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Dear Mr Berard,  
 
 
We are sending you our manuscript with the title ‘’Multi-Fiber Photometry to Record Neural 
Activity in Freely Moving Animal’’ to be considered for publication in Journal of Visualized 
Experiments.  
 
To be able to monitor neural activity in freely-moving animal is essential to correlate neural 
responses with specific aspects of behavioral responses. However, traditional approaches can be 
quite laborious, and it is often impossible to determine molecular identity of the recorded 
neurons.  
 
Fiber photometry is an accessible and powerful approach where neural activity is translated into 
fluorescent signals. 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 consideration to perform single and dual color imaging, from either single or 
multiple implanted optical fibers.   
 
With its relative simplicity, fiber photometry has become the technique of choice for many 
researchers in the field of systems neuroscience. We are confident that this protocol will benefit 
a large audience and will be cited accordingly.  
 
 
Sincerely, 

 
 
 

Christophe Proulx  
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SUMMARY:  24 

This protocol details how to implement and perform multi-fiber photometry recordings, how to 25 

correct for calcium-independent artifacts, and important considerations for dual-color 26 

photometry imaging.  27 

 28 

ABSTRACT:  29 

Recording the activity of a group of neurons in a freely-moving animal is a challenging 30 

undertaking. Moreover, as the brain is dissected into smaller and smaller functional subgroups, 31 

it becomes paramount to record from projections and/or genetically-defined subpopulations of 32 

neurons. Fiber photometry is an accessible and powerful approach that can overcome these 33 

challenges. By combining optical and genetic methodologies, neural activity can be measured in 34 

deep brain structures by expressing genetically-encoded calcium indicators, which translate 35 

neural activity into an optical signal that can be easily measured. The current protocol details the 36 

components of a multi-fiber photometry system, how to access deep brain structures to deliver 37 

and collect light, a method to account for motion artifacts, and how to process and analyze 38 

fluorescent signals. The protocol details experimental considerations when performing single and 39 

dual color imaging, from either single or multiple implanted optic fibers. 40 

 41 

INTRODUCTION: 42 

The ability to correlate neural responses with specific aspects of an animal’s behavior is critical 43 

to understand the role a particular group of neurons plays in directing or responding to an action 44 
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or stimulus. Given the complexity of animal behavior, with the myriad of internal states and 45 

external stimuli that can affect even the simplest of actions, recording a signal with single-trial 46 

resolution equips researchers with the necessary tools to overcome these limitations.  47 

 48 

Fiber photometry has become the technique of choice for many researchers in the field of 49 

systems neuroscience because of its relative simplicity compared to other in vivo recording 50 

techniques, its high signal-to-noise ratio, and the ability to record in a variety of behavioral 51 

paradigms1–8. Unlike traditional electrophysiological methods, photometry is the optical 52 

approach most commonly used in conjunction with genetically-encoded calcium indicators 53 

(GECIs, the GCaMP series)9. GECIs change their ability to fluoresce based on whether or not they 54 

are bound to calcium. Because the internal concentration of calcium in neurons is very tightly 55 

regulated and voltage-gated calcium channels open when a neuron fires an action potential, 56 

transient increases in internal calcium concentration, which result in transient increases in the 57 

ability of a GECI to fluorescence, can be a good proxy for neuronal firing9.  58 

 59 

With fiber photometry, excitation light is directed down a thin, multimode optic fiber into the 60 

brain, and an emission signal is collected back up through the same fiber. Because these optic 61 

fibers are lightweight and bendable, an animal can move largely unhindered, making this 62 

technique compatible with a wide array of behavioral tests and conditions. Some conditions, such 63 

as rapid movements or bending of the fiber-optic patch cord beyond the radius at which it can 64 

maintain total internal reflection, can introduce signal artifacts. To disambiguate signal from 65 

noise, we can exploit a property of GCaMP known as the “isosbestic point.” Briefly, with GCaMP, 66 

as the wavelength of the excitation light is shifted to the left, its emission in the calcium-bound 67 

state decreases and the emission in the calcium-unbound state marginally increases. The point 68 

at which the relative intensity of these two emissions are equal is termed the isosbestic point. 69 

When GCaMP is excited at this point, its emission is unaffected by changes in internal calcium 70 

concentrations, and variance in the signal is most often due to attenuation of the signal from 71 

overbending of the fiber-optic patch cord or movement of the neural tissue relative to the 72 

implanted fiber. 73 

 74 

Single unit electrophysiology is still the gold standard for freely-moving in vivo recordings due to 75 

its single-cell and single-spike level resolution. However, it can be difficult to pinpoint the 76 

molecular identity of the cells being recorded, and the post-hoc analysis can be quite laborious. 77 

While fiber photometry does not have single-cell resolution, it does allow researchers to ask 78 

questions impossible to address with traditional techniques. Combining viral strategies with 79 

transgenic animals, the expression of GECIs can be directed to genetically-defined neuronal types 80 

to record population- or projection-defined neural activity, which can be performed by 81 

monitoring calcium signal directly at axon terminals10,11. Moreover, by implanting multiple fiber-82 

optic cannulas, it is possible to simultaneously monitor neural activity from several brain regions 83 

and pathways in the same animal12,13.  84 

 85 

In this manuscript, we describe a technique for single and multi-fiber photometry, how to correct 86 

for calcium-independent artifacts, and detail how to perform mono- and dual-color recordings. 87 

We also provide examples of the types of questions it enables one to ask and their increasing 88 



   

 

   

 

levels of complexity (see Figure 1). The fiber photometry setup for multi-fiber recordings detailed 89 

in this protocol can be built using a list of materials found at 90 

https://sites.google.com/view/multifp/hardware (Figure 2).  91 

 92 

It is essential that the system be equipped for both 410 nm and 470 nm excitation wavelengths 93 

for calcium-independent and calcium-dependent fluorescence emission from GCaMP6 or its 94 

variants. For custom-built setups or if there is no available software to run the system, the free, 95 

open source program Bonsai (http://www.open-ephys.org/bonsai/) can be used. Alternatively, 96 

fiber photometry can be run through MATLAB (e.g., https://github.com/deisseroth-97 

lab/multifiber)12 or other programming language14. The software and hardware of the system 98 

should allow manipulation of both the 410 nm and 470 nm LEDs and the camera, extraction of 99 

images (Figure 2), and calculation of the mean fluorescent intensity in the regions of interest 100 

