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Abstract: 

Advancements in both calcium indicators and optical instrumentation have led to new in vivo 

techniques, such as Miniscopes, capable of recording the spatiotemporal activity of multiple neurons 

during unrestrained behaviour in rodents. With these microendoscopic techniques, neuronal 

populations can be stably recorded over multiple sessions. As a result, Miniscopes allow for the 

investigation of a brain region’s changing activity patterns as a result of disease progression or 

behaviour. Recently, open source Miniscope initiatives have led to affordable and accessible versions 

of this technique. In addition, the collaborative open-source community facilitates rapidly evolving 

modifications, implementations and designs. Notwithstanding the potential and ever-increasing 

popularity of Miniscopes, the technique is still in its infancy and not widespread. This study consisted 

of a background review and a pilot study attempting to image neuronal ensembles in the central nucleus 

of the amygdala (CeA) using the open-source UCLA V3 Miniscope in mice. Despite not being able to 

successfully record neuronal activity in the CeA, the study has made progress in generating a protocol 

for Miniscope implementation at the Pharmacology department of Helsinki. Moreover, the study 

proposes different adjustments that might be implemented in the future. With the continuation of a 

synergistic collaboration with the Department of Psychology at the university of Jyväskylä, it is likely 

that both departments will be able to effectively implement the Miniscope technique in the foreseeable 

future. 
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Abstract 

 

Advancements in both calcium indicators and optical instrumentation have led to new in vivo 

techniques, such as Miniscopes, capable of recording the spatiotemporal activity of multiple neurons 

during unrestrained behaviour in rodents. With these microendoscopic techniques, neuronal 

populations can be stably recorded over multiple sessions. As a result, Miniscopes allow for the 

investigation of a brain region’s changing activity patterns as a result of disease progression or 

behaviour. Recently, open source Miniscope initiatives have led to affordable and accessible versions 

of this technique. In addition, the collaborative open-source community facilitates rapidly evolving 

modifications, implementations and designs. Notwithstanding the potential and ever-increasing 

popularity of Miniscopes, the technique is still in its infancy and not widespread. This study consisted 

of a background review and a pilot study attempting to image neuronal ensembles in the central nucleus 

of the amygdala (CeA) using the open-source UCLA V3 Miniscope in mice. Despite not being able to 

successfully record neuronal activity in the CeA, the study has made progress in generating a protocol 

for Miniscope implementation at the Pharmacology department of Helsinki. Moreover, the study 

proposes different adjustments that might be implemented in the future. With the continuation of a 

synergistic collaboration with the Department of Psychology at the university of Jyväskylä, it is likely 

that both departments will be able to effectively implement the Miniscope technique in the foreseeable 

future. 
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Abbreviations: 

AAV Adeno-associated virus 

AMPAR   α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor 

AP  Anterior-posterior 

CaM  Calmodulin  

CaMKII  Ca2+/Calmodulin-dependent protein kinase II 

CCD  Charge-couple device  

CeA   Central nucleus of the amygdala  

CNMF Constrained non-negative matrix factorization  

CMOS              Complementary Metal Oxide Semiconductor 

cpGFP Circular permuted green fluorescent protein  

DAQ-software Data acquisition software 

DV Dorsal-Ventral 

ER  Endoplasmic Reticulum 

FELASA  Federation for Laboratory Animal Science Associations 

FP  Fluorescent protein 

FRET  Föster resonance energy transfer  

GCaMP GFP/Calmodulin/M13 genetically encoded Ca2+ indicator 

GECIs  Genetically encoded calcium indicators 

GEPIs  Genetically encoded pH indicators  

GETIs  Genetically encoded transmitter indicators  

GEVIs  Genetically encoded voltage indicators  

GFP  Green fluorescent protein  

GRIN  Gradient refractive index  

iGluSnFR  Intensity-based glutamate-sensing fluorescent reporter  

IVC Individually ventilated cage 

LTP  Long term potentiation  

NMDAR  N-methyl-D-aspartate-receptor 

Miniscope  Miniaturized head mounted fluorescent microscope  

ML Medial-Lateral 

PBS Phosphate buffered saline 

PCA  Principal component analysis 

pKa  Dissociation constant  

PFA paraformaldehyde  

VGCC  Voltage-gated calcium channel 

VSD  Voltage sensing domain  
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1. Introduction 
 

 

Over the past two decades, following the development of genetically encoded fluorescent indicators, 

in vivo imaging in the mammalian brain has become increasingly widespread. In these techniques an 

optical microscope is combined with molecular probes which are constructed as a means to observe 

intracellular calcium dynamics, changes in transmembrane voltage and neurotransmitter release (Lin 

& Schnitzer, 2016). As genetically encoded indicators can be stably expressed, the effects of learning 

behaviour (plasticity) and disease progression on neuronal dynamics can be investigated directly over 

multiple recording sessions.  This study consisted of a background review and a pilot study attempting 

to image neuronal ensembles in the central nucleus of the amygdala (CeA) using the open-source 

UCLA V3 Miniscope in mice. 

