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Stimulated Raman scattering microscopy reveals a
unique and steady nature of brain water dynamics
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diffusion between water and dyes and a
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MOTIVATION The characterization of water dynamics in brain tissues is critical for understanding all chem-
ical reactions occurring in healthy and diseased brains; however, there is no imaging technique currently
available to directly image water dynamics in brain tissues at cellular resolution. Therefore, we developed
a multimodal multiphoton microscope to overcome this problem and applied it to brain tissues. Stimulated
Raman scattering allows for direct visualization of water dynamics in brain tissues at cellular resolution, and
the simultaneously acquired two-photon fluorescence signals allow for side-by-side comparison of water
and solute dynamics.

SUMMARY

The biological activities of substances in the brain are shaped by their spatiotemporal dynamics in brain
tissues, all of which are regulated by water dynamics. In contrast to solute dynamics, water dynamics
have been poorly characterized, owing to the lack of appropriate analytical tools. To overcome this limitation,
we apply stimulated Raman scattering multimodal multiphoton microscopy to live brain tissues. The micro-
scopy system allows for the visualization of deuterated water, fluorescence-labeled solutes, and cellular
structures at high spatiotemporal resolution, revealing that water moves faster than fluorescent molecules
in brain tissues. Detailed analyses demonstrate that water, unlike solutes, diffuses homogeneously in brain
tissues without differences between the intra- and the extracellular routes. Furthermore, we find that the
water dynamics are steady during development and ischemia, when diffusions of solutes are severely
affected. Thus, our approach reveals routes and uniquely robust properties of water diffusion in brain tissues.

INTRODUCTION

Water constitutes nearly 80% of tissue weight and is the most
predominant molecule in the brain. Because water is the com-
mon solvent for most bioactive molecules, homeostasis of water
is critical in maintaining all chemical reactions and thereby the
physiological functions of the brain. Indeed, the amount of water
in the brain as a whole is under tight homeostatic control, and
slight changes in brain water content result in severe outcomes;
various cognitive dysfunctions can be induced by a small per-
centage change in brain water content, and lethality can result
from a change in water content of approximately 10%." In addi-
tion, the clinical diagnoses of various neurological diseases can
be made on the basis of water detected using diffusion-weighted
magnetic resonance imaging (MRI).? Although the importance of
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water homeostasis at the whole-tissue level is well established,
little is known about water dynamics at the cellular and subcellu-
lar levels, which form the physiological and pathophysiological
bases for the macroscopic behavior of water in the brain,® due
to the lack of appropriate analytical tools. Thus, the first step
to fill in the large missing piece and facilitate our understanding
of brain physiology and pathophysiology is to establish a system
through which dynamic water movements in brain tissues can be
directly visualized and characterized at cellular resolution.
Fluorescence imaging is one of the most widely used imaging
techniques in biology. Indeed, fluorescent dye-based analyses
have been utilized to characterize the dynamics of molecules
in brain tissues.”° However, commonly used fluorescent dyes
have molecular weights of >500; hence, it is inappropriate to
tag and trace small bioactive molecules, including water, using
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fluorophores. In other disciplines, various optical phenomena
other than fluorescence have been utilized for analyses. Among
them, Raman scattering has great potential for the imaging of
small bioactive molecules. The introduction of small Raman-
active and distinguishable Raman tags allows for the identifica-
tion and imaging of small bioactive molecules that cannot be
labeled with fluorophores.”'® Furthermore, although poor
sensitivity has hampered the application of spontaneous Raman
scattering microscopy in biology, coherent Raman scattering,
such as coherent anti-Stokes Raman scattering and stimulated
Raman scattering (SRS), dramatically increases signal intensity,
thereby permitting a real-time Raman imaging of biological
samples."’ Coherent Raman scattering imaging has additional
advantages for brain imaging; it utilizes the nonlinear optical
effect of near-infrared photons and thus elicits an inherent tis-
sue-sectioning capacity, even deep inside tissues, akin to two-
photon excitation fluorescence (2PE) microscopy, which is
currently widely used in biology. Furthermore, when appropri-
ately designed, ultrashort pulsed lasers used for coherent
Raman scattering microscopy can induce other nonlinear optical
effects, including the two-photon excitation of fluorophores.
Such multimodal multiphoton microscopy allows for multifac-
eted analyses of complicated biological phenomena.'®'®

Thus, in this study, we applied coherent Raman scattering mi-
croscopy to brain slices and characterized water dynamics in
brain tissues by tracking Raman-tagged deuterated water
(D20). The simultaneous excitation of fluorophores characterizes
the dynamics of water and solutes inside brain tissues at a high
spatiotemporal resolution. This multimodal multiphoton micro-
scopy reveals the unique properties of water dynamics in brain
tissues, which cannot be inferred from solute properties.

RESULTS

Multimodal multiphoton imaging of water in brain
tissues

To visualize water in brain tissue, we developed a multimodal
multiphoton microscopy system with SRS imaging ability'®
(Figures 1A and S1A). The system utilizes highly tissue-pene-
trating near-infrared picosecond pulsed lasers with nonlinear
optical effects that limit the effective focal volume; therefore,
the system is expected to allow for high-spatial-resolution imag-
ing deep in the tissues. In addition, our SRS system enables a
simultaneous excitation of fluorescent molecules, thereby
permitting a multimodal imaging of fluorophores.'® Importantly,
SRS signal collection is based on the detection of incident laser
modulation and not the collection of newly generated photons
with a particular wavelength, similar to 2PE; hence, there are
no concerns regarding signal overlaps or contamination of
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SRS and fluorescence. This permits completely independent
and simultaneous imaging of solvents, solutes, and/or cellular
markers.

