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Abstract

The in vivo hemodynamic impact of

sodium nitroprusside (SNP), a widely used

antihypertensive agent, has not been well

studied. Here, we applied functional

optical-resolution photoacoustic micros-

copy (OR-PAM) to study the hemody-

namic responses to SNP in mice in vivo. As expected, after the application of

SNP, the systemic blood pressure (BP) was reduced by 53%. The OR-PAM

results show that SNP induced an arterial vasodilation of 24% and 23% in the

brain and skin, respectively. A weaker venous vasodilation of 9% and 5% was

also observed in the brain and skin, respectively. The results show two differ-

ent types of blood oxygenation response. In mice with decreased blood oxygen-

ation, the arterial and venous oxygenation was respectively reduced by 6% and

13% in the brain, as well as by 7% and 18% in the skin. In mice with increased

blood oxygenation, arterial and venous oxygenation was raised by 4% and 22%

in the brain, as well as by 1% and 9% in the skin. We observed venous change

clearly lagged the arterial change in the skin, but not in the brain. Our results

collectively show a correlation among SNP induced changes in systemic BP,

vessel size and blood oxygenation.
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1 | INTRODUCTION

Photoacoustic imaging (PAI), a hybrid technique that
ultrasonically detects light absorption, has emerged as a
promising modality for preclinical and clinical studies in
the last decade [1–7]. PAI, which detects ultrasound
waves generated by thermoelastic expansion from light-
absorbing tissues, can achieve high contrast, high spatial
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microscopy; PAI, photoacoustic Imaging; PET, positron emission
tomography; ROI, region of interest; SNP, sodium nitroprusside; sO2,
oxygen saturation of hemoglobin; UT, ultrasound transducer; WT,
water tank.

Received: 3 December 2020 Revised: 17 February 2021 Accepted: 12 March 2021

DOI: 10.1002/jbio.202000478

J. Biophotonics. 2021;e202000478. www.biophotonics-journal.org © 2021 Wiley-VCH GmbH 1 of 9

https://doi.org/10.1002/jbio.202000478

https://orcid.org/0000-0003-2566-7533
mailto:junjie.yao@duke.edu
mailto:ulrike.hoffmann@duke.edu
mailto:luo_jianwen@tsinghua.edu.cn
http://www.biophotonics-journal.org
https://doi.org/10.1002/jbio.202000478
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjbio.202000478&domain=pdf&date_stamp=2021-04-01


resolution, and high sensitivity. Compared with pure
optical imaging, PAI can provide higher spatial resolu-
tions in deep tissues, as ultrasound waves are less
scattered than light traveling in tissues. PAI has been
used to study the structural, functional and molecular
information at scales ranging from cells to tissues [8–12].
As a main embodiment of PAI, optical-resolution photo-
acoustic microscopy (OR-PAM) uses a confocal and coax-
ial configuration of light excitation and ultrasound
detection, with the lateral resolution determined by the
tight optical focusing. A two-dimensional (2-D) raster
scan enables the volumetric imaging by collecting time-
resolved PA signals (A-line) at each location. OR-PAM
has been widely used to study the hemodynamic
response to various physiological and pathological chal-
lenges in small animal models [4, 13–15].

Sodium nitroprusside (SNP), one of the safest and
most effective antihypertensive agents [16], causes blood
pressure (BP) decrease through nitric oxide mediated vas-
cular smooth muscle relaxation, which leads to vasodila-
tion [17, 18]. SNP has long been used for mitigating
hypertension-induced symptoms, such as aortic valve ste-
nosis [19], myocardial infarction [20], pulmonary hyper-
tension [21] and bleeding in surgeries [22]. However, the
impact of SNP on the brain vasculature has not been
investigated on single vessel levels, especially SNP
induced changes in the blood oxygenation levels.

OR-PAM has been used for quantifying blood oxygen
saturation (sO2), an important index for hemodynamic
studies [4, 14, 15, 23–25]. Other existing techniques that
show potential for noninvasive sO2 imaging include near-
infrared spectroscopy (NIRS) [26], blood-oxygen-level-
dependent (BOLD) magnetic resonance imaging (MRI),
[27] and positron emission tomography (PET) [28]. How-
ever, NIRS has relatively poor spatial resolution, and
BOLD MRI cannot distinguish the change in sO2 from that
in blood flow. PET needs radioactive isotopes and suffers
from poor spatial resolution. OR-PAM, on the other hand,
is sensitive to both oxy-hemoglobin (HbO2) and deoxy-
hemoglobin (HbR), and can achieve high resolution, high
sensitivity, label-free sO2 imaging. In this work, we have
applied our functional OR-PAM to study the morphologi-
cal and hemodynamic changes in the brain and skin ves-
sels in response to SNP in vivo. Our results have shown
SNP induced a decrease in BP, vasodilation in both brain
and skin, as well as two types of sO2 responses.

