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Abstract

Cerebral small vessel disease has been linked to cognitive, psychiatric and physical disabilities, 

especially in the elderly. However, the underlying pathophysiology remains incompletely 

understood, largely due to the limited accessibility of these small vessels in the live brain. Here, 

we report an intravital imaging and analysis platform for high-resolution, quantitative and 

comprehensive characterization of pathological alterations in the mouse cerebral microvasculature. 

By exploiting multi-parametric photoacoustic microscopy (PAM), microvascular structure, blood 

perfusion, oxygenation and flow were imaged in the awake brain. With the aid of vessel 

segmentation, these structural and functional parameters were extracted at the single-microvessel 

level, from which vascular density, tortuosity, wall shear stress, resistance and associated cerebral 

oxygen extraction fraction and metabolism were also quantified. With the use of vasodilatory 

stimulus, multifaceted cerebrovascular reactivity (CVR) was characterized in vivo. By extending 

the classic Evans blue assay to in vivo, permeability of the blood-brain barrier (BBB) was 

dynamically evaluated. The utility of this enabling technique was examined by studying 

cerebrovascular alterations in an established mouse model of high-fat diet-induced obesity. Our 

results revealed increased vascular density, reduced arterial flow, enhanced oxygen extraction, 

impaired BBB integrity, and increased multifaceted CVR in the obese brain. Interestingly, the 

‘counterintuitive’ increase of CVR was supported by the elevated active endothelial nitric oxide 

synthase in the obese mouse. Providing comprehensive and quantitative insights into cerebral 

microvessels and their responses under pathological conditions, this technique opens a new door to 

mechanistic studies of the cerebral small vessel disease and its implications in neurodegeneration 

and stroke.
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Introduction

Supporting the brain with more than 20% of the oxygen consumed by the whole body at the 

resting state (Willie et al., 2011), the cerebral vasculature is essential for brain function and 

survival. Indeed, subtle changes in the autoregulation of the diameter, blood oxygenation or 

flow of the ubiquitously presented microvessels can disrupt the delicate balance between the 

oxygen demand and supply, thereby impairing the integrity of the brain (Peterson et al., 

2011). Cerebral small vessel disease (CSVD) has been associated with substantial cognitive, 

psychiatric and physical disabilities in the elderly population (de Laat et al., 2010; Herrmann 

et al., 2007; Van Der Flier et al., 2005). Moreover, it is involved in 45% and 20% of all cases 

of dementia and stroke, respectively (Gorelick et al., 2011; Sudlow and Warlow, 1997; 

Wardlaw et al., 2013).

Associated with blood pressure increase, dyslipidemia, glucose mal-metabolism, and/or 

insulin resistance (Strazzullo et al., 2010), obesity is increasingly being considered as an 

important risk factor for CSVD and ischemic stroke (Dearborn et al., 2015; Mokdad et al., 

2003). However, the relationship between obesity and cerebrovascular diseases, as well as 

cardiovascular diseases, remains inconclusive and controversial (Blüher, 2017). Recent 

studies have shown that obesity is not always associated with poorer outcomes in patients 

(Ortega et al., 2016). Paradoxically, it sometimes may be associated with lower morbidity 

and mortality (Kim et al., 2015; Lavie et al., 2015, 2014, 2009). This ongoing controversy 

underscores the critical need for improved understanding of obesity-induced vascular 

changes, especially at the microscopic level.

Although attracting increasing attention, the mechanism of CSVD remains largely 

understudied. A major challenge of investigating CSVD is the limited accessibility of these 

small vessels in the live brain (Wardlaw et al., 2001). It is particularly the case in clinical 

settings. Recent advances in computed tomography (CT), magnetic resonance imaging 

(MRI), and positron emission tomography (PET) have facilitated the diagnosis and treatment 

monitoring of cerebrovascular diseases in clinics (Banerjee et al., 2016). However, it remains 

challenging for MRI and PET to image microvessels in the human brain, due to the 

insufficient spatial resolution (Blair et al., 2017). The new approval of 7-Tesla MRI for the 

clinical use has enabled functional imaging of the human brain at higher spatial resolution 

and shown great promise in the diagnosis of cerebrovascular diseases (Duyn, 2018; 

Harteveld et al., 2016). However, its resolution is still insufficient to resolve the 

microvasculature. Although capable of imaging microvessels less than 40 μm, CT cannot 

evaluate some of the important functional parameters, including blood oxygenation 

(Starosolski et al., 2015). Given the unmet challenge in functional imaging of the brain 

microvasculature in humans, development of new imaging tools for high-resolution 

comprehensive characterization of the cerebral microvasculature in animals has attracted 

considerable attention. A recent breakthrough in medical ultrasound has enabled 

microvascular imaging in the rodent brain (Errico et al., 2015). Similar to CT, however, it 

cannot measure blood oxygenation and requires injection of angiographic agents, which may 

perturb intrinsic physiology of the microcirculation and discourage longitudinal monitoring. 

Advances in two-photon microscopy (TPM), the technology of choice for intravital imaging 
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of the rodent brain, have enabled visualization of the cerebral vasculature at a much finer 

spatial scale. However, it also requires injection of angiographic agents (Sakadzić et al., 

2010; Shih et al., 2012). Even with the aid of the exogenous agents, some important 

functional parameters of the microvasculature (e.g., concentration and oxygenation of 

hemoglobin) remain inaccessible.

