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Voltage imaging with cellular specificity has been made possible by advances
ingenetically encoded voltage indicators. However, the kilohertz rates
required for voltage imaging lead to weak signals. Moreover, out-of-focus
fluorescence and tissue scattering produce background that both
undermines the signal-to-noise ratio and induces crosstalk between cells,
making reliable in vivo imaging in densely labeled tissue highly challenging.
We describe a microscope that combines the distinct advantages of targeted
illumination and confocal gating while also maximizing signal detection
efficiency. The resulting benefits in signal-to-noise ratio and crosstalk
reduction are quantified experimentally and theoretically. Our microscope
provides a versatile solution for enabling high-fidelity in vivo voltage
imaging at large scales and penetration depths, whichwe demonstrate
across awide range of imaging conditions and different genetically encoded
voltage indicator classes.

Instruments capable of monitoring the activity of large numbers of
neurons with genetic specificity are crucial for the study of brain
function'”. High-performance genetically encoded calcium indica-
tors have made possible routine recordings of intracellular calcium
dynamics across thousands of neurons’. However, calcium activity
is a surrogate for the more fundamental electrical activity of neu-
rons*. To directly capture membrane potential, genetically encoded
voltage indicators (GEVIs) are required’, whose development has
beenanareaofintense and ongoing activity. The latest generation of
GEVIs caneasily resolve individual action potentials with millisecond
precision®", with sensitivities adequate to monitor subthreshold
membrane potential variations.

Despite the potential of GEVIs, their applicationtoinvivo voltage
imaging remains fraught with challenges. When attempting high-speed
imaging over large fields of view (FOVs), signal levels per pixel are inevi-
tably small, making it difficult to maintain an adequate signal-to-noise
ratio (SNR). This difficulty is exacerbated by tissue scattering and
out-of-focus fluorescence that lead to background contamination

and signal crosstalk (that is, spurious signals from other neurons).
To address these challenges, enhancements in GEVI performance,
together with soma targeting” and/or sparse labeling'®, have made it
possible to simultaneously image tens of cells in vivo using widefield
microscopes equipped with state-of-the-art high-speed cameras fea-
turing near perfect quantum efficiencies. However, widefield imaging
fails to provide background rejection, making it vulnerable to crosstalk
and reduced SNR in cases of denser labeling. Targeted illumination
can help limit the generation of an out-of-focus background®”’, but
becomes less effective with increasing target density. Alternatively,
background canbeinherently rejected with laser scanning microscopy
(LSM), such as confocal® or two-photon'®'*?°? microscopy (2PM).
However, most LSMs suffer from limitations in single-pixel detector
sensitivity (<40% quantum efficiency) and laser scanner throughput,
both of which undermine SNR and FOV. While simultaneous multisite
two-photon excitation®*** can allow high-speed large FOV imaging
with suppressed background, it comes at the cost of reduced excita-
tion efficiency. To date, the ability to routinely perform sustained
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large-scaleinvivo voltageimagingin densely labeled tissues with high
SNR remains highly challenging.

To meet this challenge, we developed a kilohertz-rate targeted-
illumination confocal (TICO) microscope that combines the distinct
advantages of widefield and scanning microscopy while circumvent-
ing their drawbacks. Our system incorporates technical innovations
that simultaneously enable high fluorescence detection efficiency,
high degree of background rejection, low photobleaching rates, kilo-
hertz frame rates, wide imaging FOV and large penetration depths.
We experimentally quantify the advantages of our microscope across
multiple performance metrics in live mouse brains, which we supple-
ment with a general theoretical framework for its optimization for
invivoapplications.

We demonstrate the versatility of TICO microscopy with both a
fully genetically encoded sensor somArchon® and a hybrid chemoge-
neticsensor Voltron2 (ref.13), under a variety of imaging conditions and
across multiple brain regions, with a large FOV up to 1.16 x 0.325 mm
(at 800 Hz) or afast-imaging speed up to 4 kHz (over reduced FOV). At
relatively superficial layers (<200 pm), we demonstrate sustained volt-
ageimaging of over 50 neuronsin densely labeled tissue over recording
durations of 20 min. The imaging depth is further extended for more
sparsely labeled tissue regions, where we demonstrate high SNR voltage
imaging of cortical layer 3 neuronal populations. Still deeper imaging
is demonstrated of cortical layer 1-5 neurons through an implanted
microprism, and of hippocampal CA1 neurons through an imaging
cannula. With the combined advantage of large FOV, high SNR and
backgroundrejection, TICO microscopy allows not only the simultane-
ous observation of distinct spiking activities across multiple cortical
layers but also spatially varying subthreshold oscillations across large
neuronal populations, while at the same time achieving the highest
single-photon voltage imaging depth of 300 pmin the mouse brain.

Results

TICO microscope design

Theideaofintegrating targeted illumination and confocal gating into
asingle instrument is guided by the fact that, while both techniques
are effective at reducing out-of-focus background, they operate on
complementary components of the image formation process; tar-
geted illumination suppresses background generation by limiting
out-of-focus excitation and confocal gating rejects out-of-focus fluo-
rescenceinthe detection path. When combined, the techniques operate
in synergy, minimizing background and its associated shot noise and
signal contamination (Fig.1a-d). This principleis validated by a theo-
retical model thatincorporates both targeted illumination and confocal
gating, enabling their respective contributionsinimproving SNR and
signal-to-background ratio (SBR) to be quantified for in vivo voltage
imaging (Supplementary Note 1 and Supplementary Figs.1and 2).
Our results confirm that the optimized combination of targeted illu-
mination and confocal gating offers higher SNR and SBR than either
strategy alone (Supplementary Note 1and Supplementary Fig. 3).

To achieve confocalimaging over large scales and at high speeds,
weimplemented aline-scanstrategy®. This not only enables millimeter
FOVstobe sampled atkilohertzrates by one-dimensional scanning but
alsoallows the use of large-aperture scanners toachieve high numerical
aperture fluorescence collection. However, a drawback of most LSMs
istheir low detection efficiency that comes from the use of single-pixel
detectorsoraline-scancamera. We addressed thisissue by additionally
implementing a rescan strategy where the fluorescence is reimaged
onto an area-scan camera by a second galvanometric scanner, thus
allowing us to benefit from the high quantum efficiency and low noise
of modern sCMOS cameras. Still, line-scan illumination alone does
not maximize the efficiency with which excitation power is delivered
to the sample, and line confocal gating alone does not maximize the
suppression of background. To achieve these, we complemented our
microscope with targeted illumination.

To enable targeted illumination, we inserted a digital micromir-
ror device (DMD) in an intermediate image plane in the illumination
path’. The illumination beam thus scans over a user-defined target
patternimprinted onthe DMD, whichis then projected into the sample
with high contrast. While in conventional confocal microscopy the
fluorescence detection pathretraces theillumination pathtoachieve
synchronization betweenscanning and descanning®, here suchapath
overlap would severely undermine SNR because of diffraction losses
introduced by the DMD (typically around 40-50%; Supplementary
Note 3, Supplementary Fig. 8 and Extended Data Fig. 1a). To mini-
mize fluorescence loss, we decoupled the illumination and detection
paths (Extended Data Fig. 1b), enabling the fluorescence signal to be
descanned without passing through the DMD, resulting in a loss of
only 6% dueto the addition of two dichromatic mirrors. However, this
led to a technical complication that the illumination and detection
planes were no longer coplanarin the sample, due to the tilted-mirror
geometry of DMDs, resulting in a mismatch, both lateral and axial, of
theillumination and detection FOV that prevented effective confocal
gating. While a lateral FOV mismatch can be corrected by placing the
DMDinalLittrow configuration®, an axial mismatchis more difficult to
correct, with approaches typically involving the addition of amatched
grating” oramulti-pass geometry®. Our ownsolution was simpler and
more light efficient, and corrected the DMD-induced image plane tilt
with the use of a single wedge prism, which is capable of tilting the
image plane by anangle 6,,= 6(n” - 1)/nwithan apex angle § and refrac-
tiveindex n (ref. 29) (Extended Data Fig.1c). When the DMD s tilted by
this same angle, the excitation line remainsinfocus asitis sweptacross
the DMD surface, allowing high-resolution light patterning across the
entire FOV (Supplementary Fig. 10). After beam reflection from the
DMD, the backward path through the same wedge prism cancels this tilt
such that the image plane becomes perpendicular again with respect
to the propagation direction, restoring full confocality between the
excitation and detection beams.

