Bioluminescence Imaging of Arc Expression ... 167

that constitute the primary visual cortex (V1) in the mouse, namely, areas 17,
18a and 18b [5, 36, 48, 55). Area 17 contains one complete representation of
the contralateral visual hemifield with the zero vertical meridian represented
close to the borders with area 18a (located laterally to area 17), and with
gradually more peripheral vertical meridians represented more medially
toward the border with area 18b [8, 24, 48, 55, 59]. The binocular zone of the
mouse visual cortex occupies approximately the lateral one-third of area 17
and can be distinguished histologically from its higher acetylcholinesterase
activity than the other areas [1]. Furthermore, a small (about 10°) part of the
ipsilateral hemifield is represented in a small region of area 17 between the
representation of the zero vertical meridian and the border with area 18a [8,
12, 55]. About 70% of cells recorded from the binocular segment of V1
respond to appropriate visual stimuli presented via either eye [8, 9, 31]. Even
though mice do not have anatomically distinct ocular dominance (OD)
colummns, they have a critical period during their early postnatal life in which
the relative representations of the two eyes in the binocular region of the visual
cortex are sensitive to monocular deprivation (MD) [1, 9, 12]. The temporary
closure of one eye for MD results in an overall strengthening of the open-eye
representation in the visual cortex. Various techniques have been developed to
determine OD in the mouse visual cortex by single unit recording [9, 12, 20],
recording of visually evoked potentials {11, 22, 39, 46], optical imaging [3, 18,
21], calcium imaging with two-photon microscopy [34, 43, 50], and gene
expression analysis of activity-regulated genes, such as c-fos [37] or Arc [51],
in histological sections.

In this review, we summarize our recently reported findings of studies
using our novel BAC Tg mouse strain to monitor the neuronal-activity-
dependent Arc-Luc expression in the mouse visual cortex using
bioluminescence signals [23] and compare our mouse strain with other Arc
reporter mouse strains.

2. NEURONAL IMMEDIATE-EARLY GENE ARC

The activity-regulated cytoskeleton-associated protein gene (d4rc, also
known as A4rg3.1) was first identified as an immediate early gene induced by
seizure and depolarization in hippocampal neurons [27, 28]. Hippocampal Arc
transcripts in rodents are also induced during exploration of a novel
environment {14, 17, 54], and the levels of 4rc expression correlate with
learning in hippocampus-dependent spatial learning tasks [16]. Furthermore,
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the decrease in the expression level of Arc following infusion of antisense
oligonucleotides into the rat hippocampus [15] or the targeted deletion of Arc
in the mouse [38)] interferes with hippocampus-dependent synaptic plasticity
and learning and memory. One of the proposed roles of Arc in the regulation
of synaptic plasticity is its involvement in o-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid (AMPA)-type glutamate receptor endocytosis [7, 44,
47]. Regulatory mechanisms of Arc expression are extensively studied [35].

In the visual cortex, Arc expression is induced by light exposure and is
used for the mapping of neuronal activity [25, 51]. A study using Arc
knockout (KO) mice revealed the functions of Arc in the orientation
specificity of visual cortical neurons [57]. Furthermore, Arc is suggested to be
required in experience-dependent processes that normally establish and modify
synaptic connections in the visual cortex {30].

From these studies, in vivo monitoring of Arc expression is useful for the
analysis of physiological conditions in the brain. However, most of the
methods for Arc detection in the above-mentioned studies are in situ
hybridization and immunohistochemical analysis applied to fixed brain
sections. Recently, three research groups have reported the successful in vivo
imaging of Arc expression under physiological and pathological conditions
using fluorescent protein gene probes. These probes are the d2-type enhanced
green fluorescent protein (EGFP) gene (d2EGFP) knocked into the Arc locus
in mice [57], the fluorescent protein reporter gene Venus linked to the 7.1 kbp
promoter region of Arc in conventional transgenic (Tg) mice [10], and the
short-life form of EGFP, d4EGFP, introduced into BAC containing Arc in
BAC Tg mice [13]. Wang et al. [57] successfully monitored Arc expression at
the single neuron level from cortical layers 11 to IV during visual cortical
activation using visual stimuli. The two research groups obtained superficial
brain fluorescence signals of Venus and d4EGFP from the visual cortex and
somatosensory cortex [10, 13] with some autofluorescence noise. These
groups could not detect changes in signal intensity associated with experience-
dependent plasticity.

