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Abstract
Methods of nonlinear optics provide a vast

arsenal of tools for label-free brain imaging,

offering a unique combination of chemical

specificity, the ability to detect fine morpho-

logical features, and an unprecedentedly

high, subdiffraction spatial resolution. While

these techniques provide a rapidly growing

platform for the microscopy of neurons and

fine intraneural structures, optical imaging of

astroglia still largely relies on filament-protein-antibody staining, subject to limita-

tions and difficulties especially severe in live-brain studies. Once viewed as an

ancillary, inert brain scaffold, astroglia are being promoted, as a part of an ongoing

paradigm shift in neurosciences, into the role of a key active agent of intercellular

communication and information processing, playing a significant role in brain

functioning under normal and pathological conditions. Here, we show that methods

of nonlinear optics provide a unique resource to address long-standing challenges

in label-free astroglia imaging. We demonstrate that, with a suitable beam-focusing

geometry and careful driver-pulse compression, microscopy of second-harmonic

generation (SHG) can enable a high-resolution label-free imaging of fibrillar struc-

tures of astrocytes, most notably astrocyte processes and their endfeet. SHG

microscopy of astrocytes is integrated in our approach with nonlinear-optical imag-

ing of red blood cells based on third-harmonic generation (THG) enhanced by a

three-photon resonance with the Soret band of hemoglobin. With astroglia and red

blood cells providing two physically distinct imaging contrasts in SHG and THG

channels, a parallel detection of the second and third harmonics enables a high-con-

trast, high-resolution, stain-free stereoimaging of gliovascular interfaces in the cen-

tral nervous system. Transverse scans of the second and third harmonics are shown

to resolve an ultrafine texture of blood-vessel walls and astrocyte-process endfeet

on gliovascular interfaces with a spatial resolution within 1 μm at focusing depths

up to 20 μm inside a brain.
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1 | INTRODUCTION

For more than a century [1, 2], astroglia have been consid-
ered as purely supporting, satellite cells, serving as a sort of
brain glue, helping provide a suitable environment within
which neurons can execute their diversified functions. This
view of astroglia, including, most notably, astrocytes, has,
however, drastically changed within the past two decades
[3–6], when many remarkable and often surprising proper-
ties and functions of astrocytic glia have been discovered.
While many of their functions are yet to be understood,
astrocytes are currently viewed as critical elements involved
in all the key processes behind brain development, function
and disease [7, 8]. The role of astrocytic glia has been shown
to extend way beyond a metabolic and structural support for
neurons, as these cells were found to contribute to a vast
range of brain functions under normal and pathological con-
ditions [9, 10]. Specifically, astrocytes have been shown to
provide cellular links to neurons, generate important regula-
tory signals and bridge structures, control synapse formation
and function, regulate neurogenesis and brain wiring, as well
as modulate neural excitation and inhibition [11–14].

Methods of optical imaging are central to in-depth quan-
titative studies of the diversified functions and architecture
of astroglia. The existing techniques of astroglia imaging
[15–17], which largely rely on staining with antibodies to
intermediate filament proteins, such as glial fibrillary acidic
protein (GFAP) and vimentin, are indispensable in providing
important structural information on astroglia, but are inevita-
bly subject to limitations and difficulties, especially severe
in live-brain studies. Here, we show that methods of
nonlinear optics provide a unique resource to address long-
standing challenges in label-free astroglia imaging. Within
the past years, methods of nonlinear optics have been pro-
viding a rapidly growing platform for label-free brain imag-
ing [18–30], offering a unique combination of chemical
specificity [24, 25, 27], the ability to detect fine morphologi-
cal details [19–21, 26–28] and an unprecedentedly high,
subdiffraction spatial resolution [29, 30]. Second-harmonic
generation (SHG) has gained a broad acceptance as a tool
for the microscopy of noncentrosymmetric molecules and
brain structures [18, 19]. Third-harmonic-generation (THG),
on the other hand, does not require central symmetry break-
ing, yielding a useful nonlinear signal from both cell sur-
faces, as well as inter- and intracellular optical
inhomogeneities [20–23, 26, 28]. Integration of SHG and
THG has been shown to open new routes in multimode brain

microscopy [27]. Still, with the SHG channel almost exclu-
sively reserved for collagen imaging, the full potential of
such multimodal nonlinear-optical brain imaging is far from
being fully realized.

