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The advent of scanning two-photon microscopy (2PM) has created
a fertile new avenue for noninvasive investigation of brain activity
in depth. One principal weakness of this method, however, lies with
the limit of scanning speed, which makes optical interrogation of
action potential-like activity in a neuronal network problematic.
Encoded multisite two-photon microscopy (eMS2PM), a scanless
method that allows simultaneous imaging of multiple targets in
depth with high temporal resolution, addresses this drawback.
eMS2PM uses a liquid crystal spatial light modulator to split a high-
power femto-laser beam into multiple subbeams. To distinguish
them, a digital micromirror device encodes each subbeam with
a specific binary amplitude modulation sequence. Fluorescence
signals from all independently targeted sites are then collected
simultaneously onto a single photodetector and site-specifically
decoded. We demonstrate that eMS2PM can be used to image
spike-like voltage transients in cultured cells and fluorescence tran-
sients (calcium signals in neurons and red blood cells in capillaries from
the cortex) in depth in vivo. These results establish eMS2PM as a unique
method for simultaneous acquisition of neuronal network activity.

multipoint | multiplexing | voltage-sensitive dyes |
scanless two-photon microscopy

Apersistent and challenging demand in neuroscience is the
ability to monitor activity from defined populations of cel-
lular targets in depth in the brain. Imaging with two-photon mi-
croscopy (2PM) of cells labeled with calcium-sensitive reporters
(1, 2) has become the most popular approach to indirectly report
spikes and yields micrometer-scale spatial resolution in vivo (3) to
depths up to 1,000 pm (4). Conventional 2PM uses relatively slow
scanning mechanisms, however, which do not permit the simul-
taneous acquisition of multiple millisecond-range signals emitted
by cellular ensembles. In the last several years various attempts
have been made to overcome this drawback. For example, using
a mirror-based targeted path scanning technique that drastically
reduced the background scanning time, Lillis et al. monitored the
dynamics of spatially extended neuronal networks (5). Another
approach consisted of using acousto-optic deflectors to steer the
laser beam in less than 10 ps between cells or subcellular sites of
interest (6-9). Both of these sequential scanning methods, how-
ever, suffer from the fundamental trade-off between signal-to-
noise ratio (SNR) and fast temporal resolution (which should be
maximized for detection of fast events such as spikes). Increasing
the SNR typically requires integrating more photons per pixel,
which can be achieved by increasing either the excitation laser
intensity or the pixel dwell time. Regarding the former, there is
a ceiling beyond which the average laser power cannot be in-
creased (2.5-10 mW), typically referred to as the photo-damage
limit (10, 11). Regarding the latter, decreasing the scanning rate
will increase photon count but with the cost of lowering tem-
poral resolution, ultimately reducing precise acquisition of fast
events and missed spikes. Most recently, intracellularly loaded
organic dyes have been successfully used to follow the detection
of voltage transients. One method used a CCD camera for si-
multaneous detection of multipoints (12). A second used single-
voxel recording with 2P excitation (13). Although the wide-field
CCD method yields good temporal and spatial resolution, it is
not feasible for acquisition of signals in depth. Single-voxel 2PM
signals, on the other hand, can be acquired in depth but are
not simultaneous.
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To overcome the above-described SNR limitation, without sac-
rificing time resolution, ideally one illuminates and collects from all
sites simultaneously. With average powers of more than 3 W, it is
possible, using multiple reflection beam splitters (14) or spatial light
modulators (SLM) (15), to split the excitation beam of currently
available femtosecond Ti:Sapphire lasers into subbeams of sig-
nificant milliwatt power. Besides creating multisite excitation
points, SLMs can also be used to generate defined patterns of ex-
citation (16). The limitation of these multisite-imaging methods
comes from the detection, specifically when using array detectors
such as CCD cameras, because fluorescence signals originating from
different sites within the sample are blurred by scattering and spa-
tially overlap onto the camera, thus limiting the imaging depth (17).

Here, we present encoded multisite two-photon microscopy
(eMS2PM), as an alternative method. With eMS2PM, a femtosec-
ond laser beam is split with a liquid crystal SLM and focused onto
chosen targets (16, 18). Target registration is accomplished by re-
peated amplitude modulation of each subbeam with a short specific
binary encoding sequence, using a digital micromirror device
(DMD). Fluorescence signals emitted from all sites are collected
onto a single photodetector. Individual fluorescence signals origi-
nating from each target are then recovered by multiplication of the
photodetector signal by a site-specific decoding sequence.