3. GENERATION OF NOVEL MOUSE STRAIN TO DETECT
EXPRESSION OF ARC

One of the powerful in vivo imaging probes is luciferase (Luc).
Bioluminescence signals emitted from Luc provide a much higher sensitivity
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than fluorescence signals for noninvasive detection in vivo [2] and are
nontoxic, allowing continuous and repeated recording over a long period [29].
Moreover, bioluminescence signals can be detected from the depths of the
brain with a very high signal-to-noise (S/N) ratio [40, 45]. These properties of
bioluminescence imaging are suitable for the neuroimaging of contextually
relevant spatiotemporal expression of Arc in mice. Recently, we have
generated and reported on a novel BAC Tg mouse strain to monitor the
neuronal-activity-dependent Arc-Luc expression using bioluminescence
signals [23]. Using the Arc-Luc Tg mice, we successfully detected massive
plastic changes in bioluminescence signal intensity in the adult mouse visual
cortex after visual deprivation.

To generate the Tg mouse strain, we first obtained the mouse BAC clone
RP24-388110 carrying a 221-kbp insert containing the entire Arc from the
BACPAC Resources Center CHORI. The BAC clone contained the entire Arc
and about 83 kbp of the 5° upstream sequence and about 125 kbp of the 3’
downstream sequence. We introduced Luc at the translational initiation site of
Arc by homologous recombination in E. coli. to generate the BAC transgene
construct pTg-Arc-Luc (Figure 1).
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Figure 1. Generation of Arc-Luc BAC transgene by homologous recombination in E.
coli. Steps of homologous recombination in E. coli to generate Arc-Luc BAC
transgene. First, the Red/ET recombination proteins expression plasmid is introduced
into E. coli containing Arc BAC DNA. Second, the PCR fragment containing the drug
selection cassette (rspL-Zeo) attached with ~50 bps homologous regions at each end is
introduced. Third, the DNA fragment containing the luciferase coding region (Luc)
attached with about 300 bps homologous regions of Arc at each end is transformed.
These steps of homologous recombination are confirmed on the basis of the resistance
of E. coli to antibiotics, PCR, and Southem blot analysis results, and DNA sequencing.
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After the purification of pTg-Arc-Luc DNA, the transgene was linearized
by Nofl digestion, and purified BAC DNA was microinjected into pronuclei of
fertilized one-cell embryos from C57BL/6 mice.

Among 49 candidates, we identified 10 lines of mice carrying the Arc-Luc
transgene by PCR and Southern blot analyses of genomic DNA prepared from
tail biopsy specimens. The integrated Arc-Luc transgene was stably
transmitted to the next generation and one of the lines with strong
bioluminescence signals was used for the bioluminescence imaging study.

4. BIOLUMINESCENCE IMAGING OF ARC EXPRESSION IN
THE VISUAL CORTEX

The Tg mice were anesthetized by sodium pentobarbital injection or
inhalation of isoflurane before and during imaging. Because the black fur of
the C57BL/6 strain attenuates photon emission, the fur on the head of mice
was shaved. The mice were injected with luciferin, a substrate of luciferase
under anesthesia. Ten minutes after the luciferin injection, the
bioluminescence signal intensity in Arc-Luc Tg mice was measured using an
in vivo imaging system consisting of a dark chamber and a cooled charge-
coupled device (CCD) camera. Bioluminescence images were taken for 30 or
180 sec with 4 x 4 binning without using an optical filter. Pseudocolored
luminescent images representing the spatial distribution of emitted photons
were overlaid on photographs of mice taken in the chamber under a dim light.

