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Fig. 2. Direct wavefront sensing AO effectively restores diffraction-limited resolution at depth during in vivo brain imaging. (A) 3D reconstruction of a column
(center located at r=60 um) of hippocampal CA1 pyramidal neurons in Thy1-GFP mice imaged with our two-photon endomicroscope with system correction only (left)
and with full correction plus subsequent deconvolution (right). Full AO correction is performed every 30 um of depth. (B) Depth color-coded xy maximum intensity pro-
jection (MIP) of the stack images (left column: 30 to 70 um; right column: 160 to 200 um) from 3D images in Fig. 1A. The images with system correction have been digital-
ly enhanced four- and threefold as indicated for better visualization. Scale bar, 5 um. (C) Corrective wavefronts of the DM used for full AO correction of the stack images
in (B). (D) Spectral power in spatial frequency space (kj, k) for the images in (B). (E and F) Magnified views of the dendritic spines corresponding to the boxed regions (i
and ii) in (B). The spines are shown in lateral (xy) and axial (xz) views. The axial view is shown through the plane defined by the yellow dashed line. Intensity profiles along
the blue and red lines are plotted with the curve fitted by a Gaussian function. Scale bars, 2 um. FWHM, full width at half maximum.
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blurred. After full AO correction and subsequent deconvolution
from the local PSF, however, not only is the fluorescence intensity
drastically improved, the dendrites and spines can also be clearly
visualized owing to the substantially enhanced resolutions (Fig. 2B
and fig. S4). The corrective wavefront primarily contains astigma-
tism as previously characterized for the off-axis scenario, implying
that the aberrations mainly came from the imperfections of the
GRIN lens (Fig. 2C). The spectral power shows that the higher spa-
tial frequency can be notably recovered by applying full AO cor-
rection with subsequent deconvolution (Fig. 2D). Quantitative
measurement from individual dendritic spines shows that both
lateral and axial resolutions approached diffraction-limited perform-
ance for the GRIN lens with NA of 0.8 (Fig. 2, E and F). Further-
more, even for the on-axis scenario where the GRIN lens was designed
to yield the best performance, we still achieved tremendous im-
provement in resolution after full AO correction, with dendritic
spines as deep as 300 um clearly resolved (fig. S5). These results
demonstrate that AO based on direct wavefront sensing can effec-
tively correct the aberrations of the GRIN lens and recover the
diffraction-limited resolution during in vivo imaging.

Next, we sought to investigate the extent to which our AO
approach can enlarge the imaging FOV in vivo. Because the aberra-
tions vary from site to site, we performed AO correction in a number
of subregions of 50 pm x 50 um each separated by a distance of
30 um laterally and stitched these subregions together to form a
high-resolution image of large FOV. Considering that the photon
budget and fluorescence may be too weak for wavefront measure-
ment, we propose a lookup table method to precompensate for the
aberrations in wavefront measurement (Fig. 3, A and B). We found
that the corrective wavefront from the lookup table serves as a
close approximation of the optimal wavefront measured in vivo
(Fig. 3, C to F). The lookup table method can greatly boost the fluo-
rescence signal above and beyond system correction and thus dras-
tically decrease the exposure time required for direct wavefront
measurement. Because of the large off-axis aberrations of the GRIN
lens, the imaging FOV with only system correction was restricted to
a small central region (<100 pm in diameter) of poor resolution
(Fig. 4A and fig. S6A). After full AO correction, the effective FOV
was enlarged to 300 um together with the recovery of synaptic reso-
lution. The neuronal structures including somata, dendrites, and
individual spines can be clearly visualized across the entire FOV,
covering all layers of the hippocampal CA1 region (Fig. 4B and fig. S6B).

