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ABSTRACT: Abnormal deposition of brain amyloid is a major
hallmark of Alzheimer’s disease (AD). The toxic extracellular
amyloid plaques originating from the aberrant aggregation of beta-
amyloid (Aβ) protein are considered to be the major cause of
clinical deficits such as memory loss and cognitive impairment.
Two-photon excited fluorescence (TPEF) microscopy provides
high spatial resolution, minimal invasiveness, and long-term
monitoring capability. TPEF imaging of amyloid plaques in AD
transgenic mice models has greatly facilitated studies of the AD
pathological mechanism. However, the imaging of deep cortical
layers is still hampered by the conventional amyloid probes with short excitation/emission wavelength. In this work, we report
that a near-infrared (NIR) probe, named CRANAD-3, is far superior for deep in vivo TPEF imaging of brain amyloid in
comparison with the commonly used short-wavelength probe. Our findings show that the major interference for TPEF signal of
the NIR probe is from the autofluorescence of lipofuscin, the “aging-pigment” in the brain. To eliminate the interference, we
characterized the lipofuscin fluorescence in the aged brains of AD mice and found that it has unique broad emission and short
lifetime. The lipofuscin signal can be clearly separated from the fluorescence of CRANAD-3 and fluorescent protein via a ratio-
based unmixing method. Our results demonstrate the great advantages of NIR probes for in vivo deep-tissue imaging of amyloid
plaques in AD.
KEYWORDS: Alzheimer’s disease, amyloid plaque, multiphoton microscopy, deep brain imaging, near-infrared fluorescence probe,
lipofuscin

■ INTRODUCTION

Alzheimer’s disease (AD) is the most common neuro-
degenerative disorder and the leading cause of dementia in
the elderly. This currently incurable disease imposes an
enormous economic burden on the society and its prevalence
is rapidly increasing due to the aging population globally.1 The
pathological hallmarks of AD include the intracellular neuro-
fibrillary tangles and extracellular amyloid plaques.2,3 Neuro-
fibrillary tangles are mainly composed of a misfolded
microtubule-associated protein known as tau protein, while
amyloid plaques are deposits and aggregates of amyloid-beta
(Aβ) peptides resulting from proteolytic cleavages of the
membrane-bound amyloid precursor protein (APP). Since the
discovery of these significant biomarkers for AD, several
hypotheses have been proposed to explain the pathogenesis of
this multifactorial disease,4−9 such as cholinergic hypothesis,5

tau hypothesis,8 and amyloid cascade hypothesis,6,9 among
which the amyloid cascade hypothesis has dominating
influence on both academic and clinical research over the

past few decades. This hypothesis suggests that the Aβ peptide
produced by β- and γ-secretase is initiated by the mutations of
several genes (APP, PS1 and PS2), and will spontaneously
aggregate into soluble oligomer and eventually accumulate to
form insoluble amyloid plaques. The neurotoxic Aβ proteins
are considered to be the causative agents that will lead to
progressive synaptic dysfunction and neuronal degeneration,
and finally result in symptoms of Alzheimer’s dementia such as
memory decline and cognitive deficit.10 Therefore, in vivo
imaging of amyloid deposition in brain is of great significance
for elucidating the underlying mechanism of AD pathogenesis.
The past few decades have witnessed the development of

several powerful imaging techniques that offer the opportunity
for noninvasive or minimally invasive detection of amyloid
deposits in the intact brain, such as positron emission
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tomography (PET),11,12 single photon emission computed
tomography (SPECT),13,14 magnetic resonance imaging
(MRI),15,16 near-infrared fluorescence (NIRF) imaging,17,18

vibrational spectroscopy,19,20 and two-photon excitation
microscopy (TPEM).21,22 MRI, PET, and SPECT are useful
tools for clinical diagnosis but not suitable for microscopic
imaging of the pathological changes in the brain because of
their limited spatial resolution and long acquisition time. NIRF
imaging allows noninvasive detection of Aβ species with fast
acquisition speed but still suffers from the poor spatial
resolution and unable to resolve individual plaque. Although
it has been demonstrated that vibrational spectroscopy could
be potentially for clinical AD diagnosis,23 the technology
provides limited detection sensitivity and imaging resolution.
On the other hand, TPEM is a form of laser-scanning
microscopy based on localized nonlinear excitation that could
provide both high spatial and temporal resolution.24,25 More
importantly, by using a chronic open- or thinned-skull window
together with different fluorescent labels, TPEM enables long-
term repetitive visualization of individual amyloid plaques and
their surrounding structures inside the mouse brain.26−28

