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Abstract 8 

Over the last decade, developments in calcium imaging have provided helpful tools for the 9 

study of brain function. This review describes recent advances in the field, especially regarding the 10 

two main techniques used to record neurophysiological activity in freely moving animals: fiber 11 

photometry and miniaturized endoscopes (miniscopes). Fiber photometry is used to investigate bulk 12 

activity changes in synchronous-firing neuronal populations while miniscopes can be used to 13 

visualize neuronal activity at the single-cell level. This review compares the implementation (e.g. 14 

technical considerations, surgeries), data acquisition, and data analysis of both techniques, providing 15 

insights into the types of research questions suitable for each method. 16 

1 Introduction – A brief history of calcium imaging 17 

To study brain function in the context of Behavioral Neuroscience, various manipulations of 18 

brain activity such as pharmacology, optogenetics, or chemogenetics have been used. These 19 

interventionistic methods of study allow scientists to make claims of function in a counterfactual 20 

manner: “activity of cell-type X in brain region Y is necessary and sufficient for behavior Z”. 21 

However, if one wants to observe patterns that emerge in the animal’s brain in a more naturalistic 22 

way, methods of direct assessment of brain activity are necessary. 23 

One such method is in vivo recording of electrophysiological parameters, which provides 24 

unparalleled temporal accuracy and accurate estimation of spike timing of single units (Li et al., 25 

2019). For decades, the field was predominantly attempting to unveil mechanisms of information 26 

encoding at the single-cell level, using techniques as patch-clamping in slices of brain tissue. The 27 

idea of using multicellular electrophysiology to assess simultaneous brain activity in vivo was met 28 

with significant skepticism: the brain was thought to be too complex to be usefully reduced to the 29 

encoding properties of only a few dozen single-units (Nicolelis, 2011). This was first proven wrong 30 

in the late 90s, in an experiment that demonstrated that the activity of 30-40 neurons accurately 31 

encoded the information of the location of a tactile stimulus (Nicolelis et al., 1998). Since then, in 32 

vivo electrophysiology has seen significant advances, culminating in inventions such as the 33 

neuropixel probe (Jun et al., 2017), which can record thousands of single units simultaneously in 34 

multiple brain regions. 35 
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In line with the growing interest in the investigation of neuronal population dynamics, calcium 36 

imaging technology has evolved concurrently. Initially, this method was performed with small 37 

calcium-sensitive dyes (Cobbold & Rink, 1987), and more recently with genetically encoded calcium 38 

indicators (GECIs) such as GCaMP (Nakai, Ohkura, & Imoto, 2001). The main advantage of GECIs 39 

over calcium-sensitive dyes is that they can be expressed long-term and can potentially bypass 40 

invasive loading procedures with the use of transgenic lines.  41 

Calcium imaging utilizes a reporter that transforms calcium availability – which is a second-42 

order effect of cell activity – into a fluorescent signal (Scanziani & Häusser, 2009). Therefore, this 43 

method is necessarily indirect, and it consequently has a poorer temporal resolution than 44 

electrophysiology due to limitations intrinsic to the dynamics of the calcium indicator. However, 45 

calcium imaging has a great advantage over in vivo electrophysiology, which is the ability to target 46 

specific neuronal-projections, cell-types, or even subcellular structures, allowing for microcircuit-47 

level studies (Campos, 2019).  48 

In vivo calcium imaging has commonly been performed with head-fixed animals and two-49 

photon microscopy. Two-photon microscopy has several advantages over one-photon/widefield 50 

microscopy, including better tissue penetration, less phototoxicity due to the use of longer 51 

wavelengths, and the fact that excitation light is focused on a very narrow focal plane, resulting in a 52 

better signal-to-noise ratio (Helmchen, 2009). However, the necessity to head-fixate animals and the 53 

average price of a two-photon setup being around half-a-million dollars (Girven & Sparta, 2017) has 54 

instigated the necessity to search for cheaper 1-photon alternatives that could be used in freely 55 

moving animals. Furthermore, a comparison of the same sample under one-photon and two-photon 56 

microscopy have shown that both techniques yielded the same neurons in the image stack and with a 57 

similar pattern of signal acquisition (Glas et al., 2019), implying that one-photon can yield similar 58 

results to two-photon approaches. 59 

This review will discuss two main techniques of one-photon in vivo calcium imaging that allow 60 

Behavioral Neuroscience studies in freely moving animals: fiber photometry and miniaturized 61 

endoscopes (miniscopes). Each technique will be examined and compared in multiple aspects, 62 

including surgeries, impact on behavior, data interpretation, and data analysis. We will describe 63 

which technique is more appropriate based upon one’s research question and conclude with 64 

perspectives for the field of Behavioral Neuroscience, indicating current limitations and how they 65 

could be overcome with future technological advances. 66 

2 GCaMP usage in calcium imaging 67 

Neuronal activity is primarily an electric phenomenon which can be visualized directly using 68 

voltage indicator probes (Barnett et al., 2012), or indirectly by targeting molecules that increase in 69 

concentration as a result of cell activity, such as fluorescent biosensors for neurotransmitters (Marvin 70 

et al., 2013) or ion sensors (Arosio & Ratto, 2014). The use of voltage indicator allows for a greater 71 

temporal resolution, but their use is currently limited due to poor signal-to-noise ratio (Resendez et 72 

al., 2016). The remainder of the review will focus mainly on calcium indicators as they are the most 73 

commonly used probe for FP and miniscopes. 74 

One of the numerous downstream consequences of neuronal activity is the increase in 75 

intracellular calcium (Ross, 1989). Calcium is important as second-messenger for many biological 76 

functions: G-protein coupled receptor activation cascades (Ma et al., 2017), neurochemicals 77 

exocytosis (Augustine, Charlton, & Smith, 1985), and synaptic plasticity (Zucker, 1999). Because 78 

calcium has a very low intracellular concentration when a neuron is inactive (0.05-0.1 mM) and a 79 

significantly higher concentration when a neuron is active (0.7-1 mM), it is a reliable target for optic 80 
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probing, with a distinguishable signal-to-noise ratio between both states of activity (Oh, Lee, & 81 