To detect light-induced bioluminescence signal intensity changes in the
visual cortex, the Arc-Luc mice were anesthetized with sodium pentobarbital,
and bioluminescence signal intensity was measured for 180 sec. For
quantitative analysis, we set a template image of the bioluminescence signals
of the brain of each mouse placed under light condition, then the regions of
interest (ROIs), including the somatosensory and visual cortex areas, were
selected as follows. Using the bioluminescence signal image of the cerebral
hemisphere, we defined the long axis and formed a circle with its center in the
middle of the long axis and with a radius of 2 mm for the region containing the
somatosensory cortex. Similarly, we formed another circle with a radius of 2
mm and with its center located at 1/4 of the length of the long axis from the
edge of the caudal border of a bioluminescence signal image to define the ROI
containing the visual cortex, as shown in Figure 2. The photon counts in the
central regions containing the somatosensory cortex and posterior regions
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containing the visual cortex ranged from 8219 to 24044 and from 7080 to
20953, respectively. The photon counts in the central regions and posterior
regions of Tg mice under normal light condition were highly correlated (y =
0.989, n = 32).

In all the experiments, background bioluminescence signal intensity was
measured in wild-type (WT) mice injected with luciferin and the Arc-Luc Tg
mice injected with phosphate-buffered saline (PBS) instead of luciferin. The
obtained background bioluminescence signal intensity was subtracted from
measured bioluminescence signal intensity. Data were expressed as the mean
number of counted photons in the ROI. Bioluminescence signal intensity was
calculated from bioluminescence images by ROI analysis using NIH Imagel.

Using a cooled CCD camera, we detected bioluminescence signals in the
nose and head regions of the Tg mice in a dark chamber (Figure 2). Strong
signals were detected in the cerebral cortical areas of the brain. To determine
the source of the detected bioluminescence signals, we prepared coronal brain
slices from the Arc-Luc Tg mice and incubated them with luciferin. We
detected bioluminescence signals in the cerebral cortex and hippocampus in
the brain slices. We were unable to detect any significant bioluminescence
signal in other brain regions. These distribution patterns of bioluminescence
signals were similar to those reported for Arc mRNA in the mouse brain [51].

We further examined the localization of endogenous Arc and exogenous
Luc proteins in the Arc-Luc Tg mouse brain by double immunofluorescence
staining. Strong signals of Arc were detected in the neuronal soma in layers 4
and 6 in the cortex (Figure 3) and these distribution patterns were consistent
with those reported for Arc [28, 42] and its mRNA ([51]. The
immunofluorescence signals of the exogenous Luc were also detected in the
neurons in layers 4 and 6 in the visual cortex (Figure 3).

Most of the immunofluorescence signals of Arc and Luc merged. From
these findings, we concluded that the bioluminescence light emitted from the
Tg Luc protein mimicked the expression pattern of Arc in the brain.

Arc is one of the neuronal immediate early gene markers in the visual
cortex up-regulated by light stimuli [51]. To quantify the emitted photons from
ROIs, we set a template image of the bioluminescence signals of the brain of
mice under light conditions.