In experiments presented below in this paper, we show
that, with a suitable beam-focusing geometry, SHG micros-
copy can be extended to a high-resolution label-free imaging
of fibrillar structures of astrocytes, most notably astrocyte
processes and their endfeet. Moreover, with the laser wave-
length tuned to a three-photon resonance with the Soret band
of hemoglobin, SHG imaging of astrocytes can be
implemented in parallel with a resonance-enhanced THG
imaging of red blood cells. With astroglia and red blood
cells providing two physically distinct imaging contrasts in
SHG and THG channels, a parallel detection of the second-
and third-harmonic signals, as experiments presented in this
paper show, enables a high-contrast, cell-specific
stereoimaging of gliovascular interfaces in the brain of living
animal models, thus offering a unique resource for in-depth
research into astroglia and their most important functions
within the central nervous system (CNS).

2 | EXPERIMENTAL

2.1 | Laser microscope

An optical system used in our experiments (Figure 1) con-
sists of a laser source of ultrashort frequency-tunable near-
infrared pulses and an upright microscope. The laser source
comprises a short-pulse Ti: sapphire master oscillator and an
optical parametric oscillator (OPO). The Ti: sapphire laser
oscillator delivers transform-limited pulses with a pulse
width of about 90 fs, a central wavelength tunable from
≈700 to 980 nm, and an energy up to 40 nJ at a pulse repeti-
tion rate of 76 MHz. These pulses provide a pump for the
OPO, based on a periodically poled potassium titanyl phos-
phate crystal, which produces a chirped-pulse output tunable
within the range of wavelengths λ0 from ≈1000 to 1550 nm,
with the output pulse width varying within this tunability
range from ≈350 to 500 fs. The output pulse energy at the
center of the OPO tunability range is about 8 nJ. The
chirped-pulse OPO output is carefully compressed to a
≈90-fs transform-limited pulse width with a home-built
prism pulse compressor, providing an energy throughput
above 80%.

The compressed-pulse OPO output is focused into a brain
slice with a water-immersion XLUMPlanFLN 20×
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NA = 1.00 near-infrared (near-IR) objective in an upright-
microscopy scheme. The second and third harmonics of the
focused near-IR laser beam are collected by microscope
objectives in both transmission and epi-detection geome-
tries to be detected with an H7422PA-40 photomultiplier.
Signal readout and acquisition were controlled by an in-
house software. The second- and third-harmonic signals are
acquired simultaneously. To this end, the second harmonic
is separated from the third harmonic by a dichroic mirror
with a cutoff at ≈505 nm. The second harmonic is then
transmitted through a bandpass filter with a transmission
band of ≈40 nm centered at 650 nm. The third harmonic is
filtered with the use of a bandpass filter with a transmission
band of ≈17 nm centered at 434 nm. All the images pres-
ented below in this paper are recorded in the epi-detection
geometry.

2.2 | Brain samples

Brain slice samples studied in experiments were extracted
from 12-week-old Wistar-line healthy male rats. The sam-
ples were fixed in 4% paraformaldehyde solution in protein-
free phosphate-buffered saline (PBS). Imaging experiments
were performed on ≈10-mm-thick brain slices within 2 to
15 hours following fixation. In our experiments, we focus
on astrocytes—perhaps, the most structurally and function-
ally prominent astroglial cells. As one of their important
functions within the CNS, astrocytes play an active role in
the formation of the blood-brain barrier (BBB) [13, 31–33],
regulating the formation of endothelial tight junctions, mod-
ulating transporter expression and promoting specialized
enzyme functions. Organized into gliovascular units, astro-
cytes connect to local segments of blood vessels, interacting

with their endothelial cells through the endfeet of their pro-
cesses, which often form a continuous interface layer around
microvessels and brain capillaries [13, 31–33].

2.3 | Beam focusing and pulse-chirp
compensation

As the OPO output is tuned to different radiation wave-
lengths, the signal beam waist inside the OPO is slightly
shifted. The resulting problem is manifold. First, this beam-
waist displacement gives rise to an uncompensated chirp,
stretching the OPO output and this, lowering the efficiency
of second- and third harmonic generation, as well as the effi-
ciency of two-photon excitation—nonlinear-optical pro-
cesses used for microscopy in our experiments. Moreover,
when focused to a small beam size by a microscope objec-
tive, longer laser pulses tend to increase the risk of a broad
class of unwanted, potentially damaging nonlinear
photoprocesses in a biological system [34, 35]. Second, a
varying signal-beam-waist location inside the OPO translates
into a shift of the focused beam inside a brain sample, which
becomes a function of the OPO output wavelength, thus
preventing a precise positioning of the imaging beam. Third,
as the signal-beam-waist position changes from one OPO
wavelength to another, the divergence and beam diameter of
the OPO output also become wavelength-dependent. As a
consequence, special measures are needed to match the laser
beam diameter with the aperture of the microscope
objective.