These unique advantages make TPEM an ideal imaging tool
for preclinical studies in AD mice models.
MeO-X04 is a well-known amyloid-binding probe that has

been widely used for in vivo two-photon excited fluorescence
(TPEF) imaging of brain amyloid because of its high specificity
for amyloid deposits and good permeability of the blood-brain
barrier (BBB).21,27−30 However, due to the high scattering and
absorption of biological tissue in the short wavelength range,
its applications in two-photon microscopy are largely restricted
to the superficial brain region, normally no more than 400 μm
in depth. Two-photon imaging of amyloid plaques in deep
cortical layers or subcortical regions in vivo remains a
challenge. One simple and effective strategy for increasing
the imaging depth of TPEM is using probes with red-shifted
excitation and emission to reduce the absorption and scattering
from brain tissue.25,31 Over the past decade, there have been
significant advances in the design and synthesis of NIR
fluorescent probes for detection of amyloid plaques in vivo.
They have great fluorescence properties such as a large Stokes
shift and intensity increment upon binding to Aβ protein.32,33

However, almost all these probes were designed and have been
employed for macroscopic NIRF imaging under single-photon
excitation, yielding a low spatial resolution of 1−3 mm.29 Their
performances in TPEF imaging remain largely unexplored.
In addition, it is normally inevitable to encounter the so-

called “aging-pigment” lipofuscin in fluorescent imaging of
aged brain. Lipofuscins are punctate-like cellular wastes that
are thought to be the product of incomplete lysosomal
degradation of damaged mitochondria.34,35 They cannot be
further degraded or ejected from the cell, and thus, they will
accumulate in the cell with increasing age. Their heteroge-
neous distribution in aged brain tissue complicates fluorescent
imaging in AD mice due to their strong autofluorescence
emission.36−38 Since lipofuscin interference can arise for two-
photon fluorescence imaging using NIR probes or fluorescent
proteins, it is necessary to discriminate the desired fluorescence
signal from lipofuscin autofluorescence. Currently, the
fluorescence characteristics of lipofuscin in live mice brains
are poorly understood, and effective strategies for removing the
lipofuscin interference for in vivo brain imaging have yet to be
established.

In this work, we study a new NIR probe namely CRANAD-3
for in vivo deep two-photon imaging of brain amyloid in an AD
transgenic mice model. First, the TPEF properties of
CRANAD-3 and lipofuscin are individually characterized in
vivo by using a spectroscopic imaging method. The TPEF
properties of commonly used MeO-X04 are also characterized
for the comparison study. Based on the distinct TPEF
properties of NIR probe and lipofuscin, we propose a ratio-
based spectral and lifetime unmixing strategy for removal of
the interference signals from lipofuscin autofluorescence. Next,
TPEF imaging of CRANAD-3 and MeO-X04 are compared in
live mice brains through an open-skull window. The
experimental results demonstrate that compared with MeO-
X04, CRANAD-3 has a much larger signal-to-background ratio
(SBR) in deep cortical layers. Finally, we investigate the brain
immune responses to the CARNAD-3 probe. Specifically, the
microglial responses to CRANAD-3 injection are studied by
using TPEF imaging through a minimally invasive imaging
window of thinned-skull preparation. Overall, this work aims to
reveal the advantages of the NIR probe CRANAD-3 for two-
photon in vivo deep-tissue imaging of amyloid plaques in AD
mouse brain.

■ RESULTS AND DISCUSSION

In Vivo Characterization of TPEF Signals from
Lipofuscin and Probes. Lipofuscin is prevalently distributed
throughout the aged brain in a highly nonuniform manner. Its
strong autofluorescence may cause interference in fluorescence
imaging of AD brain. Therefore, the TPEF characteristics of
lipofuscin are essential for differentiation of its interference
from other desired TPEF signals. However, the current
spectroscopic studies of lipofuscin are normally based on
fixed brain samples, and their excitation spectrum and lifetime
characteristics are still unclear especially in the case of living
animals.37 In this study, we first used our spectroscopic
imaging system to systemically characterize the lipofuscin
autofluorescence in the aged brain of APP/PS1 mice in vivo
through open-skull windows (see details in Methods). As
shown in the lipofuscin (top) row of Figure 1, the TPEF
signals of lipofuscin exhibit unique spectral and temporal