Kaang, 2019). 82 

The GCaMP protein is comprised of three portions: cpGFP (a fluorescent indicator), 83 

calmodulin (a highly sensitive calcium sensor), and M13 (a small peptide that allows a dynamic 84 

change between active and inactive states). cpGFP becomes fluorescent when excited with light in 85 

the blue color-range (around 470-490 nm). Because some energy is lost to vibration, the emitted 86 

photons from the reporter are in the green color range (around 510 nm). The difference between 87 

excitation and emission light is called Stokes Shift, and it allows the separation of excitation and 88 

emission photons with optical filters (Berezin & Achilefu, 2010). 89 

The molecule of GCaMP has two conformations (Figure 1): unbound to Ca2+, which emits less 90 

fluorescence, and bound to Ca2+, which has a different protonation state (Barnett, Hughes, & 91 

Drobizhev, 2017) and results in a different protein conformation that emits significantly more 92 

fluorescence compared to the unbound conformation – for instance, a variant of GCaMP with fast 93 

kinetics (GCaMP6f) fluoresces 27 times more in a calcium-saturated state compared to a calcium-94 

depleted state (Farhana et al., 2019). Because of the pronounced 7- to 20-fold increase in calcium 95 

availability during the active neuronal state compared to the inactive state, GCaMP fluorescence can, 96 

therefore, serve as a reliable indicator of intracellular calcium concentration, which is, in turn, an 97 

indirect measurement of neuronal activity. 98 

 99 
Figure 1. Schematic of conformations of GCaMP, unbound and bound to calcium ions. 100 

GCaMP is an intensiometric indicator, which means that the fluorescent signal observed 101 

depends on the concentration of GCaMP in the animal’s brain. It is necessary to be cognizant of 102 

GCaMP photobleaching – i.e. the excitation light causes the degradation of GCaMP molecules – 103 

throughout a recording session. These two factors complicate the data analysis comparisons (1) 104 

between animals since different organisms will inevitably have different intracellular GCaMP levels, 105 

and (2) in the same animal because the bleaching will decrease baseline fluorescence at different 106 

timepoints of training. This is commonly addressed by using a ratio of fluorescence between active 107 

periods and baseline (ΔF/F, see Section 8.1): although the absolute magnitude of GCaMP 108 

fluorescence might be different, the relative proportion of activity over baseline should be 109 

approximately the same, which allows comparisons of the signal within the same animal at different 110 

points in time, and also between different animals. 111 

The potency of calcium indicators has significantly improved since the development of the 112 

original GCaMP probe (Nakai et al., 2001). Every iteration has roughly led to a 1.5-2x improvement 113 

of signal linearity and sensitivity (Akerboom et al., 2012; Chen et al., 2013; Tian et al., 2009). Recent 114 

innovations include the development of jGCaMP7, which has on average has 40% greater ΔF/F 115 

compared to its predecessor GCaMP6 (Dana et al., 2019), and XGCaMP, which has a four-color 116 

suite of probes which can be used for multi-color imaging (Inoue et al., 2019). Multicolor calcium 117 

indicators can be applied with photometry systems, allowing the observation of two GECIs with 118 
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different excitation spectra simultaneously. This allows, for instance, the combination of a red-shifted 119 

calcium indicator combined with a green-fluorescent probe for dopamine (Beyene et al., 2018) or 120 

simultaneous photometry measurements with optogenetics intervention in the same brain region 121 

(Sych et al., 2019). The advantages of multicolor GCaMP suites are less applicable to miniscopes 122 

because GRIN lenses are not appropriate to be used with red/far-red indicators (Ghosh et al., 2011). 123 

There are several challenges when using this probe: GCaMP interferes with the kinetics of L-124 

type calcium channels (Yang et al., 2018) and there is a strong buffering of intracellular Ca2+ which 125 

may lead to cytotoxicity (Resendez et al., 2016). These problems can partially be avoided by 126 

reducing intracellular GCaMP levels, at the cost of a poorer signal to noise ratio. Therefore, an initial 127 

dilution study is often recommended to determine optimal GCaMP expression for FP and miniscope 128 

implementation. Furthermore, abnormalities in brain function have been reported in transgenic 129 

GCaMP lines (Steinmetz et al., 2017). Transgenic lines can be replaced by cre-dependent lines to 130 

bypass this problem, but that requires an additional virus injection in the target brain region.  131 

In the context of Behavioral Neuroscience, GCaMP data is often synced with behavioral data, 132 

usually by performing a low-pass filter to infer spiking activity based on the fluorescence data. 133 

Because there are GCaMP molecules with different kinetics, the output data depends on the decay 134 

time of the probe used (Figure 2A). A confounding effect of the inference of spiking activity is the 135 

fact that the concentration of calcium in the neuron remains elevated after activity – such that a 1 ms 136 

action potential can potentially increase GCaMP fluorescence for 1-10 s (Sabatini, 2019). This has a 137 

consequence of reducing the correlation of fluorescence data and the true spiking, such that slower 138 

the kinetics of GCaMP, the poorer this correlation is (Figure 2B). When using a slow GCaMP 139 

variant, the utilization of a simple low-pass filter processing results in the obfuscation of fast-140 

consecutive spikes, which could result in false-negative findings (Figure 2C) (Sabatini, 2019). This 141 

problem can be minimized by performing deconvoluting processing, i.e. using a more complex 142 

algorithm that accounts for GCaMP kinetics and the temporal information of the spiking activity to 143 

accurately infer cellular activity. (Figure 2D) 144 

 145 

Figure 2. Filtering of spiking by GCaMP kinetics. (A) A single impulse generates different 146 

fluorescence signals depending on the GCaMP type used. (B) The slower GCaMP types have 147 
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lesser correlation coefficients between impulse and modeled fluorescent data (0.43, 0.19, and 148 

