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Abstract

Among intravital imaging instruments, the intravital two-photon fluorescence excitation microscope has the advantage of enabling real-time
3D fluorescence imaging deep into cells and tissues, with reduced photobleaching and photodamage compared with conventional intravital
confocal microscopes. However, excessive motion of organs due to involuntary movement such as breathing may result in out-of-focus
images and severe fluorescence intensity fluctuations, which hinder meaningful imaging and analysis. The clinically approved alpha-2
adrenergic receptor agonist dexmedetomidine was administered to mice during two-photon fluorescence intravital imaging to alleviate
this problem. As dexmedetomidine blocks the release of the neurotransmitter norepinephrine, pain is suppressed, blood pressure is reduced,
and a sedation effect is observed. By tracking the quality of focus and stability of detected fluorescence in two-photon fluorescence images of
fluorescein isothiocyanate-sensitized liver vasculature in vivo, we demonstrated that intravascular dexmedetomidine can reduce fluorescence
fluctuations caused by respiration on a timescale of minutes in mice, improving image quality and resolution. The results indicate that short-
term dexmedetomidine treatment is suitable for reducing involuntary motion in preclinical intravital imaging studies. This method may be
applicable to other animal models.
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Introduction

Since the invention of the microscope, intravital imaging has
enabled the nondestructive visualization of dynamic biological
processes in the cells and tissues that make up living organisms
(Coste et al., 2020). Intravital microscopy techniques have been
employed to observe a variety of tissue–cell interactions showing
cellular and tissue dynamics (Pittet & Weissleder, 2011; Choo
et al., 2020; Soulet et al., 2020). Because intravital imaging tools
provide real-time visualizations via nondestructive methods,
they can be widely used for research and diagnosis.

Two-photon-excited fluorescence microscopy is a particularly
useful form of intravital microscopy. Pioneered by Denk and
Webb in 1990 using subpicosecond pulsed lasers, the mechanism
of highly localized fluorescence through nonlinear excitation pro-
cesses allows highly localized fluorescence (Denk et al., 1990). It
also permits the use of infrared wavelengths that penetrate deep
into tissues (Helmchen & Denk, 2005, 2006) and reduce photo-
bleaching and photodamage compared with the use of white
light in confocal microscopy (Koenig et al., 1996). Two-photon

microscopes enable 3D-resolved fluorescence imaging of highly
scattering live cells deep inside thick tissues, as well as the long-
term imaging of photosensitive biological specimens with reduced
phototoxicity (Denk et al., 1990; Zipfel et al., 2003; Noh et al.,
2021). Preclinical observations enabled by the two-photon micro-
scope have included the interaction integrity of glioblastoma cells
with the tumormicroenvironment (Pichol-Thievendetal., 2021), the
cellular interactions which contribute to biliary membrane integrity
(Vats et al., 2021), and the fast spatiotemporal cellular dynamics
within neural networks (Laffray et al., 2011). Two-photon micro-
scopes have been used to discriminate tumor-adjacent cancer cells
tagged with fluorescent enzymes (Noh et al., 2021).

However, even when the mice are under anesthesia, severe tis-
sue movement occurs because of respiration and (to a lesser
extent) pulmonary circulation. Tissue movement may result in
out-of-focus images, may impede meaningful imaging owing to
the severe fluorescence intensity variations, and could add motion
artifacts to images, compromising image sharpness and resolution
(Lee et al., 2012; Vinegoni et al., 2014). Therefore, motion com-
pensation and tissue stabilization are important challenges in
intravital imaging (Matsuura et al., 2018) for which many tech-
niques have been devised. While early attempts to compensate
for physiological motion took advantage of stroboscopy (DeFily,
1997), more recently frame-by-frame motion compensation algo-
rithms have been developed for use during image acquisition.
Unfortunately, real-time compensation is limited if there is
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distortion in the frame (Pnevmatikakis & Giovannucci, 2017). In
addition, motion correction may need to be performed several
times for areas with high motion (Dold et al., 2006). Therefore,
for performing intravital imaging, methods including the use of
fixed adhesive rings and imaging windows have been proposed.
However, these methods may cause toxic reactions owing to the
adhesive chemicals involved, or unintended adhesions to the
organ (Woodward et al., 1965). In addition, surgical methods
must be weighed against the potential for unexpected side effects
(Park et al., 2020), and the existing surgical methods to reduce
movement and physically immobilize external organs cannot
guarantee stable high-resolution images. In particular, peristalsis
in the intestine causes high-amplitude movements that are not
compensated for by physical restraint alone. Papaverine, an opioid
alkaloid that is mainly used in the treatment of vascular spasms
owing to its vasodilatory effect (Kassell et al., 1992; Girard
et al., 2004), has been used to treat spasms of the gastrointestinal
tract (Anderson & Fredericks, 1977). Instead of applying physical
control or using an algorithm, we propose a minimally invasive
method that lowers blood pressure and heart rate with a sedative
effect.

