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Large-scale cranial window for in vivo
mouse brain imaging utilizing
fluoropolymer nanosheet and
light-curable resin
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Kohei Otomo 1,2,3,9, Yosuke Okamura5,10,11 & Tomomi Nemoto 1,2,3

Two-photon microscopy enables in vivo imaging of neuronal activity in mammalian brains at high

resolution. However, two-photon imaging tools for stable, long-term, and simultaneous study of

multiple brain regions in same mice are lacking. Here, we propose a method to create large cranial

windows covering such as the whole parietal cortex and cerebellum in mice using fluoropolymer

nanosheets covered with light-curable resin (termed the ‘Nanosheet Incorporated into light-curable

REsin’ or NIRE method). NIRE method can produce cranial windows conforming the curved cortical

and cerebellar surfaces, without motion artifacts in awake mice, and maintain transparency for

>5months. In addition, we demonstrate that NIREmethod can be used for in vivo two-photon imaging

of neuronal ensembles, individual neurons and subcellular structures such as dendritic spines. The

NIRE method can facilitate in vivo large-scale analysis of heretofore inaccessible neural processes,

such as the neuroplastic changes associated with maturation, learning and neural pathogenesis.

Coordinated neural activity across multiple brain regions, such as the cer-
ebral cortex and the cerebellum, underlies higher-order brain functions1–5.
Such activity can be measured using a variety of neuroimaging modalities,
such as functional magnetic resonance imaging (fMRI), and these mod-
alities have even been adapted to the study of various small animal models.
However, while such methods enable the imaging of brain activity over
broad regions, temporal and spatial resolution are limited. Alternatively,
multi-electrode arrays such as Neuropixels probes provide electro-
physiological recordings from many neurons with high temporal and

single-cell resolution6–8. However, thesemethods inevitably are invasive due
to the surgical implantation of electrodes into the brain. Furthermore,
monitoring multiple brain regions using these probes increases the damage
to living tissue.

Two-photon microscopy has been used to visualize neural structures
and activities in various brain regions of living mammals at cellular and
subcellular resolution with low invasiveness9–13. Recently, a variety of
techniques have been described for in vivo two-photon imaging of multiple
brain regions utilizing a high-power laser14–16, an objective lens with low
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magnification and a high numerical aperture (NA)17–20, optic devices21–24,
multiplexing of laser pathways17,20,25–28. To performhigh-resolution imaging
in a living mouse brain, maximizing the capabilities of two-photon
microscopy, a cranial window is typically created by removing a portion of
the skull (craniectomy) and sealing the hole with a glass coverslip29,30.
However, conventional cranial windows are usually small (2–4mm in
diameter) to minimize bleeding, avoid damage to large blood vessels, and
prevent mechanical stress on curved brain tissue caused by a flat glass
coverslip31. To overcome the limitations of conventional cranial windows,
novelmethods have been proposed such as the utilization of curved glass or
polymers that can conform to the shape of the living brain surface31–33.
However,methods have yet to be developed for the creation of larger cranial
windows sufficient to simultaneously image distant regions of the cerebral
cortex or cerebral cortex and cerebellum. For instance, it has proven difficult
to make large cranial windows in regions near thick blood vessels, such as
the sagittal sinus and transverse sinus, due to bleeding during or following
craniectomy.

Previously, we proposed the use of a polyethylene-oxide-coated
CYTOP (PEO-CYTOP)nanosheet as a sealingmaterial for the creation of a
large cranial window34. These nanosheets possess unique properties
amenable to in vivo two-photon microscopy, including high adhesion
strength, flexibility, and transparency. Furthermore, nanosheets with ≤200-
nm thick exhibit strong physical absorption on the object surface, making
them useful for surgical application35–39 and bioimaging34,40–43. To apply a
PEO-CYTOPnanosheet to a livingmouse brain, only the outermost surface
of the CYTOP nanosheet, which is direct contact to the brain surface, was
hydrophilized using polyethylene-oxide (PEO) to reduce inflammatory
reactions. These PEO-CYTOP nanosheets permit the construction of cra-
nial windows covering a substantial proportion of the parietal region, and
enabled in vivo two-photon imaging of neural structures with a broad field
of view (FOV) at high spatial resolution. However, these flexible PEO-
CYTOP nanosheets did not suppress motion artifacts from respiratory and
bodymovements in awake conditions.Moreover, PEO-CYTOPnanosheets
could not be used for long-term imaging, such as over a few weeks of
observations, due to changes in intracranial pressure and progressive
damage during mouse behaviors.

In this study, we proposed a new method utilizing a biocompatible
nanosheet incorporated into light-curable resin (NIRE method) to con-
struct large cranial windows over the cortex and cerebellum suitable for
long-term imaging in awakemice. The light-curable resin was applied to fix
the bioinert PEO-CYTOP nanosheet onto the brain surface, regardless of
surface shape and curvature. The NIRE method produced windows that
maintained transparency for >5months and suppressedmotion artifacts. In
addition, the NIRE method successfully enabled the visualization of neural
structures and intracellular Ca2+ concentration changes at various scales,
from populations of over a thousand neurons to single spines, in living
mouse brain.

Results
Creationof largecranialwindowsusingPEO-CYTOPnanosheets

and light-curable resin (the NIRE method)

The NIRE method was devised to create large cranial windows suitable for
long-term two-photon imaging of widely distributed neurons in living
mouse brain, including in the awake state, while suppressing motion arti-
facts compared to the PEO-CYTOP nanosheet only (Fig. 1a). The mouse
brain surface was first exposed (Fig. 1b) and covered with a PEO-CYTOP
nanosheet with a thickness of ~130 nm (Fig. 1c). Next, the surface of the
PEO-CYTOP nanosheet was coated with light-curable resin and irradiated
with ultraviolet (UV) light (Fig. 1d), yielding a large cranial window that
strongly adhered to the brain surface and conformed to its complex surface
structure.

One potential problem of UV light curing is heating damage, so the
fixing procedure was first optimized using a fast-curing resin “NOA83H”
and a programmable UV irradiator composed of a UV-LED and LED
control board (Supplementary Fig. 1a). To evaluate temperature change

induced in the light-curable resin by curing protocol, we inserted the digital
thermometer electrodes (TR-71nw, T&D Corporation., Japan) into the
center of the mass of light-curable resin placed in a 35mm petri dish, just
under the irradiation laser. Using this set-up, we recorded temperature
changes before, during, and afterUV irradiation for two irradiating patterns
(Supplementary Fig. 1b, c). We found that, intermittent irradiation
enhanced the temperature to below 35 °C, indicating that the light-curable
resin could be cured at a temperature that was not harmful to living tissues.
In contrast, a steep temperature rise occurred under continuous irradiation.
Thus, we adopted intermittent high-intensity irradiation to cure the light-
curable resin in the NIRE method.

Additionally, it is also possible that thesewindowcomponents induce a
neuroinflammatory response. For evaluation of NIRE method-induced
neuroinflammation, activated astrocytes were immunostained for GFAP in
brain sections from mice receiving light-curable resin alone after cra-
niectomy (Fig. 1e) or the complete NIRE method (Fig. 1f). The number of
activated astrocytes was significantly lower following the NIRE method
compared to application of light-curable resin alone (Fig. 1g). The NIRE
method group did not show significant inflammation in the ipsilateral and
the contralateral brain regions. However, these regions in the light-curable
resin group (without the PEO-CYTOP nanosheets) showed significant
inflammation (Supplementary Fig. 2). These results suggest that the PEO-
CYTOP nanosheet acted as a barrier film to protect against inflammation
induced by light-curable resin.

Next, we verified the optical properties of cranial windows produced
using the NIREmethod. The transmittance of the PEO-CYTOP nanosheet
and the light-curable resinwas approximately 100% in thewavelength range
of 400–1000 nm, indicating its optical transparency and suitability for
in vivo imaging (Supplementary Fig. 3). To evaluate the point-spread
function (PSF) in theNIREmethod, we obtained fluorescent images of 200-
nm fluorescent yellow–green beads embedded at depths of 200, 500, and
1000 µm within agarose gels covered with or without the film made of the
light-curable resin with a thickness of ~150 μm (Supplementary Figs. 4 and
5). The lateral full width at half maximum (FWHM) of the PSF through the
light-curable resin was 544 ± 6 nm at 200 µm, 559 ± 3 nm at 500 µm, and
616 ± 6 nm at 1000 µm (mean ± standard error, 10 beads at each depth),
suggesting that submicron resolution is achievable in the xy plane. Further,
there was no significant difference in the lateral FWHM between 200 and
500 µm depths, whereas that at 1000 µm was significantly wider. Similarly,
the axial FWHMs of the PSF through the light-curable resin were
2.17 ± 0.02 µm at 200 µm, 3.53 ± 0.03 µm at 500 µm, and 5.46 ± 0.09 µm at
1000 µm. In contrast, we performed the experiment without the light-
curable resin and found that the lateral and axial FWHM of the PSF at a
depth of 200 µm were 511 ± 5 nm and 2.06 ± 0.01 µm, respectively (Sup-
plementary Fig. 5). In the comparison, the axial resolution at 200 µm depth
was not significantly different between the with and without the light-
curable resin. This indicates that the resolution at 200 µmdepth usingNIRE
method can be as high as that in its absence, although the overall spatial
resolution tended to deteriorate (Supplementary Fig. 5e, f). Given thatmean
cortical thickness is 890 ± 16 µm44, these results suggest that the NIRE
method produces cranial windows with a sufficient spatial resolution to
observe both whole neurons and subcellular structures in upper cortical
layers, although as expected the spatial resolution in deep layers could be
significantly reduced due to the accumulation of light scattering and optical
aberrations.