Figure 1. In vivo spectral and temporal properties of lipofuscin (upper
row), MeO-X04 (middle row), and CRANAD-3 (bottom row)
fluorescence in the APP/PS1 mice. (a) Two-photon excitation
spectra. (b) Emission spectra. (c) Lifetimes at different excitation
wavelengths. Scale bar: 20 μm.
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characteristics. The excitation efficiency of lipofuscin slowly
decreases from 770 to 960 nm, indicating that its
autofluorescence signal can be attenuated by using longer
excitation wavelength. The fluorescence emission is roughly
peaked around 650 nm and has a considerably broad emission
spectral bandwidth over 200 nm in terms of full width at half-
maximum (fwhm). Therefore, lipofuscin signal will seriously
interfere with nearly all detection channels covering from
visible to NIR regions. However, the lipofuscin signals may be
identified and removed by using a ratio-based spectral
unmixing method because of its unique and excessively
broad bandwidth. In addition, we found that the lifetime of
lipofuscin fluorescence is about 0.4 ns, much shorter than most
conventional fluorescent proteins and dyes,39,40 which makes it
promising to be differentiated by using a method based on
fluorescence decay analysis.
Though the characterization of MeO-X04 and CRANAD-3

fluorescence were previously conducted in solution or fixed
tissue samples,41,42 their TPEF properties in living brain tissue
remain poorly investigated. In this study, we used the same
spectroscopic imaging system to characterize the TPEF signals
measured from the amyloid plaques in the brain of live APP/
PS1 mice with the injections of MeO-X04 and CRANAD-3,
respectively. As can be seen in the MeO-X04 (middle) row of
Figure 1, the excitation efficiency drops quickly with the
increase of excitation wavelength while the fluorescence
emission peak and lifetime remain about 460 nm and 1.3 ns,
respectively. The panels in the CRANAD-3 (bottom) row of
the Figure 1 display the TPEF properties of CRANAD-3. As
can be seen, the peak excitation wavelength of CRANAD-3 is
about 900 nm, while MeO-X04 has the best excitation
efficiency at a shorter wavelength region of 720−750 nm
(Figure 1a, middle and bottom panels). The TPEF emission of
MeO-X04 always has a stable emission peak at 460 nm under
different excitation wavelengths, whereas CRANAD-3 exhibits
slightly red-shifted spectra with emission peak from 620 to 650
nm when using longer excitation wavelength. The results
indicate that CRANAD-3 is a potentially more appropriate
probe for two-photon deep brain imaging of amyloid plaques
than MeO-X04 because of much longer excitation and
emission wavelengths. Finally, the data in the bottom row of
Figure 1c demonstrates that CRANAD-3 has a typical
fluorescence lifetime of about 1.6 ns.
Spectral and Lifetime Unmixing.We developed a simple

ratio-based unmixing method to identify and remove lipofuscin
interference from CRANAD-3 image. This method utilizes the
distinct fluorescence characteristics of these two fluorophores
and can be implemented in both spectral and lifetime domains.
For spectral unmixing, the TPEF images were taken from two
spectral channels with and without the plaque-labeling dye
signals simultaneously. The division ratio of fluorescence
signals recorded in two separate channels (620 ± 30 nm for
“peak” and 550 ± 25 nm for “tail” as shown in Figure 2a) was
calculated by pixel-to-pixel of two images. The pixels of high
and low “peak/tail” ratio are displayed in red and green,
respectively, as shown in the spectral unmixing image of Figure
2b. For lifetime unmixing, the raw CRANAD-3 image of the
620 ± 30 nm wavelength band was captured in a time-resolved
manner with 256 temporal channels. Instead of measuring the
lifetime of signal in each pixel, we calculated the ratio of the
peak and tail regions shown in Figure 2c to differentiate the
short-lifetime lipofuscin and long-lifetime CRANAD-3. The
pixels of high and low “peak/tail” ratio are displayed in green

and red, respectively, opposite to the color coding in spectral
unmixing. Figure 2b and d shows that both spectral and
lifetime unmixing produced identical results after lipofuscin
identification and removal, indicating that both unmixing
strategies are effective. In the following study, we used a two-
channel spectral unmixing method to identify and exclude the
lipofuscin interference because its implementation is relatively
simple especially for multicolor imaging applications.