2 | MATERIALS AND METHODS

The functional OR-PAM used in this work is shown in
Figure 1. The 532 nm light was generated by an Nd: YAG
fiber laser (VPFL-G-20, V-Gen, Newport), and the 590 nm

light was from a dye laser pumped by a 532 nm laser
(IS8II-E, EdgeWave, Würselen, Germany). The two laser
beams were combined by a dichroic mirror and focused
onto the target surface by an objective with an NA of 0.1.
A right-angled prism and a rhomboid prism sandwiching a
thin layer of silicone oil were assembled for acoustic-
optical confocal alignment. An acoustic lens was attached
at the bottom of the rhomboid prism for focused acoustic
collection. The acoustic lens was submerged in water for
acoustic coupling. Aberrations caused by the prisms were
compensated with a correction lens attached at the top of
the right-angled prism. A water tank was used for ultra-
sound coupling with deionized water. A thin layer of ultra-
sound gel was applied between the water tank membrane
and the sample surface. 2-D raster scanning was
implemented with motorized stages (PLS-85, Physik
Instrument, Karlsruhe, Germany). The laser pulse repeti-
tion rate was 1 kHz, and the PA signal was recorded with
an ultrasonic transducer (central frequency: 30 MHz; one-
way −6 dB bandwidth: 45 MHz; V213, Olympus) and sam-
pled by a DAQ card (ATS9350, Alarzar Tech, Canada) with
a sampling rate of 250 MHz. The lateral resolution of the
OR-PAM system is 3 μm and the axial resolution is 25 μm.
Here, we used a shift and sum method for estimating the
axial resolution [29].

An SNP solution (Somerset Pharma, New Jersey) was
diluted in saline (concentration: 250 μg mL−1). The

FIGURE 1 Schematic of functional OR-PAM. The inset shows

the region of interest on the brain and ear. AL, acoustic lens; AMP,

amplifier; BE, beam expander; ConL, convex lens; CorL, correction

lens; DM, dichroic mirror; OR-PAM, optical-resolution

photoacoustic microscopy; UT, ultrasound transducer; WT,

water tank
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solution was prepared immediately before use and kept
in a dark environment at 4�C to prevent deterioration
[30]. A dose of 75 μg SNP solution was administered
through the tail vein. The injection lasts ~15 seconds to
avoid acute hypotension-induced heart failure.

In vivo experiments were performed on Swiss Web-
ster mice (male; 8–9 weeks old; ~30 grams in weight).
The protocol was approved by the Institutional Animal
Care and Use Committee of Duke University. The mouse
ear was imaged for studying the skin vessel response. The
cortex was imaged to study the brain vessel response.
Before the imaging, the mouse was anesthetized with
1.5% isoflurane. A femoral arterial cannulation surgery
was performed to monitor systemic BP. The electrocar-
diogram and BP were continuously recorded with
LabChart (ADInstruments Inc., Colorado Springs, CO).
The mouse was then transferred to an imaging plate in a
prone position, with its head fixed on a tooth bar. A
heating pad was placed underneath to maintain the body
temperature at 36.5�C, with a real-time temperature
probe inserted in the mouse rectum. An incision was
made on the scalp to expose the cortical vessels. The skull
was intact. In total, 13 mice were imaged: seven mice for
brain imaging and six mice for ear imaging. Eleven out of
the 13 mice were analyzed for the vessel diameter
change, and all the 13 mice were used for the sO2 change
analysis. The remaining two mice of the brain imaging
were not included in the vessel diameter analysis due to
severe motion artifacts. Motion correction algorithms can
be potentially used to improve the image quality [31].

