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Simultaneous head-mounted imaging of neural and
hemodynamic activities at high spatiotemporal
resolution in freely behaving mice

Ningbo Chen"t, Zhigiang Xu'#t, Zheng Song'+t, Jiuling Liao't, Hongdong Zhang'?, Jiahao Li'*,
Taofeng Wu1, Weilei Ma1,Tiancheng Lei‘, Liangjian Liu1, Guangying Ma‘, Hui Liao‘, Shiwei Ye1,
Jing Meng?, Liang Song’, Puxiang Lai*, Yingjie Zhu®, Kenneth K. Y. Wong?, Hairong Zheng®*,

Wei Zheng'*, Chengbo Liu'*

Exploring the relationship between neural activity and cerebral hemoglobin-oxygenation responses in freely be-
having mice can advance our understanding of neurovascular coupling. Head-mounted microscopes enable neu-
roimaging in freely behaving mice; however, investigating neurovascular dynamics remains challenging because
of a lack of hemodynamic information, especially blood oxygenation, or insufficient resolution. Here, we report a
head-mounted microscope for neurovascular imaging that enables the simultaneous recording of neuronal burst
firing and multiparametric hemodynamics such as vascular oxygen saturation at high spatiotemporal resolution.
The 1.7-gram lightweight microscope integrates confocal fluorescence and photoacoustic microscopy, allowing
recordings at 0.78 hertz with 1.5-micrometer lateral resolution across a field of view of 400 micrometers by
400 micrometers. We identified cell type-specific neurovascular responses to hypoxic challenges, observed active
regulation of arterioles during sensory stimuli, and detected abnormal oxygen depletion and vasodilation pre-
ceding burst neuronal discharges in epileptic disorders. This technique provides valuable insights into neurovas-
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cular coupling and holds potential for studying the pathology of neurological brain diseases.

INTRODUCTION

Neural activity is closely related to blood flow and oxygenation in the
brain; this is known as neurovascular coupling (NVC) (I, 2). When a
localized area of the brain generates neural activity, the metabolic de-
mand in that region increases, leading to an increase in blood flow to
supply more oxygen and glucose to meet the metabolic needs of neu-
rons (3). Conversely, if cerebral vessels are unable to supply sufficient
oxygen and energy due to pathological changes, then the functional
activity of the corresponding brain region will be substantially af-
fected (4). Conventional NVC imaging techniques, such as function-
al magnetic resonance imaging, indirectly infer the brain neural
activity based on hemodynamic changes; this sometimes leads to am-
biguities in the data interpretation (5). Developing imaging methods
that directly and simultaneously map the neural activity and hemo-
dynamics will aid in the more accurate interpretation of the neuronal
and vascular coupling relationships and the refinement of the bio-
physical models based on the functional magnetic resonance imaging
signals. Moreover, concurrently capturing neural activity and brain
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functional information such as blood-oxygen metabolism (6) could
provide insights into neurological disorders (7, 8) such as epilepsy,
Alzheimer’s disease, stroke, and migraines. Furthermore, correlating
the neural activity and hemodynamic response helps to accurately
decode the functional brain activation and facilitate the development
of the next-generation brain-computer interface technologies (9).
Advanced optical imaging techniques, exemplified by fluores-
cence imaging modality, have provided powerful means to reveal
the mechanism underlying NVC by visualizing spatiotemporal neuro-
vascular dynamics in the rodent brain (10, 11). Most of these studies
have been carried out in anesthetized or head-fixed mice with a desk-
top optical microscope to minimize motion artifacts during imag-
ing. However, anesthesia is known to have profound effects on
neuronal activities (12). Head-fixed imaging will restrict the natural
behavior of mice and substantially limit the exploration of NVC, as
the brain’s actual response often depends on the animal’s behavioral
state and environmental interactions. To meet this challenge, several
head-mounted microscopes (13-17), including laser-scanning mul-
tiphoton microscopy (two-photon or three-photon) and camera-
based single-photon microscopy, have been reported to explore
brain activity in freely moving mice. In laser-scanning multiphoton
head-mounted systems, two separate optical fibers (13, 14) or a double-
clad fiber (15) is used in the probe to transmit the illumination laser
beam and collect emitted fluorescence photons; these systems pro-
vide high resolution and strong contrast with a relatively deep imag-
ing depth. However, head-mounted blood-oxygen imaging has not
yet been achieved with such systems. Camera-based single-photon
head-mounted systems typically use light-emitting diodes of vari-
ous colors as illumination light sources and a complementary metal-
oxide semiconductor sensor to detect the emitted fluorescence or
reflected light within a miniature probe (16). These setups provide a
large field of view (FOV), fast imaging frame rate, and the ability to
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integrate multiple wide-field optical imaging modes to capture both
neural activity and cerebrovascular changes (17). However, these
systems are generally restricted to superficial layers and have limited
resolution and contrast, which are severely compromised by tissue
scattering and out-of-focus background signals. Therefore, the reported
head-mounted microscopes present challenges in investigating neu-
rovascular dynamics because of a lack of hemodynamic information,
especially blood oxygenation, or insufficient resolution.

Integrating fluorescence microscopy and photoacoustic micros-
copy (PAM) (18-21) into a head-mounted system is a highly prom-
ising approach to achieving simultaneous recording of neuronal
activity and hemodynamic with high resolution in freely behaving
mice. Fluorescence microscopy allows long-term observation of neu-
rons labeled with specific markers, while PAM leverages hemoglo-
bin absorption for label-free imaging of cerebral hemodynamics.
Although numerous dual-modal photoacoustic and fluorescence
(PA/FL) microscopes have been implemented (22-31), several tech-
nical challenges impede their application in head-mounted imaging
of mice. In these implementations, transmission mode (22, 23) is the
most common setup, where an objective lens is positioned on one
side of the sample to deliver laser beams and collect fluorescence
signals, while an ultrasonic transducer (UT) is placed on the oppo-
site side to detect photoacoustic signals. Although transmission
mode enables high-resolution dual-modal imaging, it is only suit-
able for thin samples. Reflection-mode PA/FL systems can be imple-
mented using an optical-acoustic combiner (24, 25). However, this
approach increases the imaging probe’s size and weight, making it
unsuitable for head-mounted imaging in mice. Moreover, the com-
biner increases the distance between the objective lens and the sam-
ple, limiting the use of high-numerical aperture (NA) objectives,
which are essential for high-resolution imaging. While a needle UT
can reduce the complexity of the probe in a PA/FL system (26), it
still remains too large for head-mounted applications. Transparent
UTs overcome the limitations of traditional piezoelectric transduc-
ers by allowing the passage of laser beams (27), eliminating the need
for bulky combiners, but transparent UTs risk laser damage and
introduce aberrations detrimental to high-resolution fluorescence
imaging. Optical sensors for photoacoustic detection offer new op-
portunities for implementing PA/FL systems (28-30, 32). For example,
optical fiber sensors based on the microring resonator not only ex-
hibit high detection sensitivity and bandwidth but also can be seam-
lessly integrated into fluorescence microscopes due to their optical
transparency and miniaturized size (30, 32). However, optical sen-
sors necessitate an additional optical fiber to deliver the detection
laser beam to the head-mounted probe that complicates the manu-
facturing and assembly of the probe (33). Moreover, many types of
optical sensors are susceptible to vibrations and prone to damage or
contamination, and their stability is difficult to maintain in the com-
plex scenarios of freely moving imaging. The PA/FL endoscope, as
reported in (31), features a compact and tiny imaging probe that
uses a multimode fiber to deliver excitation laser beams and collect
fluorescence signals, along with another optical fiber to detect
acoustic signals based on Fabry-Pérot sensing. However, their imag-
ing quality is relatively limited because of suboptimal laser focusing
and low fluorescence collection efficiency, making them immature
for head-mounted brain imaging.