In Vivo Imaging of Amyloid Plaques. To compare in
vivo imaging of amyloid plaques with CRANAD-3 and MeO-
X04 in APP/PS1 mice, we coinjected CRANAD-3 and MeO-
X04 into the mice with dosages and delivery routes following
individual protocols. In vivo TPEF imaging were conducted
through the well-established open-skull window. Two
detection channels (MeO-X04:447 ± 30 nm, CRANAD-
3:620 ± 30 nm) were used to record their fluorescence signals
and no crosstalk was observed due to their distinct emission
spectra. Both of the CRANAD-3 and MeO-X04-labeled
amyloid plaques in a small volume of the cortex were imaged
at their optimal excitation wavelengths of 900 and 760 nm,
respectively. Laser power was increased accordingly when the
signal dropped significantly with increase of imaging depth, but
maintained at equal for both excitation wavelengths at the
same imaging depth. The maximum laser power was kept
below 120 mW at the front aperture of the objective to prevent
photodamage to the mice brain.
The reconstructed images of the amyloid plaques are

presented in Figure 3a. The average intensity of CRANAD-3
is weaker than MeO-X04 for a 0−100 μm imaging depth below
the pia, presumably because CRANAD-3, as one of curcumin
analogues, has relatively smaller two-photon action cross
section resulting from its relatively lower quantum yield.43

Figure 3b shows that CRANAD-3 labeled plaques are well
colocalized with those labeled by the conventional probe
MeO-X04, which is consistent with previous ex vivo study.44 In
addition, it is noticeable that CRANAD-3 provides better
labeling efficiency for the dense-core amyloid plaque than
MeO-X04. With imaging depth increases beyond 200 μm,
MeO-X04 intensity attenuates quickly while CRANAD-3
signal was less susceptible to imaging depth. As can be seen,
the image contrast of CRANAD-3 surpassed MeO-X04
significantly at deep cortical layers especially in the depth
beyond 500 μm, which is attributed to the reduced tissue
absorption and scattering in NIR window (650 nm−950
nm).45 As shown in Figure 3c, although the MeO-X04 image
has been overwhelmed by the background that originates from

Figure 2. Ratio-based spectral and lifetime unmixing method. (a)
Emission spectra of lipofuscin and CRANAD-3 at 920 nm excitation.
(b) Spectral unmixing. (c) Typical lifetime curve of lipofuscin and
CRANAD-3. (d) Lifetime unmixing. Scale bar: 20 μm.
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the out-of-focus fluorescence in the brain surface,46 the
CRANAD-3 image can still clearly resolve the detailed
structure of amyloid plaques with 4.1 peak SBR (Figure 3d).
In our study, the largest imaging depth where amyloid plaques
were still detectable (SBR ∼ 1.0) was about 900 μm. Although
we observed photobleaching of CRANAD-3 under two-photon
excitation, this only became significant when a high excitation
power was applied to the superficial amyloid plaques (>80
mW). At low excitation power (<10 mW) or for deep-tissue
imaging (>500 μm, 120 mW), the photobleaching effect was
not obvious. Based on the results, we conclude that TPEF
imaging with CRANAD-3 probe provides much deeper
penetration than the commonly used MeO-X04 and
CRANAD-3 is more suitable for two-photon deep brain
imaging of amyloid plaques. It should be noted that although
the images in Figure 3a show more plagues in superficial layer
than deeper layers, we observed the opposite distribution of
plagues in other mice. Based on the results from all the AD
mice (APP/PS1) used in our study, we found that the
distribution of amyloid plaques is highly heterogeneous in
cortex, which varies from individual mouse to individual
mouse.
Microglial Responses to CRANAD-3 Probe. Microglia

are the brain-resident phagocytes, and their roles in neuro-
inflammation are critical in pathogenesis of AD.47 The resting
microglia behave dynamically by using their motile processes
to detect any changes in brain homeostasis, and can transform
into less ramified or amoeboid phenotypes with phagocytic
capability upon acute or chronic activation of different
stimuli.48 For studying the interaction of microglia and
amyloid plaques in vivo that involves the plaque labeling
with a fluorescent dye probe, whether the foreign dye causes
microglial activation must be addressed beforehand. In this
study, we used CX3CR1-EYFP and APP/PS1 × CX3CR1-
EYFP mice to investigate whether CRANAD-3 at imaging dose
might trigger microglial immune responses in both normal and
AD brain, respectively.
To visualize the microglia activities in TPEF image clearly,

we first applied the spectral unmixing method to remove

lipofuscin interferences in both circumstances. Here, the TPEF
signals of EYFP, lipofuscin and CRANAD-3 were collected by
two channels (green, 525 ± 25 nm; red, 620 ± 30 nm) at 920
nm excitation. The representative TPEF images are shown in
Figure 4. For CX3CR1-EYFP mice with microglia labeled by

EYFP, the microglial processes and protrusions are significantly
contaminated by the widely distributed lipofuscin granules (<2
μm in diameter) as shown in the upper panel of Figure 4a.
After applying spectral unmixing, the spectral ratio helps to
identify that a number of lipofuscins (colored in magenta in
Figure 4b) colocalize in the microglial soma even though the
majority are in its extracellular space, suggesting that microglia
is one possible source of lipofuscin. The image of microglia
after removal of lipofuscin using the spectral unmixing method
is displayed in Figure 4c.

