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SUMMARY: 
This protocol details how to implement and perform multi-fiber photometry recordings, how to correct for calcium-independent artifacts, and important considerations for dual-color photometry imaging. 

[bookmark: _hi9hv026prt][bookmark: _u7cs7owg8xzm]ABSTRACT: 
Recording the activity of a group of neurons in a freely-moving animal is a challenging undertaking. Moreover, as the brain is dissected into smaller and smaller functional subgroups, it becomes paramount to record from projections and/or genetically-defined subpopulations of neurons. Fiber photometry is an accessible and powerful approach that can overcome these challenges. By combining optical and genetic methodologies, neural activity can be measured in deep brain structures by expressing genetically-encoded calcium indicators, which translate neural activity into an optical signal that can be easily measured. The current protocol details the components of a multi-fiber photometry system, how to access deep brain structures to deliver and collect light, a method to account for motion artifacts, and how to process and analyze fluorescent signals. The protocol details experimental considerations when performing single and dual color imaging, from either single or multiple implanted optic fibers.
[bookmark: _358c2twp1n86][bookmark: _shf62wf0pew1]
[bookmark: _3ts45zdgmwnq]INTRODUCTION:
The ability to correlate neural responses with specific aspects of an animal’s behavior is critical to understand the role a particular group of neurons plays in directing or responding to an action or stimulus. Given the complexity of animal behavior, with the myriad of internal states and external stimuli that can affect even the simplest of actions, recording a signal with single-trial resolution equips researchers with the necessary tools to overcome these limitations. 

Fiber photometry has become the technique of choice for many researchers in the field of systems neuroscience because of its relative simplicity compared to other in vivo recording techniques, its high signal-to-noise ratio, and the ability to record in a variety of behavioral paradigms1–8. Unlike traditional electrophysiological methods, photometry is the optical approach most commonly used in conjunction with genetically-encoded calcium indicators (GECIs, the GCaMP series)9. GECIs change their ability to fluoresce based on whether or not they are bound to calcium. Because the internal concentration of calcium in neurons is very tightly regulated and voltage-gated calcium channels open when a neuron fires an action potential, transient increases in internal calcium concentration, which result in transient increases in the ability of a GECI to fluorescence, can be a good proxy for neuronal firing9. 

With fiber photometry, excitation light is directed down a thin, multimode optic fiber into the brain, and an emission signal is collected back up through the same fiber. Because these optic fibers are lightweight and bendable, an animal can move largely unhindered, making this technique compatible with a wide array of behavioral tests and conditions. Some conditions, such as rapid movements or bending of the fiber-optic patch cord beyond the radius at which it can maintain total internal reflection, can introduce signal artifacts. To disambiguate signal from noise, we can exploit a property of GCaMP known as the “isosbestic point.” Briefly, with GCaMP, as the wavelength of the excitation light is shifted to the left, its emission in the calcium-bound state decreases and the emission in the calcium-unbound state marginally increases. The point at which the relative intensity of these two emissions are equal is termed the isosbestic point. When GCaMP is excited at this point, its emission is unaffected by changes in internal calcium concentrations, and variance in the signal is most often due to attenuation of the signal from overbending of the fiber-optic patch cord or movement of the neural tissue relative to the implanted fiber.

Single unit electrophysiology is still the gold standard for freely-moving in vivo recordings due to its single-cell and single-spike level resolution. However, it can be difficult to pinpoint the molecular identity of the cells being recorded, and the post-hoc analysis can be quite laborious. While fiber photometry does not have single-cell resolution, it does allow researchers to ask questions impossible to address with traditional techniques. Combining viral strategies with transgenic animals, the expression of GECIs can be directed to genetically-defined neuronal types to record population- or projection-defined neural activity, which can be performed by monitoring calcium signal directly at axon terminals10,11. Moreover, by implanting multiple fiber-optic cannulas, it is possible to simultaneously monitor neural activity from several brain regions and pathways in the same animal12,13. 

In this manuscript, we describe a technique for single and multi-fiber photometry, how to correct for calcium-independent artifacts, and detail how to perform mono- and dual-color recordings. We also provide examples of the types of questions it enables one to ask and their increasing levels of complexity (see Figure 1). The fiber photometry setup for multi-fiber recordings detailed in this protocol can be built using a list of materials found at https://sites.google.com/view/multifp/hardware (Figure 2). 

