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Real-Time In Situ Holographic Optogenetics Confocally

Unraveled Sculpting Microscopy

Gilad M. Lerman, Justin P. Little, Jonathan V. Gill, Dmitry Rinberg, and Shy Shoham*

Two-photon (2P) optogenetic stimulation is currently the only method for
precise, fast, and non-invasive cellular excitation deep inside brain tissue; it is
typically combined with holographic wavefront-shaping techniques to
generate distributed light patterns and target them to multiple specific cells in
the brain. During propagation in the brain, these light patterns undergo
severe distortion, mainly due to scattering, which leads to a discrepancy
between the desired and actual light distribution. However, despite its
importance, measurement of these tissue-induced distortions and their
effects on the light patterns has yet to be demonstrated in situ. To this end,
holographic optogenetics confocally unraveled sculpting (HOCUS), a system
for real-time in situ evaluation of holographic light patterns, based on
confocally descanning the stimulation light’s reflection from the brain, is
developed. HOCUS measures both tissue and wave propagation properties
and enables the real-time measurement and correction of the dimensions and
positions of holographic spots relative to neurons targeted for stimulation. It
can also be used to measure tissue attenuation length, and thus should
facilitate future attempts to optimize the generated hologram to
pre-compensate for tissue-induced distortions, thereby improving the

light modulators (SLMs).?*>6%712 These
patterns are frequently composed of
cell soma sized “spots,” which are fo-
cused up to a few hundred micrometers
deep into the brain to stimulate specific
pre-chosen neurons with high temporal
precision.[1314

A few factors influence the intensity
distribution at the focal plane and cause
a discrepancy between the desired and
the actual result. As these light patterns
propagate in brain tissue toward the fo-
cal plane, they experience extensive scat-
tering and are subject to complex, un-
predictable distortions that must be esti-
mated and compensated for. In the con-
text of wavefront-shaped holographic/®®!
or spatiotemporal®!® focusing applica-
tions, prediction of the final light dis-
tribution becomes even harder due to
the difficulty of combining wave-based
and scattering-related calculations dur-

reliability of 2P holographic stimulation experiments.

1. Introduction

Two-photon (2P) optogenetic stimulation provides spatially pre-
cise cellular level stimulation by minimizing out-of-focus neuron
excitation, often in combination with complementary techniques
like temporal focusing and soma-restricted opsin expression.!'”)
To stimulate multiple neurons, distributed holographic light pat-
terns can be generated and dynamically controlled using spatial
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ing hologram generation. In addition,

the intensity of holographically generated

spots is generally not uniform due to,
among other factors, position-dependent diffraction efficiency of
the SLM and optical aberrations and needs to be corrected with a
relevant spatial correction function.

These concerns are usually treated either theoretically, based
on elaborate computational effort,'”:¥! or experimentally based
on direct measurements using brain slices.' During the design
of a new holographic optogenetic targeting technique, correction
functions are implemented in the process of hologram genera-
tion and the method is calibrated and validated experimentally.
Nevertheless, the nature and complexity of these experiments
prevent them from being carried out prior to every stimulation
experiment, and a method for in situ measurements of the tissue-
induced distortions and holographically generated light pattern
fidelity is yet to be demonstrated. The user, therefore, must rely
solely on the robustness and stable calibration of the targeting
method despite the natural variations in experiments and time.

To directly address these issues, we developed a method for
real-time in situ evaluation of the tissue-induced distortions of
the holographic light patterns, permitting measurement of the
dimensions and positions of the pattern relative to neurons tar-
geted for stimulation. The method is based on confocally des-
canning the reflection of the holographic light patterns focused
into the brain. By measuring the unique tissue-induced distor-
tions of the specific animal and holographic pattern to be used
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in an immediate photostimulation experiment, this method en-
ables real-time correction of the positions of holographic spots
and can potentially be used to optimize the generated hologram
to compensate for tissue-induced distortions. This may signifi-
cantly improve the reproducibility of 2P holographic stimulation
experiments, especially in live, awake animals. Tissue properties
such as attenuation length due to scattering can be measured as
well, making this method a relevant part of the toolkit used for
tissue characterization.