Following the design principles described above, we builta TICO
microscope with decoupled illumination and detection paths using a
DMD and off-the-shelf wedge prism (Fig. 1e and Extended Data Fig. 1d).
We confirmed the system’s confocality and capacity to target/image
with cellular resolution over a FOV of 1.16 x 0.325 mm (Extended
Data Fig. 2). Three excitation wavelengths (488, 561 and 637 nm)
were integrated in the system to enable multicolor imaging of either
somArchon-GFP or Voltron2-JF552 (Fig. 1f-k). Added flexibility was
provided by the use of an adjustable confocal slit (0-156 pm width),
whichallowed ustoreadily control the degree of confocal sectioning.
Asshown below, this flexibility inboth illumination targeting and con-
focal sectioning was criticalin allowing the system to adapt to different
sample conditions for maximum SNR.

Characterization for in vivo voltage imaging

The purpose of combining targeted illumination with confocal gating
is to increase the fidelity and duration with which neuronal activity
can be monitored and quantified. By imaging Voltron2-expressing
neurons using the same laser intensity at the brain surface but differ-
ent microscope configurations (different confocal slit widths, with
or without targeted illumination), we experimentally quantified the
advantages of TICO microscopy over standard targeted illumination
and confocal microscopy for in vivo voltage imaging. As is apparent
fromFigs.1a-dand2a-d, boththe application of targeted illumination
and the strength of confocal gating affect spatialimage contrast. When
combined in TICO microscopy, these provide a more than 50x SBR
improvement over conventional widefield microscopy (Supplementary
Note 2 and Supplementary Figs. 4 and 5). This capacity for background
reduction was also reflected in a higher temporal signal contrast, as
characterized by AF/F (F, baseline fluorescence) associated with indi-
vidualspikes. Withtargeted illumination and moderate confocal gating
(10-20-pmsslit width), we were able to obtain an average spike AF/F as
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Fig.1|Principle and design of TICO microscope. a-d, lllustration (left panel,
xzview) and example images (right panel, xy view) of different excitation and
detection strategies applied to in vivo voltage imaging of Voltron2. a, Standard
widefield microscopy where all neurons in a volume are uniformly illuminated
and detected with a widefield camera. b, Targeted-illumination microscopy
where only selected neurons within the focal plane are illuminated, but
fluorescence from the entire volume is detected. ¢, Confocal microscopy where
all cells within the volume are illuminated but only fluorescence near the focal
planeis detected. d, TICO microscopy where only selected cells within the focal
planeareilluminated, and only the generated fluorescence near the focal plane
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is detected. Note thatimagesin a,b were acquired using a confocal slit size of

156 pm, which produces higher contrast than a true widefield microscope.

e, Simplified schematic of TICO microscope. Note that in the actual setup, the
slitis fixed and scanning is performed with galvanometers. PBS, polarizing
beamsplitter. f~k, Demonstration of in vivo voltage imaging of somArchon
(fh,i) and Voltron2 (g,j,k) in the neocortex using TICO microscopy. f,g, Averaged
fluorescence images from somArchon (f) and Voltron2 (g). h,j, Fluorescence
traces from the active neurons labeled in fand g: from somArchon (h) and
Voltron2 (j). i,k, Zoomed-in fluorescence traces from the boxed regions in h (i)
andj (k). Scalebarsina-d,f,gare 50 pm.

high as 8-10% evenin densely labeled tissue for single-photonimaging
of Voltron2 (Fig. 2e,f), which had previously only been reported with
background-free neuron cultures®. We found TICO microscopy was
abletonotably reduce background-induced crosstalk caused by both
tissue scattering and out-of-focus neurons (Fig. 2k-m, Supplemen-
tary Note 2 and Supplementary Fig. 6). While most of our results were

obtained with aframe rate of 800 Hz, we were readily able to increase
this rate albeit at the cost of FOV. For example, with frame rates1, 2
and 4 kHz, we obtained FOVs of 880 x 325 pm (Extended Data Fig. 3),
400 x 325 umand 60 x 180 um (Extended Data Fig. 4), respectively.
Anotherimportant factor for high-fidelity recordingis SNR, which
we quantified using both the theoretical shot-noise-limited spike
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Fig. 2| Quantification of TICO microscope performance for in vivo voltage
imaging. a-c, Example Voltron2 fluorescence images under targeted
illumination with confocal slit width set to 4.5 (a), 22.5 (b) and 156 pm (c). Scale
bars, 50 um. d, Voltron2 fluorescence image over the same FOV but acquired
without targeted illumination and with a confocal slit width of 156 um. Scale bar,
50 pm. e,h,i, Comparison of spike AF/F (e), spike detection fidelity d’ (h) and
spike SNR (i) measured with targeted illumination and confocal slit widths of 4.5,
11.3,22.5and 156 pm (two-sided Wilcoxon signed-rank test; n = 30 cells from six
FOVs, two mice). Box plots: box, 25th (Q1, bottom line) to 75th (Q3, top line)
percentiles; whiskers, Q1 - 1.5 x IQRto Q3 + 1.5 x IQR, where IQR = Q3-Q1; middle
line, median (m); notch, from m — 1.57 x lQR/\/ﬁ tom+1.57 X IQR/\/E; dots,
measurement points. *P < 0.05, **P < 0.01, ***P < 0.001, no label if P> 0.05,
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pairwise Wilcoxon signed-rank test, see Source Data Fig. 2 for statistics.

f.g.j, Comparison of spike AF/F (f), photobleaching rate (g) and spike SNR (j)
measured with and without targeted illumination when using a14 pm confocal
slit. Two-sided Wilcoxon signed-rank test. For f,j, n = 20 cells from five FOVs,
two mice. For g, n =92 cells from five FOVs, two mice. Box plots same as e; see
Source Data Fig. 2 for statistics. k-m, Example images (scale bars, 20 pm) and
corresponding fluorescence traces from two neighboring neurons with targeted
illumination and confocal slit widths of 4.5 (k), 22.5 (I) and 156 pm (m). Gray line,
fluorescence traces; red line, extracted subthreshold V, traces. r, Pearson
cross-correlation coefficient between the subthreshold V,, traces from the two
neurons. Tl, targeted illumination.

detectionfidelity d’ (Supplementary Note 4 and ref. 30) and the experi-
mental spike SNR (defined as spike amplitude over baseline noise). As
with conventional confocal microscopy?, an optimization of the
confocal gating strength is required to achieve optimal SNR, which
was attained in our case with a slit width of about 20 pum (Fig. 2h,i).
However, this optimum was found to be only weakly peaked and toler-
ant to arelatively wide range of slit widths, permitting a bias toward
slightly stronger confocal gating for reduced crosstalk (Supplemen-
tary Notes 1 and 2). When targeted illumination was added, we
observed alarge reduction in photobleaching rate of 71.4% (Fig. 2g),
caused by the reduction in scattering-mediated excitation power
received by the targeted neurons (Supplementary Fig. 1f). Despite this
large reduction in excitation power (and hence fluorescence), the
spike SNR was found to degrade only slightly from 5.66 to 5.13 (Fig. 2j),
owing to the increased signal collection efficiency and background
rejection resulting from the addition of targeted illumination (Sup-
plementary Note 2 and Supplementary Fig. 7). That is, TICO micros-
copy provides a capacity for long-duration imaging by virtue of
substantially reduced photobleaching rates thatin our case more than

counterbalanced the observed small degradation in SNR compared
to confocal microscopy alone.