0.14 for simulated decay times of 10, 40, and 100 ms, respectively). (C) A low-pass filter can 149 

lose fast consecutive spikes because the immediate neighboring signal has a higher baseline. 150 

(D) A deconvolution algorithm uses the information from GCaMP and the proximity of 151 

fluorescent activity to achieve better results. Data recreated utilizing a MATLAB script 152 

available on github.com/bernardosabatini/impulseCorrelations/.     153 

In summary, GCaMP is one of the most commonly used and most rapidly developing GECIs in 154 

the field of neuroscience because it is one of the best optic probes in terms of signal-to-noise ratio 155 

and the fact that calcium influx is a reliable biological metric of neuronal activity. However, it is 156 

necessary to keep the limitations of GCaMP in mind: (1) it may have effects on normal physiology, 157 

especially when overexpressed in the cell. This can be minimized by an initial dilution study before 158 

the experiment; (2) it is not a real-time probe since the activity spike occurs before the influx of 159 

calcium. This, in turn, can be corrected by adding a deconvolution step in the data analysis.  160 

3 Fiber photometry (FP) 161 

FP is a calcium imaging method that uses a single patch cable, connected to an implanted fiber, 162 

to guide both excitation of the fluorescent probe and collection of the fluorescence signal (Figure 3).  163 

The light emitted by GCaMP in the brain of the animal can be subsequently separated with optical 164 

filters before reaching a highly sensitive detector. This analog input is converted into a digital signal: 165 

a one-dimensional trace that represents the fluorescence output of all GCaMP-tagged neurons within 166 

range of the fiber tip. Compared to traditional techniques such as electrophysiology, FP is more 167 

efficient in terms of data collection and ease of use, more stable for long-term analysis, and less 168 

expensive (Li et al., 2019). 169 

 170 

Figure 3. Simplified setup of a two-color photometry system (see Section 8.1 for the analysis 171 

pipeline). Adapted from Zalocusky et al. (2016). 172 

While it lacks spatial information, FP is useful to study bulk activity of specific neuronal 173 

populations, since GCaMP can be expressed in specific cell types. Furthermore, because FP uses 174 

either a low-noise amplified photodetector or a photomultiplier tube, it has a sensitivity in the level of 175 

https://github.com/bernardosabatini/impulseCorrelations
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single photons, allowing detection of low levels of activity in soma, dendrites, and axons (Dana et al., 176 

2019). The use of a lock-in amplifier and high sensitivity detectors also allow for multiple hour-long 177 

recordings over multiple weeks with minimal signal loss due to low excitation light intensity required 178 

(Simone et al., 2018). Furthermore, it is possible to implant several fibers to assess the activity of 179 

multiple brain regions simultaneously (Kim et al., 2016) due to the relatively small size of the 180 

implant (200-400μm). 181 

Traditional FP has a larger cone of detection (200-450 μm) (Kupferschmidt et al., 2017; 182 

Pisanello et al., 2018) compared to the relative narrow z-resolution of the miniscope (33.35 μm per 183 

plane of focus) (Glas et al., 2019). Recent developments with tapered fiber tips allow for light 184 

collection up to 2000 μm depth, while their decreased surface area also reduces the amount of tissue 185 

damage (Pisano et al., 2019). Therefore, FP seems to be the most appropriate option to study the 186 

dynamics of sporadically tagged neurons, since it is unlikely that miniscopes would capture multiple 187 

cells from a sparse neuronal population within a single detection plane. 188 

In summary, FP is used to assess bulk activity of neuronal populations in freely moving 189 

animals. The main limitation of the technique is the lack of spatial information, which makes it 190 

possible to use more sensitive detectors and have a great volume of acquisition, while simplifying 191 

several steps of implementation (surgery, data acquisition, and data analysis), making it a relatively 192 

straightforward technique to establish in the lab. 193 

4 Miniscopes 194 

For a long time, the main limitation of one-photon calcium imaging was that brain tissue 195 

presents high levels of light scattering (Bollmann & Engert, 2009; Hamel et al., 2015), which 196 

explains why miniscopes were initially developed with two-photon technology. The original system 197 

essentially connected excitatory light from a two-photon tabletop system into a fiber that could be 198 

implanted in the animals’ head, with the original implant weighing about 25 g (Helmchen et al., 199 

2001). While other lighter two-photon miniscopes have been developed and used successfully since 200 

then, the technical challenges of optical limitations, inferior sampling rates, and movement artifacts 201 

originating from the use of long wavelengths in femtosecond pulses (Silva, 2017) have instigated the 202 

search for one-photon miniscope alternatives. 203 

The problem of one-photon light scattering and consequent inability to reach more deeply 204 

than a few millimeters in the brain (Ouzounov et al., 2017) has been partially addressed by the 205 

development of GRIN lenses. GRIN lenses have a radially-varying index of refraction, which 206 

maximizes the amount of light that reaches the sensor while minimizing optical aberrations (Barretto, 207 

Messerschmidt, & Schnitzer, 2009). The miniscope contains a GRIN objective (1.8 to 2.0 mm 208 

diameter; Figure 4A), which is sufficient for cortical imaging (Aharoni & Hoogland, 2019). Deeper 209 

brain regions require implantation of a second GRIN relay lens (ranging from 500 μm to 1000 μm in 210 

diameter; Figure 4B). 211 
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 212 

Figure 4. Schematic of types of miniscope recording. (A) Superficial cortical recording. (B) 213 