Figure 3. Imaging depth comparison of CRANAD-3 and MeO-X04. (a) Deep brain imaging of amyloid plaques in a 17-month-old APP/PS1
mouse coinjected with CRANAD-3 (4 mg/kg) and MeO-X04 (5 mg/kg). The z-step in the stack is 2 μm. The 3D image was reconstructed based
on the z-stack TPEF images using the commercial Imaris software. (b) TPEF images at upper layer (96 μm depth) in (a), showing differences in
plaque labeling of CRANAD-3 and MeO-X04, a dense-core plaque is indicted by the white arrow. (c) TPEF images at deeper region (500 μm
depth) and (d) quantitative comparison of SBR of amyloid plaques in (c). Scale bar: 40 μm.

Figure 4. Lipofuscin removal using spectral unmixing in CX3CR1-
EYFP (upper row) and APP/PS1 × CX3CR1-EYFP (bottom row)
mice. (a) Raw images before lipofuscin removal. Upper panel, single-
channel (525 ± 25 nm) image; lower panel, merged image of two
channels (green, 525 ± 25 nm; red, 620 ± 30 nm). (b) Differentiation
of lipofuscin (magenta) from EYFP (green) and CRANAD-3 (red).
(c) After lipofuscin removal. Scale bar: 20 μm
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For APP/PS1 × CX3CR1-EYFP mice, removal of lipofuscin
interference was especially necessary for investigating the
phagocytic activity of microglia with the presence of amyloid
plaques, because the phagocytic products in microglia are
morphologically similar to lipofuscin.49 The ratio-based
spectral unmixing method is also applicable for lipofuscin
removal from both EYFP and CRANAD-3 images, as can be
seen in the bottom row of Figure 4. In detail, since the broad
spectrum of lipofuscin covers both EYFP and CRANAD-3, the
spectral ratio of these two channels (green, 525 ± 25 nm; red,
620 ± 30 nm) is distinct for lipofuscin, EYFP, and CRANAD-3
and thus can be used to differentiate these three components,
as shown in Figure 4b. After spectral unmixing, we could then
obtain lipofuscin-free image of EYFP labeled microglia and
CRANAD-3 labeled amyloid plaques (Figure 4c). In the
following experiments to study the effect of CRANAD-3 on
microglia, we have applied the unmixing methods to remove
lipofuscin from all TPEF images.
Next, we conducted time-lapse in vivo imaging in CX3CR1-

EYFP and APP/PS1 × CX3CR1-EYFP mice to evaluate the
effect of CRANAD-3 on microglial activities. We used thinned-
skull window, a minimally invasive procedure, for the following
experiments. The thinned-skull window procedure is less likely
to cause brain injury and induce extensive microglial activation
which will surely occur in the case of open-skull window.50 The
representative images of CX3CR1-EYFP mice are shown in
Figure 5. As shown in Figure 5a and b, microglial somata

remained stationary throughout the imaging sessions, and the
distance between each soma and its nearest neighbor was
barely changed, indicating that its homogeneous distribution
was unperturbed. Furthermore, the fine processes of ramified
microglia were persisted for over 20 h after CRANAD-3
injection without undergoing significant extension or retrac-
tion, as shown in Figure 5c. Together, these results show that
resting microglia in the healthy mice brain is not activated by
CRANAD-3 administration at the TPEF imaging dosage.
In AD mice brain, microglia adopt a primed phenotype with

plaque-dependent heterogeneous distribution, and can be
more vulnerable to the inflammatory stimulus than in normal
brain.51,52 To investigate whether CRANAD-3 will alter

microglial stability surrounding the plaques, we imaged the
microglial dynamics in the APP/PS1 × CX3CR1-EYFP mice
for over 26 h following CRANAD-3 administration. Specifi-
cally, the dosage of injected CRANAD-3 was selected at 2 mg/
kg to make the signal levels of both CRANAD-3 and EYFP
similar at 920 nm excitation. The imaging session started at 1.5
h after dye injection when the plaque had been well stained. A
stability index defined by the percentage of immobile microglia
near plaque region was used to evaluate microglial stability
around the amyloid plaques. Figure 6 shows that nearly all

microglia adjacent to an amyloid plaque were stationary
throughout the period (mean percentage of 93% ± 0.06; 106
total cells; n = 11 plaques), consistent with the control
experiment of a previous study.53 These results lead to the
conclusion that CRANAD-3 at the imaging dosage (2 mg/kg)
does not induce microglial inflammatory responses in AD mice
brain.