Large-scale voltage imaging with different GEVI classes
State-of-the-art GEVIs can be fully genetically encoded or hybrid, and
differinbrightness, photostability, kinetics, voltage sensitivity and even
signal polarity. As shown above, TICO microscopy delivers minimum
amounts of excitation power while maintaining high signal contrast
and SNR, ensuring compatibility with different GEVI types. Together
with the advantage of large FOV, TICO microscopy enables routine
large-scale voltage imaging that can be sustained over long durations.
To demonstrate this, we imaged Voltron2-expressing neurons in
cortical layer 2 of awake mice. We selected a confocal slit size of 14 pm
to balance SNR and crosstalk. Because of this larger slit size, residual
background remained visible under confocal microscopy but was
largely removed with the addition of targeted illumination (Fig. 3a
and Extended Data Fig. 5a). With 40 mW mm excitation intensity
at the brain surface, we were able to image 57 neurons over a FOV of
1.1 x 0.325 mm? continuously for 20 min (Fig. 3 and Extended Data
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Fig.3| TICO microscope enablesin vivo voltage imaging at large scales over
extended durations. a, Confocal image of Voltron2 fluorescence over the
imaging FOV. Imaging depth 160 + 20 um, excitation intensity 40 mW mm™.
Scale bar, 50 pm. b, Voltron2 fluorescence traces of active cells over 20 s periods
starting at 0,9 and 19 min in the recording. ¢, Fluorescence traces from selected
cells showing partially synchronized subthreshold oscillations. Extracted at

the time pointindicated by the red arrowhead inb. d, Example fluorescence
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traces from two selected cells during the entire 20 min recording. e,f, Zoomed-in
fluorescence traces from the red (e) and blue (f) shaded areas labeled ind.

g, Comparison of spike SNR during 0-1and 18-19 min of the recording.
Two-sided Wilcoxon signed-rank test, **P=3.13 x 10, Box plots same as

Fig. 2e.h, Measured photobleaching rate across all 57 imaged cells over the
20-minrecording. Box plot same as Fig. 2e. Median/Q1-Q3, 0.34/0.25-0.40.
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for alist ofimaging parameters. Scale barsina, d and g are 50 pm. j-1, Zoomed-
influorescence traces from the shaded regionsinb (j), e (k) and h (I). m, Raw

Depth (um)

fluorescence trace (noninverted) of neuron 18 over the 1-min recording.

n, Comparison of photobleaching rate measured at differentimaging depths.
Excitation power density at the brain surface was kept constant at 80 mW mm2,
The reduction in photobleaching rate with increasing imaging depth s caused
by the reduction in excitation power received by the targeted neurons due to
tissue scattering. Box plot same as Fig. 2e. Wilcoxon rank sum test, P=2.21x 10!
for130-199 versus 200-249, P=8.60 x 102 for 130-199 versus 250-300 and
P=3.86 x 10 for 200-249 versus 250-300.

Fig.5).Individual spikes and V,, (membrane potential) depolarizations
canbe observed throughout the full length of the recording (Fig. 3d-f).
Thetotal photobleaching was measured tobe 0.34/0.25-0.40 (median/
Q1-Q3;Fig.3h) across allimaged neurons, leading to adownward trend
in spike SNR from 6.32/5.86-6.80 to 5.24/4.83-5.67 (median/Q1-Q3;
Fig. 3g). A similar such demonstration was performed using the fully
genetically encoded sensor somArchon, both in superficial layers of
cortex and in the hippocampal CAlregion (Extended Data Fig. 6 and
Supplementary Fig.14), where we were able toimage more than 50 neu-
rons. Benefiting from the large FOV, up to 78 neurons could be imaged
simultaneously (Supplementary Figs. 12 and 13), demonstrating the
ability of TICO microscopy to perform sustained large-scale voltage
imaging evenin densely labeled tissues.

Crucial to voltage imaging is the ability to detect subthreshold
membrane potential oscillations. With TICO microscopy, we were
able to observe these among populations of neurons with high SNR
using both Voltron2 and somArchon (Fig. 3¢, Extended Data Fig. 7 and
Supplementary Fig. 16). The advantages of high imaging throughput
and low crosstalk are further highlighted by the observation of differ-
ent oscillation patterns across distinct neuronal groups (Fig. 3c), as
wellas individual neurons that did not participate in this coordinated
behavior (Extended DataFig.7c and Supplementary Fig.16e). We found
that popular functional imaging analysis algorithms® ™ were unable
tofaithfully extract correlated subthreshold activities because of their
reliance onsignalindependence and nonnegativity, especially within

densely labeled neuronal populations (Supplementary Fig. 15). We
analyzed subthreshold activities from one of our experimental ani-
mals, showing a 3-5-Hz central oscillation frequency, an association
with hyperpolarization and reduced spike rates, and phase-locked
spike timing to the oscillation cycles (Extended Data Fig. 8). Similar
3-5-Hz membrane oscillations have previously been observed from
neuronsincortical layers 2-6 (refs. 34-36), although mostly restricted
tointracellular recordings of single neurons. Here, the high degree of
temporal coordination of LI membrane oscillationsis in line with the
proposed origin of thalamic axonalinnervations**®, although further
study isrequired to elucidate its actual mechanism.

Deep tissue voltage imaging

Microscopes based on single-photon excitation provide only lim-
ited depth penetration in thick tissue because of scattering and
out-of-focus background. In the case of voltage imaging, reported
depth penetrations so far have been limited to typically 100-150 pm
(refs.9,11,17,18,39). Here, with the combined benefits of targeted illumi-
nationand confocal gating, we could extend this penetration depth to
300 um, providing access even to cortical layer 3. The main challenge
stems from the increased light scattering that comes with increased
imaging depth, rendering both background reduction mechanisms
less effective. Regarding targeted illumination, tissue scattering blurs
the excitation patterns such that they become less confined to the
target neurons. As a result, reduced excitation power is incident on
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Fig. 5|Side-on voltage imaging across multiple cortical layers with an
implanted microprism. a, Schematic illustration of side-on cortical imaging
withanimplanted microprism. b, Side-on confocal image of Voltron2
fluorescence, demonstrating simultaneous view of neurons across cortical
layers1-5. Scale bar, 50 pm. Image gamma adjusted (y = 0.3) to highlight weaker
neurons. ¢, Averaged Voltron2 fluorescence image with 25 neurons targeted
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within the FOV. Scale bar, 50 pm. Image gamma adjusted (y = 0.5) to highlight
weaker neurons. d,e, Voltron2 fluorescence traces for all active neurons
during1-2(d) and 36-37 s (e) of the recording. f,g, Spike SNR (f) and spike AF/F
(g) during the recording (n = 25 neurons from one mouse). h, Fluorescence
collection efficiency (0.8 objective NA) when imaging through a microprism.

thetargets (Fig. 4n and Supplementary Fig. 1f), which we compensate
forbyincreasing the excitation intensity up to 80-150 mW mm™2when
imaging deepintissue. Tissue scattering also blurs the emission signals,
prescribing a larger confocal slit size to maintain optimized SNR, as
predicted by theory (Supplementary Fig. 2h). In practice, we adopted
alarger slit size of 23 pm when imaging deep in tissue. Because of the
resultant increase in overall background fluorescence compared to
the in-focus signal, we intentionally sought to image more sparsely
labeled brain regions where the SBR was naturally higher: the median
SBRs across two typical FOVs at depths of 160 and 300 pm was 0.055
and 0.073, respectively, when imaged without targeted illumination
with a156-pum confocalslit (Supplementary Fig.5). Note that for these
experiments we did not specifically perform sparse labeling but rather
used the same mice as above, targeting regions away from the viral
injectionsites where Voltron2-expressing neurons tended to be more
sparsely distributed and approached cortical layer 4. Ultimately, with
Voltron2 we were able to routinely image populations of neurons at
depthsexceeding 200 pum (Fig. 4 and Extended DataFig.9; n =12FOVs
from three mice), and up to 300 pum (Fig. 4g-i and Extended Data
Fig.9c,d). Across all our trials, the measured spike SNR and AF/F were
6.02/5.48-6.87 and 9.93/7.61-11.76 (median/Q1-Q3; 61 active neurons

out of 138 total neurons, 12 FOVs), comparable to our imaging results
from more superficial layers.