To monitor the dynamics of water, we utilized the isotope ef-
fect; the replacement of normal water (H,O) with D,O should
be monitored by observing the O-D and O-H vibration modes.
As a first step, we examined the ability of our system to distin-
guish H>O from D,0 using the solution samples. Subsequently,
we found a near-linear relationship between the solution’s H,O
concentration and the SRS signal intensity measured at the
vibration frequency of O-H (3,400 cm~") and the D,O concentra-
tion and the SRS signal intensity at the vibration frequency of
0-D (2,400 cm™") (Figures 1B and S1B)."* Note that our system
utilizes a 1,032-nm fixed-wavelength laser as a Stokes beam and
atuned single-wavelength laser from an optical parametric oscil-
lator (OPO) as a pump beam, so that it can visualize one wave
number of SRS signal at a time, and these measurements were
performed independently. Thereafter, we evaluated whether
this H,O-D,0O discrimination occurs in brain slices. First, fixed
brain tissues prepared from mice expressing enhanced green
fluorescent protein (EGFP) under the CAG promoter (cytomega-
lovirus immediate early (CMV-IE) enhancer, chicken beta-actin
promoter, and rabbit beta-globin genomic DNA) were visualized
in H,O or D,O at 3,400 and 2,400 cm™". Equally intense EGFP
2PE signals were readily collected under both 3,400 and
2,400 cm~' SRS imaging conditions and served as localization
markers. In contrast to EGFP signals, high contrasts of H,O
and D,O were observed in the brain tissues by SRS imaging (Fig-
ure 1C). Therefore, these findings demonstrate that this multi-
modal multiphoton microscopy system can be used to visualize
and distinguish H>,O and D,O in brain tissues. The use of brain
slices facilitates a rapid exchange of extracellular solution from
a pure H,O-based solution to a D,O-containing solution; thus,
it may be possible to track the exchange of these solutions
and hence characterize the dynamics of water in brain tissues.

Dynamics of solutes and water in living brain tissues

To characterize water dynamics in living brain tissues, 300-um-
thick acute cortical slices prepared from mice were placed in
an imaging chamber with continuous perfusion of an oxygenated
external solution. Considering the suggested roles of astrocytes
that express high levels of water channel aquaporin 4 (AQP4) in
the regulation of brain water dynamics,'® we imaged astrocytes
in brain tissue using the astrocyte marker sulforhodamine 101
(SR101)."® When the observation areas were determined, a
D,O-containing external solution was introduced into the imag-
ing chamber through a perfusion system in the middle of
5-10 min of time-lapse imaging (Figure 1A). To understand the
nature of water dynamics, it is crucial to have a reference and

Figure 1. Multimodal multiphoton imaging of water in brain tissues

(A) Schematic diagram of the system. The right shows a close-up view of the imaging chamber.
(B) SRS detection of H,O- and D,O-based solutions. SRS measurements were performed on the water with different combinations of H,O and D,O at O-H and

O-D vibration modes (3,400 and 2,400 cm™", respectively).

(C) Multimodal multiphoton detection of fixed brain slices in H,O and D,O. Fixed brain slices prepared from CAG-EGFP mice were soaked in H,O or D,O to
equilibrium and visualized using multimodal multiphoton microscopy tuned to O-H or O-D vibration modes. Simultaneously obtained 2PE signals of EGFP are
also shown. 2PE, two-photon excitation fluorescence; aCSF, artificial cerebrospinal fluid; EGFP, enhanced green fluorescent protein; SRS, stimulated Raman
scattering; SR101, sulforhodamine 101; PMT, photomultiplier tube; PD, photodiode. See also Figure S1.
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compare them in a side-by-side manner. In this regard, Alexa
Fluor 488 dye is ideal, because it has been widely used as a
representative water-soluble solute to characterize diffusion dy-
namics of molecules in brain tissues.*® Thus, Alexa Fluor 488
carboxylic acid (molecular weight 725.84) was introduced as a
solute, together with D,O for simultaneous detection (Figure 1A).
To minimize the potential biological effects of the introduction of
D,0 into the system, the concentration of D,O was reduced to
20% of the total water content, which was shown to have a
minimum effect, if any, on cells and tissues.’” Multichannel
time-lapse imaging was performed to continuously and simulta-
neously monitor the diffusion dynamics of water and solutes. The
imaging was performed at 1.1 Hz in an ~400 X ~400 pm area
with lateral and axial resolutions of 0.65 and 6.2 um, respectively
(see discussion for details). The laser power of the pump and
Stokes beams was set to 75-125 mW under an objective lens,
at which no apparent phototoxicity was observed. To accurately
evaluate their spatiotemporal dynamics, random drifts in the
location of the brain slice during imaging were corrected based
on the SR101 images (Figure S2A). When a fluorophore-contain-
ing D,O-based external solution was introduced, immediate
changes in the signals of D,O-SRS as well as Alexa Fluor 2PE
in the bath were observed outside the brain slices (Figures 2A
and 2B). In contrast, we found that the arrival of both D,O and
Alexa Fluor dye was slower inside than outside the brain tissues;
we observed a gradual and delayed diffusion of dye and D,O
from the pial surface toward the deeper layers in brain slices
(Figures 2A and 2B; Videos S1 and S2). Thus, this system en-
ables simultaneous visualization of the dynamics of water and
solutes in brain tissues.

For quantitative analyses, the signal intensity changes in D,O
and Alexa Fluor dye were fitted with an exponential function
to calculate the time constant of the fluxes (Figures S2B-
S2D). Generally, the signal changes reached a plateau within
5-10 min of time-lapse imaging with a time constant of tens
of seconds for both water and Alexa Fluor dye. This analysis re-
vealed a positive correlation between the distance from the pial
surface and the time constant, confirming that the system al-
lows for quantitative analyses of water and dye movements in
brain tissues (Figures S3A and S3B). This finding demonstrates
that, while molecules (D,O and Alexa Fluor dye) can diffuse into
brain tissues not only from the pial surface but also from the
lateral area of sectioned brain slices, the contribution of the
latter is small, and directional movement of molecules from
the pial surface to deeper layers of cortical areas can be
evaluated under our experimental conditions. Notably, a side-
by-side comparison between water and Alexa Fluor dye
demonstrated that water diffusion into the brain tissue is faster
than that of the dye molecule (Figure 2C), demonstrating the
ability of this imaging platform to reveal the unique features
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of water dynamics that cannot be assessed by an indirect mea-
surement of fluorophore dynamics.

