
INTRODUCTION

Recent advances in optical imaging have provided a highly ef-
fective multi-scale imaging tool for documenting various brain 
activities. In addition to the well-known advantages including 
capability for capturing microscopic images at the cellular or sub-
cellular level, a forte of continuous monitoring of biological events 

with a high spatiotemporal resolution, particularly neurobiologi-
cal cascades garnered high popularity among researchers of the 
related fields. As the image contrast, resolution, and specificity fur-
ther improved with bioengineering techniques such as fluorescent 
proteins [1-4] and optogenetic tools [5], light-based imaging ap-
proaches are becoming increasingly higher in demand as methods 
for understanding neurodynamics. Additionally, the multifaceted 
diversity of visualization techniques such as longitudinal time-
lapse imaging of the synaptic structure and function and cell-type 
specific imaging has also promoted the neuroscience aspect of op-
tical imaging applications with their non-invasive nature and ease 
of integration with other techniques [6, 7]. 

In order to accomplish optical recordings of the neural, particu-
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larly central nervous system (CNS), experimental innovation is 
an a priori necessity to enable the visualization of neural activities 
through the layers of surrounding structures. In general, the brain 
and spinal cord are covered with three meninges: dura mater, 
arachnoid mater, and pia mater while the skull and spine reside 
beneath the outer layer-scalp, skin, and connective tissue [8-11]. 
Due to their intrinsic opacity, these multiple protective layers ren-
der difficulties in the optical observation of the CNS in its natural 
form [12-14]. Thus, an artificial window preparation technique 
was developed, in which the skull is thinned down, or removed 
and secured with a glass coverslip [15-17]. Upon introduction, 
initial preparation of the cranial window (CW) was performed 
in large animals such as cats, rabbits, and monkeys [16, 18-20]. 
However, recent emergence of ethical issues and advances in 
optical technique have led smaller animals (e.g., rodents) as more 
appropriate experimental subjects. Furthering the technical im-
provements, the latest research shows the establishment of a spinal 
cord chamber window (SCCW), a surgical preparation technique 
modified from the dorsal skinfold chamber to observe the spinal 
cord optically [21-23]. In this Review, the term “central nervous 
system (CNS) window” will be used to refer to both the cranial 
window (CW) and the spinal cord chamber window (SCCW). 
Recently, there is a considerable demand for integrating the optical 
neuroimaging system with other recording modalities in conjunc-
tion with simultaneous behavioral assessments. In this regard, this 
Review addresses various types of the cranial and spinal windows 
used in rodent model studies and associated behavior tests in 
combination with experimental setups of multiple optical neuro-
imaging techniques and other recording modalities. 

Compared with recent reviews related to the cranial window [24, 
25], this Review introduces various structural and functional in 
vivo imaging technologies utilizing the cranial and spinal window 
and the various types of cranial and spinal windows in rodent 
models by categorizing them into ROIs, surgical preparation ap-
proaches, and window material with extensive Tables. In addition, 
we describe practical considerations when using the cranial and 
spinal window with rodent models in conjunction with other neu-
roscience methodologies or behavior tests with various examples.

OPTICAL NEUROIMAGING TECHNOLOGIES

Optical imaging approaches have been used to investigate struc-
tural and functional brain connections in rodents. For example, 
the optical neuroimaging methods such as two- or multi-photon 
excitation (2PE or MPE) imaging [26-29], calcium-sensitive dye 
imaging (calcium imaging, CaSDI) [30, 31], voltage-sensitive dye 
imaging (VSDI) [32-34], laser speckle contrast imaging (LSCI) 

[35-38], optical intrinsic signal imaging (OISI) [35, 39-42], and 
ultrasound imaging (USI) combined with light [43, 44] have been 
widely used. These techniques enabled the investigation of vascu-
lar and cellular structures, neuronal activation, blood flow, blood 
pressure, and oxygen saturation. In the following section, we intro-
duce the characteristics of neuroimaging technologies.

2PE imaging became popular in neuroscience as a nonlinear 
laser-scanning fluorescence microscopy technique for deep-tissue 
cellular imaging of 500 μm~1 mm in depth and sub-micrometer 
spatial resolution. The two-photon excitation wavelength lies in 
the near-infrared range, nearly twice longer than the usual wave-
lengths for confocal or epifluorescence excitation. 2PE has been 
utilized for structural fluorescence imaging or CaSDI and VSDI 
for neuronal activity in wide FOV [45-48]. Recent advancement in 
MPE, such as 3PE, allows even deeper functional imaging beneath 
1 mm depth [49].

OISI has been used to infer neural activity based on cortical re-
flectance change originating from hemodynamic response. OISI is 
used for label-free imaging of cortical functional architecture and 
local microcirculation with ~100 μm spatial and 1~2 sec temporal 
resolutions. In previous research, OISI was applied to analyze the 
functional connectivity in large-area of the brain cortex and even 
onto the mouse’s exposed skull [50-52]. The oxy-/deoxy-hemoglo-
bin concentration for specific brain regions can be estimated with 
multi-color light illumination [53-55].