When using somArchon, we found deep tissue imaging tobe more
difficult because of both a higher labeling density and an increased
amount of tissue autofluorescence. The maximum imaging depth we
were abletoachieve was 230 pm (Supplementary Fig. 18). Deeper tissue
voltage imaging with fully GEVIs may be possible with the use of more
recently developed sensors'? with better reported performances.

Simultaneous imaging across multiple cortical layers
Many deep brainregions such as the dorsal striatum and hippocampus
are located well below the penetration depth limit of single- or even
multi-photon microscopes*’. To access these regions, awidely adopted
strategy involves introducing tissue penetrating imaging conduits
such as cannula*, gradient-index lenses*” or microprisms*’. Our TICO
microscope is entirely compatible with the use of such conduits, pro-
viding cellular resolution voltage imaging in densely labeled tissue in
the hippocampus CAlregion (Supplementary Fig.14) and deep cortical
layer 5 (Supplementary Fig.19).

A unique advantage of using an implanted microprism conduit
is that it provides a side-on view of the brain. When coupled with a
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large imaging FOV, neural activity from an extended depth range can
be recorded simultaneously. This is particularly important in brain
regions such as neocortex, which is organized into multiple layers of
distinct cell types and connectivity**. We injected Voltron2 virus at
around 200-and 600-pm depths in the somatosensory mouse cortex,
and implanted a right-angle prism of 1 x 1 mm? facet size. Using TICO
microscopy, we could simultaneously image over a vertical FOV of
roughly 800 um spanning cortical layers1to 5 (Fig. 5a-c), almost the
entire cortex. Distinct firing patterns were observed at different lay-
ers: while neurons in layer 2/3 (neuron nos. 2-20) mostly produced
single, isolated spikes, three out of the four layer 5 neurons (neuron
nos. 22-24) tended to produce more bursting events with substantial
after-depolarizations (Fig. 5d,e and Extended Data Fig. 10). We note
that owing to geometric constraints, the fluorescence collection effi-
ciency was somewhat compromised when imaging away from the
center of the microprism facet (Fig. 5h). These constraints could be
alleviated by using higher index glass, rectangular facet microprisms
or gradient-index lenses. Nevertheless, clear spike and subthreshold
activity remained apparent even toward the top and bottom of the FOV,
with aspike SNR of 5.07/4.37-5.34 and spike AF/F of 0.073/0.059-0.087
(median/Q1-Q3) across allimaged neurons (Fig. 5f,g).

Discussion

TICO microscopy substantially improves on targeted illumination or
confocal microscopy in many aspects. Compared to confocal micros-
copy alone”, we are able to increase both fluorescence detection effi-
ciency and imaging FOV by more than an order of magnitude using
a combination of system designs including decoupled excitation-
detection paths, awedge prism for DMD tilt correctionand an adaptive
confocal slit size that increases with deeper imaging. The addition of
targetedillumination effectively compensates for the weaker confocal
gating that comes with larger slit sizes, while also reducing the delivered
excitation power and thus reducing photobleaching, enabling better
compatibility with fully genetically encoded sensors. Compared to
targeted-illumination microscopy alone®"'®, akey advantage of adding
confocal gatingis to reduce crosstalk, enabling higher fidelity voltage
imaging of large numbers of neurons. Improved SBR also facilitates the
initial selection of in-focus neurons that can be difficult to distinguish
frombackground when using widefield microscopy. As a point of clari-
fication, when comparing the effects of confocal gating strength, we
were unable to remove the gating completely due toalimitationinthe
maximum confocal slit size of 156 pum. This suggests that the gains in
SBR and SNR reported here are likely larger when compared to a fully
widefield (noslit) targeted-illumination microscope.

Another important metric when evaluating microscope perfor-
mance is depth penetration, where 2PM is the most popular tool for
deep imaging in scattering tissue. However, 2PM voltage imaging is
limited by the requirement of exponentially increasing excitation
power with depth and the moderate voltage sensitivity of currently
available GEVIs, and so far has enabled only afew neurons to be imaged
simultaneously“*** at depths greater than 200 pm. By contrast, TICO
microscopy is based on linear excitation, which requires much lower
laser power and benefits from the availability of better performing
GEVis, allowing such depths tobe accessed routinely. Our results show
that TICO microscopy, when applied to voltage imaging, can attain
imaging depths roughly on par with 2PM while providing access to
larger FOVs and better GEVI performance. As for deeper structuresstill,
TICO microscopy is fully compatible with the use of optical conduits,
potentially allowing voltage imaging at depths of several millimeters.

We mostly focused on demonstrating large FOV imaging with
800-Hzframerates since this was sufficient for identifying individual
spikes. This rate could be increased to a few kilohertz, limited by the
speed of our galvanometric scanners, although at the cost of decreased
FOV. Still faster rates could be envisioned with the use of resonant
or polygonal scanners, provided the camera speed is sufficient.

Alternatively, large FOVs are readily attainable when ultrafast imag-
ing is not required. For example, TICO microscopy could be applied
to other fluorescent sensors such as jGCaMPS8 (ref. 45) or iGluSnFR*¢,
which, while fast, are not as fast as GEVIs and can beimaged at reduced
imaging speeds of about 100 Hz. Yet another potential enhancement
of TICO microscopy is kilohertz-rate volumetric imaging, which could
be achieved by combining a high-speed remote focusing mechanism
(for example, a deformable mirror*’) with depth-dependent dynamic
targeted illumination*s.

Insummary, TICO microscopy is a practical and versatile solution
for single-photon fluorescence imaging that canbe adapted toawide
range of samples and imaging conditions. It provides the combination
of low crosstalk and high SNR, while at the same time allowing large
imaging FOV, kilohertz acquisition speeds, low photobleaching rates
and large penetration depths, makingit particularly suitable for general
large-scale in vivo voltage imaging applications.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41592-024-02275-w.
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Methods

Imaging setup

TICO microscope. A detailed schematic of our TICO microscope setup
isshownin Extended DataFig.1d, withall components listed in Supple-
mentary Table 2. Inbrief, the system was based on aline-scan confocal
microscope, where aline focus was imaged into the sample by a series
of relay lenses (f; ;s o) and an objective (Nikon x16/0.8 NALWD). Theline
focus was scanned across the FOV by a galvanometric scanner (Galvo
1, ScannerMAX Saturn-5) placed in a plane conjugate to the objective
back aperture. The generated fluorescence was epi-collected by the
same objective, descanned by the same galvanometric scanner and
focused onto a stationary slit (Thorlabs, cat. no. VA100) that rejects
out-of-focus fluorescence. The slit was then reimaged onto ansCMOS
camera (Teledyne Photometric Kinetix) by a pair of relay lenses (f; ,),
and asecond galvanometric scanner (Galvo 2, ScannerMAX Saturn-5)
placed at the pupil plane rescans the slit to form a two-dimensional
image onthe camera. A combination of excitation filter, emission filter
and dichromatic mirrors (Chroma Technology Corp., cat.no.89901v2
405/488/561/640-nm Laser Quad Band Set) were used to separate
fluorescence from the excitation light.

