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Abstract: Cocaine-induced stroke is among the most serious medical complications associated with
cocaine’s abuse. However, the extent to which chronic cocaine may induce silent microischemia predisposing
the cerebral tissue to neurotoxicity has not been investigated; in part, because of limitations of current
neuroimaging tools, that is, lack of high spatiotemporal resolution and sensitivity to simultaneously measure
cerebral blood flow (CBF) in vessels of different calibers quantitatively and over a large field of view (FOV).
Optical coherence tomography (OCT) technique allows us to image three dimensional (3D) cerebrovascular
network (including artery, vein, and capillary), and provides high resolution angiography of the cerebral
vasculature and quantitative CBF velocity (CBFv) within the individual vessels in the network. In order
to monitor the neurovascular changes from an iz vivo brain along with the chronic cocaine exposure, we
have developed an approach of implanting a cranial window on mouse brain to achieve long-term cortical
imaging. The cranial window was implanted on sensorimotor cortex area in two animal groups, i.e., control
group [saline treatment, ~0.1 cc/10 g/day, intraperitoneal injection (i.p.)] and chronic cocaine group (cocaine
treatment, 30 mg/kg/day i.p.). After implantation, the cortex of individual animal was periodically imaged
by OCT and stereoscope to provide angiography and quantitative CBFv of the cerebral vascular network,
as well as the surface imaging of the brain. We have observed vascular hemodynamic changes (i.e., CBFv
changes) induced by the cranial preparation in both animal groups, including the inflammatory response of
brain shortly after the surgery (i.e., <5 days) followed by wound-healing process (i.e., >5 days) in the brain.
Importantly, by comparing with the control animals, the surgical-related vascular physiology changes in the
cortex can be calibrated, so that the cocaine-induced hemodynamic changes in the neurovasculature can be
determined in the cocaine animals. Our results demonstrate that this methodology can be used to explore the

neurovascular functional changes induced by the brain diseases such as drug addiction.
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Introduction

Cocaine abuse increase the risk of life-threatening neurological
complications, e.g., strokes, seizures and transient ischemic
attacks. About 25-60% of cocaine-induced stroke can
be attributed to cerebral vasospasm and ischemia (1-4).
Previous human magnetic resonance imaging (MRI) and
positron emission tomography (PET) studies have shown
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reduced cerebral blood flow (CBF) in cocaine abusers (5).
However, the mechanisms associated with cocaine-induced
CBF reduction and cerebral vasospasm and ischemia are
not well understood, which may result from the direct
vasoconstrictive properties of cocaine.

Despite imaging technology has profoundly advanced

our understanding of mechanisms that underlie cocaine
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addiction in animals and humans, studies on the vasoactive
effects of cocaine in animal models have been hindered
by the technical limitations of current neuroimaging
techniques. Conventional techniques [e.g., MRI, computed
tomography (CT) angiography] fail to provide sufficient
spatiotemporal resolutions to measure rapid CBF changes
in small vessel compartments (6). While multiphoton
microscopy (MPM) (7-9) can detect capillary CBE, its
small field of view (FOV) restricts its use for assessing
cocaine’s cerebrovascular network effects, and it may not
be suitable for repeated imaging of disease progression (10)
or the dynamics to cocaine responses (e.g., due to
complications associated with exogenous fluorescence
dye loading and clearance). Recent advances in optical
coherence angiography (OCA) (11-14) have markedly
improved in vivo visualization of the microvascular networks
(15,16). Currently, we developed a novel optical imaging
technique that allowed us to image three dimensional
(3D) capillary cerebrovascular networks quantitatively and
at ultrahigh spatial resolution. Specifically, we combined
ultrahigh-resolution OCA (pOCA) (17,18) to enable
visualization of capillary cerebrovascular networks, and a
new phase-intensity-mapping (PIM) algorithm to optimize
the detection sensitivity of ultrahigh-resolution optical
Doppler tomography (pODT). Additionally, this technique
allowed separation of arterial and venous branches and thus
characterization of their differences in response to stimuli
(e.g., cocaine).

To access the cortical tissue with optical imaging
techniques, a cranial preparation could be involved
including a thinned skull or window implantation (7,19-21).
While thinning skull reduces the scattering and absorption
effects on the imaging quality, in the cranial window
preparation the skull is completely removed in the window
area, and the cortex is exposed to allow directly access the
brain tissue for imaging with presumably better resolution.
This is important for some studies, especially related to
image the microvasculature (e.g., capillaries) to characterize
its functional and physiological changes induced by drug
(e.g., stimulants such as cocaine) or in the disease brain.