Deep brain imaging  214 

The first one-photon miniaturized microscope that allowed for single-cell resolution was 215 

developed first by the Schnitzer group at Stanford (Ghosh et al., 2011). Advances in miniaturization 216 

technology were used to replace the main components of a traditional widefield microscope with 217 

something that the animal could carry on top of its head: they replaced a lamp with a LED, a huge 218 

CCD sensor with a tiny CMOS sensor and a big objective by a small GRIN lens (Figure 5A). The 219 

development of miniscopes was a substantial advance for Behavioral Neuroscience: miniscope data 220 

allows researchers to visually observe the same neuronal population over multiple weeks (Figure 221 

5B) while distinguishing the contributions of single neurons to behavior (Figure 5C).  222 

 223 

Figure 5. Schematic of miniscope structure and data visualization. (A) General components 224 

of a miniscope; (B) Neuronal populations observed with a miniscope camera; (C) ΔF/F traces 225 

for single neurons in miniscope data (see Section 8.2 for specifics of the analysis pipeline). 226 
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The use of miniscopes poses technical challenges involving surgery, impact on behavior, and 227 

data analysis, which will be described in the following sections (see Sections 5, 6, and 7). Other 228 

disadvantages include that there are no waterproof miniscopes, rendering it unfeasible for behavioral 229 

paradigms such as the Morris water maze or the forced swim test (Resendez & Stuber, 2015). 230 

Furthermore, modern miniscopes systems have limited acquisition frame rates, precluding the use of 231 

temporally precise voltage-sensors (Hamel et al., 2015).  232 

In summary, miniscopes can provide significantly more information than fiber photometry: 233 

rather than collapsing all information into a single dimension, miniscope data preserves the spatial 234 

organization of the neurons in the field-of-view. However, while providing single-cell resolution, the 235 

system is more technically challenging to implement and more difficult to analyze. 236 

5 Surgery 237 

FP and miniscope both require stereotactic surgery to ensure accurate implant placement. 238 

Surgical procedures are similar: (1) Virus injection to express GCaMP (when not using a transgenic 239 

line); (2) implantation of fiber/GRIN lens; (3) headcap placement; (4) for miniscope, baseplate 240 

placement to allow secure connection of the device onto the headcap. When using a viral expression 241 

of GCaMP, both techniques benefit from a preliminary dilution study, in which multiple 242 

concentrations of the virus are tested. The goal is to have optimal GCaMP expression, which is 243 

visually expressed throughout the cytosol, but not the nucleus (Resendez et al., 2016), since 244 

overexpression will lead to excessive buffering of calcium ions and eventual cell death (Grienberger 245 

& Konnerth, 2012). 246 

The placement of implants requires similar steps for both techniques: making a craniotomy, 247 

dura removal, and placement of the fiber or GRIN lens. However, a few complications may arise in 248 

the miniscope surgery due to the greater size of the implant. Large GRIN lenses also increase 249 

intracranial pressure, potentially leading to shifts in virus diffusion and subsequent mistargeted 250 

GCaMP expression. To minimize this issue, one could inject a 15% d-mannitol to reduce intracranial 251 

pressure before drilling the holes in the skull (de Groot et al., 2020). 252 

GRIN relay lenses (500 μm –1000 μm) are significantly more damaging to the brain than a 253 

fiber implant (200 μm – 400 μm) because a two-fold increase in diameter will result in a four-fold 254 

increase in volume (and thus four times more damaged or displaced cells). An important 255 

consideration is that the relative impact of the implant diminishes with the size of the animal model. 256 

For example, an implant of the same size will induce a proportionally higher volume of damage in a 257 

mouse brain, which weighs between 0.4-0.5 g, compared to a rat brain, which weighs around 2 g 258 

(Bolon & Butt, 2011).  259 

The amount of tissue damage is also dependent on the brain region of interest: the more ventral 260 

in the brain, the larger the GRIN relay lens needs to be to assure proper signal acquisition, and 261 

consequently more tissue needs to be removed for the implant. This may preclude one from using the 262 

miniscope in ventral brain regions – such as the OFC – since a significant volume of dorsal tissue 263 

would need to be removed, which could lead to confounding behavioral effects. 264 

To summarize, even though the surgery steps are similar for FP and miniscopes, the difference 265 

in implant size needs to be taken into account in the experimental design, both for which animal 266 

model to use and for which brain region one is trying to collect data from. 267 
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6 Impact on behavior 268 

FP and miniscope systems both require headcaps and the attachment of cables. Important 269 

considerations for behavior are: 1) Secondary consequences of individual housing; 2) Induction of 270 

stress related to the attachment of the animal to the device and; 3) Limitations of movement as a 271 

consequence of the size and weight distribution of the apparatus. 272 

Because the animals have a reasonably fragile implement permanently attached to the top of 273 

their heads, most protocols for FP and miniscopes advise that researchers put their animals in 274 

individual housing after surgery. Studies have shown that single housing, even in an enriched 275 

environment, leads to significant changes in stress levels (Krohn et al., 2006), therefore leading to an 276 

unknown source of unsystematic bias in behavioral studies (Manouze et al., 2019).  277 

The connection between headcap and device is different between the two techniques: attaching 278 

a cable to the animals headcap for FP is a matter of sliding a cable into a ferrule and can be 279 

performed by a single person. On the other hand, the miniscope needs to be fixed onto the baseplate 280 

with two screws, which can be more stressful for the animal. Some protocols recommend brief 281 

anesthesia every time the animal needs to be attached or detached from the miniscope (Yang et al., 282 