It is essential that the system be equipped for both 410 nm and 470 nm excitation wavelengths for calcium-independent and calcium-dependent fluorescence emission from GCaMP6 or its variants. For custom-built setups or if there is no available software to run the system, the free, open source program Bonsai (http://www.open-ephys.org/bonsai/) can be used. Alternatively, fiber photometry can be run through MATLAB (e.g., https://github.com/deisseroth-lab/multifiber)12 or other programming language14. The software and hardware of the system should allow manipulation of both the 410 nm and 470 nm LEDs and the camera, extraction of images (Figure 2), and calculation of the mean fluorescent intensity in the regions of interest (ROIs) drawn around the fibers on the images. The output should be a table of mean intensity values recorded with the 470 nm and 410 nm LEDs from each fiber in the patch cord. When performing multi-fiber experiments, 400 µm bundled fibers may limit the movement of mice. In such cases, we recommend using 200 µm patch cords, which provide more flexibility. It may also be possible to use smaller dummy cables during training of mice.

It is crucial to be able to extract time points for events of interest during fiber photometry acquisition. If the system does not readily provide a built-in system to integrate TTLs for specific events, an alternative strategy is to assign a time stamp to individual time points recorded to align with specific times and events during the experiment. Time stamping can be done using the computer clock. 

[bookmark: _4ip67sc57029][bookmark: _kexxzt6ho0bc]PROTOCOL:
All experiments were done in accordance with the Institutional Animal Care and Use Committees of the University of California, San Diego, and the Canadian Guide for the Care and Use of Laboratory Animals and were approved by the Université Laval Animal Protection Committee. 
[bookmark: _tdqbog78g2p5]
1. Alignment of the optical path between the CMOS (complementary metal oxide semiconductor) camera and the individual or branching patch cord

1.1. Loosen all screws on the 5-axis translator (11, Figure 2B).

1.2. Screw in the patch cord (12, Figure 2B) to the adaptor [SMA (sub-miniature A) or FC (fiber optic connector)] that is affixed to the 5-axis translator.

1.3. Record from the CMOS camera (13, Figure 2B) in live mode. Increase the gain or adjust the lookup table (LUT) until the image is not entirely black. The point is to be able to see an image at the focal point of the objective (10, Figure 2B). 

1.4. Turn on the 470 nm excitation light (1, Figure 2B) at low power (100 µW). This does not have any bearing on future recordings but is solely for visualizing the alignment process. 

1.5. Advance the 5-axis translator towards the objective, ensuring that the 470 nm light is centered on the fiber at the SMA or FC end of the patch cord, until an image can be resolved on the camera. 

1.6. Adjust the X and Y axes until the image is centered and well-resolved.

1.7. Visualize the light emitted from the ferrule-end of the patch cord. It should appear as an isotropic circle. If a branching patch cord is used, the amount of light emitted at the ferrule-ends of each patch cord should be similar. If the circle is not isotropic or the emitted light is unequal, adjust the 5-axis translator in the X-Y axis. 

2. Setup of ROIs around fibers for measurement of mean fluorescent intensity

2.1. Turn on all the excitation lights to better visualize the fibers. Adjust the camera gain such that no pixels are saturated and a clear image of the fibers are present.

2.2. Live record or take a preliminary image.

2.3. Draw ROIs around the fibers and keep them for the measurement of the mean intensity values during recordings (Figure 2A).

2.4. For multiple fiber recordings, test for independence in signals.

2.4.1.1. Live record from all fibers. 

2.4.1.2. Point one fiber towards a light source and tap with a finger. Very large fluctuations should occur solely in that channel (acceptable leakage 1:1000). 

2.4.1.3. If the signals are not independent, redraw more conservative ROIs and repeat the independence test.

2.5. To label and keep track of which ROI corresponds to which fiber, colored tape or nail polish can be applied to the end of the fibers. Take a picture prior to the start of any experiment as a secondary reminder.