To achieve the ability of imaging the brain for long term,
a cranial window implants in the animal are becoming a
preparation of choice for stable optical access to the large
area of the cortex over extended period of time. In our case
here, for example, it is to monitor the potential changes in
vascular morphology and/or CBF of the cortex along with
the chronic cocaine treatment to the animal. Indeed, it is
a challenge to maintain a clear, unobstructed view of the
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cortex because the implantation preparation would evoke
an inflammatory response, and the detailed dynamics of
the response on a chronic timescale, so-called as ‘wound
healing response’, has not been characterized. Therefore, it
is not clear how this complex induced by the cranial window
preparation would effect on the image of the neurovascular
changes induced by cocaine in the brain. The goals of
this study are to characterize vascular morphological
(represented by OCA imaging) and functional [reflected
by CBF velocity (CBFv) obtained from ODT imaging]
changes associated with cranial window implantation. We
hypothesize the vascular changes induced by the cranial
preparation would appear in the cranial widow implanted
of the cortex not just in the control mouse but also in
the mouse with chronic cocaine exposure. However, we
anticipate that the vascular physiological changes in the
cortex induced by the window preparation can be calibrated
with the control animals, and the cocaine-induced
hemodynamic changes in the neurovasculature can be
determined accordingly in the cocaine animals.

Materials and methods
Animals

B6 mice (8-week-old male) were used for this study. In
each animal, the cranial optical window was implanted
on the area of the sensorimotor cortex. After the surgery,
the animals were divided into two groups: Group #1 was
a control group in which the mice were daily treated with
saline; Group #2 was an experimental group in which the
mice were daily treated by cocaine. The animal protocols
were approved by Institutional Animal Care and Use
Committees of Stony Brook University and fallowed the
National Institutes of Health (NIH) Guideline for Care and
Use of Laboratory Animals.

Surgery

All surgical devices were pre-sterilized. The mouse was
anesthetized with mixture of pure oxygen and 2.0-2.5%
of isoflurane. The hair on the mouse head was shaved
from near-by eye to the back head by using a small animal
trimmer (Model No 41591-04302, Wahl). After stabilizing
the animal head on a customized stereotaxic frame, the
shaved head area was sterilized with 70% alcohol and
povidone-iodine (NDC52380-1855-2, Aplicare Inc.)
(Figure 1A4) and the skin of ~1 cm in diameter on the cortex
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Figure 1 Surgical procedure of cranial window implantation. (A) The mouse head was shaved and fixed on stereotaxic frame and then the

skin surface was sterilized with 70% alcohol and povidone-iodine; (B) skin was removed on the head and the tissue on skull was clean with

hydro-dioxide; (C) the target area was gently thinned with a dental drill and the Immunosuppressive drugs was applied on brain surface; (D)

cover glass was put on the craniotomy and the instant glue was applied on the skull around the craniotomy and dental cement was applied

surround the glass on skull.

was cut-off by a scissor and the extra tissue on the skull was
removed with hydro dioxide solution (NDC10565-001-
04, Hydrox) with a rubbing q-tips (Cat. No. 8884541300,
Covidien) (Figure 1B). The skull was then further cleaned
with the dry q-tips to explore the positions of begma and
lamda that was used as the localization landmarks. A region
of interest (ROI), i.e., ROI around lateral: from 0.25 to
2.75 and anterior: from -0.25 to —2.75 was selected on the
sensorimotor cortex (Figure 1C) (22,23). Using a dental drill
(Ideal micro drill; Roboz) with 0.8 mm drill bit (Part No
60-1000, CellPoint Scientific, Ideal micro-drill burr set),
a rectangular region in the skull, i.e., ~2.5 mm x 2.5 mm
ROI shown in Figure 1C on the sensorimotor cortex, was
thinned and the bone at that brain region was then carefully
removed, leaving the dura intact. During the drilling
procedure, the drill bit was gently touched to the skull and
the cold saline was applied on the operating area within
each 10 seconds to prevent from a potential heating effect
on the brain that was generated during the drilling process.
As illustrated in Figure 1C, an “immunosuppressive drugs”
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(dexamethasone sodium phosphate) was then applied on the
brain top and the explored brain region was immediately
covered by a 4x3 mm’ coverslip which was cut 22x50 mm’
(Micro cover glasses VWR, Cat. No. 48393059) with
carbide scriber (Ted Pella Inc., Fisher Scientific, Cat. No.
NC0627043) and sealed with instant glue (Super Glue 3 g,
Gorilla Glue Company) (Figure 1D). Dental cement was
spread around the edge of the coverslip to further secure its
attachment with the skull.

