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Highlights
e Fused fiber photometry enables monitoring and manipulation
of brain activity

e Fluorescent indicators with virtually any spectral
characteristics can be used

e Fused fiber photometry is compatible with simultaneous
optogenetic manipulation

e Cost-efficient, easy to assemble, and customizable with low
effort
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In brief

Formozov et al. present fused fiber
photometry (FFP), a simple approach for
combined monitoring and control of
neuronal activity based on fused fiber
couplers. Compared with conventional
photometry methods, this approach
offers remarkable flexibility in
experimental design and facilitates the
exploration of new molecular tools in vivo
at minimal cost.
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MOTIVATION Fiber photometry is a technique of growing popularity in neuroscience. It is mostly used to
infer brain activity by recording calcium dynamics in genetically defined populations of neurons. Aside
from the wide variety of calcium indicators, other genetically encoded, fluorescent biosensors have recently
been engineered to measure membrane potential, neurotransmitter release, pH, or various cellular metab-
olites, such as ATP or cAMP. However, to freely combine these biosensors with optogenetic actuators in
one experiment, pre-configured assemblies of optical hardware are typically needed. Such constraints
might hamper a straightforward implementation of new molecular tools, evaluation of their performance
in vivo, and design of new experimental paradigms, especially if the financial budget is a limiting factor.
Hence, a device to flexibly combine molecular tools in different spectral ranges is highly desired.

SUMMARY

Here, we present simultaneous fiber photometry recordings and optogenetic stimulation based on a multi-
mode fused fiber coupler for both light delivery and collection without the need for dichroic beam splitters.
In combination with a multi-color light source and appropriate optical filters, our approach offers remarkable
flexibility in experimental design and facilitates the exploration of new molecular tools in vivo at minimal cost.
We demonstrate straightforward re-configuration of the setup to operate with green, red, and near-infrared
calcium indicators with or without simultaneous optogenetic stimulation and further explore the multi-color
photometry capabilities of the system. The ease of assembly, operation, characterization, and customization
of this platform holds the potential to foster the development of experimental strategies for multi-color fused
fiber photometry combined with optogenetics far beyond its current state.

INTRODUCTION

Measuring neuronal activity with cellular specificity to under-
stand brain function can be achieved both by electrophysiolog-
ical and by optical methods. While electrophysiological methods
offer high temporal resolution, allowing for direct measurements
of neuronal spiking, optical methods have the advantage of re-
taining spatial information and molecular specificity. The spatial
information obtained by optical microscopy techniques allows
for chronic imaging of the same structures at cellular and sub-
cellular resolution, including organelles or synapses. However,
both of these techniques require expensive, sophisticated
equipment, generate enormous amounts of data, and analysis
is often complicated. In contrast, fiber photometry measures
bulk neuronal activity via an optical fiber. While the temporal res-
olution of most fluorescent indicators is lower compared to elec-
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trical recordings and cellular resolution is lacking, it enables
inference of the activity of molecularly defined populations of
neurons at very low cost and with straightforward data anal-
ysis.' Epifluorescence miniscope recordings,” another tech-
nique of increasing popularity, fills an intermediate position
between fiber photometry and high-resolution microscopy with
regard to spatiotemporal resolution. While providing read-outs
at cellular resolution, miniscope recordings are—due to the rela-
tively bulky miniscope itself—typically limited to one recording
site and one spectral configuration.® In contrast, fiber photom-
etry allows for implantation of several fibers for multi-site, deep
brain recordings,® and straightforward combination with optoge-
netic manipulations.” Finally, experiments in freely moving ani-
mals are easily implementable, as originally demonstrated by
Cui et al.® Hence, photometry gained increasing popularity in
recent years and, despite comparatively low complexity, has
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Fused Fiber
Photometry (FFP)
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Step 6: Connect light engine
to the TTL trigger ports of the
PyPhotomtery board *

In case LED current drivers of
PyPhotometry board are used,
connect LED directly to the

S corresponding M8 connectors *

See also STAR Methods and Video S1

*for the light engine options see:
Suppl. table 3, Fig. S4 and S5

(legend on next page)
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substantially contributed to our
function,’-31°

Capitalizing on the expanding molecular toolbox of genetically
encoded fluorescent biosensors, the versatility and applicability
of fiber photometry areconstantly increasing. Most indicators so
far have been developed for monitoring of intracellular calcium
dynamics as a proxy for neural activity.'' Following the develop-
ment of the widely used calcium sensor GCaMP'? and its prede-
cessors, other indicators were engineered to cover a broad color
spectrum ranging from blue'®'* to near-infrared light.">'® Addi-
tional variants, including FRET-based sensors,'”'® were devel-
oped with different kinetics, affinity, and dynamic range.'®
A more direct way to measure neural activity with millisecond
time resolution is offered by genetically encoded voltage indica-
tors.?%?! Additional sensors were engineered to detect the
release of neurotransmitters, including glutamate®® and y-ami-
nobutyric acid (GABA),?® or neuromodulators such as dopa-
mine,>*?° norepinephrine,”® acetylcholine,?” and serotonin.”®
Furthermore, fluorescent sensors are available for many other
molecules found in the nervous system, reaching from ATP?°
and cAMP®° to glucose,®' lactate,*” phosphate,®* magnesium,**
zinc,*® and even protons.®®>” When these new indicators are
used in combination, they offer the possibility for multiplexed
measurements of various functional parameters in the living
brain. On top of monitoring neuronal activity, optogenetic manip-
ulations®®° or infrared neural stimulation’®*' can be added by
delivering light of a different spectral range to the brain via the
same optical fiber. Similar to optical indicators, a broad spectral
palette of optogenetic tools is available for neuronal manipula-
tions.*?** Hence, photometric measurements and optogenetic
manipulations via a single optical fiber provide a simple and ver-
satile method for bidirectional communication with neural tissue.
In combination with anatomically and molecularly specified
expression of molecular tools, these technologies hold the
potential to tackle previously unaddressed questions of brain
function.

While fiber photometry was originally used with a fluorescent
calcium-sensitive dye in a single, column-like region of the
neocortex,’ subsequent work has advanced the development
of fiber photometry applications in various directions, especially
after the introduction of genetically encoded calcium indicators
for in vivo imaging.***° Later, optical fiber bundles were used
to acquire photometry recordings across different brain regions
simultaneously, either by distributing excitation light across
different fibers with a galvanometer-controlled mirror and col-
lecting the emitted light in a single detector*® or by imaging the
cross-section of the bundle with a camera.*” The latter approach
was further extended with chronically implantable, high-density
arrays of optical fibers.*® Besides monitoring of different brain re-
gions, anatomically intermingled but genetically distinct popula-
tions of neurons have been independently measured by spectral
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separation of green and red calcium”® and voltage indicators.*°
Another example of the refinement of fiber photometry is the
detection of calcium transients in sub-cellular compartments,
such as axonal terminals in their target region.”"

To optimally explore and integrate various combinations of the
above-mentioned possibilities for individual experiments, cost-
efficient, open-source, and experimentally flexible systems are
desired.®? Recent developments of open-source solutions for fi-
ber photometry have addressed individual aspects of this mat-
ter: Control systems and corresponding software to orchestrate
optical illumination and signal detection of multiple spectral
channels have been developed,®>* one of them featuring a
graphical user interface written in Python.”® In a different
approach, a customized system based on a lock-in amplifier
has enabled fiber photometry recordings at much lower light
levels as compared to commercial systems, reducing photo-
bleaching of the biosensor.>® Furthermore, the combination of
fiber photometry recordings with electroencephalogram (EEG)
recordings®® and optogenetic functional magnetic resonance
imaging ([olfMRI)®>’ was demonstrated. Finally, open-source
analysis platforms have been developed in MATLAB (pMAT®®)
and Python (GuPPy°°). While all of these efforts greatly reduce
costs and increase the accessibility of fiber photometry, they
usually lack flexibility. This arises from the fact that the assembly
of optical components in current photometry systems was
inspired by fluorescence microscopy setups. Thus, they are typi-
cally composed of three optical elements to spectrally separate
light of different wavelengths: an excitation light filter, an emis-
sion light filter, and a dichroic mirror (Figure 1A). For measure-
ments of different indicators with distinct spectra, combination
with optogenetics, or multiplexed photometry using multiple in-
dicators in one preparation, the optical assembly needs to be re-
placed or extended with additional dichroic mirrors and filters,
drastically increasing the cost and complexity of the system.
However, as photometry records bulk fluorescence and is there-
fore conceptually simpler than microscopy, the complexity of
the setup can be reduced: Instead of dichroic beam splitters, a
purely fiber-based approach can be used. The idea of purely fi-
ber-based photometry has recently been realized using a
bifurcated optical fiber,’® and will also be addressed in this
manuscript.

Here, we propose a conceptually different type of setup for
fiber photometry recordings based on fused optical fibers (fused
fiber photometry, FFP). The core of this approach consists of a
fused multimode fiber coupler (FFC), simultaneously used for de-
livery and collection of excitation and emission light, respec-
tively. This coupler can be easily combined with any light source
(e.g., transistor-transistor logic [TTL]-controlled lasers or multi-
color light-emitting diodes [LEDs] with corresponding clean-up
filters) available in most neuroscience labs (e.g., for optogenetic
experiments or various imaging approaches) and a sensitive

Figure 1. Fiber photometry recordings realized with a fused fiber photometry (FFP) system

(A) Scheme of a conventional photometry system (CPS) based on excitation and emission filters F as well as dichroic mirrors (diagonal lines).

(B) Customized fused fiber coupler for FFP: excitation light delivered in one branch of the coupler (top left) is split into two branches: ~10% is used for the
excitation of biosensors, while 90% is dissipated (top right). Emission light from the indicator is collected by the same fiber, 90% of which is guided to the

photodetector (bottom left) and cleaned by the optical filter F’.

(C) Detailed schematic of a complete FFP system, including assembly instructions.
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detector or spectrometer, resulting in a fully operational photom-
etry platform with manifold capabilities. In combination with a
small set of optical filters, which can be flexibly exchanged, the
FFP platform enables the implementation of novel indicators
and actuators for fiber photometry experiments in combination
with optogenetic stimulation. This approach broadens the band-
width of fiber photometry well beyond the possibilities of con-
ventional off-the-shelf setups, which rely on predefined spectral
configurations.