Uniquely capable of microvascular imaging based on the endogenous contrast from blood 

hemoglobin (Hu, 2016; Wang and Hu, 2012), photoacoustic microscopy (PAM) holds great 

potential to fill the technology gap. By detecting ultrasonic waves generated within the near-

diffraction-limited light focus, the optical-resolution PAM has enabled label-free anatomical 

and functional imaging of the microvasculature in small animals (Lin et al., 2017; Ning et 

al., 2015b; Yao et al., 2015). In recent years, it has found broad applications in basic and 

translational brain research (Hu, 2016; Yao and Wang, 2014), including but not limited to 

functional connectivity (Hariri et al., 2016), neurovascular coupling (Yao et al., 2015), 

ischemic stroke (Deng et al., 2012; Hu et al., 2011), and Alzheimer’s disease (Da Mesquita 

et al., 2018). To improve the penetration depth, near-infrared light with relatively low optical 

scattering in biological tissues has been utilized for photoacoustic excitation, enabling 

coverage of the entire mouse cortex (Hai et al., 2014). To enable quantification of cerebral 

oxygen metabolism, multi-parametric PAM has been developed, with allows simultaneous 

imaging of blood perfusion, oxygenation and flow in the mouse brain (Ning et al., 2015a, 

2015b). To circumvent the influence of general anesthesia on brain hemodynamics and 

metabolism, a head-restraint setting has been developed recently to extend multi-parametric 

PAM to the awake mouse brain (Cao et al., 2017).

Here, we present a PAM-based new imaging and analysis platform, which enables 

comprehensive and quantitative characterization of vessel type-specific alterations in the 

cerebral microvasculature, in terms of the vascular structure (i.e., density, tortuosity and 

permeability), mechanical property (i.e., wall shear stress, resistance and reactivity), 

hemodynamics (i.e., blood perfusion, oxygenation and flow), and the associated tissue 

oxygen extraction and metabolism. Providing new insights into the influence of obesity on 

microvessels in the brain, this enabling technology is readily and widely applicable to study 

the CSVD and its roles in ischemic stroke and neurodegenerative diseases.

Methods

Mouse Model of High-fat Diet-induced Obesity

Male CD-1 mice were acquired at the age of 10 weeks (Charles River Laboratory) and 

randomly divided into two groups on either the normal diet (7912, Harlan Laboratory) or the 

high-fat diet (D12451, Research Diets). Consisting of 45% fat calories, 35% carbohydrate 

calories, and 20% protein calories, the high-fat diet had a food energy of 4.73 kcal/g. In 

contrast, the normal diet has only 17% fat calories, along with 58% carbohydrate calories 

and 25% protein calories. The two groups of mice were fed different diets for 12 months 

before the present study. To confirm obesity and metabolic dysfunction in these mice, the 

body weight, random blood glucose level, cholesterol, triglycerides, high-density lipoprotein 

(HDL), and low-density lipoprotein (LDL) were measured.
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Animal Preparation for PAM Imaging

To prepare the mice for PAM-based awake-brain imaging, the hair in the scalp was first 

shaved and then depilated by hair removal cream. To avoid infection, povidone iodine was 

applied to the scalp before an incision was made. After the surgically exposed skull was 

cleaned, dental cement was applied to it and a nut was attached contralateral to the region of 

interest (ROI). To alleviate possible pain caused by the surgical procedure, ketoprofen was 

subcutaneously injected at the dose of 5 mg/kg. Once the cement was solidified and the nut 

was firmly adhered, the mice were transferred to the head-restraint apparatus in our PAM 

system. To attenuate possible stress induced by the restraint, the mice were trained for five 

consecutive days with a daily training session of 45 minutes. The animal behavior was 

closely monitored to determine whether they were acclimated to the head restraint. The mice 

that failed more than one training session were excluded from the PAM study.

Following the established protocol (Goldey et al., 2014), the skull over the ROI was 

carefully thinned using a dental drill at least 24 hours before the imaging experiment. Care 

was taken to alleviate inflammation and avoid possible damages to the brain. Since the 

thickness of the thinned-skull window in our preparation (~100 μm) was much larger than 

20 μm, no obvious inflammation or microglial activation was expected according to previous 

studies (Yang et al., 2010). Before the PAM experiment, the mice were briefly anesthetized 

(<5 minutes) for ROI cleaning and head restraint. Then, they were placed under a water 

tank, whose bottom was sealed with a piece of optically and acoustically transparent 

polyethylene membrane. A thin layer of ultrasound gel was applied between the skull 

window and the membrane for acoustic coupling. Throughout the experiment, the water tank 

was kept at 37 °C to maintain the brain temperature. The body temperature was also kept at 

37 °C using a heating pad. All animal procedures were approved by the Institutional Animal 

Care and Use Committee at University of Virginia.