A laser speckle is a random interference pattern from the scat-
tering of coherent light within tissue. The fluctuations of speckle 
pattern caused by dynamic movements of scatters (i.e., red blood 
cells) within the living tissue enable a two-dimensional blood flow 
or tissue perfusion, called LSCI. LSCI provides a simple and pow-
erful tool for full-field semi-quantitative functional blood flow. 
The spatial resolution (10 μm) and temporal resolution (10 msec 
to 10 sec) of LSCI can be customized depending on the specific 
application. Because of the limited light penetration depth, LSCI 
only provides superficial blood flow mapping [56, 57].

CaSDI and VSDI utilize special dyes sensitive to neuronal activ-
ity among optical neuronal imaging techniques. These approaches 
use dyes that generate fluorescence in response to an action 
potential to monitor neuronal activity in cellular or sub-cellular 
measurements. CaSDI and VSDI provide spatial and temporal 
resolutions of the μm and msec ranges, respectively. Using these 
methods, it is possible to simultaneously measure the neuronal 
activity of multiple populations within a field-of-view (FOV) [58, 
59].

From the traditional optical imaging method with superficial im-
ages limited to the cortical area of an animal under anesthesia, we 
are witnessing deep-tissue imaging into the CNS below the cortex 

https://en.wikipedia.org/wiki/Two-photon_absorption
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of awake animals performing behavioral tasks. This advancement 
has been feasible with diverse cranial and spinal window models, 
which follow below.

DIVERSE CRANIAL AND SPINAL WINDOW MODELS

Region of interest (ROI)-based classification

The type of cranial and spinal window can be decided based on 
the region of interest (ROI) to be examined with the microscope. 
Here we describe various types of cranial windows such as the 
olfactory bulb [18, 60-64], somatosensory cortex [34, 35, 65, 66], 
visual cortex [31, 44, 67], hippocampus [68-70], cerebellum [71, 
72], medial entorhinal cortex [73], and the spinal cord chamber 
window (SCCW) [21-23]. Fig. 1 shows the schematic diagrams of 
cranial and spinal windows of four representative ROIs: olfactory 
bulb, cerebral cortex, cerebellar cortex, and spinal cord.

Olfactory bulb window

The olfactory bulb (OB) in mammals is the initial station of the 
olfactory nerve pathway in the CNS [74]. The olfactory system is 
the only sensory organ that carries peripheral information directly 
to the cortex bypassing the thalamus [75]. As a result, the OB 
shows the combined function of the peripheral nervous system 
(PNS) and the thalamus within the CNS [76]. Both thinned-skull 
or open-skull windows can be implanted for OB imaging for stud-
ies on olfactory information processing. However, OB window 
preparation is challenging due to the limited frontal bone size 
(2.0×3.5 mm) and the location is between the eyes (Fig. 1a). Al-
though the thinned-skull OB window enables long-term imaging, 
the imaging depth is further restricted due to the remaining bone 
and surface irregularity. In contrast, the open-skull OB window's 
small size necessitates repeated surgery owing to bone regrowth 
limiting its use only for short-term imaging. Thus, a large (~3 mm) 
open-skull window is suitable for long-term longitudinal imaging 
[62].

Fig. 1. Region of interest (ROI)-based cranial and spinal window classification; (a) olfactory bulb window, (b) cerebral cortex window, (c) cerebellar 
window, and (d) spinal cord chamber window (SCCW). The CNS consists of the brain and the spinal cord. The cranial and spinal window is advanta-
geous for observing the outer surface of the brain and the spinal cord. The cerebral cortex is the largest and the most accessible part of the cerebrum, 
where the motor and the sensory areas are located. The cranial and spinal window enables observing brain connectivity during a behavioral test in brain 
disease models combining neuroscience methods. The cranial and spinal window and behavioral apparatus are verified.
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Cerebral cortex window

The cerebral cortex is the outermost layer of the cerebrum. The 
entire dorsal cerebral cortex including motor and sensory areas 
is optically accessible after removing outer skull and scalp with 
transcranial window technique. The somatosensory area and 
barrel cortex have been common targets for studying sensory-
evoked optical responses [35, 41, 65, 77]. In stroke research, optical 
imaging of functional changes in the cerebral cortex and recovery 
utilizing well-established animal modeling approaches such as 
middle cerebral artery occlusion (MCAO) [28, 41, 78] or photo-
thrombosis [37, 65, 66]. Typical cortical cranial window size varies 
from 2 mm up to 8 mm in diameter depending on the region of 
interest (ROI). Examples include synaptic and dendritic changes in 
retrosplenial cortex (posterior cortical area) with small-sized CW 
(~3 mm in diameter) by 2PE imaging [79]; OIS changes in small 
targeted region (visual cortex, ~4 mm) using intact skull cranial 
window model [80]; cerebral blood flow changes in somatosen-
sory area (~6 mm in diameter) by LSCI and OISI [35]; large area 
(7 mm×8 mm) cortical neuronal connectivity analysis with VSDI 
[34]; and whole skull optical clearing window (SOWC) for mi-
crovessels and synaptic resolution [81].