In our experimental system, the adverse effects of a
shifting beam waist inside the OPO are dealt with by using
carefully designed, independently adjustable and finely tun-
able systems for chirp compensation and beam-focusing
optimization. A home-built system for chirp compensation
consists of flint-glass prisms, providing a variable group-
velocity dispersion, needed to post-compensate the chirp of
OPO output pulses, as well as pre-compensate the chirp
introduced by optical components of the microscope down
the line. An adjustable telescope is then used to carefully
match the laser beam diameter with the aperture of the
microscope objective. As a result of these measures, the
pulse width of the laser pump in the imaging plane was
within less than 10% of the ≈90-fs transform-limited pulse
width, with the overall throughput of the entire optical imag-
ing system no worse than 80%. The energy of ≈1305-nm
laser pulses in the imaging plane never exceeded 2.8 nJ,
corresponding to a peak power at the level of 30 kW and an
average power of ≈220 mW.

It should be noted that the problem of a shifting beam
waist is common for a broad class of OPO sources used for
nonlinear-optical microscopy. The methods of dealing with
this problem implemented in our experiment can be

FIGURE 1 Laser setup for multiplexed nonlinear-optical
stereoimaging: Ti: S, titanium sapphire laser oscillator; OPO, optical
parametric oscillator; λ/2, half-wave plate; GP, Glan-Taylor prism,
DM, dichroic mirror; LP, long-pass filter; SP, short-pass filter; BP,
bandpass filter; P, prism; R, roof mirror L, lens; CCD, CCD camera;
GS, galvoscanner module; MO, microscope objective; S, sample; PMT,
photomultiplier tube
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therefore regarded as universal recipes for nonlinear micros-
copy with a higher resolution, higher definition, more pre-
cise beam positioning and lower risk of radiation damage in
a biological sample.

3 | RESULTS AND DISCUSSION

3.1 | Label-free SHG imaging of astrocytes

Visualizations S1 and S2 and Figures 2A-D present typical
stacks of depth-resolved SHG/THG images of the
leptomeninx area and the adjacent brain tissue inside rat's

brain. This region of brain is of special significance for the
analysis of astrocytes and their role in BBB formation and
regulation [13]. SHG/THG images in Visualizations S1 and
S2 have been taken by scanning the focus of the laser beam
up to, respectively, z = 21.5 μm and 34 μm inside rat's brain
with a 0.5- and 1.0-μm step along the z-axis. No degradation
of spatial resolution has been observed within the entire
range of depth scan up to z = 50 μm. In a separate experi-
ment, the attenuation of the second- and third-harmonic sig-
nals was found to follow an exponential behavior with
typical attenuation lengths lsh ≈ 370 μm for the second har-
monic and lth ≈ 280 μm for the third harmonic.

FIGURE 2 A stack of second-
harmonic generation/third-harmonic
generation images recorded by focusing
90-fs laser pulses with a central
wavelength λ0 ≈ 1305 nm at a depth of
z ≈ 3.0 μm (A), 4.5 μm (B), 6.5 μm
(C) and 14.5 μm (D) inside rat's brain.
The second- and third-harmonic
intensities are encoded by levels of
green and red, respectively. The scale
bar is 10 μm
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Due to the second-order optical nonlinearity inherent in
glial fibrillary acidic protein in astrocytic processes possess
[36], SHG is ideally suited for astroglia imaging. In SHG
images in Figures 2A-D, 3A-D and 4A,B, as well as in
Visualizations S1 and S2, astrocytes are visible as signature,
star-shaped structures with extended, filamentlike processes
emanating from their cell bodies. As a typical feature, the
astrocytic processes wrap around blood vessels, with their
endfeet often completely covering the entire surface of
blood-carrying capillaries (Figure 3C, D), providing an inter-
action path between astrocytes and capillary endothelial
cells. The basement membrane surrounding endothelial cells
and separating capillaries from astrocytes includes type-IV
collagen [13, 31–33], which contributes to the second-
harmonic signal.