Finally,we assessedmeasurement instability due tomovement artifacts
by comparing the FOV displacement between cranial windows produced
using PEO-CYTOP alone, the NIRE method and a glass coverslip with a
4.2mm diameter, (Fig. 1h–j, Supplementary Fig. 6). Briefly, time-lapse
images of SR101-stained astrocytes were acquired, and the correlation
coefficient between a reference frame and each individual frame was cal-
culated (seeMethods). As depicted in Fig. 1h and Supplementary Fig. 6a–d,
PEO-CYTOPnanosheets didnot suppress FOVdisplacementbecause these
coverings did not press strongly the cortical surface. In contrast, the NIRE
method and the glass coverslip yielded cranial windows, allowingmarkedly
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Fig. 1 | Construction of cranial windows from PEO-CYTOP nanosheets and

light-curable resin. a Fixing the light curable resin on the PEO-CYTOP nanosheet.

Schematic illustration of the ‘nanosheet improved by light-curable resin (NIRE)’

method.bExposure of the dura surface by craniectomy. c Sealing the brain surfacewith

aPEO-CYTOPnanosheet.dFixing light-curable resin on thePEO-CYTOPnanosheet.

e Immunostaining of astrocytes using anti-GFAP and nuclear counterstaining in a

brain slice obtained 4 weeks after craniectomy and covering with light-curable resin

only (without a PEO-CYTOP nanosheet). The white dashed line indicates the region

where the skull was removed, and the resin was fixed. f Immunostaining of astrocytes

using anti-GFAP and nuclear counterstaining in a brain slice obtained 4 weeks after

craniectomy and the NIRE method. The white dashed line indicates the region where

the skull was removed, and the resin was fixed. g The ratio of mean GFAP to Hoechst

33258 signal per 300 × 300 µm2 (15 ROIs from three mice in each condition).

***p < 0.005 byWelch’s t test. hTime series of a correlation coefficient calculated from

two-photon images of SR101-labeled astrocytes acquired through a cranial window

consisting of a PEO-CYTOP nanosheet in the awake condition. i Time series of a

correlation coefficient calculated from two-photon images of SR101-labeled astrocytes

acquired through a cranial window produced using the NIRE method in the awake

condition. j Time series of a correlation coefficient calculated from two-photon ima-

ges of SR101-labeled astrocytes acquired through a cranial window using the glass

coverslip method in the awake condition.
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less FOV displacement in both anesthetized and awake mice (Fig. 1i, j and
Supplementary Fig. 6e–h). In addition, we quantitatively evaluated motion
artifacts using the mean of the correlation coefficients obtained from these
measurements (Supplementary Fig. 6m, n). We confirmed that the NIRE
method suppresses motion artifacts better than plain PEO-CYTOP

nanosheet method, although glass coverslip method was the most stable
under all conditions.

Therefore, the light-curable resin was effective in fixing polymer
nanosheets to the curved surface of the living brain and suppressingmotion
artifacts for in vivo imaging.

Fig. 2 | Multi-scale two-photon imaging of Thy1-

EYFP-H (H-line) mouse cortex in vivo through a

cranial window constructed using the NIRE

method. a Time-lapse photomicrographs of the

large cranial window in an H-line mouse. The

directions are indicated as anterior (A), posterior

(P). b Large field-of-view (~7.8 mm × ~6.0 mm)

tiled image derived from the maximum intensity

projections of six three-dimensional stacks through

the cranial window in a. The red box corresponds to

the region shown in c. The directions are indicated

as anterior (A), posterior (P). c Cross-sectional xy-

image of axons and apical dendrites at 100 µmbelow

the cortical surface in the region defined by the red

box inb. The directions are indicated as anterior (A),

posterior (P), medial (M), and lateral (L). d Cross-

sectional xy-image of axons and dendrites with

dendritic spines from the region indicated by the red

box in c. e.Cross-sectional xy-image of somata and

dendrites of neurons at 600 µm below the cortical

surface in the region defined by the red box in b. The

directions are indicated as anterior (A), posterior

(P), medial (M), and lateral (L). fCross-sectional xy-

image of somata of neurons at 800 µm below the

cortical surface in the region defined by the red box

in b. The directions are indicated as anterior (A),

posterior (P), medial (M), and lateral (L). Olympus

XLFLUOR4X/340 ×4/0.28 NA air-immersion

objective lens was used in b. Nikon Apo LWD 25×/

1.10 NA water-immersion objective lens was used

in c–f.
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Multi-scale imaging of neuronal morphology in vivo

To evaluate the long-term mechanical and optical stability of these large
cranial windows created using the NIRE method, we examined cortical
neuron morphology over several weeks in Thy1-EYFP-H mice
(expressing enhanced yellow fluorescent protein driven by the Thy1 pro-
moter) (Fig. 2). The transparency of the cranial windowwasmaintained for
at least 20 days after surgery (Fig. 2a). Some of the blood vessels imaged
earlier can no longer be seen in the photographs taken 20 days after surgery
due to reduction in transparency of the cranial window and the reflection
from the differently positioned light source. Although bleeding occurred
under the dura, this visual occlusion disappeared within 10 days after sur-
gery. Through the large cranial window, images with a broad FOV
(~7.8mm×~6.0mm) obtained using a ×4 objective lens (Fig. 2b) revea-
led widespread fluorescence emission across the parietal cortex,
whereas a ×25 objective lens yielded cross-sectional xy-images at a depth of
100 µm with clearly distinguishable axons and dendrites (Fig. 2c). Further,
dendritic spines could be resolved at this same image plane (Fig. 2d).
Although blurry (compared to those taken at 600 µm depth), images of
neuronal structures could be taken at 800 µm depth, the deep brain region
(Fig. 2e, f). Therefore, the NIRE method could be used for the long-term
monitoring of neuronal morphology across multiple regions of the cerebral
cortex during maturation, various training regimens, or pathological
processes.

Multi-scale Ca2+ imaging in awake mice in vivo

We then evaluated the suitability of these cranial windows for Ca2+ Imaging
in wide regions of cortex and individual neuron compartments of awake
mice. For this purpose, the Ca2+ indicator jGCaMP7f was expressed in layer
2/3 of the cerebral cortex by injection of theAAV-DJ-syn-jGCaMP7f vector
prior to cranial window creation using the NIRE method (Fig. 3a). We
found that the transparency of the cranial window was maintained for over
166 days in three out of four mice (one died the day after the NIREmethod
probably because of the adverse effect of the surgery) and intracellular
calciummeasures were obtained (Fig. 3b). While moderate proliferation of
blood vessels was observed, these changes did not interferewith in vivo two-
photon imaging.

Changes in intracellular calcium concentration were measured over a
large region of the primary somatosensory cortex ( ~2.1 mm×~2.1mm)
using a ×4 objective lens and a frame capture rate of 3.8 per second. In total,
fluorescence signals from 1158 neurons were extracted over a 5-minute
recording period (Fig. 4b, Supplementary Movie 1) using EZcalcium (see
Methods). To verify the spatial resolution, we also attempted to measure
spontaneous Ca2+ activity from dendrites and dendric spines at a depth of
150 µm (same awake mouse as in Figs. 3 and 4) using a 25× objective lens
(Fig. 5a). Fluorescence intensity changes were clearly revealed by analysis of
time-lapse images (Fig. 5b, Supplementary Movie 2) from ROIs on the
dendritic spines (Fig. 5c), with peakΔF/F ranging from 85% to 245%. These
findings suggest that the NIRE method could allow multi-scale in vivo
calcium imaging in the cerebral cortex of awakemiceduring various sensory
stimulation protocols.

Large-scale imaging fromcerebral cortex and cerebellum in vivo

To further demonstrate the versatility of the NIRE method for imaging
applications beyond the cerebral cortex, we created larger cranial windows
extending from the cerebral cortex to the cerebellum inThy1-EYFP-Hmice
(Fig. 6a). Again, while bleeding occurred under the dura immediately after
surgery, this was cleaned up within 11 days. Through this cranial window,
we performed two-photon imaging of multiple regions and constructed
three-dimensional stacks of neuronal structures over a ~9.7mm×~8.8mm
FOV (Fig. 6b, Supplementary Movie 3). These images revealed the spines,
axons, dendrites, and somata of layer I–V neurons in the cerebral cortex
(Fig. 6c, d) as well as neurons and neuronal substructures in the inferior
colliculus and cerebellum (Fig. 6e, f).