Post-operative care and chronic drug treatment

After the cranial window implantation, the animal was under
the post-operative care for 2 days for surgical recovering,
including antibiotic and anti-inflammation treatments if
necessary. From third day of the surgery, the control group
(i.e., Group #1) was administrated with saline [~0.1 cc/10 g/day,
intraperitoneal injection (i.p.)], whereas the chronic cocaine
group (i.e., Group #2) was administrated with cocaine
(30 mg/kg/day i.p.) for consecutive over 27 days.

Quant Imaging Med Surg 2015;5(1):97-107
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Step 1. OCT scan

Step 2. White light snap

Figure 2 A schematic of hybrid imaging system for ultrahigh-
resolution optical coherent tomography (nOCT) and white light
imaging. pOCT can provide the quantitative ultrahigh-resolution
optical Doppler tomography (pODT) to image the cerebral blood
flow velocity (CBFv) in the cortical vascular network. In addition,
it can simultaneously provide the ultrahigh-resolution optical
coherence angiography (pOCA) of the vascular network of cortex
as well. The white light imaging modality provides the superficial
imaging of the brain surface through the optical window. G, galvo

scanning mirrors; MS, motor stage; CCD, charge coupled device.

Neurovascular imaging of in vivo brain

From the surgical day on, the mouse brain was imaged
through cranial window. By using ultrahigh-resolution
optical coherence tomography (pOCT) the quantitative
CBFv by pODT was acquired as well as the pOCA imaging
of the cerebral vascular network. Afterwards, the brain
surface under the cranial window was imaged by using
a stereoscope. Every 3-4 days, these images were taken
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repeatedly. In each imaging day, the animal was anesthetized
with mixture of oxygen with 1.5-2.0% of isflurane and its
head was stabilized by home-modified stereotactic frame
for minimizing the motion artifact effect on the imaging.
Animal’s brain was set to similar angle respect to incident
light beam and similar area of sensorimotor cortex to keep
the imaging consistency among scans on different day.
During the imaging, the physiology of the animal was
continuously monitored, including the electrocardiograph
(ECQ), respiration and body temperature (Model No.
10257T, SA instrumentation).

As illustrated in Figure 2 a custom spectral domain
pOCT (24) system was used to track cerebral vasculature
and CBFv change by post-reconstructed pOCA (12,25)
and pOD'T (26), respectively. The pOCT system provided
axial resolution of ~1.8 pm in brain tissue determined
by the short coherence length {L.=2In[2]A*/ (A pwiny),
A1 54 nm—Dbandwidth of cross-spectrum} and lateral
resolution of ~3 pm attributed by the numerical aperture
(NA) of microscopic objective (f 16 mm/NAO.25). After
the pOCT scan, animal was moved to a stereoscope (Nikon
SMZ 1500 with Olympus DP72 Camera) for the white light

imaging of brain surface.

Quantification of CBFv change by uODT

To quantify the CBFv of heterogeneous flow speed in
different types of vessel (i.e., artery, vein, capillary), pODT
were scanned and reconstructed at two different A-scan
frequencies, i.e., 27 kHZ and 5 kHz (binning at every
two A-line of original 10 kHz scan image). While, in case of
5 kHz scan scheme, the sensitive of slow flow (i.e., flow in
capillary) was very high but fast flow rate in large vessel,
especially in main artery branch, could be easily saturated.
On the contrary, 27 kHz scan scheme was less sensitive for
capillary flow while it circumvented phase saturation that
easily occured in slow scan scheme i.e., 5 kHz. Combining
these two scan schemes, we enabled to quantify the CBFv
in the large vessels (i.e., pial artery and vein) as well as the
CBFv in the capillaries.

