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Cranial window in mouse and its application for optical brain imaging in vivo
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Abstract: Cranial window in mouse, as a kind of in vivo optical imaging aided instrument, with the advantages of in situ
representation, real time observation and long-term imaging, has became one of the most important methods for the research
of brain diseases and synapse growth. The cranial window can be used to visualize the leptomeningeal vessels and
quantitatively analyze the flow velocity and flow regime changes of the erythrocytes in blood vessels. Moreover, combined
with the fluorescent markers and optical microscopes, the cranial window can be applied for obtaining the clear images of
the brain cortical tissue and the neurons. Over the past few decades, with the aid of cranial window, researchers made lots of
breakthroughs on the studies of migraine, Alzheimer's disease and the synapses. Recently, with the development of optical
imaging tools, the application of cranial window had been further expanded. Herein, the history of cranial window and
construction methods were introduced. We also reviewed the applications of cranial window combined with the fluorescent
markers and optical microscopes on optical brain imaging (including imaging for important biological molecules in brain,
cells, blood vessels, blood flow, plasticity of neural circuits and neurological functions, and research for pathogenesis and
drug screening). Finally, the challenges of different cranial windows in practical application were discussed and the future
applications of optical cranial window were prospected.

Keywords: cranial window; in vivo brain imaging; Alzheimer's disease; neural circuits

(Y= BH#3]2017-07-17

(E£TE | MR E ST L RHI(973110) (2015CB352005) ; [ A 28RIEH4: (31671491,61405169) ;1A H AREIA5E4:(2014A030312008 ) ;
[ 5 R A QT 2% B H (201410590036 ) ; 1 [E 145 BH 54 (2016M602523 )

[1EZ & VT /N5 W5 4, BF9E 07 18] - A 90967 , E-mail: wanxiaofang2016@email.szu.edu.cn

[BIS1EE I 1, 380, BE9E 1) < AR D6 72 , E-mail: xugaixia@szu.edu.cn



12 TINS5, IR L B AR G2 VR i AR B o i 7 ] - 1221 -
B =S 1980 4F , Kuschinsky F1 Wahl A4 & 1 5 B =X -0 %

M2 SR N RS A B S 2R e L ki D RE
5550 P9 B A 45 AR — LR RHIE N B AT 5 Y AR
A AL TR RELRR |, 788 B 35 A AR A 5 LA T
JE | TR A 375 AR 2K S 68 DR 176 Bl 2R 4 T S i BR R AF 5
TIVRTYEE o 7] Bl 0 Pt 1 AL 7 B AR B T 20 T4 30 4F
IRZEAT, 60 AFARE 0 A J LA, Je 37 MR i A% PR A 3
RN T-BE o M LR B AR R R BRI
HETTR R UHAT WG —Fh )5 o AT Y
PR ML T T 3 AT bt S5 281 A 4 1 40 L A1 = 40 o A
LA R RO T IO R, i nT xR R k4 410k
Frmidg , SEE AR R LA T A I E] sh 2 ¢, St
A 2 A0 RN 2 OB S SR A2 A, R T 55X 4
AR S BIREAT AR Z AR OCHE > o ol E AL T
TE 2T 5T AR B B L 3 25 W ) 25 580K #3ed
FEFNLG X 2L AR BRI, 4 A 25 I A
EXT R (U BT /R 2% 96 BRAE i p XSS BIFE
] B WL AN Sl A R I PR /N 5 R S A
PEM R AR 1 BREBR AR I LI/ A R e S
L2 M DG A B 0 P JR B A T B A, DT B TR
Z\ b T g R A 4312 T AR AL ; 75X R i
ZICAS R AU RERIAITFT R, AT LU Bl iz oA 52 B
ZTCH) R PREN SRR > o ASSON S I T Y K J
D st KI5 vk HOEHRIC Y DG R BOR K AR
il AR S P A ST 25 LT TR TF R I, R T
BRSNS B R B AR A AR T B I Rk
FEINL AT