We first tested the principle of eMS2PM on a slide of fluo-
rescent beads moving below a scattering medium. We then used
this approach to measure voltage transients in HEK cells, using
a FRET-based DiO-C,¢/dipicrylamine quenching signal and cal-
cium transients reported by Oregon Green Bapta 1 (OGBI1) in
cortical neurons in vitro in brain slice up to a depth of 220 pm and
down to 300 pm in vivo in mouse neocortex. Finally we fluo-
rescently imaged red blood cell passages from up to 12 simulta-
neous points in plasma-labeled capillaries at a depth of 350 pm in
mouse neocortex.

Results

Principle of Encoded Multisite Two-Photon Microscopy. An eMS2PM
setup (Fig. 1, red beams) was added to a conventional 2PM (Fig.
1, yellow beam). Implementation begins with a reference image
being scanned and acquired with the 2PM. Next, the user draws
regions of interest (ROIs), consisting of single points (near dif-
fraction-limited excitation points) or clusters of points, onto the
reference image. The beam from the eMS2PM is then expanded
(5%) to illuminate a reflective liquid crystal SLM. A SLM phase
profile, required to create the user-defined ROI intensity profile
at the focal plane of the objective (OB), is then computed by an
iterative Fourier-transform algorithm (18). With a DMD (Meth-
ods), having mirrors that can be switched between ON and OFF
every 60 ps and placed at the focal plane of lens L2, ensembles of
micromirrors, corresponding to each ROI, are repeatedly upda-
ted according to orthogonal binary coding sequences or S codes
(for the principle of S codes see Methods, Fig. S1, and SI Text I).
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Fig. 1. The encoded multisite two-photon microscope (eMS2PM) setup. A
reference image, used for choosing and targeting regions of interest (ROIs),
is first acquired with a conventional galvanometric mirror-based (GM) two-
photon laser-scanning microscope (2PM), illustrated by the yellow beam. A
spatial light modulator (SLM) splits light from a second laser (red beam) into
multiple subbeams that target user-specified sites inside sample S, e.g.,
neurons ny, ..., n3. Subbeams are first focused onto a digital micromirror
device (DMD) by lens L2 and repeatedly modulated with a different binary
submillisecond S code (Methods). The DMD plane is imaged into the sample
by a dichroic mirror (DIC1), the tube lens L3, and the microscope objective
(OB). Fluorescent transients, e.g., generated by action potentials (black
traces from n,, ..., n3), induce an envelope variation of the fast binary
fluorescence signals. The collected light is then reflected by a dichroic mirror
DIC2 and projected onto the photomultiplier tube (PMT) by lenses L4 and L5.
All signals are simultaneously detected and then recorded onto a computer.
Individual signals from all cells (Sn1, Sna, and S,3) are decoded by a post-
processing algorithm. (Inset) Main steps of eMS2PM recording: 1, image
acquisition with 2PM; 2, targeting ROIs; 3, SLM hologram computation; 4,
programming DMD sequences; 5, detection and acquisition of all fluores-
cence signals; 6, decoding individual signals.

S codes are a succession of 60-ps-long ON or OFF illumination
bins with the number of bins varying from 4, 8, 12, and 16 for 3, 7,
11, and 15 ROIs, respectively. This creates fast intensity modula-
tion patterns specific to each ROI. The size of the field of view (100
pm X 100 pm) is set by the magnification of the telescope L3-OB.
Because fluorescence emission is quasi-instantaneous compared
with the duration of each illumination bin, the fluorescence emitted
by each ROI is modulated with exactly the same pattern of binary
S codes, creating slow envelope modulations on top of the fast binary
S codes (Fig. 1, green signals between L4 and L5). All ROI signals
are summed onto a single photomultiplier tube (PMT), amplified,
stored on computer RAM, and demultiplexed using a custom-made
decoding algorithm. The time resolution of eMS2PM is set by the
duration of S codes (0.24 ms for 2-3 ROIs, 0.48 ms for 4-7
ROIs, 0.72 ms for 8~11 ROIs, and 0.96 ms for 12—-15 ROIs). The
targeting precision, which depends on the submicrometric
coalignment of the 2PM and the eMS2PM, is tuned with
a semiautomatic alignment software (SI Methods). Thus, ROIs
drawn onto 2PM images are targeted to less than 0.5 pm in 3D.