■ CONCLUSION
In this study, we introduced a NIR probe of Aβ protein,
CRANAD-3, for in vivo two-photon deep brain imaging of
amyloid plaques in AD mice model. Compared with the
commonly used probe MeO-X04, CRANAD-3 has long
wavelengths of excitation and emission with peaks at 900
and 650 nm, respectively. This greatly facilitates the imaging
capability of amyloid plaques in deep cortical layers through an
open skull window owing to the reduced absorption and
scattering of brain tissue. We found that the autofluorescence
of “aging pigment” lipofuscin could cause severe interference in
TPEF imaging of amyloid plaques labeled by CRANAD-3 and
other cells/structures labeled by fluorescence proteins. By
using the spectroscopic imaging method, we characterized the
autofluorecence of lipofuscin in live mice brains, which shows a
broad emission spectrum of over 200 nm bandwidth and a
typical short lifetime of about 0.4 ns. This unique fluorescence
properties of lipofuscin enable us to remove its interference by
using a simple ratio-based spectral or lifetime unmixing

Figure 5. Time-lapse in vivo imaging of microglial activity after
CRANAD-3 injection (2 mg/kg) in the CX3CR1-EYFP mice. (a)
Microglial density is stable throughout the period indicated by (b) the
closest distance between each soma and its neighbors at different time
points. (c) Microglia did not show obvious sign of activation as
inferred from its ramified morphology. CRANAD-3 was injected at 0
h; the images of −1.5 h was captured 20 h after thinned-skull
preparation. Scale bar: 40 μm in (a) and 20 μm in (c).

Figure 6. Time-lapse in vivo imaging of microglial activity after
CRANAD-3 injection (2 mg/kg) in the APP/PS1 × CX3CR1-EYFP
mice. (a) Representatives images showing microglia remain stable
surrounding amyloid plaques. (b) Quantitative analysis of microglial
stability near plaque region; microglia (highlighted in yellow) in the
circular region (dotted circle) with 5-fold diameter of the center
amyloid plaque (solid circle) are used for calculation; stability index is
calculated as the percentage of immobile microglia from 1.5 h to
current imaging sessions. (c) Stability index at different time points.
Scale bar: 20 μm.
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method. This method has been successfully demonstrated in
different circumstances including EYFP-labeled microglia and
CRANAD-3 labeled amyloid plaques. Finally, we evaluated the
microglial immune response to CRANAD-3 injection at the
imaging dosage in both CX3CR1-EYFP and APP/PS1 ×
CX3CR1-EYFP mice using time-lapse two-photon imaging
through the thinned skull window, and the results show that
CRANAD-3 at an imaging dosage will not lead to obvious
microglial inflammation in both normal and AD mice brain.
Although the currently studied CRANAD-3 probe with
relatively low excitation efficiency may not have optimized
design for the applications under two-photon excitation, it
serves as a good example for further work on improving the
two-photon performances of NIR Aβ probes.

■ METHODS
TPEF Spectroscopic Imaging System. All spectroscopic

imaging experiments in this study were performed with a home-

built upright TPEF imaging system. Its schematic is shown in Figure
7. Briefly, the excitation beam was delivered by a tunable mode-locked
Ti:sapphire laser (Chameleon, Ultra II, Coherent) with a pulse width
below 140 fs and repetition rate of 80 MHz. The laser beam was
subsequently collimated with a variable beam expander (BE052-B,
Thorlabs) tuned at 0.5× zoom to achieve the optimal beam diameter.
The scan engine was based on a dual-axis galvanometric scan head
with 3 mm scan mirrors (6210H, Cambridge Technology) and the
line scan rate of its fast axis was set to 250 Hz during image
acquisitions. After passing through a relay system consisting of a
telecentric scan lens (LSM03-BB, Thorlabs) and an infinity-corrected
tube lens (TTL200MP, Thorlabs), the scanning beam was directed to
a water-immersion objective lens with a 2 mm working distance
(XLPLN25XWMP2, 1.05 NA, Olympus) mounted on a motorized
actuator (CONEX-LTA-HL, Newport) for axial sectioning. Backward
emission light was collected by the same objective and reflected to the
detection system by the interchangeable dichroic mirror, DM1 (either
FF757-Di01, Semrock or 665dcxr, Chroma).