Different from a conventional line-scan confocal microscope is
the addition of a DMD-based targeted-illumination module, which
was inserted between the scan lens f, and the objective. To maxi-
mize collection efficiency, we avoided descanning the fluorescence
through the DMD by separating the emission from the excitation
light paths using two dichromatic mirrors (Chroma Technology, cat.
no. ZT405/488/561/640rpcv2). That is, the DMD (Vialux V-7000 VIS,
0.94-pm pixel size at the objective space) was present only in the exci-
tation path to pattern the illumination beam. Specifically in the exci-
tation path, the line focus was imaged and scanned across the DMD
surface by a series of relay lenses (f, . ;o) and a galvanometric scanner
(Galvo 1), which was then imaged into the sample by a tube lens f;
and the objective. The DMD was placed in the Littrow configuration
and its surface tilt was corrected by a wedge prism (Edmund Optics
no. 49-443) inserted before it. A polarizing beamsplitter (Thorlabs,
cat. no. WPBS254-VIS) and quarter-wave plate (4/2, Thorlabs, cat. no.
AQWP10M-580) were used to separate incident and reflected light from
the DMD. An additional emission filter (Em2, Chroma Technology, cat.
no.ZET405/488/561/640mv2) was placed in the emission path to block
unpatterned excitation light transmitted through DM2.

We configured our microscope to feature three different excita-
tion lasers. A 561-nm laser (Oxxius, cat. no. LCX-561L-200-CBS-PPA;
200 mW output power) was used for Voltron2 imaging. Its output
was shaped into a line by a Powell Lens (Laserline Optics, cat. no.
LOCP-8.9R10-1.0) and a cylindrical lens (Cyl;). Three additional cylin-
dricallenses (Cyl; ;) were used to further narrow the laser line focus.
A 637-nmdiode laser bar (Ushio Americalnc., cat.no.Red-HP-63X;20
output beams, 6 W of total output power) was used for somArchon
imaging. Its output was collimated by a built-in fast- and slow-axis col-
limating lens, and two cylindrical lenses (Cyl, ;) were added to shape
the outputinto afocused line. A 488-nm laser (Lasertack GmbH, cat.
no.PD-01376) was used for green fluorescent protein (GFP) imaging,
and three cylindrical lenses (Cyl, , ;) were used to create a line focus.
The outputs of the three lasers were combined using two dichro-
matic mirrors (DM4, Thorlabs, cat. no. DMSP550R; DMS5, Thorlabs,
cat. no. DMLP605R), and coupled into the microscope using a quad-
band dichromatic mirror (DM1, Chroma Technology Corp., cat. no.
ZT405/488/561/640rpcv2). Three half-wave plates (4, , ;/2) were placed
atthe outputof eachlaser torotate theirbeam polarizations such that
the beams were reflected by the polarizing beamsplitter toward the
DMD in the excitation path.

Custom widefield microscope. A custom-built widefield epi-
fluorescence microscope was used to compare spatial image contrast
between standard widefield imaging and TICO microscopy with the

largestslitwidth (156 pm) and without targeting. A 565-nm LED (Thor-
labs, cat.no.M565L3) was collimated (Thorlabs, cat. no. ACL25416U-A),
bandpassfiltered (Chroma Technology Corp., cat.no. ET560/40) and
focused into the sample by way of an objective (Nikon x16/0.8 NA
LWD). The generated fluorescence was collected by the same objective,
separated from the excitation light using a dichromatic mirror (Chroma
Technology Corp., cat.no. T590Ipxr), long-pass filtered (Chroma Tech-
nology Corp., cat.no.ET590Ip) and finally focused onto asCMOS cam-
era(Hamamatsu ORCA-Flash 4.0 v.3) with atube lens. Image acquisition
was performed using HCImageLive software.

Animal surgery

All animal procedures and experiments were carried out with
approval from the Boston University Institutional Animal Care and
Use Committee and in accordance with National Institutes of Health
policies and guidelines. C57BL/6) mice (Jackson Laboratory, cat. no.
000664), CAG-Sunl/sfGFP mice (Jackson Laboratory, cat.no.021039),
NDNF-ires-Cre mice (Jackson Laboratory, cat.no.030757), PV-ires-Cre
mice (JacksonLaboratory, cat.no.017320) and Ail4 mice (Jackson Labo-
ratory, cat.no. 007914), both male and female, were used in this study.

Voltron2 mouse with crystal skull window. Both C57BL/6) and
CAG-Sunl/sfGFP were used for Voltron2 cortical imaging. To allow
optical access to the brain while minimizing damage, we followed
methods similar to those described inref. 49 for crystal skull prepara-
tion. Specifically, anesthesiawas induced using 5% isofluranein O,and
was maintained during surgical procedures using 1-2% isoflurane in
0,.Bupivacaine (0.1 ml, 0.5%) wasinjected under the skin covering the
skull. The skinand periosteum covering the skull were removed and the
skull removed overlying the sites of interest. Virus was injected using
amanual volume displacement injector (Narishige International, cat.
no. MMO0-220A) connected to a glass pipette (Drummond Scientific,
cat.no.5-000-2005) pulled to a30-um tip (Sutter Instrument, P-2000)
that was beveled to a sharp tip. Pipettes were backfilled with mineral
oiland virus was front-loaded before injection. Pipettes were inserted
tothe appropriate depth after the skull was removed.

Animals were unilaterally injected with a 1:12 dilution of
AAVI1-hSyn-FLEX-Voltron2-ST-WPRE virusin primary motor and primary
somatosensory areas (coordinates in mm from Bregma: anteroposte-
rior —0.5, mediolateral +1.2, dorsoventral —0.3). Cortical injections
to adult C57BL/6) mice additionally included a 1:300 dilution of
rAAVretro-hSyn-Cre (Addgene, cat. no.105553-AAVrg) toinduce expres-
sion of Voltron2-ST and a 1:150 dilution of AAV9-hSyn-Cheriff-EGFP
(Addgene plasmid, cat. no. 51697, custom viral preparation from The
Penn Vector Core). Total injection volume at each target site was 50 nl.
Following virus injection, the exposed area was then covered with
modified crystal skull cover glass (LabMaker) and sealed with dental
acrylic. To facilitate head fixation during imaging, we used a custom
ring-shaped titanium headbar that was attached to the remaining cra-
nial bone using low-viscosity cyanoacrylate adhesive (Loctite 4014) and
dental acrylic. Mice were administered postoperative subcutaneous
injections of ketoprofen (5 mg kg™) and buprenorphine (0.1 mgkg™)
in saline for pain management. Viruses were allowed to express for
3 weeks before imaging was performed.

Voltron2 mouse with implanted microprism. C57BL/6) mice were
used for Voltron2 cortical imaging via animplanted microprism. The
surgical procedure to implant the glass microprism into the cortex
was performed similarly to cranial window implant protocol detailed
in ref. 50. Briefly, the animal was anesthetized and given preopera-
tive cefazolin and buprenorphine for pain management. The depil-
ated scalp was resected to expose the entirety of the dorsal skull. A
headbar was attached to the skull approximately over the lambda
suture using cyanoacrylate glue (Loctite 4014) and dental acrylic, and
the skin margins were secured to the outer edges of the skull using
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glue. A roughly 3.5-mm diameter craniotomy was made over soma-
tosensory cortex to accommodate the microprism assembly. A small
lip was carved into the skull to allow the assembly cover glass to sit
flush with the skull surface while resting on a thin layer of bone. The
assembly was made by gluing a1.0-mm glass microprism (hypotenuse
coated with enhanced aluminum; Tower Optical, cat. no. MPCH-1.0)
to a 3.5-mm diameter round cover glass using optical glue (Norland
Products, cat. no. NOA61). Before implanting the assembly, 100 nl of
AAV1-hSyn-FLEX-Voltron2-ST-WPRE mixed with 1:50 retroAAV-hSyn-Cre
was injected into three sites across the craniotomy, at approximately
200and 600-um depthsateachinjectionsite. Virus was allowed to set-
tle for approximately 15 min after eachinjection. A straight-lineincision
into the cortex was made using a micro scalpel blade mounted to the
stereotaxic manipulator. Thescalpelwasinsertedinto the cortexfirstto
adepthof200 pm, and then translatedin a straight line across roughly
1.0 mm of cortex. The scalpel was removed and then reinserted at the
start position of the incision to a depth of 400 pm and a 1.0-mm inci-
sion was made again. This process was repeated at 750 and 1,000 pm.
The assembly was then positioned by slowly pressing the microprism
edgeintotheincised cortex until the cover glass sat flush with the skull
surface. A plastic pipette tip was attached to the stereotaxic manipula-
tor and used to maintain downward pressure on the assembly while
thebraintissue settled around the implanted prism. The edges of the
cover glass were secured to the skull using cyanoacrylate glue, and the
entire skull cap was then covered with dental acrylic while ensuring
that the cover glass remained exposed. Animals were given postopera-
tive buprenorphine and ketoprofen for 2 days following the surgery
and carefully monitored for 3 days after the procedure to ensure full
recovery.Imaging was performed after 4 weeks followingimplantation.

