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Abstract. Decreased cerebral blood flow causes brain ischemia and plays an important role in the pathophysi-
ology of many neurodegenerative diseases, including Alzheimer’s disease and vascular dementia. In this study,
we photomodulated astrocytes in the live animal by a combination of two-photon calcium uncaging in the astro-
cyte endfoot and in vivo imaging of neurovasculature and astrocytes by intravital two-photon microscopy after
labeling with cell type specific fluorescent dyes. Our study demonstrates that photomodulation at the endfoot of
a single astrocyte led to a 25% increase in the diameter of a neighboring arteriole, which is a crucial factor
regulating cerebral microcirculation in downstream capillaries. Two-photon uncaging in the astrocyte soma
or endfoot near veins does not show the same effect on microcirculation. These experimental results suggest
that infrared photomodulation on astrocyte endfeet may be a strategy to increase cerebral local microcirculation
and thus prevent brain ischemia. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License.
Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI. [DOIl: 10.1117/1
JB0.18.12.126012]
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1 Introduction

Decrease of cerebral blood flow (CBF) reduces oxygen and sub-
strate for brain metabolism and gives rise to brain ischemia,
which is involved with pathological synaptic dysfunction,!
circulatory deficiencies, neuronal loss, and memory deficits.>?
The progression of cerebral amyloid angiopathy affects vasodi-
lation and promotes neurovascular units to release vasoconstric-
tive substances to suppress CBF and amplify cellular stress,
which ultimately contribute to cognitive defects.* In addition,
epidemiological, pharmacotherapy, and clinical imaging studies
indicate that vascular changes play an important role in the
reduction of CBF present in the early stages of Alzheimer’s
disease (AD) pathogenesis.>®

Astrocytes, electrically nonexcitable cells, are clearly
involved in the response and progression of neurodegeneration;
they have a protective role in the initial response to neuro-
degeneration, but later may exert a negative effect through
inflammation.” Astrocytes are the key component coupling
the neurovascular unit and supply energy and oxygen for neuro-
nal metabolism by converting glucose to lactate.>*'° In addi-
tion, astrocytes have long been hypothesized to be involved
in blood—brain material exchange'' and cerebrovascular regula-
tion through direct interaction between the astrocyte endfoot
and arterioles that play a key role in arteriole vasodilation and
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increase of local blood flow in the capillary.'*'* Though certain
optical imaging approaches, such as two-photon intravital
microscopy, dynamic light scattering, and spectrally enhanced
microscopy, have been used to image the vascular network
and measure blood microcirculation,'>'¢ their focus has been
on observation and diagnosis, but not intervention, of CBF or
brain ischemia. The in vivo photomodulation technique reported
in this study can not only serve an observational and diagnostic
function, but also provide a real-time, interactive strategy to
increase local CBF of the live animal under observation and
thus, serve as a powerful tool to delineate and understand
the circuitry and dysfunction of neurovasculature.

Recently, astrocyte activation has been proposed as a poten-
tial means to increase local CBF'® and as a novel therapeutic
target for neurodegeneration, such as AD.” It is well known
that astrocyte activation plays a key role in protection from
neurodegeneration and causes arteriole vasodilation to provide
more energy for brain metabolism.!” Specific activation of
the astrocyte endfoot may be the most direct method to control
this interaction. Calcium uncaging, optogenetic activation,
electromechanical stimulation, and pharmacological application
have been deployed to activate astrocytes.'>'®!° Due to the limi-
tation of light scattering and diffusion, single-photon calcium
uncaging with ultraviolet (UV) light cannot provide the high
spatial resolution to specifically target the astrocyte endfoot
around the arterioles, particularly those more than 30 um
below the cortical surface. To this end, the optogenetic approach
can be applied to specific targets and to activate astrocytes for
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chronic treatments with high spatiotemporal resolution.'®
However, the introduction of external opsin proteins into the
astrocyte membrane through viral expression limits its applica-
tion in human patients. Mechanical and electrical stimulation
would also need the invasive insertion of electrodes into the
brain to activate astrocytes with uncertain side effects.

Here we report a new strategy of photomodulation that
applies infrared (IR) two-photon laser irradiation to specifically
target the endfeet of astrocytes around arterioles and performs
calcium uncaging in the deep brain with high spatial resolu-
tion to increase local CBF in downstream capillaries in vivo,
with the goal to prevent brain starvation and ischemic neuronal
damage.