Head-restrained Multi-parametric PAM for Awake-brain Imaging

To measure blood oxygenation, two nanosecond-pulsed lasers (BX40-2-G and BX40-2-GR, 

Edgewave) were utilized in the multi-parametric PAM system (Fig. 1). The two laser outputs 

with orthogonal polarization states were combined via a polarizing beam splitter (48-545, 

Edmund Optics) and then coupled into a single-mode optical fiber (P1-460B-FC-2, 

Thorlabs) through a microscope objective (M-10X, Newport). To achieve high coupling 

efficiency and to ensure the laser energy was below the damage threshold of the fiber, the 

combined beam was attenuated by a neutral density filter (NDC-50C-2M, Thorlabs), 

reshaped by an iris (SM1D12D, Thorlabs), focused by a condenser lens (LA1608, Thorlabs), 

and filtered again by a pinhole (P50C, Thorlabs) before the fiber coupling. To monitor and 

compensate for the laser fluctuation, a beam sampler (BSF10-A, Thorlabs) was placed 

before the fiber coupler to reflect a small portion of the light to a high-speed photodiode 

(FDS100, Thorlabs). The beam coming out of the fiber was launched into the PAM scan 

head (enclosed by the red dashed box), where it was first collimated and then focused by a 

pair of achromatic doublets (AC127-025-A, Thorlabs). An iris (SM05D5, Thorlabs) was 

placed in between to adjust the beam width. To correct the optical aberration at the water-air 

interface and to stabilize the water surface during movement of the scan head, a correction 

lens (LA1207-A, Thorlabs) was applied before a customized ring-shaped ultrasonic 
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transducer (inner diameter: 2.2 mm; outer diameter: 4.0 mm; focal length: 6.0 mm; central 

frequency: 35 MHz; 6-dB intensity bandwidth: 70%). The laser beam passed through the 

central opening of the transducer to excite the microvasculature in the mouse brain. A 

portion of the light-generated ultrasonic waves back-propagated and were detected by the 

transducer to form PAM images. To ensure maximum sensitivity, the optical and acoustic 

foci were confocally aligned. Motorized linear stage-based two-dimensional raster scan was 

used in the present study. With this scan mechanism, it took ~15 minutes to image an area of 

2.5×2.5 mm2.

A head-restraint apparatus, consisting of an adjustable head plate and an air-floated spherical 

treadmill, was used to fix the head of the awake mouse. Specifically, the nut attached to the 

skull was fixed to the head plate using a bolt. Then, the mouse head was angularly and 

vertically adjusted using a rotation mount (RSP-1T, Newport) and a right-angle clamp 

(RA90, Thorlabs) to align the ROI perpendicular to the scan head for high-resolution 

imaging. The mouse limbs were comfortably rested on the treadmill, which ensured minimal 

resistance to voluntary movement.

PAM of the Oxygen Saturation and Total Concentration of Hemoglobin

Capitalizing on the difference in the optical absorption spectra of oxy-hemoglobin and 

deoxy-hemoglobin (HbO2 and HbR, respectively), dual-wavelength PAM was used to 

quantify the relative concentrations of HbO2 and HbR ([HbO2] and [HbR], respectively), 

from which the absolute oxygen saturation of hemoglobin (sO2) can be derived as (Zhang et 

al., 2007)

sO2 =
[HbO2]

[HbR] + [HbO2] . (1)

Furthermore, the total concentration of hemoglobin (CHb) was quantified in absolute values 

by statistical analysis of the PAM signals acquired at 532 nm, a near-isosbestic point of 

hemoglobin. Statistical fluctuation of the PAM A-line amplitude, induced by the Brownian 

motion of red blood cells (RBCs), was used to estimate the average count of RBCs (NRBC) 

within the detection volume of PAM as (Zhou et al., 2014)

E(NRBC) = E(Amp)
Var(Amp) − Var(Noise) , (2)

where E() and Var() are the mean and variance operations, respectively, Amp is the 

amplitude of the PAM signal, and Noise denotes the noise of the PAM system. Since each 

RBC contains ~15 pg of hemoglobin, the absolute CHb can be estimated as (Ning et al., 

2015b)

CHb = 15 ×
E(NRBC)

Vol , (3)
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where Vol is the detection volume of the PAM system.

PAM of Cerebral Blood Flow

Quantification of the blood flow speed was achieved through correlation analysis of the 

same set of PAM A-lines used to quantify the CHb. The blood flow induced decorrelation of 

the sequentially acquired A-lines follows a second-order exponential decay, in which the 

decay constant is linearly proportional to the flow speed. Thus, the blood flow speed at each 

scanning position was quantified by correlating the A-line measured at this point with each 

of the 46 adjacent A-lines to extract the decay constant. Given that the time interval between 

adjacent A-lines was 100 μs, the correlation window was 4.6 ms. With a step size of ~0.1 

μm, the movement of the scan head within this time window was only 4.6 μm, comparable to 

the average diameter of capillaries. Therefore, our PAM is capable of measuring cerebral 

blood flow (CBF) down to the capillary level. To extract the structural and hemodynamic 

parameters of individual microvessels, a previously developed vessel segmentation 

algorithm was applied (Cao et al., 2017; Oladipupo et al., 2011; Soetikno et al., 2012). This 

segmentation procedure consists of four steps: (1) manually identify the boundaries of 

individual vessels; (2) refine the boundaries using Otsu’s method (Sezgin, Mehmet and 

Sankur, 2004); (3) divide the vessels into segments based on vascular bifurcation; (4) 

remove overlapping vessels, if any. Combining the average blood flow speed and diameter of 

individual vessels extracted using the vessel segmentation algorithm, the volumetric blood 

flow was derived as (Shih et al., 2009)

Flowv = πD2V
4 , (4)

where D is the vessel diameter and V is the average flow speed within the vessel.