For emission spectra characterization and lifetime measurement,
the collected TPEF signals were reflected from a mirror and coupled
into a fiber bundle that directed the signals to a multispectral lifetime
detection system. It consists of a spectrograph equipped with a 16-
channel photomultiplier tube (PMT) module and a time-correlated
single photon counting (TCSPC) module (SPC-150, Becker and
Hickl). This detection system is capable of providing both spectral-
and time-resolved measurements at each pixel of the TPEF image
with a 13 nm spectral resolution and about 150 ps temporal
resolution. For CRANAD-3 or lipofuscin characterization, the
dichroic mirror DM1 (FF757-Di01, Semrock) reflected fluorescence
signal to the detection system while residual excitation laser beam was
rejected by a short-pass filter (SF) placed in front of fiber bundle
(FF01-770/SP-25, Semrock). The detection system covers a spectral
range from 553 to 748 nm by using a spectrograph (ranging from 553
to 748 nm) and a multialkali PMT array (PML-16-C-1, Becker &
Hickl) with spectral response from 300 to 820 nm. For MeO-X04
characterization, the dichroic mirror (DM1) and short-pass filter (SF)
were switched to 665dcxr and FF01−680/SP-25, respectively. The
spectrograph was tuned to the range from 405 to 600 nm and a
bialkali PMT array (PML-16-C-0, Becker & Hickl) with spectral
response from 300 to 600 nm were used for TPEF detection.

For excitation spectral characterization and deep tissue imaging, the
reflective mirror was removed and replaced by another dichroic
mirror DM2 (T560lpxr, Chroma). The detection system of
spectrograph and multichannel TCSPC module were replaced by a
pair of current PMTs (H11461-03 and H10770PA-40, Hamamatsu).
The wavelength bands of the signals recorded by the PMTs were
determined by the combination of dichroic mirror (DM2) and filter
sets (Fs1,2) placed in front of the PMTs. The corresponding PMT
signal output was fed into a current amplifier (SR570, Stanford
Research and C12419, Hamamatsu, respectively) and then into a
multifunction data acquisition (DAQ) device with a 2 M/s sampling
rate (PCIe-6361, National Instruments) run by custom-written C#
control software. The DAQ board and software also outputted the
control signals of the scanner and actuator to form the TPEF images
in mouse brain at different depths.

Mice. Mice lines APP/PS1 and CX3CR1-EYFP were purchased
from Jackson Laboratory (stock no: 34829-JAX and 021160,
respectively). Briefly, the double transgenic APP/PS1 mouse line
expresses human APP with Swedish mutation (APPswe) and PSEN1
with exon-9-deleted mutation (PSEN1/dE9) resulting in abundant
production of amyloid plaques in the cerebral cortex and hippo-
campus.54 The CX3CR1-EYFP mouse line has EYFP expression in
microglia because of the knockin of EYFP to the CX3CR1 locus.55

The APP/PS1 × CX3CR1-EYFP mice were generated by cross-
breeding APP/PS1 mice with CX3CR1-EYFP mice. All mice were
housed in the Animal and Plant Care Facility of HKUST and 13−17-
month old mice were used in this study. All animal procedures were in
accordance with an animal protocol approved by the HKUST Animal
Ethics Committee.

Figure 7. Schematic of two-photon excitation imaging system. HWP,
half-wave plate; PBS, polarized beam splitter; BB, beam blocker; VBE,
variable beam expander; SL, scan lens; TL, tube lens; DM1,2, dichroic
mirror; OL, objective lens; Fs1,2, filter set; SF, short-pass filter;
TCSPC, time-correlated single-photon counting; PML-16, 16-channel
photomultiplier tube (PMT) for TCSPC.

Figure 8. Molecular structures of (a) curcumin and (b) CRANAD-3.