The ROIs including the somatosensory and visual cortex areas were
selected, as shown in Figure 2, and the photon emission intensities of these
regions were measured as described above.
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Figure 2. Changes in bioluminescence signal intensity in visual cortex of Arc-Luc Tg
mice under light and dark conditions. A Definition of regions of interest (ROIs). A
template image of bioluminescence signals of the brain under light condition was set
and the ROIs including the somatosensory and visual cortex areas (circles) were
identified. Then, the bioluminescence signal intensities of these regions were measured
as described in the text. Scale bar, 10 mm. B Protocol for light and dark conditions and
imaging (upper panel) and obtained bioluminescence images (lower panels;
pseudocolored, 6000-12000 counts). The dark (gray box, 12 hr) and light (open box,
12 hr) conditions and the time points of imaging (1-3) are indicated. Imaged areas of
the visual and somatosensory cortices are indicated by dotted circles. Scale bar, 10
mm. C Changes in relative bioluminescence signal intensity in visual cortex of Arc-
Luc Tg mice (n = 14) under light (L) and dark (D) conditions (L/D). The relative
intensities of bioluminescence signals in the left (left panel) and right (right panel)
visual cortex regions were calculated from the measured bioluminescence signal
intensity normalized with that of the somatosensory cortex. The control group of mice
(n = 4) was placed under continuous light (L) condition, and bioluminescence signal
intensity was measured at the same time points as those groups under L and D
conditions. The data represent mean + SD. *p < 0.05; two-tailed Student’s s-test.
(Modified from ref. 23 with permission).
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Arc Luc Merge

Figure 3. Distribution patterns of Arc and luciferase in visual cortex. A
Immunohistochemical staining of slices with anti-Arc antibody (green, Al).
Rectangles for higher-magnification images in the visual cortex (A2) are indicated in
Al. B Immunofluorescence staining of the slices with anti-luciferase antibody (red,
B1). Higher-magnification images of immunofluorescence signals in the visual cortex
(B2). C Merged images of immunofluorescence signals of slices stained with anti-Arc
and anti-luciferase antibodies (yellow, C1). Higher-magnification images of
immunofluorescence signals in visual cortex (C2). Scale bar, 750 pm (A1, B1, and C1)
and 300 pm (A2, B2, and C2). (Modified from ref. 23 with permission).

To examine the effect of light stimuli on the bioluminescence signals in
the Arc-Luc Tg mice, we placed the Tg mice under dark condition for 48 hr.
After this dark condition, the bioluminescence signal intensity of the posterior
ROIs of the cerebral cortex apparently decreased (Figure 2).

Seven hr of continuous light exposure resulted in the recovery of the
bioluminescence signal intensity in these regions (Figure 2). These regions
contain the visual cortex of the mouse [8]. To evaluate quantitatively the
changes in the bioluminescence signal intensity in these regions, we calculated
the relative bioluminescence signal intensity in these regions in comparison
with that in the central regions of the cerebral cortex containing the reported
somatosensory areas of the mouse brain [4]. As shown in Figure 2, placing the
mice under dark condition for 48 hr significantly decreased the
bioluminescence signal intensity in the bilateral regions containing the visual
cortex, which recovered after 7 hr of light exposure. Under continuous light
condition, no change in relative bioluminescence signal intensity was detected
(Figure 2). Furthermore, these changes in bioluminescence signal intensity
correlated well with the changes in the expression levels of Arc and Luc
determined by Western blot analysis. From these findings, we assume that the
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Arc-Luc Tg mice are valuable for monitoring the neuronal activity in the visual
cortex induced by light.

Figure 4. Changes in bioluminescence signal intensity in visual cortex of Arc-Luc Tg
mice after visual deprivation. Illustrated figures, bioluminescence images,
immunostaining of Arc (green), and immunostaining of Luc (red) of visual deprivation
by eye enucleation in mice. Bioluminescence images (pseudocolored, 6000-12000
counts) were obtained over the head region of control mice before enucleation (C,
upper) and after monocular enucleation (ME, middle) and binocular enucleation (BE,
lower). Immunopositive signal patterns of Arc and luciferase in the visual cortex were
similar to the obtained bioluminescence signal patterns in the visual cortex shown. The
Arc- and Luc-positive visual cortical region is indicated by large arrowheads. The
binocular visual zone is indicated by small arrowheads in ME. Scale bars, 10 mm in
bioluminescence images; 2 mm in brain sections. (Modified from ref. 23 with
permission).