Imaging by descanning light reflection takes advantage of a
scanning excitation mechanism already present in the experi-
mental apparatus, using it in the opposite direction to gain ad-
ditional information about the sample. Photons emitted from
the sample, due to ballistic reflections from the excitation source
or fluorescence, are imaged with a confocal detection system.
Previously, this approach has been used for long-wavelength re-
flectance imaging, in combination with a fluorescence imaging
setup, using the reflections of the excitation light.?*2! In our
setup, we use reflection of the 2P optogenetic stimulation laser
and get additional information about its position, dimensions,
and intensity distribution. Figure 1a shows a schematic of our
descanning system.

2. System Design

The optical configuration of our system is presented in Fig-
ure 1b and is based on the concept of confocally descanning?*!
the stimulation light’s reflection from the tissue, thereby recon-
structing its shape and position. Our holographic optogenetics
confocally unraveled sculpting (HOCUS) detection module is
added onto an existing all-optical imaging and stimulation sys-
tem described in detail?? elsewhere can, in principle, be added
to any microscope with 2P optogenetic stimulation capabilities.
The system combines an imaging arm with a 920 nm femtosec-
ond (fs) laser illumination source (Spectra Physics, Insight X3),
and a photostimulation arm with a 1028 nm fs amplified laser
source (Light Conversion, Pharos). The holograms were calcu-
lated using custom MATLAB software that makes use of a mod-
ified Gerchberg—Saxton algorithm®! and were loaded onto the
SLM (HSPDM512-920-1110, Meadowlark Optics, optimized for
1064 nm, 7.68 mm x 7.68 mm active area, 512 x 512 pixels).
Both stimulation and imaging beams are projected onto the
brain and are back-reflected through the objective and along their
original combined path. In order to separate the reflection of the
stimulation light from the reflected imaging light, we used a po-
larization beam splitter (PBS) (Thorlabs, PBS253) to combine the
imaging and stimulation arms, each linearly polarized orthog-
onally to the other arm. We added a quarter waveplate (QWP)
(Thorlabs, AQWP10M-980) after the PBS so that the light re-
flected from the brain double-passes through the QWP and its
polarization direction will be rotated by 90 degrees. This ensures
that back-reflected stimulation light will pass through the PBS
along the imaging light path, while the reflected imaging beam
will be deflected away from this path. After the reflected stimu-
lation light is descanned by the galvo-resonant mirror pair, it is
reflected by a dichroic mirror (Semrock, FF989-SDi01-25 x 36)
and separated from the incoming imaging light. The reflected
stimulation light beam next hits an electrically tunable lens (ETL)
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(Optotune, EL-10-30-TC) that focuses it onto a 10 pm diameter
pinhole (Thorlabs, P10S). The ETL is used to fine tune the fo-
cused beam on the pinhole without the need to physically move
the lens and allows to scan the imaging plane when 3D mapping
the stimulation pattern. The role of the pinhole is twofold: it en-
ables the point-by-point scan of the stimulation beam as it blocks
the lateral out-of-focus light, and it enables the imaging of dif-
ferent planes in combination with the ETL as it blocks the axial
out of focus light. The pinhole is thus essential to the detection
of the weak reflected signals from the brain on top of the much
stronger reflections from the transcranial window as it confocally
rejects the out-of-focus signal.

The beam is re-collimated and refocused onto a detector (Thor-
labs, APD410C) by a pair of lenses (Thorlabs, f = 50.0 mm,
LA1131-C). This detector is an affordable, small form-factor so-
lution for the near infrared regime with high sensitivity to cap-
ture the small signal of the light reflected from the brain. The
signal from the detector is amplified (DHPCA-100, Femto), dig-
itized, and captured using Scanlmage (Vidrio Technologies).**
Subsequent image processing was limited to subtracting a con-
stant noise pattern that originates from residual reflections of
the incoming stimulation light on the PBS, and to weak image
smoothing.