2 Materials and Methods

2.1  Animal Preparation

Three-month-old male C57BL/6J mice were anesthetized by the
inhalation of isoflurane (4% for induction; 1.5 to 2% for surgery,
and 1 to 1.5% for imaging). After anesthesia, dexamethasone
and buprenorphine were subcutaneously administered, and 20
to 30 ul 1% lidocaine solution was injected into the scalp to
reduce pain. Fifteen minutes after the removal of the scalp,
a high-speed microdrill was used to make a 3-mm-diameter cra-
niotomy over the primary somatosensory cortex (centered 1 to
2 mm posterior to the bregma and 2 to 3 mm from the midline)
under the dissecting microscope and a custom-made metal plate
was glued on the skull with dental acrylic cement. After inject-
ing the mixture of dyes into the cortex, 1% agarose gel and
a 5 mm cover slip were added onto the exposed cortex to protect
the exposed cortex and to reduce movement artifacts caused by
respiration. Body temperature was monitored by a rectal probe
and maintained at 37.1°C by a heating blanket (Homeothermic
blanket systems, Harvard Apparatus, Holliston, Massachusetts).
Experiments were performed only if the physiological variables
remained within normal limits. All experiments were performed
under the Institutional Animal Care and Use Committees appro-
val of Houston Methodist Research Institute.

2.2 Dye Injection

Pluronic F-127 (20% dissolved in dimethyl sulfoxide) was
used to dissolve (acetyloxy)methyl ester (AM) ester dyes,
and these dyes were diluted to the specific concentration
[Oregon Green® 488 BAPTA-1 AM (OGB-1 AM), 1 mM;
o-nitrophenyl 6,9-dioxa-3,12-diazatetradecanedioic acid, 3,12-
bis(carboxymethyl)-4-(2-nitrophenyl) (NP-EGTA), 200 mM]
using saline solution. Under the two-photon microscope, the
mixture of OGB-1, Sulforhodamine 101 (SR 101), and NP-
EGTA-AM was administered via an IM-300 microinjector
(Narishige, Japan) into the somatosensory cortex (200 pm
below the surface); 10 psi air pressure was used to perform
dye injection for 90 s.2*2' After washing and removing the
dyes or blood left on the surface, we poured saline containing
1% agarose onto the exposed cortex and mounted a cover slip
(5 mm diameter). Thirty to forty-five minutes after the recovery
of the mouse from surgery, imaging was performed under
intravital two-photon microscopy. Five minutes before imaging,
fluorescein isothiocyanate-dextran (FITC-dextran, 70,000 kDa,
12.5 m/kg) was systemically administered into the tail vein to
visualize cerebral vasculature and blood flow.
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2.3 In Vivo Two-Photon Imaging and Calcium
Uncaging

The upright laser scanning microscope (BX61WI, Olympus)
was attached to a Ti:sapphire femtosecond pulsed laser system
(80 MHz repetition rate, <100 fs pulse width, Spectra Physics,
Santa Clara, California) and the software (Fluoview 1000) was
used for two-photon fluorescence imaging. 5X air, 25X water-
immersion [NA, 1.05; working distance (WD), 2 mm,
Olympus], and 40X water-immersion objectives (NA 0.80,
WD; 3.3 mm, Olympus) were selectively chosen for fluores-
cence imaging in vivo. To excite OGB-1 and SR 101 simulta-
neously, 800-nm irradiation was used, and emission light
was detected with 515/50 and 605/55 filters, respectively. In
addition, we visualized pial arteries and veins under widefield
fluorescence and identified penetrating arteries or collecting
veins (10 to 35 mm diameter) by following the direction of
flow from the pial surface.”? Capillaries were identified by
their diameter (~5 mm). The average laser power for imaging
was <30 mW. Arterioles, capillaries, and veins were discrimi-
nated by vessel diameter and blood flow direction. Series stacks
of 512 x 512 um? images (step-size: 1 um) were acquired from
the cortical surface to depths below ~300 um by vertically
translating the objective of the two-photon intravital microscopy
system.