In addition, the long-term monitoring of the cranial window revealed
that the transparency was maintained for >6 months (Supplementary
Fig. 7).Wealsomeasured thefluorescent intensity of neurons in the cerebral
cortex and the cerebellum to evaluate the long-termoptical properties of the
cranial windowmade using the NIREmethod (Supplementary Fig. 8). The
fluorescent intensity of neurons in the cerebral cortex did not change at any
measured depth (Supplementary Fig. 8a–c, e–g). However, the fluorescent
intensity of neurons in the cerebellum (located at the edge of the cranial
window)decreasedover 6months (SupplementaryFig. 8d, h). Furthermore,

Fig. 3 | Transparency of a large-scale cranial win-

dow produced using the NIRE method.

a Photomicrographs of a large cranial window

before and after fixing the light-curable resin on the

PEO-CYTOP nanosheet. The directions are indi-

cated as anterior (A), posterior (P). b Photos of the

cranial window in a 35 days and 166 days after

surgery. The black box corresponds to the region

in Fig. 4a.
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we quantitatively evaluated the brain-region-dependent decay of optical
properties of the cranial window (Supplementary Fig. 9). We evaluated the
neuronal soma size at different locations under the cranial window (at the
center, the edge, and themiddle (between the center and the edge)) using the
in vivo imaging data shown in Fig. 6, obtained 96 days after surgery. Note
that, an air-immersion objective with ×4 magnification and 0.28 NA was
used in the evaluation of Supplementary Fig. 9, unlike Supplementary Fig. 5.
The lateral FWHMsof theneuronal somawere 10.3 ± 0.4 µm, 10.4 ± 0.3 µm
and 10.9 ± 0.4 µm at the center, middle, and edge, respectively (Supple-
mentary Fig. 9k).The axial FWHMsof the neuronal somawere 79 ± 1.4 µm,
86 ± 2.2 µm, and 113 ± 2.6 µm at the center, middle, and edge, respectively
(Supplementary Fig. 9l). Thus, although the lateral resolution was not
degraded significantly in all regions, we can see that the axial resolution is
degraded in the edge region, at a radial distance of approximately 3mm
from the center of the cranial window (Supplementary Fig. 9k, l). This
indicates that the NIRE method realizes long-term imaging in both the
cerebral cortex and the cerebellum up to 6 months after surgery; however,
the spatial resolution is degraded at the edge of the cranial window
>6 months after surgery.

In conclusion, theNIREmethod expands the simultaneous/segregated
in vivo brain imaging range and widens it to encompass the cerebral
cortex and cerebellum, helping visualize their neuronal morphology and
function.

Discussion
In this study, we developed a new method for producing large cranial
windows suitable for long-term, multi-scale, two-photon imaging of the
living brain utilizing PEO-CYTOP nanosheets and light-curable resin.
Using this NIRE method, we successfully obtained high-resolution images
of neuron somata, dendrites, and spines in all layers of the cerebral cortex, as
well as fluorometric measurements of intracellular calcium in awake mice.
In addition to widely distributed cortical neurons, we obtained images of
granule neurons in cerebellum, underscoring the utility of this method for
in vivo imaging of neural network activity. Further, we demonstrated that
these images can be obtained in the awake state without substantial motion
artifacts.

In our previous study, we found that PEO-CYTOP nanosheets could
be used to fabricate cranial windows that conformed to the complex

Fig. 4 | Large-scale fluorometric calcium imaging

of neurons through a cranial window produced

using the NIRE method. a Large field-of-view

(~2.1 mm × ~2.1 mm) image produced from the

maximum intensity projections of time-lapse Ca2+

imaging data acquired over 5 minutes. The red cir-

cles demarcate the ROIs, yielding the heatmap of

individual neuron ΔF/F values in b. The directions

are indicated as the anterior (A), posterior (P),

medial (M), and lateral (L). bHeatmap showing the

fluorescence intensity changes in 1158 neurons

identified using the CNMF algorithm (seeMethods).

Olympus XLFLUOR4X/340 ×4/0.28 NA air-

immersion objective lens was used in a.
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topography of the cortical surface, thereby reducing mechanical stress and
mitigating potential disturbances in cerebrospinal fluid (CSF) and blood
flow.However, these PEO-CYTOPnanosheets did not suppress themotion
artifacts caused by respiration and body movements in awake mice. To
effectively suppress motion artifacts while preserving vital physiological
functions, in this study we coated PEO-CYTOP nanosheets with a light-
curable resin (the NIRE method, Fig. 1, Supplementary Fig. 6).

Moreover, the chemically inert and nonbiodegradable fluoropolymer
CYTOPprevented the light-curable resin from contacting the brain surface,
thereby permitting long-term imaging without induction of neurotoxicity
andneuroinflammation (Fig. 1e–g)45. In addition, PEO is commonlyusedas
a coating material to suppress inflammatory reactions46. The PEO-CYTOP
nanosheet also suppresses inflammation34. However, long-termobservation
through PEO-CYTOP nanosheets alone is difficult because the PEO-
CYTOPnanosheet is not fixed and floats with intracranial pressure changes
and brain edema34. With NIRE method, the light-curable resin tightly fixes

the nanosheets to the brain surface and eliminates gaps where dura mater
could regrow in long term. Thus, once established in an animal, the cranial
widow created using NIRE method enables long-term (≥5 months) broad
FOV in vivo imaging with subcellular resolution due to the substantial
mechanical and optical stability of the nanosheet–resin combination
(Fig. 3–5). Hence, we suggest that the chronic cranial windowsmade by the
NIRE method are suitable for the examination of neuroplasticity at the
network, circuit, and cellular levels during maturation and behavioral
training as well as neurodegeneration during disease progression. For
example, this method may further facilitate investigations into the
mechanisms of neural population coding underlying associative memory47

and neural circuit remodeling accompanied by chronic pain48, which have
been elucidated by the advantages of longitudinal in vivo two-photon
microscopy.

However, observable period is limited in the NIRE method due to
various reasons. Firstly, protecting the transparency of the light-curable

Fig. 5 | In vivo intracellular calcium imaging of somata, dendrites, and spines

through a cranial window produced by the NIRE method. a Time-lapse fluor-

escent images of intracellular Ca2+ elevations in the cortex of the same mouse as in

Figs. 3 and 4. The acquisition times of the images in a and b are indicated by the short

solid lines in c. The directions are indicated as anterior (A), posterior (P), medial

(M), and lateral (L). b Time-lapse images of fluorescence intensity changes (ΔF/F)

calculated from the images in a. The black circles and numbers represent the ROIs

for the fluorescence intensity traces in c. c ΔF/F traces from the ROIs of b. The short

solid lines indicate the time of b. Nikon Apo LWD ×25/1.10 NA water-immersion

objective lens was used in a, b.
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Fig. 6 | In vivo two-photon imaging through a large cranial window extending

from the cerebral cortex to cerebellum. a Time-lapse photomicrographs of a large

cranial window extending across the cerebral cortex, inferior colliculus, and cere-

bellum of an H-line mouse. b Large field-of-view (~9.7 mm × ~8.8 mm) tiled image

derived from the maximum intensity projections of 17 three-dimensional stacks

acquired through the cranial window in a. The red boxes demarcate the regions

shown in c–f. The directions are indicated as anterior (A), posterior (P). c Cross-

sectional xy-image of axons, apical dendrites, and spines 100 µm below the cortical

surface within the red box in b. The directions are indicated as anterior (A), posterior

(P), medial (M), and lateral (L). dCross-sectional xy-image of a soma 450 µm below

the cortical surface within the red box in (b). e Cross-sectional xy-image of axons,

dendrites, and somata in the inferior colliculus within the red box in b. f Cross-

sectional xy-image of cerebellar granular cells within the red box in b. Olympus

XLFLUOR4X/340 ×4/0.28 NA air-immersion objective lens was used in (b). Nikon

Apo LWD ×25/1.10 NA water-immersion objective lens was used in c–f.
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resin surface of the cranial window (when the mouse is housed in its cage
(see Methods) is riddled with issues of fine debris adherence, and the det-
rimental cleaning procedure which degrades the transparency. Secondly,
adhesion of immune cells to the internal surface of the cranial window,
regrowth of dura mater, along with the gradual accumulation of bone and
connective tissue, result in the clouding of the cranial window30,49,50. We
surmise that the observable period is limited by these factors (existing on
inside and outside surfaces of the cranial window) that reduce transparency.
Moreover, during the long-term monitoring of cranial windows—created
using the glass coverslip and theNIREmethods—we found that the opacity
mainly spreads from the edge to the center (Supplementary Figs. 7 and 8).
Thus, we conclude that the large cranial windows created using the NIRE
method retain transparency longer than conventional small cranial win-
dows due to their effectively large central area, despite the gradual decrease
in transparency along their edges (Supplementary Fig. 8).

In using the light-curable resin in the NIREmethod, we reasoned that
the heat used for curing would damage brain tissue. To circumvent this, we
employed intermittent irradiation and succeeded in curing the resin at a
temperature that is not harmful to the living tissue (Supplementary Fig. 1).
Although it is possible to cure the light-curable resin using low-power
continuous irradiation, the procedure time and the stress on the mouse
increases; curing with low-power continuous irradiation requires longer
time than that with high-power intermittent irradiation.