To calculate the CBFv change [i.e., ACBFv (%)], CBFv
at a selected vessel at a certain day [e.g., t4, i.e., CBF (t,)]
was compared with its baseline [i.e., CBFv (t,)] obtained at
the surgical day of the window implantation i.e., ACBFv
(%) = {[CBFv (ty) — CBFv (t,)]/CBFv (t,)} x100. More than
three ROIs for each vessel were selected to calculate its
mean ACBFv (%) with its standard deviation. To track
the capillary ACBFv (%) as a function of time, 10 ROIs in
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Figure 3 Transformation of a control group animal brain was tracked for 27 days and its representation in day 0, day 3, day 12 and day 21
after the cranial optical window implantation. Row A (i.e., A0-A3), white light image shows the surface image of the cortical brain under the
optical window; row B (i.e., B0-B3), ultrahigh-resolution optical coherence angiography (nOCA) of the vascular network of cortex; row C (i.e.,
C0-C3), quantitative cerebral blood flow velocity (CBFv) in the cortical vascular network imaged by ultrahigh-resolution optical Doppler
tomography (nODT). It illustrates the minor bleeding appeared on day 3 (black circle in Al) along with the vessel dilations (red arrows in
B1), thus suggesting that the minor bleeding was associated with the hyperemia. The bleeding was recovered afterwards, indicating that it
was temporal which might be associated with the local inflammatory response to the surgery (i.e., window implantation). In addition, the

CBFv was obviously increased as a function of time, e.g., day 12 (C2) and day 21 (C3) if comparing with day 3 (C1).

capillary bed were selected from the 5 kHz pODT imaging
and the mean velocity change in capillary ACBFv can be
determined accordingly from day 0 to day 27 of the cranial
window implantation. In order to extract cocaine effect
from the wound healing process from brain surgery, we
calculated the ratio of ACBFv between the cocaine group
and the control group and presented the relative changes of
mean ACBEv over the baseline.

Results

Cortical neurovascular images of in vivo brain through the
cranial window

Figure 2 illustrates the systematic set-up for cortical
brain imaging from the iz vivo mouse. The steroscope
is a conventional modality that enables detection of the

© AME Publishing Company. All rights reserved.

www.amepc.org/qims

reflected light from the brain surface to provide the global
view of the cortical brain. By using our home-built pOCT,
we can acquire 3D cross-sectional images of cortical brain
structures characterized by their backscattering properties
at near real time and over a large FOV (for example,
2x2x1 mm’) through the cranial window. With the post-
image processing algorithms (12,13,27), pOCT can produce
the pOCA to visualize the vascular networks of cortex.
Meanwhile, it can simultaneously measure the flow rates of
the blood in the vessels, thus providing the quantitative map
of the CBFv in neurovasculature of the brain.

Monitoring vasculature changes as a function of time

Figure 3 represents the repeated images of the same cortical
area of a control mouse (i.e., from Group #1) through the

Quant Imaging Med Surg 2015;5(1):97-107
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Figure 4 Transformation of a chronic cocaine group animal brain was tracked for 27 days and its representation in day 0, day 3, day 12 and
day 21 after the cranial optical window implantation. Row A (i.e., A0-A3), white light image shows the surface image of the cortical brain
under the optical window; row B (i.e., BO-B3), ultrahigh-resolution optical coherence angiography (OCA) of the vascular network of cortex;
row C (i.e., C0-C3), quantitative cerebral blood flow velocity (CBFv) in the cortical vascular network imaged by ultrahigh-resolution optical
Doppler tomography (nODT). It illustrates the minor bleeding also appeared on day 3 (black circle in A1) along with the vessel dilations (red
arrows in B1), thus suggesting that the minor bleeding was associated with the hyperemia. The bleeding was recovered afterwards, indicating

that it was temporal which might be associated with the local inflammatory response to the surgery (i.e., window implantation). In addition,

the CBFv was not obviously increased as a function of e.g., day 12 (C2) and day 21 (C3) if comparing with day 3 (C1).