For calcium uncaging, the IR optical system (Ti:sapphire
femtoseond pulse laser) was applied for photolysis; 800-nm
IR laser (the output of average power 40 to 60 mW, <100 fs
pulse width, 80 MHz repetition, physics spectra) was chosen
to pinpoint target astrocyte endfeet surrounding arterioles and
astrocyte soma to cause calcium uncaging. We started with
low laser power and steadily increased the power until calcium
uncaging could be visualized. The output power for the laser
stimulation was controlled from 15 to 60 mW and stimulation
duration was 0.5 to 1 ms.

2.4 Data Analysis

In all the experiments, we analyzed and processed image data
using software Image J (NIH) and MATLAB®. The intensity of
fluorescence signals was defined as AF = (F, — F,)/F,,
where F; and F, were fluorescence intensity in the astrocytes
and background signal at the same time point; fluorescence
intensity of the images before the stimulation was averaged
as baseline intensity and relative calcium change was calculated
based on AF/B = (F — B)/B, where F and B were fluores-
cence intensity in the astrocytes at any given time point and
baseline intensity, respectively.

The diameter of arteriole lumen was determined based on the
distance between paired points across the arteriole directly adja-
cent to an identified endfoot and arteriole diameter of the images
before stimulation averaged as baseline diameter. So the relative
change of arterioles was defined as AD = (D, — Dy)/D,,
where D; was arteriole lumen diameter at any given time point
and D, was baseline diameter, respectively.

3 Results

Brain ischemia results from the deficiency of blood flow.! To
characterize the role of astrocytes in the regulation of cerebral
blood flow, a tunable, finely controllable Ti:sapphire femtosec-
ond laser was employed to perform the visualization of astro-
cyte—vasculature interactions over the exposed somatosensory
cortex. To determine the imaging area of interest, a small vessel
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Fig. 1 Imaging of cerebral vasculature, calcium signal, and astro-
cytes. (a) Image of the interaction of cerebral vasculature and astro-
cytes; to the right, the magnification of the white square; red, SR101
labeled astrocytes, green, FITC-dextran labeled cerebral vasculature.
(b) Images of calcium signal and astrocytes; left, calcium signal
imaging; middle, SR101 labeled astrocytes; and right, overlap left
and middle. (c) Calcium transient for cells 1 and 2 in (b).

area was chosen to avoid the interference of large vessel shad-
ows according to the maximum intensity projection of our im-
aging stack. In order to enhance image contrast, we introduced
two specific dyes (FITC-dextran, SR 101) to visualize cerebral
vasculature [Fig. 1(a): green] and astrocytes [Fig. 1(a): red],
respectively. In addition, astrocyte endfeet, the processes
ensheathed around the arteriole [Fig. 1(a), right], can be visu-
alized while vessels, including arteriole, capillary, and vein, can
be discriminated based on blood flow direction and diameter
size of vessel lumen.

Astrocytes release glial transmitters in response to calcium
influx specifically in the endfoot. In order to monitor physio-
logical dynamics and signal transmission in astrocytes, the
calcium signal indicator (OGB-1 AM) was administered into
the somatosensory cortex 150 to 200 mm below the surface
to monitor the change of thev calcium signal [Fig. 1(b), left].
Due to nonspecific labeling of OGB-1, the astrocyte-specific
dye SR 101 was introduced to ensure the accuracy of astrocyte
visualization [Fig. 1(b), middle and right]. Also, spontaneous
calcium transients were regarded as the index to ensure the
targeted astrocyte’s viability [Fig. 1(c)].

UV light calcium uncaging of astrocyte endfeet around the
arteriole gives rise to an increase of lumen diameter of the arteri-
ole in the healthy animal model.'>'3 However, this method has
the limitations of lower spatial resolution and lower stimulation
depth due to light scattering. In order to finely control astrocyte
activity and arteriole lumen diameter, we introduced the stimu-
lation of IR two-photon irradiation to perform calcium uncaging
in astrocytes and to measure the effect on arteriole vasodilation
[Fig. 2(a)]. The mixture of NP-EGTA AM, OGB-1 AM, and SR
101 was administered into the area of interest in the exposed
somatosensory cortex, and we used the same optical path as
the two-photon imaging system to perform laser stimulation to
perform calcium uncaging in astrocytes [Fig. 2(a)]. IR two-
photon laser was used to specifically stimulate astrocyte somas,
disregarding the vessel; the laser power was adjusted from low
to high until the calcium signal increase was detected. We found
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Fig. 2 A schematic illustration of calcium imaging and calcium
uncaging system. (a) Schematic illustration of calcium uncaging sys-
tem using IR two-photon laser irradiation. (b) Time-series images of
calcium uncaging exposed to the stimulation of IR two-photon laser
irradiation. (c) Time-course tracings show that photostimulation
causes a rapid increase of calcium signal and arterial vasodilation
in the experiment shown in (b).

that the calcium signal increases after laser stimulation and
reaches its maximum 10 s later [Figs. 2(b) and 2(c)].