Here, we report a head-mounted microscope optimized for
NVC imaging at high spatiotemporal resolution and contrast with
a lightweight minijature design. In the proposed system, confocal
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fluorescence microscopy (CFM) (34) and PAM are integrated. We
initially optimize the optomechanical design and acoustic detection
scheme of the imaging probe to minimize its size and weight. In the
probe, a dual-axis microelectromechanical system (MEMS) scanner
is used to attain rapid optical scanning at a frame rate of 0.78 Hz, a
miniature objective with a high NA (0.5) is used to achieve a lateral
resolution of 1.5 pm, and a pint-sized (0.4 mm by 0.5 mm by 0.25 mm)
high-frequency (center frequency, 55 MHz) flat-field UT is applied to
realize the high-sensitivity detection of photoacoustic signals in an
FOV of 400 pm by 400 pm. The small size of the UT ensures efficient
integration of the CFM and PAM systems by eliminating the need for
optical-acoustic beam combiners, such as prisms or coverslips, en-
abling the development of a compact and lightweight imaging probe
(1.7 g). Moreover, compared to optical sensors used for head-mounted
imaging, the miniature UT offers stability for long-term imaging and
simplifies system setup by eliminating the need for an additional de-
tection optical fiber. In our design, only a single optical fiber is used
in the probe to transmit three illuminating laser beams for both the
CFM and PAM modalities; concurrently, emitted fluorescence pho-
tons are collected for confocal fluorescence detection, and the be-
havioral interference in mice associated with the use of multiple fibers
is eliminated. Furthermore, we demonstrate the potential applications
of the proposed head-mounted microscope in NVC research through
a series of proof-of-concept experiments in freely behaving mice;
these experiments include systemic prolonged hypoxia, localized and
rapid electrical stimulation, and epilepsy imaging. These diverse ex-
perimental paradigms fully validate the NVC imaging capabilities of
this microscope. Overall, our technique provides a tool for NVC re-
search and has the potential to reveal the pathomechanisms of mul-
tiple brain diseases by providing a more holistic view of the brain
NVC function.

RESULTS

Head-mounted dual-modal imaging platform

The aim of the head-mounted dual-modal imaging platform is to
achieve synchronous observations of the neuronal activities and he-
modynamic responses in freely behaving mice. To this end, we de-
signed a custom platform that integrates two imaging mechanisms,
PAM and CFM (Fig. 1A). For the PAM modality, cerebrovascular
morphology data can be acquired label-free. Leveraging the photo-
acoustic spectral unmixing technique, blood oxygen saturation (sO5)
dynamics can be tracked; that is, on the basis of the distinct absorp-
tion characteristics of oxyhemoglobin (HbO,) and deoxyhemoglobin
(HbR) in the visible wavelength range (Fig. 1B), the relative pro-
portion of HbO; can be inferred, revealing the oxygen metabolism
function of the vasculature. To ensure the optimal photoacoustic
spectral unmixing performance, we engineered a dual-channel, pulse-
to-pulse wavelength-switching laser source on the basis of the stimu-
lated Raman scattering (SRS) effect (see Materials and Methods and
fig. S1). Notably, to prevent background noise in the fluorescence
signal due to the overlap of photoacoustic excitation wavelengths
and the fluorescence emission spectrum, we red shifted the pulsed
pumps to 558 and 570 nm using the Raman frequency shift effect.
As a result, the transmission bandwidth of the fluorescence emis-
sion filter can be extended to 50 nm (central wavelength, 525 nm;
ET 525/50 m; Chroma). This bandwidth covers most of the fluores-
cence emission spectrum of genetically encoded calcium indicator 6s
(GCaMPé6s), which allows sufficient transmission of the fluorescence
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Fig. 1. Head-mounted dual-modal imaging platform. (A) Schematic of simultaneous imaging of vascular oxygen metabolism and neural Ca®" dynamics in freely mov-
ing mice. FC, fiber collimator. (B) Spectral curves. Left axis: Absorption spectra of HbO, and HbR. Right axis: Fluorescence excitation and emission spectra of the GCaMP6s
calcium indicator. The middle rectangular shading represents the bandwidth of the fluorescence filter (ET 525/50 m). The colored vertical dashed lines indicate the wave-
lengths (488, 558, and 570 nm) used for dual-modal imaging. a.u., arbitrary units; Norm., normalized. (C) Design of the miniature microscope. Left: Transparent three-
dimensional (3D) view showing the internal path, light path (green), and mechanical assembly of the head-mounted probe; the inset shows the acoustic detection
scheme using a miniaturized UT. Right: The solid model of the probe. Obj, objective. Scale bar, 5 mm. (D) Photograph of a freely moving mouse wearing the head-mounted
dual-modal microscope. Scale bar, 1 cm. (E) FOV measurement by imaging a grid array with 100-um grid spacing. Scale bar, 50 pm. (F) Spatial resolution test using a 1951
USAF resolution test target. Scale bar, 40 pm. (G) Cross-sectional intensity profile along the green line in (F); the spacing between the lines in element 6 (group 7) is ap-

proximately 2.2 pm.

signal during simultaneous imaging and precisely eliminates inter-
ference from the photoacoustic wavelength in fluorescence detection
(Fig. 1B). For the CFM modality, we selected a commercial 488-nm
continuous-wave laser (OBIS 488LX, Coherent) as the fluorescence
excitation source. The excitation beams of both the PAM and CFM
modalities were combined via two long-pass dichroic mirrors (DM1,
T550lpxr; DM2, ZT488rdc; Chroma). Last, the combined beam was
coupled to a single-mode fiber (SMF) and output to the distal head-
mounted probe. For the detailed optical path layout, please refer
to fig. S1.
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In particular, one SMF was used for excitation light transmission
and fluorescence collection, and only the in-focus fluorescence was
allowed to pass through the fiber-based pinhole (fig. S2) before be-
ing detected by a photomultiplier tube (PMT) (CH345, Hamamatsu).
The shared pinhole configuration enables cofocusing of the excita-
tion and emission light, which makes the alignment more flexible
and the optical path more stable and compact than the conventional
method of adjusting individual spatial pinholes to cofocus the emis-
sion and excitation light, thus making the miniaturization of the
probe feasible. To improve the signal-to-noise ratio of fluorescence
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imaging, we further reduced the background noise. For example,
angle polishing and antireflection coatings were applied to the fiber
end faces to reduce noise from reflected light; low-autofluorescence
adhesive (EPO-TEK 301, Epoxy Technology) was used to fabricate
fiber-optic connectors; and we carefully selected a carbon polyimide-
coated SMF [SM1250SC(9/125)CP, Fibercore] instead of a conventional
acrylate-coated SMF to prevent autofluorescence interference.