Taking advantage of our approach, we further investigated the
neuronal plasticity of the hippocampus under various pathological
conditions via in vivo time-lapse imaging of the dendritic and spine
dynamics. We first demonstrated the dendritic alteration in response
to the neuronal injury induced by a laser-mediated microsurgery.
We found that micro-lesion of single dendritic shaft will trigger re-
current spinogenesis in the neighboring regions, whereas cutting
the dendritic branches with laser will lead to prolonged degenera-
tion of the injured dendrites (fig. S7). In addition, we also monitored
the spine dynamics in mice with kainic acid-induced epileptic sei-
zure. In contrast to the dynamic neuronal changes induced by laser
microsurgery, our findings show that the changes in spine stability
caused by kainic acid-induced epileptic seizure are insignificant,
which is in agreement with another study of the hippocampus of
mice experiencing pilocarpine-induced epileptic seizure (29). These
results shed light on the neuronal mechanisms underlying neuro-
degenerative disorders.
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In addition to morphological imaging, we further applied the
AO two-photon endomicroscope to the in vivo functional calcium
imaging of pyramidal neurons in the hippocampus of awake behaving
mice that expressed a calcium indicator (AAV-CaMKII-GCaMPé6s).
Taking advantage of the large imaging volume provided by AO cor-
rection, we developed a random-access multiplane imaging method
that can quickly capture arbitrarily selected regions of interest
(ROIs) across the effective imaging space (Fig. 5A). The galvanometer
scanners were programmed to scan the ROIs sequentially, and an
ETL was synchronized with the scanners for fast switching between
imaging planes (fig. S8). To recover the optimal imaging perform-
ance in all the ROIs, the wavefront distortion in each ROI was measured
individually, and the corrective pattern of DM was synchronously
updated to compensate for the field-dependent aberrations (fig. S8).
After full AO corrections in ROIs, the fine neurites and individual
spines contaminated by the neuropil background can be easily dis-
tinguished owing to the greatly enhanced resolution and fluores-
cence intensity (Fig. 5, B and C, and movie S1). Moreover, the imaging
system can clearly resolve the tightly packed neurons with the calcium
transients accurately recorded and without interference from the
neighboring neurons (Fig. 5, D to F, and movie S2). The results
demonstrate that our AO approach provides a sensitive and accu-
rate characterization of neuronal activity and enables simulta-
neous calcium imaging of neuronal somata and dendrites at synaptic
resolution.

We then applied this AO-assisted functional imaging technology
to investigate the relationship between somatic and dendritic activity
in mouse hippocampus CA1. The soma and two apical dendrites of
single pyramidal neuron were targeted for simultaneous calcium
imaging (Fig. 6, A and B, and movie S3). We found that the dendritic
and somatic signals are highly correlated, despite that their ampli-
tudes and kinetics are largely different (Fig. 6, C to E). This func-
tional correlation of dendrites and neuronal somata has also been
reported in the cortex of awake mouse, in which the persistent cou-
pling of somato-dendritic activity is unchanged by stimuli and
mouse locomotion (30). Our further results show that the correlated
somato-dendritic activity in mouse hippocampus is brain state de-
pendent. In comparison with full wakefulness, isoflurane-induced
light anesthesia will not only weaken the activity of different neuro-
nal compartments but also disrupt the somato-dendritic correlation
(fig. S9). In future work, it would be of great interest to extend this
method to study the dendritic integration in awake mice perform-
ing behavioral tasks (31, 32).

DISCUSSION

In this work, we combined the AO technique based on the direct
wavefront sensing of the TPEF guide star with a high-NA endo-
microscope, which enables the recovery of diffraction-limited reso-
lution over large imaging volumes. Using this system, we achieved
in vivo morphological imaging of pyramidal neurons at synaptic
resolution across all layers of mouse hippocampus CA1. Moreover,
by integrating the system with a random-access multiplane imaging
technique, we demonstrated quasi-simultaneous calcium imaging
of separately distributed somata and dendrites in the hippocampus of
awake behaving mice. The AO endomicroscope can also benefit the
imaging of other deep brain structures such as the striatum, the
substantia nigra, and the hypothalamus (33). Note that although
brain tissue can be surgically removed and replaced with a cannula
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Fig. 3. Lookup table-based precompensation for GRIN lens aberrations. (A) Calibration of the lookup table. The cylindrical coordinate system was used to describe

the imaging location. The origin is defined as the center located at the designed working distance of the GRIN lens. The entire imaging FOV had a radius of 150 um and a
depth of 300 um. We measured the intrinsic aberration of the GRIN lens in the 6 = 0 subplane at 30-um intervals, shown as blue dots. (B) Estimation of GRIN lens-induced
aberration using the lookup table. To find the aberration at location (rq, 6, z;) [red circle in (A)], we first estimate the aberration at the rotational symmetrical point (ry, 0, z;)
using linear interpolation of the aberrations nearby (the blue dots labeled 1 to 4). Then, the aberration at the origin is subtracted from the interpolated wavefront distor-
tion, and the resulting wavefront is rotated by the angle 6, and added back to the aberration at the origin. LUT, lookup table. (C and D) In vitro imaging using fluorescent
beads of 200 nm in diameter. (C) Fluorescence images with system AO, lookup table, and full AO correction. The insets show the corresponding corrective wavefront. (D)
Intensity profile along the dashed lines in (C). (E and F) In vivo imaging of hippocampal neurons in mice. (E) Fluorescence images with system AO, lookup table, and full