We investigated whether or not two-photon astrocyte activa-
tion gives rise to vasodilation in the arteriole in vivo. In our
study, calcium signal in the endfoot increased rapidly and
reached its maximum 10 s later; in addition, it lasted 60 to
80 s after laser stimulation on the endfoot. The increase of arteri-
ole lumen followed the increase of the calcium signal and
reached its maximum 20 s later with a duration of ~60 s. As
shown in Figs. 3(a) and 3(b), the diameter of arteriole lumen
increased ~25% [Figs. 3(a) and 3(b)]. Zhao et al.? suggested

e i

meter Change

Relative Calcium Signal Change
Relative Arteriole Diameter Change __

Time (sec) Time (sec)

(b) (©

Fig. 3 Calcium uncaging in astrocyte endfoot causes vasodilation
in the arteriole. (a) Time-series images of arterioles diameter and
calcium uncaging exposed to the stimulation of IR two-photon
laser irradiation. Calcium uncaging triggered a rapid increase of Ca®t
in astrocyte endfoot and arterial vasodilation. White spot indicates the
position of photostimulation. (b) Time-course tracings show that pho-
tostimulation causes a rapid increase of calcium signal and arterial
vasodilation in the experiment shown in (a). (c) Photostimulation
has no effect on both Ca?* increase in astrocyte endfoot and arteriole
vasodilation without NP-EGTA AM injection in the somatosensory
cortex. White circle represents arteriole diameter, red dash curve
represents the border of arterioles after photoactivation, blue curve
indicates relative calcium signal change, and green curve indicates
relative arterioles diameter change.
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Fig. 4 Calcium uncaging in astrocyte soma and endfoot does not
cause vasodilation in arteriole and vein, respectively. (a) The relative
change of arteriole diameter and calcium signal in astrocytes soma
before and 10 s after calcium uncaging in an astrocyte soma.
(b) Time-course tracings of Ca?* change in astrocyte soma and arteri-
ole diameter change. (c) The relative change of vein diameter and
calcium signal in astrocytes endfoot around the vein before and
10 s after calcium uncaging in an astrocyte endfoot. (d) Time-course
tracings of Ca?* change in astrocyte endfoot around the vein and
the diameter change of vein’s lumen. Note: color intensity in (a) and
(c) represents calcium signal intensity in astrocytes.

that a femtosecond pulse laser could target astrocyte membranes
and increase calcium in cultured astrocytes; this raised the ques-
tion of whether the vasodilation was not directly caused by
calcium uncaging, but by laser stimulation on the astrocyte
membrane. Thus, we injected the mixture of OGB-1 and SR
101 into the cortex, excluding NP-EGTA AM, and repeated the
same experiment, but the same effect did not occur [Fig. 3(c)];
this result indicates that arteriole vasodilation was caused by
calcium uncaging in the astrocyte endfoot.

Due to the large size of the astrocyte soma, specific targeting
of the soma was more readily done than on the astrocyte proc-
esses. Therefore, we addressed another question: could we spe-
cifically stimulate the soma, instead of the endfoot, to increase
the lumen diameter of arteriole? When calcium uncaging in the
astrocyte soma occurred under the stimulation of IR two-photon
laser, the calcium signal increased and reached the maximum
10 s after laser stimulation, but vasodilation in the neighboring
arteriole did not occur [Figs. 4(a) and 4(b)]. In addition, astro-
cyte endfeet ensheathed around the vessel, including the arteri-
ole, the capillary, and the vein, so under microscopy, blood flow
direction is a good objective criteria to discriminate the arteriole
and vein, but this introduced some difficulties in finding a stimu-
lation site to perform calcium uncaging. To investigate whether
the endfoot around the arteriole is the only potential stimulation
site for vasodilation, we tested whether calcium uncaging on the
astrocyte endfoot around the vein increased the lumen diameter
of the vein; the results, however, showed that calcium increases
in the endfoot around the vein had no effect on the vasodilation
[Figs. 4(c) and 4(d)]. Hence, we concluded that IR two-photon
laser irradiation could be employed to target astrocyte endfeet in
order to perform calcium uncaging studies. Moreover, only cal-
cium uncaging in astrocyte endfeet triggered by femtosecond
laser caused the increase of arteriole lumen and subsequently
increased the local blood flow in downstream capillaries.