2015), which is problematic because repeated anesthesia has significant side-effects on the animal’s 283 

health (Hohlbaum et al., 2017) and a long-lasting effect on brain activity (Wu et al., 2019). An 284 

alternative is to perform extensive habituation, which could be aided by work with custom head-fixed 285 

setups in which the rodent can run on a treadmill (de Groot et al., 2020) while the scope is being 286 

attached to reduce the stress of the animal. The latter setup requires more extensive habituation of the 287 

animal to the setup, while also being more expensive and laborious because it requires two 288 

researchers – one who holds the ring in place and the other who secures the miniscope with screws.  289 

The miniscope headcap covers a larger skull surface area and volume compared to the fiber 290 

photometry headcap. The ring-shaped structure that supports the baseplate for the miniscope usually 291 

weighs a few grams (Resendez et al., 2016), which is often unaccounted in the miniscope weight. In 292 

terms of direct influence on behavior, it is important to consider the weight of the devices – with the 293 

photometry fiber is lighter than the miniscope device – but also how the weight is distributed: 294 

although miniscopes have become as light as 1.6 grams (de Groot et al., 2020), they still have a high 295 

center of gravity compared to fiber photometry. This creates a stronger torque and potentially 296 

interferes more intensely with the animal’s vestibular system, especially for mice compared to rats 297 

due to their smaller body size. 298 

To summarize, even though the size of a miniscope has been reduced because of rapid open-299 

source development, it is still a bigger device with a higher center of gravity and a greater impact on 300 

behavior compared to FP. 301 

7 Data acquisition 302 

Both FP and miniscope systems have commercial and open-source hardware and software for 303 

data acquisition, each with advantages and disadvantages. The main challenge in data acquisition for 304 

calcium data revolves around maintaining the same field-of-view over multiple days of recording. 305 

Regarding hardware cost, there are two big manufacturers of photometry setups which are 306 

widely adopted: Doric and Tucker-Davis Technologies. These off-the-shelf photometry systems may 307 

cost around 10,000-20,000 dollars, but recent open-source alternatives are currently available for 308 

optical components (Simone et al., 2018), the acquisition interface and GUI (Akam & Walton, 2019; 309 
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Owen & Kreitzer, 2019), resulting in a photometry system which costs about one-tenth of the price of 310 

traditional systems (Owen & Kreitzer, 2019). 311 

On the other hand, the miniscope community is intensely driven by open source contributions, 312 

which rapidly accelerates the development of new technology and design. Since the original 1P 313 

miniscope (Ghosh et al., 2011), several one-photon miniscopes systems were developed and became 314 

available to the scientific community: the NiNscope has a built-in optogenetic driver and 315 

accelerometer, the FinchScope is optimized for birds as a model species and it has a microphone to 316 

correlate vocalization with neuronal activity, the Inscopix nVista V4 has a sophisticated focusing 317 

system, such that different z-planes can be interweaved acquired very rapidly (full review available 318 

from Aharoni & Hoogland, 2019). Although off-the-shelf proprietary systems such as the Inscopix 319 

scope are priced at around 70,000 dollars, open-source alternatives such as the UCLA miniscope 320 

allow the construction of a system for about 1,500 dollars. 321 

It is critical to record the same neuronal population over multiple days to be able to accurately 322 

interpret the output. Because miniscopes have cellular visualization, one can adjust the focus ring 323 

from to maintain the same plane of acquisition. This is impossible for FP because it lacks cellular 324 

resolution. Moreover, the cable can occasionally slip from the animal’s head during FP recordings 325 

with detachable cables, resulting in the recording of a smaller subset of the tagged population over 326 

the session. This can be partially remedied by using a low-loss coupling interconnect (such as the 327 

ADAL3 from ThorLabs) between the implanted fiber and cable.  328 

During the recording session, for both FP and miniscopes, it is necessary to always have an 329 

experimenter attentive to changes in the fluorescence signal and to take note of any anomalies that 330 

might occur (e.g. animals damaging the cable). Failure to do so might lead to improperly annotated 331 

data and could lead to incorrect conclusions, e.g. decrease in fluorescence being incorrectly ascribed 332 

to changes in behavior. To minimize the chances of cable damage, a rotary joint can be used to 333 

minimize torque forces on the cable. Another promising technology to eliminate the issue of cable 334 

damage is the development of wireless photometry (Khiarak et al., 2018) or wireless miniscope 335 

systems (Barbera et al., 2019). 336 

To summarize, both FP and miniscope require thorough consideration in the steps of data 337 

acquisition to ensure that the same population is recorded over multiple days. This problem more 338 

easily dealt with in miniscopes, by manual or electronically focusing, but it can also be minimized 339 

with hardware changes in FP systems, mainly low-loss connectors. 340 

8 Data analysis 341 

FP and miniscope have significantly different analysis pipelines, owing to the greater 342 

complexity of miniscope data compared to FP data. In order to properly interpret the results, it is 343 

important to understand the core ideas of each analysis pipeline as well as limitations intrinsic to each 344 

method and associated behavioral task. 345 

8.1 Photometry data analysis 346 

In terms of data complexity, FP data constitutes a simple database that stores incoming 347 

fluorescence in a one-dimensional time series (often 100-200 MB/hour). Photometry data analysis 348 

consists of two main steps: motion correction and correlation with behavior. Movement artifacts can 349 

be resolved in two ways. One option is to use time-correlated single-photon counting, which uses 350 

rapid oscillation of the excitation light and uses post-hoc analysis to isolate the fluorescence signal 351 
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(Gunaydin et al., 2014). Another option is to make use of two excitation lights, a blue light to excite 352 

GCaMP and a purple light, which is GCaMP-insensitive and serves as a control channel (Zalocusky 353 

et al., 2016, Figure 6). With this system, the ΔF/F is calculated with a straightforward formula: 354 