Moreover, steps involved in cranial window creation lower the brain
temperature which leads to abnormal neural activity51. The manufacture-
specified thermal conductivity of the resin used here (NOA83H) is
0.17Wm−1K−1, which is lower than the thermal conductivities of glass
coverslips (1.05Wm−1K−1) and bone (~0.68Wm−1K−1)52. Therefore,
unlike conventional cranial windows made using glass coverslips, those
created using the NIRE method can reduce the drop in brain temperature
and its consequent adverse effects on neural activity.

Moreover, craniectomy for cranial windows inevitably alters the brain
temperature and flow of blood and CSF, which may adversely affect neural
activity and brain function. The NIRE method circumvents these issues by
creating a cranial window that conforms to the shape of the brain surface
and advantageously preserves the shape of blood vessels and the CSF flow
path. Hence, we conclude that compared to other methods used to create
cranial windows (in which the materials are fixed before the craniectomy
leading to compressed blood vessels and CSF flow path), the NIREmethod
keeps the brain tissue healthier.

Using theNIREmethod, cranialwindowsup to9mmindiameterwere
produced, substantially larger than the 2–5-mm diameter cranial windows
produced using a glass coverslip29,30. Several novel techniques have been
proposed to broaden the FOV through cranial windows in living mice31–33,
including a chemical skull clearing method53–55. However, thick skull and
many blood vessels makes it difficult to apply these methods to observe the
cerebellumandmidbrain. Further, thePEO-CYTOPnanosheet in theNIRE
method suppresses thebleeding fromthebrain surface after the craniectomy
because of its high adhesive strength34. This hemostatic effect of the PEO-
CYTOP nanosheet facilitates the creation of large cranial windows by
preventing operational and postoperational bleeding (unlike in conven-
tional cranial window creation methods). Additionally, the highly curved
surfaces of cerebellum and midbrain make it difficult to obtain sufficient
optical resolution using conventional imaging methods. In contrast, our
NIREmethod facilitates theproductionof cranialwindows extendingacross
the cerebral cortex, midbrain, and cerebellum for both large FOV and
cellular/subcellular imaging in vivo (Fig. 6). Therefore, this approach may
facilitate the elucidation of higher brain functions dependent on the coor-
dinated activity of widely distributed brain regions.

On the other hand, the light-curable resin used in the NIRE method
was supposed to be an optical disturbance, particularly at a deep region of
samples, compared to PEO-CYTOP nanosheets alone34 (Supplementary
Figs. 4 and 5). The reduced spatial resolution may be due to the high
refractive index (~1.56) of this compound, resulting in spherical aberrations,

and nonuniform surface, leading to coma and astigmatism. These aberra-
tions also occurred in experiments using fluorescent beads embedded in
agarose gel, whichdeteriorated the spatial resolution andmade observations
difficult at the diffraction limit. In in vivo experiments, large cranial win-
dows exhibit unavoidable optical aberrations due to curvature of the brain
surface (Supplementary Fig. 9). The large cranial window region covering
cerebral cortex allowed imaging to a depth of ~800 µm (Fig. 2e). Whereas
the that covering the cerebellum allowed clear visualization of neuronal
structures only to a depth of approximately 400 µm (Fig. 6f). Results from
in vitro and in vivo experiments lead us to think that the observable depth in
the NIRE method is limited by the cumulative effect of light scattering and
optical aberrations. In future studies, we plan to address these issues by
employing light-curable resins with lower refractive indices to reduce the
mismatch with brain tissue. However, the use of light-curing resins with a
lower refractive indexmay adversely affect themice due to the higher energy
required to cure them. Moreover, the integration of the NIREmethod with
recently developed adaptive optics techniques56–60 could compensate for
optical aberrations, thereby enabling evenhigher resolution in vivo imaging.

The other issue associated with imaging using large cranial windows
created by NIRE method is the capture of fluorescence from neurons in
multiple layers as a single-plane image due to the preserved curvature of the
brain. This problemcanbe solved by adding anoptical device to the imaging
set-up that allows capture of neuronal activities from a single optically
delineated layer. Specifically, devices (such as a piezoelectric device or an
electrically tunable lens) that can image multiple planes along the Z-axis at
high speed would be effective in measuring neuronal activities in a single
cortical layer through the large cranial window.

Several previous studies examining the neural basis of social behavior
have successfully obtained optical measurements of neural activity in freely
moving animals21,61–65. However, large-scale imaging of neural activity in
freely moving mice has generally been performed through the skull, which
diminishes the signal-to-noise ratio, especially from deep cortical neurons.
In contrast, cranial windows produced using the NIRE method may yield
sufficient signal-to-noise to enable in vivo imaging of deep brain regions.
Additionally, our method can be integrated with techniques such as ectopic
expression of tracers or functional proteins usingAAVs, direct intracerebral
administration of drugs, and electrophysiological recording.

Since it can effectively prevent motion artifacts without causing
mechanical stress and inflammation, the NIRE method can be used for
long-term in vivo imaging of various other organs. However, a scaffold
device (comparable to those used in previous studies)66–68would be required
to realize in vivo imaging of organs that lack a natural scaffold to fix the
sealant (unlike brain, which has skull) while using the NIRE method.
Additionally, a protective device similar to that used here (for brain) may
also beneeded toprotect the transparency of the light-curable resinwindow,
which deteriorates by contact with the mouse body and debris.

In conclusion, the NIRE method enables in vivo imaging of neuronal
structure and intracellular Ca2+ changes on scales ranging from single
dendritic spines to several hundred widely distributed cortical neurons over
weeks in the awake mouse. This method also facilitates the creation of
cranial window large enough to view the cerebral cortex, midbrain, and
cerebellum simultaneous for neural network studies. Collectively, these
properties may facilitate the elucidation of neural network activities and
neuroplastic changes underlying higher brain functions as well as disease
processes in model animals.

Methods
Animals

Immunostaining and intracellular calcium imaging experiments were
conducted on adult wild-type C57BL/6 J mice (males and females over
8 weeks of age), whereas analyses of neuronal morphology were conducted
on Thy1-EYFP-H (H-line) transgenicmice69. All mice were housed under a
12 h/12 h light/dark cycle. These genetic recombination experiments were
approved by the Safety Committee onGenetic Recombination Experiments

https://doi.org/10.1038/s42003-024-05865-8 Article

Communications Biology |           (2024) 7:232 9



of the National Institutes of Natural Sciences. The facility used for the care
and management of laboratory animals was approved by the Institutional
Animal Care and Use Committee of NIPS and recombinant DNA
Experiments Safety Committee of the National Institute for Physiological
Sciences.

Nanosheet

PEO-CYTOP nanosheets with a thickness of ∼130 nm that exhibited a
water retention effect and ahydrophilized adhesive surfacewere prepared as
previously described34. Briefly, perfluoro(1-butenyl vinyl ether) polymer
(CYTOP, CTX-809SP, AGC Inc., Japan) was dissolved in per-
fluorotributylamine at 30mg/mL for spin coating. Silicon wafers layered
with 200 nm silicon oxide were used as substrates. First, poly(vinyl alcohol)
(PVA, Mw: 22,000, Kanto Chemical Co., Inc., Japan) dissolved in water at
10mg/mL was spin-coated at 4000 rpm for 20 s on the substrate as a
sacrificial layer. The CYTOP solution was then spin-coated onto the PVA-
coated substrate, followed by a spin-coating of a 10:1 Sylgard 184 silicone
elastomer mixture. After curing at 80 °C for 2 h and exposure to oxygen
plasma, a hydrophilic surface was created using 2-(methox-
y(polyethyleneoxy)propyl) trichlorosilane (PEO-silane, Gelest, Inc., PA,
USA) dissolved in toluene. The nanosheets detached from the substrate as
the sacrificial layer dissolved which were then re-supported on a nonwoven
fabric. Nanosheets transferred on a nonwoven fabric substrate with the
hydrophilic side facing outward were stuck on living mice brains. The
composition and properties of the PEO-CYTOP nanosheet created here
were similar to that reported earlier34. The light transmittance of the PEO-
CYTOP nanosheets supported on the quartz glass was measured using a
UV-Vis-NIR spectrophotometer (V-670, JASCO Corp., Japan) at a wave-
length of 400–1000 nm.

Craniectomy using PEO-CYTOP nanosheet

Craniectomy was performed as previously described34,70. Briefly, anesthesia
was induced by 3% isoflurane and maintained during surgery using 1.5%
isoflurane. Body temperature was maintained throughout the operation
using a disposable heating pad. GLYCEOL (TAIYO Pharma, Japan) was
administered 15minutes before surgery via intraperitoneal injection (15 µL/
g) to reduce intracranial pressure, thereby loosening the dura and making
the cortical surface as flat as possible. The hair and skin were then removed
to expose the cranial skull, and the chosen region removed using a dental
drill and tweezers. Achieving large-scale cranial windows with long-term
transparency requires extreme skills in performing craniectomy. Severe
injuries to brain tissue, such as those causedby drill piercing the brain tissue,
cause proliferative spread of connective tissue from the damaged area to the
entire surface of the cranial window, making observations at the single-cell
resolution difficult.