Windows for deep brain region

Conventional transcranial windows only have a direct access to 
the cortical areas leaving subcortical or deep brain regions hardly 
accessible with optical techniques. As an example, the hippocam-
pus, a prominent target for early detection of Alzheimer's disease 
(AD), is located below the cortex in rodents. Special type of cranial 
windows were constructed utilizing a gradient-index (GRIN) 
lens [68] or a triangular prism [73] for longitudinal observation 
of the deep brain target such as the hippocampus or cerebellum. 
These examples show that for longitudinal in vivo imaging, cranial 
window preparation is a valuable technique for observing disease 
progression in situ.

Spinal cord chamber window (SCCW)

The spinal cord chamber window is another cranial and spinal 
window type to achieve long-term imaging of the spinal cord. 
Spinal cord serves as an intermediate channel for nerve signals 
between the cerebrum and the peripheral nerves. While the cere-
brum has been a predominant research subject in neuroscience, 
research on the spinal cord, which bridges the brain and peripheral 
nerve, has become increasingly important with the increased focus 
on peripheral nerve disorders. Previously, imaging for lumbar [37] 
or thoracic [36] has been majorly shown, which is straightforward 
to access and significant in size even for a small mouse, but lately, 
cervical imaging has also been tried [38]. SCCW was used for 

long-term monitoring of brain cancer metastases through the 
blood-brain barrier (BBB) [37, 38] or the response of astrocytes 
and microglias to ischemic brain injury [36]. Spinal cord with 
SCCW was observed after spinal injury through microglia inflam-
mation and heterogenous dieback of axon stumps [69, 70]. Studies 
on neurorehabilitation or functional recovery of the spinal cord 
injury model are expected to be active when the SCCW model is 
combined with neuromodulation approaches.

Types of cranial and spinal windows

The early cranial and spinal window for brain imaging in small 
animals was a one-off procedure that involved drilling the skull 
down till the brain was exposed. For long-term in vivo imaging, the 
next generation of cranial and spinal windows covered the brain 
parenchyma with glass coverslip over the open-skull or thinned 
skull. However, these window types require further modification, 
including the retractable type or flexible polymer-based windows, 
which have been adopted in conjunction with other neurosci-
ence techniques such as brain stimulation or electrophysiological 
recording [30, 39, 40, 77, 80, 82-84]. With advances in MEMS sup-
ported by nanotechnology, flexible transparent microelectrode 
will allow a range of previously unfeasible experiments due to the 
physical barrier from glass windows. Examples include functional 
brain mapping in response to optogenetic or ultrasound brain 
stimulation with freely moving mice during behavior tests. Fig. 2 
shows schematic diagrams for typical types of cranial windows. 
We illustrate the examples of cranial and spinal windows for opti-
cal neuroimaging in vivo  in Table 1, comparing animal subjects, 
cranial and spinal window types, optical imaging methods, and 
test apparatus from references.

Open-skull preparation

The open-skull preparation was used to monitor the blood-
oxygen-level-dependent (BOLD) or optical intrinsic signal from 
the sensory, barrel, or visual cortex evoked by specific stimulation 
for observation under anesthesia [33]. Although this preparation 
was straightforward and yielded clear optical resolution, it came 
with the risk of inflammation during and after the imaging. This 
preparation method was the early form for optically observing 
the brain, and it has been used on small animals like mice and 
rats as well as medium and large mammals like cats and monkeys 
[85, 86]. A more recent study demonstrates a modified open-skull 
preparation method for ultrasound and photoacoustic mesoscop-
ic imaging, covering the exposed cerebral cortex by suturing the 
scalp [43]. In the recent study, the exposed brain was coated with 
the hydrophilized 130 nm–thick-nanosheet of the polyethylene-
oxide-coated CYTOP (PEO-CYTOP), which enabled in vivo deep 



135www.enjournal.orghttps://doi.org/10.5607/en22015

Central Nervous System Optical Window Models

brain imaging in a wide FOV, resulting in good adhesiveness to 
the brain surface. It also aided in the long-term control of surface 
bleeding and inflammation [87, 88].

Sealed cranial windows (closed cranial window)

Meanwhile, the sealed cranial window with glass coverslip [16, 
19, 89], agarose [90], or silicon oil [65, 90] has been applied to pro-
tect the covering of the exposed cortical surface. Compared to the 
previously mentioned open skull preparation, this procedure al-
lowed for mid or long-term observation [20, 91]. It has been used 
to observe the metastasis of brain tumors [92-96] and changes in 

brain tissue caused by a focal stroke [28, 41]. Anesthesia condi-
tions, body temperature, and breathing should be managed for 
long-term and longitudinal observation. Furthermore, the choice 
of the glass window depends on the animal size and the dura-
tion of the experiment. Sometimes the dura mater is removed for 
securing image resolution with potential impairment of micro-
environment physiology. This sealed window method allows mid 
to long-term observation, although the imaging duration can be 
limited due to the skull regrowth phenomenon. In addition, the 
imaging quality may be compromised by astrocytic gliosis and the 
undesired inflammatory response with microglial activation [97].