AO correction. Scale bar, 5 um. (F) Intensity profile along the dashed lines in (E).

window (34) or glass plug (35) to provide direct optical access, the
procedure requires removing too much tissue and is not applicable
to deep-brain imaging. An endomicroscope based on a miniature
GRIN lens provides an approach to deep-brain imaging with mini-
mized trauma but suffers from poor resolutions due to the inherent
aberrations of the GRIN lens. One way to solve this problem directly
is by adding an extra lens inside the GRIN lens assembly to correct
the off-axis aberrations (36). However, the GRIN lens is only opti-
mized at the designed working distance. For in vivo imaging where
the GRIN lens remains fixed in the biological samples, 3D imaging
is achieved by changing the laser convergence entering the GRIN
lens, which could lead to severe aberrations when the focus deviates
from the designed working plane. Our AO endomicroscope, on the
other hand, provides a versatile approach for correcting the aberra-
tions of various GRIN lenses with suboptimal design. This study
demonstrates the great potential of the AO two-photon endomicro-
scope to facilitate neuroscience research in the deeper regions of
the brain.

Qin et al., Sci. Adv. 2020; 6 : eabc6521 30 September 2020

MATERIALS AND METHODS

AO two-photon endomicroscopy

The schematic of our homebuilt AO two-photon endomicroscopy
system is shown in fig. S1. The beam of a tunable mode-locked femto-
second laser (Coherent, Mira 900) was expanded by a pair of achromatic
lens to slightly overfill the aperture of the DM (Alpao, DM97-15).
The DM was conjugated to the 5-mm galvanometric x-scanning
mirror (Cambridge Technology, 6215H) by a 4f telescope formed by
two visible-near infrared (VIS-NIR) achromatic doublets L3 and L4
(Edmunds, 49-365 and 49-794). Two scanning mirrors were mutually
conjugated by the lens pair L5 and L6, each of which consisted of
two doublets (Edmunds, 49-392). Last, the galvanometric y-scanning
mirror was conjugated to the back focal plane of the objective by
a 4f relay formed by the scan lens L7 [consisting of two doublets
(Edmunds, 49-391)] and the tube lens L8 (Edmunds, 49-393). A 10x
air objective (NA = 0.45; Carl Zeiss, Plan-Apochromat) was used to
match the image NA of the GRIN lens (image NA = 0.415, object
NA =0.8; GRINTECH GmbH, GT-MQO-080-0415-810) and mounted
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Fig. 4. AO two-photon endomicroscope enables in vivo imaging of the mouse
hippocampus at synaptic resolution over a large FOV. (A) MIP images of differ-
ent layers of hippocampal CA1 pyramidal neurons in Thy1-GFP mice with only system
correction (left column) and with full correction plus subsequent deconvolution
(right column). Depth range of projection for soma layer: 90 to 120 um; apical den-
drite layer: 160 to 190 um. The images with system correction were enhanced for
better visualization. Scale bar, 20 um. (B) Left: Four magnified views of the sub-
regions indicated by the numbered boxes in (A). Right: Views of corresponding
subregions with full AO corrections. Scale bar, 5 um.

on an encoded translation stage (Thorlabs, LNR50SEK1) for axial sec-
tioning. Precise alignment was carried out to ensure that the objec-
tive and the GRIN lens shared the same optical axis.

For two-photon imaging, the fluorescence emission signal col-
lected by the GRIN lens and the objective was directed to the photo-
detection unit via dichroic mirror D2 (Semrock, FF705-Di01-25x36).
Then, the fluorescence was separated by dichroic mirror D3 (Semrock,
FF560-Di01-25%36) into a red and a green channel. The bandpass
filters F2 (Semrock, FF01-525/50) and F3 (Semrock, FF01-593/46)
were placed before the current photomultiplier tube (PMT) modules
(Hamamatsu, H11461-01 and H11461-03) to select a particular
wavelength range of detection. The corresponding PMT signal was
then fed into a current amplifier (Stanford Research, SR570 and
Femto, DLPCA-200) and subsequently into a data acquisition device
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(National Instruments, PCle-6353) controlled with custom-written
software.