 

 

2. Background 

 

 

2.1 Calcium imaging 

 

Calcium (Ca2+) is a vastly versatile intracellular messenger that regulates a variety of functions in 

virtually every cell of a biological organism. The intracellular Ca2+ concentration is dictated by both 

an exchange with the extracellular environment and an exchange with internal stores such as the 

endoplasmic reticulum (ER). In neurons, during electrical activity concentration of Ca2+ transiently 

rises to levels that are 100 times higher than the resting concentration (Grienberger & Konnerth, 2012). 

During this rapid calcium elevation, the ER can act as a buffer preventing Ca2+ ions from reaching the 

nucleus (Berridge, 1998). In addition, up to 200 calcium binding proteins are encoded in the human 

genome which can act as buffers or effectors shaping the dynamics of freely moving Ca2+ ions 

(Berridge et al., 2003). The need to bypass these buffering systems may explain why gene transcription 

in neurons and the consolidation of new synaptic connections require repetitive stimulation or a 

juxtaposition of events.  
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In neurons, the dramatic increase in somatic calcium occurs as a reaction to neuronal depolarization. 

Therefore, rapid increases in intracellular Ca2+ can be used as an indirect measure for both action 

potential and single synaptic response detection, during in vivo and in vitro imaging (Chen et al., 2013; 

Jercog et al., 2016; Lin & Schnitzer, 2016). Ca2+ influx as a result of depolarisation is mediated by 

multiple routes. For instance, certain excitatory ionotropic neurotransmitter receptors such as the 

“coincidence detector” N-methyl-D-aspartate receptor (NMDA-receptor), mediate a calcium influx in 

synaptic spines which is thought to be crucial for long term potentiation (LTP) (Lin & Schnitzer, 2016). 

LTP refers to the strengthening of synapses based on recent activity. NMDA receptors require both 

the binding of glutamate and a simultaneous membrane depolarisation (removing the Mg2+ block) in 

order to effectively open the channel for a calcium influx (Purves et al., 2011). The depolarisation 

needed to remove the NMDA receptor’s Mg2+ block is mainly produced by another ionotropic 

glutamate receptor, the AMPA receptor. When glutamate is released into the synaptic cleft the highly 

Na+- conductive AMPA-receptors are activated first.  The resulting inward flow of Na+ ions 

depolarises the cell membrane. This shift in membrane voltage combined with the available glutamate 

activates NMDA receptors, leading to an influx of Ca2+. Subsequently the rise in intracellular Ca2+ 

concentration can increase AMPA receptor trafficking to the membrane through CaMKII activation. 

Ultimately this leads to an enhancement of synaptic strength or LTP. AMPA and NMDA receptors are 

mainly found at the level of excitatory synapses.  

Conversely, throughout the neuron, action potential propagation induces a neuronal surge in 

intracellular calcium, which is predominantly mediated by voltage-gated calcium channels (VGCCs) 

(Berridge, 1998). VGCCs encompass a large group of ion channels characterized by their voltage 

dependent activation (and inactivation) and their high selectivity for calcium ions. VGCC’s are often 

classified into high and low voltage activated channels, which can be further subdivided into groups 

based on their biophysical and molecular features. Structurally high voltage activated channels are 

heteromultimeric channels made out of numerous subunits whereas the low voltage activated channels 

are less complex. However, all VGCC’s include an α1 subunit which is responsible for voltage sensing, 

the gating mechanism and the conductivity of the pore (Hille, 2001; Simms & Zamponi, 2014). The 

types of VGCC channels present and their respective proportions will vary depending on the type of 

neuron and the subcompartment of the cell. Moreover, the influence of other calcium mechanisms on 

calcium dynamics are equally divergent. As a result, the spatial and temporal components of calcium 

signaling are highly diverse in different cellular subcompartments. For instance, at the synaptic 

junction, a calcium influx triggers neurotransmitter synaptic vesicle release within microseconds. On 
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the other hand, in the subcompartment of the nucleus, calcium is crucial for gene transcription and 

operates on a time scale of minutes to hours (Berridge, 1998). 