Fig. 2. Types of the cranial and spinal window. (a) Open-skull cranial window, (b) sealed cranial window, (c) thinned-skull cranial window, (d) a plug 
type open-close window, (e) threaded retractable cranial window, (f) flexible PDMS-based accessible window, and (g) skull optical clearing window 
(SOCW). The cranial window thins down or removes a part of the skull and then takes proper steps for safe and long-term observation. The window 
structure, material, and size can be varied by the research objectives. Open skull preparation, sealed cranial window, and thinned-skull cranial window 
are the traditional forms of the cranial window. In contrast, variously modified forms have been developed, such as open-close, retractable and accessible 
windows, to combine with other neuroscience methodologies.
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Table 1. The cranial and spinal windows for optical neuroimaging in vivo

Subject Animal Mouse Mouse Mouse Mouse Mouse Mouse Mouse Mouse
Species Male B6CBAF1 

or female 
Thy1.2YFP-H

YFP-H, 
CX3CR1-GFP, 
CX3CR1-GFP 
x YFP-H, Emx-
1-cre, GFAP-
GFP

Thy1-YFP-H 
and GFP-M 
(neuron) 

Balb/c and 
C57BL/6 wild-
type (glioma)

Female trans-
genic C57BL/6 
expressing 
GCaMP6s/f 
and GFP-m

C57BL/6 male C57BL/6, 
Ai95(RCL-
GCaMP6f)-D, 
NG2-CreERT2, 
Thy1-
GCaMP6f

Sox9 cKO: 
Sox9fl/fl; 
CAG-CreER; 
Aldh1L1-
EGFP

Control: Sox9fl/
fl; Aldh1L1-
EGFP

G7NG817, 
Thy1-EYFP-H

Anesthetiza-
tion

Awake Anesthetized 
with isoflurane

Anesthetized 
with isoflurane

Awake Anesthetized 
with isoflurane

Awake Anesthetized 
with isoflurane

Awake or anes-
thetized with 
isoflurane

Region of 
interest

Primary sensory 
cortical areas 
(S1HLa)

Spinal cord: 
vertebrae (T10-
T12b)

CA1c hippocam-
pal pyramidal 
neuron den-
drites, cerebral 
microvascula-
ture

Sensory and 
motor cortex

Primary sensory 
cortical areas 
(S1FLd, S1HL)

Olfactory bulb Olfactory bulb Primary visual 
cortex (V1e)

Window Window 
type

Open-close 
window (plug)

Open-close 
window (plug)

Modified sealed 
cranial window

Thinned-skull 
or intact skull 
window

Sealed cranial 
window

Sealed cranial 
window

Thinned-skull 
window

PEO-CYTOPf 
nanosheet

Window size ~4 mm in diam-
eter

5 mm in diam-
eter

0.84 mm in 
diameter

~ 9×9 mm 6 mm in diam-
eter

2~3 mm in 
diameter

> 8 mm in 
diameter

Window 
material

Glass coverslip Metal bars, glass 
coverslip

Glass capillary, 
glass coverslip, 
stainless steel 
screws

Glass coverslip, 
steel head bar

Anodized 
titanium

A titanium 
head-bar, glass 
coverslip

Glass coverslip PEO-CYTOP 
nanosheet

Bonding 
material

N/A Dental acrylic 
and cyanoacry-
late

Dental acrylic, 
UV curing 
epoxy

Mixture of 
metabond and 
dental cement

Dental cement Photopolymeriz-
able dental 
cement

N/A UV curable 
dental acrylic

Optical 
imaging

Imaging 
technique

2PE-CaSDI 2PEF 1PEF and 2PEF OISI OISI, LSCI 2PE-CaSDI 2PE-CaSDI 2PEF, 2PE-
CaSDI

Measuring 
frequency 
(temporal 
resolution)

(256 msec/
frame)

N/A 100 Hz (up to 1.2 
kHz)

30 Hz 10 Hz/5 Hz (200 
msec/ 400 
msec)

(50~150 msec/
frame)

10~35 Hz 1 Hz for EYFP, 
30 Hz for 
GCaMP7, 3.8 
Hz (CaSDI)

Measuring 
time

4~5 min N/A Multiple sessions 
(30~60 min)

30 sec or 11.5 
and 5 min

20 sec N/A 10 sec/trial N/A

Objective 
lens

40X/0.8 NAf 20X/1.0 NA  
water-immer-
sion, 40X/0.8 
NA, water-
immersion, 
4X/0.28 NA

10X/0.25 NA, 
20X/0.40 NA 
(1PEF) 
10X/0.25 NA 
(2PEF)

Adjustable lens 
(fg=3.6 mm)

4X/0.10 NA 60X/1.10NA, 
40X/0.8NA

20X/1.0 NA 16X/0.80 
NA water-
immersion 
(cross-sectional 
imaging), 
25X/1.10 NA 
water-immer-
sion (deep in 
vivo imaging), 
2X/0.20NA 
(CaSDI)

Test & Ap-
paratus

Animal test Spherical tread-
mill running 
training

Open field and 
runway assays

N/A Automated self-
head-fixation 
and visual-
evoked cortical 
imaging

Somatosensory-
evoked func-
tional imaging

Synaptic activity 
triggers odor-
specific OPCh 
process

Three compart-
ment place 
preference 
assay

CaSDI in vast 
FOV, deep 
and wide-field 
imaging

Behavior test 
apparatus

Air-supported 
free-floating 
Styrofoam ball 

Plexiglass enclo-
sure to enter a 
dark goal box 
at the end of 
the runway

N/A Fully auto-
mated and self-
initiated head-
fixation system 
for functional 
imaging, yellow 
light flash 
stimulator