The head-mounted imaging probe features a lightweight, minia-
ture design (see Fig. 1C and Materials and Methods), with a total mass
of only 1.7 g; thus, it is suitable for experiments involving freely mov-
ing mice (Fig. 1D). Quantitative comparisons revealed no significant
changes in the mice’s average movement speed and total travel dis-
tance (n = 4 mice, two-sided paired ¢ test, P = 0.3750 for total dis-
tance, P = 0.2500 for average speed) while the probe was worn on
the head (fig. S7). A custom miniaturized UT was created to accom-
modate the short working distance of 1 mm underwater imposed by
the high-NA (0.5) objective lens. A high NA is a key factor in deter-
mining the high fluorescence collection efficiency and superior opti-
cal performance of this probe. The FOV of the probe was measured
by a grid test target (R1L3S3P, Thorlabs) with 100-pm grid spacing,
and an FOV of ~400 pm by 400 pm was achieved (Fig. 1E). To
demonstrate the imaging capability, we imaged a 1951 United States
Air Force (USAF) resolution test target (R3L3S1P, Thorlabs) (Fig. 1F).
The cross-sectional intensity profile along the green line in Fig. 1F
was clearly resolved (Fig. 1G), and the spacing between the lines in
element 6 (group 7) was approximately 2.2 pm (see Supplementary
Text and fig. S2 for the detailed optical design and resolution quan-
tification). Using a miniaturized dual-axis MEMS scanner for laser
scanning, we allocated 1.28 s for each 256-pixel by 256-pixel CFM
frame, ensuring a sufficient pixel dwell time for optimal fluorescence
signal accumulation. For the PAM modality, the images have dimen-
sions of 256 pixels by 250 pixels when the laser frequency is fixed at
50 kHz. To facilitate data processing, we uniformly resized photo-
acoustic images to match the pixel dimensions of the fluorescence
images, i.e., 256 pixels by 256 pixels. In addition, simultaneous ex-
posure to multiple excitation lasers may pose a potential risk of fluo-
rescence photobleaching. To assess this risk, we conducted extended
imaging (30 min) to evaluate the effect of photobleaching (fig. S8).
By statistically comparing the average fluorescence intensity of neu-
ronal cells during the first and last 5 min, we found no significant
evidence of photobleaching (n = 12 neurons, two-sided paired f test,
P = 0.7150). The scanning control, timing synchronization, and
acquisition-triggering functions of the imaging platform were im-
plemented on the basis of field-programmable gate arrays (FPGAs)
(see Materials and Methods and fig. S3). Thus far, we have complet-
ed the hardware design and setup of the head-mounted dual-modal
imaging platform. Because of its superior spatiotemporal resolution,
real-time recording of the dual-modal information at the cellular
scale and investigating the neuronal activities and hemodynamics in
freely moving mice are possible; in addition, the complementary
dual-modal information provides a novel perspective for further
studies of NVC.

Neurovascular response to hypoxia

The brain is highly dependent on oxygen supply, and cerebral hypoxia
is a predisposing factor for various neurodegenerative diseases (35).
The regulation mechanisms of cerebral neurons and the vascular
system under hypoxic conditions remain unclear; therefore, concur-
rently resolving individual neuron and cerebral vessel responses with
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high spatiotemporal resolution contributes to improving our under-
standing of the pathogenesis of hypoxia-induced neurological dis-
orders. In this experiment, we directly altered the inspired oxygen
concentration in mice by mixing nitrogen (N) in air and continu-
ously monitored the neuronal and cerebral hemodynamic responses
of freely moving mice via the proposed head-mounted microscope,
and an overhead camera was used for real-time recording of the
mouse behavior (see Fig. 2A and Materials and Methods). This ex-
periment could be used to validate the neurovascular imaging per-
formance of our dual-modal imaging platform under systemic
stimulation, and it could also provide insights into the regulatory
mechanism of NVC for oxygen delivery in the brain.

In the experiment, we observed significant changes in neuronal
calcium signaling, hemodynamics, and activity behavior in mice
under hypoxia conditions compared to normoxia and recovery pe-
riod after hypoxia conditions (Fig. 2B and movie S1). Specifically,
we extracted all neuronal cells within the FOV, and by averaging all
extracted neuronal traces, we found a complicated trend in the neu-
ronal responses under hypoxia conditions; here, the highest peak
positive response reached 97.05 + 24.29% AF/F, and the peak nega-
tive response reached 49.19 + 9.46% AF/F [Fig. 2C (a), n = 106 neu-
rons in one mouse]. Next, fractional changes in total hemoglobin
(HbT), HbO,, and HbR were quantified, revealing that although the
changes in the HbT concentration were not large (within 12%) dur-
ing hypoxia, the relative HbR concentration markedly increased by
137.40 + 29.24%, whereas the HbO, concentration decreased by
38.75 + 5.97% [Fig. 2C (b)]. Moreover, the sO; level decreased sub-
stantially by 36.49 + 2.74% [Fig. 2C (c)]. In addition, during hy-
poxia, some of the blood vessel diameters were dilated by as much as
37.53 &+ 4.34% [Fig. 2C (d)]; through this regulatory mechanism, the
blood flow and oxygen delivery could be increased to maintain the
proper functioning of the brain (36). The dynamic rebound of cere-
bral sO, after vasodilatation [indicated by the arrow in Fig. 2C (¢)]
was directly observed using our technique. Statistical analysis indi-
cated that the systemic hypoxic stimulus led to a significant decrease
in sO; level of 35.03 + 7.19% (Fig. 2D, n = 6 trials from three mice,
two-sided paired ¢ test, P = 0.0052) and a significant increase in ves-
sel diameter of 20.26 + 4.68% (Fig. 2E, n = 6 trials from three mice,
two-sided paired ¢ test, P = 0.0078); afterward, the values recovered
to the baseline levels. Unless otherwise mentioned, the mean of the
first 50 frames of the normoxic state data was used as the baseline for
calculating the change in each parameter in the quantitative analysis;
a five-point moving window was used for data smoothing. By further
analyzing the correlation between neuronal calcium dynamics and
sO, changes, we found a particular NVC relationship, with neuronal
populations exhibiting completely opposite responses to hypoxia
(Fig. 2F). We categorized all the neuronal cells into two groups, i.e.,
excitatory and inhibitory, on the basis of their correlation with oxygen
depletion (Fig. 2, G to I). The distribution of pairwise Pearson cor-
relation coefficients for all extracted neurons shows the distribution
of neuronal populations with different coupling responses (Fig. 2J).
The cell type-specific NVC may be associated with variations in the
vulnerability of different neuronal cells to the neurotoxic effects in-
duced by hypoxia (37). The pathology of hypoxia-mediated neuro-
logic dysfunction needs to be elucidated further in the future.