𝛥𝐹

𝐹
=

𝑆𝑖𝑔𝑛𝑎𝑙490𝑛𝑚  −  𝑆𝑖𝑔𝑛𝑎𝑙405𝑛𝑚

𝑆𝑖𝑔𝑛𝑎𝑙405𝑛𝑚
  355 

 356 

Figure 6. Visualization of ΔF/F calculation for fiber photometry. Motion artifacts can be 357 

observed when the blue and purple signals follow the same pattern (grey segment). By 358 

adjusting the GCaMP-dependent signal (A) with the GCaMP-independent signal (B), it is 359 

ensured that the output (C) is representative of actual GCaMP activity. 360 

The ΔF/F signal is then usually aligned with behavioral performance, such as lever presses, 361 

nose pokes, and food magazine entries. The experimenter often chooses a time window which is 362 

representative of the brain function they would like to assess, for instance, during the preparatory 363 

attention phase in a choice paradigm to indicate impulse control or before a lever press to assess 364 

motor planning. Many parameters can be used to compare ΔF/F traces, ranging from area under the 365 

curve and maximum peak amplitude calculations, to inferences of spikes from deviations of baseline 366 

activity.  367 

Although the data acquired from the photometry setup is relatively simple, the interpretation 368 

can still be challenging. Even though movement artifacts can be corrected with a ΔF/F calculation, 369 

there is still a general effect of movement which is difficult to account for, since the execution of 370 

movement results in a brain-wide increase of activity (Musall et al., 2019) even in sensory areas 371 

(Parker et al., 2020). Because the animal is freely moving, exact behavior and movement will vary on 372 

a trial-to-trial basis, which means that even when selecting the same time windows around task 373 

events, one might find differences in fluorescence signal – not because there is a change in cognitive 374 

function, but because there is a difference in how much the animal is moving at these time points. In 375 

the context of mPFC studies, this is known as the ‘Euston-Cowen-McNaughton Hassle’ (Powell & 376 

Redish, 2016), the observation that differences in brain activity can be explained by differences in 377 

movement at different trial periods. It is worth noting that this effect of movement in brain activity is 378 

also present in miniscope data, although the spatial information allows for the general separation of 379 

‘movement-related’ and ‘movement-unrelated’ neurons (da Silva, 2018), which is not possible for FP 380 

data. 381 

8.2 Miniscope data analysis 382 

Compared to the one-dimensional time series data collected from fiber photometry, miniscope 383 

data is multidimensional and present several challenges. First, miniscope data is acquired in a video 384 

format and data acquisition can come up to 100 GB/hour (Pnevmatikakis, 2019), which means that 385 
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miniscope data analysis requires significantly better hardware and IT infrastructure for storage and 386 

retrieval of potentially multiple terabytes of data for each experiment. Second, the steps of 387 

registration, source separation, and deconvolution need to be high-throughput due to the large data 388 

size. 389 

8.2.1 Registration 390 

Because the brain is a soft organ, it moves and deforms as the animal is moving, and neurons in 391 

the field-of-view move in a non-rigid fashion over time, i.e. some neurons might move in different 392 

directions while others stay in place. Therefore, a straightforward rigid movement correction, i.e. 393 

moving the entire frame by x pixels, is not adequate for miniscope datasets, because they result in 394 

neurons being in different locations in the field-of-view over time. A solution is a non-rigid form of 395 

registration, which takes into account the brain deformation, for instance, by modeling topological 396 

features of elastic bodies and inferring the underlying motion (Ahmad & Khan, 2015) or utilizing 397 

probabilistic methods to track the same neurons in different positions across time (Sheintuch et al., 398 

2017). These non-rigid solutions require significantly more computational power compared to rigid 399 

registration methods. 400 

The most commonly used method for image registration of miniscope data is the NoRMCorre 401 

algorithm (Pnevmatikakis & Giovannucci, 2017), which uses rigid registration to arrive at non-rigid 402 

results. To accomplish that, the algorithm subdivides the video input into a grid of overlapping 403 

sections (Figure 7). It then applies a rigid motion correction to every single section of the video (e.g. 404 

move the entire section upward x pixels). The smaller the sections, the better the approximation to a 405 

proper non-linear registration it will be. The entire frame is then reconstructed by stitching the 406 

overlapping portions of these segments. Instead of repeating the process de novo for every frame, a 407 

template frame is stored, and every subsequent frame is calculated in reference to the template to 408 

optimize processing time. 409 

 410 

Figure 7. Visualization of the NoRMCorre algorithm strategy of registration. The arrows 411 

represent how much each subsection moves in one direction, while the orange shaded area represents 412 

the overlap between each subsection, which is used to reconstruct the whole frame afterward. 413 
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8.2.2 Source separation 414 

With a stabilized video, the next challenge is to separate every neuron in the frame. This is 415 

computationally challenging because of the size of video files. It is also worth noting that one-photon 416 

imaging captures a lot of neuronal sources outside the plane of focus, which must be accounted for in 417 

the analysis. Furthermore, background noise essentially changes every frame in one-photon data. 418 

The most widely used algorithm for source separation of one-photon miniscope data is CNMF-419 

E (Zhou et al., 2018). This algorithm does not store all the information from every pixel in every 420 

frame of the video. Instead, it only captures the information from the fluorescence sources in the 421 

field-of-view and an average of the background fluorescence, allowing for a great compression of 422 

data size (Figure 8). Once the video information is unveiled into separate components, it is possible 423 

to use a memory infrastructure that allows parallel processing, making use of multiple CPU cores to 424 

optimize processing time. 425 

 426 

Figure 8. Visualization of the CNMF-E method of data compression. 427 

A problem that needs to be addressed by the source separation algorithm is the fact that there 428 

are overlapping neurons in three-dimensional space that occupy the same pixels in the x-y field of 429 

view. This is usually not taken into account when source separation is performed with simpler 430 

methods such as manual region-of-interest annotation or PCA/ICA methods (Zhang et al., 2019). 431 