We further confirmed the possibility that the bioluminescence signals
detected in posterior brain regions correspond to the Luc expression induced
by visual stimuli. The mouse visual cortex contains a large (~70%) monocular
zone that receives inputs only from the contralateral eye and a small (~30%)
binocular zone that receives inputs from both eyes [1]. Visual deprivation by
monocular eye enucleation (ME) resulted in the significant decrease in
bioluminescence signal intensity in the contralateral posterior brain region
within 24 hr (Figure 4). Visual deprivation by binocular eye enucleation (BE)
further decreased the bioluminescence signal intensity in the contralateral
posterior brain region (Figure 4). These decreases in bioluminescence signal
intensity in the posterior brain region correlated with the decreased expression
levels of Arc and Luc, as revealed by immunofluorescence analyses (Figure
4). From these findings, we were able to monitor the visual-activity-dependent
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changes in the bioluminescence signal intensity in the visual cortex in the Arc-
Luc Tg mouse brain.

5. DETECTION OF PLASTIC CHANGES IN ARC EXPRESSION
IN THE VISUAL CORTEX OF ADULT MICE

Using Arc-Luc Tg mice, we detected the plastic changes in
bioluminescence signal intensity after the visual deprivation in adult mice.
After the ME at the age of 16 weeks, we measured the bioluminescence signal
intensity in the mouse brain for three consecutive months (Figure 5). Four
days after the ME, the bioluminescence signal intensity in the right visual area
corresponding to the cortex contralateral to the enucleated eye decreased
significantly (Figure 5).

However, one month after ME, there was no significant difference in
bioluminescence signal intensity between the right and left visual areas (Figure
5). The recovered intensity of bioluminescence signals from the visual cortex
contralateral to the enucleated eye was maintained for another two months.
There was no obvious change in relative bioluminescence signal intensity in
the ipsilateral visual cortex after ME (Figure 5).

The intensity of the bioluminescence signals obtained from both visual
cortices changed equally depending on the lighting condition at latest two
months after ME. These findings clearly indicate the plastic changes in Arc-
Luc expression level in the visual cortex of the adult mouse after continuous
ME.

The immediate early gene Arc is induced in the brain by various stimuli
and is involved in synaptic plasticity during development as revealed by KO
mouse studies [30, 38, 57]. Arc is considered to be involved in several forms
of experience-dependent synaptic plasticity such as long-term potentiation
[15], long-term depression [44], and homeostatic synaptic plasticity [47]. In
the visual cortex, endogenous Arc expression is induced mainly in layer 4
neurons by light stimuli and is dependent on the activation of N-methyl-D-
aspartate (NMDA) receptor channels [27, 28, 49]. The mouse visual cortex is
divided into the monocular and binocular zones; in the binocular zone, the
competition between the activities from inputs from both eyes continuously
occurs [12].
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Figure 5. Detection of plastic changes in bioluminescence signal intensity in visual
cortex after monocular deprivation in adult 4rc-Luc Tg mice. A Protocol for surgical
operation (S.0.) and bioluminescence imaging 0, 4, and 30 days after ME in Arc-Luc
Tg mice. B Representative images of bioluminescence (pseudocolored, 7000-16000
counts) in visual cortex of Arc-Luc Tg mice taken at time points shown in A. Scale
Bar, 10 mm. C Relative intensity of bioluminescence signals obtained at indicated time
points shown in A. The relative intensity of bioluminescence signals in the visual
cortex region is calculated in comparison with that of the somatosensory cortex. The
data represent mean * SD (n = 3-9). *p < 0.05; two-tailed Student’s s-test. (Modified
from ref. 23 with permission).

We detected a decrease in the bioluminescence signal intensity of Arc-Luc
in the visual cortex contralateral to the enucleated eye four days after the
surgery and the recovery of the signal intensity in the same area within one
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month. The recovery of bioluminescence signal intensity depended on the
lighting condition, at the latest two months after ME.