3. Setup of recording arena 

3.1. Hang the patch cord above the arena using stands, clamps, or holders.

3.2. Make sure that the animal can freely move throughout the entire arena, uninhibited by the length of the fiber.

3.3. Whether an operant box or open field is used, ensure that the patch cord will be able to reach the animal with minimal bending. If this requires a nose poke, ensure that there is enough room overhead to prevent bending of the fiber. Avoid any excessive bending or twisting of the patch cord. 

4. In vivo recordings

NOTE: The procedure of optic fiber cannula implantation for fiber photometry experiments is identical to the procedure for optogenetics as described in Sparta et al15. We recommend using dental cement (see Table of Materials), which provides robust anchoring of the headcap to the skull bone. Dental cement will be particularly useful in cases where anchoring screws cannot be used. 

4.1. Visually inspect the distal end of the fibers of the patch cord by eye and with a minifiber microscope. If the surface of the fibers is scratched, repolish the fibers using fiber polishing/lapping film with fine grit (1 µm and 0.3 µm).

4.2. Clean the distal ends of the patch cord with 70% ethanol and a cotton tip applicator.

4.3. Clean the fiber-optic cannulas using 70% ethanol and a cotton tip applicator. 

4.4. Connect the ferrule end of the patch cord to the implanted fiber using a ceramic split-sleeve covered with a black shrink tube. During the connection, make sure that the sleeve is tight, otherwise use a new sleeve. 

NOTE: There will be a large amount of signal loss if there is any space between the patch cord ferrule and the implant, and the recordings will not work.

4.5. Allow the animal to recover for a few minutes prior to the start of behavioral testing.

4.6. Start recording the optical signal and run the experiment. 

4.7. While recording, keep a careful eye on the live-trace to ensure quality recordings. The signal is expected to rapidly decrease as a function of time in the first 2 min of recording. This effect is caused by heat-mediated LED decay, whereby the increase in heat increases the resistance of the optical element.

4.8. If a jump in the signal that exceeds the on/off kinetics of GCaMP occurs, this is often an indication that the sleeve is not tight enough and the space between the patch cord and the implant is changing. In this case, stop the experiment and reconnect the animal using a new sleeve.

5. Fiber photometry data analysis

NOTE: This is a method for data analysis that works well for most recordings. However, alternative approaches can be implemented.

5.1. Extract mean fluorescence intensity values recorded from 470 nm (Int470) and 410 nm (Int410) LEDs, corresponding to each individual fiber.

5.2. Smooth each signal using a moving mean algorithm (Figure 3A). 

5.3. Perform baseline correction of each signal (Figure 3A and 3B) using the adaptive iteratively reweighted Penalized Least Squares (airPLS) algorithm (https://github.com/zmzhang/airPLS) to remove the slope and low frequency fluctuations in signals. 

5.4. Standardize each signal using the mean value and standard deviation (Figure 3C):



5.5. Using non-negative robust linear regression, fit standardized z to z signals (Figure 3D) to the regression function:



5.5.1. Use the parameters of the linear regression (, ) to find new values of zInt410 fitted to zInt470 (fitInt410, Figure 3D,E):



5.6. Calculate the normalized dF/F (z dF/F) (Figure 3F):



6. Simultaneous dual-color recordings

6.1. Add to the photometry system a 560 nm LED to excite the red fluorescent calcium sensor and appropriate dichroic mirrors and filters (see Kim et al., 2016 for detailed description)12.

6.2. Add an image splitter between the objective and the CMOS camera to separate the green and red emission wavelengths (see Figure 5). The image splitter will form two mirrored images on the camera sensor, corresponding to the red and green signals (e.g., a patch cord with 3 branches will create an image with 6 fibers).

6.3. Draw ROIs around all fibers in both colors as detailed above. Make sure to clearly identify each ROI with the corresponding fiber and channel (green and red) (Figure 4A).

6.4. Trigger simultaneous excitation with 470 nm and 560 nm LEDs and alternate them with 410 nm LED (Figure 5A).

7. Dual color data analysis

7.1. Follow the steps in Section 5 to find fitInt410 for the Int470 signal and calculate z dF/F.

7.2. Because the isosbestic point for red-shifted GECIs is generally unknown, the signal recorded with 410 nm LED in the green channel can be used for movement correction across both channels. Follow the steps in Section 5 to find fitInt410 for the Int560 signal and calculate z dF/F.