SomArchon mouse with cortical window. C57BL/6), NDNF-ires-Cre,
PV-ires-Cre and Ail4 mice were used for somArchon cortical imag-
ing. The surgical procedure for implanting an imaging window and a
headplate is detailed in ref. 8. The imaging window consisted of a cir-
cular coverslip (no. 0, outer diameter 3 mm, Deckglaser Cover Glasses,
Warner Instruments, cat. no. 64-0726). Virus injection and imaging win-
dow placement were performed under1-3%isoflurane anesthesia, with
sustained buprenorphine administered preoperatively to provide con-
tinued analgesia for 72 h (buprenorphine hydrochloride, 0.03 mg kg™,
intramuscular; Reckitt Benckiser Healthcare). A craniotomy roughly
3 mmin diameter was made near the right visual cortex (anteroposte-
rior -2.8 mm, mediolateral 2.5 mm) or motor cortex (anteroposterior
1.75 mm, mediolateral 1.75 mm). Viruses were infused with a blunt
36-gauge stainless steel needle (World Precision Instruments NF36BL-2)
connected to a microliter injection system (10 pl, World Precision
Instruments), attached to astereotactic holding arm and controlled by
amicroinjector pump (World Precision Instruments UltraMicroPump).
Viral vectors wereinjected in 2-6 differentlocations across the craniot-
omy, with the needle terminating 180-250 pm below the dura. C57BL/6)
mice were infused with 400 nl of AAV8-CaMKII-SomArchon-GFP
(titer 3.2 x 102 GC ml™). PV-ires-Cre and Ail4 mice were infused with
400 nl of AAV9-Synapsin-SomArchon-GFP (titer 5.42 x 10" GC mI™).
For NDNF-ires-Cre mice, 300 nl of AAV9-Syn-FLEX-SomArchon-GFP
(titer 1.28 x 10" GC ml™) was diluted 1:10 using a sterile saline solu-
tion and then infused at a rate of 50 nl min™. To facilitate AAV spread,
the infusion cannula was left in place for 5-10 min postinfusion. The
imaging glass window (no. O, outer diameter 3 mm, Deckgldser Cover
Glasses, Warner Instruments, cat. no. 64-0726) was then positioned
in the craniotomy, with surgical silicone adhesive (World Precision
Instruments Kwik-Sil) or ultraviolet curable cement (Tetric EvoFlow;
Ivoclar) to hold the edges of the imaging window in place. Metabond
Quick Adhesive Cement System (Parkell Inc., cat. no. S380) was used to
cover any exposed skull. Dental cement (Stoelting Co.) was then gently
applied to affix theimaging window and a custom aluminum headbar
posterior to the imaging window.

SomArchon mouse with implanted hippocampal cannula. C57BL/6)
mice were used for somArchon hippocampal imaging. Animals under-
went one surgery including stereotaxic viral injection targeting the
hippocampus and implantation of a sterilized custom imaging can-
nula (outer diameter 3.17 mm, inner diameter 2.36 mm, height 2 mm).
The imaging cannula was fitted with a circular coverslip (size O, outer
diameter 3 mm; Warner Instruments, cat. no. D263), adhered to the
bottom using a UV-curable optical adhesive (Norland Products, cat.
no. NOA60). During surgery, an approximately 3-mm circle was out-
lined on the skull (centered at anteroposterior —2.0 mm, mediolateral
+1.8 mm). Three injections 0f 200 nl of AAV9-CaMKII-SomArchon-GFP
virus, obtained from University of North Carolina Vector Core (titer
3.2x102 GC ml™), were made within this circle. Injections were per-
formed with a blunt 33-gauge stainless steel needle (World Precision
Instruments, cat. no. NF33BL-2) and a 10-pl microinjection syringe
(World Precision Instruments NanoFil), using a microinjector pump
(World Precision Instruments UMP3 UltraMicroPump). The needle
was lowered over 1 minand remained in place for 30 sbefore infusion.
The rate of infusion was 50 nl min™. After each infusion, the needle
remained in place for 7 min before being withdrawn over 1 min. After
injections, an approximately 3-mm craniotomy was created using the
outlined circle created previously. The cortical tissue overlaying the
hippocampus was aspirated away to expose the corpus callosum. The
corpus callosum was then thinned until the underlying CA1 became
visible. Theimaging cannula was thentightly fit over the hippocampus
andsealedin place using asurgical silicone adhesive (World Precision
Instruments Kwik-Sil). Theimaging window was secured in place using
bone adhesive (C&B Metabond Parkell) and dental cement (Stoelting
Co.). A custom aluminum headplate was also affixed to the skull ante-
rior to the imaging window. Analgesic was provided for at least 48 h
aftereach surgery, and mice were single-housed after window implanta-
tionsurgery to prevent damage to the headplate and imaging window.

Invivoimaging

Allvideos were acquired using Teledyne Photometrics PVCAM software
and saved in RAW format for postprocessing. During the acquisition,
the camerawas freely running at apreset frame rate in either ‘sensitivity’
or ‘speed’ mode. The output trigger from the camera was used to syn-
chronize the galvanometer scanning with amultifunctional dataacqui-
sition card (National Instrument, USB-6343), which produced a
smoothed triangular wave defined as y = Aarcsin[(1 — £ ) sin(2mtf )] that
controlled theline-scan position (4 isthe scan amplitude, £ = 0.03isthe
smoothing factor, fis the camera frame rate, ¢ is time). The DMD was
controlled using a custom MATLAB script based on Vialux ALP-4.2 API.

SomArchon mouse imaging. Before imaging, mice were head-fixed
under the microscope objective while allowed to freely run on afloat-
ing Styrofoam ball. Because GFP and somArchon were colocalized at
thesoma, imaging areas were identified using GFP fluorescence under
488 nm of laser excitation, 14 pm confocal slit size and no targeted
illumination. Based on the confocal GFP fluorescence image, small
rectangular regions of interest (ROIs) encompassing the cell bodies
were manually drawn for the in-focus neurons. This created a binary
mask that was uploaded to the DMD for excitation light patterning.
SomArchon voltage imaging was performed using the 637-nm laser
according to the parameters listed in Supplementary Table 3.

Voltron2 mouse imaging. Before imaging, a retro-orbital injection
was performed to deliver 100 pl of solution containing 20 pl of Plu-
ronic F-127 (20% w/v; Sigma Aldrich), 20 pul of dimethylsulfoxide and
100 nmol of Janelia Fluor 552 dyein sterile phosphate-buffered saline.

Imaging was performed 1-3 days after the dye injection. During
the imaging sessions, mice were awake, head-fixed under the micro-
scope objective while constrained within a 2.5 cm diameter acrylic
tube. Before acquisition, imaging areas were identified using Voltron2
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fluorescence with laser power attenuated using a reflective neutral
density filter (Thorlabs, cat. no. ND20A, 1% transmission) to avoid
photobleaching. For each imaging area, a confocal image acquired
without targeted illumination was used as areference to selectillumina-
tiontargets as described previously. After removing the neural density
filter, Voltron2 voltage imaging was performed using the same 561 nm
laser according to the parameters listed in Supplementary Table 3.

For comparisons of imaging performance using different micro-
scope configurations (Fig. 2), we imaged the same neurons under
each configuration by interleaving 10-slong trials. For each FOV, each
configuration was imaged for a total of 30-40 s over 3-4 individual
trials. Imaging depths ranged from 130 to 200 um. To estimate pho-
tobleachinginFigs.2g and 4n, the trials were extended to 60 sbut only
imaged once per FOV. This produced more photobleaching, allowing
increased measurementaccuracy. The excitationintensity at the brain
surface was keptat 80 mW mm™.