3.2 | Colocalizing SHG and fluorescence from
fluorescent-reporter-labeled astrocytes

For a conclusive verification of the ability of SHG micros-
copy to detect and image astrocytes, imaging experiments
were performed on rat's cortex where astrocytes were stained
with a genetically encodable SypHer-2 fluorescent reporter
[37]. When placed under the gfa2 promoter within a virus
construct [38] and injected into the cortex, SypHer-2 is

FIGURE 3 Typical second-harmonic generation/third-harmonic
generation images recorded by focusing 90-fs laser pulses with a
central wavelength λ0 ≈ 1305 nm at z ≈ 4.0 μm (A), 9.0 μm (B),
17 μm (C) and 19 μm (D) inside rat's brain. The insets show an
enlarged view of a group of red blood cells (B) and transverse scans of
the second and third harmonics across a gliovascular interface (C, D)

FIGURE 4 A and B, Typical
second-harmonic generation/third-
harmonic generation images taken at
(A) z ≈ 5.5 μm and (B) 8.0 μm inside
rat's brain. The z-resolved SHG/THG
images taken as scans along the dash-
dotted lines shown in the xy-images are
presented as marginals with the
boundaries of the arachnoid membrane
and pia mater shown by the dashed
lines. C, The intensity of the third
harmonic measured as a function of the
optical parametric oscillator (OPO)
output wavelength (filled circles) and
the molar extinction ε of Hb (dashed
line) versus the driver (lower axis) and
third-harmonic (upper axis)
wavelength. The solid line shows the
third-harmonic intensity as a function
of the OPO output wavelength
calculated with a full model including
the frequency dependences of
absorption, refraction, and THG
nonlinear susceptibility of Hb. D, The
z-scan of the third-harmonic intensity
inside rat's brain
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expressed in our experiments in the astrocytes inside rat's
cortex. For a verification of SypHer-2 expression in astro-
cytes, the rats were euthanized after the experiment, the
brain was fixed for 24 hours in 4% paraformaldehyde in
PBS and sliced into coronal sections. Expression of SypHer-
2 was then evaluated in these sections under a fluorescent
microscope.

A two-photon excitation of SypHer was provided by a
870-nm, approximately 100-fs Ti: sapphire laser output,
yielding a two-photon-excited fluorescence (TPEF) with a
spectrum as shown by the green solid line in Figure 5. On
the other hand, the spectrum of the signal resulting from
SHG, also driven in this experiment by approximately
100-fs, 870-nm Ti: sapphire laser pulses, peaks at ≈435 nm
(red solid line in Figure 5). The second harmonic was sepa-
rated from the TPEF signal with a DMLP490R longpass
dichroic mirror with a cut-on wavelength at ≈490 nm (dash-
dotted line in Figure 5). The second harmonic and TPEF sig-
nals were then transmitted through MF434-17 and
FBH520-40 filters in their respective detection channels.

The transmission spectra of these filters are shown by the
maroon dotted and blue dashed lines in Figure 5. The spec-
trum of the second harmonic transmitted through the
MF434-17 filter is seen to be well-isolated from the SypHer-
2 TPEF signal transmitted through the FBH520-40 filter,
preventing the TPEF signal from leaking into the second-
harmonic detection channel.

A typical TPEF image recorded at a depth of ≈96 μm
inside rat's cortex is shown in the left part of Figure 6. The
lower signal-to-noise ratio in the second-harmonic channel
in this experiment is due to several factors. First, 870-nm
laser radiation is more prone to loss and scattering in brain
tissues compared to longer-wavelength, ≈1305-nm laser
radiation. Second, the second harmonic signal, centered at
≈435 nm, is also subject to a stronger attenuation in brain
tissues. Third, the second-harmonic signal has to be col-
lected from a much larger depth in this experiment.

Despite these difficulties, the SypHer-2-expressing astro-
cytes are clearly visible in this image. The central part of
Figure 6 presents an SHG image of the same cortex area.
While much of the second-harmonic signal is produced by
collagen, in agreement with the existing literature (see, eg,
Refs. [18–21], [23–26]), astrocytes are readily identifiable in
these images by their characteristic shape. An overlay of the
TPEF and SHG images, presented in the right part of
Figure 6, confirms spatial colocalization of the TPEF and
SHG signals. These findings are fully consistent with the
results of the earlier studies [36], where SHG from astro-
cytes was verified by a colocalization of the second
harmonic and signals from three fluorescent sensors—
GFAP-specific Cy3-anti-GFAP antibodies, sulforhodamine
101 (SR101) and an Oregon Green calcium indicator.