Following craniectomy, 25 µM Sulforhodamine 101 (SR101) was
applied onto the brain surface for 5minutes to stain astrocytes. In some
experiments, an adeno-associated virus (AAV) expressing a fluorescent
calcium probe (adeno-AAV-DJ-syn-jGCaMP7f, Addgene plasmid
#104488; http://n2t.net/addgene:104488; RRID: Addgene_104488)71 was
pressure injected (500 nL of 6.16 × 109 vector genomes/mL at 10 psi) 150-
µm below the dura using a glass micropipette. After washing away dust and
blood with saline, the PEO-CYTOP nanosheet supported by a nonwoven
fabric was placed onto the exposed brain surface. The edges of the PEO-
CYTOP nanosheet were glued with light-curable resin to prevent immer-
sion solution from contacting brain tissue. For in vivo imaging of awake
mice, an aluminumheadplate describedpreviously70wasfixed to themouse
skull with super-bond (Sun Medical, Japan) and connected by a screw to a
1-cm thick stage weighing over 1 kg.

Lamination of PEO-CYTOP nanosheets with light-curable resin

After sealing the cranial hole with a PEO-CYTOP nanosheet, light-curable
resin (NOA83H, Norland Products Inc., USA) was dripped on the PEO-
CYTOPnanosheet. The light-curable resinNOA83Hhas high transparency
(Supplementary Fig. 3) and enough hardness (85D Shore) to fully fix the

shape of the PEO-CYTOPnanosheets for long term. The light-curable resin
on the PEO-CYTOP nanosheet was fixed using a manual UV irradiator
(JAXMAN, China) or programmable UV irradiator (maximum radiant
power of 200mW) consisting of an LED control board (ADULEDB, Bit
Trade One, Japan) and UV-LED (OSV1XME3E1S, OptoSupply, Hong
Kong) (Supplementary Fig. 1). The optimal irradiation conditions to fix the
resin without generating excessive heat were 365 nm excitation for 2 sec-
onds once every 30 seconds over 3minutes and then 10mw for 10 seconds
every 30 seconds over 7minutes. The light-curable resin layer ranged in
thickness from 100 to 400 µm.

To protect long-term transparency of the cranial window when the
mice were housed in their cages, we gently placed an appropriately sized
mixing paper (Mixing paper No.10, TokuyamaDental Corp., Japan) on the
cranial window and sealed the cranial windowwith a vinyl tape. Themixing
paper avoids direct contact between the tape and the surface of the cranial
window. This protection protects the cranial window from scratching from
mouse limbs. The tape must be replaced regularly to prevent accidental
removal. It was reapplied approximately once a month. The debris adhered
to the surface of the cranial window was either sucked with a suction pump
or cleaned with water. Stubborn debris was rubbed off with a cotton swab.
UV irradiation pattern for curing was selected after studying the tempera-
ture changes initiated in the light-curable resin by the irradiation; the
temperature before, during, and after UV irradiation were recorded using
the digital thermometer electrodes (TR-71nw, T&D Corporation., Japan)
inserted in the light-curable resin placed in a 35mm petri dish. The light
transmittance of the light-curable resin “NOA83H” was measured using a
fluorescence and absorbance spectrometer, (Duetta, HORIBA, Ltd., Japan)
at a wavelength of 400–1000 nm.

Image acquisition

Allfluorescence imageswere obtainedusing a two-photon lasermicroscopy
customized for in vivo imaging (A1R-MP+, Nikon). We summarized the
parameters for in vivo imaging shown in Supplementary Table 1. The
Olympus XLFLUOR4X/340 4×/0.28 NA air-immersion objective lens was
used to obtain imageswith a broad field of view (FOV) (e.g., Figs. 2, 4 and 6,
Supplementary Fig. 9), whereas a Nikon Apo LWD ×25/1.10 NA water-
immersion objective lens was used for imaging of single neurons within
cortex (e.g., Figs. 2, 5 and 6, Supplementary Fig. 8). The correction collar of
the objective lens was adjusted manually by checking the brightness of the
images. A Ti:Sapphire laser (MaiTai eHP DeepSee, Spectra Physics) was
used as an excitation light source. EYFP images were acquired using an
excitation wavelength of 950 nm and jGCaMP7f images at 960 nm. Image
stacks were acquired using z-steps of 5 µm (Fig. 2) or 15 µm (Fig. 6, Sup-
plementary Fig. 8). All fluorescence emission signals shorter than 690 nm
were detected using non-descanned detectors (NDDs) equipped with
GaAsPphotomultiplier tubes at 0.5 frame per second (fps) for EYFP and 3.8
or 7.5 fps for jGCaMP7f.TheNDDsensitivity and laser powerwere adjusted
according to individual experimental requirements. The fluorescence signal
was separated using two dichroic mirrors (560-nm dichroic mirror for
yellow–green beads, EYFP, and jGCaMP7f, and 593-nm dichroic mirror
for SR101).

The results shown in Figs. 2 and 6, and Supplementary Figs. 6, 8, and 9
were obtained from a mouse under anesthesia, whereas those in Figs. 4
and 5, and Supplementary Fig. 6 were obtained from a mouse in awake
condition. Body temperature was maintained during imaging using a dis-
posable heating pad.

To quantify the spatial resolution in theNIREmethod (Supplementary
Figs. 4 and 5), yellow–green beads (200 nm diameter, Invitrogen) were
embedded at varying depths in a 1% agarose gel (1:100, v/v) in a 35mm
plastic dish. Then, samples were prepared with or without covering the
surface of the gel with a light-curable resin film (approximately 150 µm
thick, similar to the in vivo conditions). To achieve thefluorescent images of
yellow–green beads, we put the sample horizontally under a Nikon Apo
LWD ×25/1.10 NA water-immersion objective lens for two-photon
microscopy (A1R-MP+, Nikon, Japan). Image stacks were acquired with
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z-steps of 0.2 µm. This imaging protocol yielded a pixel size of 50 nm. Full
width at halfmaximum(FWHM)values of thePSFswere then calculatedby
fitting the fluorescence intensity profiles around the central intensity to a
Gaussian function using ImageJ.

The optical properties were evaluated by in vivo imaging, as repre-
sented in (Supplementary Figs. 8 and 9). Two-photon imaging of the cor-
responding fields of view and time series were done using the same laser
power and detector sensitivity.

Immunostaining

Mouse brains were perfusion-fixed with 4.0% paraformaldehyde (PFA)
4weeks after cranial window surgery over the primary visual cortex (Fig. 1e,
f, Supplementary Fig. 2a, b). Brains were removed, fixed overnight in 4%
PFA, andcut into50-μmthick coronal sectionsusing avibratome (7000smz;
Campden Instruments, Leicestershire, UK). Slices were then incubated in
10% blocking solution (NACALAI TESQUE, INC., Japan) containing 0.2%
Triton X-100 for 30minutes at room temperature, followed by incubation
with a primary antibody against glial fibrillary acidic protein (GFAP,
1:1,000, FUJIFILM Wako Pure Chemical Corporation, Japan) overnight
(~16 h) at 4°C. After washing with 0.1% Tween 20 in PBS, slices were
incubated with secondary antibody (1:500; Alexa Fluor 594 donkey anti-
mouse IgG; Thermo Fisher Scientific, Waltham,MA, USA) for 4 h at room
temperature. Nuclei were counterstained with 1:2000 Hoechst 33258
(FUJIFILM Wako Pure Chemical, Japan). Finally, stained slices were
examinedusing a confocalmicroscope (Leica TCS SP8 STED3XFALCON,
Leica,USA)with anHCPLAPOCS2×10/0.40NAdry objective lens.Mean
Hoechst 33258 andGFAPfluorescence emission levels weremeasured at 15
ROIs from three mice in each condition using ImageJ and normalized per
300 × 300 µm2.

Analysis of FOV displacement

FOV displacement was assessed by calculating a correlation coefficient
(Supplementary Fig. 6) in MATLAB (2019b, The MathWorks, Inc., USA)
using the following steps: (i) generating a reference frame by calculating the
median of all individual frames, (ii) calculating a correlation coefficient
between this reference frame and each individual frame, (iii) generating a
new reference frame from the median of 10 frames yielding the strongest
correlation coefficient in step (ii), and (iv) calculating the correlation coef-
ficient between this new reference frame and each individual frame. Finally,
motion artifacts were evaluated using the correlation coefficients obtained
from thesemeasurements and theWelch’s t test withBonferroni correction.

The analysis of Ca2+ imaging

The intracellular Ca2+ imaging data acquired in this study (Figs. 4 and 5)
were processed using the ECC image alignment algorithm72. In Fig. 4,
fluorescent signals induced by changes in intracellular Ca2+ (ΔF/F) were
segmented and extracted from time-lapse images using EZcalcium, an
open-source MATLAB application (2021a) designed for the analysis of
large-scale calcium imaging datasets with ROI detection and refinement
functions73. Alternatively, the Ca2+ imaging data shown in Fig. 5 were
analyzed using NIS element software (Nikon). Briefly, the software time
measurement tool was used to extract the mean fluorescence emission
within each ROI at each time point, and the median fluorescence intensity
was used as the baseline value to calculate the relative fluorescence change
(ΔF/F).