Electrical sen-
sory stimulator

Sensory stimula-
tion, running 
wheel with 
head fixed

A testing 
chamber,  video 
with a behavior 
tracking cam-
era (for odor 
discrimina-
tion)

N/A

Life sup-
porting 
system

N/A Rectal ther-
mometer and 
feedback-
controlled 
heating blanket 
at 37.5°C

Heating blanket N/A 37°C heating pad 36.5~37°C 
heating pad, 
pneumogram 
transducer

Heating pad Disposable heat-
ing pad

Ref. Published 
year

2007 2012 2011 2016 2016 2018 2021 2020, 2021

First author Dombeck, D. A. Farrar, M. J. Barretto, R. P. J. Murphy, T. H. Cho, A. Rungta, R. L. Ung, K. Takahashi, T.

The cranial and spinal window types were varied by the research objectives, animal condition and optical imaging methods.
aS1HL primary somatosensory hindlimb cortex; bT10-T12 tenth to twelfth thoracic vertebra; cCA1 the first region in the hippocampal circuit; dS1FL pri-
mary somatosensory forelimb cortex; eV1 primary visual cortex; fNA numerical aperture; gf focal length; hOPC oligodendrocyte precursor cell.
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Open-close/retractable/accessible window

On the other hand, hybrid cranial windows have addressed the 
shortcomings of both open-skull preparation and sealed cranial 
windows while maximizing the benefits. The sliding-top cranial 
window has a chamber, thread, and slipover cap to obtain stable 
and simultaneous brain imaging and electrical recording. This 
method eliminated two significant problems that are cardiac and 
respiration-induced image artifacts and brain infection caused by 
contamination [98]. Similarly, retractable plugs on the glass cover-
slip were used to assess the recording electrode for the brain sur-
face [30, 67, 84]. Meanwhile, a flexible and transparent polymer-
based cranial window enabled the recording electrode or injection 
needle to penetrate the window surface. Other examples of hybrid 
windows are artificial dura [55] and accessible cranial windows 
[19]. Although the open-close, retractable, and accessible windows 
are relatively safe, there still exists a risk of infection and contami-
nation by external assessment.

Thinned-skull preparation

The thinned-skull preparation, which involves grinding the 
skull until the skull becomes thin enough to be optically transpar-
ent, was invented to mitigate the shortcomings of the open-skull 
method, such as disrupting the local environment and potential 
contamination. By reporting the optical view while preventing 
direct exposure of the cortical surface through the skull thinning 
process, this technique also addresses the issues of the sealed cra-
nial window. Although imaging resolution is limited due to the 
small residual skull layer and dura mater, image quality degrada-
tion caused by skull growth and gliosis can be minimized, allowing 
for more scientifically controlled observation [29, 78, 97, 99-101].

Skull optical clearing window (SOCW)

The optical tissue clearing window technique applies the optical 
clearing solution (SOCS) on the skull surface instead of the crani-
otomy [81, 102]. The SOCS included collagenase, EDTA disodium, 
and glycerol. The skull optical clearing window (SOCW) is easy 
to handle, and the SOCW technique is safe and reliable as no ap-
parent inflammatory responses were reported associated with the 
SOCS. As a result, SOCW is well suited to studying microglia that 
are highly sensitive to the microenvironment. Although SOCS can 
make the skull almost entirely transparent, it works only for a short 
period. Thus, repeatedly SOCS may be necessary. Through the 
SOCW preparation, the minimum diameter of microvessels was 
measured as 14.4±0.8 µm closed to that of the exposed microves-
sels as 12.8±0.9 µm [102]. In addition, the imaging depth was 
achieved down to 250 μm below the pial surface [81]. Therefore, 
the SOCW could be an alternative approach for extensive thin-

ning or removing the skull.

Material-based window classification

The previous classification was based on the different types of 
cranial and spinal windows; however, the window model can also 
be categorized based on the materials used. The original cranial 
window was prepared by placing a cover glass over the exposed 
brain surface. In contrast, the nanocrystalline material called 
yttria-stabilized zirconia (YSZ) was used to reinforce the glass's 
mechanical vulnerability. Compared to glass, YSZ has a higher 
hardness, and its biocompatibility is well established. The transpar-
ency is lower than that of glass when used for optical coherence 
tomography (OCT) imaging, but it ensures superior image quality 
compared to the native skull [103-107]. On the contrary, there 
are cases where transparent and flexible polydimethylsiloxane 
(PDMS) has been used to cover the cerebral cortex. Also, PDMS 
can be employed as the substrate of electrode fabrication. Elec-
trode patterns were transcribed using silicon, graphite, graphene, 
or carbon nanotubes (CNTs) to electrically stimulate the cerebral 
cortex and optically record responses [39, 82, 83, 108, 109]. Fur-
thermore, local field potential (LFP) recording was attempted with 
optical imaging with flexible and penetrable PDMS window [40, 
77]. Meanwhile, a 35 μm collagen membrane sheet was used as 
an artificial dura substitute with high biocompatibility and semi-
permeability to allow VSD dye to pass. Although this chemically 
and optically transparent collagen membrane made VSD staining 
easier, its utility for longitudinal investigation needs to be exam-
ined [110]. These examples highlight the proper choice of window 
materials based on the study purpose and observation method.