To shorten the scanning time, we used a step size of
5 μm in the fast scanning direction, and 10 μm in the
slow scanning direction, which were sufficient to resolve
the microvessels in the mouse brain and ear. A
3 × 3 mm2 region of interest (ROI) was chosen for both
brain and ear imaging, as shown in Figure 1. Each image
took 3 minutes. Before SNP injection, control images
were acquired as baseline. Hemodynamic responses were
repeatedly imaged for 30 minutes after SNP injection. To
analyze the vessel diameter, we processed the PA images
by using a lab-developed vessel-segmentation algorithm,
in which the shortest distance from the vessel centerline
to the edge was calculated as the radius. To analyze the
sO2, we calculated the relative concentrations of HbO2

from the two PA images acquired at 532 nm and 590 nm,
using the linear unmixing method reported in the litera-
ture [32].

3 | RESULTS

First, we show, that Sodium Nitroprusside (SNP), as
expected, caused a substantial decrease in systemic BP

through nitric oxide mediated vascular smooth muscle
relaxation, leading to systemic vasodilation. Our continu-
ous physiological monitoring shows SNP induced sharp
systemic BP decrease of 53% within the first ~1.5 minutes
after injection, followed by a recovering time until
~6 minutes. The heart rate initially increased by 7%, ret-
urned to the baseline at 3 minutes, and then remained
slightly elevated during the experiment. As SNP imposes
direct BP suppression through smooth muscle relaxation,
the systemic blood flow rate was reduced, leading to an
instant compensatory heart rate increase to boost whole
body circulation [33–35]. After the SNP-induced effects
within the first 1.5 minutes, BP began to recover and the
heart rate also started returning to the baseline. Ten out
of the 13 mice were used for the BP and heart rate analy-
sis. The remaining three mice were excluded due to
recording issues of the physiological monitoring system,
as shown in Figure 2.

The OR-PAM images show drastic changes in vessel
sizes of the brain and skin vasculature, in response to the
SNP induced vasodilation. Figure 3A,B are representative
maximum amplitude projection (MAP) images of brain
and ear vasculature, respectively. Figure 3C,E are close-
up images of the yellow dashed boxes in (A) and (B),
respectively, at 0, 3 and 15 minutes after SNP injection.
The corresponding segmented images are shown in
Figure 3C, with the vessel profiles along the yellow
dashed line shown in Figure 3D. Clear vasodilation was
observed following SNP injection. For example, the vessel
size in Figure 3D increased from 40 μm at the baseline to
50 μm at 3 minutes, and remained at 50 μm at
15 minutes. In the mouse ear (Figure 3E), the arterial
vasodilation was more prominent than the venous

FIGURE 2 Relative change in systemic blood pressure and

heart rate induced by SNP (N = 10). Error bars, SD. SNP, sodium

nitroprusside
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FIGURE 3 SNP induced vasodilation in mouse brain and ear. A, PAM image of cortical vasculature. B, PAM image of ear

vasculature. C, Close-up images and segmented vessels of yellow-dashed box in (A) at 0, 3, and 15 minutes after SNP injection. D, Signal

profiles of blood vessels and the segmented vessel diameters along the yellow-dashed line in (C) (~40 μm at baseline, ~50 μm at +3 minutes

and ~50 μm at +15 minutes). E, Close-up images of the yellow-dashed box in (B) at 0, 3 and 15 minutes after SNP injection. F, Relative

diameter changes in the brain (N = 5) and ear (N = 6). Error bars, SD. PAM, photoacoustic microscopy; SNP, sodium nitroprusside
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vasodilation, as smooth muscles are mainly distributed
around arteries. In total, 11 mice were studied for analyz-
ing the change in vessel size: Five mice for the brain

study and six mice for the ear study. Six-eight arteries
and four-eight veins per mouse were analyzed. The ves-
sels were randomly selected for quantitative diameter

FIGURE 4 Cortical and ear sO2 response to SNP. A, sO2 map of brain cortical vasculature. B, sO2 map of ear vasculature. C, Relative

sO2 decrease in brain (N = 5). D, Relative sO2 increase in brain (N = 2). E, Relative sO2 decrease in ear (N = 3). F, Relative sO2 increase in