1 BERERNLE R

P LT B AR 51 BE RS 18 1 A5 (o B A
T H 3l %o i R A AT B i D) BE A B AR fl itk
Fr LSS, 1 B U5 T5 1 AIARTE AR AN W ek
2, A AT PRS2 (] 3 R I ] 3 R
FIRG R BEARAT T R ME B S T, AHSCE AR XS T fili
TR RE IR B2 WO R AR A R S U L
PR EBANIE T 1928 4F Forbes W52 7, I A ]
BAR o HlJA Y 20 2247 P s O SR oA W
SEHE , WHFEN GURS PR T 5 25 BRI R , R B8 4
HTE U i 1 HEAT LA, AR SR AT & 2 2 R
PRI i R S G P 25 [ LA TR B (EL R B R
BZATE A R ERT . SLhsh 4t R 4R 1 4
PASILY: D (IR 23 A/ A BT 11 N Y
s d1 T CO, AR B S EA it , BHIE A B 5 LA T
PRIETE B, P E A 7 4 S 0 ik 21 2 B ) 52 0]

TSV TN TN W AR SR A B R AR L A
T A0 P 00 7 R R B i 0T SRR ST 1 i PN PR
BE A AT B [ 30 A B i 12

T A ke e A T B R R e A e s TR
£ At TR 4 0l 2 DR oA i s e 2 T 5 350 21 22 ik
SEMIBEIR TIRE S H , I 7 13R85 32 R B R i
FMEM A o T A2 Je R SR 11 A e R R
D)3k B T I 2H 20 R R TR, X S R e
/N, T AR KA SR, DR s A R 7
SR AR T i AT B R F 9 P IR 2R D B I 48 i
PER T . BRI, 76X ik P #2870 5 Ml 70 s 240 45
EAT RSN, 2 30 RIS o P st AT =P, A R4 T i
F-AR BTS2 A AT ki G b 175 2 I P A E W 7, T /N
2 S5 290 6 R R T T o AT L, 5 SOR 2 J T) R A 2
45, g R Zou A ELRE AR . O T LB
XF ik PN R 5 2 27 SR 1 52 ), 2002 4, Grutzendler
LA B = I 1 AT & AR R
ANKE P A O T 2 320 2 1 9 2 P S A 5 o A T
BbE RT UL AR 2 — 25 el N i 1 5 3 s e, {5
SR R 3 P 5 R B AR AR E /N, HLER T
AR Sl RN T R BRI, AR T AR
25 ELR BT ZRITEE % H . Drew 45 /£
e N RS o T e A S T i LK (R Y A
B A O TS A B RS THTEE X, T
B I AR A A AR A B ) OS2 B 1T DAAS s
17 R Z0T IR B T 9 RN, ARIE T
Bk [ 3000 2o R P I B A A T A, 2 H AP BE SR AL
{18 — T P LA

2 mEERNAE

L)) e P AR T 2 A 0 I e o ) SR AR R
B EHTE 0 A 3 R, i ik
Pz P A DA ST o 3 3 i v ) i
PRI I 28 TR R B 2 S50 B LA 3~6 J5 i Ry
£E, FARGT R AR RRER (FE AT INA 3% 551
ik ) A PR 245 7K fiff 52 56 30 ) IR B 200 (R Y 1 LA
Bi7 1E i 7K 3 B AP 3, BRI D7 AR S 5%
SRORASp AL, S 55 v 378 480 A 00 O 01 5 B L i
GHARAE . TR S AN TIE W # H , H3h
W i A A [T 2 S350, R /IN B f ) 0 B T T /N0 B
23k FRE R R M TR T L /OBy T
FE b Sk K, HE R Ok BT AR 4 7 B A A
7 T R R 2 X 3 R I v

Levasseur %> & & T JF iU g | B4 IR0 34
PRAHT Bl 147 B S B LR U DX IR, B8 H B /N T AR 5 1