Neurovascular response to sensory stimulus
Distinct from the global prolonged hypoxic stimulation described
above, we next demonstrated the ability of the proposed dual-modal
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Fig. 2. Neurovascular response to hypoxia. (A) Schematic of the hypoxia test paradigm. Pure N, and air gases were used to create normoxic and hypoxic environments.
(B) Synchronized acquisition of dual-modal images during normoxia (top), hypoxia (middle), and recovery (bottom) states. Columns from left to right: Ca>* fluorescence
images, photoacoustic images of HbT and sO,, and merged images. Each image represents a single moment under different states. Red and blue circles mark typical ex-
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(left), inhibitory (middle), and composite (right). Numbers 1 to 10 indicate neuronal locations in (G). (I) Interneuron correlation coefficient matrix for neurons in
(G). (J) Distribution of pairwise Pearson correlation coefficients of all extracted neurons.
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head-mounted microscope to monitor localized NVC responses. This
was achieved by observing the neurovascular reactions in specific
brain regions under highly localized and rapid stimulus. Electrical
foot shock can activate sensory neurons and induce neurochemical
changes in the peripheral nervous system. It is a classic paradigm for
studying neuropsychiatric disorders in animals (38). Here, we simul-
taneously monitored neuronal and hemodynamic responses in the
primary somatosensory cortex (S1) evoked by electrical stimulation
on freely moving mice. During the experiment, the mice were allowed
to freely move in an electric foot shock apparatus. An externally con-
nected, isolated pulse stimulator provided current pulses for foot
stimulation (amplitude, 3 mA; pulse duration, 0.25 ms; frequency,
5 Hz), and an overhead camera was used for real-time recording of
the mouse behavior (see Fig. 3A and Materials and Methods). A total
of four rounds of electrical stimulation were administered in this ex-
periment, and the dual-modal imaging system accurately captured
the changes in neuronal firing, vasomotion, and cerebral oxygenation
status in the mice before and during electric shock (Fig. 3B).

To accurately quantify electrical stimulation-induced changes
in single neuronal somatic signals, we extracted all cells within the
FOV. The example trace of the neuronal calcium transients reflects
the activation of somatosensory cortical neurons caused by electri-
cal stimulation, and repeated and consistent results can be observed
(Fig. 3, C and D). According to the trajectories of the four rounds of
electric shock, the movement speed of the mouse markedly increased
after the onset of the electric shock (Fig. 3E and movie S2). The
highest peak response of the neuronal signal after the onset of elec-
trical stimulation reached 202.23 + 51.08% AF/F (Fig. 3, n = 10
example neurons in one mouse). In addition, we analyzed the he-
modynamic parameters of pial arterioles and venules, namely, sO,,
HbT, and vessel diameter (Fig. 3, G to I). The peak sO, responses to
electrical stimulation were 22.47 + 8.07 and 6.70 + 3.78% greater
than the baseline sO; in venules and arterioles, respectively. The sO,
response to neuronal firing was weak in the arterioles, indicating
that arterioles still maintain high oxygenation levels despite the in-
creased neural activity caused by sensory stimuli. This suggests that
arterioles serve an essential function in preserving a safe margin of
tissue oxygenation (39). Moreover, the increased sO, response in the
venules implies that oxygen delivery under a sensory stimulus far
exceeds oxygen depletion. Typically, functional hyperemia mecha-
nisms ensure rapid increases in blood flow and oxygen delivery during
brain activation, with vessel diameter changes being the most im-
portant determinants of blood flow (40). By further analyzing the
HbT concentration (Fig. 3H) and vessel diameter (Fig. 3I), we found
that the responses in the arterioles were strongly related to neuronal
firing (Fig. 3F). The largest changes in both HbT concentration and
vessel diameter were significantly greater in arterioles than in venules
(AHDT, 12.82 + 6.21% versus 3.94 + 5.21%; AD, 19.03 + 3.36% versus
7.14 + 1.33%). This finding also validates the critical role of the ar-
terioles in regulating cerebral blood flow and oxygen supply (36). In
contrast, the weaker hemodynamic response of the venules was more
likely to be a passive result of changes in upstream blood flow rather
than an active regulation mechanism (41).

To illustrate the spatial correlation between neuronal activities
and hemodynamic responses, we generated adjacency matrices (see
Materials and Methods) by calculating Pearson’s correlation coeflicient
between the calcium dynamics of each neuron and the hemodynamics
of each blood vessel segment (Fig. 3, ] and K). Horizontal analysis
of the adjacency matrices revealed that most neurons (labeled 1 to 16)
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exhibited correlation with cerebral hemodynamics in this experiment,
whereas correlations for some neurons (labeled 17 to 20) were neg-
ligible. This may reflect functional heterogeneity among neurons in
NVC. Vertical analysis of the adjacency matrices demonstrated that
the diameters of arterioles (labeled 1 to 8) showed pronounced cor-
relations with neural activity, while their blood oxygenation exhibited
weaker or negligible correlations. In contrast, both the diameters and
blood oxygenation of large venules (labeled 9 to 12) displayed moder-
ate correlations with neural activity, whereas correlations for the
remaining smaller vessels (labeled 13 to 20) were negligible. These
observations highlight the differences in NVC across various vascular
types and corroborate the phenomena observed in Fig. 3 (G to I).
Specifically, during electrical stimulation, arterioles exhibited the
most pronounced diameter changes, while their oxygenation levels
remained relatively stable, making oxygenation changes less detect-
able. Venules, potentially acting as passive conduits for upstream blood
flow changes, showed more noticeable diameter and oxygenation
changes in larger venules compared to smaller venules and capillaries,
likely due to their greater capacity for blood drainage. The results of
our high spatiotemporal resolution imaging platform provide a new
perspective on sensory-evoked NVC, enabling accurate identification
of the functions of both arterioles and venules.