Generally, it is assumed that most water-soluble molecules,
such as Alexa Fluor 488, move inside brain tissues through the
extracellular space,*® which restricts the movement of mole-
cules through the narrow space as well as the tortuosity of the
extracellular space.'® Thus, we hypothesized that differences
in the speed of diffusion in brain tissues may be further exempli-
fied using larger molecules. To test this hypothesis, the same
comparison was applied to a dye with a larger molecular weight,
namely, Alexa Fluor 488 dye conjugated to a 10-kDa dextran
(Figure 3). This analysis revealed that the difference between
the speeds of influx of water and solutes was greater for the
10-kDa dextran-conjugated Alexa Fluor 488 (Figure 3C), consis-
tent with the idea that the diffusion of large-sized molecules is
more hindered in brain tissues compared with smaller mole-
cules.'® Considering that fluorescent proteins have larger molec-
ular weights than 10-kDa dextran, our findings further demon-
strate the importance of a direct visualization of water, instead
of speculation from indirect methods of fluorophore imaging,
for the characterization of water dynamics in brain tissues.

Distribution of water and solutes inside brain tissues

One of the most critical unresolved issues in considering the
dynamics of water is its routes of diffusion in brain tissues at
the cellular/subcellular levels.® To address this point, we took
advantage of the high spatial resolution of nonlinear optical mi-
croscopy and analyzed the spatial patterns of D,O and Alexa
Fluor 488 in more detail. By comparing images taken before
and after the introduction of D,O and Alexa Fluor 488, we evalu-
ated the spatial distribution of D,O and Alexa Fluor 488 in the
brain tissues. Alexa Fluor 488 images clearly showed dark areas
(shadows) corresponding to the intracellular regions, the most
prominent of which were somata of large-diameter neurons®®
(Figure 4A). However, differences between intra- and extracel-
lular regions were not evident in D,O SRS images (Figures 4A
and S4A). This difference between the dye and the D,O can be
clearly observed in the quantitative results (Figure 4B). The sep-
aration of intra- and extracellular spaces becomes less stringent
in cells with smaller diameters due to the limited spatial resolu-
tion of the system (see discussion); nevertheless, differences be-
tween the diffusion of water and that of the fluorophore were still
evident for SR101-positive astrocytes (Figures 4C and S4B).
These observations demonstrate that water molecules diffuse
into cells, in contrast to water-soluble fluorophores, which are
nearly indistinguishable from those outside cells on a timescale
of tens of seconds. These differential dynamics of water and flu-
orophores demonstrate that the volume fraction occupied by
newly introduced D,O is higher than that of dyes. Indeed,
when the intensities of D,O SRS and fluorophore 2PE signals

Figure 2. Dynamics of solutes and water in living brain tissues

(A) Representative images of D,O and Alexa Fluor 488 influx into brain tissues.

(B) Representative traces of D,O and Alexa Fluor 488 signals at different ROIs shown on the left.

(C) Comparison of speed of diffusion into brain tissues between D,O and Alexa Fluor 488. All traces are normalized to their final values to readily visualize the
differences in diffusion kinetics. The right shows the summary data (n = 52 ROIs from six slices; *p = 3.5 x 10~ %, Wilcoxon signed-rank test).

(D) Comparison of signal intensities of DO and Alexa Fluor 488. Traces are normalized to the value of ROI 1 (outside solution) to compare relative intensities; the
right shows the summary of all data (n = 52 ROIs from six slices; *p = 3.5 x 10~ '°, Wilcoxon signed-rank test). RO, region of interest. See also Figures S2 and S3.
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inside brain tissues were compared with those outside, the
former was larger than the latter (Figures 2D and 3D). Therefore,
differences between water dynamics in the extra- and intracel-
lular spaces are indistinguishable in minutes or longer timescales
inside the brain tissue. Thus, water is clearly distinguished from
water-soluble solutes by its spatial dynamics; consequently, wa-
ter and water-soluble solutes may behave differently under
physiological and/or pathophysiological conditions.

Dynamics of water and solutes at different
developmental stages

Finally, we examined water dynamics under different conditions
to evaluate the robustness of brain tissue water dynamics. Dur-
ing development, especially during the neonatal period, brain
water content gradually decreases with simultaneous extracel-
lular space reduction, resulting in more restricted solute dy-
namics.'®?° However, whether such changes are accompanied
by alterations in water dynamics remains unknown. Thus, we
performed diffusion analyses in brain slices prepared from
mice in early (approximately 1-week-old mice, postnatal day
7-10 (P7-P10); Figures 5A and 5C) and later (approximately
3-week-old mice, P21-P25; Figures 5B and 5D) developmental
stages. Mice typically open their eyes at approximately 2 weeks
of age, and therefore the visual cortex used in this study under-
went dramatic changes in the quality and quantity of synaptic
connections, leading to changes in tissue cellular organization.”’
Consistent with previous reports, we confirmed that dye mole-
cules move more slowly and in smaller quantities in older animals
than in younger animals, suggesting a reduced volume and an
increased tortuosity of the extracellular space (Figures 5F, 5H,
and 5J). Note that all measurements were performed in cortical
areas without significant differences in distance from the cortical
surface between groups (Figure S3C). In contrast, we did not find
significant differences in water dynamics between the two
different developmental stages, thereby revealing the uniquely
robust and steady nature of brain tissue water dynamics during
development, presumably due to the unique ability of water to
diffuse through both intra- and extracellular compartments
(Figures 5E, 5G, and 5I).