RESULTS

FFP: A customizable and flexible platform for light
delivery and collection

FFCs are devices commonly used to split optical signals from
one fiber into two fibers or, vice versa, combine signals from
two fibers into one. These couplers are bidirectional: the same
fiber port can be used to deliver excitation light and collect
emitted fluorescence (Figure 1B). The splitting ratio of FFCs,
i.e., the ratio of light distributed between the two output fibers,
is customizable and depends on the length of the fused regions.
In this study, we chose an FFC with a fiber diameter of 400 um, a
numerical aperture (NA) of 0.5, and an asymmetrical splitting ra-
tio of 90:10 (for customizations, see Table S1). We have de-
signed an approach to implement FFCs for the recording of
in vivo fiber photometry signals in the following way: Excitation
light is directed into the FFC (Figure 1B, top left), 10 % of which
is guided to the brain port in order to excite the biosensor of
choice (Figure 1B, bottom right), while 90 % is guided to the
dissipation port (Figure 1B, top right). As the FFC preserves the
splitting ratio in both directions, light emitted by the biosensor
is collected by the brain port. This way, 90 % will be guided to
the detector port (Figure 1B, bottom left), while 10% will be
lost at the excitation port. In practice, an additional, off-the-shelf
patch cord was used to connect the brain port of the FFC to the
animal, introducing some coupling losses to the light path. Also,
internal losses of the FFC affect light propagation, resulting in an
actual light transmittance of ~8% — 10% in the excitation path
and ~50%- 70% in the emission path, depending on the wave-
length (Figure S1). Furthermore, some fraction of excitation light
also propagates back to the detector port (~5% of the power
that arrives at the brain port if the brain and dissipation ports
are not terminated, or ~1% with termination by refractive index
matching gel). Thus, an emission filter in front of the photode-
tector is required to avoid contamination of the signal by excita-
tion light (Figure S2). As the excitation light may not be fully
monochromatic (e.g., LEDs have a relatively broad spectrum),
it can potentially overlap with the band of the emission filter
and partially pass through it. In this case, an excitation filter
should be installed to clean up any spectral component of the
light source that may fall into the transmission bands of the emis-
sion filter (Figure S3). As modern, off-the-shelf optical filters pro-
vide more than 108-fold attenuation, this customization is easy to
implement, and it enables the direct use of the FFC for fluores-
cence detection in a conceptually simpler way as compared
with conventional fiber photometry systems, which are built
around arrangements of precisely aligned dichroic mirrors and
optical filters (Figure 1A). Hence, in combination with an appro-
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priate excitation light source, optical filters, and a photodetector,
the FFC becomes a fully functional setup for in vivo fiber photom-
etry recordings (Figure 1C), which can easily be adjusted to capi-
talize on the whole spectrum of available GECls. The assembly of
the FFP system is detailed in sequential steps in Figure 1C, in the
STAR Methods section, and in Video S1. For a complete list of
components and pricing, see Tables S2 (FFP-hardware), S3
(LED light sources), and S4 (optical filters).

FFP enables recordings of different calcium indicators
and combination with optogenetic manipulations in vivo
with minimal customization

First, we installed optical filters for photometry recordings in the
green spectrum: We chose excitation filters at 470/10 nm to
excite GCaMP in a calcium-dependent manner and 405/10 nm
for excitation of GCaMP near its isosbestic (calcium-insensitive)
point. A 530/55 nm emission filter cleaned up the fluorescence
(Figure 2A). Data acquisition was performed using the microcon-
troller-based module of the recently developed, open-source
pyPhotometry system.>® We delivered temporally interleaved
light pulses at 470 and 405 nm to measure calcium-dependent
and -independent fluorescence to control for baseline shifts
and motion artifacts.’®®" We did FFP recordings in awake,
head-fixed mice on a linear treadmill by connecting the brain
port of the FFC to an animal expressing jGCaMP6s'® in the
CAT1 region of the dorsal hippocampus. We observed clear cal-
cium transients with large, positive modulations in the 470-nm
channel and slightly negative ones in the 405-nm channel (Fig-
ure 2B). Simultaneously, we recorded locomotion and, as a
proxy for arousal, pupil diameter. Both arousal and locomotion
are correlated with neural activity across a wide range of brain re-
gions (e.g., McGinley et al.®?), enabling verification of the biolog-
ical relevance of FFP-signals by their positive correlation to the
pupil size and running speed of the animal (Figure 2C). Similar re-
sponses, yet with faster kinetics, were observed when using
iGCaMP8m®® (Figures S4A and S4B). We further verified that flu-
orophore excitation can be achieved with various light sources
(e.g., lasers or customized single-color LEDs, as demonstrated
in Figures S4 and S5), and is not limited to the commercial,
multi-color LED used in this specific setting.

To further demonstrate the versatility of the system, we
switched the configuration to record in the red spectrum, using
the calcium indicator JRGECO1a°! expressed in area CA1 of
a different animal. In this case, we installed a 575-nm long-
pass emission filter and switched the excitation filter for cal-
cium-dependent excitation to 548/10 nm while keeping the
405/10 nm filter for calcium-insensitive excitation®® to control
for artifacts (Figure 2D). Also here, we observed clear calcium
transients (Figure 2E) along with a positive correlation to pupil
size and running speed (Figure 2F), thus demonstrating func-
tional recordings in the red spectrum.

Next, we combined fluorescent recordings with simultaneous
optogenetic stimulation. To this end, we co-expressed
jGCaMP8m and the orange-light-activated cation channel
ChrimsonR (Chrimson[K176R]*?) in area CA1 of the dorsal hippo-
campus. To match the activation peak of ChrimsonR (~590 nm),
we used a 575-nm long-pass filter in combination with a 595-nm
LED for optogenetic stimulation. In this configuration, we
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Figure 2. FFP enables flexible photometry recordings in different spectral ranges
A) Excitation and emission spectrum of GCaMP®6s (top) and properties of excitation (purple and blue) and emission filters (black; bottom).
B) Top to bottom: representative raw data traces for 470- and 405-nm excitation, corrected calcium signal (AF/F), pupil size, and running speed (top to bottom).

D) Excitation and emission spectrum of JRGECO1a (top) and properties of excitation (purple and green) and emission filters (black; bottom).
E) Top to bottom: representative raw data traces for 548- and 405-nm excitation, corrected calcium signal (AF/F), pupil size, and running speed (top to bottom).

(
(
(C) Correlation matrix indicating positive correlations between hippocampal calcium activity, pupil size, and running.
(
(
(

F) Correlation matrix indicating positive correlations between hippocampal calcium activity, pupil size, and running speed. r: Pearson’s correlation coefficient; p:
computed by transforming the correlation to create a t statistic to compare r against zero. ****p < 0.0001.

achieved excitation of JGCaMP8m (405 nm, 470 nm) and activa-
tion of ChrimsonR (595 nm) via the same FFC, using a single,
multi-LED light source (Figure 3A). We verified the absence of
signal contamination by ChrimsonR activation light both by
spectral recordings of fiber auto-fluorescence with and without
illumination from the 595-nm LED using a spectrometer (Fig-
ure 3B) and by recordings of auto-fluorescence of the FFC with
the photodetector while applying 20 stimuli of 595 light
(300 puW, 1-s pulse duration, 0.1-Hz pulse frequency, Figure 3C).
We did not detect relevant signal contamination and only
observed mild, negligible artifacts when the amplifier gain was
increased 100-fold (Figure 3C, bottom). The magnitude of the
artifact was only ~0.033 pW per 1 uW of activation light, corre-
sponding to ~0.2% of the typical total signal amplitude (see
Table S5), suggesting effective blockage of the activation light
by the emission filter and the sampling algorithm in the practi-
cally relevant range of fluorescence intensities (usually operating
the amplifier at a gain of 1). We then performed recordings from
an animal co-expressing jGCaMP8m and ChrimsonR in CA1
while activating this region with optical stimulation (500 pW,
200-ms duration, 0.03 Hz), reliably evoking calcium transients
(Figure 3D). The absence of optical artifacts was also verified

by the slightly negative response of GCaMP8m when excited
at 405 nm (Figures 3D and 3E) rather than an increase in signal
that would be expected as a result of optical cross-talk. Modu-
lating the radiant energy from 0 to 500 uW, we observed that
the response strength scaled as a function of stimulus intensity,
reaching saturation at ~100 uW (Figure 3F).

In conclusion, we demonstrated that FFP is capable of
recording biologically relevant calcium signals in vivo. Minimal
customization enabled flexible implementation of indicators
with different spectral properties and the combination with opto-
genetic manipulations.

Performance evaluation by comparison with a
conventional photometry system

After confirming functionally relevant FFP recordings, we per-
formed a side-by-side comparison of the FFP system against a
conventional photometry system (CPS) that is based on dichroic
mirrors and mainly assembled from components produced by
Doric Lenses.>® Notably, light detection, data digitization, and
acquisition for both systems were performed with the same soft-
ware and hardware in order to directly compare performance of
the different optical assemblies. With both systems, data were

Cell Reports Methods 3, 100418, March 27, 2023 5
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Figure 3. FFP recordings combined with optogenetic stimulation

(A) Spectra of [GCaMP8m and ChrimsonR (top) along with properties of filters for indicator excitation (purple and blue), optogenetic stimulation (magenta), and

indicator emission (black; bottom).

(B) Spectrogram indicating the absence of optical contamination by optogenetic stimulation. Transmittance of emission filter (black), spectrum of fiber auto-
fluorescence with (magenta) and without (green) simultaneous optogenetic stimulation.

(C) Recording of fiber auto-fluorescence during optogenetic stimulation (300 pW for 1 s: magenta line on top). Stimulation artifacts were not detectable at a gain of
1 (top) and only mildly pronounced at a gain of 100 (bottom). Mean + standard deviation (STD) of 20 individual traces.

(D) 470 (blue) and 405 nm (purple) excited fluorescence and AF/F (green) in response to optogenetic stimulation (500 uW for 0.2 s, stimulation rate 0.03 Hz),

indicated by magenta bars. Inset: individual trial.

(E) Mean + STD of 405-nm excited (purple) and 470-nm excited (blue) fluorescence, as well as AF/F (green) of 20 trials of optogenetic stimulation, normalized to

stimulus onset (magenta bar).