For wavefront sensing, D2 was switched to another dichroic
mirror (Semrock, Di02-R488-25%36) using a motorized flipper
(Thorlabs, MFF101/M) so that the guide star signal of fluorescence
emission can transmit through D2 and be descanned by the galvano-
meter scanning mirrors. Then, the fluorescence signal was reflected
by the DM and separated from the excitation laser by dichroic mirror
D1 (Semrock, FF705-Di01-25%36). The DM was conjugated to the
microlens array (SUSS MicroOptics, 18-00197) of the SHWS by the
lens pair L9 and L10 (Throlabs, AC254-200-A and AC254-100-A).
An ultrasensitive EMCCD (Andor, iXon Ultra 888) was placed in
the focal plane of the microlens array to capture the spot pattern,
which provides direct measurement of the wavefront distortion.
Overall, the DM, the galvanometer scanning mirrors, the back focal
plane of the objective, and the microlens array of SHWS are all mu-
tually conjugated via the 4f relay system.

Calibration of the DM

The DM was calibrated before it was integrated into the microscope
system. Following a previously reported procedure (19), the driving
voltage pattern of the DM for the first 65 of Noll’s Zernike modes
was measured using a homebuilt Michelson interferometer. In this
way, the DM can be controlled to take any desired shape via a linear
combination of these Zernike modes.

System AO correction

The aberrations of the microscope system were corrected before
any imaging experiment. First, the 10x air objective and the GRIN
lens were replaced by another objective with nearly aberration-
free performance (25x, 1.05 NA; Olympus, XLPLN25XWMP2)
such that the measured aberrations would mainly come from the
imperfections of the optical components or alignments of the
system. Then, the two-photon fluorescence intensity of a fluores-
cent dye (rhodamine 6G) solution was used as the feedback to
optimize the shape of the DM. Here, a Zernike mode-based sen-
sorless AO algorithm (37) was adopted. Briefly, seven to nine
different values of each Zernike mode were applied to the DM,
and the corresponding fluorescence intensity was fitted with a
Gaussian function to find the optimal value. This procedure was
repeated for the first 21 Zernike modes (tip, tilt, and defocus ex-
cluded), and the system aberration Z could be measured and
compensated.

Calibration of the wavefront sensor

The SHWS was calibrated with respect to the DM in the microscope
system. The femtosecond laser was focused by the 25x water objec-
tive to excite a fluorescent dye (rhodamine 6G) solution, which cre-
ated a nonlinear fluorescent guide star. The light of the guide star
was shaped by the DM and then sent to the SHWS, which formed
the closed-loop AO system. The influence matrix My, of the DM on
the SHWS was calibrated by sequentially applying the first 65 Zernike
modes to the DM and recording the corresponding spot displace-
ment in the SHWS. The rows of M, represent the shift in spot posi-
tion on the SHWS in response to each Zernike mode and formed
the basis on which the in vivo wavefront measurement can be de-
composed. In this work, we chose the modal wavefront reconstruction
algorithm because (i) the aberration is averaged over a small volume
and thus is mainly of low order; (ii) this algorithm is robust to the
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Fig. 5. Random-access multiplane CaZ* imaging of hippocampal neurons in vivo. (A) Schematic diagram of random-access multiplane imaging. Three image planes
over the entire imaging volume of 0.3 mm x 0.3 mm X 0.3 mm can be randomly selected and sequentially scanned at 5 Hz with synchronized ETL and xy galvanometer
scanners. (B) Multiplane Ca%* imaging of neuronal somata, dendrites, and spines at various locations with system correction (left) and with full correction (right). The virus
AAV-CaMKII-GCaMP6s was injected into the hippocampus CA1 of C57/B6 mice. Images are shown as average-intensity projection of 600 frames. The images with system
correction were enhanced as indicated for better visualization. The cylinder coordinates: (um, degree, um). Scale bar, 5 um. (C) Fluorescence traces for the ROIs indicated
in (B). (D) Ca** imaging of pyramidal neurons in hippocampus CA1 with system and full AO correction. Images are shown as average-intensity projections of 600 frames.

Scale bar, 5 um. (E) Calcium transients (AF/F) of the selected neurons as shown in (A). (F) Correlation coefficient matrices calculated from AF/F traces of all neurons in (B).