(ROIs) drawn around the fibers on the images. The output should be a table of mean intensity 101 

values recorded with the 470 nm and 410 nm LEDs from each fiber in the patch cord. When 102 

performing multi-fiber experiments, 400 µm bundled fibers may limit the movement of mice. In 103 

such cases, we recommend using 200 µm patch cords, which provide more flexibility. It may also 104 

be possible to use smaller dummy cables during training of mice. 105 

 106 

It is crucial to be able to extract time points for events of interest during fiber photometry 107 

acquisition. If the system does not readily provide a built-in system to integrate TTLs for specific 108 

events, an alternative strategy is to assign a time stamp to individual time points recorded to 109 

align with specific times and events during the experiment. Time stamping can be done using the 110 

computer clock.  111 

 112 

PROTOCOL: 113 

All experiments were done in accordance with the Institutional Animal Care and Use Committees 114 

of the University of California, San Diego, and the Canadian Guide for the Care and Use of 115 

Laboratory Animals and were approved by the Université Laval Animal Protection Committee.  116 
 117 

1. Alignment of the optical path between the CMOS (complementary metal oxide 118 

semiconductor) camera and the individual or branching patch cord 119 

 120 

1.1. Loosen all screws on the 5-axis translator (11, Figure 2B). 121 

 122 

1.2. Screw in the patch cord (12, Figure 2B) to the adaptor [SMA (sub-miniature A) or FC (fiber 123 

optic connector)] that is affixed to the 5-axis translator. 124 

 125 

1.3. Record from the CMOS camera (13, Figure 2B) in live mode. Increase the gain or adjust the 126 

lookup table (LUT) until the image is not entirely black. The point is to be able to see an image at 127 

the focal point of the objective (10, Figure 2B).  128 

 129 

1.4. Turn on the 470 nm excitation light (1, Figure 2B) at low power (100 µW). This does not have 130 

any bearing on future recordings but is solely for visualizing the alignment process.  131 

 132 



   

 

   

 

1.5. Advance the 5-axis translator towards the objective, ensuring that the 470 nm light is 133 

centered on the fiber at the SMA or FC end of the patch cord, until an image can be resolved on 134 

the camera.  135 

 136 

1.6. Adjust the X and Y axes until the image is centered and well-resolved. 137 

 138 

1.7. Visualize the light emitted from the ferrule-end of the patch cord. It should appear as an 139 

isotropic circle. If a branching patch cord is used, the amount of light emitted at the ferrule-ends 140 

of each patch cord should be similar. If the circle is not isotropic or the emitted light is unequal, 141 

adjust the 5-axis translator in the X-Y axis.  142 

 143 

2. Setup of ROIs around fibers for measurement of mean fluorescent intensity 144 

 145 

2.1. Turn on all the excitation lights to better visualize the fibers. Adjust the camera gain such 146 

that no pixels are saturated and a clear image of the fibers are present. 147 

 148 

2.2. Live record or take a preliminary image. 149 

 150 

2.3. Draw ROIs around the fibers and keep them for the measurement of the mean intensity 151 

values during recordings (Figure 2A). 152 

 153 

2.4. For multiple fiber recordings, test for independence in signals. 154 

 155 

2.4.1.1. Live record from all fibers.  156 

 157 

2.4.1.2. Point one fiber towards a light source and tap with a finger. Very large fluctuations should 158 

occur solely in that channel (acceptable leakage 1:1000).  159 

 160 

2.4.1.3. If the signals are not independent, redraw more conservative ROIs and repeat the 161 

independence test. 162 

 163 

2.5. To label and keep track of which ROI corresponds to which fiber, colored tape or nail polish 164 

can be applied to the end of the fibers. Take a picture prior to the start of any experiment as a 165 

secondary reminder. 166 

 167 

3. Setup of recording arena  168 

 169 

3.1. Hang the patch cord above the arena using stands, clamps, or holders. 170 

 171 

3.2. Make sure that the animal can freely move throughout the entire arena, uninhibited by the 172 

length of the fiber. 173 

 174 

3.3. Whether an operant box or open field is used, ensure that the patch cord will be able to 175 

reach the animal with minimal bending. If this requires a nose poke, ensure that there is enough 176 



   

 

   

 

room overhead to prevent bending of the fiber. Avoid any excessive bending or twisting of the 177 

patch cord.  178 

 179 

4. In vivo recordings 180 

 181 

NOTE: The procedure of optic fiber cannula implantation for fiber photometry experiments is 182 

identical to the procedure for optogenetics as described in Sparta et al15. We recommend using 183 

dental cement (see Table of Materials), which provides robust anchoring of the headcap to the 184 

skull bone. Dental cement will be particularly useful in cases where anchoring screws cannot be 185 

used.  186 

 187 

4.1. Visually inspect the distal end of the fibers of the patch cord by eye and with a minifiber 188 

microscope. If the surface of the fibers is scratched, repolish the fibers using fiber 189 

polishing/lapping film with fine grit (1 µm and 0.3 µm). 190 

 191 

4.2. Clean the distal ends of the patch cord with 70% ethanol and a cotton tip applicator. 192 

 193 

4.3. Clean the fiber-optic cannulas using 70% ethanol and a cotton tip applicator.  194 

 195 

4.4. Connect the ferrule end of the patch cord to the implanted fiber using a ceramic split-sleeve 196 

covered with a black shrink tube. During the connection, make sure that the sleeve is tight, 197 

otherwise use a new sleeve.  198 

 199 

NOTE: There will be a large amount of signal loss if there is any space between the patch cord 200 

ferrule and the implant, and the recordings will not work. 201 

 202 

4.5. Allow the animal to recover for a few minutes prior to the start of behavioral testing. 203 

 204 

4.6. Start recording the optical signal and run the experiment.  205 

 206 

4.7. While recording, keep a careful eye on the live-trace to ensure quality recordings. The signal 207 

is expected to rapidly decrease as a function of time in the first 2 min of recording. This effect is 208 

caused by heat-mediated LED decay, whereby the increase in heat increases the resistance of the 209 

optical element. 210 

 211 

4.8. If a jump in the signal that exceeds the on/off kinetics of GCaMP occurs, this is often an 212 

indication that the sleeve is not tight enough and the space between the patch cord and the 213 

implant is changing. In this case, stop the experiment and reconnect the animal using a new 214 

sleeve. 215 

 216 

5. Fiber photometry data analysis 217 

 218 

NOTE: This is a method for data analysis that works well for most recordings. However, 219 

alternative approaches can be implemented. 220 



   