Neurovascular response to acute epileptic seizures
As a final demonstration, our aim was to explore the NVC response
in brain pathophysiology. To demonstrate this, we imaged epilepsy-
induced NVC in freely moving mice. Epilepsy is known to be one of
the most severe brain conditions (42), and understanding how this
abnormality affects the NVC is essential for revealing potential ther-
apeutic targets for seizures. In the experiment, pentylenetetrazole
(PTZ), a well-established agent for inducing acute epilepsy in mice,
was used to induce the epilepsy model, and seizure initiation and
propagation in freely moving mice were visualized through our
miniature head-mounted microscope (see Fig. 4A and Materials
and Methods). Representative neurovascular maps during the base-
line (pre-PTZ injection) and seizure periods were examined, and
the high-resolution image obtained by fusing the imaging results
of neuronal soma and cortical vessels demonstrates the in vivo imag-
ing capabilities of the proposed system at the cellular scale (Fig. 4B).
Epileptic seizures are characterized by hypersynchronous dis-
charges, and understanding their precise propagation can provide
clues for the prediction and suppression of epilepsy (43, 44). Lever-
aging the high spatiotemporal resolution of the proposed system, we
successfully observed the dynamic progression of seizures, with the
wavefront rapidly expanding into neighboring regions (Fig. 4C and
movie S3). We analyzed the change in the calcium signal over the
overall image, revealing that in the preictal buildup period, neuronal
ensembles present high-frequency low-intensity microepileptic sei-
zures, which last for approximately 200 s, followed by bursts of high-
intensity discharges when the epileptic buildup reaches a localized
threshold (Fig. 4D), which signals the onset of epileptic wave propa-
gation. A heatmap of the calcium transients from all neurons revealed
a marked ictal discharge in the seizure state (Fig. 4E). Through com-
parisons with the baseline state, we found that the hemodynamic
responses of the mouse markedly differed in the seizure state. High-
frequency neurological activation during the epileptic buildup (i.e.,
preictal) period led to the depletion of a substantial amount of oxy-
gen, with a 9.88 + 0.67% decrease in sO,, which was accompanied
by a transient vasodilatation of 36.20 + 6.04% (Fig. 4, F and G). The
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Fig. 3. Neurovascular response to sensory stimulus. (A) Schematic showing the foot shock setup and the electrical stimulus signal setting. The monophasic electric
pulse trains had a 3-mA pulse amplitude and 0.25-ms pulse duration at a frequency of 5 Hz. (B) Synchronized acquisition of dual-modal images before (top) and during
(bottom) electrical stimulation. Columns from left to right: Ca®* fluorescence (FL) image, photoacoustic image of HbT concentration, photoacoustic image of sO5, and
dual-modal merged image. Scale bar, 50 pm. (C) Example trace of calcium transients from 10 neurons. The vertical red shading indicates the electrical stimulus applied.
The scale bar applies to all individual traces. (D) Heatmap of calcium transients from all extracted neurons. The color bar indicates the z-score normalized AF/F value. Scale
bar, 30 s. (E) Mouse movement trajectories during four electrical foot shock rounds; the colors denote the moving speeds. The red and purple arrowheads mark the mo-
ments at which the electric shock begins and ends, respectively. Scale bar, 5 cm. (F) Average Cca*t dynamic change from 10 example neuronal traces in (C); the line and
shading denote means + SEM. (G to I) Hemodynamic responses of arterioles and venules [indicated by the red and blue arrows in (B), respectively] to electrical foot shock.
The changes in sO,, HbT, and vessel diameter are shown in the figures. The data are presented as means + SEM. Dia., diameter. (J) Segmentation of neurons and blood
vessels. (K) Adjacency matrices between neuronal dynamics and hemodynamic responses. The sequence numbers of representative neurons and vascular segments, in-
cluding arteriole, venule, and capillary, are labeled in (J), respectively.
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Fig. 4. Neurovascular response to acute epileptic seizures. (A) Schematic showing the timing of imaging and PTZ-induced acute epileptic seizures in mice. (B) Left:
Images of Ca®* dynamics and sO, at baseline (top) and during seizures (bottom). Right: Representative overlay of photoacoustic (PA) and fluorescence (FL) images at
baseline. Scale bars, 50 pm. (C) Ca®" dynamic images from single frames at the indicated time points during seizure wave propagation. Scale bar, 50 um. (D) Average (Avg.)
Ca?t dynamic change from all frames of FL images acquired during seizures. The FL intensity is z-score normalized. (E) Heatmap of calcium transients from all neurons. The
entire epoch can be divided into three periods: preictal, ictal, and postictal, separated by the red dashed lines. Scale bar, 100 s. (F) SO, changes in blood vessels [indicated
by the white arrow in (B)] at baseline versus the seizure state. (G) Changes in blood vessel diameters [indicated by the white arrow in (B)] at baseline versus the seizure
state. Two sets of data with the same duration (0 to 256 s) were used for comparison. (H) Example traces of calcium transients during baseline (left) and seizure (right). Time
for baseline data, 0 to 256 s; time for seizure data, 128 to 384 s. (I) Interneuron correlation coefficient matrices of Ca2" dynamics from the baseline (left) and seizure (right)
states. (J) Statistical comparison of average cross-correlation coefficients in the baseline and seizure states (n = 3 mice, two-sided paired t test, *P < 0.05). The data are
presented as means + SEM. (K) Average Ca®* response magnitude in the preictal and ictal states (n = 3 mice, two-sided paired t test, **P < 0.01). The data are presented
as means =+ SEM. (L) Mouse movement trajectories in the baseline and seizure states; the colors denote the moving speeds. Scale bars, 5 cm.
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epileptic NVC results indicate that the hemodynamic changes as-
sociated with oxygen depletion and vasodilation precede the onset
of ictal neuronal discharges. This provides a timing window for
epileptic interventions, and restoring cortical oxygenation may be
effective for epileptic suppression (45). Furthermore, the calcium
transient traces in the baseline and seizure states revealed distinct
firing patterns, with the seizure state showing hypersynchronous
characteristics (Fig. 4H). Interneuron correlation analysis indicated
that the correlation between neuronal activities was enhanced during
the seizure state (Fig. 4I). Statistical analysis revealed that the mean
correlation coefficient increased from 0.03 +0.01 to 0.42 + 0.12 follow-
ing seizures (Fig. 4], n = 3 mice, two-sided paired ¢ test, P = 0.0186).
The statistics showed that the mean AF/F response magnitude in-
creased from —0.05 + 0.12 in the preictal period to 3.68 + 0.20 in the
ictal period (Fig. 4K, n = 3 mice, two-sided paired ¢ test, P = 0.0068).
The movement trajectories revealed notable differences in both speed
and route between the baseline and seizure states in the mice (Fig. 4L
and movie S3). In summary, within this brain disease study paradigm,
we successfully visualized the initiation and progression of epilepsy in
freely moving mice using the high spatiotemporal resolution dual-
modal head-mounted microscope. Concurrently, we recorded the
dynamic responses of NVC. This advanced technique is anticipated
to serve as a valuable reference for further pathological studies of
brain diseases.

DISCUSSION

We have presented a miniaturized dual-modal head-mounted mi-
croscope dedicated to neurovascular imaging. The microscope uses
CFM to track the neuronal calcium dynamics and PAM to capture
the structural and functional information from the cerebral micro-
vasculature. This system achieves simultaneous imaging of neuronal
activities and the vascular hemodynamic responses in freely moving
mice, with a lateral resolution of 1.5 pm over an FOV of 400 pm by
400 pm and a mass of 1.7 g.

We conducted three types of in vivo NVC imaging experiments
to validate the capabilities of our dual-modal head-mounted micro-
scope across diverse physiological states. First, in the systemic
prolonged hypoxia experiment, we synchronously observed the
responses of individual neurons and cerebral vessels to hypoxia in
mice. When respiratory oxygen intake decreased, the global oxygen
saturation in brain regions markedly decreased; this triggered cortical
vasodilatation to regulate oxygen delivery to elevate oxygen saturation
in response to the hypoxic challenge. Moreover, hypoxia-induced
neuronal activities exhibited notable differences, with some showing
inhibitory states and others displaying hyperexcitability. The cellular-
level neuronal somatic identification enabled precise categorization
of the different neuronal populations. Next, we used the microscope
for localized NVC imaging in specific cortical regions. We observed
the activation of the neuronal activities in the mouse somatosensory
cortex using highly localized and rapid electrical stimuli, and differ-
ent hemodynamic responses of cortical arterioles and venules were
revealed. The active regulation mechanism of arterioles in preserv-
ing the safe oxygenation margin in the somatosensory cortex during
brain activation by sensory stimuli was visualized. This showed the
technique’s capability for NVC imaging from systemic to rapid local-
ized stimulation. Last, in the epilepsy imaging experiment, we visu-
alized the initiation and progression of epilepsy in freely moving mice.
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This experiment demonstrated the reliability and applicability of the
microscope for NVC imaging of brain diseases. We captured the hy-
persynchronous neuronal firing and the propagation of seizure
waves, as well as the hemodynamic responses of blood oxygen deple-
tion and vasodilation due to high-frequency neurological activation.
Moreover, using simultaneous dual-modal imaging capabilities, we
identified a time window of oxygen depletion and vasodilatation that
precedes burst neuronal discharges. This observation could serve as an
early warning signal, enabling timely intervention to suppress epilepsy.
Together, these proof-of-concept imaging paradigms thoroughly dem-
onstrated the powerful capabilities of the microscope for NVC studies.
We anticipate that this technique will be applicable to a wider range of
pathological and therapeutic studies on brain diseases in the future.