(F) Average calcium transients in response to optogenetic stimulation with increasing stimulus intensity (20 trials per condition).

acquired from the same three mice co-injected with [GCaMP8m
and ChrimsonR in the dorsal hippocampus. While we observed
clear differences in the overall signal quality across mice (Fig-
ure 4A top to bottom), spontaneous jGCaMP8m-signals were
visually comparable between the FFP and the CPS systems (Fig-
ure 4A left vs. right). Both approaches revealed comparable cal-
cium transients in the same mice with similar quality-differences
across mice. To compare performance in a more controlled and
quantitative way, we further recorded optogenetically-evoked
calcium transients. To avoid any bias related to signal calcula-
tions, we performed this analysis directly on the fluorescence
evoked by 470- and 405-nm excitation. Both photometry sys-
tems revealed prominent optogenetically evoked responses
(Figures 4B and 4C), which were roughly one order of magnitude
larger than spontaneous calcium transients. The signal ampli-
tude acquired with the FFP system reached approximately
90% of the signal amplitude that was achieved with the CPS
(Figures 4D-4F). Thus, the performance of the FFP system was
comparable to a high-quality, commercial system.

6 Cell Reports Methods 3, 100418, March 27, 2023

Detailed characterization of signal components reveals
future directions of FFP development

After benchmarking the FFP against a CPS, we aimed to charac-
terize the composition of the recorded fiber photometry signals to
identify possible starting points for future improvements of FFP
(see STAR Methods for details). To this end, we used a simple
empirical model to quantify the individual components that
compose the fluorescence measured at the photodetector:
Here, the absolute fluorescence recorded at the photodetector
is the sum of sensor fluorescence, auto-fluorescence of the
optical fiber, optical implant, and brain tissue, (possible) external
background light, as well as non-blocked, backscattered pho-
tons of the excitation light (which were negligible, Table S5, Fig-
ure 5A). In the first step, we analyzed how the noise of the total
signal depends on its amplitude. As it may not be straightforward
to study noise characteristics with a sample in vivo (due to signal
modulations by neuronal activity which differ in each session),
we decided to perform these experiments without animals,
measuring photodetector noise characteristics with the intrinsic
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(A) Spontaneous signals (AF/F) in three mice are similar between the FFP (left) and the CPS approach (right).
(B) 470 (blue) and 405 nm (purple) excited raw fluorescence in response to optogenetic stimulation (magenta), recorded with FFP (top) and CPS (bottom).
(C) Mean = standard deviation (STD) of optogenetically evoked activity when exciting jGCaMP8m at 470 (blue) and 405 (purple) nm recorded with FFP (top) and

CPS (bottom). Twenty trials were averaged (solid lines) for each system.

(D and E) The peak amplitude of averaged trials (n = 20) in three different mice (n = 3) when exciting jGCaMP8m at 470 nm (D) or 405 nm (E), recorded with FFP

(blue, left) or CPS (black, right). Data is shown as Mean + STD.

(F) Ratios of FFP vs. CPS-recorded signals when excited at 470 (blue) and 405 nm (purple). Data is shown as Mean + STD.

fluorescence of the FFC as a reference signal. We observed that
the overall standard deviation (STD) of noise linearly increased as
a function of signal amplitude, with a constant term (y-axis inter-
cept) of about 0.6 mV (Figure 5B; STDyeterence signal = 0.54 X
102 x Reference Signal +0.55 mV for 470 nm; STD;eference signal =
0.69 x 10-s x Reference Signal +0.64 mV for 405 nm). Yet, the
relative measure of the signal-to-noise ratio of the detector,
defined as a ratio between the median signal amplitude and the
STD of the noise, shows a monotonic increase with saturation
at higher signal amplitudes (Figure 5C). Hence, to optimize the
signal-to-noise ratio, it is generally advisable to record signals
close to the upper limit of the measurable range. In the next
step, we analyzed the individual contributions of the signal and
found that, by far, the largest contributions originate from fiber
and indicator fluorescence, reaching up to ~90% of the total
signal (Figure 5D). As a side note, we also found differences in
the auto-fluorescence of optical implants manufactured by three
companies (Figure 5D, inset). However, as even the implant with
the largest auto-fluorescence only mildly contributed to the over-
all signal, these differences are irrelevant in practice.

These findings have an important implication: one should aim
to reduce the intrinsic auto-fluorescence of the FFC in future
generations to improve the quality of recordings. By reducing
this component of the signal, the overall signal amplitude de-
creases, consequently also reducing the noise (see Figure 5B)
while the amplitude of the relevant biological signals remains
unchanged. Indeed, the relative contribution of fiber fluores-
cence was lower in signals recorded with the CPS (~10%, as
compared with ~40% in the FFP system; Figure 5E).

Extending the FFP toolbox to the near-infrared spectrum
After demonstrating the functionality of FFP with commonly used
molecular tools and benchmarking it against the conventional
approach of fiber photometry recordings, we aimed to exploit
the versatility of our system to test novel indicators that have not
been commonly used by the community so far. For example, cal-
cium indicators with emission spectra in the near-infrared (NIR)
range, namely NIR-GECO'>®® and iGECI,'® were recently engi-
neered. However, their performance is still inferior to the estab-
lished calcium indicators in the field, especially the ones based
on cpGFP, and they have not yet found broad application. In addi-
tion, the lack of commercial and open-source hardware and costly
adaptation of setups to the near-infrared spectrum might also
hamper their thorough exploration. Therefore, experimental
equipment that easily enables the exploration of novel sensors,
such as NIR-calcium indicators, may motivate their further devel-
opment. Using FFP, the setup can easily be customized to operate
with the near-infrared indicator NIR-GECO2, solely requiring a sin-
gle, additional optical filter (in our case, a 700-nm long-pass filter
for emission detection; Figure S6A), whichis installed in the photo-
detector. As the full published excitation spectrum of NIR-GECO2
is calcium sensitive and, therefore, an isosbestic point likely is ab-
sent, we excited NIR-GECO2 only in its most calcium-sensitive
range with a 650/40 nm bandpass filter, omitting a second spec-
tral excitation band.

Switching the FFP to this configuration, we first estimated
the expression of NIR-GECO2 by exciting the indicator in in-
jected mice and compared it with the fluorescence obtained in
non-injected wild-type mice: Both the absolute fluorescence
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(A) Bar graph indicating the relative signal contributions of ambient background light (black), fiber fluorescence (blue), implant fluorescence (light blue), brain

tissue (red), and jGCaMP8m (green) to the FFP signal.

(B) Standard deviation (STD) of fiber auto-fluorescence (reference signal) as a function of signal amplitude, exciting the fiber at 470 (blue) and 405 nm (purple).
(C) Amplitude of reference signal divided by its STD as a function of reference signal amplitude.

(D) Fluorescence of different FFP signal components (fiber, implants, native brain tissue, and jGCaMP8m) (from left to right) with excitation light of 470 (blue, left)
and 405 nm (purple, right). Inset: zoom in of implant auto-fluorescence by different distributors. Individual data points show independent measurements. Bars

show mean + STD.
(E) Same as (A), but for photometry signals recorded with the CPS.

(Figure S6B) and the bleaching (Figure S6C) were significantly
higher in NIR-GECO2 injected mice (p = 0.007 and 0.009,
respectively; Welch’s two-sample t test), indicating successful
expression of NIR-GECO2. We then recorded spontaneous
NIR-GECO2 activity simultaneously with pupil size and locomo-
tion and observed modulation of NIR-GECO2 fluorescence (Fig-
ure S6D). However, as the transients were less prominent than
with established indicators and we could not correct the NIR-
GECO2 signal for artifacts linked to motion and hemodynamics
(which are most likely influenced by arousal and hence linked
to pupil size), we could not verify the biological relevance of
signal traces with locomotion and pupil size.

To circumvent the uncertainties linked to spontaneous animal
behavior, we recorded optogenetically evoked NIR-GECO2
transients by co-expressing ChrimsonR, which can be analyzed
in a time-locked fashion. Exploiting the flexibility of the FFP
system, we added a 585/22-nm bandpass filter for activation
of ChrimsonR to the previous configuration (Figure 6A). Expres-
sion of NIR-GECO2 was verified postmortem by confocal micro-
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scopy, which revealed a relatively weak fluorescence signal of
NIR-GECO2 (Figure 6B). Notably, excitation of NIR-GECO2 at
our microscope was not at the maximum of the excitation spec-
trum (637 nm instead of 678 nm). Furthermore, the calcium-
bound state of NIR-GECO?2 is dim; hence in fixed cells it is likely
that NIR-GECO2 might not be in its bright state due to potentially
elevated calcium levels prior to cell death. In some cases, aggre-
gates of NIR-GECO2 were also observed (Figure S6E), suggest-
ing that the expression of NIR-calcium indicators might need
further optimization. Despite the seemingly low expression in
fixed tissue, optogenetic stimulation resulted in robust NIR-
GECO2 transients in vivo (Figure 6C). While we could evoke
robust transients in every trial in an NIR-GECO2 and ChrimsonR
co-expressing animal (Figures 6D and 6E, left), these transients
were absent in an animal expressing NIR-GECO2 only
(Figures 6D and 6E, center). Instead, we observed a slower
and longer-lasting increase in indicator fluorescence, likely re-
flecting photoconversion of NIR-GECO2 into a fluorescent state
of higher brightness. Similar phenomena were reported before
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Figure 6. ChrimsonR-evoked calcium responses with fiber photometry recordings of NIR-GECO2

(A) Spectra of NIR-GECO2 and ChrimsonR (top) along with filter properties of excitation (magenta and brown) and emission filters (black; bottom).

(B) Histological verification of NIR-GECO2 expression (magenta) in CA1 hippocampal neurons (cyan: DAPI staining).

(C) Chrimson-evoked (magenta) calcium transients of NIR-GECO2 (bleach-corrected 650 nm functional channel).

(D) AF/Fg of 60 individual trials of stimulation in an animal injected with NIR-GECO2 and ChrimsonR (left), NIR-GECO2 only (center), or without any injection (right).
(E) Mean + standard error of the mean (SEM) of the traces shown in (D). For the wild-type condition, two additional animals were measured. Gray traces indicate
the mean + SEM of control trials starting at randomly selected time points of the same recording.

(F) In vitro experiments in organotypic slice cultures expressing the same constructs as in (E). In these experiments, 595-nm stimulation light was supplied by a
separate optical fiber to excite ChrimsonR in the entire slice.
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when combining the green-light (560 nm) activated indicator
JRGECO1a with an optogenetic actuator activated by shorter
wavelengths (i.e., CheRiff, activated at 488 nm).°*°” To estimate
the role of possible optical artifacts, we also performed experi-
ments in wild-type mice that were not injected with any indicator
or actuator but only implanted with optical fibers. We observed a
minor artifact caused by the activation light, which was one order
of magnitude smaller than the responses observed in NIR-
GECO2 expressing animals (Figures 6D and 6E, right).