3.3 | Three-photon resonant enhancement of
THG from red blood cells

The intensity of the second harmonic signal in these images
was found to show little or no variations when measured as
a function of the pump wavelength within the entire OPO
output tunability range. On the contrary, the third-harmonic
intensity was found to display a broad, yet clearly pro-
nounced maximum centered at around the maximum of the

FIGURE 6 Images taken at a
depth of ≈96 μm inside rat's cortex
using two-photon-excited fluorescence
from SypHer-expressing astrocytes
(2PEF: SypHer, right) and second-
harmonic generation (SHG, middle).
An overlay of the TPEF and SHG
images (2PEF/SHG) is presented in the
right part of the figure
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FIGURE 5 The spectra of the second harmonic (red solid line)
and two-photon-excited fluorescence of SypHer-2 (green solid line)
driven by a 870-nm, approximately 100-fs Ti: sapphire laser output.
Also shown are the transmission spectrum of the MF434-17 filter
(maroon dotted line), FBH520-40 filter (blue dashed line), and the
DMLP490R dichroic mirror (dash-dotted line)
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Soret band of hemoglobin (Hb), λTH ≈ λHb ≈ 435 nm
(Figure 4C). This assignment of resonant enhancement
observed in THG was verified in a separate experiment per-
formed on individual erythrocyte cells on a glass substrate.
With the laser wavelength tuned on the three-photon reso-
nance λ0 ≈ 3λHb ≈ 1305 nm, the intensity of the third har-
monic from rat brain samples studied in our experiments
was found to be at least a factor of 4.5 higher than the inten-
sity of an off-resonance third-harmonic signal (Figure 4C).

This resonance enhancement of THG is central for a high-
contrast, high-brightness THG imaging of astrocytes and
gliovascular interfaces. Specifically, with the laser wavelength
set on the three-photon resonance λ0 ≈ 3λHb ≈ 1305 nm, the
arachnoid-membrane and pia-mater boundaries become
clearly resolved in the z-scans of the third harmonic (at z ≈ 0
and z ≈ 15 μm in Figure 4D). These boundaries are shown by
the dashed lines in the z-resolved SHG/THG images, presented
as marginals below and to the right of the xy-maps of the
second- and third harmonics in Figure 4A, B. The overall thick-
ness of the leptomeninx area and the adjacent brain tissue studied
in our experiments is seen to vary from ≈6 to ≈20 μm, reaching
its maximum values near blood vessels and veins. Notably, red
blood cells, readily visible in Figures 3A-D and 4A, B as bright
spots of the third-harmonic signal, cannot penetrate through the
tight connections of arachnoid epithelium—one of the key BBB
elements, remaining trapped in the studied brain area.

3.4 | The pump wavelength for SHG astrocyte
imaging

As show in the previous section, the laser wavelength
λ0 ≈ 1305 nm is advantageous for multiplex nonlinear-
optical brain imaging as it provides a three-photon-
resonance enhancement of THG from red blood cells. We

are going to show now that this wavelength is also in many
ways advantageous, if not optimal, for SHG. As a first sig-
nificant factor, shifting the laser pump to a longer wave-
length, compared, as a prominent example, to a standard,
≈800-nm Ti: sapphire laser output, helps reduce scattering
as one of the main factors of radiation attenuation in a bio-
logical tissue. The λ0 ≈ 1305 nm wavelength appears to be a
reasonable choice in this regard as it provides a very signifi-
cant decrease in scattering without falling close to strong
water absorption bands, such as those observed at around
≈1.44 and 1.92 μm. Finally, as an important technical factor,
the second-harmonic wavelength, λSH = λ0/2, should lie
within the range where the optical elements of the imaging
system provide high transmission and high-sensitivity detec-
tion is possible. Since with λSH ≈ 660 nm, the sensitivity of
a typical high-performance, high-sensitivity photodetector
falls off by approximately 30% relative to its maximum,
attainable at ≈570 nm, the choice of the pump wavelength at
λ0 ≈ 1305 nm is also justified from this perspective.