4 Conclusions and Discussions

Recent studies®*? demonstrate that decreased cerebral micro-
circulation, resulting in a deficiency of energy supply, causes
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neuronal dysfunction and chronic brain ischemia and has a cru-
cial role in the progression of a variety of neurological diseases,
including AD. Our experimental results show that activation of
individual astrocyte endfeet around the arteriole increases lumen
diameter of the arteriole by 25%, which should subsequently
increase local CBF to supply energy for brain metabolism.
Furthermore, because gap junctions transmit signals between
adjoined astrocytes,”** the effect of vasodilation may spread
to relatively distant areas and contribute to the same effect.
These findings suggest that improving CBFflow for brain
metabolism would be an effective and potentially therapeutic
strategy to prevent or treat neurovascular or neurodegenerative
diseases.

Though UV light has been used to perform calcium uncaging
in astrocyte endfeet and increase local blood flow in downstream
(:apillaries,lz’13 the stimulation site cannot be narrowed down to
a subcellular structure due to light scattering and diffraction.
Because of the small focal volume and reduced light scattering
for IR two-photon excitation, our imaging technique can resolve
this problem by targeting stimulation volumes down to femto-
liters and can be used to address specific targets in astrocytes,
as well as study and modulate physiology dynamics of the astro-
cytes in deep brain regions.

In addition, some calcium-caging reagents have been devel-
oped for use under IR femtosecond laser stimulation:'” DM-
nitrophen and azid-1 can not only be excited by UV irradiation,
but also can have a maximum excitation at the specific long
wavelength stimulation between 700 and 800 nm. Under
700-nm femtosecond laser irradiation and high-numerical-aper-
ture objective, azid-1 can be photolyzed with a 10-us pulse train
of 7 mW average power.'” However, during the two-photon
imaging process, the lower energy output of IR femtosecond
pulse laser will make the occurrence of chemically irreversible
calcium uncaging possible, which will interfere with calcium
imaging. Compared with these calcium caging reagents, NP-
EGTA AM is not as sensitive to femtosecond IR laser uncaging
and needs relatively high energy to cause photolysis, which can
reduce the possibility of unnecessary calcium uncaging during
two-photon imaging.

Label-free stimulation by IR two-photon lasers has been
introduced to nondisruptively and reproducibly activate astro-
cytes. Using a high-numerical-aperture objective, the femtosec-
ond, pulsed laser can be focused on the cell membrane and lead
to photoporation with uncertain mechanism, but accurately
targeting the plasma membrane is not easily achievable and
this method lacks a specific molecular target.”** However,
our technique not only confines calcium uncaging to less than
femtoliter volumes,*® but also enables astrocyte activation more
operationally without a specific focus on plasma membrane
for photostimulation.

In conclusion, calcium uncaging caused by femtosecond
laser stimulation using intravital two-photon microscopy imag-
ing offers a promising strategy to target specific regions, espe-
cially subcellular structures, in astrocytes and trigger calcium
uncaging with finely controlled, high spatiotemporal resolution,
and high stimulation accuracy in vivo. Coupling with the
nonlinear excitation of a long-wavelength IR pulse laser and
high-numerical-aperture objective, this strategy can reduce or
even avoid out-of-focus photobleaching and photodamage while
improving depth penetration for photostimulation in vivo.
Owing to its high peak intensity and low pulse power, the femto-
second laser seldom damages the cells while offering high
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efficiency and precision.’!*> Therefore, the reported optical
technique of astrocyte activation has the potential to facilitate
physiological dynamics of astrogenesis-related vasodilation in
deep brain regions in vivo and improve CBF in order to prevent
brain ischemia, subsequently leading to the restoration of neuro-
vascular function in neurodegeneration.*
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