Various applications of the cranial and spinal window based on 
ROI, type, and material are illustrated. From the original single 
observation of a medium-large animal for an easy-to-access brain 
region, the cranial and spinal window has evolved for a mid and 
long-term observation of target CNS regions with small animal 
disease models. The practical issues will be addressed in the fol-
lowing section.

EXTENSIVE USE OF CRANIAL AND SPINAL WINDOW WITH 
OTHER APPARATUS

Combining with other neuroscience methodology

The cranial window preparation for the brain in vivo  imag-
ing has also been used to observe changes in the cerebral cortex 
combined with other methodologies. First of all, cranial windows 
have been used to see the response to brain stimulations such as 
optogenetic [6, 34, 111, 112], electrical [39], or ultrasound stimula-
tion methods [113]. The window material is chosen according to 
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brain stimulation type, considering permeability and interference. 
Moreover, optical brain imaging was performed simultaneously 
with neuroelectrical recordings such as patch-clamp [40, 80, 84], 
electrocorticography (ECoG) [114], and electroencephalography 
(EEG) [33]. As the rodents’ skull size ranges from mm to cm-scale, 
proper spatial arrangement is required [115, 116]. Microelectrodes 
have also been developed by microelectromechanical systems 
(MEMS) technology to record simultaneously optical and electri-
cal neural activity [108, 114, 117]. On the other hand, chemicals 
such as a dye can facilitate structural observation or acquiring 

functional brain signals including blood flow responses follow-
ing drug administration [67, 84]. Furthermore, multiple methods 
were combined for the observation of simultaneous electrical and 
optical signals from the brain [39, 40, 71, 84, 91]. Table 2 shows 
the advanced cranial and spinal windows to observe rodent brain 
combined with other neuroscience methodologies. The practical 
examples of cranial and spinal windows utilized for optical neu-
roimaging combined with other neuroscience methodologies are 
described in Fig. 3.

Table 2. The advanced cranial and spinal windows applying to optical neuroimaging combined with other neurological research methods

Subject Animal Mouse Rat Mouse Mouse Rat and mouse Mouse
Species B6.Cg-Tg(Thy1-COP4/

EYFP)18Gfng/J
Male Sprague Dawley 

rats
Thy1-GCaMP3, wild-

type
VGAT-ChR2-EYFP 

BAC, Scnn1a-TG3-
Cre x Ai32

C57BL6, Cx3Cr1G-
FP+/− mice

Thy1-ChR2-YFP, 
GAD67-GFP10, 
wild-type ICR mice.

Anesthetization Anesthetized with 
isoflurane

Anesthetized with 
isoflurane

Awake Anesthetized with 
isoflurane (OISI), 
awake (2PE-CaSDI)

Anesthetized with 
isoflurane

Anesthetized with 
isoflurane

Region of interest Primary sensory cortex 
(S1FL, S1HL), barrel 
cortex (S1BCa), visual 
cortex (V1), and audi-
tory cortex (A1b)

Somatosensory 
cortex

Somatosensory cortex Barrel cortex (C2), 
somatosensory (S1), 
and frontal area 
(ALMc)

Somatosensory cortex Barrel cortex

Window Window type Sealed cranial window Partial open skull 
window

Sealed cranial window Open-close window 
(plug)

Accessible window Sealed cranial window

Window size 7 mm×8 mm bilateral, 
7 mm×6 mm unilateral

5 mm in diameter 3~3.5 mm in diameter 
8 mm round cover-
slip

3 mm in diameter 6 mm in diameter ~ 4×4 mm

Window material Glass coverslip Glass coverslip Glass coverslip Glass coverslip Glass coverslip, PDMS 
film

Glass coverslip, metal 
holding bar

Bonding material Mixture of dental  
cement and  
polyacrylic glue

UV curable dental 
acrylic

Mixture of dental  
cement and  
polyacrylic glue

Optical curable glue, 
dental acrylic

Cyanoacrylate glue and 
a dental resin 

Dental acrylic

Optical 
imaging

Imaging tech-
nique

VSDI Vascular fluorescence 
imaging

2PE-CaSDI, OISI 2PE-CaSDI, OISI 2PEF, OISI 2PEF, 2PE-CaSDI, 
OISI

Measuring fre-
quency (tempo-
ral resolution)

150 Hz (6.67 msec/
frame)

N/A 10 Hz 7.8 Hz per plane (2PE-
CaSDI)

10 Hz (OISI) 25~50 Hz (2PEF line 
scan), 10 Hz (CaSDI), 
18 Hz (OISI)

Measuring time 108 frames (~720 msec) N/A 6 min 8 sec (2PE-CaSDI),  
20 sec (OISI)

5 min (2PEF),  
20 sec (OISI)

N/A

Objective lens 5X/0.15 NA,  
20X/0.50 NA

N/A N/A 16x/0.8 NA 25X/0.95 NA or 
10X/0.22 NA (2PEF)