eMS2PM Proof of Concept: Detection of Moving Fluorescent Samples.
To test targeting of micrometric size structures and recording of
dynamic events, we mounted 4-pym-diameter fluorescent beads
(500-nm emission wavelength) on a glass slide, which could
be translated laterally with respect to the objective (Fig. 2).
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Transient fluorescence signals occurred as the beads crossed
static eMS2PM foci. In Fig. 2 (Upper), nine points were placed
on an image acquired first with the 2PM to produce synchronous
points (1, 4, 6-8), asynchronous points (3, 5, 9), or a neutral
point (2). Signals were recorded and decoded as beads passed at
0.26 mm-s~" under targeted points, with a time resolution of 0.72
ms. Excitation power was around 2 mW per point. As expected,
point 3 was the first to detect a bead passage and points 1, 4, 6, 7,
and 8 responded simultaneously, followed by points 5 and 9.
Point 2 did not record any signal. This experiment demonstrated
that the eMS2PM setup was able to arbitrarily target micro-
metric-scale structures in 2D and to simultaneously detect and
separate multiple fluorescence signals. We repeated this ex-
periment after placing a 500-pm-thick layer of scattering medium
(0.5-um diameter beads, 263 pm scattering mean free path at 860
nm emission and g = 0.73 from Mie theory) above the sample to
mimic the effect of scattering in brain tissue (19, 20). Excitation
power was increased to ~30 mW per point. Despite the scattering
barrier, fluorescent signals were clearly detected and similar to
those in the absence of the scattering layer (3.8 + 0.3 pm FWHM
and 4.0 + 0.2 pm FWHM, respectively). The average SNR of bead
signals was 12.8, instead of 19.3 without a scattering layer (signal
and noise measured around the peak of each bead signal). Im-
portantly we did not detect crosstalk between points separated
by 5 pm (i.e., points 3, 4, and 5), demonstrating that even with
emission through a scattering medium, eMS2PM maintains pre-
cise spatial representation. A slight increase of noise, however,
was recorded when one or more ROIs crossed a bead (i.e., trace
of ROI 3 when ROIs 1, 4, 6, 7, and 8 detect a bead) and noise
level tended to increase when more beads were illuminated.
Theoretical (SI Text 2) and experimental demonstrations (Fig. S2)
indicate that the noise measured in decoded traces is proportional
to the square root of the number of illuminated beads, e.g., to the
total number of photons received at the detector. This means that
the noise measured in decoded eMS2PM traces is not correlated
to the fluorescence of the specific target (as typically observed in
shot-noise-limited laser scanning methods) but rather to the total

A

No scattering

©o~NDO R WwN =

B
Scattering ;
3
4 :
5 e
8 A
7 f’-\'\
8 Vaa : —
9 in SN 20ms

Fig. 2. Simultaneous detection of moving fluorescent samples with eMS2PM.
(A) (Upper) Five fluorescent beads (4 pm) mounted on a glass slide were
translated laterally (0.26 mm-s~") from left to right. Transient fluorescence
signals were detected and decoded as the beads crossed nine targeted but
static eMS2PM foci. Note that no signal was detected (target 2) in the absence
of bead. (B) Similar fluorescence signals were detected when the beads moved
below a 500-pm-thick layer of scattering medium (0.5-pm diameter beads, 260-
pum scattering mean free path at 860 nm).
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detected signal. Here we demonstrated the ability to follow milli-
second timescale synchronized or asynchronized fluorescent signals
in nine user-defined targets. Furthermore, in a similar experiment
where a fluorescent standard sample was translated at 3 mm-s™", we
could record submillisecond ON/OFF transients in 15 sites at 0.96
ms time resolution (Fig. S3).

eMS2PM Imaging of Spike-Like Voltage Transients in Cultured HEK
Cells. We next applied eMS2PM to record voltage-dependent
fluorescence transients at several sites, using a FRET-based DiO-
C,¢/dipicrylamine (DiO/DPA) method, where fluorescence emis-
sion of DiO is quenched by 5 pM DPA upon membrane de-
polarization (~50% per 100 mV) with a response time of ~0.1 ms
(21). HEK-293 cells were labeled with DiO-Cy6 and their fluo-
rescence was scanned by standard 2PM. Next, we voltage clamped
the cells in whole-cell patch-clamp mode at a potential of —60 mV.
Then two ROIs, composed of five points, were drawn: one ROI on
the membrane of the patched cell and a second ROI on a neigh-
boring uncoupled cell (Fig. 34). Finally, while the bath was per-
fused with 5 uM DPA, five spike-like voltage commands were
periodically applied at 90 Hz and decoded quenched fluorescence
signals revealed spike-like transients from the patched cell and not
the control cell. The 100-mV transient voltage commands induced
fluorescence changes of —33.7 + 4.1% (n = 20) with a half-width of
1.94 + 0.21 ms. These data indicate that eMS2PM can follow
quenched fluorescent bursts of spike-like events up to 90 Hz.