Dynamics of water and solutes under a pathological
condition

Furthermore, we examined water dynamics under pathological
conditions. Clinically, diffusion-weighted MRI has revolutionized
the early detection of brain pathologies, such as ischemia.
Changes in diffusion-weighted MRI signals under pathological
conditions are considered to reflect macroscopic changes in
brain water diffusion; however, the underlying microscopic mo-
lecular picture remains poorly understood.”?* Specifically, a
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generally assumed model in which water is redistributed from
the extracellular space, where it is relatively diffusible, to diffu-
sion-limited intracellular compartments requires experimental
examination. Thus, to test the validity of this model and gain in-
sights into the pathophysiology of brain ischemia, we employed
a slice model to mimic a pathological condition—oxygen-
glucose deprivation (OGD)**—and evaluated water dynamics
under this condition.

Water and Alexa Fluor 488 dynamics were analyzed before
and after 30 min of OGD (Figures 6A and 6C) or for 30 min under
the normal condition (i.e., with oxygen and glucose supply), as a
control (Figures 6B and 6D). As expected, we found a severely
reduced influx of Alexa Fluor 488 into brain tissues under OGD,
reflecting cell swelling that resulted in a reduction of the extracel-
lular space, the only route for dye diffusion into brain tissues
(Figures 6E, 6F, and 6H). Again, note that all measurements
were performed in cortical areas without significant differences
in distance from the cortical surface between groups (Fig-
ure S3D). Notwithstanding, no significant changes in water diffu-
sion were observed under OGD, thereby revealing the extremely
robust and steady nature of water diffusion under pathological
conditions (Figures 6E, 6F, and 6G). This finding is consistent
with the stability of water dynamics during development, pre-
sumably supported by the global diffusion of brain tissue water
through both intra- and extracellular spaces. Hence, these find-
ings do not support the generally assumed idea that changes in
diffusion-weighted MRI signals under ischemic conditions
reflect static water redistribution from the extracellular to the
intracellular space; the findings suggest other mechanisms,
potentially including pulsation-mediated changes, in the active
transport of water. Regardless of the precise mechanisms, these
results reveal the unique and steady nature of brain tissue water
dynamics under ischemic conditions. Therefore, we found that
water diffusion into and out of brain tissues is stable, even during
considerable tissue changes that substantially alter solute
diffusion behavior.

DISCUSSION

In this study, we applied SRS multimodal multiphoton micro-
scopy to live brain tissue to characterize the dynamics of water
(D20) and solutes (Alexa Fluor 488) in brain tissues at high spatio-
temporal resolution. Detailed analyses reveal a faster flow of wa-
ter molecules compared with solutes, supported by its diffusion
via both intra- and extracellular spaces. Finally, we demon-
strated a uniquely robust and steady nature of water dynamics
in both physiological and pathological conditions, when that of
solutes is severely affected. These results not only reveal the
unique nature of water dynamics but also warrant the need for

Figure 3. Dynamics of large-sized solutes and water in brain tissues

(A) Representative images of D,O and 10-kDa dextran-conjugated Alexa Fluor 488 influx into brain tissues.
(B) Representative traces of D,O and 10-kDa dextran-conjugated Alexa Fluor 488 signals at different ROls.
(C) Comparison of the speed of diffusion into brain between D,O and 10-kDa dextran-conjugated Alexa Fluor 488. All traces are normalized to their final values
to readily visualize the differences in diffusion kinetics; the right shows the summary of all the data (n = 43 ROIs from six slices; *p = 1.1 x 1078, Wilcoxon signed-

rank test).

(D) Comparison of influxes of D,O and 10-kDa dextran-conjugated Alexa Fluor 488. Traces are normalized to those of ROI 1 (outside solution) to compare relative
intensities; the right shows the summary of all the data (n = 43 ROIs from six slices; *p = 1.2 x 10~8, Wilcoxon signed-rank test).
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Figure 4. Distribution of water and solutes inside brain tissues

(A) Representative images of D,O and Alexa Fluor 488 dye. Images of the astrocyte marker SR101, D,O, and Alexa Fluor 488 are shown. Yellow circles represent
automatically drawn shapes of cells extracted from shadow images of Alexa Fluor 488. The right shows an enlarged image of the selected area indicated in the left
images and the intensity profiles across the boxed area (blue, D,O; green, Alexa Fluor 488).

(B) Comparison between intensities of D,O SRS and Alexa Fluor 488 2PE signals inside and outside cells. Intensities of ROls inside and outside these cells, as
defined in the yellow circles in (A), were plotted (n = 54 ROIs from five slices) for D,O SRS (n.s., p = 4.4 x 10", Brunner-Munzel test) and Alexa Fluor 488 2PE
signals ("p = 2.1 x 107", Brunner-Munzel test).

(C) Analysis of D,O and Alexa Fluor 488 intensities inside and outside astrocytes. Sites of astrocytes were defined based on the SR101 image; the intensity
profiles of the selected area are shown (blue, D,O; green, Alexa Fluor 488). See also Figure S4.
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direct visualization of water for its characterization in brain
tissues.