Dexmedetomidine (DEX; (S)-4-[1-(2,3-dimethylphenyl)
ethyl]-3H-imidazoleacts]) is an α2-adrenergic receptor agonist
and is clinically used as an analgesic, sedative, and anxiolytic
agent, with known protective effects against fear-related and
anxiety-like behaviors (Jang et al., 2019) and no noted withdrawal
symptoms (Venn et al., 1999; Gertler et al., 2001; Yu, 2012). The
presynaptic activation of α2 adrenergic receptors inhibits the
release of norepinephrine, which relieves pain. Because the post-
synaptic activation of α2 adrenergic receptors suppresses sympa-
thetic nerve activity and reduces heart rate, the use of
dexmedetomidine has a sedative effect as well as an analgesic
effect (Nelson et al., 2003; Cai et al., 2014). In particular, DEX
is a highly selective and potent α2 adrenergic agonist, and α2
receptors are involved in the regulation of hemodynamic response
(Philipp et al., 2002). For this reason, oral administration of α2
receptor agonists predominates in hypotensive action, and intra-
venous administration causes arterial pressure to drop below nor-
mal. This causes cardiovascular stability issues during sedation
with DEX and significant rate-pressure product reduction has
been shown (Venn et al., 2000). On comparing its sedative effect
with that of propofol in clinical trials, DEX administration was
found to significantly lower the heart rate (Nelson et al., 2003;
Hughes et al., 2021). With the use of DEX, blood pressure and
heart rate may be controlled, resulting in clearer and more accu-
rate imaging as tissue motion artifacts caused by the respiratory
movement of mice during intravital imaging are minimized.
Moreover, DEX is unlikely to have significant side effects on
mice if used during intravital imaging, because it shows nonneur-
otoxic properties even when high doses are injected during rat
surgery (Elbaradie et al., 2004).

In this study, blood flow through the liver tissue of mice was
imaged using a two-photon intravital microscope and fluorescein
isothiocyanate (FITC), a vascular fluorescence contrast agent
(Ihler et al., 2015). A variety of doses of dexmedetomidine were
injected, and the effect of the resultant sedation upon fluorescent
vascular imaging over time was evaluated via two-photon excita-
tion microscopy. We quantitatively evaluated whether high-
resolution imaging could be obtained from sedated mice by eval-
uating the focus of fluorescent images, the consistency of fluores-
cence, and the motion of red blood cells over time. It was found
that at the doses studied, dexmedetomidine has a measurable

stabilizing effect on imaging, which was the highest and most con-
sistent at 7 min after injection. This experiment provides indica-
tions for the optimal dose and duration of DEX for in vivo
imaging, along with suggestions for future uses.

Materials and Methods

Animal Model

C57BL/6 mice were purchased from OrientBio (Seong-nam,
Korea). Eight-week-old male mice weighing an average of 20 g
each (N = 4) were used for the experiment. The experiment was
conducted under the guidance and regulations of the
Institutional Animal Care and Use Committee (IACUC) of
Asan Medical Center (protocol # 2021-12-276). The mice were
housed in ventilated cages at room temperature; food and water
were freely accessible, and the lighting followed a normal day/
night cycle.