[bookmark: _a2iv9f2fkxtc]REPRESENTATIVE RESULTS:
[bookmark: _Hlk13562857]Neural correlates of behavioral responses can vary depending on a variety of factors. In this example, we used in vivo fiber photometry to measure the activity of axon terminals from the lateral hypothalamic area (LHA) that terminate in the lateral habenula (LHb). Wild type mice were injected with an adeno-associated virus (AAV) encoding GCaMP6s (AAV-hSyn-GCaMP6s) in the LHA and an optic fiber was implanted with the tip immediately above the LHb (Figure 4A). GCaMP6s expression is found in the cell bodies of the LHA and their axon terminals projecting to the LHb, where calcium signal can be recorded. Activation of the LHA-LHb pathway promotes passive avoidance in the real-time preference test suggesting that this pathway transmits aversive signals16. Mice were then connected to the fiber photometry system, placed in an open arena for 6 min, and exposed to 1 sec aversive airpuffs every 60 sec. The measured fluorescence significantly increased concurrently with the administration of airpuffs (Figure 4B-C). In mice expressing green fluorescent protein (GFP), no change in the signal was detected during the administration of airpuffs (Figure 4C). Following behavioral testing, the site of injection in the LHA and fiber placement above the LHb were confirmed histologically (Figure 4A).

[bookmark: _fdwyi4jf50rk][bookmark: _23ndjyx577ga][bookmark: _gbggtljny78q]FIGURE LEGENDS: 
Figure 1: Strategies and approaches for GECI expression with anatomical and cell-type specificity. (A) A viral vector adeno-associated virus (AAV) encoding GCaMP6 (AAV-GCaMP6) is injected in a brain region of interest. The optic fiber can be chronically implanted with the tip placed over the cell bodies (1) or over the axon terminals (2). For selective expression in a genetically-defined neuronal population, a cre-dependent AAV (e.g., AAV-DIO-GCaMP6) can be injected in transgenic mice expressing the cre recombinase in a specific neuronal population. (B) For dual-color calcium imaging, in this example an AAV-GCaMP6s is injected in a brain region of interest, and a cre-dependent AAV encoding a red-shifted GECI (e.g., jrGECO1a; AAV-DIO-jrGECO1a) is injected in a genetically-defined neuronal population in a target brain region. The optic fiber is implanted for simultaneous calcium signal imaging of the axon terminals (green fluorescence) and cell bodies (red fluorescence). (C) For an intersectional viral strategy, a viral vector with retrograde transport properties (like retroAAV17) encoding the cre recombinase (retroAAV-cre) is injected in the target brain region together with an AAV-DIO-GCaMP6s injected in the projecting brain region in the same mouse. Optic fiber cannulas are implanted over the cell bodies for robust calcium-dependent signal recording.
  
Figure 2: Fiber photometry schematic. (A) The excitation light from two LEDs (410 nm and 470 nm) passes through a series of filters and dichroic mirrors and produces an excitation spot at the working distance of the 20x objective. The light passes through either a single patch cord or bundled fibers (for multiple site recordings) that are connected to the implanted cannulas. The emitted fluorescence is collected by the same fibers, filtered, and projected on a CMOS camera sensor. On the captured images, the mean fluorescence intensity is recorded at the ROIs of each fiber. To simultaneously acquire signals from both 410 nm and 470 nm LEDs, a time-division multiplexing is implemented (lower right diagram). (B) Image of our custom-made photometry system and its components: (1) Fiber to the 465 nm LED, (2) Fiber to the 405 nm LED, (3) Collimators, (4) 470 nm bandpass filter, (5) 410 nm bandpass filter, (6) 535 nm bandpass filter, (7) Tube lens, (8) Cube with longpass 425 dichroic mirror, (9) Cube with longpass 495 dichroic mirror, (10) 20x objective, (11) 5-axis translator, (12) Mono- or bundled-fiber patch cord, (13) CMOS camera.  