ear (N = 3). Error bars, SD
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analysis. In each mouse, the relative diameter change
was quantified and averaged among all the selected ves-
sels. Relative diameter changes across different mice were
also averaged, as shown in Figure 3F. The results show
that SNP induced an arterial vasodilation of ~24% and
~23% in the brain and ear, respectively. Three minutes
after the injection, the arteries started returning to the
baseline in both brain and ear. The ear arteries had faster
recovery than the brain arteries. The brain and ear veins
had an initial vasodilation of 9% and 5%, respectively,
followed by recovery between 3 and 9 minutes, at which
point the size of ear veins fell below the baseline. Unlike
the full recovery in BP by ~6 minutes and in heart rate by
~3 minutes, as shown in Figure 2, the diameters of brain
arteries, brain veins, and ear arteries did not fully recover
during the observation time. Large fluctuations in vessel
sizes of different mice were observed throughout the
entire process, mostly due to the different physiological
responsiveness among mice. In summary, using
OR-PAM, we made several observations on the vessel size
following SNP administration: (a) There was clear arte-
rial and venous vasodilation both in the brain and skin;
(b) Arterial vasodilation was stronger than venous vaso-
dilation; (c) The skin vasodilation had a faster recovery
than the brain; and (d) Compared to the physiological
changes shown in Figure 2, the vasodilation lasted
longer.

Brain and ear sO2 maps were also analyzed, as
shown in the representative images in Figure 4A,B. We
analyzed sO2 changes in all the 13 mice: seven mice for
the brain study and six mice for the ear study. Of note,
4 to 6 arteries and 4 to 6 veins per mouse were ran-
domly selected for quantitative analysis. In each mouse,
the relative sO2 changes in the selected vessels were
quantified and averaged. Relative sO2 changes in all
mice were then averaged. Figure 4C,D show the
decrease and increase in relative cerebral sO2 change
within 30 minutes of SNP administration, respectively.
The majority, five out of seven mice experienced a
decrease in cerebral sO2 (Figure 4C). The sO2 in arteries
and veins decreased by 6% and 13% respectively, at
3 minutes after injection, followed by a quick recovery
until 9 minutes. From 9 minutes to 30 minutes, the sO2

levels of both arteries and veins slowly recovered to the
baseline levels. The other two mice showed an
increased cerebral sO2 in response to the SNP injection
(Figure 4D). The arterial and venous sO2 peaked at
6 minutes after injection, with an increase of 4% and
22%, respectively. From 6 minutes to 30 minutes, the
sO2 in veins had a steady recovery until 21 minutes,
and a slight elevation for the rest of the time period,
while the sO2 in arteries experienced a moderate recov-
ery to the baseline levels throughout the time period. In

the ear imaging, three mice showed decreased sO2 and
the other three mice showed increased changes.
Figure 4E depicts the decreased sO2 change in ear arter-
ies and veins. After SNP administration, the sO2 in
arteries and veins immediately decreased by 7% and
18%, respectively, followed by a gradual recovery. Nota-
bly, arterial sO2 reached the maximum decrease at
3 minutes, while the venous sO2 reached the minimum
at 9 minutes, with a clear delay between the two. As
shown in Figure 4F, the arterial and venous sO2 in the
ears of 3 other mice increased by 1% and 9% respec-
tively, followed by a drop below the baseline at
9 minutes. The sO2 in both arteries and veins then grad-
ually recovered to the baseline level until the end of the
30 minutes time period. Again, a clear delay existed
between the venous sO2 maximum at 6 minutes and the
arterial sO2 maximum at 3 minutes. Compared with the
results in the brain, the venous sO2 response clearly
lagged the arterial response in the ear. Again, we
observed strong inter-animal differences in physiologi-
cal responsiveness.

We further examined the correlations among BP, ves-
sel size, and sO2 responses, as shown in Figure 5. Here,
we analyzed only the arterial sO2 changes. Venous sO2

changes were excluded from the analysis due to the var-
ied response delay. Following SNP administration, a dras-
tic decrease in BP happened at ~1.5 minutes and a slight
decrease happened at ~12 minutes. The changes in vessel
size and arterial sO2 had the same trend as BP in the first
15 minutes after SNP injection. The maximum change in
vessel size and arterial sO2 both happened at 3 minutes.
Another mild change in vessel size and arterial sO2

occurred at 12 minutes. These hemodynamic changes
correlated well with the changes in BP. Since the

FIGURE 5 Comparison of blood pressure, vessel size and

arterial sO2 change
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OR-PAM took one image every 3 minutes, the observed
maximum changes had a limited temporal resolution.
Overall, we observed that the OR-PAM detected changes
in vessel size and arterial sO2, which closely followed the
changes in BP.

4 | DISCUSSION AND
CONCLUSION

In this work, we have demonstrated the use of a func-
tional OR-PAM system to study hemodynamic responses
to SNP administration in mice in vivo. SNP directly
reduced the systemic BP and dilated both arteries and
veins in central (brain) and peripheral (ear) vasculature.
Decrease and increase in sO2 were both observed in brain
and ear vasculature in response to SNP, and the changes
in brain veins closely followed that of the arteries.
Changes in vessel size and arterial sO2 correlated well
with changes in BP.