4X/0.28 NA, 5X 
0.16NA, 20X/0.5 NA

Test & Ap-
paratus

Objectives Comparison of sensory-
evoked cortical maps 
with ChR2d-evoked 
cortical maps

N/A Habituation-dishabit-
uation olfactory test, 
smell recognition

Photoinhibition of 
barrel cortex during 
wall tracking

Electrical stimulation Vascular and electrical 
responses to optoge-
netic photostimula-
tion

Combined meth-
odology

Sensory stimulation, 
Optogenetic stimula-
tion, electroencephalo-
gram (EEG)

Micro-ECoGe devices 
(epidurally)

Patch-clamp record-
ings evoked cortical 
activity

Optogenetic 
stimulation, sensory 
stimulation (whis-
ker), extracellular 
electrophysiology

Hindpaw electrical 
stimulation

LFPf measurements 
using the transparent 
graphene array

Additional ap-
paratus

Piezoelectric device for 
sensory stimulator

N/A Air-lifted mobile 
homecage

Tactile virtual reality 
system for head-fixed 
mice running on a 
spherical treadmill, 
movable walls for 
whisker stimulation, 
laser photostimula-
tion system

Inserting 30-gauge 
needle electrodes, 
connected to a pulse 
isolator and pulse 
stimulator

Stimulation device

Life supporting 
system

37°C heating pad Pulse oximeter N/A 37°C heat blanket 36.5~37.5°C heating 
pad

N/A

Ref. Published year 2012 2013 2014 2015 2016 2018
First author Lim, D. H. Schendel, A. A. Kislin, M. Sofroniew, N.J Heo, C. Thunemann, M.

This table shows the multi-functional cranial and spinal windows  or special designed cranial and spinal windows to combine neuroimaging and other 
neuroscience methodologies such as EEG, ECoG, patch clamp or Optogenetic stimulation, simultaneously.
aS1BC primary somatosensory; aS1BC barrel cortex; bA1 primary auditory cortex; cALM anterior lateral motor cortex; dChR2 channelrhodopsin-2; 
eECoG electrocorticography; fLFP local field potential. 
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Fig. 3. Examples of cranial and spinal window; (a) a sealed cranial windows (closed cranial window) (an original image), (b) a plug type open-close/
retractable/accessible window (Reproduced with permission, Copyright 2014, Frontiers [84]), (c) a window with implanted micro-ECoG multi-channel 
electrode array and 12 holes (Reproduced with permission, Copyright 2013, Elsevier [114]), (d) a cranial window utilizing a gradient-index (GRIN) lens 
and endoscopy targeting hippocampus (Reproduced with permission, Copyright 2011, Springer Nature [68]), (e) a flexible PDMS-based accessible win-
dow (Reproduced with permission, Copyright 2016, Springer Nature [40]), (f) transparent graphene microelectrode arrays (Reproduced with permis-
sion, Copyright 2018, Springer Nature [108]), (g) modified open skull window with PEO-CYTOP fluoropolymer nanosheets (Reproduced with permis-
sion, Copyright 2020, Elsevier [87]), and (h) spinal cord chamber window (SCCW) (Reproduced with permission, Copyright 2012, Springer Nature [21]).
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Behavioral tests with awake animal models

Many brain imaging experiments through the cranial window 
model have been performed with animals under anesthesia. 
However, in vivo  imaging with an awake animal undergoing a 
behavioral task is gaining popularity to avoid the anesthetic effect. 
Furthermore, freely behaving animals have been studied with EEG 
recording or equipped with a miniaturized microscope; however, 
these methods have limitations in single-cell level registration 
over large-area for brain connectivity. The optical window-based 
in vivo imaging system can be combined with a special apparatus 
during behavioral testing. For example, various treadmills have 
been used for studying exercise-induced behavioral recovery and 
neuroplasticity changes, such as straight treadmills [118-121] and 
ball-type treadmills [30, 73, 79, 122]. Other device types include 
a flat-floored air-lifted platform [123] and virtual reality (VR) 
environments [73, 118, 124], enabling the tracking of mouse loco-
motor activity while imaging. In addition, learning and memory 
function has been studied with spatial perception based on hip-
pocampal place cell activity. Meanwhile, an automated home-cage 
mesoscopic functional imaging [125] showed visually-evoked 
cortical maps from multiple mice with a longitudinal study over 
three months.

The previously described apparatuses were not typical rodent 
behavioral tests such as elevated maze or conditioned cages have 
been used for functional recovery with well-defined rodent dis-
ease models and behavioral test paradigm. However, one limita-
tion of such studies was the behavioral test and cellular recording 
were performed separately, and not integratable. Thus, optical 
neuroimaging techniques integrated with other modalities along 
with behavioral experiments, allows powerful integration of re-
sults and direct explanation the functional change and recovery 
mechanisms at the cellular resolution with a disease model. We 
are observing the expansion of optical neuroimaging apparatuses 
together with conventional behavioral assays with specific disease 
model, such as stroke [126] or Alzheimer’s disease [127].