eMS2PM Imaging of Calcium Signals in Acute Cortical Slices. Having
established the speed at which eMS2PM can acquire signals, we
investigated how well this method would perform to record neu-
ronal activity within scattering brain tissue. Using acute neocortical
brain slices from young mice, we imaged simultaneously the activity
of up to six pyramidal neurons labeled with OGB1 AM at a depth of
100-220 pm (22). Fig. 44 illustrates the responses of five cells to 100
pM glutamate perfused onto the slice (100 pm in depth). Two
points were targeted per ROI. Fluorescence was simultaneously
recorded from six ROISs (five somata and one neuropil) with a time
resolution of 2 ms for periods of 4 min. We found glutamate evoked
asynchronous activity in two neurons (Fig. 44, asterisks in s1 and
s3) before a large complex synchronous event that was detected
with different amplitudes, shapes, and durations at all five ROISs,
including the neuropil (Bg). Importantly, we did not observe any
drift of baseline fluorescence over these long and permanent illu-
mination periods, indicating that under these conditions eMS2PM
phototoxicity is negligible. In a second set of experiments, we
evoked synaptic responses using local electrical stimulation with
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Fig. 3. Recording spike-like waveforms with eMS2PM in HEK cells. (A) Two
HEK-293 cells were labeled with DiO-C;¢ and then perfused with DPA. The
cell at the bottom was voltage-clamped at —60 mV in whole-cell patch clamp
mode. In each cell, two regions of interest (ROIs) were generated by focusing
five points per ROI on the cell membrane. (Scale bar: 15 um.) (B) Fluorescence
quenching responses to five spike-like waveforms used as command voltage,
0.48-ms time resolution. (Left) Single sweeps. (Right) Averages of six trials.
(Inset) Detail of spike waveforms (solid) and single-trial fluorescence re-
sponse in bottom cell (shaded).
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Fig. 4. Simultaneous imaging of calcium signals with eMS2PM. (A) Calcium
signals simultaneously detected in an acute slice of the mouse neocortex.
(Left) The slice was labeled with a pipette containing Oregon Green Bapta
1 AM (OGB-AM) at a depth of 100 pM. Two points per ROl were targeted in
each of five neurons and in the neuropil (background, Bg). (Center) Perfu-
sion of glutamate evoked spontaneous activity in some neuronal somata
(asterisks in s1 and s3) and a synchronized burst in all cells and in the neu-
ropil. Note the absence of crosstalk between cell signals. (Right) Enlarge-
ment of the traces near the synchronized burst. (B) Continuous single-point
excitation with eMS2PM does not alter synaptic responses. Electrical stim-
ulations (5 Hz, four pulse trains) were repetitively applied through a glass
theta pipette, placed at 100 um in depth. Calcium responses of all recorded
somata, labeled with OGB, varied independently (arrows) and did not show
alteration with time (4 min of continuous eMS2PM). (C) Different calcium
signal dynamics recorded at 220 pm with eMS2PM. (Left) Cells were labeled
with OGB1 by electroporation in an acute cortical slice (P9 mouse). Calcium
responses to electrical stimulation (5 Hz, four pulses, applied through a glass
theta pipette) were recorded in three somata (s1, s2, and s4) and one den-
drite of s2 (d2). (Center) Single trials (t1 and t2). (Right) (Inset) Note the
faster signal kinetics in d2. (Scale bars, 15 pm.)