cranial window at the implanted day (i.e., day 0), and after
implantation at the 3" day (i.e., day 3), 12t day (i.e., day 12)
and 21" day (i.e., day 21), respectively, which includes the
reflected white-light image of the cortical surface (i.e., top
row A0-A3, Figure 3), the angiography of cortical vascular
network (i.e., middle row B0O-B3, Figure 3) and the CBFv
map of these vessels (i.e., bottom row C0-C3, Figure 3). As
shown in Figure 340-A3 the reflected-white light images
of the brain seems no significant change over the 21 days
except that a very small bleeding spots were observed on
the day 3 (i.e., black circle, Figure 341). Interestedly, the
angiography image shows that the vascular network was
intact at those location (i.e., Figure 3B1), however, the
vessel dilation was observed on day 3 after the window
implantation (red arrows, Figure 3B1) if comparing with
its baseline (i.e., day 0, Figure 3B0), which indicates that
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the hyperemia induced on day 3 might induce the surface
microvascular burst and result in the local small bleeding.
It should be noted that the bleeding spots were disappeared
after day 7 as shown in Figure 342 and the diameters of
major vessels tended to be returned to the normal sizes in
the baseline (Figure 3B2). This indicates that the bleeding
of the microvascular around day 3 was temporal and the
vascular dilatation might reflect the inflammatory response
to the surgery in the brain.

Figure 4 shows the cortical images of a cocaine mouse
from the Group #2, which was administered with cocaine
daily (30 mg/kg/day, i.p.) for consecutive 27 days and the
images was taken repeatedly on the certain days during
the treatment period from the same area of the cortex
through the cranial window. As shown in Figure 441, a
microvascular bleeding was also observed on day 3 (black

Quant Imaging Med Surg 2015;5(1):97-107



Quantitative Imaging in Medicine and Surgery, Vol 5, No 1 February 2015 103

Vessel flow change

200
*
*x * P=0.045
150r = P=0.01
- =+ P=0.007
X
~ 1001
>
w Kk
m
(@) *
< 50_
Vein  Artery Capillary Vein  Artery Capillary
50 Control Chronic

Figure 5 Cerebral blood flow velocity (CBFv) changes in vein,
artery and capillary in control animals and cosine animals. In
control animals, the CBFv was increased to 154.4%+49%,
72.1%%26.6%, and 55.5%+32.8% in the vein, artery and capillary,
respectively. However, in chronic cocaine the CBFv was changed
10%+39.9%, —7.5%=+6.5%, and 18.4%+16.1% in the vein, artery
and capillary, respectively. The CBFv of the big vessel (e.g., vein)
was significant difference from capillary CBFv (P=0.045) in the
control animals. The CBFv was significantly reduced by cocaine,
e.g., P=0.017 for the vein and P=0.007 for the artery if comparing

the CBFv changes with and without cocaine treatment.

circle, Figure 3A1) with the vasculature dilatation in the
cortical window (red arrows, Figure 4B1), and it returned
to normal afterwards (Figure 442,43). This phenomenon
was appeared in the mice in both animal groups above,
thus confirming relevance to the inflammatory response
to the surgery in the brain. Interestingly, although there
was no obvious change in the morphology of the big
vessels before and after the treatment of cocaine in the
mouse (Figure 4B0,B2,B3), the capillaries seemed to be
denser following the chronic treatment of cocaine (circled
ROIs in Figure 4B0-B3). This is different from the control
mouse above, which suggests the effect of cocaine on the
microvascular network in the brain that can be explored by
our pOCA.

CBFv imaging of the cerebral vascular network within
the cranial window of the brain, and the quantitative
CBFv changes between the mice with and without cocaine
exposure

Beside the pOCA enables visualizing the cerebral vascular
network as shown above, our OCT system can also detect
the Doppler flow within these vessels simultaneously to
provide the quantitative CBFv map of the brain (26,28).
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In addition, with our PIM algorithm (29) the sensitivity
of CBFv detection is enhanced to uncover capillary CBF
embedded in the noise background (30). Furthermore,
this technique allowed separation of arterial and venous
branches and thus characterizing of their difference in
response to stimuli such as cocaine.

Figure 3C0-C3 show the CBFv map of the control mouse
at day 0, 3, 12 and 21 by pOD'T, and Figure 4C0-C3 are the
CBFv map also at day 0, 3, 12 and 21 but from a cocaine
mouse instead. Figure 5 summaries the quantitative CBFv
change after the 21-day treatment (i.e, either by saline in
control group or cocaine in chronic cocaine group) over
its baseline (e.g., day 0-3) in the different type of vessels,
including vein, artery and capillary.