 

   

 

 221 

5.1. Extract mean fluorescence intensity values recorded from 470 nm (Int470) and 410 nm 222 

(Int410) LEDs, corresponding to each individual fiber. 223 

 224 

5.2. Smooth each signal using a moving mean algorithm (Figure 3A).  225 

 226 

5.3. Perform baseline correction of each signal (Figure 3A and 3B) using the adaptive iteratively 227 

reweighted Penalized Least Squares (airPLS) algorithm (https://github.com/zmzhang/airPLS) to 228 

remove the slope and low frequency fluctuations in signals.  229 

 230 

5.4. Standardize each signal using the mean value and standard deviation (Figure 3C): 231 

 232 

𝑧𝐼𝑛𝑡470 =
𝐼𝑛𝑡470 − 𝑚𝑒𝑑𝑖𝑎𝑛(𝐼𝑛𝑡470)

𝑠𝑡𝑑(𝐼𝑛𝑡470)
, 𝑧𝐼𝑛𝑡410 =  

𝐼𝑛𝑡410 − 𝑚𝑒𝑑𝑖𝑎𝑛(𝐼𝑛𝑡410)

𝑠𝑡𝑑(𝐼𝑛𝑡410)
 233 

 234 

5.5. Using non-negative robust linear regression, fit standardized z𝐼𝑛𝑡410 to z𝐼𝑛𝑡470 signals 235 

(Figure 3D) to the regression function: 236 

 237 

𝑦 = 𝑎 ∗ 𝑥 + 𝑏 238 

 239 

5.5.1. Use the parameters of the linear regression (𝑎, 𝑏) to find new values of zInt410 fitted to 240 

zInt470 (fitInt410, Figure 3D,E): 241 

 242 

𝑓𝑖𝑡𝑧𝐼𝑛𝑡410 = 𝑎 ∗ 𝑧𝐼𝑛𝑡410 + 𝑏 243 

 244 

5.6. Calculate the normalized dF/F (z dF/F) (Figure 3F): 245 

 246 

𝑧 𝑑𝐹 𝐹⁄ = 𝑧𝐼𝑛𝑡470 − 𝑓𝑖𝑡𝑧𝐼𝑛𝑡410  247 

 248 

6. Simultaneous dual-color recordings 249 

 250 

6.1. Add to the photometry system a 560 nm LED to excite the red fluorescent calcium sensor 251 

and appropriate dichroic mirrors and filters (see Kim et al., 2016 for detailed description)12. 252 

 253 

6.2. Add an image splitter between the objective and the CMOS camera to separate the green 254 

and red emission wavelengths (see Figure 5). The image splitter will form two mirrored images 255 

on the camera sensor, corresponding to the red and green signals (e.g., a patch cord with 3 256 

branches will create an image with 6 fibers). 257 

 258 

6.3. Draw ROIs around all fibers in both colors as detailed above. Make sure to clearly identify 259 

each ROI with the corresponding fiber and channel (green and red) (Figure 4A). 260 

 261 

6.4. Trigger simultaneous excitation with 470 nm and 560 nm LEDs and alternate them with 410 262 

nm LED (Figure 5A). 263 



   

 

   

 

 264 

7. Dual color data analysis 265 

 266 

7.1. Follow the steps in Section 5 to find fitInt410 for the Int470 signal and calculate z dF/F. 267 

 268 

7.2. Because the isosbestic point for red-shifted GECIs is generally unknown, the signal recorded 269 

with 410 nm LED in the green channel can be used for movement correction across both 270 

channels. Follow the steps in Section 5 to find fitInt410 for the Int560 signal and calculate z dF/F. 271 

 272 

REPRESENTATIVE RESULTS: 273 

Neural correlates of behavioral responses can vary depending on a variety of factors. In this 274 

example, we used in vivo fiber photometry to measure the activity of axon terminals from the 275 

lateral hypothalamic area (LHA) that terminate in the lateral habenula (LHb). Wild type mice were 276 

injected with an adeno-associated virus (AAV) encoding GCaMP6s (AAV-hSyn-GCaMP6s) in the 277 

LHA and an optic fiber was implanted with the tip immediately above the LHb (Figure 4A). 278 

GCaMP6s expression is found in the cell bodies of the LHA and their axon terminals projecting to 279 

the LHb, where calcium signal can be recorded. Activation of the LHA-LHb pathway promotes 280 

passive avoidance in the real-time preference test suggesting that this pathway transmits 281 

aversive signals16. Mice were then connected to the fiber photometry system, placed in an open 282 

arena for 6 min, and exposed to 1 sec aversive airpuffs every 60 sec. The measured fluorescence 283 

significantly increased concurrently with the administration of airpuffs (Figure 4B-C). In mice 284 

expressing green fluorescent protein (GFP), no change in the signal was detected during the 285 

administration of airpuffs (Figure 4C). Following behavioral testing, the site of injection in the 286 

LHA and fiber placement above the LHb were confirmed histologically (Figure 4A). 287 