These findings suggest that the recovery of bioluminescence signal
intensity in this visual cortex depends on the neuronal activity in the normal
eye. Adult mice have a greater potential for experience-dependent plasticity
than previously considered, because the MD of the dominant contralateral eye
leads to a persistent, NMDA-receptor-dependent enhancement of weak
ipsilateral-eye inputs [46]. Keck et al. [26] monitored by intrinsic-signal
detection and two-photon imaging the functional and structural alterations in
the adult mouse visual cortex after focal retinal lesioning. They suggested the
activity-dependent establishment of new cortical circuits that leads to the
recovery of visual responses.

On the other hand, Mrsic-Flogel et al. [32] have monitored by two-photon
calcium imaging the short-term homeostatic feedback up-regulation of
neuronal activity in the visual cortex after monocular deprivation.
Furthermore, in the binocular zone of the adult mouse visual cortex, the extent
of Arc induction after stimulation of the ipsilateral nondeprived eye increases
and is expanded four days after ME [51]. In our study, we were unable to
detect the early homeostatic up-regulation of Arc-Luc bioluminescence signals
in the visual cortex four days after ME. Thus, the involvement of a
homeostatic feedback process in the recovery of bioluminescence signal
intensity observed one month after ME might be small. Rather, competition
with neuronal-activity-dependent synaptic plasticity may be involved in the
recovery process. To examine the mechanism underlying the recovery of
bioluminescence signal intensity in the visual cortex contralateral to the
enucleated eye, further histological examination of changes in axonal
branching in the visual cortex in our ME mice is necessary.

6. COMPARISONS OF ARC IMAGING METHODS

To precisely reproduce the in vivo expression pattern of 4Arc, we generated
BAC Tg mouse strains. By homologous recombination in E. coli [33], we
were able to precisely modify the BAC DNA containing Arc to insert Luc
easily and quickly (Figure 1). The expression of large DNA transgenes such as
BAC vectors can accurately reflect the transcription pattern of an endogenous
chromosomal gene in a dose-dependent and integration-site-independent
manner [19]. The findings of immunohistochemical and Western blot analyses
using the anti-Arc and anti-luciferase antibodies supported the spatiotemporal
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expression patterns of the bioluminescence signals accurately reflecting the
endogenous Arc and transgenic Luc protein expression patterns. Recently,
three research groups have reported the successful in vivo imaging of Arc
expression by the knockin of d2EGFP into the Arc locus [57], the
conventional transgenic method using the 7.1-kbp 5° upstream region of Arc
and the fluorescent protein reporter Venus [10], and the BAC transgenic
method using the short-life form d4EGFP [13] (Table 1). The reported
expression patterns of Arc-dVenus in the visual cortex of the transgenic mice
were similar to those obtained by us [23] and others [25, 51].

Table 1. Comparison of Arc-reporter mouse lines

Mouse line Method Promoter Reporter Ref.