- 1222 - Hh R B2 553445

SN SIS I8, SR — AP O BT L. SRR
SE— BT 0.5 mm, B/ TR I AT N X
SRS AL H TR AR TP N T W b
B L A R AR

B A 5 EZ R X e T 28R
B2 To v . BARSR U, 7E i 25 A
LG B, B ST AR EE ST L DX 3k ] R 4K
AR R R I AT R S (LAEE AN T
TG ) , g LR 25 I 1 FH /N B 25 i (i
I T A R e b i), E SR P s R T R A DX
B ORI S R R R R A e

Control

/\Aﬂndow

ROIHEEF N TINBE WA E "

5 P 0 1 A [ 9 R ot R PR T P B
BERRE T , BNTT 22 bR, M2 NV S A —
/NIRRT, P FHBH R O T DX dald g 11
SR LGS /N (75 RS F T 1 46 [ A B s i) 1 3k
AL (9 E—2E N . Drew 46 & 8 T 4TI AL
1A% (Polished and Reinforced Thinned Skull, PORTS),
P G AT 0 J# 22 2~3 mm, 5 FH FFEN G IR ER K P Fil
BEISIE AL B T i A R R R L LT
AN /N BRI P AR A M iz, 30 S AT T X i P ¢
SR I A A A T T AR (T 1) 6

Control

PoRTS: Polished and reinforced thinned skull; GFAP: Glial fibrillary acidic protein; Fig.1a was a wide-field image of brain slice stained for GFAP

at 2 weeks after PORTS window implantation. White line showed the extent of PORTS window on the left. Red and blue squares denoted the regions

enlarged in panel B. Fig.1b was the confocal image of GFAP staining underneath PoRTS window (left) and control contralateral hemisphere (right),

showing similar basal levels of GFAP expression. Fig.1c was a wide-field image of brain slice stained for GFAP at 2 weeks after closed cranial window.

White line showed the extent of cranial window on the left. Red and blue squares denote the regions enlarged in panel D. Fig.1d was the confocal image

of GFAP under cranial window (left) and control contralateral hemisphere (right), showing increased levels of GFAP staining under cranial window.
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Fig.1 GFAP expression under a PoRTS window and a closed cranial window
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Tab.1 Comparison of two kinds of cranial windows

Type Operation Field of view/mm

Available time

Disadvantages

Drill to remove the
Closed 1.0-10.0

Several months (Except the

Inflammation (Anti-inflammatory

parietal beginning and the end) antibacterials need to be used.)
. From several months to 2 years Skull regeneration affected image quality,
. Thinner skull by . . . .
Thinned . - 0.2-2.0 (Image quality was not good in the  and sometimes the skull need to be polished
drill polishing

later period.) repeatedly.
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Fig.2a was the vasculature below the thinned skull observed with charge-coupled device camera view, and the arrow indicated the region

where subsequent two-photon images were obtained. Fig.2b was a two-dimensional projection of a three-dimensional stack of dendritic

branches and axons in the primary visual cortex. Fig.2c and d showed the time-lapse images (one-hour intervals) in two 1-month-old

mice, which revealed that filopodia underwent rapid extension (arrows) and retraction (arrowheads), whereas spines on the same dendritic.
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Fig.2 Dynamic dendritic filopodia in the transcranial two—photon images of young mice
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In Fig.3a, five foci of extravasated PC14-PE6 lung carcinoma cells in close proximity to each other on day 3 merged into one growing

macrometastasis on day 9 (depth: 50-450 pum). In Fig.3b, macrometastasis was formed by an MDA-MB-435 melanoma cell and there

was a slower growth along preexisting blood vessels (depth: 50-350 um). In Fig.3c, a PC14-PE6 lung carcinoma micrometastasis

regressed on day 14, and there were no vascular changes (depth: 0-100 um). Fig.3d was a schematic overview of the 4 essential steps

of brain metastasis formation.