a small bipolar electrode (theta borosilicate pipette). Stimulation
(trains of 5-Hz stimuli, repeated every 25 s over 240 s) evoked
calcium increases of varying amplitudes in all six ROIs targeted
onto neuronal somata (Fig. 4B, 150 pm in depth). Note that syn-
aptic responses varied only slightly and independently over the 4
min of recordings. Repeated stimulation was possible without de-
tectable phototoxicity. At a greater depth (Fig. 4C, 220 pm), in-
dependent calcium responses were still easily distinguishable in
nearby ROIs of cortical neurons electroporated with OGB1 (23).
In response to local stimulation (four pulses, 2 ms, 5 Hz), the
calcium rise time was faster in the dendrite (d2) emerging from
the soma S2 (Fig. 4C, Inset). Taken together these results
clearly indicate that eMS2PM can be used to acquire separate
and simultaneous calcium-evoked signals from multiple ROIs
without detectable phototoxicity.
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eMS2PM Imaging of Fluorescence Transients in the Cortex in Vivo.  plasma (24). At a depth of 350 um (Fig. 5C), we targeted 12 ROIs
We first investigated the potential of eMS2PM to image neuronal  in three vessels (temporal resolution 0.96 ms): 10 points along
activity in young adult mice (postnatal days 20-40) in vivo. Pyra-  a single capillary (ROIs 1-10) and 2 in neighboring larger vessels
midal neurons labeled with electroporation of OGB1 (23) showed  (ROIs 11 and 12). Traces 1-10 show that transient fluorescence
calcium increases in response to electrical stimulation. In Fig. 54,  drops (Fig. 5C, arrowhead in trace 1), indicating red blood cell
the three somata (200 pm in depth) and the dendrite emerging  passage, were correlated in all traces. The time shift (Fig. 5C,
from S1 simultaneously responded to electrical stimulation (four  slanted dashed lines) allowed us to determine an average red blood
pulses, 2 ms, 5 Hz), These responses did not involve optical cell VG]OCity of 0.4 mm-s~L. As expected, individual red blood cells
crosstalk between the sites, as revealed by the presence of large  could not be extracted in larger vessels (ROIs 11 and 12) (Fig. 5C,
asynchronous spontaneous Signals observed Only in some ROIs Lower, gray traces). Taken together these reS}lltS demonstrate that
(Fig. 54, Right). eMS2PM could also be used to image calcium  ¢MS2PM can detect.smultapeou_sly and w1t_hout crogstalk fluo-
signals along the dendritic arbor of a single-layer II/IIl pyramid ~ rescent signals reporting physiological events in the brain at depth
(Fig. 5B). Electrical stimulation (two pulses, 5 Hz) from a theta ~down to 300-350 pm with submillisecond temporal resolution.
pipette placed at 200 um in depth elicited a slow calcium signal in . .
the soma (ROI 7, 300 pm) and faster ones in the apical dendrite Discussion . - .

(ROI 5, 275 pm; and ROI 1, 250 pm). Calcium responses were ~ 1he novelty of eMS2PM is the ability to simultaneously record
much weaker in nearby cellular processes (ROIs 2 and 4) and were submillisecond fluorescence changes at multiple sites in a scattering
not detected in the neuropil (ROIs 3 and 6). To image at 250, 275, medium. Indeed the decoded eMS2PM signals are proportional to
and 300 pm, the laser power was tuned at 50, 65, and 75 mW per the fluorescence emitted at_each targeted ROI averaged simulta-
point, respectively (surface measurements). We then used neously fgr every S-pode penod. (e. g.,0.48 ms for three ROIs). Sgch
¢MS2PM to monitor transient fluorescence in cortical vessels. In & capability is crucial for monitoring neuronal network electrical
capillaries labeled with fluorescein dextran, single red blood cells activity, either in vitro or in vivo. Current 2PM techniques capable

can be observed as longitudinal dark shadows in the fluorescent of.recording ﬂgoresqence signals simultaneously from multiple
points use multiple pixel detectors. Such configurations often use