Ensuring precise, real-time cellular targeting requires the co-
registration of three different fields of view (FOVs): the stimu-
lation FOV, the imaging FOV, and the HOCUS FOV. For this
coregistration, a calibration pattern was burned onto a fluores-
cent plate (Ted Pella, Inc.) by the photostimulation system. The
plate was then imaged by the 2P imaging system and the cali-
bration pattern was used for the registration of the two systems.
In the next step, we removed the fluorescent plate and placed a
mirror at the focal plane of the objective lens. The reflection of
the calibration pattern was imaged by HOCUS and was used to
register HOCUS FOV to the other FOVs. Figure 1 also shows
proof-of-concept examples of HOCUS microscopic imaging of
light patterns back-reflected from physical samples. The first is
a five-spot stimulation pattern projected onto a glass cover slide
(Figure 1c) positioned at the focal plane. The reflection from the
glass is much stronger than the reflection from the brain tissue
and there is no distortion due to scattering. The second is a spot
imaged inside the mouse’s implanted glass cranial window (Fig-
ure 1d). As can be seen, the spot is diffused and aberrated, and
as a result the spot size increases while its intensity decreases.
Since HOCUS can image these spot size changes and intensities,
it can be used to measure the tissue scattering manifested as at-
tenuation length and in principle also to compensate for optical
aberrations by serving as the feedback in a closed loop process of
iteratively reducing the spot size imaged by HOCUS.

3. Measurements and Results

To explore the in vivo performance of HOCUS, we injected the
olfactory bulb of mice with a 1:1 mixture of viral vectors for the
calcium indicator GCaMP6s and the redshifted opsin Chrim-
sonR, which respectively enable the imaging of the cell’s activity
and its photostimulation (AAV5-Syn-GCaMP6s-WPRE-SV40
and AAV5-Syn-ChrimsonR-tdTomato, UPENN vector core). All
animal procedures were approved under a New York University
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Figure 1. a) A schematic of the descanning system combining reflected stimulation light with confocal imaging shown with the polarization state at each
stage. DET, detector. b) Experimental setup. The 2P imaging path is combined with the holographic 2P photostimulation path for in vivo experiments
in head-fixed, behaving mice. The reflected stimulation light passes through the PBS, is descanned by the mirrors, and then reflected by the dichroic
mirror through the pinhole onto the detector. PBS, polarizing beam splitter; PMT1, PMT2, photomultiplier tubes; SLM, spatial light modulator; DET,
detector. ) HOCUS measurement of a five-spot stimulation pattern reflected from a glass sample. d) A sample of a spot inside the mouse’s implanted
glass cranial window showing the ability of HOCUS to measure optical aberrations. Scale bars: 25 pm.

Langone Health institutional animal care and use committee
(IACUC) protocol 161211-02. Following injection, a cranial
window was implanted, replacing a circular piece of skull by
a glass coverslip (3 mm diameter, Warner Instruments) that
was secured in place using a mix of self-curing resin (Orthojet,
Lang Dental) and cyanoacrylate glue (Krazy Glue). Prior to every
stimulation experiment, we used the green and red fluorescence
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signals to choose cells that express both GCaMP6s and Chrim-
sonR, and then generate a pattern of circular patches that will
cover these cells. Next, we projected the spots onto the brain and
used HOCUS to image the reflection of these spots to estimate
their shape and position. Figure 2 shows a pattern of four light
spots projected onto the brain, 120 pm deep in the olfactory bulb,
and positioned on four respective neurons. This figure merges
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Figure 2. A merged image of GCaMP6s expression (green) and the
HOCUS-imaged reflected stimulation light (red) showing a pattern of four
light spots projected onto the brain, 120 pm deep in the olfactory bulb, and
positioned on four respective neurons. Darker regions are caused by local
vasculature. Scale bar: 25 pm.

the imaging channel showing the GCaMP6s signal (green) and
the HOCUS channel showing the reflection of the stimulation
pattern (red). The power levels used for the HOCUS imaging
are kept low (<3 mW/cell) so that the stimulation pattern will
not damage the cells even after a few minutes of exposure. We
used galvo mirrors for the scan with a frame rate of one frame
per second which can be further increased by improving the
signal-to-noise ratio (SNR) of the system. After the position and
shape of the stimulation pattern was verified by HOCUS and
corrected if needed, the stimulation power was increased, and
the photostimulation experiment began.