Statistics and reproducibility

Images were analyzed using MATLAB, Fiji ImageJ, and NIS elements.
Graphs and charts were made by MATLAB (2021a) and Microsoft Excel.
The degree of neuroinflammation induced by the light-curable resin with
and without the addition of the nanosheet was evaluated by counting the
proportion of GFAP-positive astrocytes to total Hoechst 33258 stained
nuclei and evaluated by using Welch’s t test with and without Bonferroni
correction (Fig. 1g, Supplementary Fig. 2c). In addition, the spatial resolu-
tion values (point-spread functions) of yellow–green fluorescent beads at

different depths in agarose (Supplementary Figs. 4 and 5) and the soma size
of the neurons (Supplementary Fig. 9)were comparedbyWelch’s t test with
Bonferroni correction. In evaluations of motion artifacts, the correlation
coefficients between the reference frame and all frames in each condition
were compared using Welch’s t test with Bonferroni correction (Supple-
mentary Fig. 6).

Reporting summary

Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Source data underlying the graphs and charts are provided in Supplemen-
tary Data 1. Other datasets supporting the current study are available from
the corresponding author on reasonable requests.
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ﾴ�ￒ�￼�����ﳿÿ	ÿ-ÿ:ÿ୉ÿᕗÿ❪໿⵼ᗿ㎋᣿㢚᧿㺭᣿䂾᏿㿉௿㫜˿⳰ÿ⣻ÿÿÿÿÿÿüÿíÿÒÿÿ�ÿ⸤૿㤶᯿㹄⛿䑖㏿䥣㳿䵳䏿傅䛿喘䟿妭䋿쀻ￖ⿿惯⛿惿᯿嫿ዿ嫿ዽ䯿ǵ䏿Ǧ㣿Ø⻿½᛿ÿ∀ÿ㸤ᗿ䘲◿䭂㏿兔䋿啤䷿噲凿媄嗿嶗嗿憭僿擂䣿曚㷿毴㏿棿⟿擿⇿拿ỻ寿៭叿ᓠ䫿໓㿿ڵⷿÿ㤄Ͽ䴠ỿ刯ⷿ夾㻿偎｟彘｟潞｢罤､镣ｩ걟ｬ쉖ｲｶ＾ｵ［ｮＱｭＮＲＫ�칏＞뀴！ｌāｚἦ｟ⴶ･㩆ｧ䩕ｨ婢ｨ桪ｩ穯ｬ酲ｰꩯｶ왦ｽﾀｏｻｆｻｆｇｇ�ｄ콣Ｚ쑚Ｐꩅ７ｚĂｩᬪｮ⬽ｯ㙊ｰ䉗ｰ周ｯ摲ｱ畻ｴ躂ｷ꡾ﾀ졷ﾋﾌ･ﾊ｡～｛�ｚ퍵ｖ쩯ｑ빦ｄꕑＧｪ�ｶᠫｹ☽ｺㅋｼ䁝ｼ乭ｽ幾ｺ犈ｼ覑ﾀꖑﾋ즍ﾔﾗｺﺙｾｻｶ튀ｫ졺｣쁷～띰ｔ魝Ｕｺ�ﾂยﾅḶﾆⱉﾆ㥛ﾈ䝯ﾆ墁ﾆ沔ﾆ膡ﾉꆦﾗ쮤ﾡﮔﾥﾖﾒ�ﾑ튏ﾇ쪊ｿ뺀ｯ둽ｩ굸｠鑦＿ﾊ�ﾍటﾍᘭﾒ╃ﾘ㉖ﾙ㹨ﾗ侂ﾕ悘ﾑ玪ﾒ銻ﾟ욺ﺮﺬﾯ�ﾬ튞ﾤ욗ﾖ뮓ﾍ늎ﾁ겆ｴꉿｦ轰ｈﾕ�ﾞЋﾠมﾣᬲﾪ⥇ﾬ㥡ﾭ䡺ﾫ垖ﾨ枯ﾟ翇ﾥ샍ﳇ�잫ﾹ삦ﾯ뚠ﾠ꺚ﾑꪔﾇ龎ｷ馈ｬ蕺ｍﾢ�ﾭ�ﾱЇﾷဝﾼᴯￄ⽈ￋ䉦￑冁￑抢￑澾�뾿ﻖ몺ￇ떵ﾻ꺮ﾫꦩﾡꖥﾗ鲜ﾅ隘ｺ躒ｬ羂ｏﾪ�ﾺ�ￂ�ￊȃￓᘘ￝␧￩㭄￸占�概箬샿ꯃ뇷곙﾿꣉ﾶꊿﾧ鲶ﾙ颱ﾐ銩ﾃ誣ｵ薜ｩ疍ｌﾲ�ￇ�ￒ�￝�￬́￼∍�㨭䱔�慼웿碙냿ꚩꗿꗵﾢ黠ﾠ駑ﾚ鋆ﾍ貽ﾂ螴ｸ肮ｫ窧｡