To exclude artifacts caused by in vivo preparations (such as
breathing, locomotion, or hemodynamics),'®°%%® we per-
formed analog experiments in organotypic slice cultures trans-
duced with an identical combination of ChrimsonR and NIR-
GECO2. While photometry parameters were kept the same, a
fiber-coupled laser (594 nm) was used to broadly illuminate
the slice for optogenetic stimulation. As before, we observed
a decrease in fluorescence when stimulating the slices trans-
duced with NIR-GECO2 and ChrimsonR (Figure 6F, left), while
we observed a longer-lasting increase in fluorescence when
stimulating NIR-GECO2 in the absence of ChrimsonR (Fig-
ure 6F, center). In slices without any transgene expression,
we observed stereotyped artifacts with a sharp on- and offset,
locked to the optical stimulation (Figure 6F, right). Although the
overall magnitude of responses was smaller in organotypic sli-
ces as compared with the in vivo preparation, these results
further verify our conclusions regarding the NIR-GECO2 appli-
cability in combination with a red-light sensitive optogenetic
actuator. Overall, these experiments demonstrate the suitability
of FFP to explore the usability and limitations of novel geneti-
cally encoded sensors, such as calcium indicators in the NIR.

This straightforward technical implementation within the
FFP platform opens the door for future experiments using
improved versions of NIR-GECO2 or other indicators in the
NIR spectrum (such as, for example, the red-light-activated
voltage sensors of the QuasAr family®®’®). Even though the
use of these indicators in photometry experiments is not es-
tablished at this point, it would be highly desirable to measure
neuronal activity in the far-red spectrum: This would open the
green and red spectrum to other indicators such as the dopa-
mine sensor dLight”" and the noradrenaline sensor grab-NE.*°
Another example would be the combination with dual-
color, bidirectional optogenetic tools, such as BiPOLES’? or
eNPAC2,”® which only leave a window for photometric mea-
surements in the far-red range.

FFP enables multi-color recordings with minimal
customization

As demonstrated above, the combination of temporally inter-
leaved indicator excitation and signal acquisition, together
with the choice of an adequate emission filter, enables straight-
forward customization of the FFP system for experiments (1)
involving biosensors of different spectral characteristics, (2)
simultaneous recording of a control channel, and (3) combina-
tion of biosensors and optogenetic actuators via the same fi-
ber. To fully capitalize on this flexibility, we next aimed to
demonstrate the suitability of the FFP system for simultaneous
recordings of up to three color channels with different spectral
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properties showing emission peaks in the green, red, and NIR
ranges.

To evaluate the potential and possible drawbacks of multi-co-
lor FFP, we first installed a double-bandpass emission filter (514/
28-603/55 nm) in the photodetector, enabling simultaneous re-
cordings of two different genetically encoded indicators in the
green and in the red range (Figure 7A). Excitation light of
470 nm and 548 nm was delivered in a temporally interleaved
manner, enabling temporally, instead of spectrally, separated
data acquisition of both indicators with a single photodetector
(Figure 7B). We performed FFP recordings in organotypic hippo-
campal slice cultures expressing the red calcium indicator jRGE-
CO1a and the green norepinephrine indicator grabNE1h.?® This
strategy enabled us to pharmacologically control neuronal
calcium dynamics and grabNE1h activation independently with
the GABA receptor antagonist bicuculline”* and norepinephrine,
respectively (Figure 7C). Upon bicuculine application, we
observed an increase of jJRGECO1a fluorescence, followed by
high-amplitude oscillations of neuronal activity, indicated by
the clear calcium transients detected in the red channel (Fig-
ure 7D). We then applied norepinephrine to the slice, leading to
a pronounced increase in the fluorescence of grabNE1h in the
green channel (Figure 7D). While the green channel demon-
strated specific responses to the application of norepinephrine,
the presence of mild cross-talk originating from bicuculline-
induced rhythmic activity of JRGECO1a, should be noted (Fig-
ure 7D). As the excitation spectrum of the JRGECO1a is partially
overlapping with the excitation spectrum of grabNE1h, light
pulses of 470 nm used for excitation of grabNE1h could, to
some extent, also excite JRGECO1a. In contrast, we did not
detect contamination of the red channel by the green indicator,
as the 550-nm excitation light for JRGECO1a is sufficiently red-
shifted with respect to the excitation spectrum of grabNE1h.

In a second set of experiments, we used microscopy slides
covered with the fluorophores Alexa 488, Alexa 546, and Alexa
647 (Figure 7E, top), whose emission spectra approximately
match those of GCaMP, jJRGECO1a, and NIR-GECO2. To this
end, we used an off-the-shelf four-bandpass emission filter
(440/20521/21-607/34-700/45 nm) (Figure 7E, bottom). As the
photodetector used for FFP also enables stacking of different
emission filters, the 440/22-nm band, which is irrelevant for
this combination of fluorophores, was blocked by an additional
500-nm long-pass emission filter. First, we verified these settings
with recordings of the spectral characteristics of the signal ob-
tained from different indicators. Recorded spectra closely
matched the reported spectra of fluorophores after the subtrac-
tion of the auto-fluorescence background (Figure 7F). Next, we
performed temporally interleaved photometry recordings by
delivering excitation light of 488/10, 548/10, and 650/10 nm while
moving the fused fiber over microscopy slides covered with the
fluorophores. Each fluorophore showed a specific response to
the corresponding excitation light (as indicated by the arrow-
heads in Figure 7G).

In conclusion, FFP opens a perspective of temporally inter-
leaved recordings of up to three spectral bands with a single
multi-bandpass emission filter—a goal that would require
much costlier and more delicate customization with classical fi-
ber photometry setups based on optical channel separation.
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Figure 7. Experimental design and validation of temporally interleaved multi-color FFP recordings

(A) Spectra of GrabNE1h and JRGECO1a (top) along with transmittance of excitation and emission filters (bottom).

(B) Excitation and acquisition scheme: blue and green light pulses are temporally interleaved for respective excitation of a green and a red indicator (top two
traces). The fluorescence of the indicator is detected by the same photodetector (third row from top) and digitized by an analog-digital converter in temporally
interleaved manner (bottom). For each sampling point, a baseline measurement is taken before the onset of the excitation light (smaller peaks in the bottom trace),
which is subtracted from the measurement of the excited state (larger peaks) to correct for background illumination.

(C) Viral transduction of organotypic hippocampal slices with grabNE1h and jJRGECO1a.

(D) Bicuculline-induced calcium transients (red), together with the response of grabNE1h to the subsequent application of norepinephrine.

(E) Spectra of Alexa fluorophores, along with transmittance of excitation and emission filters (bottom) for the recording of three spectrally separated signals.
(F) Spectrogram of the triple-color configuration (excitation light of 490, 548, and 650 nm, from top to bottom) using three Alexa fluorophores. Auto-fluorescence
spectra (gray lines) are subtracted from the raw spectra (colored thin line) to derive the actual signal of the indicator (corrected spectrum; colored line). Indicator
spectra are plotted in black.

(G) The relative intensity of temporally interleaved photometry recordings was achieved with different excitation lights (490, 550, and 650 nm; top to bottom) when
pointing the fiber on microscopy slides with Alexa fluorophores.
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Thus, the FFP system may significantly broaden the experi-
menter’s toolbox and facilitate the application of novel tools for
in vivo applications.

DISCUSSION

Here, we propose an innovative concept for fiber photometry re-
cordings based on a multimode fused fiber coupler. Similar ap-
proaches for light delivery and collection have previously been
used for optical coherence tomography,”*’® endoscopy,”®"’
temperature sensing,”® and monitoring of opsin-eGFP expres-
sion,”® but they have not been applied to infer and manipulate
neuronal activity. Notably, the flexibility of the FFP system is
not limited to the configurations used in this study, as the FFC
can efficiently transmit light of any wavelength. This spectral uni-
versality is a considerable advantage over conventional dichroic-
based systems in terms of flexibility and customization.

Further, we demonstrated the versatility of FFP recordings by
the implementation of three different light engines for the delivery
of excitation light (a multi-color LED engine, a multi-wavelength
laser combiner, and a custom-built dual-color LED system). Es-
tablishing the whole setup in a basic configuration matched to
the monitoring of green indicators (both with an active and with
an isosbestic control channel) can be realized with a budget
below 5,000 € (see Table S2). Thus, fiber photometry becomes
an accessible research technique also for laboratories with a
limited budget.

Combining fiber photometry and optogenetics

The flexibility of the FFP system enables the straightforward
addition of optogenetic manipulations. By co-injecting a
biosensor along with the opsin, functional modulation of
neuronal activity by the opsin can be confirmed, and negative re-
sults could be interpreted in a more conclusive way. Negative re-
sults of optogenetic modulation in behavioral experiments are
currently hard to interpret, as it could have technical (i.e., faulty
opsin expression) or biological reasons (i.e., a modulated circuit
is indeed not involved in the observed behavior). Furthermore,
combining photometry with optogenetics in one device opens
the door for closed-looped systems where stimulation is guided
by photometry readout.

To this end, the red-shifted opsin ChrimsonR** can be com-
bined with GCaMP or NIR-GEC02.°® We anticipate that
exploiting the flexibility of the FFP platform, blue-light-activated
opsins such as ChR2,%° CheRiff,°° or CatCh®' can be equally
easily combined with red-light-emitting indicators such as jRGE-
CO1a or jRCaMP1.%* In other studies, optogenetic stimulation
and calcium monitoring were achieved by combining blue-light-
activated ChR2 with the calcium-sensitive dye OGB-1, which is
also excited by blue light and emits green light. As the light power
used for optogenetic activation is typically orders of magnitude
higher than the photometry excitation light, it can be separated
from photometry excitation light by intensity. Moreover, the arti-
fact resulting from optogenetic activation light occurs sharply
with the stimulus on- and offset and, therefore, can be separated
from the neuronal response in time.®? Yet, in this case, the prob-
lem of the excitation of the green indicator by the blue optogenetic
pulse arises and leads to loss of the data points during the opto-
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genetic stimulation. Besides, as always when combining various
tools in a single preparation, some effects resulting from specific
indicator and opsin properties should be taken into account: For
example, when combining a blue-light-gated opsin with the red
calcium indicator JRGECO1a, the indicator may be photocon-
verted into a brighter state by optogenetic stimulation with blue
light (which typically exceeds fluorescence excitation light by at
least one order of magnitude) and induce changes in the baseline
ofthe calcium indicator as reported before.®*°” A similar phenom-
enon was found in this study when combining the near-infrared in-
dicator NIR-GECO2 with the red-light-activated opsin ChrimsonR
(Figures 6D-6F). On the other hand, when pairing a green calcium
indicator and a red-light-sensitive opsin (e.g., GCaMP and Chrim-
son), one should be aware that red-shifted opsins typically show
some degree of sensitivity to blue light, and the excitation light
for the green indicator might interfere with optogenetic stimula-
tion. However, the excitation power used for photometry record-
ings is typically orders of magnitude lower than the power required
for optogenetic stimulation.