PAM of Cerebral Oxygen Extraction and Metabolism

With the aid of vessel segmentation, sO2 values of all feeding arteries and draining veins 

(saO2 and svO2, respectively) within the ROI were extracted. Consequently, the oxygen 

extraction fraction (OEF) in this region was calculated as (Yao et al., 2015)

OEF =
saO2 − svO2

saO2
, (5)

where saO2 and svO2 denote, respectively, the average sO2 of the feeding arteries and that of 

the draining veins.

Further, the cerebral metabolic rate of oxygen (CMRO2) was derived using Fick’s law as 

(Yao et al., 2015)
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CMRO2 = ξ × CHb × saO2 × OEF ×
CBFtotal

W , (6)

where ξ is the oxygen binding capacity of hemoglobin (1.36 mL of oxygen per gram 

hemoglobin), CBFtotal is the total volumetric blood flow through the ROI, and W is the 

tissue weight estimated by assuming an average cortical thickness of 1.2 mm and a tissue 

density of 1.05 g/ml.

PAM of the Cerebrovascular Density and Tortuosity

To quantify the vascular density, an amplitude threshold (i.e., 4 times of the standard 

deviation of the background) was applied to isolate the vascular signal. Then, the pixel 

number occupied by blood vessels was quantified, from which the vascular density can be 

estimated as the ratio of the vessel pixel number to the total pixel number.

To quantify the vascular tortuosity, the skeleton of the vessel segment was extracted. Then, 

the linear distance (S) between the start point and the end point of the skeleton was 

calculated based on their coordinates, and the actual length (l) of the skeleton was estimated 

by counting the pixel number. Thus, the vascular tortuosity can be calculated as (Oladipupo 

et al., 2011)

Tortuosity = l
S . (7)

PAM of the Cerebrovascular Permeability

Evans blue dye was used to measure the permeability of the blood brain barrier (BBB). To 

avoid general anesthesia during the PAM experiment, a 28-gauge needle connecting to a soft 

micro-tube was inserted into the tail vein of the mouse and fixed in position right before the 

imaging experiments, allowing the awake mouse to freely move its tail. A light-weight wood 

stick (~0.25g) was attached to the tail to avoid dislocation of the needle. After the baseline 

imaging, 2% (w/v) Evans blue dye was injected at the dose of 4 ml/kg animal’s body weight.

Dynamic quantification of the BBB permeability was achieved by counting the total number 

of pixels occupied by the extravascular dye in individual time-lapse images. Following the 

method described in the section on vascular density measurement, the vessel pixel number 

was quantified in the baseline image acquired prior to Evans blue injection. Thus, the 

increase in non-background pixels in the post-injection images was due to the dye 

extravasation. With this, the experimentally measured amount of Evans blue that 

extravasated out of the cerebral vasculature (V(t)) was fitted to an exponential recovery 

model (Yao et al., 2009)

V(t) = P × [1 − exp( − kt)], (8)
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where P is the total amount of dye extravasated from the vasculature at the steady state and k 
is the extravasation coefficient. To extract the extravasation rate, the first-order derivative of 

V(t) was taken as

∂V(t)
∂t = P × k × exp( − kt) . (9)

PAM of the Mechanical Properties of the Cerebral Microvasculature

The thickness and skeleton of individual microvessels extracted by the segmentation-based 

analysis granted us the access to important mechanical properties of the cerebral 

microvasculature. Specifically, the vascular resistance was calculated using Poiseuille’s law 

as

R = 8ηl
πr4 , (10)

where η is the blood viscosity (assumed to be 4.88 cP) (Windberger et al., 2003), l is the 

vessel length, and r is the vessel radius.

Moreover, with the measured volumetric blood flow and vessel radius, the vessel wall shear 

stress was calculated as (Papaioannou and Stefanadis, 2005)

τ = 4 × η ×
Flowv

πr3 . (11)

PAM of Cerebrovascular Reactivity

Traditionally, the cerebrovascular reactivity (CVR) is the ratio of the volumetric blood flow 

after vasodilatory stimulation to the baseline value. Given the unique capability of the 

present PAM platform in comprehensive characterization of the cerebral vasculature, we 

expanded the CVR to a complete set of structural, functional and oxygen-metabolic 

parameters, including vessel diameter, sO2, flow speed, OEF and CMRO2.

In this study, acetazolamide (ACZ) was used as a vasodilatory stimulus. Before the 

stimulation, multi-parametric PAM was performed to acquire the baseline values. Then, 50 

mg/kg ACZ was intravenously injected into the awake mouse through the implanted needle. 

The CVR was then comprehensively characterized by comparing the individual structural, 

functional and metabolic parameters against their baseline values.

Western Blot

The mouse cerebral cortex was micro-dissected and placed in an immunoprecipitation assay 

buffer supplemented with 1% cocktail of protease and phosphatase inhibitors. The tissue was 

then homogenized in the buffer and centrifuged at 13,000 rpm for 30 minutes at 4 °C, after 

which the supernatant was collected. The protein concentration was quantified using the 
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bicinchoninic acid method. Aliquots of protein (30–40 μg/lane) were separated by 

polyacrylamide gel electrophoresis and blotted onto a polyvinylidene difluoride membrane. 