an array of foci that are scanned across the sample and a CCD
camera to record an image for every position of the foci array until
A Evoked activity Spontansous acivity the whole field of view is probed. Compared with single-focus
single trial _ mean (n=3) scanning, image acquisition speed is multiplied by the number of
N TP Y T ADTTDTRT AN foci and can reach.600 f.rames per spcond, using resonance scanners
: : ' ' (25). Scanless 2P imaging, which implements a SLM to target the
it et cells of interest (15), wide field excitation with temporal focusing
et (26, 27), light sheet illumination (28, 29), or exciting with an array of
very closely spaced foci (30), can in principle further improve
temporal resolution. In all these cases, however, the imaging speed
is limited by the camera frame rate. Moreover, in all of the tech-
niques to date using multiple-pixel detectors and imaging through
a few tens of micrometers in the brain, light scattering reduces the
spatial discrimination between adjacent cells. It has been shown in
cortical slices, for example, that at depths greater than 50-100 pm
poor contrast is due to an increasing contribution of scattered
nonballistic photons (14, 30, 31). Imaging depths of these micro-
scopes can be slightly increased by either restricting the detection to
ballistic photons with confocal filtering (14) or reducing the optical
crosstalk between adjacent pixels, using arrays of large photo-
detectors such as multianode photomultiplier tubes (31). In any
case the imaging depths reported with these improved micro-
scopes still do not reach the standard of a single-point scanning
setup. Comparing eMS2PM, which uses a single detector and
7 o Wik encoding for spatial discrimination, to all multipixel-based meth-
N T '“\""f_’“" ods indicates only eMS2PM can resolve fluorescence signals that
P |.1\,°:,’;°: daF are spatially within a few micrometers apart within a scattering
sample. We show this with fluorescent beads separated by 5 pm and
Fig. 5. In vivo imaging of fluorescence signals with eMS2PM. (A and B)  decoded through approximately two mean free paths (Fig. 2) and
Calcium signals simultaneously detected in neurons of the mouse neocortex ~ With neurons recorded in vitro at depths up to 220 um in neo-
(P38). (A) (Left) Bulk injection of OGB1 AM revealed labeled somata (s1-3)  cortical acute slices (Fig. 4) and 300 pm in vivo (Fig. 5 4 and B),
and dendrites (d1, emitted by s1) at a depth of 200 um. (Center) Electrical ~ where we acquired uncorrelated fluorescent calcium signals of
stimulation (four pulses at 5 Hz) evoked calcium increases of different neurons less than 10 pm apart. Finally, we detected individual RBC
amplitudes. (Right) Spontaneous activity at the same four sites demon- displacement in a cortical brain Capﬂlary by recording Changes in
strates the independence of fluorescence collection. (B) Calcium signals at plasma fluorescence transients at 10 points separated by ~7 pm
several sites of a Ia)./er 2/3 pyramidal cgll. (Left) OGB1 electroporationlla- each at 350 pm deep.
bgled seyeral pyramids and processes (dlagram an_d Insets). .(ngh?) Electrical eMS2PM and random access multiphoton microscopy (RAMP)
stlhmulatlon (two pulsgs at 5 Hz) evoked calcium increases in a smg!e-pyra- offer comparable temporal resolutions. In RAMP, acousto-optic
@d soma (ROI 7) and its processes (ROIs 5 and 1). (In;gt) Note the different deflectors (AOD) rapidly scan the laser beam between points of
time course of responses in the soma and the dendritic process (average of . . .- .
two trials). (C) (Upper) Three vessels labeled with fluorescein dextran were 1pterest with transition tlmes down to ~4 ps (7) Cellular dW.eH
imaged at a depth of 350 um. Individual red blood cells, flowing from left to times for SNR > 2 are typically betw'een' 50 and 100 ps, depending
right (arrow), were observed as longitudinal shadows in the capillary. Si- on ,the cell tYPe al}d the ﬂuor@:sg:ent indicator (6’.9)' For example,
multaneous measurements at 12 sites revealed correlated fluorescence ~ action potentials in ﬁYe purkinje cells labeled Wlth FM 4-64 .ar.ld
drops in the capillary (ROIs 1-10), indicating red blood cells passage (open  recorded at ~2 kHz yleldeq a SNR ~2 (9) In vivo spiking activity
arrowhead) and allowing measurement of blood velocity (~0.4 mm-s~"). was recorded at ~500 Hz in 30-40 cortical neurons loaded with
Red blood cells are not detected in larger vessels (ROIs 11 and 12). (Scale  OGB1 AM in 2D (6) and 3D (32). In contrast, with eMS2PM
bars, 10 um.) where fluorescence variations are detected simultaneously, the
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total number of photons detected when recording from N cells is
potentially N/2 times greater than with RAMP with the same time
resolution (V/2 because S codes have a duty cycle of 1/2). However,
the noise of eMS2PM-decoded traces also increases with the
number of recorded sites (Fig. 2 and Fig. S2). We demonstrated
theoretically (SI Text 2) and measured experimentally in standard
fluorescent sample that, when using single-point ROIs, the SNR of
eMS2PM traces is smaller by a factor 1/v/2 than the SNR of
RAMP traces acquired with the same time resolution. However, in
eMS2PM, one ROI can be probed with multiple excitation foci
simultaneously (Figs. 3 and 4 4 and C). In this case then, provided
the laser power is sufficient (which is reasonable with average laser
output powers of ~3 W and recording up to ~10 cells at depth <200
pm), the SNR of the decoded signal is multiplied by the square root
of the number of foci. Also, targeting cells with multiple lower-
intensity foci instead of single high-intensity spots as in RAMP
could significantly reduce photobleaching rates [proportional to
the third or fourth power of the intensity (33, 34)] without reducing
SNR (SI Text 2). Under such conditions, we believe that eMS2PM
could be more efficient than RAMP in following voltage transients
in neuronal networks in vivo. On the other hand, our current
eMS2PM is limited to simultaneous acquisition in the XY plane,
whereas RAMP has recently been adapted for rapid 3D meas-
urements over cubic-millimeter volumes (32).

What about possible phototoxic effects of eMS2PM? Tar-
geting sites of interest has the advantage over wide-field two-
photon imaging (35) in avoiding phototoxic effects outside
targeted sites. However, we were concerned that eMS2PM
could irreversibly damage cells because fluorescence signal is
integrated from parked diffraction-limited foci. We could re-
cord calcium responses to repeated electrical stimulations of
cortical neurons (Fig. 4B) without any reduction in the AF/F
amplitude for 4 min, indicating that targeted cells remained via-
ble. That said, the absence of phototoxicity of eMS2PM should be
confirmed in other tissue preparations and recording conditions
(depth, laser power, and temporal resolution).