The temporal component, the amplitude and the action site are the most crucial factors that determine 

the function of a calcium signal. Fluorescent Ca2+ imaging has become a useful tool for monitoring 

neuronal activity in cell populations as well as in specific subcompartments of an individual cell (Chen 

et al., 2013; Ye, Haroon et al., 2017). Historically, two parallel developments have contributed to state-

of-the-art calcium imaging: the improvement of calcium indicators and the realization of appropriate 

instruments (Grienberger & Konnerth, 2012). 

 

 

2.1.2 Calcium indicators 

 

The first calcium indicators were small fluorescent photoproteins derived from luminescent organisms.  

For instance, the photoprotein aequorin which is associated with the green fluorescent protein (GFP) 

emitting a green bioluminescent signal when in contact with Ca2+, was isolated from the Aequorea 

Victoria jellyfish (Baubet et al., 2000). These indicators provided early insights into calcium processes 

and were characterized with a high signal to noise ratio. However, they were arduous to implement. 

The proteins were relatively unstable, each molecule would perform only one emission cycle and the 

dye had to be loaded into a single cell with a micropipette (Brini, 2008). A new class of indicators, 

synthetic chemical indicators, was developed in the 1980’s when calcium chelators were combined 

with a fluorescent chromophore. Initially, one of the most popular chemical indicators amongst 

neuroscientists was fura-2, as it allowed for a more quantitative measurement of calcium concentration. 

Over the years many different indicators in this class were produced. One of the most notable ones 

was Oregon Green BAPTA which became popular for its easy implementation and good signal to 

noise ratio (Grienberger & Konnerth, 2012). It is important to note that the chemical calcium indicators 

are traditionally loaded into single cells with a pipette or single cell electroporation (Sun et al., 2013). 

Alternatively, the synthetic chemical dyes can be loaded in bulk, but with numerous disadvantages. 

Firstly, the loading of the extracellular dye results in a low contrast between cell populations, making 

it difficult to differentiate between different classes of neurons. Additionally, the injection is often 

invasive and chronic recordings are arduous as an adequate dye concentration can only be maintained 

for a couple of hours (Garaschuk et al., 2006; Grienberger & Konnerth, 2012; Sun et al., 2013). 
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A breakthrough in the recording of neuronal populations (and ensemble activity) came with the advent 

of protein based genetically encoded calcium indicators (GECI’s) (Grienberger & Konnerth, 2012). 

These engineered proteins with fluorophore domains were constructed in an attempt to address the 

drawbacks of chemical dyes. The principal advantage of GECI’s is that they can be genetically inserted 

in specific cells through viral injections. A virus incorporating the GECI sequence can integrate itself 

into the host genome through viral transduction leading to a chronic, stable expression (Ye et al., 

2017). An ample amount of virus expression is usually obtained 2 to 4 weeks after the viral injection 

surgery. The most prominent viral vectors used for GECI expression are the adeno-associated viruses 

(AAV’s) (He et al., 2018). Compared to other popular vectors, AAV vectors show a higher diffusion 

rate due to the smaller size of the viral particles (Bouard et al., 2009). In addition, AAV vectors are 

not restricted to dividing cells but also target quiescent cells, leading to a stable broad expression. They 

also elicit a mild immune response and are thought to be non-pathogenic during gene delivery.  One 

major constraint of using an AAV is its limited packaging capacity. It can only accommodate transgene 

constructs of up to 5 kb (compared to 10kb in lentivirus) (Hauck et al., 2003). However, this is not a 

problem for the typical calcium imaging experiment as most GECI constructs range between 1-2 kb. 

Once expressed, the generic interactions the GECI has with Ca2+ ions are fairly straightforward. In 

principle, when calcium binds to its binding domain it elicits conformational changes in the fluorescent 

domains, resulting in an increase of the emitted fluorescent signal when exposed to an appropriate 

excitation signal.  