Multi-color applications

While we characterized the relevant spectral range of several
classical indicators, any combination of excitation and emis-
sion spectra could be used if the appropriate filters are
installed. However, it is important to note that the bands of
the emission filters determine the fraction of the emission spec-
trum that propagates to the detector when combining different
spectral bands in one preparation. Multi-bandpass filters typi-
cally have narrower filter bands to accommodate additional
bands of excitation light in-between the emission bands (e.g.,
compare green bands in Figures 2A, 7A, and 7E). Therefore,
the gain of additional spectral bands may come at the cost
of the signal intensity of other bands. The actual performance
of the FFP system for different single- or multi-color configura-
tions can largely be predicted based on the spectral character-
istics of the indicator and transmission/blocking characteristics
of the filter (for example, using the community editable fluores-
cent protein database FPbase [https://www.fpbase.org &9)).
Besides enabling multi-color photometry, spectrally resolved
photometry*® could also monitor ratiometric indicators (often
consisting of a CFP-YFP pair). To this end, a 430-nm long-
pass emission filter could be used to cut excitation light for
CFP and to capture the full spectral composition of CFP and
YFP emission by the spectrometer to determine the FRET ratio.

Future perspectives

From a broader perspective, application of the FFP system is not
limited to neuroscientific research, but it can also be used for
other excitable cells: For example, tools for simultaneous deliv-
ery and collection of light are requested for all-optical readout
and control of cardiac activity®*®” and skeletal muscles.®® In
addition, the conceptual simplicity and potential for miniaturiza-
tion may be of particular advantage when considering mobile
devices, which may enable new applications, including research
in freely moving animals or even clinical utilization. Hence, the
implementation of fused fiber couplers for optical readout and
manipulation of neuronal activity holds great potential for various
applications both in basic and in applied research.
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Limitations of the study

It is important to note that the commercially available FFCs used
in this study were originally not developed to realize photometry
recordings but rather to combine light from different sources at
a fixed ratio. We exploited that these fused fiber couplers operate
in both directions and realized photometry recordings of emitted
fluorescence. While the signal quality achieved with the FFP sys-
tem was sufficient for our experiments, it might reach its limit
when biosensors of lower brightness are used, when expression
levels are low, when expression occurs only in a small subset of
neurons (due to conditional gene expression), or in small brain
structures. However, we identified a number of modifications to
further improve FFP: First, characterization of signals contributing
to the absolute detected fluorescence suggests that the sensi-
tivity of the FFP system is still limited by the auto-fluorescence
of several components in the setup. Reducing this fiber auto-fluo-
rescence will (1) result in lower background noise and improve the
signal-to-noise ratio at identical excitation power, and (2) enable
recordings with higher excitation power, as the auto-fluores-
cence contribution to the overall signal is decreased. Conse-
quently, the photodetector has a higher dynamic range for
sensing indicator fluorescence. If technologically possible, poly-
imide- and metal-coated fibers can be considered for FFC pro-
duction as they offer minimal fluorescence.®’

Second, the efficiency of light collection from the indicator,
which depends on the transmittance path to the detector, should
be maximized. For optogenetic applications, also the transmit-
tance of the excitation path should be further optimized to achieve
a higher radiant flux at the target neural population. Recently, a
new fused fiber device, namely a wideband multimode circulator,
was reported.”® This circulator is characterized by higher trans-
mittance of excitation and emission light as compared with the
regular fused fiber coupler and hence promises to overcome
this problem. Additional parameters affecting the signal (not sys-
tematically investigated in this study) are the modal distribution of
light in the FFC, launch conditions of light, tracing through the fil-
ters and optical junctions, light propagation in the brain, fluores-
cence emission, and collection efficiencies.®'*?

Third, customized bandpass filters can be used in future studies
in order to optimize both indicator excitation and the collection of
light emitted by the indicator. We note that we have not yet suc-
ceeded in recording robust signals of two different functional indi-
cators in vivo. This was likely due to the relatively high auto-fluo-
rescence of the FFC and the relatively narrow pass-bands of the
off-the-shelf filters we have used in this study.

Finally, to circumvent the spectral cross-talk observed in the
multi-color setting of the FFP, a fast spectrometer instead of a
femtowatt photoreceiver may be used for light detection in
multi-color experiments.“®®®  Furthermore, computational
methods, such as independent component analysis,® might
be used for channel separation. However, these methods
are not yet commonly used and will need to be established
during the future development of the FFP technique.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Bicuculline Tocris 0130
L-norepinephrine hydrochloride Merck Millipore 74480

Deposited data

Raw and analyzed data

This paper

https://doi.org/10.12751/g-node.37Im4m

Experimental models: Organisms/strains

Mouse: C57BL/6J
Rat: Wistar

Jackson Laboratories
Janvier Labs

RRID:IMSR_JAX:000664
RRID:RGD_13508588

Virus strains

rAAV2/9-CamKII-GCaMP6s

rAAV2/9-hSyn-jRGECO1a

rAAV2/9-CAG-NIR-GECO2

rAAV2/9-hSyn-ChrimsonR-mCerulean

rAAV2/9-hSyn-jGCaMP8m

rAAV2/10-hSyn-ChrimsonR-tdTomato

Chen etal.’®;

AddGene

Dana et al.®%;
AddGene

Qian et al.®;
AddGene, this study

Klapoetke et al.**;
AddGene, this study
Zhang et a.l°%;
AddGene

Klapoetke et al
AddGene, this study

.42,

#107790-AAV9
100854-AAV9

Plasmid 159603; virus N/A
Original plasmid 59171;
modifications and virus N/A

162375-AAV9

Plasmid 59171; Virus N/A

Software and algorithms

MATLAB

Python

Fiji

PyPhotometry code - original
PyPhotometry code — modified
Scripts to analyze data

Mathworks

Python

Schindelin et al.%®
Akam & Walton®®
Maxime Maheu, PhD
This paper

RRID:SCR_001622

RRID:SCR_008394

RRID:SCR_003070
https://pyphotometry.readthedocs.io
https://doi.org/10.6084/m9.figshare.21960050
https://doi.org/10.6084/m9.figshare.21915435

Other

Fused Fiber Coupler

Low-AF, multimode patch cable
FC/PC mating sleeve

Fluorescence detector with amplifier
PyPhotometry board

MicroPython pyboard v1.1
Refractive Index matching gel
Black dust cap

CoolLED LED lllumination System
Fiber-coupled LED, 405 nm
Fiber-coupled LED, 470 nm
T-Cube LED driver

Splitter branching fiber optic patch cord

Multimode Collimator
SM1-threaded adapter
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Thorlabs; this paper
Thorlabs

Thorlabs

Doric Lenses

Open Ephys

Micropython
Thorlabs
Thorlabs
CoolLED Ltd.
Thorlabs
Thorlabs
Thorlabs
Doric lenses
Thorlabs
Thorlabs

TH400R2F2B (customized according to Table S1)
MAF2LA1

ADAFC

Type DFD_FOA_FC

RRID:SCR_022940; https://open-ephys.org/
pycontrol/pyphotometry

PYBv1.1

G608N3

CAPN

PE-4000

M405FP1

M470F3

LEDD1B
SBP(2)_200/220/900/900-0.37_1m_FCN-2xZF1.25
F950FC-A

AD15F
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Lens Tube Thorlabs SM1M25
Excitation filter 405/10 nm Edmund Optics #65-133
Excitation filter 470/10 nm Alluxa SKU: 7394
Excitation filter 548/10 nm Chroma ET548/10x
Excitation filter 650/40 nm Thorlabs, FBH 650-40
Excitation filter 585/22 nm Chroma 585/22
Excitation filter 492 nm, short-pass OptoSigma SHPF-25C-492
Excitation filter 575 nm, long-pass Chroma ET575Ip
Emission filter, 530/55 nm Edmund Optics #87-736
Emission filter, 700 nm, long-pass Chroma ET700LP
Emission filter 514/28-603/55 Chroma 59012m
Emission filter 440/20-521/21-607/34-700/45 Edmund Optics #87-239
Fiber Optic Patch Cord Thorlabs M123L01
Power-meter Thorlabs PM40
Spectrometer Thorlas CCS200/M

Zirconia mating sleeve
Fiber Optic Implant

Doric Lenses
Doric Lenses

SLEEVE_ZR_1.25
MFC_400/430-0.48_2.0mm_ZF1.25_FLT

Fiber Optic Implant Thorlabs CFMLC15L02
Fiber Optic Implant RWD R-FOC-L400C-50NA
Super Bond C&B Sun Medical KO57E

RESOURCE AVAILABILITY

Lead contact

Further information and requests should be directed to the lead contact, J. Simon Wiegert (simon.wiegert@medma.

uni-heidelberg.de).

Materials availability

This study did not generate new unique reagents.

Data and code availability

o All data are publicly available at G-Node: https://gin.g-node.org/SW_lab/FusedFiberPhotometry. DOls are listed in the key re-

sources table.

e All original code is publicly available at Github: https://github.com/SynapticWiringLab/FusedFiberPhotometry. DOls are listed

in the key resources table.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experimental animals

Experiments were performed on 11 mice. Strains were C57BL/J (RRID:IMSR_JAX:000664), GAD2-IRES-cre (RRID:IMSR_
JAX:028867°), and DAT-IRES-cre (RRID:IMSR_JAX:006660°°), as detailed in Table S6. However, all constructs were expressed in-
dependent of Cre recombinase, and hence the genetic background was not relevant, as mice were chosen in order to minimize
excess in our breeding colonies guided by the principle of the 3Rs (https://nc3rs.org.uk/who-we-are/3rs). Adult mice of either sex
between 3 and 8 months of age were used, originating from our in-house colony (~22°C room temperature, ~40% relative humidity,
12/12h light-dark cycle, food and water available ad libitum). All experiments were performed in agreement with the German national
animal care guidelines and approved by the Hamburg state authority for animal welfare, as well as by the animal welfare officer of the
University Medical Center Hamburg-Eppendorf.
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Hippocampal organotypic slice cultures

Organotypic hippocampal slices were prepared as in.°° Brains were explanted from Wistar rats at postnatal day 5-7, and dissected
hippocampi were cut into 350 um slices with a tissue chopper and placed on a porous membrane (Millicell CM, Millipore). Prior to any
experimental treatment, the cultures were maintained in the incubator for at least two weeks to mature at 37°C, 5% CO, in a medium
containing 20% heat-inactivated horse serum (Sigma H1138; supplemented with 1 mM L-glutamine, 0.00125% ascorbic acid,
0.01 mg/mL insulin, 1.44 mM CaCl,, 2 mM MgSO,, and 13 mM D-glucose) in Eagle’s Minimum Essential Medium (MEM; Sigma
M7278).