While we meticulously optimized the key components and op-
tical designs of the microscope and demonstrated its NVC imaging
capabilities, some future improvements may further enhance its
performance. For example, the FOV is currently constrained by the
effective acoustic detection area of the miniaturized UT. The trans-
ducer size can be further optimized to accommodate a larger FOV,
but it is essential to consider the electrical impedance and the detec-
tion sensitivity to achieve optimal performance (see Supplementary
Text and fig. S9); the FOV could also be expanded to a millimeter
scale by combining multiple UTs in a single imaging probe in future
work. In addition, scalable transducer arrays (46) are expected to
provide a potential solution for extending the FOV. The current sys-
tem uses a high-NA miniaturized objective to achieve high spatial
resolution, which is adequate for identifying individual neurons
and microvasculature; however, this compromises the microscope’s
depth of field (DOF). Future versions could integrate a z-scanning
module (47, 48) to extend the imaging DOE, although this may ne-
cessitate a larger probe size and compromise the lightweight nature
of the microscope. Alternatively, developing compact and light-
weight diffractive optical elements (49, 50) with multifocal or long
depth of focus may be a viable alternative for achieving volumetric
imaging with an extended DOE Moreover, switching from a saw-
tooth wave to a higher-frequency sinusoidal wave for driving the
MEMS scanner could increase the scanning rates and the temporal
resolution. However, this approach may introduce field distortion
(51). An optimized double-spiral resonant scanning scheme (52)
could alleviate this issue and increase the scanning rate without
sacrificing the FOV. In addition, downsampling combined with im-
age restoration algorithms (53, 54) can also help to further acceler-
ate the imaging speed. The degradation of the signal-to-noise ratio
due to the shorter integration time for fluorescence detection could
be mitigated by developing neural network-based denoising and
deblurring algorithms (55, 56). For long-term imaging, especially at
high imaging speeds, photobleaching due to overexposure requires
careful consideration. Exploring photoacoustic imaging with low
laser doses (57, 58) may effectively mitigate this issue. In addition,
integrating two-photon or three-photon imaging modalities, which
use longer wavelengths and enable more localized fluorescence ex-
citation, will further minimize the risk of photobleaching in out-of-
focus regions. This approach also allows for deeper imaging with
reduced photodamage to the surrounding areas. With the current
outstanding performance of this dual-modal head-mounted micro-
scope and the potential for flexible upgrades and expansions, we
believe this technology can provide a better understanding of NVC
in neuroscience.
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MATERIALS AND METHODS

Design, manufacturing, and assembly of the

miniature microscope

The overall design of the dual-modal miniature microscope can be
divided into three parts: optical, mechanical, and acoustic detection
schemes. For the optical design, we used the optical design software
Zemax OpticStudio (2024 R1.00, Ansys) to simulate and optimize
the optical path configurations within the miniature probe (fig. S2).
Specifically, a custom miniature fiber collimator with a diameter of
3 mm was used to collimate the multiwavelength lasers. This collima-
tor consisted of a glass ferrule to secure the optical fiber, an achro-
matic doublet lens (#84-125, Edmund Optics), and a metal housing.
The collimated laser beams were then reflected by a MEMS scanner
(F1M16.2-1600AL, Mirrorcle Technologies Inc.), and the MEMS
scanner was actuated by an analog input driver (BDQ PicoAmp 5.4
T180, Mirrorcle), enabling two-dimensional (2D) optical scanning.
Last, these beams were relayed by a scan lens (D0226-3%.101, Domi-
light) and focused onto the biological tissue by an objective lens
(D0226-3%/0.5, Domilight).

In the mechanical design phase, computer-aided design software
(SolidWorks 2020, Dassault Systemes) was used to create a 3D solid
model of the probe on the basis of the optical simulation results,
ensuring precise manufacturing and assembly through geometric
dimensioning and tolerancing. Five-axis computer numerical con-
trol (CNC) machining was used for manufacturing, and a 30% car-
bon fiber-reinforced polyetheretherketone material was selected for
the housing due to its lightweight properties and robust mechanical
strength. The mass of the probe containing all the optical components
is 1.7 g; the sleeve and baseplate bonded to the mouse skull have a mass
of 0.55 g for a total mass of 2.25 g. The probe’s components were de-
signed to be detachable for flexibility, with the MEMS scanner at-
tached to the probe body via M1.2 slotted pan head screws and the
scan lens, objective lens, and miniature fiber collimator secured with
stainless steel M1.2 slotted flat point set screws. Notably, the use of a
customized fine-pitch thread (M5.5, 0.5-mm pitch) on the outer pe-
riphery of the probe output end and an internally threaded sleeve
fixed on the mouse skull allows for easy disassembly and assembly.
This feature provides flexibility for long-term recurring imaging sce-
narios. In addition, the fine-pitch thread enables precise manual ad-
justment of the optical focus depth (0.5 mm per revolution). Once
the focus depth is confirmed, an M2 hex socket flat point set screw
on the sleeve side is firmly tightened, preventing FOV drift caused
by the free movement of the mice during imaging (see fig. S4 for the
detailed probe assembly procedure).

For the acoustic detection scheme, our probe used a planar unfo-
cused transducer as the acoustic receiving unit. We simulated the
acoustic fields of transducers with various physical dimensions using
the MATLAB toolbox k-Wave (see Supplementary Text and fig. S9).
A 2D size of 0.4 mm by 0.5 mm was selected as the optimal balance
between acoustic FOV and detection sensitivity; the excellent acoustic
response characteristics of the miniaturized UT (55 MHz central fre-
quency and —6-dB bandwidth of 70%) ensure the accurate recovery
of the photoacoustic signal. With the off-axis alignment configura-
tion, the UT can receive ultrasound signals without obstructing the
excitation laser and emitted fluorescent signals. Furthermore, we
corrected the imaging depth deviations caused by off-axis ultrasonic
detection (fig. S5). These deviations arise from the varying times of
the ultrasound waves reaching the UT at different positions within
the FOV. The UT was securely bonded to the inclined surface at the
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probe housing end via ultraviolet-curing optical adhesive (NOA61,
Thorlabs). The specially designed inclined angle ensures overlap of
the acoustic detection path with the optical scanning area, maximizing
the detection sensitivity and uniformity within the imaging FOV. In
addition, a wiring groove was fabricated on the probe housing to
facilitate the passage of the UT’s microcoaxial cable [American Wire
Gauge (AWG) 46; outer diameter, 0.2 mm; Hitachi Cable].