The first GECI’s relied on Föster Resonance Energy Transfer (FRET), this refers to a nonradiative 

type of energy transfer between an excitable donating fluorophore protein and an acceptor fluorophore 

protein. A linker sequence, comprised of Calmodulin (CaM) and a CaM synthetic binding peptide 

M13, connects the two fluorophores. The binding of Ca2+ induces a conformational change and reduces 

the distance between the two fluorophore proteins. The resulting proximity of the fluorophore proteins 

facilitates FRET, leading to an increase in yellow fluorescence (Grienberger & Konnerth, 2012). A 

second type of GECI relies on Ca2+ dependent rearrangements within a single fluorophore. The most 

prominent family in this second type of GECI’s are the Green fluorescent protein/Calmodulin protein 

sensors (GCaMP’s). In 2001, Nakai and colleagues developed the first GCaMP, a circularly permuted 

enhanced version of the green fluorescent protein (cpGFP) flanked and in close proximity of CaM and 

M13 (Nakai et al., 2001). In protein engineering, circular permutation involves reorganising a protein’s 

amino acids resulting in a different connectivity where the original C and N termini are connected 

together by a linker (Lin & Schnitzer, 2016). In the GCaMP construct the binding of calcium evokes 

a conformational change which ultimately increases fluorescence and brightness by modulating the 
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access to the chromophore and influencing the dissociation constant (pKa) (Chen et al., 2013). 

Typically, an excitation signal in the blue spectrum of about 480 nm is used to excite the GCaMP 

fluorescence (Barnet et al., 2017). 

Despite clear advantages in the labelling of different genetically defined classes of neurons and the 

possibility of chronic recordings, this first generation of GECI’s and GCaMP’s still had a number of 

disadvantages compared to synthetic chemical calcium dyes. For instance, their response kinetics were 

drastically slower, limiting the ability to differentiate individual action potentials and firing rate 

variations (Sun et al., 2013). They had a relatively low sensitivity or signal to noise ratio F/F0, where 

F is the change in fluorescence and F0 is the resting baseline fluorescent value. In addition, the 

relationship between Ca2+ concentration and fluorescence was not linear (Ye et al., 2017).  Another 

limitation of the first GCaMPs was that they were not stable enough for in vivo recordings as 

physiological pH and temperature rendered them unstable (Nakai et al., 2001). As a result of these 

disadvantages, it was important to carefully consider the required sensitivity needed for the 

experimental goals before choosing one of the initial GECI’s over the more sensitive yet invasive 

chemical dyes (Chen et al., 2013).   

However, over the past years the development and improved performance of GCaMP indicators has 

been striking. In 2006, a more stable GCaMP2 was developed allowing for in vivo imaging of mouse 

hearts (Tallini et al., 2006). Two years later a GCaMP3 version showed improvements concerning 

signal-to-noise ratio, dynamic range and affinity for Ca2+. This resulted in two major advancements 

concerning the detection of distinct action potentials and the first transgenic mice generated for 

GCaMP (Ye et al., 2017). This was pivotal as it led to a screening for beneficial mutations, leading to 

the development of a new family of ultrasensitive GCaMPs (Chen et al., 2013). Namely GCaMP6, a 

group of GECI’s which are divided into GCaMP 6s (slow), GCaMP 6m (medium) and GCaMP 6f 

(fast) based on their kinetics. The GCaMP6’s with the slowest kinetics show the best signal to noise 

ratio. By binding Ca2+ more tightly, they produce longer lasting and stronger signals. However, the 

high resolution comes at the cost of sacrificing signalling speed and the ability to identify a high 

number of action potentials in quick succession (Jercog et al., 2016). Yet for small numbers of action 

potentials, the slower GCaMP 6s produces a 10-fold higher signal compared to GCaMP3. It is 

important to note that all GCaMP6 variants have a higher sensitivity compared to popular chemical 

dyes such as Oregon Green BAPTA. When it comes to kinetics, the fastest GCaMP6 (GCaMP 6f) is 

comparable to Oregon Green BAPTA in its ability to isolate fast action potentials (Chen et al., 2013). 

Overall, this has made the GCaMP6 family an incredibly valuable tool for imaging both large groups 

of neurons and neuronal subcompartments in live animals over multiple sessions.  
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Finally, it’s important to note that an excessive GCaMP expression can cause multiple side effects in 

neurons. Some of the transgenic mouse lines, expressing GCaMP, have shown consistent aberrant 

electrical activity patterns leading to epileptiform events (Steinmetz et al., 2017). Although the exact 

cause of the epileptiform events is not clear, the broad expression of GCaMP during development is 

thought to be a major contributing factor. Correspondingly, high levels of viral vector-based GCaMP 

transduction can disrupt certain voltage gated Ca2+ channels leading to abnormal activity, neuronal 

damage, cell death and a poorer sensing performance (Resendez et al., 2016, Yang et al., 2018). 