METHOD DETAILS

Customization of the fused fiber coupler

The FFC used in this study is based on a commercially available 2 x 2 90:10 step-index multimode fiber optic coupler (TH400R2F2B;
with FC/PC connectors, FP400ERT fiber type, @400 um core, NA 0.5; Thorlabs, Germany), for which we have requested up to three
custom modifications (see Table S1): (1) The coupler is originally manufactured from a FP400ERT fiber which is characterized by low
content of hydroxyl groups (OH). As low OH fibers are characterized by higher absorption — and presumably auto-fluorescence —than
high OH fibers (around wavelengths of 400 nm), we have requested the coupler to be produced from a high OH fiber (FP400URT). (2)
The second modification was shortening of all FFC branches to 15 cm in order to reduce the total fiber length, and hence the overall
fiber auto-fluorescence. A low-auto-fluorescence patch cord (MAF2L1, Thorlabs), together with a FC/PC mating sleeve (ADAFC,
Thorlabs), were used to connect the “brain port” of the coupler to the animal. We found that the excitation and emission light prop-
agation is not fully symmetrical in a given device: By measuring the light transmission for all possible combinations of light propaga-
tion using different ports as input and output, the configuration with the highest transmittance can be identified to optimize signal
quality. Hence, the “brain port” was assigned to the port with the highest transmittance to the 90% portion branch at the opposite
side of the coupler, where the emission filter and detector were installed. (3) In an initial, alternative design, a third modification was
requested: Here, the brain port was extended from 15 cm to 1 m, and directly terminated in a 1.25 mm ceramic ferrule to connect to
the animal. However, this modification abandons the possibility of switching the additional patch cord into patch cords with lower
auto-fluorescence. Hence, we subsequently switched to shortened fibers of the FFC, and decided to use off-the-shelf, low-auto-fluo-
rescence patch cords to bridge the brain port to the animal. Furthermore, if the ferrule detaches from the optical fiber due to repeat-
edly connecting it to the animal, one can simply replace the patch cord, and not the whole fused fiber coupler. The data in Figures 3, 4,
5, S1, S4, and S5E was obtained with the second generation of FFP (i.e., shortened FFC ends and a low-auto-fluorescence patch
cord), while data presented in Figures 2, 6, 7, S6, and S7 were obtained with the initial design (i.e., extended brain port directly con-
nected to the animal).

Fused fiber photometry system assembly

In order to turn the FFC into a functional FFP setup, it needs to be equipped with a source for excitation light and a photodetector. The
excitation light was provided by a multi-color LED light source (pE-4000; CoolLED, UK), directly coupled to the input port of the FFC
(Figure 1B, top left; Figure 1C and Video S1). In this configuration, excitation filters can easily be installed, as the CoolLED (pE-4000) is
already equipped with filter holders. Fluorescence was detected with a photodetector system (DFD_FOA_FC; Doric Lenses, Canada)
coupled to the detector end (Figure 1B, bottom left; Figure 1C and Video S1). Furthermore, it is recommended to terminate the
“dummy end” in a light trap (Figure 1B, top right) in order to reduce backscattering of excitation light. This was achieved by installing
an FC/PC mating sleeve (ADAFC; Thorlabs, Germany) filled with refractive index matching gel (G608N3; n ~ 1.5 at 402 nm; Thorlabs,
Germany) and closed with a black dust cap (CAPN, Thorlabs, Germany). For experiments, the animal was connected to the brain port
of the coupler (Figure 1B, bottom right) using a low-auto-fluorescence patch cord coupled to the FFC with an FC/PC mating sleeve.
This connection further reduces backscattering from the brain end, as the refractive index of brain tissue has been reported to be
~1.36 in the blue-green spectrum,®” which is close to the refractive index of the silica core of the fiber (n ~ 1.46).

For flexible FFP recordings with different genetically encoded indicators and actuators, adequate excitation and emission filters
need to be installed (Figure 1C, steps 1-3). The installation of emission filters is straightforward (Figure 1C, step 2), as the photode-
tector can be screwed open and is already equipped with optical lenses to ensure close to the perpendicular incidence of emission
light on the filter surface (Figure S2). These lenses leave sufficient space for the accommodation of an emission filter between them.
As the diameter of the filter slot is slightly larger than the diameter of standard optical filters (12.5 mm), we used a rubber tube (3 mm
diameter) wrapped around the filter edges in order to properly center it on the photosensitive area of the detector (Figure S2). Then,
we connected all coupler ports to the corresponding connectors of the low-auto-fluorescence fiber patch cord, the light engine and
the photodetector (step 4). The photodetector has an external amplifier with three gain settings (x1, x10, x100). In a vast majority of
experiments, a gain of 1 was used. The amplifier is connected to the pyPhotometry board via analog 1 port (step 5). The light source
state is controlled via TTL trigger pulses delivered by the pyPhotometry board (step 6), which, in turn, is connected to the computer to
realize signal acquisition (step 7). Instructions on software installation can be found here: https://pyphotometry.readthedocs.io/en/
latest/. A mouse with an optical fiber-based implant is then connected to the fused fiber coupler via the brain port. For further
information on setup assembly, see Video S1.
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Signal acquisition

Hardware control and data acquisition were realized with a MicroPython pyboard v1.1, with a slightly customized version of the Py-
Photometry software uploaded.>® For control of spectrally separate channels (multi-color photometry or single-color photometry with
isosbestic control), the “single channel time division” mode of the PyPhotometry-software was used. This mode uses temporally in-
termingled excitation pulses of alternating wavelengths, and thus the detector is always reading a single channel (the currently
excited one) at a time (Figure 7B). The customization of this software was done to perform multi-color experiments and allow control
of excitation with up to 4 optical channels and corresponding data acquisition from up to 4 channels from a single photodetector at
sampling rates up to 65 Hz (modified by Maxime Maheu, PhD; found at https://github.com/SynapticWiringLab/pyPhotometry, forged
from https://github.com/maheump/pyPhotometry, originally developed by Thomas Akam, PhD, https://github.com/pyPhotometry).
The analog output channels of the MicroPython board were soldered to BNC connectors and connected to a CoolLED pE-4000 for
the generation of excitation light. An analog input channel was connected to the photodetector for signal acquisition and a digital
input channel was connected to an externally generated trigger to allow for data synchronization with optogenetic stimulation, pu-
pillometric recordings, and locomotion of the animal on the linear treadmill. To avoid soldering, a PyPhotometry board could be used
as an alternative, which is already equipped with connectors for 2 analog and 2 digital channels (distributed by OpenEphys; https://
open-ephys.org/pyphotometry-showcase).

Custom light source assembly

If light engines are not already available in the laboratory, a custom light engine can be assembled at low cost in order to realize in-
dicator excitation. This was achieved by combining the output from two commercially available fiber-coupled LED light sources
(M405FP1 and M470F3; Thorlabs, Germany) with a Y-shaped combiner (SBP(2)_200/220/900/900-0.37_1m_FCN-2xZF1.25; Doric
Lenses, Canada). Fiber-coupled LED light sources can either be powered and controlled by commercial LED drivers (LEDD1B; Thor-
labs) or directly by a boosted version of the PyPhotomtery board (for the instructions on PyPhotometry board boosting, see below).
The components can be mounted on an aluminum breadboard (MB1530 F/M; Thorlabs) with M6 bolts and M6-M3 screw adaptors for
the acquisition board. Assembled custom light engines with commercial LED drivers and with the boosted pyPhotometry board are
shown in Figures S4A-S4C and S4D-S4F, respectively. To filter excitation light, a custom filter mount was installed in between the
output of the Y-combiner and the input port of the FFC: This filter mount consisted of two multimode collimators (F950FC-A; Thorlabs)
installed in SM1-threaded adapters (AD15F; Thorlabs), which were then placed in a lens tube (SM1M25; Thorlabs). The excitation
filter is then sandwiched in between these adapters and fixed in the lens tube with two retaining rings to ensure mechanical stability
(included with the lens tube SM1M25). The custom light source was combined with a 492 nm short-pass filter (SHPF-25C-492;
OptoSigma), as both the 405 nm and the 470 nm light need to pass this excitation filter.

PyPhotometry LED drivers current boost

By design, the PyPhotometry board (version 1.0.2) is equipped with LED drivers and can supply up to 100 mA of current in
continuous and time-division modes. We managed to boost the maximum peak current in the time-division mode in the
following way: As shown in Figure S5A, we modified the connection of the pyBoard to the USB line by bypassing the redundant
diode that causes a voltage drop in the +V power bus and hence limits the performance of the drivers. In accordance with
https://pyphotometry.readthedocs.io/en/latest/user-guide/hardware/, the resistance R5 and R6 control the current that flows
throughthe LED in the active state. By lowering this resistance, one can increase the current. Hence, we reduced the resis-
tances of the R5 and R6 (Figure S5B) by using additional resistors connected in parallel via available SENSE 1, SENSE 2
and GND pins. We found that a resistance of 0.47 Ohm is sufficient to achieve a 10-fold increase of the peak current while main-
taining the linearity of the scale and preventing saturation (Figures S5C and S5D). The short-term stability of the pulses was also
verified (Figure S5E). When implementing these changes, it is advisable to consult the corresponding online resources for the
most recent hardware updates.

