rane and nitrous oxide were used to maintain surgical
anesthesia during the surgery. The patient’s eyelid was held
open manually, with special care taken not to press on the
eye. One drop of topical anesthesia (4% oxybuprocaine)
was administered, and the central cornea was defined as the
center of the pupil. The pachymeter probe was placed per-
pendicularly on the center of the cornea, and the average
of eight measurements was recorded as the CCT. Next, the
IOP was measured with a Tono-Pen XL (Reichert, Depew,
NY, USA). All measurements were performed first on the
right eye and then on the left eye.

For statistical purposes, only the data from the right eye
were used. The patients were divided into four groups:
group 1, <1 year of age; group 2, 2-4; group 3, 5-9; and
group 4, 10-18 years of age. Statistical analysis was per-
formed using StatView version J-5.0 for Windows (SAS
Institute, Cary, NC, USA). Analysis of variance (ANOVA)
with a Bonferroni post hoc test was used to determine the
significance of any differences among the age groups. Paired
t tests were used for comparisons between eyes. Linear
regression was used to determine the correlation between
CCT and I0OP. A P value of <0.05 was considered to be
statistically significant.

Results

We measured the CCT of 338 eyes of 169 subjects (87 boys,
82 girls) with a mean age of 6.01 £ 3.87 years and an age
range of 8 months to 18 years. The patient age distribution
and the IOP and CCT measurements are summarized in
Table 1.

The average CCT of the right eye was 544.3 + 36.9 um
(range, 429-648 um). The CCT distribution is shown in
Fig. 1. The CCT was significantly different between age
groups (ANOVA P =0.0198); it was significantly thinner in
group 1 than in groups 3 or 4 (P=0.0071 and 0.0157, respec-
tively, Bonferroni; Table 1). The average CCT in group 4
was 550.6 wm, which was not significantly different from the
mean CCT of the eight healthy adult subjects (525-586 pum).

Table 1. Subjects’ characteristics and measurement of CCT and IOP

n (%) CCT (um) 10P (mmHg)

All patients 169 (100)

Age distribution (years) (right eye) (right eye)
0-1 14 (8) 522+26.7 14.07 £ 2.89
2-4 50 (30) 538 £ 36.6 :]*]H 14.14 £ 2.55
5-9 77 (45) 550 +36.7 1413+ 213

10-18 28 (17) 550+375 12.88 £245

Values are means * SD.

CCT. central corneal thickness; IOP, intraocular pressure.

*P = 0.0071.
P =0.0157.
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Figure L. Distribution of central corneal thickness (CCT) in the right
eye of children aged 0 to 18 years. CCT is normally distributed. The
average CCT was 544.3 + 36.9 um.
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Figure 2. Relationship between CCT and intraocular pressure (IOP).
There is a positive but weak correlation between CCT and I0P.

The mean CCT in our adults was comparable to the pub-
lished average range for the adult Japanese population.”*

The average IOP in the right eye was 13.9 + 2.4 mmHg
(range, 9.0-10.0 mmHg). The IOP did not differ signifi-
cantly among the different age groups. IOP (y) and CCT
(x) were positively correlated, but the correlation coeffi-
cient was low (y = 6.253 + 0.014x, 7 = 0.047; P = 0.007;
Fig. 2).

Discussion

Differences in CCT values measured with different instru-
ments have been reported,z* 2 but the values obtained by
ultrasound pachymetry and by noncontact optical low-
coherence reflectometry are reported to be highly corre-
lated.”® Bovelle et al.” reported that the Topcon specular
microscope gives significantly lower values than the ultra-

Table 2. Comparison of CCT values of children by race

Hussein” Dai” This study
Race (nm) (Hm) (pm)
Caucasians 551 563
Hispanic 550 568
Japanese 544
African Americans 532 523

sound pachymeter. Suzuki et al.* compared CCT values
obtained using Orbscan scanning-slit corneal topography/
pachymetry, the Topcon SP-2000P, noncontact specular
microscopy, and Tomey ultrasonic pachymetry in a
Japanese population. The mean CCT was not significantly
different between scanning-slit topography (546.9+35.4 m)
and ultrasonic pachymetry (548.1 % 33.0 um). However,
contact specular microscopy gave a significantly smaller
mean (525.3+31.4 pm) than did the other two instruments.*
Therefore, it is advisable not to compare CCT values
obtained using different instruments.

The SP100 ultrasonic pachymeter is compact and easy to
use in the operating room. The measurements are accurate
if the instrument is used appropriately. We took special care
to place the probe on the.center of the cornea because the
cornea is thinnest at the center.®”

In adults, CCT is negatively correlated with age in men,”*
or in both sexes.” In children, CCT is reported to decrease
rapidly during the neonatal period,”* and then to increase
slowly and reach the adult level at 3* or 5 years of age.”
Sawa® studied the Japanese population and found that the
mean CCT of 1-month-old infants (534 £ 36 um) is thicker
than that of 3-month-old infants (508 + 22 um), but they
found no difference between the 3-month-old infants and
the 20- to 29-year-old adults (516 + 17 pm). Muir et al.*
suggested that CCT slowly increases in children up to the
age of 5 and then decreases at around age 10-14 years.
Hussein et al.? reported that CCT increases in children
until age 9 years and then decreases between ages 10 and
14.” In our study, CCT was significantly less in group 1 than
in groups 3 or 4, suggesting that adult CCT values are
reached by 5 years of age.

Earlier studies have reported racial differences in CCT,
not only in adults but also in children. Table 2 summarizes
results from other countries for CCTs in pediatric popula-
tions from 0 to 18 years of age, measured with ultrasound
pachymetry. We understand that it is not ideal to compare
our data directly with those of previous reports, but as long
as all the measurements were obtained with ultrasound
pachymetry, it is reasonable to do so. Compared with the
readings obtained from two different institutions,”” the
CCT of Japanese children still appears to be thicker than
that of African American children and thinner than that of
Caucasian or Hispanic children.

Studies focusing on the relationship between CCT and
IOP have reported a significant correlation between 10P
and CCT in children,® as in adults. Suzuki et al.*! studied
Japanese adults and found that IOP measured with the
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Goldmann applanation tonometer was positively correlated
with CCT. We found a positive correlation between CCT
and IOP measured by Tono-Pen in children, but the corre-
lation coefficient was low.

The Tono-Pen is generally used in children whose IOP
is neither very high (>21 mmHg) nor very low (<9 mmHg).”
IOPs obtained with Tono-Pen are significantly correlated
with those obtained using the Goldmann tonotmeter.**
[OPs measured with the Goldmann tonometer, the noncon-
tact tonometer, and the Tono-Pen are known to be influ-
enced by CCT, but IOPs measured by Tono-Pen are less
affected by CCT than the other tonometers.**"

We are aware that measured IOP differs significantly
with the type and state of anesthesia; for example, succinyl-
choline can increase IOP, whereas halothane can reduce
it.* In addition, IOP in the human infant depends strongly
on the level of relaxation.”

In conclusion, the CCT of Japanese children increases
up to age 5 years, when it does not differ significantly from
that of adults. The CCT of Japanese children is thinner than
that of Caucasian children but thicker than that of African
American children. Knowing the average CCT value in the
Japanese pediatric population will be useful when caring for
not only congenital anomalies involving the cornea but also
pediatric glaucoma.
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