The membranes were blocked with a Protein-Free T20 Blocking Buffer (37573, Thermo 

Fisher Scientific) and then incubated with the rabbit polyclonal antibody to the endothelial 

nitric oxide synthase (eNOS) and the monoclonal antibody to the phospho-eNOS (1:1000; 

catalogue number 9572 and 9570, respectively, Cell Signaling Technology) at 4 °C 

overnight. Band volumes of the target proteins were normalized to those of non-

phosphorylated protein. The band volumes of the samples in the obese group were 

normalized to those in the control group.

Statistical Analysis

The unpaired t-test was used to compare the differences between the two animal groups in 

Fig. 2, Fig. 4, Fig. 5, Fig. 6, Fig. S1, Fig. S3, Fig. S4, Fig. S5 and Fig. S6. Significant 

difference, if any, was indicated between the two compared columns. The paired t-test was 

applied to compare the differences between the parameters measured pre- and post-injection 

of ACZ within each group, as shown in Fig.4, Fig. 5 Fig. S3, Fig. S5 and Fig. S6. Significant 

difference, if any, is indicated on the top of the column. The two-way repeated measures 

ANOVA was used to analyze the repeated measurements in Fig. 3c. The curves in Fig. 3c 

were obtained using the least squares fitting with R2 values of 0.93 (the control group) and 

0.92 (the obese group). All data are presented in mean ± standard deviation. P-values of 

<0.05 were considered significant.

Results

High-fat Diet-induced Obesity

Right after randomly assigning the mice into two groups, the mouse body weight was 

measured to be 32.9±1.1 g for the control group and 33.3±0.9 g for the high-fat diet (i.e., 

obese) group, showing no difference. After 12 months of feeding, the mice in the obese 

group became significantly heavier (70.8±7.2 g) than those in the control group (61.1±2.5 

g). Although obesity is often accompanied by hyperglycemia, the random blood glucose 

levels in the control group (152.2±15.1 mg/dl) and the high-fat diet group (147.0±21.9 

mg/dl) showed no significant difference in this study. Also, the levels of triglycerides and 

HDL and the ratios of LDL/HDL and cholesterol/HDL were not different between the two 

groups. Nevertheless, the cholesterol and LDL levels were significantly higher in the obese 

group (Fig. S1).

Obesity-induced Alterations in Cerebrovascular Structure and Function

To comprehensively evaluate obesity-induced alterations in cerebrovascular structure and 

function without the influence of general anesthesia, side-by-side comparisons of the 

vascular density, tortuosity, sO2, blood flow speed, OEF, resistance and wall shear stress 

between the control and obese groups were performed in the awake brain. Further, vessel 

type-specific analysis was carried out for all parameters quantified at the single-vessel level, 

by dividing these vessels into four categories—small arterioles (<40 μm), small venules (<40 

μm), large arterioles (≥40 μm), and large venules (≥40 μm). In this study, we did not include 

vessels with a diameter less than 10 μm, thereby excluding capillaries. The choice of 40 μm 
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as the threshold to separate “small” vessels from “large” vessels was based on previous 

studies (Jackson, 2016; Yaseen et al., 2011).

The vascular density was found to be significantly higher (by 7.9%) in the brains of obese 

mice (Fig. 2a). On average, there was no statistically significant difference in the vascular 

tortuosity between the control and obese groups (Fig. 2b); however, individual arteries with 

pronounced tortuosity and relatively high flow speed were observed in the obese mice but 

not the control mice (yellow arrows in Fig. S2). Although no significant difference was 

found in the vessel type-specific sO2 between the two groups (Fig. 2c), the average venous 

sO2 in the obese mice was lower than that in the control mice (by 3.9% and 2.1% in the 

large and small venules, respectively), resulting in a significantly higher OEF (Fig. S3d). 

Interestingly, the higher oxygen extraction was accompanied by a lower arterial blood flow 

speed (Fig. 2d), particularly in small arterioles (4.9±0.6 mm/s for the obese group vs. 

5.7±0.6 mm/s for the control group). As a result, the obese mice showed only slightly higher 

but statistically undifferentiated regional CMRO2 from the control mice (Fig. S3f). In 

contrast to the obesity-induced impairment in the arterial flow, no significant change was 

observed in the vascular resistance (Fig. 2e), wall shear stress (Fig. 2f), and CHb (Fig. S4).

Obesity-induced Increase in Cerebrovascular Permeability

As an important barrier between the brain tissue and the cerebral blood circulation, the BBB 

has limited permeability, protecting the brain against toxic molecules and rapid changes in 

ionic or metabolic conditions (Saunders et al., 2012). The PAM-based Evan blue 

extravasation assay was used to study the influence of obesity on the BBB integrity. 

Capitalizing on the strong optical absorption of Evans blue, its extravasation was 

dynamically imaged and quantified to assess the BBB permeability.