As shown in Figure 5, the CBFv was increased in the
control mouse brains over its baseline across all vascular
trees in the post 21 days of the cranial window implantation.
Specifically, the CBFv of the control mouse were increased
to 154.4%+49.5%, 72.1%+26.6% and 55.5%=32.8% in
the veins, arteries and capillaries, respectively, and there
was no significant difference in CBFv changes between
the veins and arteries (P=0.064). In contrast, in chronic
cocaine group the percentage changes of CBFv in the
veins, arteries and capillary were dramatically depressed.
Specifically, the CBFv increases in the veins and capillaries
were only 10.0%£39.9% and 18.5%+9.1%, respectively. In
the arteries, the mean CBFv was changed to —7.5%+6.5% if
comparing to its baseline, thus indicating the CBFv decrease
in the vascular tree (including the capillary bed). The
reduction of CBFv in the chronic cocaine animals reflected
the vasoconstrictive effect of cocaine on the neurovascular
network in the brain.

Dynamic CBFv changes in capillary bed induced by cocaine

Figure 6A illustrates the time traces of CBFv in the micro-
vasculatures from day O (i.e., when the cranial window was
implanted) to day 27 (i.e., 27 days after the implantation)
in a control animal, in which the black lines represent
the ACBFv of individual ROIs (control n=8) from the
capillary bed in the various locations on the cortex within
the cranial window whereas the red bold curve represents
their averaged ACBFv of the capillaries as a function of
time. As shown in Figure 64, in day 3 of the post cranial
window implantation, the capillary CBFv was varied,
i.e., some of capillaries had the increase of CBFv about
26% and others decreased in the CBFv about 10-20%.
However, this inhomogenous change in capillary CBFv
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Figure 6 ACBEv of capillary in control group (A) and chronic
cocaine group (B) and relative change of chronic cocaine data (C).
(A) the ACBFv of each ROI was changed 7.0%+18% on day 3 scan
and the change was recovered by day 7. By day 16, the ACBFv
was increased to 68%+21% and maintained 56-61%=+13-21%
until day 27; (B) mean of ACBFv increase and high deviation
(26.1%+27.3%) on day 3 and the ACBFv was decreased to
-8%=+14.5% by day 7 and then maintained around the range of
4-18%=+8-14%; (C) the ratio between control and chronic cocaine
data (ACBFvy), showing ACBFv was decreased in response to
cocaine by day 5 that reached to —26%+22% by day 10 and then
maintained about -38%+23% until day 27. CBFv, cerebral blood

flow velocity; ROI, region of interest.

was recovered around day 5 after the window implantation
as being illustrated as grey strip in Figure 6A. Interestedly,
from day 7 to day 15, the capillary CBFv was increasing as
a function of time up to 68%=+21% over the baseline and it
was plateaued at day 15 and kept it until day 27 of the post-
surgery. This might indicate the capillary response to the
wound healing process of the implantation on the cortex.
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Figure 6B shows the dynamic CBFv changes in the
capillary bed in the cocaine treated animal (ROIs n=10).
Similarly to the control mouse, in day 3 of the surgical
implantation of the cranial window on the cortex the
inhomogenous change in capillary CBFv was observed
(i.e., CBFv changes from —20% to 63% in the different
capillary ROIs). This surgical effect was recovered by day
5 that is in agreement with the phenomenon observed in
the control mouse above (Figure 64). However on day 7,
the capillary CBFv was decreased beyond the baseline
about 8%=14% followed by a plateaus around this level
during the recording period of the experiments (i.e., up to
27 days of the post implantation). This reflects a complex
of the wound-healing process of the implantation with the
cocaine’s effects on the brain in the cocaine animal.

To extract the cocaine’s effect from the complex with
wound healing process of the surgical implantation on the
brain in the chronic cocaine mouse, we computed the ratio
of ACBFv in the capillaries between the cocaine mouse and
the control mouse [i.e., shown as ACBFv,,,. time trace,
Figure 6C] shows the relative changes of mean ACBFv,,,.
over the baseline, i.e., CBFv,,.. (t) = CBFv,, (t)/CBFv,
(1), ACBEv g = {[CBFv . (tg) = CBEv e (8)]/CBEv o
(t,)} x100. The mean value of ACBFv_; was approximately
unchanged during the day 0-5, thus indicating that the
initial surgical effects on the capillary ACBFv was corrected.
Furthermore, from day 5 on, the ACBFv was decreased
gradually and reached to the maximal change to -38%+23%
on day 10 of the post cocaine treatment. The low ACBFv;
value was maintained till the end of experimental recording
on day 27. This decrease in capillary ACBFv_ were long
and persistent over 27 days which is in agreement with
the previous reports in animals (31) and human studies
using other modalities such as PET and MRI, Doppler
sonography (32,33). This demonstrates that the cocaine’s
effects on the microvascular CBF can be recovered from
the complex with the wound healing process of the cranial
window implantation, thus validating the surgical approach
and the animal model above can be used for studying the
microvascular changes and monitoring their development as
a function of time along with a drug chronic treatment such
as cocaine.