Colored boxes refer to the three ROIs as shown in (A).

noise and missing spots in the in vivo wavefront measurement (19);  Full AO correction

and (iii) each Zernike mode has well defined physically meanings  The full AO correction started with the system aberration corrected
such as astigmatism, coma, and spherical aberration, making the and further compensated for the aberrations of the GRIN lens and
interpretation of GRIN lens aberrations explicit. those induced by biological samples. The reference spot pattern on

Qin et al., Sci. Adv. 2020; 6 : eabc6521 30 September 2020 7 of 11

0202 ‘v 1890190 uo /B10°Bewsduslds saoueApe//:dny wolj papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

A B

SP

Sm

SR o1 I

D2

-
=)

®

k=0.329, R*=0.852

a o

[}

D1 activity level (peak AFIF)
N
>

D2 activity level (peak AF/F)

k=0.675, R*=0.839

>
:

5s Sm D1 D2

k=2.048, R*=0.984

D2 activity level (peak AF/F)

o 2 4 6 8 10 o 2
Sm activity level (peak AF/F)

Sm activity level (peak AF/F)

D1 activity level (peak AF/F)

Fig. 6. AO-assisted multiplane Ca* imaging of somato-dendritic activity in hippocampus CA1. (A) Experimental approach to target the dendrites and soma for
single neuron recording in hippocampus CA1. SP, stratum pyramidale; SR, stratum radiatum. (B) Quasi-simultaneous Ca* imaging of spontaneous activity from the soma
(Sm) and two dendrites (D1 and D2) in awake behaving mice. Images are shown as SD projection of 600 frames. Scale bar, 5 um. (C) Calcium transients (AF/F) of the soma
and dendrites as shown in (B). (D) Firing events of soma (Sm) and dendrites (D1 and D2) as shown in (B). Gray and colored curves represent the individual and average
events, respectively. (E) Relationship between activity strength of the soma-dendrite pairs and dendrite-dendrite pair.

SHWS Sief = (1 x5 ¥1---yn) Was recorded using the fluorescence
signal of rhodamine at the FOV center of the endomicroscope with
aberration corrected by the sensorless algorithm described above.
For in vivo aberration measurement, the femtosecond laser was
scanned over a small FOV (30 um x 30 um), and the excited fluores-
cence signal was descanned and integrated at the SHWS. The spot
location of the in vivo SHWS measurement S, was estimated
using a Gaussian-fit centroid algorithm (38), and the reliability
weight of each spot was determined by its signal-to-background
ratio W = Diag(w;---wn, wi---wn). The spot displacement of the
in vivo measurement relative to the reference position was calculat-
ed as AS = Sy — Sier. Then, the additional corrective pattern of the
DM could be computed by minimizing the total aberration as
follows

AZ = argminlW(M,AZ + AS)I® = ~(ML,WMs;) ML, WAS

The full AO correction pattern applied to the DM was Zg =
Zy + AZ. Here, all the plotted wavefront distortions represent the
aberrations induced by the GRIN lens and biological samples, i.e., AZ.

Animal preparation

C57 (C57BL/6]) and Thyl-GFP [Tg(Thyl-EGFP)M]rs/J] mice were
obtained from the Jackson laboratory. The mice were housed at the
Animal and Plant Care Facility of The Hong Kong University of
Science and Technology (HKUST). Mice of the same sex were
housed four per cage with a 12-hour light/dark cycle and food and
water ad libitum. All animal procedures were conducted in accor-
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dance with the Guidelines of the Animal Care Facility of HKUST
and approved by the Animal Ethics Committee at HKUST.

Virus injection

The AAV9-CaMKII-GCaMP6f virus was obtained from the Penn
Vector Core at the University of Pennsylvania. Virus was diluted
1:10 in phosphate-buffered saline and delivered as a bolus (0.5 ul) at
50 to 100 nl/min via a Hamilton syringe into the hippocampal CA1l
region (anteroposterior, —2.00 mm; mediolateral, +1.50 mm; dorso-
ventral, —1.4 mm; relative to the bregma) in 3- to 4-month-old C57
mice. After injection, the needle was kept in place for 10 min and
then retracted from the brain. The mice were then returned to their
home cages to recover for 3 to 4 weeks.