System characterization

After the assembly of the FFC system, a characterization of its optical properties was performed. To this end, we have coupled the
CoolLED pE-4000 to an optical fiber (200 um diameter, 0.5 NA) and measured the output power at all available wavelengths with a
power meter (PM40; Thorlabs, Germany). We then connected this fiber to the input port of the FFC and measured the output po-
wer obtained at the brain end. The transmittance was then calculated as the ratio between the power measured at the brain end
and the input power from the light-delivering fiber (Figures S1A-S1C). Transmittance of the emission path of the fused fiber
coupler was measured in a similar way, but this time the light was delivered via a photometry patch cord (400 um diameter,
0.5 NA) directly connected to the CoolLED pE-4000 at the FC end, and coupled into the brain end of the fused fiber coupler
via a zirconia mating sleeve (SLEEVE_ZR_1.25; Doric lenses, Canada) to emulate fluorescence emitted by the biosensor, while
the power of transmitted light was measured at the detector end of the fused fiber coupler (Figures S1D-S1F). For the comparison
of the FFP system with a conventional photometry system, we recorded data from the same 3 mice with both systems. As both
systems have different levels of intrinsic auto-fluorescence, we assessed this auto-fluorescence before each recording session
and subtracted it from the acquired data.
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Signal characterization

Next, we used a simple empirical model to quantify the individual components which compose the fluorescence measured at the
photodetector (Figure 4). Here, the absolute fluorescence (F) recorded at the photodetector is the sum of several components,
namely sensor fluorescence (Fsensor» Which can be further split into baseline fluorescence and ligand-modulated fluorescence),
auto-fluorescence of the optical fiber (Fripe,), optical implants (Fjmpian) and brain tissue (Frissue), NON-blocked back-scattered photons
of the excitation light (Fz,), as well as (potential) external background light sources in proximity to the photometry setup (fzackground)
and residual light from simultaneous optogenetic stimulation (fopt). Mathematically, this model is summarized by a simple equation:

F= FSensor + Ff—'iber + Flmp/ant + FTissue + FEX + fBackgro:.md + fOptr:z

As all signal contributions (except the background light fzaciground) are proportional to the power of excitation light, it is convenient
to normalize all recorded signals to excitation power, obtaining a ratio between the signal level at the detector end, and the excitation
power at the fiber tip of the brain end [V/uW]. The recorded voltage can then be converted into fluorescence [nW/uW] using the char-
acteristics of the photodetector (the conversion ratio for the photodetector used in this study is 0.76 V for 1 nW of light power at
550 nm). This conversion factor is wavelength-dependent and monotonically increases for longer wavelengths in the range 400-
900 nm. For convenience, we have used the same conversion factor across the whole range of light used in this study. These values,
normalized to the excitation power can provide useful guidance during troubleshooting and comparisons across different experi-
mental settings, indicators, and setups. Here, we perform a detailed characterization and discuss individual signal contributions
for excitation using 405/10 and 470/10 nm when recording emitted light at 530/55 nm, a setting suitable for the recording of green
fluorescence, which covers the spectrum of most commonly used indicators (Table S5).

Optical fibers generate intrinsic auto-fluorescence (Fgiper). This auto-fluorescence depends on the material of the multimode fiber
core and cladding and on the distribution of guided light modes (with higher modes undergoing more absorption and reemission pro-
cesses). The contribution of the auto-fluorescence Fgie, may dominate the signal in the case of low biosensor expression levels or
dim biosensors. Hence, it is generally advisable to reduce Fgye, to @ minimum, e.g., by photobleaching: As we demonstrated for the
most commonly used wavelengths, photobleaching (using a laser light source at 405, 470, 595, and 630 nm; ~50 mW each, for 12 h)
can reduce the auto-fluorescence - and hence its contribution to the absolute signal F - around 10-fold for excitation light of 405 and
470 nm and ~2.5-fold for excitation light of 550 nm (Figure S7). In absolute terms, the fused fiber coupler showed remaining fiber
auto-fluorescence, Friper, Of ~10.9 and 5.9 pW/uW for 405 nm, 470 nm, respectively (measured with an emission filter of 530/
55 nm; Edmund Optics, Stock #87-736). Similarly, we analyzed the auto-fluorescence of optical fiber-based implants fromthree
different manufacturers (Thorlabs, Doric lenses, RWD). We found F,pin: to amount to 0.58, 0.27, and 0.38 pW/pW when exciting
at 405 nm, and 0.27, 0.12, and 0.15 pW/uW when exciting at 470 nm. Despite these differences, it is important to note that all of these
contributions were at least one order of magnitude lower than the signal contributions of Fr;ue,, and hence contributed much less to
the overall signal quality.

Beyond fiber and implant auto-fluorescence, also the auto-fluorescence of biological tissue (Fr;ssue) cOntributes to the overall signal
in a tissue-specific manner. Here, we have measured the auto-fluorescence of live brain tissue of three non-injected wildtype mice
with optical fibers implanted into the hippocampus in the same way as we have estimated Fj,er and Fjmpiant, but subtracting the fiber
auto-fluorescence from the measured signal (Table S5).

Another source of possible signal contamination are backscattered photons of excitation light (Fg,). In our system, Fg, is the sum of
backscattered photons from all fiber surfaces which propagate to the detector end, mainly originating from the empty dissipation
(“dummy”) and brain ends of the coupler (and presumably from the coupler fusion interface). Fg, amounts to 5.5 and 5% of the
used excitation light of 405 and 470 nm, respectively. As the backscattering at the fiber ends originates from the difference in refrac-
tive indices of the fiber and the medium surrounding it, it can be reduced by ~ 2-fold (2.4/2.4% for 405/470 nm, respectively) by
covering the dissipation end of the fused fiber coupler with refractive index matching gel. Additional coverage of the brain end
with refractive index matching gel (emulating an experimental setting in which the brain end is terminated by brain tissue) further
decreased the proportion of backscattered light to 1.2/1.1% for 405/470 nm, respectively. Finally, Fg, is drastically attenuated by
the use of an adequate emission filter. Modern filters guarantee an optical density (OD) > 6, defined as OD =log0(100%/T [%)]), which
gives more than a million-fold suppression of backscattered excitation light in the blocking region. In our case, this results in an overall
signal contribution of 0.02/0.01 pW per pW excitation light (Table S5), which is negligible in comparison to Friper, Fimpiant; and Frissye-

Ambient light sources may also induce signal contamination, which we denote as fgackgrouna- In the current version of the system,
the data acquisition was performed with a time-binned technique developed by Akam and colleagues®’: This technique relies on
excitation light pulses of 0.75 ms duration, flanked by brief signal acquisition periods from the photodetector. The signal preceding
the excitation pulse measures contribution from the background light in the experimental room and is then subtracted from the signal
following the excitation pulse (that contains the sum of the desired signal and background contribution). This way, components of
fBackgrouna» Which are usually of lower frequency than the signal acquisition, are effectively canceled out (for a more detailed descrip-
tion, see Akam & Walton“), and hence fgackground IS cOmpensated. Nonetheless, we have also assessed the background light contri-
bution by recording signals in animals without excitation light delivered, which amounted to 5 + 0.3 pW in our experimental setting. In
contrast to other signal components, fgacigrouna depicts a constant and does not scale with the excitation light. Thus, the relative
contribution of fzacigrouns DECOMes smaller with increasing excitation power in an experimental setting. Like backscattering light,
fBackground 18 Significantly reduced by an appropriate emission filter that fully blocks external light outside the indicator emission band.
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If photometry and optogenetics are combined, the emission filter should be chosen to maximally block the light of optogenetic
stimulation. Residual contamination (fop:) May still contribute to the signal, inducing an artifact during illumination. However, this
artifact is efficiently circumvented by the same algorithm that subtracts background light from other sources (for details, see data
acquisition).

Finally, the main component contributing to the absolute fluorescence is the light emitted by the biosensor, Fsepnsor, Which is a com-
bination of baseline fluorescence and actual ligand-modulated fluorescence. Both components critically depend on the type of
indicator and its characteristics, and are typically assessed and reported during the characterization of a novel indicator (e.g., Figure
2in Dana et al.,°" for the GCaMP-family). However, it is important to note that these features are usually measured by cross-calibra-
tion of fluorescence microscopy with patch-clamp recordings in single neurons, and their extrapolation to in vivo photometry is not
trivial, as (i) photometry signals contain activity from all neuronal compartments, and (ij) minimum fluorescence (in the absence of
calcium influx) cannot be reached in the living brain. In our experiments (with mice expressing GCaMP8m under the control of the
human synapsin promoter in CA1 of the hippocampus) Fgsensor amounted to 8.3 and 7.5 pW/uW, when excited at 405 and
470 nm, respectively. However, the exact contribution of Fsepso, in different experiments depends on indicator brightness, dynamic
range, expression level, and distribution in the tissue. Thus, Fsensor May or may not exceed other background contributions in indi-
vidual experiments, and should be determined for each experimental setting.