Discussion

Functional brain imaging has become an important
tool in exploring both the healthy and dysfunctional
brain in human and animals. Optical imaging allows
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visualization of the vascular network of cortical brain at a
high spatiotemporal resolution. OCT imaging techniques
allow us to image 3D cerebrovascular networks, including
artery, vein and capillary. Specifically, it can provide high
resolution OCA of the cerebral network and quantitative
CBFv within the individual vessels in the network, and also
allow separation of arterial and venous branches and thus
characterization of their differences in response to stimuli
(e.g., cocaine).

To achieve the ability of imaging the brain for long
term, we implanted a cranial window on the cortex of the
animals in both control group (daily treated by saline) and
cocaine group (daily cocaine administration). These mice
were imaged periodically up to 27 days of the post window
implantation by using multi-model imaging including
the reflected-white light image, tOCA and pODT. Our
implantation surgery was successful and we did not have
‘regrowing’ of ‘neomembrane’ on the surface of the
cortex as being reported previously (34,35). This might
be because of the action of the immunosuppressive drugs
(dexamethasone sodium phosphate) applied on the brain
surface during the window implantation. This approach
provides us the clear optical windows (Figure 340-A3,
Figure 440-A3) to monitor the vasculature changes on
the local cortex induced by the surgical preparation
(Figures 3,5), as well to detect the hemodynamic response
of neurovascular network to a stimulant such as cocaine
(Figures 4,5). We have observed an initial short-term
vasodilation with a minor and temporal bleeding within the
first 2-3 days after the implantation, it returned to normal
by day 5-6 in the post implantation. This phenomenon
appeared in the groups of both control and cocaine animals
(Figure 64,B), thus indicating an inflammatory response of
brain to the surgery (i.e., window implantation) which is in
agreement with previous report from others (36). However,
after day 7 of the implantation, the vasculature in the cortex
became more in a ‘wound-healing’ process to increase the
blood flow in the vascular tree (Figures 5,6). Importantly,
in chronic cocaine animal group, the CBF changes were
dramatically reduced across the entire vascular tree,
including arteries, veins and capillaries (Figure 5). The
reduction of CBFv in the chronic cocaine animals reflected
the vasoconstrictive effect of cocaine on the neurovascular
network in the brain.

With pODT, we enabled to capture CBFv in the
capillaries and track their dynamic changes as a function
of time in the control (Figure 64) and cocaine (Figure 6B)
animals. The inflammatory response as well ‘wound-
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healing process’ were clearly observed in control mouse as
demonstrated in Figure 64. However, in cocaine mouse,
besides the similar inflammatory response in the earlier
period after the surgery, the CBFv in capillaries was
depressed during the ‘wound-healing process’ period,
thus indicating the complex of vascular physiology, i.e.,
competing the ‘wound-healing response’ (presumply
increase in CBFv) with the constrict effect of cocaine
(induced the decrease in CBFv). Fortunately, by using the
dynamic changes of CBFv in the control animals, we were
able to calibrate the CBFv changes induced by the ‘wound
healing’, so that to explore the cocaine’s effects on the
capillary dynamics as illustrated in Figure 6C.

In summary, we have presented an approach of
implanting a cranial window on mouse brain to achieve
long-term cortical imaging, and we applied it to the
animals with or without chronic cocaine exposure to valid
the approach. We have observed vascular hemodynamic
changes (i.e., vascular CBFv changes) induced by the cranial
preparation which were appeared in the cortex with the
implantations in both animals groups. By comparing with
the control animals, the surgical related vascular physiology
changes in the cortex can be calibrated, so that the cocaine-
induced hemodynamic changes in the neurovasculature
can be determined in the cocaine animals. Our results
demonstrate that this methodology can be used on the
animal model to explore the neurovascular functional
changes induced by the brain diseases such as drug
addiction.
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