In this study, we observed that SNP induced an
acute decrease in the systemic BP, as shown in Figure 2
[33–37]. As reported in previous studies [33, 38, 39], cere-
bral tissue oxygen (PtO2) decreased in response to SNP
administration, which was attributed to increased arterio-
venous shunting and hypotension-induced inadequate
capillary perfusion, resulting in relative tissue hypoxia
[33, 39]. It was further hypothesized that increased
intrapulmonary shunts could contribute to this observa-
tion [33, 40]. Previous studies however did not have the
ability to assess vessel-by-vessel sO2 as reported in our
study using PAM, and thus could not distinguish sO2

levels in veins and arteries. If arteriovenous shunting and
inadequate capillary perfusion would cause the drop in
sO2 as reported here, we should have observed a higher
sO2 in veins. However, we observed first a decrease
in sO2 in arteries after SNP followed by an even steeper
decrease in the associated veins, strongly indicating pri-
marily a decreased oxygen delivery but unchanged oxy-
gen extraction from arteries.

The above dynamics are mirrored in our observation
in most animals (five out of seven): SNP first causes a
decrease in arterial sO2 due to pulmonary shunting, as
well as a much larger decrease in venous sO2 due to
oxygen extraction. Our data therefore support the
hypothesis in earlier studies that SNP increases the
intrapulmonary shunting [33, 40]. Since this is a highly
variable parameter that depends on the animal size and
age, quality of ventilation, as well as the presence of
atelectasis, it could explain the inter-animal variability
reported in our study. The sO2 responses in the ear
showed similar dynamics, yet the much lower density of
capillaries as well as oxygen consumption of the ear

cartilage may explain the time delay between arteries
and veins, which was different from the “no delay”
observation in the brain.

In our opinion, most of our experiments in the brain
(five out of seven) also represented the majority of cases
observed in clinics, which is further supported by previ-
ous studies using intra-parenchymal tissue oxygen sen-
sors. Increased sO2 after SNP administration on the
other hand was previously reported with NIRS monitor-
ing [41–44]. It was believed that both the vasodilation-
induced change in arterial to venous blood volume ratio
and the actual oxygen balance contributed to the
increased NIRS measurements [43].

In our study, we observed intravascular sO2 increase
in two out of seven animals in the brain and ear.
Although SNP is an established drug to lower systemic
BP, its influence on cerebral blood flow (and for the
matter organ perfusion in general) is still unclear.
Decreased or increased CBF has both been observed
after SNP application [37, 45]. A recent report in
healthy subjects even reported an increase blood flow in
the middle cerebral artery (MCA) after SNP induced
hypotension [45]. If MCA flow in the animals had
increased, it could explain the increase in oxygen deliv-
ery and explain our observations of increased sO2. Nev-
ertheless, it still remains an observation in the minority
of cases and the actual mechanism of sO2 increase fol-
lowing SNP administration needs to be investigated in
further studies.

We have also demonstrated the potential advantages
of OR-PAM. NIRS is a commonly used cerebral oxygena-
tion monitoring technology in preclinical and clinical
studies [41, 43, 46, 47]. However, lacking of spatial reso-
lution, NIRS only provides the averaged sO2 of the mixed
volume of arterial and venous blood, rather than sO2 of
individual blood vessels. Increase in arterial to venous
blood volume ratio, instead of actual oxygenation change,
may also lead to a change in NIRS signals. In contrast,
the functional OR-PAM measures sO2 at single-vessel
scale, and can investigate the true oxygenation change in
both central and peripheral vasculatures.

However, the current OR-PAM system takes a single
image every 3 minutes. We were not able to resolve vaso-
dilation and arterial sO2 changes between 1.5 and
3 minutes after SNP injection, although the lowest BP
happened at ~1.5 minutes. Future work aims to improve
functional PA imaging speed that would enable studying
the dynamic changes over time [15]. Several fast-
scanning mechanisms including the voice-coil stage,
MEMS mirror, polygon-mirror scanner, and galvanome-
ter scanner can substantially accelerate the imaging
speed. Coupled with the high-speed wavelength tuning
[15, 48–53], we expect that OR-PAM can be a valuable
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tool to study functional hemodynamics in SNP related
research.
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