Although the scattering of near-infrared light in brain tissues
is greatly reduced compared to that of visible light,>>%"] it is
still an important factor that needs to be considered when
attempting 2P stimulation in deep layers. Scattering-related
effects increase the spot size and reduce the intensity over the

www.lpr-journal.org

targeted cells, effects that combine to compromise the excitation
efficiency and specificity. To characterize the tissue-scattering
effect, we generated and projected a hologram of a single (nearly)
diffraction-limited light spot, which was z-scanned by moving
the objective across different depths in the olfactory bulb. At
each depth, we imaged both GCaMP6s fluorescence and the
reflected stimulation light distribution with HOCUS (see Video
S1, Supporting Information). Spot dimensions were estimated
using a fit to a 2D Lorentzian function at each depth (Figure 3a)
and were found to increase linearly for deeper penetration
depths to >25 pm full width at half max (FWHM). Imaging
was stopped at 320 pm (below the mitral cell layer), where the
GCaMP6s signal was too weak to clearly discern cells, while
the (strongly scattered) HOCUS signal was still visible. Inter-
estingly, the spot dimensions on the upper side of the cranial
glass window is just 2 pm (FWHM, red star), while its width at
the lower side of the window at the brain’s surface (z = 0) was
5 pm. It is well known that the transcranial glass window can
introduce aberrations to the imaging and stimulation beams,
degrading their performance.’® HOCUS can directly measure
these aberrations and allows their correction by, for example,
adjusting the objective’s angle relative to the cover glass.

HOCUS can provide not only valuable information about
the position and shape of the spots, but also about their relative
intensities and the intensity uniformity within each spot, which
can be used to optimize the 2P signal for stimulation. Figure 3b
shows the attenuation of the maximum intensity of the spot (cal-
culated as the average of 25 pixels in the center of the beam) as a
function of penetration depth. The center of the beam comprises
mainly ballistic photons arriving at the focal plane,® while the
beam attenuates with an attenuation length that is dependent
on both scattering and absorption. At 1028 nm, absorption is
negligible compared to scattering”’! and so the attenuation
length is dominated by scattering. As we use a pinhole to block
the scattered light, the photons that reached the detector are
ballistic photons that have travelled twice the penetration depth.
From this measurement, we found an attenuation length of
229 pm at a wavelength of 1028 nm, which agrees well with
previous measurements of attenuation lengths of 152-158 pm
at 920 nm and 305-319 um at 1300 nm.>”:#’]

We next generated large circular patch holograms (i.e., not
diffraction-limited spots) of different sizes and projected them at
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Figure 3. a) FWHM of the spot as a function of the penetration depth. The objective lens was scanned from the bottom surface of the glass window
down to 330 pm deep, and the spot size was measured at every 10 pm. The red star shows the spot size on the upper side of the glass window. b) The
maximum intensity of the spot at each penetration depth. This intensity decays exponentially with a decay length of 229 pm.
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Figure 4. The FWHM of spots with different sizes measured at 100 pm
deep as a function of the requested hologram spot diameter. The mea-
sured figures of all spots are shown in order at the top.

a depth of 100 pm in the olfactory bulb. The HOCUS images of
these spots and their estimated dimensions (FWHM) are shown
in Figure 4. At small values of the patch diameter, the measured
spot’s dimensions slowly increase as a function of the hologram
dimension, but for larger values, the measured spot’s dimen-
sions increases much faster. As was shown in Figure 3a, for every
depth, there is a natural scattering-related PSF for the HOCUS
imaging system, which measures =13 pm FWHM atz = 100 pm.
The HOCUS measurement is a convolution between this imag-
ing PSF kernel and the actual spot. Therefore, the resulting width
is given by +/c? 4 ax? where ¢ is the FWHM of the PSF kernel,
x is the hologram spot diameter, and a is a multiplicative con-
stant. At small values of hologram spot diameter x, the constant
PSF kernel ¢ is dominant and the change in measured spot width
is slow. As the hologram spot diameter x increases, it becomes
more dominant than the PSF kernel ¢ and the measured spot size
approaches a linear dependency on the change of hologram spot
diameter.