 288 

FIGURE LEGENDS:  289 

Figure 1: Strategies and approaches for GECI expression with anatomical and cell-type 290 

specificity. (A) A viral vector adeno-associated virus (AAV) encoding GCaMP6 (AAV-GCaMP6) is 291 

injected in a brain region of interest. The optic fiber can be chronically implanted with the tip 292 

placed over the cell bodies (1) or over the axon terminals (2). For selective expression in a 293 

genetically-defined neuronal population, a cre-dependent AAV (e.g., AAV-DIO-GCaMP6) can be 294 

injected in transgenic mice expressing the cre recombinase in a specific neuronal population. (B) 295 

For dual-color calcium imaging, in this example an AAV-GCaMP6s is injected in a brain region of 296 

interest, and a cre-dependent AAV encoding a red-shifted GECI (e.g., jrGECO1a; AAV-DIO-297 

jrGECO1a) is injected in a genetically-defined neuronal population in a target brain region. The 298 

optic fiber is implanted for simultaneous calcium signal imaging of the axon terminals (green 299 

fluorescence) and cell bodies (red fluorescence). (C) For an intersectional viral strategy, a viral 300 

vector with retrograde transport properties (like retroAAV17) encoding the cre recombinase 301 

(retroAAV-cre) is injected in the target brain region together with an AAV-DIO-GCaMP6s injected 302 

in the projecting brain region in the same mouse. Optic fiber cannulas are implanted over the cell 303 

bodies for robust calcium-dependent signal recording. 304 

   305 

Figure 2: Fiber photometry schematic. (A) The excitation light from two LEDs (410 nm and 470 306 

nm) passes through a series of filters and dichroic mirrors and produces an excitation spot at the 307 



   

 

   

 

working distance of the 20x objective. The light passes through either a single patch cord or 308 

bundled fibers (for multiple site recordings) that are connected to the implanted cannulas. The 309 

emitted fluorescence is collected by the same fibers, filtered, and projected on a CMOS camera 310 

sensor. On the captured images, the mean fluorescence intensity is recorded at the ROIs of each 311 

fiber. To simultaneously acquire signals from both 410 nm and 470 nm LEDs, a time-division 312 

multiplexing is implemented (lower right diagram). (B) Image of our custom-made photometry 313 

system and its components: (1) Fiber to the 465 nm LED, (2) Fiber to the 405 nm LED, (3) 314 

Collimators, (4) 470 nm bandpass filter, (5) 410 nm bandpass filter, (6) 535 nm bandpass filter, 315 

(7) Tube lens, (8) Cube with longpass 425 dichroic mirror, (9) Cube with longpass 495 dichroic 316 

mirror, (10) 20x objective, (11) 5-axis translator, (12) Mono- or bundled-fiber patch cord, (13) 317 

CMOS camera.   318 

 319 

Figure 3: Analysis of fiber photometry data. (A) Smoothed mean fluorescent intensities (Int) 320 

recorded from 470 nm (top blue line) and 410 nm (bottom purple line) excitation wavelengths. 321 

Black lines are baselines found using the airPLS algorithm. (B) Relative intensity changes in signals 322 

after baseline correction. (C) Standardized 470 nm and 410 nm signals (zInt470, top; zInt410, 323 

bottom). (D) Non-negative robust linear fit of 470 nm and 410 nm signals. (E) Alignment of the 324 

trace Int410 to Int470 based on the fit. (F) Corrected and normalized calcium-dependent change 325 

in fluorescence (z dF/F). 326 

 327 

Figure 4: Representative results. (A) Diagram of the experimental procedure. An AAV-GCaMP6s 328 

is injected in the LHA of mice and 4 weeks later, an optic fiber cannula is implanted over the LHb 329 

for axon terminal signal recording. Inset are representative confocal images of GCaMP6s 330 

expression in the cell bodies of LHA neurons (left) and their axon terminals projecting to the LHb 331 

(right). (B) Representative calcium signal trace to airpuffs (dashed vertical bars) measured from 332 

LHb-projecting LHA axon terminals measured from a GCaMP6s-expressing mouse. (C) Peri-event 333 

plot of the average calcium response to airpuff events. The thick green line represents the 334 

average and the green-shaded regions represent the standard error of the mean (SEM, left 335 

panel), and the signal measured before and after an airpuff (3 mice, 15 events). (D,E) Same 336 

measurements as (B,C) for GFP-expressing mice (2 mice, 10 events). Scale bars are 200 µm.  337 

 338 

Figure 5: Schematic of dual-color fiber photometry. (A) An additional 560 nm LED, appropriate 339 

filters and dichroic mirrors, and an image splitter before the camera sensor were added to the 340 

original setup. (B) Photometry system components: (1) Fiber to the 560 nm LED, (2) Fiber to the 341 

465 nm LED, (3) Fiber to the 405 nm LED, (4) Collimators, (5) 560 nm bandpass filter, (6) 470 nm 342 

bandpass filter, (7) 410 nm bandpass filter, (8) Cube with longpass 495 dichroic mirror, (9) Cube 343 

with longpass 425 dichroic mirror, (10) Cube with 493/574 dichroic mirror, (11) 20x objective, 344 

(12) 5-axis translator, (13) Mono- or bundled-fiber patch cord, (14) Image splitter, (15) CMOS 345 

camera. 346 

 347 

DISCUSSION:  348 

Fiber photometry is an accessible approach that allows researchers to record bulk-calcium 349 

dynamics from defined neuronal populations in freely-moving animals. This method can be 350 

combined with a wide range of behavioral tests, including “movement heavy” tasks such as 351 



   

 

   

 

forced swim tests2, fear-conditioning18, social interactions1,4, and others7,8,19,20. This allows 352 

researchers to observe what behaviors or stimuli drive activity in a particular neural population 353 

or vice versa.  354 

 355 

Despite its prima facie simplicity, there are important considerations when implementing fiber 356 

photometry, and the system detailed in this protocol offers several advantages circumventing 357 

common pitfalls. First, it takes advantage of the fact that GCaMP variants have a calcium-358 

independent isosbestic excitation point around 410 nm21 and time-division multiplexing to 359 

correct calcium-dependent changes in signals almost simultaneously12. When neurons expressing 360 