Time-lapse monitoring of the same ROI in the awake mouse brain for 155 minutes following 

the dye injection showed visually striking difference between the control (Fig. 3a) and obese 

mice (Fig. 3b). Further, quantitative analysis by fitting the experimentally measured Evans 

blue extravasation against the exponential recovery model showed that the amount of dye 

extravasated out of the cerebral vasculature in the obese mice was significantly higher than 

that in the control mice starting 55 minutes after dye injection, ultimately leading to a 29.8% 

higher extravasation at the steady state (Fig. 3 c). Further, by taking the first-order derivative 

of the exponential-fitted extravasation curve, the rate of extravasation can also be quantified 

(Fig. 3d). Interestingly, the dye extravasation in the control mice started at a rate comparable 

to that in the obese mice (0.10 vs. 0.09). However, the extravasation rate in the obese mice 

surpassed that in the control mice 6 minutes after injection and sustained at a higher level, 

lasting for 64 minutes before dropping to less than 10% of the initial rate compared to the 

45-minute extravasation period of high level in the control mice.

Obesity-induced Increase in Cerebrovascular Reactivity

Indicating the vasodilatory capability and perfusion reserve in the brain, the CVR is a 

valuable addition to the baseline CBF for evaluating cerebrovascular dysfunction (Markus 

and Cullinane, 2001; Yezhuvath et al., 2009). The multifaceted CVR to acetazolamide-based 
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vasodilatory stimulation was measured by PAM in the control (Fig. 4a) and obese (Fig. 4b) 

mouse brains under wakefulness, avoiding the influence of general anesthesia.

After ACZ injection, significant vasodilation was observed in both animal groups (Fig. 4c). 

Interestingly, the average relative vasodilation in the obese group (9.4%) was more 

pronounced than that in the control group (4.1%), although the difference was not yet 

statistically significant (p=0.08). Along with vasodilation, ACZ stimulation resulted in 

increased blood flow speed (Fig. 4d) and venous sO2 (Fig. 4e) in both groups. Again, the 

increases in flow speed (30.6%) and venous sO2 (13.6%) in the obese mice were 

significantly higher than those in the control mice (14.1% for flow speed and 6.9% for 

venous sO2). As expected, the arterial sO2 was not affected by ACZ in both groups (Fig. S5). 

The more pronounced vasodilation and flow speed upregulation in the obese mice led to a 

more significant increase in the regional CBF (47.8%) compared to that in the control mice 

(27.4%; Fig. 4f), while the more significant increase of venous sO2 in the obese mice 

resulted in a larger decrease in the regional OEF (26.5% and 37.2% for the control and obese 

groups, respectively; Fig. 4g). The inverse coupling of CBF and OEF kept the regional 

CMRO2 unaffected by the vasodilatory challenge in both groups (Fig. 4h), in agreement 

with previous MRI and PET studies.(Buch et al., 2017; Okazawa et al., 2001) Again, no 

noticeable change in the CHb was observed in both groups (Fig. S6).

With the aid of vessel segmentation, the multifaceted CVR was further dissected at the 

single-vessel level to examine whether the obesity-induced reactivity changes were vessel 

type-specific. Interestingly, although no significant difference was observed in the average 

vasodilation between the two animal groups (Fig. 4c), the small arterioles and small venules 

in the obese mice did show much greater vasodilation (Fig. 5a). Similarly, the ACZ-induced 

increase in the flow speed was mainly attributed to the small arterioles, as well as both types 

of veins (Fig. 5b). Given that the volumetric flow is co-determined by the diameter and flow 

speed, not surprisingly, the vessel type-specific response of volumetric flow to ACZ was 

consistent with those of the two contributing factors (Fig. 5c). In contrast to the unchanged 

arterial sO2, the sO2 values in both types of veins were elevated after ACZ injection, with a 

slightly larger increase in the obese mice (Fig. 5d).

Discussion

Comprehensive characterization of disease-induced microvascular changes in the brain 

remains as an unmet challenge, but is yet necessary for investigating the roles of small-

vessel pathology in a wide range of brain disorders. To fill this technology gap, we have 

developed a new PAM-based imaging and analysis platform. Capitalizing on the optical 

absorption of blood hemoglobin, our previously reported head-restrained PAM (Cao et al., 

2017) is capable of imaging vascular anatomy, blood perfusion, oxygenation and flow in the 

awake mouse brain in a label-free manner. In this study, we have extended the awake-

imaging technique into a hardware-software integrated imaging and analysis platform, 

thereby enabling comprehensive and quantitative characterization of vessel type-specific 

pathological alterations in the cerebral microvasculature. Specifically, this work features the 

following major innovations. Exploiting the optical absorption of Evan blue, an exogenous 

dye long established for examining vascular permeability, this platform enables dynamic 
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assessment of the BBB integrity. With the aid of vasodilatory stimulation, this technique 

provides a unique access to the multifaceted CVR. Moreover, the vessel segmentation 

analysis allows extracting these PAM-measured parameters at the single-microvessel level, 

from which vascular density, tortuosity, wall shear stress, resistance and associated tissue 

oxygen extraction fraction and metabolism can be quantified and vessel type-specific 

alterations can be identified.

We demonstrated the utility of this enabling technique by studying obesity-induced changes 

in the cerebral microvasculature. Reaching global epidemic proportions in both adults and 

children over the past few decades, obesity has been broadly associated with cerebrovascular 

and cardiovascular comorbidities, including but not limited to ischemic stroke, coronary 

artery disease, and heart failure (Lavie et al., 2009). However, the influence of obesity on the 

vasculature in these diseases remains incompletely understood (Lavie et al., 2015; Lim, 

2015). Particularly, microvascular complications in the brain have long been linked to 

obesity but are much understudied due to the poor accessibility (Boillot et al., 2013).