Surgical procedures

All surgical procedures were performed under general anesthesia, either achieved by an intraperitoneal injection of a cocktail con-
taining Midazolam, Medetomidine, and Fentanyl (MMF; 5.0, 0.5, and 0.05 mg/kg, respectively, diluted in NaCl), or by inhalation of
Isoflurane (5% for induction, ~1.5% for maintenance), and anesthetic depth was confirmed by the absence of the hindlimb with-
drawal reflex. Adequate analgesia was achieved with intraperitoneal injections of Buprenorphine (0.1 mg/kg in NaCl) in the case
of Isoflurane anesthesia. During anesthesia, animals were placed on a heating pad to maintain body temperature, and eye ointment
(Vidisic; Bausch + Lomb, Germany) was applied to prevent drying of the eyes. The scalp of the animal was then shaved and disin-
fected by application of lodide solution (Betaisodona; Mundipharma, Germany), and the animal was fixed in a stereotactic frame.
To access the brain region of interest, a small incision (~1 cm) was made along the scalp, and the skull was cleaned from any remain-
ing tissue before bregma and Lambda were stereotactically aligned. A small craniotomy (~0.5 mm) was then performed over the re-
gion of interest (2 mm posterior and 1.5 mm lateral to bregma to access CA1 of the hippocampus) using a dental drill. A glass pipette
filled with viral suspension was then slowly lowered into the CA1 region of dorsal hippocampus (—1.6 mm relative to bregma) using a
micromanipulator. After a minute, viral suspension was slowly injected into the tissue at a speed of ~100 nL/min by using a custom-
made, manual air pressure system until a total volume of 500-600 nL was applied. After completion of the injection, the micropipette
was kept in place for at least 1 min before it was slowly retracted. To monitor calcium-modulated fluorescence across different wave-
lengths, we injected either rAAV2/9 encoding GCaMP86s'® under the control of the CaMKIl promoter (1.25 x 10'® gc/ml; AddGene
viral prep #107790-AAV9; kindly gifted by James M. Wilson), rAAV2/9 encoding jGCaMP8m®® under the control of the human Syn-
apsin promoter (1x 10" gc/ml; AddGene viral prep #162375-AAV9; kindly gifted by the GENIE project), rAAV2/9 encoding
jRGECO1a under the control of the human synapsin promoter (4 x 10'® gc/ml; customized from AddGene plasmid #100854; kindly
gifted by Douglas Kim & GENIE Project®?), or rAAV2/9 encoding for NIR-GECO2 under the control of the synthetic CAG promoter
(0.5 x 10'2-1 x 10"® gc/ml; AddGene plasmid #159603; kindly gifted by Robert Campbell®®). For optogenetic activation, we injected
either rAAV2/10 encoding ChrimsonR(K176R) and the red fluorophore tdTomato under the control of the human synapsin promoter
(1.13 x 10" gc/ml; AddGene plasmid #59171; kindly gifted by Edward Boyden”?) or rAAV2/9 encoding ChrimsonR(K176R) and the
cyan fluorophore mCerulean under the control of the human synapsin promoter (1.5 x 10'2 gc/ml; customized from AddGene
plasmid #59171; kindly gifted by Edward Boyden®?). A detailed list of animals and viruses used in the different experiments is pro-
vided in Table S6. Upon virus injection, ferrule-coupled optical fibers (2 mm length, 400 um diameter, 0.5 NA, CFMLC15L02; Thor-
labs, Germany) were slowly inserted at the same coordinates to a depth terminating 100-200 um above the injection site and fixed to
the roughened skull using cyanoacrylate glue (Pattex; Henkel, Germany) and dental cement (Super Bond C&B, Sun Medical, Japan).
5% charcoal powder was mixed with the powder of the dental cement in order to reduce optical artifacts. In addition, a head post
(200-200 500 2110; Luigs-Neumann, Germany) was fixed to the skull using dental cement to allow for animal fixation during the ex-
periments before the incised skin was fixed to the cement with cyanoacrylate glue to close the surgical site. Once the dental cement
hardened, the situs was disinfected by lodide solution, and anesthesia was antagonized by an intraperitoneal injection of a cocktalil
containing Atipamezole, Flumazenil, and Buprenorphine (2.5, 0.5, and 0.1 mg/kg, respectively, diluted in NaCl) in the case of MMF-
mediated anesthesia. Additional analgesia was then provided by subcutaneous injection of Carprofen (4 mg/kg, diluted in NaCl), and
Meloxicam was mixed into softened food for the three days following surgery.

FFP recordings in vivo

Experiments were performed earliest 3 weeks after surgical procedures to allow for animal recovery, subsidence of potential inflam-
mations, and sufficient transgene expression. Initially, animals were handled for a couple of minutes on 2-3 subsequent days to allow
for habituation to the experimenter before being taken to the setup. Subsequently, animals were habituated to head fixation (200-100
500 2100; Luigs-Neumann, Ratingen, Germany) on a linear treadmill (700-100 100 0010; Luigs-Neumann, Ratingen, Germany) for
increasing amounts of time in subsequent sessions. Once animals stayed calm on the treadmill, we recorded spontaneous calcium
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activity, locomotion, and videography of the animal’s eye as follows: The fiber tip (brain end) of FFC was connected to the ferrule of
the optical fiber implant on the animals’ head using a zirconia mating sleeve (SLEEVE_ZR_1.25; Doric lenses, QC, Canada) and
covered with a black shrinking tube to reduce optical noise. Excitation of biosensors was achieved using a multi-LED illumination
system (pE-4000; CoolLED, Andover, UK) with appropriate 25 mm clean-up filters: 405/10 nm OD4 (#65-133, Edmund Optics),
470/10 nm OD4 (7394, Alluxa), 548/10 nm OD6 (ET548/10x, Chroma), at intensities of 50-200 uW at the brain end. Photodetector
readout and data digitization was realized with our modified version of the pyPhotometry system,** using a time-binned sampling
mode with baseline subtraction at a sampling rate of 65-130 Hz. In short, background illumination was measured in a time interval
of 250 ps using a commercial fluorescence detector (DFD_FOA_FC; Doric lenses, QC, Canada). Subsequently, biosensors were
excited with a light pulse of 750 us duration, while the emitted light was measured in the last 250 us of the excitation period. The
difference between the excited state and the baseline was then taken as the intensity of light emitted by the biosensors. Mouse loco-
motion was measured from treadmill movement with a commercial virtual reality system, while the virtual reality displays were not
operated (700-100 100 0010; Luigs-Neumann, Ratingen, Germany). Finally, the animal’s eye was monitored using a monochrome
camera (DMK 33UX249; The Imaging Source, Germany) with a macro objective (TMN 1.0/50; The Imaging Source, Germany) and
a 780 nm long-pass filter (FGL780; Thorlabs, Germany). Background illumination at 850 nm was provided by an infrared spotlight,
while baseline pupil dilation was adjusted to be moderate using a UV-LED coupled into a polymer fiber and directed to the animal’s
eye. Measurements were synchronized by custom scripts written in MATLAB (The MathWorks; Nattick, US), actuating on an NI-DAQ
card (PCle-6323; National Instruments, Austin, US).

Histology

For tissue collection, deeply anesthetized mice (Ketamine/Xylazine in saline, 180/24 mg/kg, i.p.) were transcardially perfused with
phosphate buffered saline (PBS) and subsequently with 4% paraformaldehyde (PFA) in PBS. Upon perfusion, brains were explanted
and post-fixed for at least 24h in 4% PFA. Brains were then embedded in agarose (3% in PBS), and coronal brain slices (50 pm thick-
ness) were obtained using a vibratome. Slices were then incubated in DAPI in PBS for 5-10 min, and mounted on microscope slides
using Fluoromount (Serva), before being imaged using an LSM 900 airyscan 2 confocal microscope (Zeiss, Germany) with a Plan-
APOCHROMAT 20X/0.8 objective, controlled by the ZEN 3.1 imaging software. Finally, images were processed using FiJi/lmageJ.’®

FFP recordings in vitro

Two weeks prior to the photometry recordings, slices were transduced either with rAAV2/9- CAG-NIR-GECO2 (1x10'® gc/ml) and
rAAV2/9-hSyn-ChrimsonR-mCerulean (1.5x 102, in the case of infrared indicator FFP configuration); or with rAAV2/9-hSyn-Grab-
NE1h (9.9 x10'® gc/ml) and rAAV2/9-hSyn-jJRGECO1a (2x 10" gc/ml; for dual-color experiments) by adding 0.5 pL of viral suspen-
sion on top of each slice. For FFP measurements, the brain port of the FFC was placed above the slice at the point where fluorescence
was highest in order to target fluorophore-expressing neurons. In the case of NIR-GECO2 experiments, an additional optical fiber
(200 um diameter, 0.22 NA) coupled to an orange laser (595 nm; Obis LS 100 mW; Coherent, Germany) for optogenetic stimulation
was placed such that the whole slice was illuminated. In the case of dual-color experiments, 1 uL of (+)-Bicuculline (20 mM; 0130;
Tocris) and L-norepinephrine hydrochloride (10 mM; 74,480; Merck Millipore, Germany) were subsequently added to the medium
using a laboratory pipette.

FFP of inorganic fluorophores

Microscopy slides covered with the fluorophores Alexa 488, Alexa 546, and Alexa 647 were used as samples for the system char-
acterization in the multi-color data acquisition mode. For this configuration, a combination of a 4-bandpass filter (440/20-521/21-607/
34-700/45 nm; #87-239 Edmund Optics) and 500 nm long-pass filter (#62-976, Edmund Optics) was installed in the detector. To mea-
sure the spectrum of fiber auto-fluorescence and fluorophores, the photodetector was replaced with a spectrometer (CCS200/M,;
Thorlabs, Germany). As the Doric detector consists of two screwable parts, we have accommodated the emission filter into the input
part of the detector, while replacing the part that contains the photodiode with an AD12F adaptor with FC connector (Thorlabs, Ger-
many), connected to the spectrometer via an FC-SMA fiber cord (200 um, 0.5 NA, FC-SMA; M129L01; Thorlabs, Germany). The
spectrum of each fluorophore and fiber auto-fluorescence was then acquired during an exposure period of 5 s. Upon verification
of the spectral components, we operated the modified PyPhotometry software in the 3-color mode, delivering sequential excitation
light of 488/10 (FL488-10; Thorlabs, Germany), 548/10 (ET548/10x; Chroma, US), and 650/10 nm (FBH650-10; Thorlabs, Germany)
while manually moving the 1.25 ferrule end of the coupler across microscopy slides covered with the fluorophores Alexa 488, Alexa
546, and Alexa 647.

Data analysis

All photometry data was acquired in *.ppd format.*® Data analysis was performed with custom MATLAB scripts (MATLAB, The Math-
works, US). As a practically relevant measure, we used a bleaching and motion corrected signal 4F /F, calculated in a similar — but not
exact same — way to Lerner et al.": First, both the 405 and the 470 nm excited fluorescence traces were smoothed in a time window
of 100 ms. Second, we fitted both the 405 and the 470 nm channels with a least-square polynomial fit (of from 2" to 5" order, based
on visual inspection; using MATLABSs built-in “polyfit” function). We then divided signals by their respective fit in order to correct for
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bleaching and bring both signals to the same scale. Finally, we calculated 4F /F as the difference in fluorescence between the cor-
rected calcium-dependent fluorescence (excited at 470 nm) and the corrected isosbestic fluorescence (excited at 405 nm):

iF _ F470nm F405nm

F F470 nm fit F405 nm fit

In case of NIR-GECO2, we have calculated 4F /F, as the change in fluorescence of the active channel against its baseline fluo-
rescence F, defined as the 10" percentile of the smoothed and bleaching-corrected data trace:

aF — Fca/cium — FO

Fo Fo

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical tests were performed using custom-written MATLAB-scripts (see code availability). Correlation matrices for calcium ac-
tivity, pupil size, and locomotion were calculated using Pearson’s correlation coefficient. Welch’s two-sample t-test was used for the
comparison of the signal fluorescence levels and bleaching. Statistical details are reported in the corresponding sections of the
manuscript. Throughout the manuscript, the following conventions for statistical significance are used: *: p < 0.05, **: p < 0.01,
**: p < 0.001, ***: p < 0.0001. As this manuscript presents proof of concept, neither randomization nor sample size estimation
was performed.
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