GCaMP are excited with 410 nm wavelength, the emission intensity from GCaMP is independent 361 

from its binding to calcium and behaves essentially like a low-efficiency GFP. Time-division 362 

multiplexing uses both 410 nm calcium-independent and 470 nm calcium-dependent excitation 363 

wavelengths in the same recording. The signal recorded with the 410 nm excitation wavelength 364 

is used as a control for calcium-independent movement and artifact changes in fluorescence 365 

intensity. Alternative strategies that do not include simultaneous uses of isosbestic excitation of 366 

GCaMP can be envisioned. For example, it is possible to prepare two animals cohorts, one 367 

expressing GFP and the other expressing GCaMP2. However, this is not a perfect control, as it is 368 

across animals and it is more difficult to identify if a given response in a given animal was an  369 

artifact. Second, the described fiber photometry setup allows researchers to measure activity in 370 

several pathways simultaneously, opening the door to questions regarding signal propagation 371 

throughout the brain. Third, dual-color recording allows additional flexibility to dissect different 372 

pathways in the same brain region combining green and red-shifted GECIs (Figure 1).  373 

 374 

With fiber photometry recordings, very low emission fluorescence needs to be recorded through 375 

background noise. Therefore, it is crucial to ensure the maximum collection of the fluorescence 376 

emitted from GECIs. First, when developing a viral strategy one must consider that recording 377 

from terminals can be challenging, because axon terminals in the recording field can be sparse. 378 

To resolve this problem, an alternative intersectional viral strategy can be envisioned allowing 379 

expression of GCaMP in a target-projecting region of interest and optic fiber cannulas implanted 380 

above the cell bodies, where more robust fluorescence can be measured22–24. Another factor that 381 

may negatively impact the signal-to-noise ratio is the quality of the optic fiber cannula and patch 382 

cord. For implantations, stainless steel ferrule is preferable, because zirconia is highly 383 

autofluorescent and will increase the background signal. It is essential to use the highest-quality 384 

optic fiber cannulas with well-polished terminal connectors and high transmission rates (>85% 385 

transmission). Any defects in the fibers will lead to a decrease in the signal-to-noise ratio. The 386 

optic fiber patch cord should be of high quality as well. Providers produce fibers specifically 387 

designed for fiber photometry, in which autofluorescence is minimized as much as possible. 388 

Custom-made patch cords often do not reach requisite efficiency. It is also important to optimize 389 

the alignment of the optical path to get a picture with all fibers well-resolved at the focal point 390 

of the objective. Moreover, the numerical aperture (NA) of the fiber must match that of the patch 391 

cord as well as the objective used with the system. Any NA mismatch will result in either 392 

excitation or emission light loss. All previous steps will provide clear calcium-dependent signals. 393 

However, a signal correction is still required. Most recordings have an exponential decrease in 394 

fluorescence because of autofluorescence in the fibers, heat-mediated LED decay, and 395 



   

 

   

 

photobleaching. This decrease varies with different fibers and channels, and it is important to 396 

remove it in each channel separately using the airPLS algorithm described in the protocol section. 397 

Second, movement correction must be taken into account. Even if GCaMP signals seem high 398 

where any artifact changes seem meaningless, it is important to correct it with calcium 399 

independent signal. The graph with aligned 410 nm and 470 nm signals is a reference showing 400 

which changes in intensity are caused by GCaMP and not artifacts.  401 

 402 

Adding a 560 nm excitation LED, proper dichroic lenses, and a beamsplitter enables simultaneous 403 

recording of green and red fluorescence. This opens the possibility to monitor neural activity 404 

from two genetically distinct neuronal populations or to monitor presynaptic activity from axon 405 

terminals (e.g., expressing GCaMP6), and postsynaptic neuronal activity (e.g., expressing 406 

jrGECO1a). When implementing dual-color recordings, important considerations need to be kept 407 

in mind. Significant photoconversion and photoactivation has been reported for many red-408 

shifted GECIs, where illumination with 405 nm, 488 nm, and 560 nm can increase calcium-409 

independent fluorescence25. Use of jrGECO1a and RCaMP1b may minimize this problem26. 410 

Another concern during dual color imaging is green signal that leaks into the red channel. Many 411 

strategies can be envisioned to avoid this problem. For example, it is possible to interweave the 412 

three excitation wavelengths to excite the isosbestic point of the green calcium sensor (410 nm), 413 

the calcium-dependent signal from the green calcium sensor (470 nm), and the red calcium 414 

sensor (560 nm) in sequence. In that case, it is possible to rely on the isosbestic point of the green 415 

sensor for movement correction. Finally, when performing dual color imaging, it is best to acquire 416 

stronger signal from the red calcium sensor (e.g., from cell somas) because these have weaker 417 

fluorescence emissions compared to green sensors. 418 

 419 

New genetically encoded fluorescent sensors have been developed for rapid and specific in vivo 420 

detection of neurotransmitter release22–24. These sensors emit green fluorescence when bound 421 

with their respective endogenous ligand and can be combined with red-shifted GECIs, such as 422 

jrGECO1a, for simultaneous detection of neurotransmitter release concurrently with changes in 423 

neuronal activity from single multiple optic fibers5,27.  424 

 425 

Fiber photometry provides exquisite flexibility to monitor neural activity in freely-moving animals 426 

through flexible and lightweight optic fiber patch cords. However, it is not well-suited for 427 

situations requiring movement between compartments, such as light-dark chamber tests. This 428 

will be possible with further developments in the wireless photometry system28. Finally, while it 429 

provides great advantages when monitoring neural dynamics from multiple brain regions, or 430 

from distinct neural populations, the signal obtained in fiber photometry is an aggregate of many 431 

neurons that may not fire with the same temporal dynamics and will not be resolved. However, 432 

it provides a complementary approach to in vivo microendoscopic calcium imaging resolving 433 

somatic calcium signal from tens to hundreds of individual neurons29. Finally, when recording 434 

from multiple fibers in one single animal, it may be difficult to differentiate whether the signal is 435 

coming from the terminals or from cell somas. Carefully designing experiments can overcome 436 

most of these limitations. However, the development of new GECIs exclusively localized at cell 437 

somas will provide more resolution during multi-fiber calcium imaging experiments.  438 

 439 
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Fiber photometry

Multi-Fiber 
photometry

AAV-GCaMP6s
Dual color 

photometry

AAV-DIO-jrGECO1a

Combined expression of green and red GECIs for dual color Ca2+ imaging. 
In this example, green fluorescence from axon terminals and red fluores-
cence from cell bodies can be measured simultaneously from the same im-
planted optic fiber. 