Taking advantage of this unique system, we investigated brain
tissue water and solute dynamics. Detailed analyses clearly
demonstrated key differences between the dynamics of water
and fluorophores; water diffuses faster and homogeneously in-
side brain tissues, whereas fluorescent dyes diffuse more slowly
and specifically outside cells, showing nonhomogeneous distri-
butions. We did not observe differentially regulated water move-
ment in brain tissues; water appeared to diffuse into the deep
layers of brain tissues without preferential routes (e.g., extracel-
lular versus intracellular space) or cell types (e.g., neurons versus
astrocytes), making the dynamics of water unique. However, this
does not mean that water movements inside and outside the
cells, as well as through the plasma membrane, are completely
equal. Instead, it means that the differences in water move-
ments, if any, are not distinguishable in the temporal domain of
seconds and the spatial resolution of approximately 0.5 pm,
which are high enough to enable the detection of water move-
ments in brain tissues in cellular contexts. Furthermore, it should
be noted that, although we can compare parameters obtained
under different conditions within this study (e.g., normal versus
OGD), these values cannot be directly compared with those ob-
tained in other studies. This is due to critical differences in the
experimental design among studies; probes were applied
continuously in bulk solution in this study, while commonly per-
formed diffusion measurements employ pulsative application
of probes from a point source. To compare parameters taken
from different experimental paradigms, the construction of
specialized theory, novel numerical simulation, and diffusion ex-
periments need to be combined. Although it is beyond the scope
of this study, such future efforts are awaited to further evaluate
the physical nature of water diffusion inside brain tissues.

Moreover, our data showing no differences between water dy-
namics between neurons and astrocytes do not appear to sup-
port the roles of AQP4, a specialized water channel specifically
expressed in astrocytes and enriched at their endfeet. This point
is further suggested by the similar spatial patterns of D,O distri-
bution in brain slices prepared from wild-type and AQP4-
knockout animals (Figures S4C and S4D). However, the potential
roles of AQP4 should be interpreted cautiously from our data; the
series of analyses in this study can be used to evaluate the routes
of passive water diffusion that are determined by resistance to
water movement inside brain tissues. This resistance results
from multiple factors, such as local diffusion barriers created
by cellular and subcellular structures. Obviously, the presence
of AQP4 should reduce the resistance of the plasma membrane,
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as previously demonstrated using cultured HelLa cells.?* Mean-
while, the same study revealed a rapid influx of water into cells
via AQP4-independent routes, including passive diffusion
through the lipid bilayer and other channels, that allow water
to cross the plasma membrane with a time constant of
~100 ms.?® Thus, we speculate that innate plasma membrane
water permeability is sufficient to support the global flux of water
inside brain tissues we report in this study, which takes place
over long distances (hundreds of micrometers) in tens of sec-
onds. The presence of AQP4 may facilitate water diffusion
through the plasma membrane in situations where a specific
pressure for water flux exists, and therefore, fast transport of
large quantities of water molecules needs to be achieved. Poten-
tial mechanisms of such pressure include pulsation-dependent
vascular changes and constant differences in osmolality inside
brain tissues. Future studies are required to characterize these
potential active transport mechanisms.

Some technical aspects should be considered when interpret-
ing our results. First, the absolute SRS signal intensity at a partic-
ular point in the field of view of the imaging system is subject to
pump and Stokes laser intensities. In the thick tissue samples
used in this study, the laser intensities at focal points are affected
by biological materials with different refractive indices that exist
outside the focal plane in the optical path of lasers, which is var-
iable in each position; therefore, the absolute values of SRS
signal intensities cannot be simply interpreted as the concentra-
tion of water. This may also lead to nonhomogeneous signal dis-
tributions of D,O in brain tissues, as shown in Figure 4. Indeed,
the global tendencies of uneven SRS signal intensities in the
fields of view were found to be similar at 3,400 (O-H stretch re-
gion) and 2,900 cm~" (C-H stretch region), although they were
clearly different at the cellular and subcellular levels (Figure S5A).
Moreover, such nonhomogeneous signal patterns almost disap-
pear when the samples are treated for tissue-clearing proced-
ures that equalize the refractive indices inside tissues with those
of the medium?® (Figure S5B). Nevertheless, the linear relation-
ship between the SRS signals and the target molecule’s concen-
tration remains at each position; hence, we assessed the speed
and extent of water dynamics using the normalized SRS signal
intensity obtained from O-H to O-D solution exchange.

Second, although it is far superior to spontaneous Raman
scattering, the sensitivity of SRS is substantially lower than
that of fluorescence. Therefore, concentrations of molecules to
be observed by Raman (D0 in this study) need to be higher
compared with fluorescent molecules. Although this does not
affect the diffusion properties of molecules, combination of the
above-mentioned optical inhomogeneity of samples, differences

Figure 5. Dynamics of water and solutes at different developmental stages
(A-D) Representative images (A and B) and traces (C and D) of D,O and Alexa Fluor 488 diffusion into brain slices prepared from animals at postnatal day 8 (P8)

(A and C) and P25 (B and D).

(E and F) Comparison between D,0 diffusion (E) and Alexa Fluor 488 (F) in mice at P8 and P25. For comparison, the traces are normalized to outside signals (ROl 1)

in each condition.

(G and H) Summary of the diffusion time constants of D,O (G; n.s., p = 7.6 x 10", Brunner-Munzel test) and Alexa Fluor 488 (H; *p = 3.9 x 10~%, Brunner-Munzel
test) obtained from 1- and 3-week-old animals (1 week old, n = 56 ROIs from 10 slices; 3 weeks old, n = 43 ROIs from 10 slices).

(l'and J) Summary of the normalized intensities of D,O (I; n.s., p = 2.8 x 10~", Brunner-Munzel test) and Alexa Fluor 488 (J; *p = 3.4 x 10~°, Brunner-Munzel test)
obtained from 1- and 3-week-old animals (1 week old, n = 56 ROIs from 10 slices; 3 weeks old, n = 43 ROls from 10 slices).

See also Figure S3. Scale bars, 100 um.
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in sensitivities among different modalities, differences in concen-
trations of target molecules, and other factors define the sensi-
tivity at each position and thereby may affect “apparent arrival
time” of the target molecules in diffusion analyses. Therefore,
as performed in this study, detailed data analyses with curve
fitting as well as corrections for sample movements are
warranted.