Data analysis

Video preprocessing and voltage signal extraction. All record-
ings were saved in RAW format using Teledyne Photometrics PVCAM
software. Eachrecording was first corrected for global motion using a
masked object Fourier domain cross-correlation algorithm®, where the
registration mask was manually selected based on the most distinguish-
able features within the averaged frame. From each video, the ROl of
each neuronwas manually selected, with voltage signals extracted by
averaging all pixel values within the ROl at each time point. A camera
offset was subtracted from the signal (20 analog-to-digital unit (ADU)
forspeedmode and100 ADU for sensitivity mode). An experimentally
calibrated camera conversion gain (0.793 e /ADU for speed mode and
0.264 e /ADU for sensitivity mode) obtained using the mean-variance
technique® was used to convert ADU values into actual number of
detected photons. During experiments, we found that the peak quan-
tum efficiency of the camera was measured to be roughly 95% under
sensitivity readout mode, but only around 45% under speed readout
mode due to a design flaw in the readout electronics.

Spike detection and spike SNR estimation. Spike detectionand SNR
estimation were performed using the same procedure outlined in
refs. 8,18. The algorithm consisted of several steps, including estimat-
ing baseline noise g,(¢), spike detection and estimating subthreshold
traces F,,(t). Since this algorithm assumes action potentials produce
positive changesin fluorescence, all Voltron2 fluorescence traces were
inverted before calculation.

From the raw fluorescence trace F,,(¢), we first removed pho-
tobleaching by high-passfiltering F,,,,(t) at 1 Hz, resulting in adetrended
fluorescencetrace Fy.enq(t). Thiswas further high-passfiltered at 50 Hz
to remove subthreshold fluctuations, resulting in a trace containing
bothnoise and potential spikes F,,(). The baseline noise was estimated
as twice the standard deviation of the downwardly rectified trace of
Fy,(t) over alocal time window of +1s:

0p(0) = 2 x St Far(to)], .15 60

where Fy,(t) = min[Fy,(8), Frp ()] is the downwardly rectified trace, and
Fop(®) = mean[th(to)]“O_q(OlS is locally averaged over a moving
window of 0.2 s. Here by calculating the noise from only the down-
wardly rectified trace, we reduced bias in the noise estimation due to
spike signals.

To find spike locations, we similarly generated an upwardly recti-
fied trace containingall potential spikes: F,,.(£) = max[Fp,(t), Frp ()1 Since
individual action potentials are characterized by sharprisesin fluores-
cence intensity, we calculated the temporal changes of upwardly/
downwardly rectified traces as dF, 4(£) = Fy. 4:(£) = F,. q/(€ — Af). Spike
locations t,, were determined from the time points that jointly
satisfy:

dF,.(6) > mean[dFu,(tO)]lto +3x Std[dFdr(to)]\zo-qu 2)

—t|<ls
Fdetrend(t) > mean[Fdetrend(to)]|t0_t\<0.1s +3x OF(t) (3)
Fap(8) > 4 X 0£() “4)

where F,p(t) is the spike amplitude, calculated as the maximum signal
rise within 3 ms before the spike time:

FAP(t) = maX[Fdetrend(t) - Fdetrend([ -3ms < tO < t)] (5)

With the detected spike locations, we then produced spike-removed
raw fluorescence traces F o (f) by replacing the intensities around
the spike locations (1 ms before and 2 ms after the spike) with average
the fluorescence intensities within alocal £5-ms time window from the
raw trace. Baseline fluorescence F,,(t) was estimated by lowpass filter-
ing Fospike(f) at 1Hz, and subthreshold V,, traces F,,(t) were estimated
by bandpass filtering F o1 (£) between 1and 50 Hz. Throughout the
paper, AF/F traces were calculated as (F,,, — F,)/F,, SNR traces were
calculated as Fyeend/0r and spike AF,,/F and SNR were estimated as F,,
p(Eap)/Fo(Eap) and Fip(Exp)/ Op(Ep)-

To estimate photobleaching, we fitted the fluorescence baseline
trace Fy(t) to an exponential function f(¢) = aexp(bt). The amount of
photobleaching over aduration At was then calculated as1-f(At)/a.

Estimation of spike detection fidelity. We calculated the theoretical
shot-noise-limited spike detection fidelity d' by adapting the frame-
work developed inref.30 to the case of voltage imaging with ascanning
microscope. This is detailed in Supplemental Note 4. Briefly, at each
spike location t,,, we calculated the theoretical spike amplitude from
the measured spike AF/F according to the relationship:

0 Far ato/t
elo/tdt
f—l/u Fo

F
_ _ e—l/w\_AP
o =tw(l-e ) 6)

AP
AF/F = o
under the assumption of a fluorescence signal model of
F(t > 0) = Fy + Fape~%)/T, where F, is the baseline fluorescence, Fyp is
the spike amplitude, ¢, € [-1/v, O] is the spike onset time, vis the sam-
pling rate and 7 is the decay time of the fluorescent indicator (here
assumed to be 7= 0.8 msfor Voltron2).Spike detection fidelity is then
calculated as

d=tl-eV ”’)—FAP %]

VF

Estimation of optical crosstalk. To calculate AF,/AF, as a function
of distance from the cell membrane (Supplementary Fig. 6), we first
gradually expanded the ROl of each neuron by performing morpho-
logical dilation (MATLAB function imdilate) with a 7-pixel-radius
disk structural element, allowing us to obtain 7-pixel-wide (3.16 pum)
donut-shaped ROI surrounding the same neuron with increasing
distances from the cell membrane. At each spike time point ¢,,, AF,
was determined according to equation (5) within the central ROI,
whereas AF,was determined from surrounding donut ROl at the same
time points.

To analyze V.-V, correlations, we calculated Pearson cross-
correlation coefficients (MATLAB function corrcoef) for the extracted
subthreshold traces F,,(t) from pairs of neurons. Their separation
distances were calculated as the distance between centroids of
respective ROI.

Estimation of image contrast. We estimated the image contrast for
each neuron as SBR = (u, — u,)/u,, where i, is the average intensity
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within the neuron ROI, and y; is the average intensity froma donut ROI
surrounding the neuron. The donut ROl was obtained by taking the dif-
ferences between the original ROl and amorphologically dilated ROI.
Toaccount for the anisotropic background distributions resulting from
the use of a confocal slit, the morphological dilation was performed
using an elliptical structural element with 5-pm vertical axis and 2-um
horizontal axis.

Frequency-resolved analysis of subthreshold traces. To calcu-
late V,, power at each frequency step f,, we applied a second-order
Butterworth filter with a lower and higher cutoff frequency of 0.8f,
and 1.2f, to the spike-removed fluorescence trace F, (). The ana-
lytical signal was then derived by Hilbert transformation to obtain
phase and power.

To select of time periods of high and low V,,power in the network,
we first averaged the V,, power across simultaneously recorded neu-
rons to obtain a population-averaged V,, power trace. This was done
based on the observation that the V,, delta oscillations were highly
correlated across neurons. Normalized population V,, power in the
delta frequency range was defined here to be between 2 and 5 Hz.
Periods with V,,power below and above two standard deviations from
the distribution were classified as low and high V,, power periods,
respectively.