Arc-GFP Knockin Endogenous d2EGFP 57

Arc-dVenus Conventional | 7.1-kb dVenus 10
Tg upstream

TgArc/Arg3.1- BAC Tg BAC d4EGFP 13

d4EGFP

Arc-Luc BACTg | BACTg BAC Luc 23

In contrast to the superficially obtained fluorescence signals using Venus
and d4EGFP [10, 13] with some autofluorescence, our results suggest that we
were able to detect bioluminescence signals from the depths of the brain such
as the hippocampus with a very high S/N ratio. Furthermore, bioluminescence
imaging is the most sensitive method of small-animal imaging [45], and no
external or cytotoxic excitation light is required to generate bioluminescence
signals. We were able to perform long-term imaging of Arc-Luc expression for
more than 3 months noninvasively. These features of bioluminescence
imaging are suitable for the continuous monitoring and contextually relevant
spatiotemporal expression of Arc in mice. In the case of our Arc-Luc Tg
mouse strain, there are also some limitations in comparison with other Arc-
reporter mice. Using our Are-Luc Tg mouse strain, we were unable to analyze
the Arc-Luc expression at a single-cell level in vivo as previously reported [13,
57]. On the other hand, a bioluminescence image could be overlaid on a
photograph of a mouse used as an anatomical reference, as we showed here;
however, these 2D images lack 3D information. Because algorithms have been
developed to assign the position of the light source more precisely [6, 58],
further analysis will reveal the source of the bioluminescence signals in the
brain. In our Arc-Luc Tg mice, the temporal expression patterns of the
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obtained bioluminescence signals and reported Arc protein may be slightly
different, because we used wild-type firefly luciferase with a half-life of about
3 hr [52] in contrast to the endogenous Arc protein with a half-life of the about
2 hr [56, 57]. Nevertheless, despite these limitations of our mouse strain, we
were able to easily monitor the neuronal-activity-dependent Arc-Luc
expression and detected the plastic changes in Arc expression in the brain.

CONCLUSIONS

Bioluminescence-based imaging is a powerful method for monitoring
neuronal activity in the brain. Here, we successfully generated a novel BAC
Tg mouse strain, Arc-Luc, for monitoring the neuronal-activity-dependent Arc
expression using bioluminescence signals in the mouse brain. Changes in
bioluminescence signal intensity in the Arc-Luc mouse visual cortex were
induced by light and dark conditions and eye enucleation.

The intensity of these bioluminescence signals correlated with endogenous
Arc and exogenous Luc protein expression levels. Interestingly, we detected
the recovery of bioluminescence signal intensity in the visual cortex one
month after ME, suggesting the usefulness of our mouse strain for the
detection of plastic changes in neuronal-activity-dependent Arc expression in
the adult brain.
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The CASK protein belongs to the membrane-associated guanylate
kinase protein family, functioning as a multi-domain scaffolding
protein, and plays important roles in neural development and
synaptic function [Hsueh, 2006, 2009; Hayashi et al., 2008;
Najm et al., 2008]. It has been reported that CASK aberrations
can cause three clinical phenotypes, severe intellectual disability
(ID) and microcephaly with pontine and cerebellar hypoplasia
(MICPCH, OMIM: #300749) in females [Takanashi et al., 2010;
Moog et al., 2011; Hayashi et al., 2012], mild to severe ID with or
without nystagmus, microcephaly, and/or dysmorphic features in
males [Hackett et al., 2010], and FG syndrome in males [Piluso et
al., 2009] depending on the type of aberration of the gene [Moog et
al.,, 2011; Hayashi et al., 2012]. Hypomorphic missense mutations
of CASK in males probably cause FG syndrome or mild to severe ID
with or without nystagmus, microcephaly, and/or dysmorphic
features, whereas CASK null mutations (haploinsufficiency of
CASK) in females cause ID and MICPCH [Moog et al, 2011;
Hayashi et al., 2012]. This theory explains the similarity of the
clinical and radiological phenotypes of ID and MICPCH regardless
of the type of CASK mutation [Takanashi et al., 2010; Moog et al.,
2011; Hayashi et al.,, 2012]; however, no long-term clinical and
radiological information has been published on this group of
patients. We present clinical and radiological evaluations of 16
Japanese patients with ID and MICPCH associated with CASK
mutations.