Finally, the spatiotemporal resolution of our system should
be considered when interpreting our experimental results.
Nonlinear optical microscopy has a high three-dimensional
spatial resolution, especially compared with other water imaging
modalities, such as MRI.?” We used subresolution-sized alkyne
beads to estimate the spatial resolution of our SRS system
defined by the full width at half-maximum (FWHM) to be approx-
imately 0.65 and 6.2 um for lateral and axial axes, respectively
(Figure S5C). This resolution is high enough to completely sepa-
rate signals from large neuron cell bodies from those outside
neurons; numerical simulations indicate that less than 1% of
signal contaminations occur from outside at the center of a 20-
um-diameter cell body (Figure S5D). However, outside these
large cell bodies, a myriad of small-diameter neurites and glial
processes exist, which cannot be separated by the spatial reso-
lution of our system or by other standard optical microscopies. In
fact, the same simulations indicate that nearly 50% of signal con-
taminations occur from outside areas at the center of a 5-um-
diameter sphere. Therefore, signals observed in “extracellular”
regions originate from both extra- and intracellular spaces of
these small processes. Nevertheless, a clear observation of
shadow images via 2PE of cell bodies and the distinction of fluo-
rescence signals of cell bodies and other areas demonstrated
that our analysis can be used to distinguish between intra- and
extracellular diffusion of molecules, including water. In fact,
when the same diffusion analyses were performed using agarose
gel with small-sized materials that were expected to lower the
diffusion of water (synthetic crystalline aluminosilicate with an
effective pore diameter of 3 A and hollow porous spherical
methyl methacrylate cross-polymer), slower diffusion of D,O
was successfully observed (Figure S6). These observations
suggest that the spatiotemporal resolution of our analysis is
high enough to discern diffusion differences of D,O in cellular
structures, if any. Therefore, we conclude that homogeneous
diffusion patterns of D,O observed in brain tissues under various
conditions indeed reflect the truly homogeneous nature of brain
tissues with regard to water diffusion.

Limitations of the study

We used acute brain slices to achieve an immediate exchange of
extracellular solutions needed for characterization of water dy-
namics at high spatiotemporal resolution, and thus the potential
roles of blood flow could not be assessed. In fact, previous
studies have suggested a role of pulsation in the regulation of
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brain tissue water dynamics.?® Thus, this study is not designed
to test the conclusions of previous in vivo studies, including
those of glymphatic systems or the potential roles of AQP4 in
such a context.'® Rather, as discussed above, the aim of our
study was to reveal the intrinsic structural factors that define
the dynamics of water and solutes in the brain; our findings
clearly demonstrated the unique nature of water compared
with solutes. Although technical difficulties are expected,
including signal detection sensitivity and probe introduction,
future studies should perform this type of multimodal multi-
photon imaging to evaluate water dynamics in vivo, considering
the roles of various physiological factors.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Deuterium oxide Sigma-Aldrich 435767
Alexa Fluor™ 488 Carboxylic Acid, tris(triethylammonium) salt Thremo Fisher Scientific A33077
Dextran, Alexa Fluor™ 488; 10,000 MW, Anionic, Fixable Thremo Fisher Scientific D22910
Molecular Sieves 3A 1/8 nacalai tesque 04177-45
MATSUMOTO MICROSPHERE MHB-R Matsumoto Yushi-Seiyaku N/A
SCALEVIEW-S Trial Kit FUJIFILM Wako Pure Chemical 299-79901
Phalloidin-iFluor 488 Reagent Abcam ab176753
FG beads TAMAGAWA SEIKI TAS8848N1161
Experimental models: Organisms/strains

Mouse: C57BL/6-Tg C14-Y01-FM1310sb RIKEN BRC RBRC00267

Mouse: Agp4 null mice

Ikeshima-Kataoka et al.*?

Software and algorithms

MATLAB R2020b, R2021b
Fiji (Image J)

R 4.2.0

RStudio 2022.02.3

Python 3.8.12

Origin Pro 2021

Mathworks
Schindelin et al.**
The R Foundation
RStudio

Python

OriginLab

RRID:SCR_001622
RRID:SCR_002285
RRID:SCR_001905
RRID: SCR_000432
RRID:SCR_008394
RRID:SCR_014212

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Mutsuo

Nuriya (mnuriya@keio.jp).

Materials availability
This study did not generate new unique reagents.

Data and code availability

o All data reported in this paper will be shared by the lead contact upon request.
o All original code is available in this paper’s supplemental information.

@ Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice were housed in a 12-hour light dark cycle with ad libitum access to food and water. All procedures related to the care and treat-
ment of animals were approved by the Keio University Institutional Animal Care and Use Committee. 2—-4-week-old C57BL/6J mice
(wild type or AQP4 knockout) of either sex were used in this study; sex was not considered as a factor to influence results and data are
presented as summary of all animals used regardless of sex.

METHOD DETAILS

Materials
Chemicals were purchased from Sigma Aldrich Japan (Tokyo, Japan), unless otherwise stated.
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Spontaneous Raman scattering measurement

Spontaneous Raman scattering spectra were obtained using a spectroscopic module (Hamamatsu Photonics C15471, Shizuoka,
Japan). D,0 in the cuvette was illuminated with a 50-mW 785-nm laser, and the resulting Raman scattering signals were collected.
The data were analyzed using Origin Pro, and an FFT low-pass filter was applied to the obtained data to cancel high frequency noise.