(1)

(2)

AAV-GCaMP6s or
 AAV-DIO-GCamP6s 

(cre-expressing animals)

Region specific and/or genetically-de-
fined expression of GECI for local 
cell-bodies (1) or axon-terminals (2) Ca2+ 
imaging. 

AAV-DIO-GCaMP6s retroAAV-cre

Intersectional viral strategy to specifically expressed GECI in project-
ing-specifc neurons. In this example, a retroAAV-cre is injected in the target-
ed brain region and a cre-dependent AAV encoding GCaMP is injected in 
the brain region of origin. Optic fiber cannula is implanted to target cell 
bodies for robust calcium-dependent signal recording. 
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Name of Material/Equipment Company Catalog Number

1/4"-20 Stainless Steel Cap Screw, 1" Long Thorlabs SH25S100

1/4"-20 Stainless Steel Cap Screw, 1/2" Long Thorlabs SH25S050

1/4"-20 Stainless Steel Cap Screw, 3/8" Long Thorlabs SH25S038

1000 µm, 0.50 NA, SMA-SMA Fiber Patch Cable Thorlabs M59L01

12.7 mm Optical Post Thorlabs TR30/M

12.7 mm Pedestal Post Holder Thorlabs PH20EM

15 V, 2.4 A Power Supply Unit with 3.5 mm Jack Connector for T-CubeThorlabs KPS101

20x objective Thorlabs RMS20X

30 mm Cage Cube with Dichroic Filter Mount Thorlabs CM1-DCH/M

405 nm LED 

Doric 

Lenses CLED_405

410 nm bandpass filter Thorlabs FB410-10

465 nm. LED

Doric 

Lenses CLED_465

470 nm bandpass filter Thorlabs FB470-10

560 nm bandpass filter Semrock FF01-560/14-25

560 nm LED

Doric 

Lenses CLED_560

5-axis kinematic Mount Thorlabs K5X1

Achromatic Doublet Thorlabs AC254-035-A-ML

Adaptor for 405 collimator Thorlabs AD11F

Adaptor for ajustable collimator Thorlabs AD127-F

Aluminum Breadboard Thorlabs MB1824

Clamping Fork Thorlabs CF125

Cube connector Thorlabs CM1-CC

Dual 493/574 dichroic Semrock FF493/574-Di01-25x36

Emission filter for GCaMP6 Semrock FF01-535/22-25

Enclosure with Black Hardboard Panels Thorlabs XE25C9

Externally SM1-Threaded End Cap for Machining Thorlabs SM1CP2M

Fast-change SM1 Lens Tube Filter Holder Thorlabs SM1QP

Fixed Collimator for 405 nm light Thorlabs F671SMA-405

Fixed collimator for 470 and 560 nm light Thorlabs F240SMA-532

Green emission filter Semrock FF01-520/35-25

High-Resolution USB 3.0 CMOS Camera Thorlabs DCC3260M

Light beam splitter

Neurophot

ometrics SPLIT

Longpass Dichroic Mirror, 425 nm Cutoff Thorlabs DMLP425R

Longpass Dichroic Mirror, 495 nm Cutoff Semrock FF495-Di03

Metabond dental cement C&B

M8 - M8 cable 

Doric 

Lenses Cable_M8-M8

Optic fiber cannulas

Doric 

Lenses
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Optic fiber Patchcords

Doric 

Lenses

Red emission filter Semrock FF01-600/37-25

T7 LabJack LabJack

T-cube LED Driver Thorlabs LEDD1B

USB 3.0 I/O Cable, Hirose 25, for DCC3240 Thorlabs CAB-DCU-T3
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We thank the reviewers for their enthusiasm for our manuscript and their constructive 
comments. We have addressed each point below.  
 
Editorial comments: 
 
General: 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or grammar issues. 
2. Please print and sign the attached Author License Agreement (ALA). Please then scan and upload the signed ALA with the 
manuscript files to your Editorial Manager account. 
3. Please ensure that the manuscript is formatted according to JoVE guidelines–letter (8.5” x 11”) page size, 1-inch margins, 12 
pt Calibri font throughout, all text aligned to the left margin, single spacing within paragraphs, and spaces between all 
paragraphs and protocol steps/substeps. 
4. Please reduce the number of personal pronouns (we, you, your) used. 
5. Please include email addresses for all authors. 

All these points have now been addressed.  
 
Protocol: 
1. Everything in the protocol (except for the introductory ethics statement) should be in a numbered step (in the imperative 
tense and of no more than 4 sentences), header, or ‘Note’. Please move the introductory paragraphs of the protocol to the 
Introduction, Results, or Discussion (as appropriate) or break into steps. 

Information in the introductory paragraphs have been moved to the appropriate section. All 
steps in the protocol are now numbered.  
 
2. There is a 10 page limit for the Protocol, but there is a 2.75 page limit for filmable content. Please highlight 2.75 pages or less 
of the Protocol (including headers and spacing) that identifies the essential steps of the protocol for the video, i.e., the steps 
that should be visualized to tell the most cohesive story of the Protocol. Remember that non-highlighted Protocol steps will 
remain in the manuscript, and therefore will still be available to the reader. 

Essential steps have been highlighted. 
 
3. For each protocol step/substep, please ensure you answer the “how” question, i.e., how is the step performed? Alternatively, 
add references to published material specifying how to perform the protocol action. If revisions cause a step to have more than 
2-3 actions and 4 sentences per step, please split into separate steps or substeps. 

Each step/substep now answers the ‘’how’’ question.  
 
Specific Protocol steps: 
1. 4, introductory note: Please include this work in the references and cite appropriately. 
We now cite Sparta et al., as suggested by reviewer#1.   
 