Conversely, an insufficient expression of the viral vector could impede the capability of extracting 

sufficiently powerful Ca2+ signals. As a result, when working with viral vectors prior to any in vivo 

experiments, appropriate dilutions should be examined in order to avoid both accumulating high levels 

of GCaMP sensors as well as inadequately low ones.  

 

2.1.3 Calcium imaging instrumentation 

 

The capacity to adequately monitor neuronal activity with a calcium indicator does not rely solely on 

the intrinsic properties of the indicator itself, but also on the properties of the optical instrumentation 

used. The most notable characteristics of the instrumentation include the efficiency and possible noise 

sources during the photo-detection process, the intensity of the illumination, the rate of the pixel or 

frame acquisition and the resolution. It is important to note that the accuracy of spike detection relies 

on more than just the dynamic range of the signal or the signal to noise ratio F/F0. For instance, the 

dynamic range of a signal does not account for the temporal waveform of the signal or for the total 

number of photon fluxes per optical transient. As a result, an equally effective spike detection can be 

obtained with vastly different F/F0 values. (Hamel et al., 2015). 

Theories from engineering such as signal detection theory can provide us with a suitable mathematical 

framework to discuss and disentangle the cumulative effects of different factors on spike detection 

fidelity. In addition, by applying the theory to a time-dependent model, the stochastic nature of 

fluorescent emission within the same indicator can be taken into account (Wilt et al., 2013). More 

precisely, using signal detection theory, a metric d’ (a Cohen’s d expressing the effect of one action 

potential on photon flux) symbolizes the limits of action potential detection. In addition, the use of this 

metric can indicate the proportion of the trade-off between false-negative and false-positive spike 

detection. Interestingly, the prevalence of both false-positive and false-negative spike detection rates 

show a faster than exponential decline with an increase in d’. This is regardless of the relationship 

between d’ and optical parameters, which can be linear or polynomial (Hamel et al., 2015). 
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This is an important point as it implies that even small advances in cameras and optical hardware (as 

well as indicators) can have large effects on the effectiveness of capturing neuronal activity. 

In general calcium imaging devices combine a light source, a microscope and a light sensing device in 

order to excite and record the fluorescence of the calcium indicator.  

Wide-field microscopy usually uses a mercury or a xenon lamp allowing for the alternation of different 

excitation wavelengths. The imaging is then captured by intensified cameras, such as a charge-couple 

device (CCD) or by using photodiode arrays. The CCD cameras are often the preferred imaging 

instrument because of their relatively low read noise and high temporal and spatial resolution. They 

are composed of photodiodes compressed into a chip that perform a serial readout of the signals. 

However, despite their high resolution, the recording depth for a detailed wide-field microscopy is 

limited to about a 100 m. As a result, they are mostly used for in vitro imaging experiments such as 

calcium imaging studies in neuronal cell cultures (Grienberger & Konnerth, 2012; Homma et al., 

2009). 

Imaging neurons with calcium indicators at deeper depths is usually done through a confocal 

microscope. A confocal microscope is a laser scanning microscope which generates an image by 

scanning a laser beam over the selection and blocking out-of-focus fluorescence from reaching the 

detector through a pinhole (Grienberger & Konnerth, 2012). When using a classical one photon 

microscope for imaging relatively deep structures, this pinhole will block signals originating from the 

periphery of the point of intertest as well as ballistic photons originating from the confocal plane 

leading to a poor resolution. A partial solution for this can be increasing the excitation light power. 

However, this will increase photodamage, especially in the nearby non imaged regions. As a result, a 

single photon microscope can only penetrate to about 200 µm in highly scattering brain tissue. A two-

photon microscope on the other hand uses 2 cooperating low energy infrared photons for a very 

localized excitation. This improved optical sectioning enables a two-photon microscope to image 

calcium indicators at depths that are at least twice as deep compared to those obtained with a one 

photon microscope (Grienberger & Konnerth, 2012; Hamel et al., 2015; Jung et al., 2004). Moreover, 

a better penetration is also facilitated by the fact that typical excitation wavelengths fall within the 

infra-red spectrum (Barnett et al., 2017). Since all excited fluorescence photons come from the same 

focal spot, there is less photodamage and out-of-focus background flux in the surrounding areas. In 

addition to the optical sectioning, the rejection of background fluorescence permits the microscope to 

obtain a higher resolution than one photon microscopes despite imaging at a greater depth (Aharoni & 