B3 BiIh SR MEE Bk EI IR IR R 4 N E A S BRI EE

Fig.3 Formation of successful and unsuccessful metastatic lesions and the 4 basic steps of the formation of brain metastasis
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All images were collected through a PoRTS window in a Thy1-YFP mouse
at 2 days after window implantation. Maximal projection over 150 pm of
tissue in the coronal orientation showed the thinned skull in relation to the
vasculature (Fig.4a) and dendrites (Fig.4b). The bone (blue) was detected
by collecting the second harmonic fluorescence at 450 nm emission with 900
nm excitation. The vasculature (red) was labeled by intravenously injecting
70 kDa Texas-Red dextran. The dendritic fields of neurons (green) were
endogenous to the Thyl-YFP transgenic mouse line. Fig.4c-h were the
maximal projections over 50 pm of tissue in the horizontal orientation at
different depths below the pia. Data were from the same image stack shown
in panels A and B. Dural vessels may be visible just above the cortical

surface (arrow in Fig.4c).

SEWVS e ginat EXPORN PN A NP5 & P A
Fig.4 Vascular and neuronal imaging with two—photon imaging

system in cerebral cortex of mice
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Fig.5a was the three-dimensional reconstruction of 3PM images of the
brain in an FVB/N mouse. The external capsule (EC) extended from 840
to 956 mm below the surface of the brain. Frames deeper than 1 136 mm
(yellow line) were normalized to the frame at 1 136 mm; all the other
frames were individually normalized. The expanded optical sections to the
right were the representative THG images from the external capsule region
of the brain. Fig.5b and ¢ were normalized x-y frames of the THG and
fluorescence signal at various depths. The bottom frame in Fig.5¢ was a z-
projection of 20 mm. The fluorescence profiles of the lines across the
vessels in the middle two panels in Fig.5¢c were displayed in semi-
logarithmic plots (Fig.5d), which were used for SBR calculation. The
background was calculated by averaging the intensity values between 215

and 25 mm and between 5 and 15 mm.

El5 ErpFiaasiimicn R =4EE %
Fig.5 In vivo 3PM images of brain vasculature in Texas—Red

dextran labeled mouse (All scale bars: 50 mm)
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Reperfusion

fMCAQO: Filament middle cerebral artery occlusion; OCT: Optical coherence tomography; Fig.6a-c were OCT angiograms at baseline,

during fMCAO, and 60 minutes after filament withdrawal, respectively. During fMCAO (Fig.6b), a capillary non-perfusion region

was apparent, as demarcated with a solid white line. Fig.6d-f were OCT cross-sectional images on a logarithmic scale, with minor

differences in alignment, showing the changing signal characteristics in the lateral portion of the cranial window after reperfusion

(Fig.6f). Fig.6g-i were the images of the curvature of the OCT signal vs. depth at baseline. During fMCAO and 60 minutes after

reperfusion showed this evolution. In Fig.6h-i, the capillary non-perfusion boundary from (Fig.6b) was shown as a dotted white line.

In particular, the tissue with anomalous scattering properties (i.e., the log OCT signal vs. depth is concave down) after reperfusion

corresponded well to the non-perfusion tissue during fMCAO. No comparable changes were observed in the contralateral hemisphere.

6 fMCAO HAlE) iy £ 4 I EHE#E TN AR RS E S T RESHIER
Fig.6 Capillary non—perfusion during fMCAO predicts cellular scattering changes leads to eventual infarction.

BSOS B AR T LA AT b O
FI A1 sl ke i S B 5k, BE AT A 458 M Sk 08
SR HLHL, ] LS B UL e Sk 9 25 90 1 3R T T AR
K AE 3ok A2 RO B AK 25 4 1 & 5 3 . Petersen
SRS TR 3R RURE OC IRAE — SR 48 IS R
38 T X Sk 97 1 A LR R AR T, B 9 3R i A 45
BRI IR Z AR5 5175 BIBN4096BS 78 iR YT S0
Pk 9m TP A BB YT AL, BB AHBY 1 CGRP 551
SKIRE AN TA M I BT 5K o ol FH i PR 7 B R BB SO
ELAE BRI 2R IR Sk B R T R, I R T IR
I7 29I T 25T R T Y SEL I
5.2 XFHEAT 4B AU SE B