Can eMS2PM be further improved? In terms of imaging depth
we could record uncorrelated calcium signals in multiple cells
down to 220 pm in cortical slices (Fig. 4C) and up to 300 pm in in
vivo neocortex of an adult mouse (Fig. 5B). RBC shadows in
plasma-labeled capillaries could be imaged up to 350 pm (Fig.
5C). Currently deeper observations with eMS2PM are difficult
because of limited laser power at the sample (~500 mW total, i.e.,
~100 mW per site for five sites). Using DMD with greater dif-
fraction efficiency should raise power at the sample to ~1 W.
Higher-power lasers are available but care will have to be taken to
stay below the damage threshold of the DMD matrix, which is
currently not specified for high-intensity femtosecond pulses. In
terms of time resolution, with the current DMD, we could acquire
up to 15 fluorescent ROIs with a submillisecond resolution (Fig.
S3). Because temporal resolution is the product of the number
of bins in the S code by the DMD frame duration, a faster DMD
(although not currently existing on the market) would permit
higher temporal resolution or recording from more cells with
submillisecond time resolution. A new DMD with fewer pixels,
or arbitrarily updating subgroups of pixels at high rates, could
possibly achieve such a task. Both are conceivably features that
could appear in the near future. Finally, we used only single- or
multiple-point targets for excitation. Alternatively, arbitrary
shapes could be formed by the SLM (16, 18). This is of partic-
ular interest to target membranes of cells loaded with voltage-
sensitive dyes or photoactivatable channels. To create arbitrary
shapes with micrometric axial resolution and homogeneous in-
tensity profiles, temporal focusing and generalized phase-con-
trast methods (36) could be combined into our eMS2PM setup.
In the future the SLM can also be used to correct for optical ab-
erration and intensity loss in scattering brain tissue, thus improving
the spatial resolution and SNR in depth (37-39). The particular
combination SLM and DMD developed for the eMS2PM setup
offers the unique possibility to shape arbitrary illumination pat-
terns with micrometric precision and to apply them in any order
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with submillisecond temporal precision. Thus, the eMS2PM setup
could also be used to photostimulate targeted sites with sub-
cellular spatial resolution and with any predefined millisecond-
range temporal patterns. Furthermore, this could be achieved in
conjunction with neuronal activity recording.

Methods

Encoding/Decoding Principle. The principle of multiplexing/demultiplexing with
orthogonal functions has been used in many fields such as telecommunications
and spectroscopy (40). Initially we considered using frequency multiplexing, an
approach that was successfully used in biomedical imaging to encode magnetic
resonance images and more recently applied to fluorescence (41) and phos-
phorescence lifetime (42) imaging with a single detector. With this type of
encoding, demultiplexing is easily achieved by analyzing the detector signal in
the frequency domain (e.g., with Fourier transform) and extracting the signal at
the corresponding frequencies. This method fails when applied to monitoring
neuronal activity, however, which requires a temporal resolution <1 ms and
excitation subbeams being modulated at frequencies >10 kHz. To our knowl-
edge, liquid crystal SLMs cannot be updated at this rate. In addition, if DMD
frames can be updated up to 20 kHz, all pixels are actuated synchronously and it
is not possible to address subgroups of pixels at different frequencies in the
range 10-20 kHz. Therefore, instead of frequency multiplexing we considered an
encoding scheme that used short uncorrelated binary sequences. S codes were
chosen as they have the advantage of being unipolar (0 and 1) rather than
bipolar (=1, +1) Walsh functions or Golay sequences. S-codes are the rows of S
matrices, which are derived from Hadamard matrices (43) (S/ Text 7). S matrices
are symmetrical square matrices of dimension N with an associated decoding
matrix $* composed of “+1"” and “—1" such that

_N+1
2

1.0 1 1T -1 1 100
01 1|x|-1 1 11=2-/0 1 0].
110 1 1 -1 0 0 1

Eg. 1 can be also written

SxS§ I [11

For example,

N

. N+1
E Sij S k=5 - 8i ks [2]
i=

where ;= 1 for I = k and 6;, = 0 for i # k.