Relying on the endogenous contrast from hemoglobin, the PAM-based platform has distinct 

advantages in cerebrovascular imaging over TPM, which requires angiographic and oxygen-

sensitive contrast agents that might perturb the natural physiology and limit the imaging 

speed due to the long phosphorescence lifetime (Sakadzić et al., 2010). Using this new 

platform, we were able to comprehensively quantify obesity-induced changes in 

cerebrovascular structure, mechanical property, hemodynamics, and associated tissue 

oxygen extraction and metabolism. Specifically, increased vascular density, reduced blood 

flow in small arterioles, and elevated tissue oxygen extraction were observed in the obese 

mouse brain. Moreover, individual arteries with pronounced tortuosity were also observed. 

These in vivo results are in agreement with the previous observations of increased 

microvascular density and augmented tortuosity of the middle cerebral artery (MCA) in the 

dissected obese mouse brain (Deng et al., 2014) and the observations of reduced MCA flow 

speed (Selim et al., 2008) and increased OEF (Uchino et al., 2010) in obese patients. 

Interestingly, the obese but normoglycemic mice in our study did not show overt changes in 

average vascular tortuosity, resistance, wall shear stress, and blood oxygenation at the 

microvascular level, in contrast to the higher resistance (Selim et al., 2008) and lower shear 

stress (Wiewiora et al., 2013) observed in the individual trunk vessels (e.g., MCA or femoral 

vein) of obese and hyperglycemic patients.

Also, we extended the classic Evan blue extravasation assay, which is performed in the 

anesthetized animal and then postmortem, to the awake mouse brain for dynamic evaluation 

of the cerebrovascular permeability (Acharya et al., 2015). Consistent with previous studies 

(Deng et al., 2014; Hsu and Kanoski, 2014), the PAM-based platform revealed a ~30% 

higher dye extravasation at the steady state in the obese mouse brain, indicating 

compromised BBB integrity. Moreover, dynamic monitoring of dye extravasation enabled by 

our platform showed that obesity-induced BBB disruption resulted in a prolonged 

extravasation period rather than an elevated extravasation rate. Enabling dynamic and time-

lapse monitoring of molecular diffusion through the BBB, this assay will allow us to trace 

BBB dysfunction over the progression of cerebrovascular diseases (e.g., CSVD, ischemic/

hemorrhagic stroke, traumatic brain injury, and cerebral amyloid angiopathy) (Chodobski et 
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al., 2011; Hartz et al., 2012; Rouhl et al., 2012; Sandoval and Witt, 2008) and may find 

broad applications in drug delivery and pharmacokinetics in the brain (Saraiva et al., 2016).

Taking advantage of the unique ability of our platform for comprehensive imaging of the 

cerebral vasculature, we also extended the assessment of CVR from conventional blood flow 

to multiple parameters—spanning from structure to hemodynamics to the associated oxygen 

metabolism. Similar to the BBB permeability, the CVR is known to be altered under 

anesthesia (Schieve and Wilson, 1953; Wang et al., 2017). The ability of our platform for 

imaging the awake brain ensured unbiased measurements. Unlike the whole-brain CVR 

measured by MRI (Blair et al., 2016; Ellis et al., 2016), our platform enabled CVR 

quantification in individual microvessels, from which vessel type-specific reactivity was 

revealed. Intriguingly, more pronounced multifaceted CVR in response to the ACZ-induced 

vasodilatory stimulation was observed in obese mice, including stronger vasodilation in 

small arterioles and veins, greater flow upregulation in small arterioles and all veins, and 

more significant elevation in venous sO2. The increased oxygen supply through the flow 

upregulation and decreased tissue oxygen extraction as indicated by the elevated venous sO2 

counterbalanced each other and managed to keep the CMRO2 unaffected by the ACZ 

challenge.

Our observation of increased CVR in the obese mice is somewhat ‘counterintuitive’ and in 

contrast to the previous observation of impaired vasodilatory ability in obesity (Stapleton et 

al., 2008). As an inhibitor of carbonic anhydrase, the mechanism for ACZ to cause 

cerebrovascular relaxation is considered similar to hypercapnia, which induces acidosis in 

the tissue and ultimately vasodilation. Previous studies have shown that ACZ-induced 

vasodilation is modulated by nitric oxide (Tuettenberg et al., 2001). Consistent with the 

molecular mechanism, our biochemical analysis (Fig. 6a) showed that the phospho-eNOS in 

the obese mice was more than 3-fold higher than that in the control mice (Fig. 6b), while the 

total eNOS showed no difference between the two groups (Fig. 6c). The significantly 

elevated eNOS activation (Fig. 6d), which plays an important role in vasodilation and 

permeability (Fukumura et al., 2001), echoed the increased vasodilation and BBB 

permeability in the obese mice observed by the PAM platform. Nevertheless, it is not clear 

whether the increased CVR observed in our study and the impaired vasodilation reported 

before (Stapleton et al., 2008) represent different stages of obesity-induced cerebrovascular 

alterations. Also, the obese mice used in our studies did not appear to be hyperglycemic. 

Thus, it is possible that hyperlipidemia alone may induce cerebrovascular alterations 

different from those induced by combined hyperlipidemia and hyperglycemia (Stapleton et 

al., 2008). Further investigation is required to answer these questions.