榔ｂﾷ�ￕ�￝�￷���ᜂ⼩훿䝑쇿婭뇿皂ꏿ龒雿톔鯿ﾂ雳ﾃ郢ﾃ裓ｹ苈ｱ箿ｦ瞶｠犲ｗ悛Ｙ﾿�￶�������ก탿✢쇿㹃껿婢ꇿ瑮闿镹諿뵿诿賿･蛱･臣･篕｠瓌ｘ濃ｑ榺ｈ厣Ｉ￈��������췿܁뻿⌞껿㤹鷿塓闿潝賿豦胿깬緿핥苿ｓ緽ｋ秳ｌ珦ｊ毗ｅ曎｀廃Ｗ䞫９￶�����쿿ԁ뫿�꫿ᰕ鯿㐬迿允裿橌臿葕矿ꅚ瓿읙瓿瓿Ｙ混Ｔ槴Ｑ择Ｍ嫛Ｈ僎＞㦳＇�����쿿̀뷿�꫿؁闿ሇ诿ㄡ苿䨰緿搼矿穄滿陊槿땉柿�來揼Ａ巸；囵３䧥＋䓛）⚾＀����쿿�뷿�꯿ȁ響�蛿ก糿Ⱄ矿䈠珿帮淿猵替贼惿꠻巿젴巿嫿２俻＆㻽＀㟸＀ⷫ＀ை＀﫿�쿿�뷿�꫿�髿�諿�矿ഀ棿␅毿㨒槿吟旿樨廿茯囿鰭哿방勿�㗿＀⋿＀᧿＀ᇼ＀Ò＀췿�ꋿ�迿�绿�淿�壿�䳿਀䫿က㧿က㯿⸀㫿䄀㓿唀ⷿ焀⓿茀ᓿ鰀૿됀ÿ툀ÿﰀÿ＀ÿ＀ü＀＀ऀ＀ⴀ＀㨀＋䤀５圀Ｇ樎Ｍ簕Ｎ褑Ｎ霎Ｍ꜇Ｑ똅Ｐ적Ｌ�Ｈﬀ＀＀＀＀＀＀ﰀ＀＀툀＀＀�Ｎ␊Ｙ㘛＾䐦ａ唯ｂ愲ｅ爷ｆ脶ｉ锵ｍꤱｐ봪ｑ툡ｓｖ，ｑ＆ｊ＀﵇！！＀�봖＀Ｂ�＾␕ｆ㈥ｈ㼮ｉ伶ｊ帽ｍ浂ｎ籄ｑ鑃ｕ꠾ｚ봹ￖ⿿惯⛿惿᯿５ﭘ２節０２．팿＆딭＀ＹЃｍ„ｐ⴪ｏ㠲ｐ䜼ｒ奆ｔ楍ｕ穐｛鉔｟Ꝑ｢빇ｦ�櫓ｨＧ･Ｂ異ＡＤＢ화Ｂ칏＞뀴！ｌāｗᰡｚ⤮｛㐹ｚ䉂ｒ俿幤姿恶惿抌拿暦廿泀埿燡䯿盿㻿瓿㫼濿㓮毿㧢旿㛖懿㗍巿㏅壿⺪䗿៿威˿戓ỿ戣⻿搮㫿朻䣿晌囿晟揿桲泿榈濿溤滿瓃擿編ﾀｏｽｉｋｋ홭ｉ챪ｆ썤ａ멟ＺꕑＧｪ�ｭฝｮᨫｱ⠼ｱ㙋ｳ䕝ｲ噫ｰ極ｱ聽ｵꅽｽ앵ﾉﾌ･･｡�쩶｛쁰ｔ멭ｐ녧ｇ魝Ｕｶ�ｺజｼጧｽ∹ｿがﾀ㷿繏烿籡翿祹觿纞郿諊觿電糷闿糧迿绗裿矌苿激緿榷矿悯瓿媥滿侓揿㫿舀ÿ褆໿褍⇿谙ㇿ谧䏿輶嫿豄淿襗苿虬铿蒑鿿鋉鷿ꏿ鋨鯿闕铿迆軿蚿賿莵菿犭绿梥篿憚盿嚉毿㿿鄀ÿ騀ÿ騈ᓿ鰎⋿ꈝ㛿ꐬ䷿ꔼ柿ꕋ胿鱝駼轷닪貵뫣ꗿ껏鿿ꟃ鳿龷駿閯鏿袧跿箠裿炚苿撒翿罱｀ﾚ�ﾧ�ﾭ�ﾱ܎ﾷሡﾾ⌸ￅ㙔ￊ䙮ￊ喊皢쪳ꢶ꺧낰ﾰ꾩ﾥꖥﾗꂠﾎ题ｼ钔ｴ貌･袈～癹｀ﾥ�ﾵ�ﾽ�ￅ�ￏࠈ￘ᨛ￤〵￲䙎慪�껙鲮ꋜꇊﾨ鶾ﾟ颵ﾒ銭ﾅ躤ｻ蚟ｭ莚ｦ粒ｘ沃］ﾭ�ￂ�ￍ�ￗ�￧Ā￷ᔄ�⼝䍅훿噪볿溄ꗿꆖ鳿駩ﾐ鋑ﾌ軉ﾆ蚼ｸ莳ｲ纫ｧ禤｝犞ｑ撍Ｚﾵ�ￏ�ￜ�￶���؀⌙탿㨿뻿剠꧿潳駿饿跿캄鋿ｰ觩ｰ菖ｯ绋ｩ竀､璸ｚ澰ｑ檩ｉ官Ｒﾽ�￝�￺�����̀쳿ᴕ뫿㐵꧿䵐髿池跿赩苿롰蓿蓿ｖ糫ｗ痛ｕ烎ｐ毅ｊ暼ｃ憳］厣Ｉ￈��������죿܁룿ᐌꟿㄬ響䩀賿桎菿虘磿꥞矿푚竿ｄ珷＿滭＾棞＼惐Ｖ巇Ｔ垿Ｍ䞫９￶������쫿�럿�ꏿଃ闿⬡觿䔲臿房秿籇濿鵍櫿쉉毿泿Ｌ擸Ｅ廯Ｄ姡Ｂ叓Ａ介＜㦳＇�����췿�뫿�ꗿ�鏿ࠁ蛿⌑篿䀢矿嬰淿猵替輽惿뀽惿혴惿寽５囻／俲＋䧥＋䓛）⚾＀����쿿�뷿�ꟿ�闿�苿Ȁ濿ᰂ濿㠔毿償旿樨廿蘰埿ꌯ嗿쐨哿叿）䇼＀㫽＀㟸＀ⷫ＀ை＀﫿�쿿�뷿�꫿�響�藿�烿�拿ᄀ廿⤂惿䜐巿弚哿稠䳿锟䧿된䧿턓䟿⿿＀⋿＀᧿＀ᇼ＀Ò＀췿�ꋿ�迿�绿�淿�壿�䳿਀㿿਀㓿਀⿿ᴀ⧿⸀⏿䴀⃿昀᧿簀ᓿ鰀૿됀ÿ툀ÿﰀÿ＀ÿ＀ü＀＀ऀ＀ⴀ＀㨀＋䤀１圀３戀６爀６脀９輀９ꈀ＞눀＝섀＜팀７＀＀＀＀＀＀＀＀ﰀ＀＀툀＀＀�ＧἆＯㄏＳ䀘Ｕ儠Ｖ弢Ｙ氦Ｚ紥］逤｀ꐠｃ렚ｇ츓ｉｄ＀ｄ＀Ｐ＀ﰵ＀＀＀�봖＀Ｂ�Ｓᴋ［ⴘ］㨠＿䨨ｂ嬱ａ栱ｂ稲ｅ贲ｉꐭｎ묨ｑ툡ｔｖ，ｑ＆﵋！＆＃�퀸＃딭＀ＹЃａ᠏ｅ☜ｈ㐨ｉ䌲ｉ唹ｉ挼ｊ甿ｏ豂ｓꌾｘ문ￖ⿿懴⓿廿᣿６４７�５퉊５쩅１뀴！ｅ�ｊᐓｏ‟ｒ⼭ｑ㰵ｑ䬿ｓ彉ｕ灎ｗ蝐ﾢ俿抾䟿旚㫿淿⻿棿⟷擿⟩忿⣞寿⣒埿⟆叿Ⓘ仿₩䋿᏿刀ÿ堎ᓿ娙⃿⠯｛㐹ｃ䗿嵖勿汘｟荟､ꁞｪ빕ｱｶ＾ﱲＺ＼�＼퉣Ｚ왟Ｗ뵚Ｒ둕Ｌꉊ＞､�ｦऒ･ᄝｧℯｨ⼽ｨ㵋ｧ做ｦ扣ｦ穪ｪ鱪ｳ쁥ｼﾀｏｒ�ｑ텰ｎ쑩ｈ멦ｃ둣｀걟Ｚ青Ｇｰ�ｲЉｵഝｴᜩｵ␹ｷ㑌ｳ䕝ｱ塬ｯ獷ｲ陼ｻ썳ﾋﱧｦ�･큺｢쑸｟멲ｗ녯ｑꝪｉꁥｂ譚Ｍｽ�ﾅ�ﾅܓﾅยﾆᰳﾆⱉﾅ㭝ﾁ乱ｽ斃ｹ認ﾅ쒅ｼ�ｾ춇ｸ삂ｲ띿ｬ걺｣ꑵｙ鵲ｒ陭ｉ艢Ｒﾊ�ﾒ�ﾗ�ﾖगﾙጩﾜℼﾝㅕﾛ㽫ﺕ喂疚�나튈즒ﾎ벑ﾋ꾌ｾꢇｳꆁｨ饾｟酻ｗ譶ｍ硫Ｔﾕ�ﾢ�ﾧ�ﾭ�ﾰਕﾸᠨﾼ⠿￀㡚恣ힳ碆삨ꂚꮝ펧ꪤﾛꞝﾐ麚ﾄ颓ｷ銎ｫ誊｡蒄ｗ罿ｍ浴Ｔﾟ�ﾯ�ﾷ�﾿�ￇ�￑တ￝␧䘶歃웑畷Ᶎ閒鋁쪠鞾ﾕ鎴ﾋ邪ﾁ誣ｵ薜ｩ羖～窐ｔ疉ｋ捼Ｐﾧ�ﾽ�ￇ�ￒ�￢�￯̀﫾☑㴰퇶奊럭牨難邃铨퍿跟ｿ蟉ｺ芿ｲ綳ｨ窪｢疣ｘ炜ｎ殖ｅ蛿ⷿ꼀ÿ저ÿ휀ÿÿ＀ò＀ß；࿌Ｑㆶｅ䪠､憐ﾐ澃￈犇承捹컿慴쓿奰맿啫닿䱤ꣿ䅡ꃿ㱒鏿⛿뜀ÿ�ÿÿ＀ì＀×＀Ç；ᒴＪ➢ｂ㾑｣傄ﾇ孺ﾳ捼￩坺刺䩲䭬폿䝦쟿䍡뻿㵝뛿㝗껿⽉黿᳿저ÿﰀÿ＀ï＀Ú＀Å＀¯＂ƢＥᶐ＾ゃ～㽻ｽ䩯ﾤ偬ￍ䭲�㝬㉣そ퟿⹘쳿⩒쇿♎볿⅀ꣿჿÿ＀ï＀Þ＀Ç＀²＀�＀�＜ຂＹ≹ｘはｴ㝥ﾔ㵡ﾻ㵣￤ㅤ�⃸９囪９僜８䣏４䓈０㚰＄�����쫿�뛿�ꋿ�跿�秿ᐃ珿ㄓ泿倠旿樨巿許壿ꨱ囿켦姿叻＋䣻＂䏰＂㳠！