Figure 9. (a) Mouse mounted on an adjustable stage for imaging. (b)
Bright-field image through the open-skull window. Scale bar: 0.2 mm.
(c) Bright-field image through the thinned-skull window. Scale bar:
0.2 mm.
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Open-Skull Window. Before the surgery, dexamethasone (0.2
μg/mg) solution was subcutaneously administered to prevent brain
swelling and reduce inflammatory response. The mouse was then
secured on a stereotaxic instrument (model 940, KOPF) and
anesthetized by isoflurane during the cranial window implantation,
which was slightly modified from a previous report.56 Briefly, after the
exposed skull was cleaned with ethanol (70%), a high-speed drill
(K.1070 rotary micromotor kit, Foredem) with a 0.5 mm carbon steel
burr (19007-05, Fine Science Tools) was used to perform the 3 mm
diameter craniotomy with center at 2 mm lateral and posterior to the
bregma point. A compressed sponge (Gelfoam, Pfizer) soaked in
saline was applied to the dura matter to stop any bleeding after the
craniotomy. Then a sterilized 5 mm round cover glass (150 μm
thickness, Warner Instruments) was gently placed on the exposed
intact dura and sealed onto the skull by applying a small amount of
silicone adhesive (Kwik-Sil, World Precision Instruments) surround-
ing its edge. After a thin layer of adhesive luting cement (C&B
metabond, Parkell Inc.) applied to the skull became dried and hard, a
small amount of dental acrylic was used to cover the whole skull
surface and also the edge of the cover glass. A custom-designed
rectangular head plate with a round hole at the center was then
permanently glued to the skull for head fixation during the imaging
experiments.
Thinned-Skull Window. The mouse was mounted on the

stereotaxic instrument and under isoflurane anesthesia during the
surgery, which is based on a previous protocol.57 Briefly, after the
connective tissue on the skull was gently removed by a scalpel, a 0.7
mm carbon steel burr (19007-07, Fine Science Tools) attached to the
high-speed drill was used to thin a circular region (1.0−1.5 mm
diameter) that centered at 3 mm posterior and 2 mm lateral to the
bregma point. Care should be taken during skull thinning and the drill
should be moved parallel to instead of against the skull surface. When
the outer cortical bone layer and most of the middle cancellous bone
were removed, the skull was further manually thinned by using a
micro surgical blade (cat. no. 6961, Surgistar) until the skull thickness
reached about 40−50 μm, which can be accurately measured by
TPEM owing to the second-harmonic generation of bone collagen. A
small amount of Metabond cement was used to cover the exposed
skull surface surrounding the thinned-skull region, and the custom-
designed head plate was then positioned over the center of the
window. After the head plate was secured in place, more Metabond
cement was applied to the perimeter of the hole in the head plate to
create a well for the water-immersion objective used in two-photon
imaging. Finally, the exposed thinned-skull window was protected by
the biocompatible sealant (Kwik-Cast, World Precision Instruments)
which can be peeled off before the imaging experiments.
Reagents and Imaging. The MeO-X04 was obtained from

Tocris Bioscience (cat. no. 4920), and the CRANAD-3 was developed
and synthesized by Chongzhao Ran’s laboratory at Massachusetts
General Hospital and Harvard Medical School.44 Briefly, the design of
CRANAD-3 is based on a yellow pigment curcumin which can
specifically bind to Aβ deposits owing to its hydrophobic structure,58

as shown in Figure 8. The red-shifted spectrum of CRANAD-3 is
achieved by incorporating a difluoroboronate moiety into the
curcumin scaffold. Besides, its capability of Aβ binding is largely
enhanced by replacing the phenyl rings with pyridyls that can form
hydrogen bond with the Aβ peptide. When the probe becomes
conformationally restricted upon Aβ binding, its fluorescence
properties will change correspondingly such as increases in quantum
yield and blue shift of emission spectrum.44 This can provide a great
contrast for amyloid plaque imaging. For dye preparation and
injection, MeO-X04 was intraperitoneally (i.p.) injected (5.0 mg/kg,
10% DMSO, 90% PBS) 4 h prior to imaging, and CRANAD-3 was
intravenously (i.v.) delivered by tail-vein injection (2.0−4.0 mg/kg,
15% DMSO, 15% cremophor, 70% PBS) 1.5 h before in vivo imaging
of amyloid plaques. The major reason for the different time delay of
injection between MeO-X04 and CRANAD-3 is due to their different
delivery routes following the injection protocols.44,59 It normally takes
longer time for i.p. injection to deliver dye to the brain than that of i.v.
injection. During the imaging experiment, the mouse was under

ketamine/xylazine anesthesia (10 μL/g) and secured on a head-
holding device with an angle adjuster (MAG-2, NARISHIGE, Japan),
as shown in Figure 9.
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