Due to the limited depth of penetration, transcranial PAM of the human brain is not possible 

at its current stage. Although PAM is capable of imaging the mouse cerebral 

microvasculature through the intact skull (Hu et al., 2009), the thinned-skull window is used 

in this study to minimize degradation of the image quality induced by the optical scattering 

of mouse skull. Applicable to small animals but not humans, the translational value of the 

present imaging and analysis platform mainly lies in the understanding of disease 

mechanisms in animal models. Since PAM shared multiple common measureable 

parameters with clinically applicable neuroimaging technologies, including diffuse optical 
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tomography, MRI and PET (e.g., sO2, CBF, and CMRO2), preclinical observations by PAM 

at a much finer spatial scale and in a more quantitative manner may help interpret clinical 

observations by the human imaging technologies. It is worth noting that the penetration of 

photoacoustic imaging can be extended by exploiting diffused photons, based on the so-

called photoacoustic computed tomography (PACT). Although capable of imaging the entire 

mouse brain (Li et al., 2017), the acoustically defined resolution of PACT (e.g., tens of 

microns or worse) prevents it from resolving the cerebral microvasculature. Although having 

demonstrated awake-brain imaging in rats (Tang et al., 2016a, 2016b, 2015), the relatively 

large weight of the wearable PACT device (e.g., >8 g) prevents its application in mice. 

Moreover, PACT has not demonstrated multi-parametric imaging of blood perfusion, 

oxygenation and flow, as well as oxygen metabolism, in the rodent brain.

A caveat of the present study is that animals of a single sex (i.e., male) were studied. It has 

been shown that differences in sex may contribute to the mechanisms through which obesity 

influences the cerebral vasculature (Dorrance et al., 2014). Thus, future studies that 

incorporate both sexes are warranted to provide a more comprehensive understanding of the 

disease mechanisms.

In summary, we have developed a hardware-software integrated intravital imaging platform 

for comprehensive characterization of disease-induced changes in the cerebral 

microvasculature. Uniquely capable of characterizing alterations in the cerebrovascular 

structure, function and reactivity, as well as the associated tissue oxygen metabolism, this 

technique opens a new window to investigating the mechanistic roles of obesity in 

cerebrovascular diseases.
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Highlights

► Quantitative and comprehensive characterization of pathological alterations 

of the microvasculature in the awake mouse brain.

► Multifaceted cerebrovascular reactivity is defined and quantified.

► Permeability of the blood-brain barrier is dynamically assessed.

► Obesity causes increased vascular density, reduced arterial flow, enhanced 

oxygen extraction, impaired BBB integrity, and increased CVR.

► This imaging and analysis platform is widely applicable to studies of cerebral 

small vessel disease.
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Figure 1. Schematic of the head-restrained multi-parametric PAM for imaging the awake mouse 
brain.
Red dashed box: PAM scan head. PBS, polarizing beam splitter; NDF, neutral density filter; 

BS, beam sampler; SMF, single-mode fiber.
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Figure 2. Obesity-induced changes in cerebrovascular structure and function.
PAM-measured, segmentation-enabled quantification of cerebrovascular alterations in the (a) 

vascular density, (b) vessel tortuosity, (c) sO2, (d) blood flow speed, (e) vascular resistance, 

and (f) wall shear stress in control (n=6) and obese (n=8) mice. All data are presented as 

mean ± standard deviation. *, p<0.05.
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Figure 3. Obesity-induced change in cerebrovascular permeability.
Time-lapse monitoring of Evans blue extravasation in the brains of (a) control and (b) obese 

mice. (c) Statistical comparison of the dye extravasation dynamics in the control and obese 

mice (n=5 for each group). (d) Comparison of the dye extravasation rate in the control and 

obese mice. All data are presented as mean ± standard deviation. *, p<0.05.
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Figure 4. Obesity-induced change in cerebrovascular reactivity.
Blood perfusion, oxygenation and flow acquired in the brains of (a) control and (b) obese 

mice before and after tail-vein injection of acetazolamide. Acetazolamide-induced changes 

in the (c) vessel diameter, (d) blood flow speed, (e) venous sO2, (f) OEF, (g) CBF, and (h) 

CMRO2 in the control (n=6) and obese (n=8) mice. All data are presented as mean ± 

standard deviation. *, p<0.05.
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Figure 5. Vessel type-specific changes in cerebrovascular reactivity.
Acetazolamide-induced changes in the (a) diameter, (b) blood flow speed, (c) volumetric 

flow, and (d) sO2 of different types of vessels in the control and obese mouse brains. Sample 

size: 13 large arterioles, 45 small arterioles, 31 large venules, and 22 small venules in the 

control group and 17 large arterioles, 52 small arterioles, 35 large venules, and 28 small 

venules in the obese group. All data are presented as mean ± standard deviation, *, p<0.05.
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Figure 6. Comparison of the eNOS levels in the control and obese mouse brains.
(a) Representative western blot images of phospho-eNOS and total eNOS. Statistical 

comparison of (b) phospho-eNOS, (c) total eNOS, and (d) the ratio of phospho-eNOS to 

total eNOS in the control (n=8) and obese (n=8) mouse brains. All data are presented as 

mean ± standard deviation. *, p<0.05.
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