㛖！⚾＀����췿�럿�ꗿ�迿�緿�櫿ഀ旿✅拿䘑巿弚哿紡䷿鬡䫿받䳿䓿＀㗾＀⳿＀⫴＀⋥＀ை＀﫿�췿�뫿�ꟿ�鏿�苿�淿�惿ᄀ僿ᨀ仿㈁凿匉䫿焒䏿贔㻿ꬍ㷿쨇㋿⋿＀᏿＀෿＀௺＀Ò＀췿�ꋿ�迿�绿�泿�嗿�䗿�㫿਀㓿਀᯿਀ᗿ℀௿㠀৿吀ǿ爀ÿ销ÿ눀ÿ툀ÿﰀÿ＀ÿ＀ü＀＀ऀ＀⬀＀㠀＋䘀（匀＄怀＂瀀％紀）踀＇鴀％뀀＄뼀＂툀＂＀＀＀＀＀＀＀＀ﰀ＀＀툀＀＀�２ᔀ：␀Ｂ㨇Ｅ䨌Ｊ᏿Ⱪ᛿⽻៿㊎ᗿ㖠ዿ㞴௿㏇ǿ㗞ǿ㋺ÿ⯿ÿ⃿÷⏿ê᷿à᳿Õ᣿½ᇿÿऀÿᴑǿ┠ӿ⼴ჿ⽂ᗿ㑔ỿ㕥⇿㝵⏿㦉⇿㶞⃿䆵᣿䟎᏿䟦ࣿ䓿ÿ㟿ü㧿í㟿àヿÖⷿË⟿³⃿ÿ㤄Ͽㄐӿ㔟෿㤮᛿㰼⇿㵎⣿㽠ⷿ䁲ヿ䆆⻿䚟ⷿ䶸⧿僒ỿ哭᛿囿೽勿ࣰ䫿ߣ䟿૘䇿ۋ㳿߃㗿ƪⷿÿ㼀ÿ㤆ӿ䄘࿿䔦᳿䜶⧿䙆ㇿ䡙㧿䥬㷿䮁㻿冞㷿嚸㛿嫖⳿拺⋿惿᯴；；흐；칌９썈７뭄３ꄱ！ｊ�ｉЅｍᄒｏ‟ｒ⼭ｒ㸸ｒ剃ｒ摉ｓ籋ｘ驌｠뭅･�ｭＮＬＮ흝Ｎ쭘Ｋ쉕Ｉ멐Ｄ녍＠鵀１､�ｚĂ｛ਐ６ỿ崦⻿帴㫿嵇䧿孛叿嵶寿悘寿梻叿狧䣼盿㿧滿䋗槿䇋旿㿁懿㲸巿㞮嫿㎧哿Ⲑ䣿᫿栀ÿ洀ÿ氅೿欎᷿洜ⷿ欬㳿欼䷿材嫿摫擿枎櫿熽揿胵囬篿哗瓿哊濿冾淿亴槿䦭擿䊢懿㶛巿㖇勿⋿簀ÿ紀ÿ耀ÿ縉᛿紑◿索㧿細䳿祃忿牰絾검흿ｨ읻･멹｣꽴ｚꝱｔꁭｋ陨ｂ轥［筚Ｆﾂ�ﾍ�ﾏ�ﾒ�ﾒଛﾔᜮﾖ♃ﺓ㡗嵡�톆ꙻ즆햀솈ｻ뎅ｵꮂｭꉿｦ顺ｚ鉵ｐ該ｈ腭＾灤Ｉﾑ�ﾝ�ﾢ�ﾧ�ﾬȄﾯജﾶḲ䘲恋쪦畬뚝靿ꚕ소ꆖﮍ麕ｾ颏ｲ醉ｧ誆｝蒀ｒ絽ｊ癹｀晭Ｉﾚ�ﾪ�ﾲ�ﾺ�ￂ�ￌЅ⨋倎�룀灡ꂸ蹸躲뢅辶誫ｸ蚢ｯ莚ｦ綔｛碍ｑ熉ｆ沃］嵵Ｆﾢ�ﾷ�﾿�ￍ�ￚ��␀�짥急껚灌鏑譧賓빨裔緂ｪ禵｣皬ｱꋿ剬鯿䥧铿䁢軿㡓翿⇿ꨀÿ숀ÿ케ÿúäÕÅᆳ⪟㾇妃垂兵�쫿剫뷿䭦뇿䑢꧿㽞ꋿ㝙鯿お诿᯿눀ÿ휀ýÿ＀ê＀Õﴀ¿＀¯＞រＸりｘ䉻ｽ䩰ﾫ剱￤䡰㽧�쳿㭞쏿㝙룿ご꿿⭎ꣿ⍀雿ᇿ숀ÿÿ＀ê＀Õ＀Â＀­＀�６உＲ⁽ｓ㉱ｶ㩥ﾝ䅤￉㹪￼Ɫ⡚╔폿⍐죿⅊뷿ᭅ뗿ᘴ鿿Ͽ�ÿ＀ì＀Õ＀Å＀¯＀�＀�）zＭᑰｋⅧｬ⩝ﾍㅙﾵず￟♛�ᑓཌྷཅ훿ా쯿࠹쏿ԧ꯿ÿí＀Õ＀Ç＀²＀�＀�＀v＇lＥݦｄᓿ愛叿脢仿ꈣ䷿줛凿䓼！㫼＀㓫＀⻞＀⣐＀ី＀��헿�쟿�돿�ꋿ�跿�磿�擿ഀ叿ᔀ嗿㐄勿圌䧿瘓䋿鐓䃿딏䋿�ﰀ⋿＀᷿＀ᗯ＀ᓢ＀Ӆ＀﫿�쫿�럿�ꗿ�迿�緿�棿�囿Ѐ䫿က㿿℀㫿䄀㧿挃㧿蜈⻿ꈁ⛿뼀⋿ᗿ＀ۿ＀ÿ＀Ӵ＀Ò＀췿�鿿�跿�竿�旿�僿�䃿�㋿�◿�៿਀ÿༀÿⴀÿ倀ÿ爀ÿ销ÿ눀ÿ툀ÿﰀÿ＀ÿ＀ü＀＀ऀ＀⬀＀㠀＀䔀（匀＄怀＂洀＀紀＀贀＀鴀＀관＀뼀＀툀＀＀＀＀＀＀＀＀＀＀＀툀＀＀�＀ጀ＀ ＆⸀．㼀２伀４戀：爀；蠀＝騁Ｄ관Ｃ쐀Ｂ�，＀－＀＀＀�켇＀뜆＀＃�（ࠀ２ᘀ９⠀Ｂ㼈Ｅ伍Ｊ愔Ｋ爓Ｎ蜒Ｑ鰏Ｕ넉Ｗ줄ＱＲﴀＦ＀＀＀�＀퀜＀씝＀뀑＀Ｂ�；਀＠ᔂＬ✈Ｏ㜑Ｐ䠘Ｒ嬝Ｕ渡Ｗ萠Ｚ騜ａ눙ｅ츑ｊｄ＀ﰹ＀＀�＀퀲＀옭＀븯＀ꔝ＀＿�Ｈ�ＳစＷ∐Ｚ⼙［䀡＼唩］本ａ累ｄ餬ｋ딧ｐ툞ｗｖ，／．퍅．졀＊쀼）딳＀鰩＀ｂ�］ā＾ࠆｃᜑｇ⠟ｇ㤪ｇ䨲ｇ愹ｉ礼ｍ阺ｔ똴｛�？ῡ埿⃓勿⃈仿Ẽ䫿Ჴ䗿ᚬ䋿᎓㏿˿刀ÿ倀ÿ伂˿倏ᇿ初῿刭⳿剀㧿兗䏿兯䧿喒䧿庹䏿棢㫷毿㇢擿㏓忿㏇寿セ囿ⶲ叿⦩俿▢䫿ẍ㿿໿搀ÿ攀ÿ攀ÿ戆೿我᷿戣⻿張㷿䥊｛敕繁蝠꽞�ｅ퍫ｆ왧ｄ륢＾꽞Ｚ꓿㖝埿⺔勿➀䟿ᗿ洀ÿ瘀ÿ瘀ÿ省˿瘊៿琕⟿焦㫿渻䳱灞哢杻據榤擘痒壓盿姃珿垵滿冩泿䲡槿䞘擿㺐懿㞇Ｏ癓＝ｽ�ﾇ�ﾊ�ﾍ�ﾎȆﾍటﾋᬱ䘭䣌籲擅纛施练枵竮涮糿暢秿庚盿嚑狿䮉濿䒂泿㱺柿㉪寿ỿ蜀ÿ需ÿ鴀ÿꈀÿ꜀ÿ꤃߶됫ۨ때ෑꙚ㪾驰嚭銏枟貴犛賡犗诿涑藿抉苿墂翿佽秿䙶盿㵯濿㉠替ỿ鈀ÿꔀÿ관ÿ딀ÿ봀ò뼀ä쌣Ù왈˅빙➬녩亙ꮆ悊ꚫ沌ꯞ撂ꇿ橿駿恺鏿噵跿䱯蟿䍪臿㩥篿㉖烿᷿鴀ÿ눀ÿ먀ÿ윀ò촀â케Ò턕É퐽¸텕ᦢ쥩㪍쒄傂슬嚆웠䩴믿婰꿿呬ꗿ䱩鷿䕤鏿㱟跿㑚蟿ⱋ篿៿꜀ÿ봀ÿ쨀ú���Á�¸°ʘ�⢂���⽬폿䝧쏿䕢럿㹟귿㩚ꏿ㍕鷿⭐雿⑁蛿࿿관þ케ýïÚÇµ§�ඈ≸ㅱ㕯ㅧ㑞퟿ㅚ죿⽕뷿⩐듿╊꫿ᵅꋿᠷ鏿߿봀ýü＀ãÏ切½ﰀª＀�＊ʄＦቴｇ≨ｭⵝﾖ㕚ￃち￺⅙ᵑ�쳿ᡆ쇿ᑁ뫿ြ꿿ପ鯿ÿ툀ü＀ãÕ＀¿＀­＀�＀�＀s？٨ａ፞｣ᵔﾈ╎ﾭ≐￘ᩓ�ेԿ�̶퇿ȱ짿*뻿�ꣿÿç＀Õ＀Â＀¯＀�＀�＀p＀]６ZＶݔｙཉｸᑃﾝᕃￂ၆￮Ը�*'!헿�쯿�닿ÿ＀Õ＀Å＀²＀�＀�＀u＀]＀L＊DＡBｇľｫعﾎ࠶ﾮ̭ￏ)￶���ﳿ
��뿿ô＀Ç＀³＀¢＀�＀x＀b＀P＀>＃0７*Ｏ&ｔ�ｳ�ﾖ�ﾶ�ￛ
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