B 7K % T JBRE i A — P R A7 PR 1 0 22 ) g
i, M Y ) 2 A1 B B R A 28 2 A 9 45 5 FL R L

FRAHICR S BT IR 2516 BRORE 1 — 1> o 20 B IE R U
PR I BT RYIE i . ¥ Ry A HIT AR 2 1 (Amyloid
precursor Protein, APP ) j& — ™ 2 2l Bt 25 24 Jf J5E 1) 15
R 1T, 6 TR oo AE K AR Mz i s g =2
JEREE B-TEMAEAE H TS APP R H
T b B, VE R R AR B S B-UE M AR A 1 SR A
M. T W AR AR B Y J5 A 2 APP B 2R DI UJL
NI P B e 4E A B- 3 AR AR R B 0, B
TEMZETCHMNR I T H B B, R i
T H R ] LU M 08¢ 28 1 o B i 2R K B A,
DL K 5% e A K DR 2 ] L 2 208 L 1 e
S0l RIS R BN o A4 L 2 bR 3 B R A
SEAEEE B L, VE R VE AR AR I B, X Ry BT T
RS T HUA TR T — AR, Yan 55



- 1228 - Hh R B2 Fi34%%

Max

Optical abso}'ption

a: MAP image acquired at 570 nm; b: MAP image acquired at 578 nm; c:
Vessel-by-vessel sO, mapping; d: A venular tree with branching orders boxed
by blue dashed lines in Fig.7c; e: An arteriolar tree with branching orders
boxed by red dashed lines in Fig.7c; The calculated sO, values were shown

in the color bar photoacoustic signal amplitude.

7 NEEREMMERERINEE OR-PAM A%
Fig.7 In vivo functional optical-resolution photoacoustic microscopy

imaging of mouse brain microvasculature through an intact skull
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STED: Stimulated emission depletion; a: Anesthetized mouse under the objective lens (63x, NA 1.3, glycerol immersion) with tracheal tube; b-d: Projected

volumes of dendritic and axonal structures revealed temporal dynamics of spine morphology with an approximately fourfold improved resolution compared

with diffraction-limited imaging; Curve was a three-pixel-wide line profile fitted to raw data with a Gaussian.

8 STED xR E EYFP #RICHIHE TR &
Fig.8 STED microscopy in themolecular layer of the somatosensory cortex of a mouse with EYFP—-labeled neurons (Scale bars: 1 mm)

a-b: Epifluorescence micrographs of 4 plaques labeled with methoxy-X04 and imaged over a 7 d interval in the brain of a 6-month-

old APP/PS1 mouse; c-d: Multiphoton micrographs of those same 4 plaques illustrated the growth of individual plaques over time.

9 ZRTFEMRUNEFFEMHFEETRMEK

Fig.9 Growth of individual amyloid plaques observed with serial ir vivo multiphoton microscopy (Scale bars: 20pm)
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Fig.10a was the illustration of beam path through a prism implanted into neocortex. The reflective hypotenuse of the prism converted the

horizontal imaging plane into a vertical plane. Fig.10b-d were the anatomical images of cortex taken though a prism at different times after

surgery in a Thy1-YFP mouse. Within the first hour after prism insertion, cell bodies in layers 2/3 and 5, and neuronal processes throughout

the cortical depth, were visible in a single frame taken 200 microns lateral from the prism face (left panel). An increase in imaging quality over

time was evident on the same population of layer 5 neurons at 29 and 68 days after surgery (middle and right panel, respectively. Images were

maximum projections over 76 frames taken from 40 mm to 270 mm lateral to the prism face.).

10 BERENRERREHETREG

Fig.10 Superficial and deep cortical layers imaged in a single plane using a microprism
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Fig.11a was the fluorescent image of pial vasculature after injection with

FITC-dextran (4.4-150.0 kDa) (left panel). The intensity of fluorescence

from the vessel (solid diamonds) and nearby tissue (open triangles) was
recorded from a typical region of interest (right panel). In fig.11b, leukocyte
adhesion was determined before (left panel) and 24 h after (right panel)

exposure to 20 Gy irradiation.

11 2B 5B MmaTE
Fig.11 Permeability and leukocyte properties
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