The precise positioning of the light spots of the hologram is a
crucial factor in the success potential of every cellular resolution
optogenetic experiment. A deviation of a few pm can lead to acti-
vation of unwanted cells and to a misinterpretation of the neural
circuit being investigated. Often, the holograms are misplaced

www.lpr-journal.org

due to brain movements. These movements can occur after the
hologram was already calculated, just before an experiment is
about to start. To compensate for these movements, one can use
a motion correction algorithm % that tries to iteratively bring the
FOV back to its original position by comparing it to a reference
image. These algorithms greatly depend on the current state of
the FOV; that is, if the imaging has degraded due to bleaching
of the fluorescent molecule or brain plasticity, it will affect the
accuracy of the algorithm leading to a misplaced FOV or to a non-
converging iteration process. Dealing with brain movements is
another advantage of HOCUS as it allows real-time imaging of
the position of the spots while still using the fluorescence chan-
nel to image the cells. While imaging the FOV, we can change
the hologram in real-time by adding a periodic phase pattern to
the current hologram on the SLM. This periodic phase acts as
a diffraction grating by moving the spots in a desirable distance
and direction. This method is immediate as it does not require
the recalculation of a new hologram from scratch, and the results
of adding the additional grating phases are instantly seen with
HOCUS, allowing a user to “walk” the spot step-by-step to cover
the cell. Figure 5a—d shows a process of repositioning a spot on
a cell by adding phases of gratings to its original hologram. The
full movement of this spot is shown in Video S2, Supporting
Information. This method enables quick corrections and fine
tuning of the hologram, applied just before the stimulation
experiment is carried out. We anticipate that SNR improvement
will allow real-time motion correction during experiments.

HOCUS subsystems can be added to most conventional all-
optical imaging and stimulation systems, and we anticipate it
will be routinely used in such experiments. Our optical design
was inspired by the back-scatter descanning arms added to multi-
photon microscopes for observing intrinsic contrast signals from
axonal structures,?®2!) and can be easily modified to also allow
their observation.

Additional improvement can be achieved by removing the
background noise arising from residual reflections from the PBS
by using a PBS with no residual reflection to unwanted direc-
tions, or by adding an additional polarizer to the HOCUS path
before the ETL. As well, following Xia et al.’!! the QWP can
be replaced by a QWP cover-slip to further minimize the back-
ground reflection signal. Estimating the 2P signal based on HO-
CUS measurements requires some caution, since due to scatter-
ing, photons at the outskirt of the spot arrive at the focal plane
with different times than photons at the center of the spot. This
temporal discrepancy translates into a reduced 2P signal, and
therefore, the actual 2P spot size for stimulation would be smaller
than just the square of the HOCUS signal.

frame # 50

frame # 65

Figure 5. a—d) Walking the spot in the FOV toward the chosen cell by adding phases of gratings to its original hologram. Scale bar: 20 pm. The diagonal
arrow on panel (a) shows the target cell and all the straight arrows in all panels show the direction of spot movement.
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To summarize, in order to address the discrepancy between
the desired and actual 2P holographic light pattern, we have de-
veloped a real-time method for evaluating the dimension, posi-
tion, and intensity distribution of holographic patterns in situ.
Based on confocally descanning the reflection of the stimulation
light pattern we can reconstruct the stimulation pattern, asses
its similarity to the desired pattern, and correct its position in
a straightforward manner. In addition, a direct measurement of
light distribution in the brain allows for better estimation and
modeling of the temperature rise due to stimulation. The ther-
mal effects caused by stimulation are usually neglected but are
becoming more dominant with the increase of the number of
stimulated cells and stimulation duration. Mapping in situ light
distribution can thus help in estimating the temperature and
designing better targeting methods for dealing with dangerous
thermal effects.!*2 Our HOCUS depth-imaging attenuation es-
timate agrees nicely with independently measured tissue scat-
tering coefficients. In the future, this method could potentially
be used as a ground truth feedback for the iterative calculation
of holograms, enabling a closed loop that will help optimize the
holograms used for stimulation. The new method adds an ad-
ditional level of reliability to 2P holographic stimulation exper-
iments by verifying that the holographic projections are as de-
sired, thereby improving their reproducibility and efficiency.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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