Anesthesia

The mice were anesthetized using an intraperitoneal 3:2 solution
of zolazepam-tiletamine (Zoletil 50, Virback, Carros cedex,
France) and xylazine (Rompun, Elanco, Seoul, Republic of
Korea). A total of 2 mL anesthetic solution was prepared by add-
ing 120 μL Zoletil and 80 μL xylazine to 1,800 μL of phosphate-
buffered saline (Gibco DPBS, Thermo-Fischer Scientific Korea,
Seoul, Republic of Korea). Protocols called for 10-μL anesthetic
solution per gram of body weight. As the average weight of the
mice was 20 g, 200 μL of the solution was used to anesthetize
each mouse.

Dexmedetomidine Treatment

Dexmedetomidine (Dexmedine in 200 mcg, Hana Pharm Co.
Ltd., Seoul, Republic of Korea) was obtained in syringes contain-
ing a single human dose each and partitioned among the animals,
with 0.25 μg, 0.75 μg, 1.0 μg, or 1.5 μg administered to each
mouse. Dexmedetomidine was injected into the lateral tail vein
using a syringe pump (Fusion 200, Chemyx Inc., Stafford, TX,
USA).

Vascular Fluorescence

FITC-dextran (FITC, avg. mol. wt. 2.0 MDa, Sigma-Aldrich,
Seoul, Republic of Korea) was prepared on the day of imaging
at 50 mg/mL in DPBS. Each mouse was injected with 50 μL of sol-
ution in the orbital venous sinus prior to the experiment.

Intravital Imaging Setup

A two-photon microscope (IVIM Technology, Daejeon, Korea)
was used with an animal stage chamber, a syringe pump, and a
PC connected for real-time imaging, as shown schematically in
Figure 1. The microscope included a 25× water immersion objec-
tive (Apo LWD 25x/1.10W, Nikon), and the animal stage cham-
ber had sliding doors and ports which allowed the heating pad
controller and syringe pump tubes to enter the microscope enclo-
sure while reducing the background signal. After anesthetizing a
mouse with Zoletil and Rompun, FITC was injected into the
orbital vein. Then, a transverse incision was made in the middle
of the abdomen to expose the liver. The liver was placed on a
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base plate. To maintain body temperature, the mouse was placed
on a translation stage with a heating pad set to 36°C. A cover glass
was placed on the exposed liver to flatten the surface, and a drop
of water was added for water immersion. Once the imaging envi-
ronment was prepared, the syringe was inserted into the caudal
vein of the mouse, and DEX was injected at a constant speed
using the syringe pump, while the effect of DEX was imaged in
real-time.

Image Acquisition

An IVM-MS laser-scanning intravital two-photon microscope
(IVIM Technology, Daejeon, South Korea) was used for image
acquisition. It incorporates a femtosecond pulsed laser (wave-
length 920 nm and pulse duration less than 140 fs) and has
four detector channels (second harmonic, GFP, RFP, far red).
FITC-dextran was imaged on the GFP channel (520 ± 12.5 nm).
Images were acquired at a resolution of 1,024 pixels × 1,024 pixels
and 15 fps for 10 s.

Image Analysis

After acquiring image data, we used MATLAB® (MathWorks,
MA, USA) for image analysis. The MATLAB Image Processing
Toolbox provides functions for calculating the intensity of each
pixel. A total of 150 frames, 1,024 pixels × 1,024 pixels each,
were loaded and the difference in average absolute intensity was
calculated between adjacent image frames. The average absolute
intensity differences were calculated by taking the difference in
intensities between pixels at the same coordinate position in
each of the two image frames, and then averaging their absolute
values, as follows:

1
n

∑

i,j

| I1(i, j)–I2(i, j)|,

where I1(i,j) and I2(i,j) are the pixel intensities at the (i,j)-th pixel
position, n is the total number of pixels in one frame, and the sum
is taken over all pixels in the frame.

Results

Green fluorescence was expressed in the blood vessels of the
mouse liver by administering FITC and was imaged using video-
rate two-photon microscopy, as shown in Figure 2. These images
captured the fluorescence intensity from the outer surface of the
mouse liver before DEX injection and at the same location after
the mice were injected with 1.5 μg DEX. Observations were
made at 3 min, 7 min, and 11 min postinjection. For each obser-
vation, images were captured for 10 s at a rate of 15 images per
second, resulting in a video with 0.067 s between adjacent frames.
Fluctuations in the fluorescence intensity were observed in the
liver tissue on comparing the difference in the fluorescence
between frames, which were nominally focused to the same
depth. On comparing the difference in the fluorescence of the
images before DEX injection and 7 min after DEX injection, we
observed that there was a change in the fluorescence area due
to improved focus as the image was stabilized. Stabilization con-
tinued up to 11 min after DEX injection.