Figures: 
1. Figure 4: There is no panel D. 

The panels were renamed on the figure 4. 
 
References: 
1. Please ensure references have a consistent format. 

All references now have a consistent format.  
 
Table of Materials: 
1. Please ensure the Table of Materials has information on all materials and equipment used, especially those mentioned in the 
Protocol. 
 
 
Reviewers' comments: 
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Reviewer #1:  
Manuscript Summary: 
Martianova, Aronson, and Proulx provide a protocol for Multi-fiber photometry including specifics for how to correct artifacts 
and image in multiple colors. 
 
Major Concerns: 
1. The authors should better define what an isosbestic control is. An extra 1-2 sentences would be well worth the space for a 
naïve reader. 

We now added this description of the isosbestic point in the introduction: ‘ To disambiguate 
signal from noise, we can exploit a property of GCaMP known as the “isosbestic point.” Briefly, 
with GCaMP, as you shift the wavelength of the excitation light 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 you excite GCaMP at this point, its emission is agnostic to changes 
in internal calcium concentrations and variance in your signal is due, most often, to attenuation 
of signal from overbending of the fiber optic patchcord or movement of the neural tissue 
relative to the implanted fiber.’’ 
 
2. Line 64-While the authors are justified in making a comparison between photometry and single-units, I am not certain that 
their comparison is exactly fair. Photometry is also likely to be biased towards certain cell types based on cell size, firing rate, or 
differences in calcium usage/buffering. These issues are not discussed in the sentences that follow when discussing pros and 
cons of photometry. It might be best for the authors to consider a table to make comparisons of specific pros and cons or to 
compare point for point in the text. 
We agree with the reviewer’s comment. We have changed the section comparing both 
approaches to focus of the main advantages fiber photometry offers vs traditional approaches.  

 
3. A major advantage over single-units that the authors miss is the ability of photometry to record from axon terminals (e.g., 
Barker et al., 2017; Siciliano & Tye 2018). 

This detail has been added to the text and these references were added.  
 
4. Line 152- I disagree with linking the Jove article here and would recommend linking the Sparta et al. 2012 Nature Protocol. 
The linked protocol fails to use skull screws and also only implants a single optical fiber. Recordings are far more stable 
(especially by inexperienced personnel) with skull screws and knowledge of how to implant multiple fibers is critical for the 
current protocol. 

We now also refer to Sparta et al. 2012 Nature Protocol. We also recommend using Metabond 
dental cement in cases where anchoring screws can’t be used.  
 
5. Line 198-There is a fairly strong argument that robust Z-scores should be used instead of standard z-scores for the 
normalization. In short, calcium transients raise the mean value in the GCaMP but not isosbestic signal. Thus, a normalization 
based on the median is probably better than one based on the mean. 
Standard Z-scores were changed to robust. 
 
6. The section on leak correction (section 7) doesn't sit well with me. This is a theoretical correction that is likely subject to 
circumstantial changes. Even the corrected signal shown by the authors as an example shows signs of influence. I'm questioning 
why the two channels are simultaneously excited, as in the original Kim et al 2016 FIP paper, the GCaMP and RCaMP excitation 
are interleaved. I can only assume that this relates to the desire to maintain a certain sampling rate and also maintain the 
isosbestic control. I have many thoughts on this subject, so let me try to break them down: 
 
a. In truth, multi-color imaging is probably best done with a system using single fibers and modulation and not an FIP system. 
This seems to be the best way to keep temporal resolution and isolate channels. The authors don't mention much about this 
approach nor do they mention the limitations of red sensors (i.e., weaker compared to green). 



b. If the isosbestic control doesn't work for jrGECO, why can't the 405 and 560nm stimulations be simultaneous to eliminate the 
cross-talk seen? These wavelengths are far further apart and the green emission is probably less or less influential. 
c. Is the sampling loss for triple-interleaving really worth the cross-talk here 
d. Is the isosbestic control necessary if it fails to work for both channels? Would this be a case where the GFP control mice or 
GFP/RFP control mice have an advantage? 
e. In summary, most of the authors protocol fits with what I would consider the 'industry standard' or close to it. Perhaps the 
authors feel that this approach in section 7 is also the industry standard, but having thought a lot about the analysis of this type 
of data over the past 4-5 years, I'm not certain that this is an approach I would allow through when reviewing a paper without 
all of these same questions. Truthfully, I also think that it would be very difficult for the authors to prove that this approach 
never fails and influences data. My suggestion is to re-think or even remove this section. 

 

We appreciate and agree with the reviewer’s comments and suggestions for section 7 on dual 
color imaging. We have removed this section and added a section in the discussion on 
important considerations when implementing dual color imaging. 
 
Minor Concerns: 
1. The authors have some grammatical and typographical errors. Some instances are indicated below, but an additional proof-
read would be worthwhile. 

We carefully proofread our document.  
 

2. Line 57- should to "to fluoresce" instead of "to fluorescence". 

Fluorescence has been changed for fluoresce.  
 
3. Line 87- should be "built". 

Now corrected.  
 
4. It would be helpful for the text protocol in section 1 to link to the pictures of the parts in figure 2. While the video will help 
with this, individuals will in some cases be working off of only the text protocol. 

Thanks for this suggestion. References to parts on the picture are now added in the protocol 
section.  
 
5. Line 134- How does one determine if leakage is within 1:1000? What is this a ratio of? 

We now describe how to determine the leakage in the protocol.  
 
6. Line 142- 'can reach any places of the arena' should be 'can freely move throughout the entire arena' (fix awkward phrasing). 

Now corrected. 
 
7. Line 172- It may also be worth linking the Thor Labs connectors (ADAF2 and ADAL3) as potential options for photometry. 

Now mentioned in section 4 of the protocol, step 6. 
 
8. Section 5- The data analysis for photometry is probably one of the more contentious areas of the technique right now. The 
authors approach seems highly reasonable to me, but it is probably worth noting that this is just one approach. 

We added a header to the Section 5 saying that we describe one of the methods of data 
processing.  
 