GRIN lens implantation

Dexamethasone (0.2 ug/mg) solution was subcutaneously adminis-
tered 1 hour before the procedure to prevent brain swelling and re-
duce inflammatory responses. The mouse was then secured on a
stereotaxic instrument and anesthetized with isoflurane (1.5 to 2%
in oxygen). After the skull was exposed and cleaned with ethanol
(70%), three stainless steel screws were implanted in the skull to
form a triangle with the center located over the hippocampal CA1
region for skull stabilization. Then, a 1.6-mm-diameter craniotomy
was performed at stereotactic coordinates (2 mm, 1.5 mm) posteri-
or and lateral to the bregma point. Next, the cylindrical column of
the exposed cortex was slowly aspirated and removed using a
27-gauge blunt needle until the white matter appeared. The GRIN
lens was then positioned over the cranial window and gently inserted
into the brain. After a thin layer of adhesive luting cement applied
to the skull surrounding the window had dried and hardened,
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a small amount of dental cement was used to cover the exposed
skull surface. A custom-designed rectangular head plate with a
round hole of clearance for GRIN lens at the center was then per-
manently glued to the exposed skull. It would be rigidly mounted
the mouse head on a holding device with angle adjusters
(NARISHIGE, MAG-2) during in vivo imaging experiments. After
the surgery, the mouse was allowed to recover from the anesthesia
on a heating blanket before returning to its home cage.

Alignment of the GRIN lens

For in vitro and in vivo experiments, the sample was mounted on
the rotational stage MAG-2 and further fixed to a three-axis translation
stage, which enabled precise adjustment of the angle and position of
the GRIN lens. A visible laser diode was introduced to the endo-
microscopy system to assist the alignment. The laser beam was first
aligned with the optical axis of the objective. Then, the objective was
removed, and the tilt/tip of the GRIN lens was adjusted so that the
laser was normally incident on the upper surface of the GRIN lens.
This guaranteed that the optical axes of the GRIN lens and the ob-
jective were parallel to each other. Next, we looked at the imaging
plane of the objective through the eyepiece and translated the GRIN
lens until its upper surface came into focus. Then, the objective was
lifted 100 um up so that the GRIN lens could operate at its designed
working distance. Last, we switched to the two-photon imaging
mode and translated the GRIN lens sideways until the fluorescence
image appeared at the center of the FOV.

Lookup table for the aberrations of the GRIN lens

To evaluate the efficacy of our approach, we first characterized the
intrinsic aberrations of the GRIN lens that was embedded in a
rhodamine/agarose mixture that contains sparsely distributed and
immobilized fluorescent beads (200-nm diameter). Its aberration was
measured by the wavefront distortion of rhodamine fluorescence,
whereas the PSF was determined by imaging the individual fluorescent
bead. To achieve the optimal imaging performance, the GRIN lens
was precisely aligned to share the same optical axis with the objec-
tive. Considering the cylindrical symmetry of the GRIN lens, the
cylindrical coordinates (7, 8, z) were adopted to describe the imaging
location in the sample where z = 0 corresponds to the designed focal
plane of the GRIN lens. The representative on- and off-axis aberra-
tions of the GRIN lens at various depths are shown in figs. S2 and S3,
which are primarily dominated by spherical aberration and astig-
matism, respectively, consistent with a previous study (26). As can
be seen from figs. S2 and S3, despite the aberrations increasing rap-
idly and the PSF becoming severely distorted when the imaging position
deviates from the center point, AO correction can effectively increase
the fluorescence signal and recover the diffraction-limited perform-
ance at various depths. Because the optical properties of the GRIN
lens are determined by the optical design and manufacturing pro-
cess, we can precalibrate the intrinsic aberrations of the GRIN lens
and store them in a lookup table. The lookup table was established
using an in vitro setup. In principle, we need to measure all the aberra-
tions at different field locations. Considering that the aberrations of
the GRIN lens are cylindrically symmetrical along the optical axis
(25, 26), the number of aberration measurements could be greatly
reduced. To cover the entire cylindrical FOV with a radius of 150 pm
and a depth of 300 pm, we built the lookup table by measuring the
aberrations along the r and z directions at 30-pum intervals, resulting
in 6 x 11 wavefront distortions in the 8 = 0 subplane (Fig. 3A).
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For in vivo imaging, the photon budget is limited, and the
two-photon fluorescence intensity was practically too weak for wave-
front measurement, especially in the off-axis region of large aberration.
To solve this problem, we precompensated for the aberration of the
GRIN lens in the imaging region (r1, 81, z;) using the lookup table
(Fig. 3B). First, the aberration of the GRIN lens at location (ry, 0, z1)
was estimated from the linear interpolation of the aberrations near-
by stored in the lookup table. Second, the aberration at the center was
subtracted from that at (7}, 0, z;). Last, the resulting aberration was
rotated by the angle 8, and added back to the aberration at the center,
which was the estimated wavefront correction for the desired location
(r1, 01, z1). The aberration at the field center was removed from the
rotational operation, because it was mainly induced by the alignment
of the GRIN lens and objective and thus is not cylindrically symmetric
(26). As shown in Fig. 3, because the intrinsic aberrations of the GRIN
lens were largely corrected by using the lookup table, the fluorescence
intensity and imaging resolution were improved tremendously. Then,
we were able to perform in vivo AO correction based on direct wave-
front sensing to further eliminate the residual aberrations caused by
the alignment error of the GRIN lens as well as biological tissues.