While the images in the first two columns of Figure 2 show
snapshots of the fluorescent-labeled liver surface vascularization
at different points in time (0.2 s apart) after DEX dosing, the
color images in the third column show the difference when
these images are overlapped. With the two images overlapped,
the color mismatches are clear, and within 7 min after DEX injec-
tion, a clear decrease in movement was observed. The fourth col-
umn is the average image during the 10-s imaging time. Blurry
images before DEX injection indicate mismatches in focus or lat-
eral movement, and it can be seen that these were reduced after
injecting DEX. This is clearly confirmed in the fifth column of
Figure 2, where an enlarged subframe is shown. While the aver-
aged image before DEX injection was blurry, indicating significant
movement, the image quality improved after DEX injection. The
vessel image appears blurry until 3 min postinjection; however,
the image quality improved after 7 min postinjection.

The intensity of the fluorescence region was also measured and
compared in this dataset. Figure 3 shows graphs of the quantity
calculated by averaging the absolute value of the difference in
intensity between corresponding pixels in sequential frames (the
L1 norm between sequential frames) over the full pixel domain.
As the fluorescent tissue images are arrays of 8-bit integers, the

Fig. 1. Schematic of the experiment: an enclosed two-photon microscope set up for animal experiments with a syringe pump for intravenous injection of dexme-
detomidine (DEX).
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L1 average falls in the range of 0 to 255, and the intensity of each
pixel changes over time following the movement of the tissue. The
graphs for each DEX dosage were normalized together.

On comparing the intensities between pixels on the same loca-
tion of each frame (as shown in Fig. 3, and summarized graphi-
cally in Fig. 4), the largest amplitudes were observed before
DEX was injected. The difference in the intensity of fluorescence
was high whenever the mouse breathed, that is, periodically with a
period of about 2 Hz. In Figure 3a, which shows the observed
fluorescence fluctuations for the mouse injected with 0.25 μg
DEX, both the mean values and the maximum amplitudes of
every plot are reduced compared with those of the preinjection
plot. The average pixel intensity difference was 0.4 before
0.25 μg of DEX was injected. However, 3 min after DEX injection,
the amplitude decreased and the average pixel intensity difference
reached its lowest point, with an average of about 0.15. After
7 min, the average pixel intensity difference increased minimally,
recording an average value of 0.2, and this value was maintained
until 11 min after injection as shown in Figure 4. In the mouse
injected with 0.75 μg of DEX, the average pixel intensity differ-
ence before DEX injection was between 0.4 and 0.6, and by
3 min after DEX injection, the average value dropped to 0.3.
After 7 min, the average value increased and remained stable
until 11 min (Fig. 4). In the case of the mouse injected with
1.0 μg DEX, the average value of the pixel difference amplitude
before DEX injection was slightly less than 0.6 but hit its mini-
mum value 3 min after DEX injection. It increased again after
about 7 min and remained constant until 11 min thereafter. In
the mouse treated with 1.50 μg DEX, the average difference
decreased significantly after DEX injection, and the amplitude dif-
ference lowered noticeably. This phenomenon was maintained
until 11 min after DEX injection.

The flow velocity of the blood was captured via microscopy. As
shown in Figure 5, the point marked with a white box is a blood
cell that moves through every frame, and tracking its motion
allows the flow of blood to be analyzed. The difference in the dis-
tance traveled by the blood cell was compared after 1 min, 3 min,
and 7 min in the mouse injected with 1.5 μg DEX. As seen in
Figure 5, the distance that a blood cell traveled 1 min after DEX
delivery over 0.133 s and the distance a similar cell traveled in
an equivalent time period 7 min after injection were significantly
different; the blood flow peaked 1 min after injection and then
reduced, leveling off between 7 and 11 min postinjection.