9. Line 222- Has data for this been reported? Can the authors cite or provide this data for jrGECO1a not having this isosbestic 
point? wasn't RCaMP initially reported to share this isosbestic point? empirical evidence or citations will be helpful for those 
implementing this protocol. 
To our knowledge, with the exception of R-CaMP2 in Kim et al. Nat Prot. (2016), isosbestic point 
has not been systematically characterized for red-shifted GECIs. We have removed this 



statement and we now discuss strategies to correct calcium-dependent signals during dual-
color imaging.    
 
Reviewer #2:  
Manuscript Summary: 
In this protocol paper authors describe procedures to acquire fluorescence calcium singnal through single or multiple fibers, 
correct for the baseline fluctuations such as photobleaching and motion artifacts. Furthermore, authors describe procedures 
how to record two-color fluorescence signals and avoid contamination of a red-shifted spectral channel by the light from the 
green-shifted spectral channel. The protocol is concise and informative especially for the groups which plan to build or start 
using photometry. I would like to thank authors for this useful summary. However, to my oppinion, the manuscript is missing 
few citations and additional but breif discussion on chemodynamic and motion artifact contribution to the GCaMP and RCaMP 
fluorescence signals. 
 
Major Concerns: 
1. Line 72: "simultaneously monitor neural activity from several brain regions". Here authors should include citations Kim et al. 
"Simultaneous fast measurement of circuit dynamics at multiple sites across the mammalian brain" 2016 and Sych et al. "High-
density multi-fiber photometry for studying large-scale brain circuit dynamics" 2019. 
Thank for pointing these omissions. These citations have now been inserted.  

 
2. Line 96 "or using other programming language". Here authors should include citation of Thomas Akam and Mark E. Walton 
"pyPhotometry: Open source Python based hardware and software for fiber photometry data acquisition" as the alternative to 
Matlab and open-source software. 
This reference has now been added.  
 
3. Line 200 Is it okay to constrain your regression to be non-negative linear regression on z-scored data? Z-scored time traces 
could go below mean over time (for example for 410 nm and in the opposite direction for 470 nm) which would mean that the 
slope to the fit (a-coefficient) could be negative or this never happens? 
All slope corrections are done before z-score calculation. If there are changes in the z-score 410 
and 470 signals because movement, these changes positively correlate. 

 
4. Line 211 "(e.g. jrGECO1a)" may be worth mentioning for jrGECO1a , if combined for dual-color imaging, is more suitable for 
continous wave illumination at 470nm because "R-GECO1 displayed significant photoactivation after illumination (~2-fold) with 
405 nm, 488 nm and 561 nm light for both calcium-free and calcium-loaded states of the protein" from Akerboom et al. 
"Genetically encoded calcium indicators for multi-color neural activity imaging and combination with optogenetics" 2013. 
Thanks, this is an important point raised by the reviewer. We now discuss this point in the 
discussion on dual color imaging.  

 
5. Line 373 "The signal recorded with the 410 nm excitation wavelength is used as a control for calcium-independent movement 
and artefact changes in fluorescence intensity." Could authors comment on the baseline dynamics, do motion artifacts and or 
chemodynamic contributions differ for the GCaMP and RCaMP recordings? 
Most motion artifacts are due to the movement of the patch cord, and should be equal for both 
GCaMP and RCaMP. We never systematically compared the chemodynamic (hemodynamic?) 
contribution to GCaMP and RCaMP signals and we cannot confidently comment on this issue.  

 
6.. Line 403 "Most of the recording has an exponential decrease in fluorescence." Do authors mean photo-bleaching related 
slow decay? if yes could authors add it to the text. Otherwise describe other reasons e.g., if appropriate, a mechanical drift of 
fiber bundle across ROI field-of-view etc. 

Photobleaching, autofluorescence in fibers, and heat-mediated LED decay all contribute to this. 
We have added a sentence in the text. 

 
7. Line 425 "will be possible with development in wireless photometry system" this system already exists, please cite Lu et al. 
"Wireless optoelectronic photometers for monitoring neuronal dynamics in the deep brain" 2018. 



 

This citation has now been added.  
 
Minor Concerns: 
1. Line 196 hyperlink to (https://github.com/zmzhang/airPLS)11 does not work because it includes citation superscript 11, 
please correct. 

Has been fixed.  
 
2. Line 313 "7 - converging lens" is usually called tube lens. 
We replaced converging lens for tube lens.  
 
Reviewer #3: 
Manuscript Summary: 
The manuscript reports a protocol for in-vivo multi-site fiber photometry experiments using genetically-encoded calcium 
indicators. The protocol is fairly detailed and it justifies the use of certain techniques in general terms. Although this manuscript 
has specific considerations for the Neurophotonics system, it is also, to a large extent, generalizable to other fiber photometry 
systems. However, the text can be improved on several minor issues. 
 
Minor Concerns: 
1) The 400um fiber optic chords usually results in a serious limitation to behavioral experiments as it limits the movement of 
mice. This problem can be overcome by pre-training mice with dummy cables. It would be helpful if this point is mentioned in 
the manuscript. 
We agree with the review’s point. We have added this suggestion in the manuscript and also 
recommend using 200uM patchcords. 

 
2) One of the main features of the analysis of the in-vivo fiber photometry experiments is the extraction of the time points for 
the events of interest (e.g., shock, tone). The neurophotonics system does not offer a built-in system for generating TTLs for 
specific events. Alternative approaches should be explained in the manuscript. 
We now raise this concern and recommend using the computer clock to time stamp signal and 
events during experiments.  
 
3) One potential problem for the multi-site fiber photometry experiments using the same excitation/emission wavelengths for 
different brain regions is the antero/retrograde properties of GCaMP. This may confound the source of the emission 
wavelength, given that the signals from soma versus terminals may not be differentiated. Therefore, a careful experimental 
design is required. This point can be mentioned in the manuscript. In addition, special considerations for multi-site fiber 
photometry versus single-site fiber photometry should be discussed. 
In future directions, we discuss how the advent of somatically localized GECIs would provide 
more resolution during multi-fiber calcium imaging experiments.  
 

https://github.com/zmzhang/airPLS