DISCUSSION

Upon construction of the cranial and spinal window, the cover 
material’s optical, chemical, and physical characteristics must be 
considered in accordance with the study’s purpose and objectives. 
In order to optimize the quality of target images, region of interest 
(ROI), field of view (FOV), and tissue depth should be specified, 
from which the optical imaging parameters and experimental 
setting can be selected. In addition to the camera sensor area, the 
number of pixels, and window glass material, including refractive 
index, and the working distance of the objective lens needs to be 

determined prior to the window-making procedure. Moreover, 
since it is applied to live animals, selecting the window's physical 
strength and an appropriate weight is also necessary for the long-
term preservation of the window and subsequent observation. As 
much as physical and chemical properties, the factors concerning 
animal species and conditions should also be considered. In other 
words, materials and shapes of the cranial window need to be 
selected based on the species, age, size, weight, life expectancy, the 
type of animal disease model, location of ROI, and size of FOV. 

As for species-dependent differences, the rat and mouse have a 
considerable difference in life expectancy and physical strength. 
Therefore, such phenotypic differences should be taken into ac-
count, as the window strength and durability for rats and the 
whole window weight for mice may become significant factors. 
For example, a flexible polymer-based window may require addi-
tional protection depending on the observation period and animal 
size. Although highly effective, typical optical imaging methods 
using the cranial and spinal window exhibit both benefits and 
limitations. While the cranial and spinal window enables efficient 
2D wide-field imaging, information collected from optical neuro-
imaging often suffers from the constraint of superficial informa-
tion. For studies of 3D functional neurodynamics, simultaneous 
acquisition of neuroelectric signals using electrophysiology in the 
targeted brain areas at variable depths can be adopted [39, 42, 63, 
108, 117].

Combined electrophysiological recording and optical imaging 
have been attempted to reveal synaptic responses and cortical 
activity with high spatio-temporal resolution in large populations 
of cortical neurons. This multimodal approach enables electro-
optic mapping of cellular neuronal activity and ultimately cor-
relates circuit-level behavior and the connectivity among different 
brain regions [40, 73, 79, 117]. Of cautioning note, the insertion of 
electrodes would induce unavoidable damage to the tissue, and the 
imaging FOV would also be restricted by the electrode. Single elec-
trode insertion to the exposed brain could be sufficient in some 
cases; [63, 67, 89] however, specialized design and devices (e.g., 
micro electric mechanical system: MEMS) and/or implementation 
of multi-channel recording setup may be necessary for effective 
assessment of the 3D neural structures [39, 42, 108, 117].

When performing imaging using a cranial and spinal window 
with a behaving animal, spatial arrangements of the microscope 
stage are crucial considering FOV, the working distance of the 
objective lens, anesthesia setting, and proper monitoring of the 
animal under experiment. In conjunction with a recording or be-
havioral test, sequential procedures with involved devices should 
also be considered in multimodal imaging. Progressive habitu-
ation protocols are necessary for awaked rodent imaging with 
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head-fixed circumstances, to adapt the animal to the restrained 
condition [31, 123, 125]. Developing a behavioral test scenario is 
necessary while considering spatial allowance, temporal resolution 
limitation, and the maximum measurement duration per single 
imaging run. A virtual reality (VR) environment can be imple-
mented for a freely-moving-like environment to extend to the in 
vivo optical imaging further using the cranial and spinal window.

Optical in vivo  imaging using cranial and spinal windows can 
be compared to imaging with miniaturized microscopes (minis-
copes). In general, using the cranial and spinal window provides 
more expandability to combine with other techniques and a larger 
optical FOV [128, 129]. Furthermore, multimodal imaging is eas-
ier for simultaneous acquisition of various data (neuronal activity, 
cerebral hemodynamics, structural imaging). On the other hand, 
miniscopes have evolved to integrate electrophysiology and calci-
um imaging in free-moving animals. Also, the miniscope approach 
is suitable for entirely free-moving or social interaction tests. Thus, 
the proper choice of approach depends on these considerations.

CONCLUSION AND FUTURE DIRECTIONS

Over the past decade, traditional cranial and spinal window-
based optical in vivo  imaging technology has slowly paved the 
way for high-resolution neuroimaging of living animals. Advances 
in optics, MEMS technology, and biocompatible materials allow 
versatile cranial and spinal window technology, which can be a 
paradigm change in neuroscience. This Review introduced various 
cranial and spinal window types used in the optical neuroimag-
ing field with rodent window models for anesthetized and awake 
animals. The combination of window-based optical imaging with 
other imaging modalities such as ultrasound and MRI can provide 
further depth and dynamics to the study of the nervous system, 
which can be furthered with electrophysiology techniques.

The evolution of cranial and spinal windows has several impor-
tant implications for future neuroscience practices. The future cra-
nial and spinal window will find applications in functional brain 
mapping and reveal mechanisms of brain dysfunction at the cel-
lular resolution with various disease animal models. For example, 
one could envisage using the cranial and spinal window with a be-
having animal for longitudinal investigation on brain connectivity 
during optogenetic stimulation, neural plasticity changes, or test-
ing new drug candidates related to various neurological diseases 
such as Alzheimer’s disease, Parkinson’s disease, stroke, epilepsy, 
and chronic pain. With ongoing progression in cranial and spinal 
window preparation, we expect transformable, multi-functional, 
or flexible cranial and spinal window to become commonplace 
in neuroscience laboratories alongside advances in neuroimaging 

modalities.
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