The rate of blood flow was calculated in μm/s and is plotted in
Figure 5d. Before DEX injection, the blood flow was measured to
be 100 μm/s. Three minutes after DEX was injected, the rate of
blood flow increased to 120 μm/s, after which it decreased sharply
before leveling off around 80 to 90 μm/s between 7 and 11 min
after DEX injection.

Discussion

By comparing intravital two-photon fluorescence excitation micros-
copy measurements before and after the injection of DEX, we
observed a phenomenon in which breathing and cardiac movement
were stabilized during intravital imaging, resulting in improved
fluorescence images and videos. As seen in Figure 2, consistency
of the imaging region (and the ability to perform long-exposure
images) was improved by 5 to 7 min after treatment with DEX,
and higher dosages had improved effects. The fluorescence inten-
sity was found to vary less under DEX treatment, and the blood
flow rate in the liver surface was found to increase transiently. By
reducing the movement of cells and tissues due to an animal’s res-
piration and pulse, we enabled high-quality in vivo imaging.

Fig. 2. Two-photon micrographs showing the stabilization effect and resolution-increasing effect of DEX on fluorescent microscopy of the mouse liver. (a)
Microscopy of the liver before DEX injection (Supplementary Movie 1), (b) 3 min after 1.5 μg DEX injection (Supplementary Movie 2), (c) 7 min after injection
(Supplementary Movie 3), and (d) 11 min after injection (Supplementary Movie 4).
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It is worthwhile to caution against the overinterpretation of
results. The design of this study was exploratory, and the sample
size (N = 4) was small, compared with other animal experiments.
Due to the small sample size and unavoidable experimental fac-
tors such as the impossibility of identically exteriorizing mouse

livers, variance in the part of the liver being imaged, and variation
in metabolism and drug response between the individual mice,
there is expected to be some variation in the results. However,
this longitudinal study utilizing intravital imaging techniques
removes many sources of bias and makes a spurious finding

Fig. 3. The normalized L1 norm between sequential frames over time, in the case of (a) 0.25 μg DEX injection, (b) 0.75 μg DEX injection, (c) 1.00 μg DEX injection,
and (d) 1.50 μg DEX injection.
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less likely: the stabilizing effect increases with dosage and follows
a consistent time series, which suggests a relationship with the
pharmacokinetics and metabolism of DEX in mice. In humans,
DEX has been found to distribute rapidly to tissues, with a distri-
bution half-life of about 6 min and a mean elimination half-life of
2–2.5 h (Karol & Maze, 2000). The short timespan associated with
DEX uptake in tissues by Karol and Maze matches well with the
duration of the sedative effect which was observed in this study,
although further studies are required to determine the limitations
of DEX for stabilizing preclinical microscopy (i.e., build-up or tol-
erance development in mice).

There is reason to believe that treatment with DEX will also
generalize to other animal models. Dexmedetomidine is also
used as a sedative for dogs and is known to result in a decrease
in heart rate without significant variance based on body weight,
age, or sex. In addition, when a laryngeal examination was per-
formed using dexmedetomidine in dogs, it was noted to be an
effective sedative and did not affect arytenoid abduction while
preventing jaw movement (Micieli et al., 2017; DeGroot et al.,
2020).

Historically, many strategies have been used to overcome the
challenge of involuntary movement during intravital microscopic
imaging, including but not limited to the use of adhesives, strobo-
scopy, clamps, pins, stereotactic mounts, and electro-optic motion
compensation. Unlike previous strategies, the method proposed
here does not require changes to the optical setup, nor does it
require careful setup or surgery. Thus, treatment with DEX is a
less invasive and “low-tech” method of reducing involuntary
movement.

Presently, there is much excitement in the microscopic
research community regarding algorithmic methods for image
stabilization, driven by the blossoming of deep learning and arti-
ficial intelligence for image processing. However, each of these
methods comes with associated tradeoffs: real-time sharpening
algorithms based on combining data from adjacent frames often
reduce the practical frame rate, and the designers of deep
learning-based algorithms must remain vigilant for artifacts “hal-
lucinated” by the algorithm. Thus, although there is little doubt
that the future of intravital microscopy will make widespread
use of algorithmic image stabilization, physical stabilization, and
pharmacological stabilization through compounds like dexmede-
tomidine will likely serve as an initial filter for removing
unwanted movement.