CNMF-E can separate neurons with a great overlap in the field of view, distinguishing the different 432 

sources by their different periods of activity. 433 

A quality check for the soma shape is required after the putative neurons have been identified 434 

and separated. This task can be performed manually or with the assistance of machine learning 435 

methods. The use of unbiased machine learning methods is important because even among expert 436 

annotators there can be a disagreement level of 20% (Pnevmatikakis, 2019). 437 

8.2.3 Deconvolution 438 

The resulting fluorescence signal depends on the sensitivity and kinetics of the GCaMP isoform 439 

used. Therefore, after source separation, the fluorescence signal needs to be deconvolved into spike 440 

activity. Importantly, prior to deconvolution, the data needs to be detrended to remove the influences 441 

of photobleaching throughout the recording. A common deconvolution method is the OASIS 442 

algorithm (Friedrich, Zhou, & Paninski, 2017), which has been benchmarked as superior against nine 443 

other deconvolution methods (Berens et al., 2017). 444 
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8.2.4 Comparison of open-source packages 445 

To facilitate the workflow of the several steps required for miniscope data analysis, several 446 

open-source packages compile the required tools for registration, source separation, and 447 

deconvolution, including CaImAn (Giovannucci et al., 2019) EZCalcium (Cantu et al., 2020), 448 

MiniscopeAnalysis and its subsequent implementation of PIMPN (Etter, Manseau, & Williams, 449 

2020), MIN1PIPE (J. Lu et al., 2018) and CAVE (Tegtmeier et al., 2018) (Table 1).  450 

Table 1. Overview of commonly used miniscope analysis packages. 451 

 452 

To summarize, FP and miniscope differ enormously in their data analysis pipelines. FP data is 453 

significantly simpler and allows for more straightforward analysis steps, whereas the spatial 454 

information of miniscope data poses several technical challenges that need to be tackled with more 455 

sophisticated algorithms. Data interpretation needs to be contextualized in terms of the behavioral 456 

task the animals are performing and how well the experimental design controls for the effects of 457 

movement in brain activity. 458 

9 Challenges in data interpretation 459 

The miniscope has one great advantage over photometry systems: cellular resolution. However, 460 

this considerable advantage comes with several complications: the necessity of a larger implant in the 461 

brain to gather sufficient light, a bigger device that interferes more intensely with the vestibular 462 

system of the animal, and many technical challenges in data acquisition and data analysis. In this 463 

context, there is a crucial question that needs to be addressed: Why is cellular resolution worth these 464 

many disadvantages in the first place? 465 

Consider a hypothetical scenario with a total population of three neurons. In the first scenario, 466 

each neuron fires once, one after the other (Figure 9A), whereas in the second scenario, the same 467 

neuron fires three times (Figure 9B). While this would be easily distinguishable with a miniscope, it 468 
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would yield the same signal in photometry data – even though the biological meaning of each 469 

situation is radically different. 470 

 471 

Figure 10. Illustration of how the lack of spatial resolution of FP may lead to confounding 472 

effects. In a population of 3 neurons, (A) each neuron firing once and (B) the same neuron 473 

firing three times lead to the same ΔF/F signal. 474 

This example illustrates the main limitation of FP: it collapses all spatial information into a 475 

single dimension, so there is no way to differentiate the activity of different subsets of a neuronal 476 

population at different time points. For instance, miniscope studies have shown that different mPFC 477 

ensembles are active during distinct social behavior tests (Liang et al., 2018). It is conceivable that 478 

similarly sized neuronal ensembles would yield similar patterns of activity in FP data, possibly 479 

leading to erroneous interpretations of the results. 480 

However, photometry data can be informative to characterize synchronous activity of a 481 

genetically separable population in a well-defined behavioral paradigm. When these conditions are 482 

met, FP has been shown to yield informative links between brain activity and behavior: examples 483 

include 1) understanding how the activity of CRH neurons in the paraventricular nucleus influence 484 

escape behavior (Daviu et al., 2020); 2) explaining the differences in activity between GABAergic 485 

and serotonergic neurons in the dorsal raphe nucleus that promote or inhibit movement in terms of 486 

threat potential (Seo et al., 2019); 3) unveiling the dynamics of hypothalamic neuronal subtypes that 487 

drive feeding behavior (Chen et al., 2015). 488 

In contrast, miniscope data is multidimensional, allowing for studies where ensemble activity 489 

can be observed over time. The spatial information of neurons is important for experimental 490 

questions regarding asynchronous populations, when there is no clear genetic marker that separates 491 

different populations and when the behavior is more naturalistic and has more degrees of freedom. 492 

Examples include 1) unveiling the activity of heterogeneous ensembles of the habenula during escape 493 

behavior (Lecca et al., 2020), 2) assessing the complex dynamics hippocampal cell firing in epileptic 494 

mice (Shuman et al., 2020) and 3) understanding the relationship of how changes in the maturation of 495 

hippocampal ensembles to the consolidation of a fear memory (Kitamura et al., 2017). 496 
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To summarize, no technique is necessarily better for any given behavioral task – illustrated by 497 

fleeing behavior studies with FP or miniscope (Daviu et al., 2020; Lecca et al., 2020) – or brain 498 

region – illustrated by the fact that the dorsal medial striatum has been studied with both techniques 499 

(Barbera et al., 2016; Kupferschmidt et al., 2017). In general, photometry is appropriate for 500 

genetically separable and synchronous neuronal populations while the miniscope can be used for 501 

more nuanced questions, allowing the study of genetically inseparable and asynchronous ensembles.  502 

10 Future of calcium imaging research 503 

While it is important to consider the limitations of FP and miniscopes to properly interpret the 504 

data from these Behavioral Neuroscience studies, it is worth to scan the horizon for future 505 

developments in the field that could overcome some of the current shortcomings. 506 