We used S matrices with dimensions n = 3, 7, 11, 15 (higher dimensions exist
but were not used in the present work). The codes used in eMS2PM for mul-
tiplexing and demultiplexing were the rows of S and S* matrices, respectively.
“+1" and "0" corresponded to DMD pixels ON and OFF, respectively. If the
signals emitted by M ROIs were a4, ay, ..., aym, then the signal detected at the
detector during one S code was a time sequence D:{d, ds, ..., dp},

M
di= Za,--s,;j [3]
i=1

for j = 1...N (j being the time index). Here we assume that ROI signals a;
do not vary over the duration of an S code.

The dot product of sequence D by the kth rows of S* yielded a value
proportional to ax (Egs. 2 and 3):

N
Zdj.s;ﬁ%-ak. [4]
Jj=1

Thus, individual a; signals from each ROI were computed by simple multi-
plication of the detected sequence (D) by a decoding sequence that was a row
of the $* matrix. The derivation of S and $* matrices from Hadamard matrices is
explained in S/ Text 1. The principle of coding with S codes is illustrated in Fig.
S1. The S matrices that were used for up to 15 sites are presented in Table S1.
S codes were played repeatedly by the DMD for the entire duration of data
acquisition and synchronized with detector signal acquisition.

2PM and eMS2PM Setups. For 2PM imaging, the Ti:Sapphire femtosecond laser
(Tsunami; Spectra Physics) emitted ~300 mW at 925 nm for in vitro experi-
ments (Figs. 2-4) and 600 mW at 860 nm for in vivo experiments (Fig. 5).
Laser power was attenuated by an electro-optics Pockels cell (350-80C;
Conoptics) driven by a voltage amplifier (PZD700; Treck), itself computer
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controlled via a D/A card (USB6008; National Instruments). For reference
image acquisition galvanometric scanner (GS) mirrors (VM500; GSI Lumonics)
were raster-scanned over a 100-pm x 100-pm field of view with a pixel size
0.2 pm x 0.2 pm or smaller. Targeted ROIs were drawn in this reference
frame. Fluorescence light collected by the objective was sent to a pair of
lenses (Fig. 1, L4 and L5), coupled into a 2-mm diameter core polymethyl
methacrylate optical fiber (not drawn in Fig. 1), and projected onto a PMT
(R6357-SELECT; Hamamatsu) as previously described in ref. 44. A near in-
frared blocking filter (E700 sp 2ph; Chroma Technologies) suppressed scat-
tered laser light. For eMS2PM recording, the second femtosecond laser (Mai
Tai eHP; SpectraPhysics) with a dispersion compensation module (Deepsee;
Spectraphysics) emitted ~70-fs pulses at 80 MHz with an average power of
2.6 W. Laser wavelength, shutter, and dispersion compensation were con-
trolled via RS232 interface by LabVIEW software integrated into the main
setup user interface program. In vitro and in vivo experiments were per-
formed at 860 nm and 905 nm, respectively. These wavelengths were close
to the peak of two-photon excitation spectra of the fluorophores, within the
SLM operation range (800-910 nm), and minimized reflection/transmission
losses through the setup. Power sent to the SLM was controlled by a liquid
crystal attenuator (Newport) and a computer-operated AD card (USB6008;
National Instruments). The beam was enlarged to ~10 mm diameter by a 5x
beam expander (BEO5M-B; Thorlabs) to fill the SLM aperture. The phase
profile sent to the reflective SLM (LCOS-SLM X10468-02; Hamamatsu) was
updated by the video card of the computer, using software written in LabVIEW.
The DMD (0.7-in XGA DMD controlled by the DLP Discovery 4100 fast chipset;
Texas Instruments) was controlled by a custom-made LabVIEW program, using
dll routines (ALP-4; VIALUX). Frame rates up to 22 kHz can be reached, but we
did not operate the DMD above 16 kHz to maintain sufficient average reflec-
tivity (an ~10-ps settling period occurs at each frame update, during which light
is not fully reflected into the setup). The eMS2PM illumination patterns were
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coupled into the conventional 2PM with a dichroic mirror (Fig. 1, DM1): long-pass
900DCXXR (Chroma Technologies) for in vitro experiments (Figs. 2-4) and
a short-pass T883SPXT (Chroma Technologies) for in vivo work (Fig. 5). The sizes
of the two-photon excitation spots created by the eMS2PM were 0.73 pm
laterally and 1.43 pm axially (FWHM) as measured on a thin (~1 pm) sheet of
rhodamine B in plastic.

Setup Light Transmission. See S/ Methods.

SLM and DMD Damage Threshold. See S/ Methods.

2PM and eMS2PM Optical Setups Coalignment. See S/ Methods.

Aberration Correction for Fluorescence Intensity Optimization. See S/ Methods.
Data Processing. See S/ Methods.

In Vivo Experimental Procedures. See S/ Methods.
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