Computation of spike-V,, phase locking. To quantify how consistent
spikes occurred relative to the oscillation phase for each neuron, we
first calculated the phase-locking value® (PLV) defined as:

N
PLV() = | ) i) ®

n=1

where ¢(f, n) is the phase of the nth spike at frequency f obtained by
Hibert transformation, and Nis the total number of spikes. To further
account for any potential differences in the number of spikes between
groups of neurons, we adopted the unbiased phase-locking value (PLV2)
fromref. 54:

PLVS(f) = N X PLV() = 1] ©

Statistics and reproducibility

All statistical analysis was performed using MATLAB 2021b. For com-
parison of spike amplitude, spike detection fidelity, spike SNR and spike
AF/FinFig. 2 and Supplementary Fig. 7, only neurons with measured
spike rates of at least 1 Hz for at least one of the investigated imaging
conditions (one of the slit widths or with/without targeted illumination)
were included to minimize the effects of false-positive spikes. For
comparison of V-V, correlation, AF,/AF, and photobleaching, all
neuronswithinthe FOVwereincluded. The Wilcoxon signed-rank test
was used for paired data (MATLAB function signrank), and Wilcoxon
rank sum test was used for unpaired data (MATLAB function ranksum).
Thefollowing applied for all box plotsin the paper: box, 25th (Q1, bot-
tom line) to 75th (Q3, top line) percentiles; whiskers, Q1 - 1.5 X IQR to
Q3 +1.5xIQR, where the interquantile range (IQR) = Q3-Q1; middle
line, median (m); notch, from m — 1.57 x IQR/y/n to m +1.57 x IQR/\/n;
dots, measurement points or outliers according to the figure
caption.

SomArchon imaging near superficial layers (Fig. 1 and Extended
Data Figs. 6-8 and Supplementary Fig. 16) was repeated over 19 FOVs
from six mice. Voltron2 imaging near superficial layers (Figs.1and 3,
Extended DataFig.5and Supplementary Figs.12 and 13) was repeated
over ten FOVs from four mice. Deep tissue imaging of somArchon
(Supplementary Fig.18) was repeated across six FOVs from three mice,
and of Voltron2 (Fig. 4 and Extended Data Fig. 9) was repeated across
11FOVsfromthree mice. Voltron2imaging viaanimplanted microprism

(Fig. 5, Extended Data Fig.10 and Supplementary Fig.19) was repeated
over ten FOVs from five mice. SomArchon imaging through an imag-
ing cannula (Supplementary Fig. 14) was repeated across four FOVs
from two mice. High-speed imaging was repeated once for Extended
Data Figs. 3 and 4a-e, and twice for Extended Data Fig. 4f-j. Experi-
ments were repeated once for Extended DataFig. 2 and Supplementary
Figs.10,11and 17.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data underlying the results presented in this study are available at
https://doi.org/10.5281/zenod0.10682544 (ref. 55). Source data are
provided with this paper.

Code availability

All relevant code for data processing is available at https://doi.
org/10.5281/zenodo0.10682544 (ref. 55) (Creative Commons Attribu-
tion 4.0 International License).
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Extended Data Fig. 1| Principle and schematic of TICO microscope.

(a-c) Design principle of TICO microscope: (a) conventional strategy for
incorporation a DMD into a confocal microscope; (b) bypassing DMD in the
detection path to avoid fluorescence loss; (c) inserting a wedge prismin front of
the DMD corrects for both image plane tilt and 1D magnification change caused

by the DMD, restoring confocality between excitation and detection beams.

(d) Detailed schematic of TICO microscope. DM, dichromatic mirror. Em,
emission filter. Ex, excitation filter. PBS, polarizing beam splitter. A/2, half-wave
plate.A/4, quarter-wave plate. Galvo, galvanometric scanner. DMD, digital
micromirror device. Obj, objective.
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Extended Data Fig. 2 | Optical performance characterization of TICO
microscope. (a) Fluorescence image of asingle layer of 1 um fluorescent beads
acquired by projecting a 7.9 pm checkerboard pattern on the DMD. Note that over
the full FOV of 1.16 x 0.325 mm the top left and bottom right corner are clipped
due to the smaller DMD chip size. The FOV without clipping is 880 x 325 um,
indicated by the red rectangle. Scale bar, 50 pm. (b) Confocal image of 100 nm
fluorescent beads over the FOV. Slit size was set to 14 pm. Scale bar, 50 pm.

(c) FWHM values of PSFs across different lateral positions across the FOV.

Scale bar, 50 pm. For each group from left toright,n=92,106,123,121,124, 82
beads from 1FOV. Box plots same as Fig. 2(e). (d) Example PSFs from the red
rectangular regions shownin (b). Scale bar, 5 pm. (e) Optical sectioning profiles
measured with different slit widths 2vd. Data obtained by axially translating a
single layer of 1 um fluorescent beads and measuring the integrated intensity
as afunction of defocus without targeted illumination. a.u., arbitrary unit.

(f) Thickness of optical sections measured at a threshold of 50% or 90% of the
maximum intensity.
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Extended Data Fig. 3 | High-speed voltage imaging at 1 kHz frame rate. (a) Confocal image of Voltron2 fluorescence over a FOV of 880 x 325 um. Scale bar, 50 um.
(b) Averaged Voltron2 fluorescence image with 42 targeted neurons. Scale bar, 50 pm. (c¢) Fluorescence traces of spiking neurons over a30 s recording. (d,e) Zoomed-
influorescence traces over the rectangular labeled regionsin (c).
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10 srecording. Recording speed 2 kHz. (d,e) Zoomed-in fluorescence traces over fluorescence traces over the rectangular labeled regions in (h).
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Extended Data Fig. 5| Large-scale imaging of Voltron2 fluorescence from 57 cells invivo. (a) Averaged Voltron2 fluorescence image from TICO microscope with
57 cells targeted. Scale bar, 50 pm. (b) Complete 20 min recording of Voltron2 fluorescence from 57 cells. (c) Raw fluorescence traces from 2 selected cells.
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Extended DataFig. 6 | Large-scaleimaging of somArchon fluorescence from
37 cells near the visual cortex. (a) Confocal image of GFP fluorescence. Yellow

square indicates actual somArchonimaging FOV shown in (b). Scale bar, 50 pm.
(b) SomArchon fluorescence image with 37 cells targeted. Scale bar, 50 pm.

1s 100 ms

(c) SomArchon fluorescence traces of 37 cells over a continuous 30 srecording.
Recording speed 775 Hz, imaging depth 100 um. (d,e) Zoomed-in fluorescence
traces of active neurons during1s and 25s of the recording.
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oscillations in L1interneurons. (a) Confocal image of GFP fluorescence over panel) of two selective neurons and their corresponding power spectra (bottom
theimaging FOV. Scale bar, 50 um. (b) SomArchon fluorescence traces for all the panel).
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Extended Data Fig. 8 | Analysis of voltage traces recorded from the animalin
Extended Data Fig. 7, Supplementary Fig. 16. (a) Frequency-resolved Vm power
averaged from time periods with high delta population Vm power (>2 standard
deviation, S.D.; red trace) and low Vm power (<2S.D.; blue trace). Within 2-5Hz
frequency range (black box), most neurons showed significant V,, delta power
modulation (paired student t-test, **p =3.27e72, n=99 neurons with average
spike rate >1Hz, 8 FOVs from1mouse). Solid line, mean; shaded area, +1S.D.

(b) Firing rate modulation of neurons from periods of high V,, delta power
relative to periods of low V,, delta power. Paired student t-test, **p = 0.009,

n=99 neurons with average spike rate >1Hz, 8 FOVs from 1 mouse. Box plots
same as Fig. 2(e). (c) Frequency-resolved spike-Vm phase locking for all

neurons. Solid line, mean; shaded area, +1S.D. (d) Frequency-resolved spike-Vm
phase locking between neuron pairs. Red trace, neuron pairs with separation
distances between 50 - 150 pm; blue trace, neuron pairs with separation distances
>350 pm. Solid line, mean; shaded area, +1S.D. (e-g) Polar plots of spike phase
distribution relative to the 3-5Hz V,,, oscillations within individual neurons (e),
and between neuron pairs across separation distances in the range 50 - 150 pm

(f) and >350 um (g).
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corresponding labeled neurons over 60 s recordings. Right column, zoomed-in
fluorescence traces of active neurons during 2 s clips.
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Extended Data Fig. 10 | Side-on voltage imaging across multiple cortical layers with animplanted microprism. Voltron2 fluorescence traces of all 25 neurons
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