Figure 3: Analysis of fiber photometry data. (A) Smoothed mean fluorescent intensities (Int) recorded from 470 nm (top blue line) and 410 nm (bottom purple line) excitation wavelengths. Black lines are baselines found using the airPLS algorithm. (B) Relative intensity changes in signals after baseline correction. (C) Standardized 470 nm and 410 nm signals (zInt470, top; zInt410, bottom). (D) Non-negative robust linear fit of 470 nm and 410 nm signals. (E) Alignment of the trace Int410 to Int470 based on the fit. (F) Corrected and normalized calcium-dependent change in fluorescence (z dF/F).

Figure 4: Representative results. (A) Diagram of the experimental procedure. An AAV-GCaMP6s is injected in the LHA of mice and 4 weeks later, an optic fiber cannula is implanted over the LHb for axon terminal signal recording. Inset are representative confocal images of GCaMP6s expression in the cell bodies of LHA neurons (left) and their axon terminals projecting to the LHb (right). (B) Representative calcium signal trace to airpuffs (dashed vertical bars) measured from LHb-projecting LHA axon terminals measured from a GCaMP6s-expressing mouse. (C) Peri-event plot of the average calcium response to airpuff events. The thick green line represents the average and the green-shaded regions represent the standard error of the mean (SEM, left panel), and the signal measured before and after an airpuff (3 mice, 15 events). (D,E) Same measurements as (B,C) for GFP-expressing mice (2 mice, 10 events). Scale bars are 200 µm. 

Figure 5: Schematic of dual-color fiber photometry. (A) An additional 560 nm LED, appropriate filters and dichroic mirrors, and an image splitter before the camera sensor were added to the original setup. (B) Photometry system components: (1) Fiber to the 560 nm LED, (2) Fiber to the 465 nm LED, (3) Fiber to the 405 nm LED, (4) Collimators, (5) 560 nm bandpass filter, (6) 470 nm bandpass filter, (7) 410 nm bandpass filter, (8) Cube with longpass 495 dichroic mirror, (9) Cube with longpass 425 dichroic mirror, (10) Cube with 493/574 dichroic mirror, (11) 20x objective, (12) 5-axis translator, (13) Mono- or bundled-fiber patch cord, (14) Image splitter, (15) CMOS camera.

[bookmark: _o6iuqhd746pi]DISCUSSION: 
[bookmark: _2tzmhxhfumhn]Fiber photometry is an accessible approach that allows researchers to record bulk-calcium dynamics from defined neuronal populations in freely-moving animals. This method can be combined with a wide range of behavioral tests, including “movement heavy” tasks such as forced swim tests2, fear-conditioning18, social interactions1,4, and others7,8,19,20. This allows researchers to observe what behaviors or stimuli drive activity in a particular neural population or vice versa. 

Despite its prima facie simplicity, there are important considerations when implementing fiber photometry, and the system detailed in this protocol offers several advantages circumventing common pitfalls. First, it takes advantage of the fact that GCaMP variants have a calcium-independent isosbestic excitation point around 410 nm21 and time-division multiplexing to correct calcium-dependent changes in signals almost simultaneously12. When neurons expressing GCaMP are excited with 410 nm wavelength, the emission intensity from GCaMP is independent from its binding to calcium and behaves essentially like a low-efficiency GFP. Time-division multiplexing uses both 410 nm calcium-independent and 470 nm calcium-dependent excitation wavelengths in the same recording. The signal recorded with the 410 nm excitation wavelength is used as a control for calcium-independent movement and artifact changes in fluorescence intensity. Alternative strategies that do not include simultaneous uses of isosbestic excitation of GCaMP can be envisioned. For example, it is possible to prepare two animals cohorts, one expressing GFP and the other expressing GCaMP2. However, this is not a perfect control, as it is across animals and it is more difficult to identify if a given response in a given animal was an  artifact. Second, the described fiber photometry setup allows researchers to measure activity in several pathways simultaneously, opening the door to questions regarding signal propagation throughout the brain. Third, dual-color recording allows additional flexibility to dissect different pathways in the same brain region combining green and red-shifted GECIs (Figure 1). 