While the present study is limited to preclinical animals, dex-
medetomidine is suitable for translation to the clinic to reduce
physiological motion during next-generation endomicroscopic
imaging. As DEX is FDA-approved for clinical use with an indi-
cation for sedation of nonintubated patients prior to and/or dur-
ing surgical and other procedures, and has a well-known risk
profile, there is potential for its application in translational imag-
ing. (Shukry & Miller, 2010). While it is commonly used in oper-
ating theaters as a sedative, analgesic, and anxiolytic agent, its
intraoperative administration also improves postoperative analge-
sic effects (Afonso & Reis, 2012; Hong et al., 2012; Ding et al.,
2015). Recently, DEX has been demonstrated to improve pediatric
MRI imaging (Mason et al., 2011). Its incorporation into modern
clinical imaging workflows will require no modification to imag-
ing technology and would likely be beneficial for physicians, as it
would provide additional stabilization for images captured by
next-generation endoscopes, colonoscopes, and laparoscopes

Fig. 4. The relative average pixel intensity difference shows consistency in reduced
movement until 7 min post injection.

Fig. 5. Tracking cells from intravital measurements enables the determination of the effect of DEX on blood flow. Blood flow (a) 1 min following injection of 1.5 μg
DEX, (b) 3 min after DEX injection, (c) 7 min after 1.5 DEX injection, and (d) the measured rate of blood flow plotted over time.
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equipped with cellular-resolution endomicroscopy technologies
(Kim et al., 2012; Belykh et al., 2018; Lesur et al., 2019; Yin
et al., 2019; Pilonis et al., 2022). However, in clinical settings,
there are other methods for regulating the involuntary movement
of patients. Our findings will simplify time-course animal micros-
copy studies.

When administering DEX for intravital imaging, potential
local cellular-level changes in the physiological environment
should be considered. Administration of DEX may interfere
with the biomarkers that are to be analyzed by intravital imaging
by affecting microcirculation or hemodynamics. DEX is a selective
a2-adrenoreceptor agonist with sedative and analgesic properties
and is almost eight times more specific than clonidine
(Giovannitti et al., 2015). Intravenous administration of DEX,
however, induces significant hypotension and bradycardia until
the central sympatholytic effects diminish (Bloor et al., 1992;
Civantos Calzada & Aleixandre de Artiñano, 2001). The hypoten-
sive effect of DEX is dose-dependent. A previous study has shown
that heart rate, cardiac output, and norepinephrine concentrations
decrease progressively with increasing DEX concentrations, but
DEX causes a biphasic change in blood pressure (Ebert et al.,
2000). At low concentrations (<1.9 ng/mL), mean arterial pres-
sure decreases, followed by increasing mean arterial pressures
observed with increasing DEX concentrations (Ebert et al.,
2000). It is thought that activation of peripheral α2b-receptors
at higher concentrations causes vasoconstriction, thereby offset-
ting the vasodilation from activation of the α2a-receptor (Ebert
et al., 2000). In this respect, bradycardia is a prominent feature
in clinical settings, while hypotension is relatively infrequent.
Low incidence of hypotension may be due to the provision of suf-
ficient preoperative hydration to the patients or the use of ephed-
rine for treatment. The use of a protocol that increases the time
interval between dosage adjustments may reduce
DEX-associated hypotension (Gerlach et al., 2009).

The method outlined in this paper is not without limitations.
In particular, there is a risk that DEX may interact with other
treatments or exacerbate existing pathologies. This may limit its
applicability for imaging in some preclinical studies. However,
the highly transient nature of the drug in the bloodstream may
also reduce unexpected interactions.

Conclusion

We have demonstrated the use of dexmedetomidine for the reduc-
tion of involuntary tissue movement during intravital microscopy
of the mouse liver using two-photon microscopy and have shown
that it reduces fluorescence signal variation and increases image
consistency. Dexmedetomidine is already FDA-approved and
well-tolerated with similar effects in several different mammalian
species, suggesting that the use of DEX for image stabilization can
be easily generalized for use in a variety of preclinical animal
models and clinical research.
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