3.5 | Depth-resolved SHG/THG imaging

In Figure 7, we present a quantitative analysis of a typical z-
stack of depth-resolved SHG/THG images of the
leptomeninx area and adjacent brain tissues in rat brain
(Figures 2A-D, Visualizations S1 and S2). This analysis is
based on the full model of SHG and THG in brain [20–22,
26, 28] with astrocyte processes and red blood cells modeled
as stepwise changes in SHG and THG nonlinear susceptibili-

ties χ 2ð Þ
SHG and χ 3ð Þ

THG (shown by dashed lines in Figure 6B).
Briefly, the power of the Nth optical harmonic is calcu-
lated as

PN zð Þ= nε0cπw2
0 AN zð Þj j2, ð1Þ

where n = n(λ) is the wavelength-dependent refractive index,
ε0 is the vacuum permittivity, c is the speed of light in vac-
uum, w0 is the beam-waist radius, b = 2πnw0

2/λ0 is the con-
focal parameter,

AN zð Þ= iNω
2nc

χ Nð ÞAN
1 JN Δk,z0,zð Þ, ð2Þ

JN Δk,z0,zð Þ=
ðz
z0

exp iΔkz
0� �
dz0

1+ 2i z0b
� �N−1 , ð3Þ

χ(N) is the Nth order nonlinear-optical susceptibility

(N = 2 and χ(N) = χ 2ð Þ
SHG for SHG, N = 3 and χ(N) = χ 3ð Þ

THG for
THG), z0 and z are the coordinates of the boundaries of the
nonlinear medium, and Δk = 2πN[n(λ0/N) – n(λ0)]/λ0 is the
wave-vector mismatch for Nth harmonic generation.

FIGURE 7 A, A typical second-harmonic generation/third-
harmonic generation image taken at z ≈ 12.4 μm inside rat's brain. B,
The z-scans of the second (upper plot) and third (lower plot) harmonic:
(boxes and circles) experiment, (solid lines) modeling. The z-profiles of

χ 2ð Þ
SHG and χ 3ð Þ

THG providing the best fit for the experimental z-scans are
shown by the dashed lines
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The second-order nonlinear susceptibility χ 2ð Þ
SHG is set

equal to zero outside astrocyte processes (dashed line in
Figure 7A, B) as the surrounding brain tissue is assumed to

be centrosymmetric. The cubic susceptibility χ 3ð Þ
THG, on the

other hand, is taken nonzero also outside the red blood cells
(dashed line in Figure 7A, B) to account for a nonvanishing
third-order nonlinearity of the surrounding brain tissue. The
confocal parameter b of the laser beam was esimated in a
separate test experiment performed on precalibrated polysty-
rene beads, yielding b≈ 2.8 μm. The best fit for the experi-
mental z-scans of the second- and third-harmonic intensity is

achieved with a χ 2ð Þ
SHG step for an astrocyte process from

z1≈ 12.4 μm to z1 + da≈ 15.5 μm (solid purple line in

Figure 7B) and a χ 3ð Þ
THG step for a red blood cell from

z2≈ 9.5 μm to z2 + dRBC≈ 11.7 μm, providing reasonable
estimates for typical sizes of astrocyte processes, da, and red
blood cells, dRBC.

The insets to Figure 3C, D present the transverse scans
(x-scans) of the second and third harmonics measured across
a gliovascular interface. Both scans are seen to resolve an
ultrafine texture of blood-vessel walls and astrocyte-process
endfeet on this interface. The x-scan of the third harmonic in
Figure 3D features three well-resolved peaks, visualizing a
≈0.9-μm-thick inner wall of this interface, followed by a
≈1.0-μm-thick central part and a ≈0.9-μm-thick outer wall.
The x-scan of the second harmonic, on the other hand, fea-
tures a single well-resolved, ≈0.9-μm-wide peak whose
position correlates very well with the central peak in the
x-scan of the third harmonic, corresponding to the central
part of this interface, where most of the quadratic
nonlinearity of astrocyte processes is localized.

An alternative method of label-free astrocyte imaging
could involve endogenous fluorescence. Within the studied
range of laser excitation wavelengths, however, we did not
find any endogenous fluorescence signal that would be spe-
cific to astrocytes and that would be at least in the same
order of magnitude as the second-harmonic signal.

4 | CONCLUSION

To summarize, we have demonstrated that SHG microscopy
can enable a high-resolution label-free imaging of fibrillar
structures of astrocytes, most notably astrocyte processes
and their endfeet. SHG microscopy of astrocytes is inte-
grated in our approach with nonlinear-optical imaging of red
blood cells based on THG enhanced by a three-photon reso-
nance with the Soret band of hemoglobin. With astroglia
and red blood cells providing two physically distinct imag-
ing contrasts in SHG and THG channels, a parallel detection
of the second and third harmonics enables a high-contrast,

high-resolution, stain-free stereoimaging of gliovascular
interfaces in the CNS.
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