System control and image acquisition
Synchronization and real-time display of CFM and PAM in the im-
aging platform were realized by a dedicated data acquisition method
(fig. S3). An FPGA card (Zynq 7010, Xilinx) was used to control all
the devices at nanosecond timescale, and a global synchronization
mechanism was established using custom-built software based on
the FPGA. The amplified photoacoustic signal was sampled by an
analog data acquisition card (DAQ1; ATS9350, AlazarTech). The
fluorescence signal detected by a digital PMT was sampled by another
DAQ (DAQ2; PCle-6323, National Instruments). Both the DAQ cards
were inserted in a workstation (17920, Dell) via peripheral component
interconnect express (PCle) slots to guarantee sufficient readout speed
and frame transmission bandwidth for data saving and display.
During imaging, DAQ2 generated x-axis and y-axis sawtooth drive
signals for the MEMS scanner, achieving raster scanning within the
FOV. Two pulsed 532-nm lasers were triggered by the FPGA at a fre-
quency of 50 kHz with a fixed time interval, and then dual-wavelength
laser beams (558/570 nm) were generated by an SRS module. Photo-
acoustic signals excited by the two laser beams were recorded by
DAQI sequentially. At the beginning of each line scan, the rising edge
of the x-axis drive signal was synchronized with the trigger signals of
532-nm lasers by the FPGA. DAQ2 recorded fluorescence signals
using a digital counter that was synchronized with the trigger sig-
nals of 532-nm lasers to ensure the synchronization between CFM
and PAM. The FPGA also triggered cameras (MER2-502-79U3M,
Daheng Imaging) to obtain synchronized video recordings of the
freely moving mice. A memory buffer list was carefully designed
within the workstation to enable real-time data processing and dis-
play for both PAM and CFM.

Dual-channel output SRS laser source

We engineered a dual-channel, pulse-to-pulse wavelength-switching
laser source on the basis of the SRS effect (59) (fig. S1). Two pulsed
fiber lasers (VPFL-G-HE-30, Spectra-Physics), both initialized at a
532-nm wavelength with a 3-ns pulse width, were designated pump
sources for dual-channel SRS. For the 558-nm SRS channel, we se-
lected a 6.7-m-long single-mode pure silica core polarization main-
taining (PM) fiber (HB450-SC, Fibercore) as the Raman gain medium.
The incident pulse energy on the PM fiber was finely tuned using a
half-wave plate (HWP1; GCL-060712, Daheng Optics) in conjunc-
tion with a polarizing beam splitter cube (PBS121, Thorlabs). A
second HWP (HWP2; GCL-060712, Daheng Optics) was used to
optimize the polarization state, thereby increasing the SRS efficiency
and energy output. The input and output ports of the PM fiber were
secured with a bare fiber terminator (BFT1, Thorlabs) and a fiber
connector coupled with fiber collimators (F220FC-532, Thorlabs)
to manage the coupling of the pump light and the collimation of
the Raman-shifted light. A 10-nm bandwidth band-pass filter (F1;
FBH560-10, Thorlabs) was deployed at the output end to isolate the
secondary Stokes wave generated by SRS, specifically the 558-nm laser.
The 570-nm SRS output channel had the same optical configuration
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as the 558-nm channel, but a slightly longer 10-m PM fiber was incor-
porated to lower the Raman threshold and facilitate energy transfer to
the third-order Stokes wave (570 nm). A 10-nm bandwidth band-pass
filter (F2; FBH570-10, Thorlabs) was used to selectively filter out the
third-order Stokes wave, yielding a 570-nm wavelength laser.

The dual-channel SRS beams were combined through a long-
pass DM (DM3; T565lpxr, Chroma) with a central wavelength of
565 nm. After passing through the DM, the single-pulse laser energy
of each channel exceeded 400 nJ, which is far enough to satisfy the
energy requirement for in vivo imaging. To ensure the stability of
the laser output, we maintained a constant ambient temperature and
humidity and minimized disturbances from external air flow and
mechanical vibrations. For imaging experiments, adjustable attenu-
ators were used to reduce the energy irradiated to the surface of the
living sample to meet the American National Standards Institute
(ANSI) safety limits. The single-pulse laser energy at the imaging
interface was 60 nJ. The dual-channel pump sources were synchro-
nized via two external trigger signals operating at a 50-kHz pulse
repetition rate, incorporating a 2.2-pus time delay between the sig-
nals to achieve pulse-to-pulse wavelength switching. Accurate laser
power calibration is crucial for reliable sO, measurements. Before
and after the imaging sessions, we calibrated the laser at the light
output end of the probe using a power meter to ensure the consis-
tency of the dual-wavelength laser power. This process guarantees the
accuracy of the blood oxygenation monitoring.

Animals

For all in vivo experiments conducted in this study, we used male
C57BL/6] mice (6 to 8 weeks old and weighing 20 to 25 g) purchased
from Beijing Vital River Laboratory Animal Technology Co. Ltd. These
mice were kept in clean cages with ad libitum access to food and water.
The ambient temperature was maintained within a range of 18° to 22°C,
and the relative humidity was maintained at 50 to 60% to ensure opti-
mal living conditions that minimize stress and promote the health of the
animals. All animal experiments were conducted following protocols
approved by the Guangdong Provincial Animal Care and Use Com-
mittee. In addition, the procedures adhered to the guidelines set forth
by the Animal Experimentation Ethics Committee of the Shenzhen
Institute of Advanced Technology, Chinese Academy of Sciences.

Surgical procedures

During the surgical procedures, the C57BL/6] mice were anesthe-
tized with a mixture of isoflurane and oxygen (3% for induction and
1 to 1.5% for maintenance) and then fixed on a stereotaxic instru-
ment (68513, RWD Life Science). A temperature controller (69027,
RWD Life Science) was used to maintain the mouse’s body tem-
perature at 37°C. The hair on the mouse near certain brain regions
was carefully removed with scissors and depilatory cream, the scalp
was excised, and the periosteum and connective tissue on the sur-
face of the skull were removed using a sharp surgical blade to ex-
pose the complete skull. The S1 cortex of each mouse was located
via the stereotaxic instrument, and then a high-speed cranial drill
(0.5-mm tip diameter) was used to outline a craniotomy with a di-
ameter of 3.5 mm centered on the S1 hindlimb cortex (SIHL; 0.8 mm
posterior to bregma and 1.5 mm lateral). The drill bit was repeat-
edly polished along the circular contour until the skull became
thinner at the circle. Throughout the drilling process, the skull was
periodically flushed with sterile saline, preventing thermal damage
to the cerebral cortex. Once the circular skull fragment was completely
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loosened, it was carefully clamped with fine surgical forceps and
peeled off.

After the residual debris was removed and any bleeding was
stopped, virus injection was performed. The recombinant adeno-
associated GCaMP6s virus with the human synapsin promoter (>2 X
10'2 vector genomes/ml), purchased from Brain Case (Shenzhen) Bio-
technology Co. Ltd., was injected approximately 0.25 mm below the
dura mater in STHL. A total volume of 250 nl was injected via a high-
precision nanoliter microinjection pump (Nanoject III, Drummond
Scientific) with a fine glass electrode at a speed of 50 nl/min. The elec-
trode remained in the cerebral cortex for 10 min postinjection before
being withdrawn slowly. A few drops of 0.6% agarose were subse-
quently dripped onto the exposed cerebral cortex to fill in the cranial
defects. A 50-pm-thick transparent polyvinyl chloride sheet was cut
into 4.5-mm-diameter discs and affixed over the craniotomy site. The
edges were sealed with tissue adhesive (Vetbond, 3M) to form a stable
and transparent window. A mixture of super glue (T-1, Beijing
Chemical Works) and denture base powder (Type II, Shanghai New
Century Dental Materials) was used to further seal the edges of the
cranial window and fill the exposed skull bone. Before the glue mixture
solidified, a CNC-machined metal baseplate with a round hole was
bonded onto the craniotomy, providing a platform for headpiece at-
tachment in the subsequent procedures. Last, silicone sealant (KWIK-
CAST, World Precision Instruments) was applied over the polyvinyl
chloride window to protect it from contamination. After surgery, the
mice were individually housed in cages and administered antibiotics
for seven consecutive days to prevent inflammation and infection,
which could compromise the clarity of the cranial window.