MATERIALS AND METHODS

Sixteen Japanese patients (15 female and 1 male, 2—16 years old)
clinically diagnosed with ID and MICPCH and confirmed to have
CASK mutations were enrolled in this study. Written informed
consent for genetic and clinical analysis was obtained from the
parents after institutional review board approval was obtained from
Tokyo Medical and Dental University and Kameda Medical Center.
Genetic analysis and brief clinical features of 10 of the 16 patients
[Hayashi et al,, 2012}, and magnetic resonance imaging (MRI)
features of 5 of the 16 patients [Takanashi et al., 2010] were
previously reported, respectively. The 15 female patients most
likely have CASK loss-of-function mutations [Hayashi et al,
2012], which are expected to cause a characteristic pattern of ID
and MICPCH in females [Mooget al., 2011; Hayashi et al., 2012].In
silico prediction programs and splice site prediction software
showed that the de novo mutation in a male (Patient 16), situated
in an important interaction domain of CASK, was considered to
damaging to protein function, and this position was not associated
with a splice site. We reviewed all available data, including MRI
scans, raw data from the MRIs for use in quantification, and
information concemning growth, development, and neurologic
status. Height, weight, and head circumference were measured
in all patients at birth, and subsequently recorded two to five times
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for female patients, and six times for the male. The MRI data with
1.5T magnet were used to quantify the area of the cerebrum,
cerebellar hemispheres, pons, and corpus callosum in each patient
using the same methods previously reported [Takanashi et al,
2010]; patients ranged in age from 4 to 156 months at the time of
their MRI. One (Patient 11) was scanned three times at ages 9, 24,
and 50 months. The results of these measurements were compared
with those of 62 female patients (0.5~180 months old) evaluated at
the Kameda Medical Centerusing 1.5 T Siemens apparatus for mild
neurological symptoms, such as headache, hypotonia, seizures,
febrile delirium, or mild asphyxia, who had no parenchymal lesion
on MRI, and showed normal subsequent neurodevelopmental
exarns; as well as those of five patients with pontine hypoplasia
due to causes other than CASK mutations, including PEHO
[Tanaka et al, 1997], 5p-syndrome [Ninchoji and Takanashi,
2010], and trisomy 18 (disease controls).

RESULTS

Clinical Records

The epilepsy and genetic data of the 16 patients with ID and
MICPCH associated with CASK mutations are summarized in
Table 1. Postnatal growth curves are shown in Figure 1 (head
circumference in Fig. 1a; height and weight in Fig. 1b,c). Fifteen
patients were born at term (>37 weeks gestation); mean OFC was
30.4 £ 1.7 (mean =% SD) cm, height was 47.0 £ 2.6 cm, and weight
was 2640 -+ 420 g. Patient 5 was born at 33 weeks’ gestation with an
OFC 0f 28.0 cm, height of 41.4 cm, weight of 1596 g. Microcephaly,
defined as less than the third centile (30.2 cm), was present at birth
in 7/15 (47%) patients born at term. Microcephaly was recognized
in all patients examined after age 4 months, with OFC measuring
below —4 SD, including a male patient (Fig. 1, stars) and a female
born at 33 weeks. Height at birth was low normal (within 2 SD) in
13/15 patients born at term, declining to around the —2 SD level
after 4 years, and below the —3 SD level after 8 years. Birth
weight was normal or low normal in 14/15 patients born at
term, decreasing to the —1 SD to —2 SD level after 4 months,
and around the —2 SD after 2 years. Height and weight of a male
patient (Fig. 1, stars) and afemale born at 33 weeks overlapped those
of females born at term.

Hypotonia was observed in 11/16, muscle weakness in 10/16,
spasticity or increased deep tendon reflexes in 12/16, involuntary
movements in 3/16, sensory deafness in 2/16, and ophthalmologic
anomalies in 3/16 (abnormal visual evoked potentials, strabismus,
and nystagmus), respectively. Four patients presented with hypo-
hidrosis, and two of these also showed hyposensitivity to pain. A
typical facial appearance (Fig. 2) was noted (including the male
patient, Fig. 2b), with an oval face in all patients, large eyes, or irises
in 13/16, large ears in 11/16, a broad nasal bridge in 14/16, a broad
nasal tip in 9/16, a small nose in 6/16, epicanthal folds in 5/16,
a small jaw in 11/16, a long philtrum in 7/16, and a high-arched
palate in 7/16.

The motor milestones are shown in Figure 3. The male
(Patient 16) showed no psychomotor development at 5 years
old, that is, he could not control his head, smile, or babble, The
15 female patients exhibited early psychomotor development; all