Brain slice preparations

In all experiments using mice, procedures related to the care and treatment of animals were approved by the Keio University Insti-
tutional Animal Care and Use Committee. Brain slices were prepared as previously described.” Briefly, 2-4-week-old C57BL/6J mice
of either sex (Japan SLC, Shizuoka, Japan) were anesthetized using isoflurane and decapitated, after which their brains were quickly
removed and placed in ice-cold cutting solution containing 222 mM sucrose, 27 mM NaHCOj3, 2.6 mM KCI, 1.5 mM NaH,PO4,
0.5 mM CaCl,, and 7 mM MgCl,; the solution was bubbled with 95% 0./5% CO, at pH 7.4. Coronal brain slices (300 um thick)
were prepared using a Leica VT1200S Microtome (Leica Microsystems, Wetzlar, Germany) in the ice-cold cutting solution. The slices
were then transferred to artificial cerebrospinal fluid (aCSF) containing 126 mM NaCl, 3 mM KCI, 1.14 mM NaH,PO,, 26 mM NaHCOg3,
3 mM CaCl,, 1 mM MgCl,, and 10 mM dextrose; the aCSF was pre-warmed to 37°C, bubbled with 95% 0./5% CO, at pH 7.4, and
incubated for 30 min for recovery before being cooled to room temperature (approximately 22°C) prior to use. For astrocyte imaging,
brain slices were loaded with 200 nM SR101 during the recovery period.” For OGD experiments, the solution was changed from
normal aCSF to OGD aCSF, in which the glucose had been replaced with 10 mM of sucrose and the solution had been bubbled
with 95% No/5% COs..

CAG-EGFP mice (C57BL/6-Tg C14-Y01-FM1310sb) were used in some experiments. These mice express EGFP under the control
of the CAG promoter (CMV-IE enhancer, chicken beta-actin promoter, rabbit beta-globin genomic DNA).>* Mice were obtained from
the RIKEN BioResource Research Center and maintained as homozygotes. Similarly, AQP4 knockout animals®? were maintained as
homozygotes and used as other animals. In experiments comparing SRS signals at 3,400 cm™ and 2,900 cm™, fixed brain slices
prepared from wild-type animals were stained with Phalloidin-iFluor-488 (Abcam, Cambridge, UK) for 1 hr at room temperature
before imaging.

Perfusion fixation and tissue clearing

In some experiments, perfusion-fixed brain tissue was used. Briefly, mice were anesthetized with isoflurane, and cardiac perfusion
was performed with phosphate-buffered saline (PBS), followed by 4% paraformaldehyde (PFA)/PBS (Nacalai Tesque, Kyoto, Japan).
The brain tissue was removed and post-fixed in 4% PFA/PBS for 2-7 days at 4°C. Coronal brain slices were prepared using a micro-
tome, as described above.

Tissue clearing was performed using a SCALEVIEW S kit (FUJIFILM Wako Pure Chemical, Osaka, Japan), based on a previously
published protocol.?® Briefly, brain slices were sequentially incubated with solutions SCALEVIEW S0 to S3 solutions for 30 min each
at 37°C, followed by incubation in deScale solution at 4°C for 30 min twice. Subsequently, the brain slices were incubated in solution
S4 overnight at 37°C, followed by incubation in a mounting solution for 60 min at 37°C. The brain slices were kept in the mounting
solution at 4°C until microscopic observation. Imaging was performed in the Scale mounting solution supplied in the SCALEVIEW Kkit.

Multimodal multiphoton imaging

The multimodal multiphoton system was essentially the same as that we previously reported.'%?° Briefly, a Yb-fiber-based pico-
second laser (Emerald Engine, Angewandte Physik & Elektronik GmbH, APE, Berlin, Germany) was used as the laser source. The
fundamental 1,032-nm laser was used directly as a Stokes beam, whereas a simultaneously emitted second-harmonic 516-nm laser
was fed to an optical parametric oscillator (APE) to change the wavelength of the laser to be used as a pump beam, such that the
wavenumber difference between the pump and Stokes beams matched the vibration energy of O-D at 2,400 — 2,450 cm™".5%:3!
The intensity of the Stokes beam was modulated by an electro-optical modulator (Thorlabs, New Jersey, U.S.A.), such that the in-
tensities of the Stokes beam changed repetitively in every other pulse of the pump beam emitted at 76 MHz.

The pulse timings of the pump and Stokes beams were matched using a delay line in the Stokes light path. These beams were
merged through a dichroic mirror and circularly polarized through an achromatic quarter-wave plate (Thorlabs). The beams were
then scanned using a galvo-galvo mirror (Thorlabs) and focused on the samples using a 25 x objective lens designed for multiphoton
microscopy (Olympus, NA 1.05, Tokyo, Japan). The laser power used for SRS imaging was 75-125 mW for both the pump and Stokes
beams at the objective lens. The transmitted light was collected using another 25x objective lens (Olympus, NA 1.05) placed on the
other side of the sample. The transmitted pump beam was detected using a photodiode, and the SRS signal was extracted using a
custom-made lock-in amplifier. Fluorescent signals were captured by the illuminating objective lens and collected via photomultiplier
tubes (Thorlabs) after band-pass filters (520-550 nm for green and 580-620 nm for red). Optical signals were fed into the computer
after an A/D converter (National Instruments PCle-6376, Texas, U.S.A.), and imaging was performed using Scanlmage 2021 (Vidrio
Technologies, Virginia, U.S.A.) run on the MATLAB platform (MathWorks, Massachusetts, U.S.A.). The full field of view of the imaging
system was 419 um x 419 um, and zooming was performed in individual experiments. The pixel dwell time was 3.2 usec and the
frame rate was 1.07 Hz.

Brain slices were placed in a perfusion chamber (Warner Instruments, Massachusetts, U.S.A.) and oxygenated aCSF was contin-
uously perfused during imaging. To track the dynamics of water, aCSF was changed from normal aCSF to aCSF containing 20% D,O
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and 1 - 50 uM fluorescent molecules (Alexa Fluor 488 carboxylic acid or Alexa Fluor 488 conjugated with 10 kDa dextran, Thermo
Fisher, Massachusetts, U.S.A.). The osmolality of the solutions was measured using a vapor pressure osmometer (YSI VAPRO 5520,
Xylem Japan, Kanagawa, Japan). Differences in osmolality between H,O- and D,O-based aCSF were negligible, if any (H,O aCSF,
309.6 + 3.1 mOsm, n = 12; D,O aCSF, 307.6 + 3.4 mOsm, n = 12; H,O OGD aCSF, 310.5 +1.5 mOsm, n = 6; D,O OGD aCSF,
311.2 +2.4 mOsm, n = 6; mean + SEM). To image D,O and Alexa Fluor dye influxes, 10 min of time-lapse imaging was performed
with normal aCSF influx recording in the initial ~1 min, followed by Alexa Fluor-containing D,O aCSF influx recording. During the
time-lapse imaging, drifts along the z-axis were manually corrected based on a SR101 reference image in individual experiments.
All measurements were performed at room temperature to avoid potential experimental artefacts resulting from evaporation of water
and concomitant changes in osmolarity by heating.