Head-mounted microscope installation

During probe installation, first, the miniature probe, fitted with a
sleeve, was attached to an adjustable kinematic mount (KM100C,
Thorlabs) and connected to a three-axis precision translation stage
(GCM-901602M, Daheng Optics) for precise XYZ adjustments. Next,
we secured the anesthetized mouse to a custom brain fixation device
equipped with a gas anesthesia mask and a heating pad to maintain
anesthesia and body temperature, respectively. The mouse’s head was
firmly affixed to prevent FOV drift upon awakening. We then removed
the silicone sealant to expose the cranial window, followed by thorough
cleaning with an alcohol-dipped cotton swab. When the mouse
awakened, we aligned the probe tip with the baseplate window and
used the real-time display in the imaging software to identify the
region of interest (ROI). Once the ROI was located, the sleeve was
secured to the baseplate. Dental cement, a mixture of dental powder
and super glue, was applied to seal and stabilize the imaging ROL. To
facilitate the mice’s adaptation to the head-mounted probe, a custom
replica with the same mass and size as the probe was used for prei-
maging weight-bearing exercises, ensuring a smoother transition to
the actual imaging experiments. After the experiments, a custom
slotted flat point screw was attached to protect the cranial window,
allowing for quick and consistent identification of the ROI in the
long-term and repeated imaging scenarios. The Supplementary Text
and fig. S6 show a step-by-step illustration of the head-mounted mi-
croscope installation procedure.

In vivo NVC imaging procedures

In vivo hypoxia imaging experiment

For the hypoxia experiments, the mice were kept in a closed hypoxic
chamber (30 cm by 20 cm by 20 cm) made of transparent acrylic. Air
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nozzles were installed on both sides of the chamber, designated the
inlet and outlet for gas-flow regulation. The inlet nozzles were con-
nected to regular air and high-purity nitrogen (purity, >99.99%)
channels, which could be switched to control the oxygen content in
the chamber. The outlet was connected to a vacuum pump for suc-
tion and exhaust to facilitate the gas exchange process within the
chamber. At the beginning of the experiment, the inlet air pump
(R510-29, RWD Life Science) was activated to deliver normal air at
a flow rate of 20 liter/min, while the outlet was opened to maintain
proper air circulation. Baseline images were captured under nor-
moxic conditions for a duration of 128 s. Then, the regular air supply
was shut off, and the nitrogen supply was initiated at a comparable
flow rate of 20 liter/min for 96 s. This influx of nitrogen was de-
signed to displace the oxygen in the chamber and establish an artifi-
cial hypoxic environment within the chamber. During the nitrogen
input process, the mice gradually entered a state of hypoxia and suf-
focation. The nitrogen supply was subsequently halted, the regular
air supply was resumed, and image acquisition was terminated after
the mice were observed to return to their normal freely moving state.
In vivo electrical stimulation imaging experiment

In this paradigm, electrical foot shock (38) was used as a stressor to
provoke a state of fear in mice. The electric foot shock apparatus
(31 cm by 21 cm by 20 cm) consisted of transparent acrylic plates and
a metal grid floor. The bottom metal grid floor was used to conduct
the foot shock current, and the electrical stimulus signal was gener-
ated by an isolated pulse stimulator (2100, A-M Systems) connected
to the metal grill. Monophasic electric pulse trains were delivered
with a pulse amplitude of 3 mA and a pulse duration of 0.25 ms at a
frequency of 5 Hz. During the experiment, each electric shock ses-
sion was 20 s long, and four electric shock cycles were carried out at
an interval of 77 s.

In vivo epileptic imaging experiment

An appropriate amount of PTZ (P6500, Sigma-Aldrich) was diluted
with 0.9% sterile saline to make a PTZ solution (5 mg/ml) before the
experiment. The injection volume of PTZ solution was determined
according to the body mass of the mouse to provide a dose of 50 mg/
kg (60); this value was approximately 200 pl for a mouse with a mass
of 20 g. For the imaging session, head-mounted mice were first
placed in a transparent acrylic box (30 cm by 30 cm by 20 cm) for
habituation, and the baseline images were captured for 4 min before
PTZ injection. Then, the imaging was paused, the mouse was re-
moved, and the prepared PTZ solution was slowly injected into the
lower right quadrant of the abdomen of the mouse via a 1-ml sy-
ringe. Postinjection, the mice were returned to the box, and imaging
was resumed to monitor and record the progression of PTZ-induced
epileptic seizures. After the experiment, the mice were closely observed
until they had recovered from the seizures and were then returned to
their home cages.

Statistical analysis

All data are presented as mean with SEM. Two-sided paired ¢ tests
were used to compare statistical differences between the two groups
under different states, and P < 0.05 was considered statistically sig-
nificant. We used Pearson’s correlation coefficient as a metric to
assess the similarity between the neuronal activities and the changes
in oxygen metabolism, as well as the similarity of interneuronal
activities across different states. All statistical analyses and their
graphing were performed using MATLAB (R2023b, MathWorks).
Custom MATLAB scripts were developed for dual-modal image

Chenetal., Sci. Adv. 11, eadu1153 (2025) 21 March 2025

reconstruction. Raw fluorescence images were first applied with the
motion-correction algorithm NoRMCorre (61) to reduce the mo-
tion artifacts within the FOV. Pseudo-color coding and image fusion
were executed using Image] (National Institutes of Health). The open-
source constrained nonnegative matrix factorization for microen-
doscopic data (CNMF-E)(62) algorithm was used to identify the
neuronal cells and extract their calcium signal dynamics (AF/F),
and all AF/F values were normalized using the z-score. For neuro-
vascular spatial correlation analysis, we segmented vascular images
and assigned an identifier to each vessel segment. The longer blood
vessels were further divided into shorter sections to enhance analyti-
cal precision. Then, we calculated the averaged diameter and blood
oxygenation level for each vessel segment in every frame. Subse-
quently, we obtained the dynamics of each blood vessel, including
changes in blood diameter and blood oxygenation during the im-
aging experiment. To illustrate the spatial correlation between neuro-
nal activities and hemodynamic responses, we generated adjacency
matrices by calculating Pearson’s correlation coeflicient between the
calcium dynamics of each neuron and the hemodynamics of each
blood vessel segment. For behavioral analysis, we used the open
source computer vision library (OpenCV)-based channel and spatial
reliability tracking (CSRT) (63) algorithm to monitor the mouse
movement trajectories in the recorded videos.
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Supplementary Text

Figs.S1to S9

Legends for movies S1 to S3
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