10.1 Better optic probes 507 

As previously described (See Section 2), GCaMP is an indirect indicator of neuronal activity 508 

which may lead to confounding results when syncing fluorescence data to behavior, especially for 509 

molecules with slower kinetics (Sabatini, 2019). An alternative to calcium probes is the use of 510 

voltage indicators, which have a better temporal resolution (Resendez et al., 2016), while also 511 

avoiding problems with buffering of intracellular calcium. They have seen limited use in 512 

neuroscientific research due to a poor signal to noise ratio, but the development of brighter voltage 513 

indicators could answer a range of new biological questions (Song, Barnes & Knöpfel., 2017). 514 

Currently, FP is more appropriate for indicators with a poor signal-to-noise ratio (L. Li et al., 2017) 515 

because of its higher sensitivity of detection compared to the miniscope sensor. 516 

A future alternative to the use of GCaMP could be the utilization of bioluminescent molecules 517 

as a calcium indicator (e.g. luciferase bound with calmodulin). Because these molecules do not 518 

require excitation light, confounding problems of phototoxicity are avoided, while also reducing the 519 

number of parts in a miniscope – without an excitation light, a UCLA miniscope would be 22% 520 

lighter and 58% less expensive (Celinskis et al., 2020). 521 

10.2 Engram-specific tagging 522 

Expressing a calcium indicator in a specific subset of neurons may give insight into whether 523 

certain projections or cell-types are active during a behavioral task. However, this tagging strategy 524 

also includes neurons unrelated to the behavior being studied (Josselyn & Tonegawa, 2020). This can 525 

confound interpretation since no systematic analysis can be done post-hoc to assess which neurons 526 

were related to the task. These confounding factors are even more problematic when analyzing 527 

associative cortices such as the mPFC, in which any given neuron may have motoric, limbic, or 528 

sensory inputs (Heidbreder & Groenewegen, 2003). An interesting technique to reduce this problem 529 

is the use of viral-based TRAP (targeted recombination in active populations) to express GCaMP 530 

only in the neurons which were naturally active during the task (Matos et al., 2019). Especially for 531 

miniscope studies, the utilization of Fos-Cre-GCaMP systems (Ivashkina et al., 2019) to assess long-532 

term changes only in neurons that are related to a task holds a lot of promise for specifically 533 

associating shifts in neuronal activity to changes in behavior. 534 

10.3 Multiple-photon miniscopes 535 

Despite substantial technical challenges of two-photon miniscopes, recent models have allowed 536 

solutions for high-temporal resolution and low motion-artifacts in a light-weight, 2 g apparatus, 537 
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allowing visualization of soma, dendrites, and axons (Zong et al., 2017). In addition, 3-photon 538 

microscopy (which uses wavelengths in the order of 1300 nm) allows the visualization of neurons in 539 

the hippocampus 1 mm below the cortical surface (Ouzounov et al., 2017). While the development of 540 

multiple-photon microscopy is currently hampered by technical challenges and expensive setups, the 541 

technology of using increasingly longer wavelengths holds promise in terms of tissue penetrance and 542 

could potentially allow the study of subcortical regions without the necessity of a GRIN lens implant. 543 

10.4 Simultaneous calcium imaging and video analysis 544 

Advances in Behavioral Neuroscience will include the association between neuronal activity 545 

and granular annotation of the animal’s behavior from video data analysis. While proprietary 546 

software has offered some integration support (e.g. Bonsai and the UCLA miniscope) (Lopes et al., 547 

2015), rapid advances of open-source programs like DeepLabCut (Mathis et al., 2018) will likely be 548 

commonplace in a few years. Video analysis software allows researchers to separate of movement-549 

related neuronal activity related to cognitive effects of the task, which allow for a more accurate 550 

interpretation of  551 

10.5 Reduction of human interference 552 

An important consideration for Behavioral Neuroscience is the fact that stress affects brain 553 

function (Datta & Arnsten, 2019). Therefore, differences in animal handling between different labs 554 

are an important confounding factor and an important part of the current ‘replicability crisis’ 555 

(Lonsdorf et al., 2017). One solution is the wide adoption of rigorous and detailed protocols for 556 

animal handling, allowing for better comparisons of results and effect sizes across different labs. A 557 

technological solution is the removal of human-animal interactions altogether, aided by the 558 

development of wireless miniscopes (Barbera et al., 2019) or wireless photometry systems (Lu et al., 559 

2018), especially if these wireless systems could be protected enough such that single-housing was 560 

no longer necessary. Another technological advance that will aid in this direction is the development 561 

of home cage systems integrated with behavioral paradigms (Bruinsma et al., 2019), notably when 562 

these technologies could be combined with an automatic weighing of the animal (Noorshams, Boyd, 563 

& Murphy, 2017). This combination of technologies would provide a significant reduction in 564 

unsystematic bias between studies, while simultaneously reducing the workload of researchers. 565 

11 Conclusion 566 

 To conclude, both FP and miniscopes are important techniques for the advance of 567 

understanding population dynamics in freely moving animals and future technological advances hold 568 

great promise of improvement. The level of analysis at a population level is crucial for advancing the 569 

understanding of the brain because complex information is not stored in a single neuron, but rather at 570 

a sparse population level in the nervous system (Doetsch, 2000). However, it is important to keep in 571 

mind that these methods allow the observation of activity of a few hundred cells, which is only a 572 

minuscule percentage of the mouse or rat brain – which have around 70 and 200 million neurons 573 

respectively (Herculano-Houzel, Mota & Lent, 2006). The tagged neurons will also invariability 574 

contain neurons unrelated to the execution of the behavioral task (Gonzalez et al., 2019) and often 575 

contain movement-related increases in brain activity (Musall et al., 2019), leading to confounding 576 

effects on the data. Therefore, the interpretation of results acquired with these methods needs to be 577 

grounded in a solid understanding of the trade-offs and limitations of each technique. 578 
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