With fiber photometry recordings, very low emission fluorescence needs to be recorded through background noise. Therefore, it is crucial to ensure the maximum collection of the fluorescence emitted from GECIs. First, when developing a viral strategy one must consider that recording from terminals can be challenging, because axon terminals in the recording field can be sparse. To resolve this problem, an alternative intersectional viral strategy can be envisioned allowing expression of GCaMP in a target-projecting region of interest and optic fiber cannulas implanted above the cell bodies, where more robust fluorescence can be measured22–24. Another factor that may negatively impact the signal-to-noise ratio is the quality of the optic fiber cannula and patch cord. For implantations, stainless steel ferrule is preferable, because zirconia is highly autofluorescent and will increase the background signal. It is essential to use the highest-quality optic fiber cannulas with well-polished terminal connectors and high transmission rates (>85% transmission). Any defects in the fibers will lead to a decrease in the signal-to-noise ratio. The optic fiber patch cord should be of high quality as well. Providers produce fibers specifically designed for fiber photometry, in which autofluorescence is minimized as much as possible. Custom-made patch cords often do not reach requisite efficiency. It is also important to optimize the alignment of the optical path to get a picture with all fibers well-resolved at the focal point of the objective. Moreover, the numerical aperture (NA) of the fiber must match that of the patch cord as well as the objective used with the system. Any NA mismatch will result in either excitation or emission light loss. All previous steps will provide clear calcium-dependent signals. However, a signal correction is still required. Most recordings have an exponential decrease in fluorescence because of autofluorescence in the fibers, heat-mediated LED decay, and photobleaching. This decrease varies with different fibers and channels, and it is important to remove it in each channel separately using the airPLS algorithm described in the protocol section. Second, movement correction must be taken into account. Even if GCaMP signals seem high where any artifact changes seem meaningless, it is important to correct it with calcium independent signal. The graph with aligned 410 nm and 470 nm signals is a reference showing which changes in intensity are caused by GCaMP and not artifacts. 

Adding a 560 nm excitation LED, proper dichroic lenses, and a beamsplitter enables simultaneous recording of green and red fluorescence. This opens the possibility to monitor neural activity from two genetically distinct neuronal populations or to monitor presynaptic activity from axon terminals (e.g., expressing GCaMP6), and postsynaptic neuronal activity (e.g., expressing jrGECO1a). When implementing dual-color recordings, important considerations need to be kept in mind. Significant photoconversion and photoactivation has been reported for many red-shifted GECIs, where illumination with 405 nm, 488 nm, and 560 nm can increase calcium-independent fluorescence25. Use of jrGECO1a and RCaMP1b may minimize this problem26. Another concern during dual color imaging is green signal that leaks into the red channel. Many strategies can be envisioned to avoid this problem. For example, it is possible to interweave the three excitation wavelengths to excite the isosbestic point of the green calcium sensor (410 nm), the calcium-dependent signal from the green calcium sensor (470 nm), and the red calcium sensor (560 nm) in sequence. In that case, it is possible to rely on the isosbestic point of the green sensor for movement correction. Finally, when performing dual color imaging, it is best to acquire stronger signal from the red calcium sensor (e.g., from cell somas) because these have weaker fluorescence emissions compared to green sensors.

New genetically encoded fluorescent sensors have been developed for rapid and specific in vivo detection of neurotransmitter release22–24. These sensors emit green fluorescence when bound with their respective endogenous ligand and can be combined with red-shifted GECIs, such as jrGECO1a, for simultaneous detection of neurotransmitter release concurrently with changes in neuronal activity from single multiple optic fibers5,27. 

Fiber photometry provides exquisite flexibility to monitor neural activity in freely-moving animals through flexible and lightweight optic fiber patch cords. However, it is not well-suited for situations requiring movement between compartments, such as light-dark chamber tests. This will be possible with further developments in the wireless photometry system28. Finally, while it provides great advantages when monitoring neural dynamics from multiple brain regions, or from distinct neural populations, the signal obtained in fiber photometry is an aggregate of many neurons that may not fire with the same temporal dynamics and will not be resolved. However, it provides a complementary approach to in vivo microendoscopic calcium imaging resolving somatic calcium signal from tens to hundreds of individual neurons29. Finally, when recording from multiple fibers in one single animal, it may be difficult to differentiate whether the signal is coming from the terminals or from cell somas. Carefully designing experiments can overcome most of these limitations. However, the development of new GECIs exclusively localized at cell somas will provide more resolution during multi-fiber calcium imaging experiments. 
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