To calculate the concentration dependency of the D,O and H,O SRS signals, water samples containing various concentrations of
D,0O and H,O were prepared and measured directly. The spatial resolution of the SRS system was estimated by measuring the SRS
signals of subresolution-sized alkyne beads (diameter 180 + 30 nm, Tamagawa Seiki, Nagano, Japan) mounted on a glass slide using
Prolong Glass Antifade Mountant (Thermo Fisher) at 2,100 cm™'. To evaluate the sensitivity of the imaging system to discern different
water dynamics in the field of view, two materials expected to have slower water diffusion were employed: 1) small pieces of molec-
ular sieves 3A (synthetic crystalline aluminosilicate with an effective pore diameter of 3 ,&, Nacalai Tesque) and 2) hollow porous
spherical methyl methacrylate crosspolymer with an 8-25 pm diameter (MATSUMOTO MICROSPHERE MHB-R, kind gift from
Matsumoto Yushi-Seiyaku, Osaka, Japan). These materials were embedded in 2% agarose gel and the same diffusion analysis
was performed in the same manner as for brain slices.

Image analyses

The imaging data were analyzed using custom-written codes in MATLAB (R2020b and R2021b, Supplementary Codes). Motion
correction of the time-series SR101 images was performed using the NoRMCorre algorithm.** The calculated motion corrections
were applied to other simultaneous acquired time-series images using the “apply_shifts” function in MATLAB. Nine to 15 regions
of interest (ROls, 50 x 50 pixels) in individual experiments were manually selected at random using ImageJ Fiji (National Institute
of Health, U.S.A.). In higher-magnification experiments, ROls inside cells were selected automatically using the Cellpose algorithm.*°
ROls outside cells were manually selected by converting the ROIs inside cells to a square using ImageJ Fiji based on fluorescence
tracer signals.

To analyze the time-series signal of D,O SRS and Alexa Fluor 2PE, the signal intensity of each signal in each ROIs was first aver-
aged in each frame. The mean time-series signal intensity was smoothed by a “smoothdata” function in MATLAB using the following
parameters: method = sgolay, degree = 2, and smoothing window = 15. After normalizing the smoothed traces, the time of each
signal increase in the individual ROIs was determined by applying the ”findchangepts” function in MATLAB using the following pa-
rameters: Statistic = linear and MaxNumChanges = 10. The output of the function that was closest to the time to reach the perfusion
chamber (~80 s) from the beginning of each imaging experiment was regarded as the time of the signal increase. The approximately
4-min normalized traces (from the time of increase to 350" frame, except for the OGD experiments where the time of increase to 300"
frame was used to exclude artificial signal changes due to severe focus shifts) were fitted using a single exponential function as

follows:
I(t) = /max{1 - exp<—£>}+e
T

Where / indicates the signal intensity, t indicates the time points, and  indicates the time constant. ROIs with adjusted R? < 0.80 were
excluded from subsequent analyses.

Normalized intensities were calculated as follows. First, averaged signal intensity at the beginning of experiments (1-50 frames) in
each ROI was subtracted at the end of fitting. Next, subtracted values in ROlIs inside brain tissue were divided by those in ROIs
outside brain tissue, representing the free diffusion of water and fluorescence dyes. In experiments assessing spatial distributions
of D,O and Alexa Fluor (Figure 4), signal intensities in ROIs inside and outside cells were divided by average values of the entire im-
aging plane. In the OGD experiments (Figure 6), relative intensities were calculated by normalizing intensities 30 min after the control/
OGD solution by values before control/OGD initiation.

Numerical simulations

Numerical simulations of the signal intensities were performed using custom-written codes in MATLAB (Supplementary Codes). In
these simulations, 100 um lateral x 100 um axial observation area (xz plane) with 0.25 pm x 0.25 um pixel size was defined with
various diameters of a cell placed in the middle of the field of view. To evaluate how much of the signal in the areas outside the
cell comes to the field inside the cell, the true signal intensities outside and inside the cell were set to 1 and 0, respectively. Assuming
a Gaussian distribution of the point-spread function with FWHM experimentally measured on both the lateral and axial axes, the
observed signal intensities in each pixel were calculated by integrating signals coming from all pixels in the whole field with the contri-
bution factors calculated below.
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x-xp 2-29
1 -2x (W/ateral) 1 -2x (Waxlal)
— = Xe X{—Xe
s s
w, Xy /= Woaxial X 1| =
lateral 2 axial 2

where w is the width factor calculated from FWHM by FWHM X /log 4 and (xo,zo) is the position of the observation point. Calculated
“observed” signal intensities were normalized to the maximum values in the field (outside the cell).

QUANTIFICATION AND STATISTICAL ANALYSIS

To test for statistical significance, the non-parametric two-sided Brunner-Munzel test (R 4.2.0) and Wilcoxon signed-rank test were
used for independent and paired samples, respectively. No statistical methods were used to determine the sample size and no data
were excluded from analyses.

In box plots, the box represents the 25“‘, 50”‘, and 75" percentile lines, and whiskers show the maximum and minimum points
excluding outliers defined by points outside of the 1.5 x inter-quartile range. Paired data are connected by lines.
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