In vivo imaging

The imaging experiment was performed 3 weeks after the implanta-
tion of the GRIN lens. The mouse was first briefly anesthetized with
isoflurane (1 to 2% in oxygen) and mounted on the head-holding
device. The GRIN lens was precisely aligned to share the same opti-
cal axis with the objective lens. The femtosecond laser tuned at 920 nm
was used to excite GFP and GCaMP6s. For wavefront sensing, the
aberration of the GRIN lens was first precompensated using the
lookup table, and the residual aberration was measured and cor-
rected using the two-photon excited guide star. The laser power was
30 to 50 mW through the objective, and the exposure time was less
than 3 s. For most imaging conditions, a single frame of image is
acquired per slice. In case of severe animal motion, we increased the
pixel rate and applied image registration to several sequential frames
for each slice. The registered frames were then averaged to reduce
the motion artifact and improve the signal-to-background ratio. The
detailed imaging parameters including excitation power, pixel rate,
and guide star integration time can be found in table S1. For the
morphological imaging, the animals were anesthetized with isoflu-
rane (1% in oxygen) with the head secured on a head-holding stage
(NARISHIGE, MAG-2). For calcium imaging, the mice were fully
awake or lightly anesthetized with isoflurane and placed on a head-
fixation behavioral platform that was based on a rotary treadmill.

Laser-mediated neuronal injury

The field-dependent GRIN lens aberration was first measured and
corrected as previously described to enable precise and efficient laser-
mediated microsurgery. For laser cutting of the dendritic branch,
the 920-nm laser with 160-mW power through the objective was
line scanned (1 s per line) across the branch repeatedly for 20 s. For
micro-lesion of dendritic shaft, the laser with the same optical pow-
er was focused on the shaft center for 5 s. The parameters of optical
power and duration for laser microsurgery have been optimized to
induce reproducible neuronal injuries.

Multiplane calcium imaging
An ETL (Optotune, EL-16-40-TC-VIS-5D-C) was placed close to
the rear stop of the 10x objective lens for quick tuning of the focal
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plane. We first picked three ROIs and measured the wavefront dis-
tortion using the method described above. The three corrective pat-
terns of the DM were stored locally for further use. Next, we
conducted near-simultaneously calcium imaging of the three ROIs
at a volume rate of 5 Hz. The ETL and DM were synchronized with
the scanner, as shown in fig. S8. The driving voltage of the ETL was
low-pass filtered to avoid high-order oscillation and improve the
temporal response. The premeasured corrective patterns were up-
dated on the DM accordingly to compensate for the field-dependent
aberrations.

Image analysis

The images were processed in MATLAB or Image] (39). For image de-
convolution, the Richardson-Lucy algorithm of the DeconvolutionLab2
plugin (40) in Image] was adopted. The PSF used for deconvolution
was experimentally measured at different imaging positions. To
make the PSF measurement less laborious, we took advantage of the
cylindrical symmetry of the GRIN lens and only measured the PSF
in the 6 = 0 subplane. The PSF in other regions could be estimated
using the rotation-based procedure. For the mosaic images, multi-
tile subimages were stitched together using either Mosaic]J (41) or
Grid/Collection Stitching (42) plugin in Image]. To cover the entire
FOV of 300 um in diameter, 81 subimages at 30-um intervals were
acquired.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/40/eabc6521/DC1

View/request a protocol for this paper from Bio-protocol.
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