Hoogland, 2019; Homma et al., 2009; Jung et al., 2004).  
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However, it is important to note that despite the less impressive dynamic range of one-photon video 

data, its capacities in calcium detection are not lower compared to a two-photon microscope. As noted 

earlier a distinction must be made between resolution F/F0 and detection (d’). One-photon imaging 

offers the advantage of full-frame image acquisition at a rate between 10-100ms. Two photon imaging 

on the other hand images each individual pixel serially at a rate of 0.1-3ms per pixel (Jung et al., 2004; 

Hamel et al., 2015). This advantage of high-speed full frame imaging allows for the discrimination of 

different sometimes overlapping structures with the use of statistical methods, provided that their 

underlying activity is occasionally asynchronous. For an effective detection, the analytical statistical 

methods must take into account the time varying nature of the fluorescent background signal. These 

methods include constrained non-negative matrix factorization (CNMF) and principal component 

analyses (PCA) (Aharoni et al., 2019). Ultimately similar detection d’ values can be found for both 

two-photon and one photon microscopy, despite the poorer resolution of the latter (Glas et al., 2018; 

Hamel et al., 2015). In addition to full frame acquisition, one photon microscopy also has advantages 

in its lower cost and relatively easier implementation (Aharoni et al., 2019). 

So far, this paper has discussed confocal microscopes with imaging depths under 1 mm, however most 

mammalian brain regions of interest are located much deeper (Jung et al., 2004). A more invasive 

micro-endoscopic approach can be taken for the imaging of deeper structures. Micro-endoscopy 

combines a one- or two-photon laser scanning microscope with the insertion of one or multiple gradient 

refractive index (GRIN) lenses (Grienberger & Konnerth, 2012). These lenses are implanted into the 

brain tissue and could theoretically be used for recordings at any brain depth (Birkner et al., 2017). 

GRIN lenses rely on internal refractive index variations, rather than curved refractive surfaces, to 

efficiently guide light back from the recording site (Figure 1). As GRIN lenses do not require a curved 

optical surface it becomes relatively inexpensive to fabricate ones with sub-millimeter diameters (Jung 

et al., 2004). Interestingly, focal adjustments within the tissue can be made by simply adjusting the 

axial position of the laser focus (Wilt et al., 2009).  

 



 

14 

 

 

Figure 1. A conventional lens with a curved surface on the right and a gradient refractive index (GRIN) 

lens on the left. The light rays passing through a GRIN lens are continuously bent. This bending of the 

light rays relies on refractive index variations within the lens material itself. Reprinted from photonics 

media, by GRINTECH GmbH, 14 December 2020, retrieved from http://www.photonics.com/ 

Copyright © 2020 by SPIE Europe  

 

There are two main optical imaging paradigms used in studies for in vivo imaging in rodents. Namely, 

those where the animal’s head is fixed and more recently, those permitting freely moving behaviour 

(Hamel et al., 2015). Micro-endoscopy can be applied in both paradigms, however it is crucial to 

consider whether limiting the animal’s behaviour will obstruct or benefit the study. For instance, head-

fixation can be combined with virtual reality, allowing for manipulations which might be unattainable 

in a non-constrained animal (Harvey et al., 2009, Stamatakis et al., 2018). However, when using a 

virtual environment, the constrained animal will experience different vestibular, tactile and 

proprioceptive inputs compared to a non-constrained animal. These can, in addition to elevated stress 

levels, lead to deviations from normal neuronal dynamics (Aharoni et al., 2019; Jercog et al., 2016, 

Stamatakis et al., 2018). In contrast, recordings in freely moving animals permit a more naturalistic 

manifestation of behaviour. These studies usually implement a miniaturized head mounted fluorescent 

microscope (Miniscope). This technique will be discussed in more detail in section 2.4 of this thesis. 

 

 

2.2 In vivo imaging vs in vivo electrophysiological recording 

 

For many decades, the most prominent technique used to monitor the dynamics of neurons in behaving 

rodents has been extracellular electrophysiological recording. Despite its role in breakthrough 

discoveries and the enduring advantages in temporal resolution, the use of in vivo microelectrodes has 

some pronounced limitations (Hamel et al., 2015). 
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In vivo imaging techniques can offer some compelling additional information in light of these 

drawbacks. Firstly, optical imaging can record up to a thousand neurons at a time, a much higher 

number than what would currently be realistic with microelectrodes (Ziv et al., 2013). In addition, both 

sparsely and densely organized neurons as well as their connectivity patterns (and subcompartments) 

can be reliably tracked for many weeks. In comparison, electrophysiological techniques do not capture 

the anatomical location of neurons. As a result, in vivo imaging provides the possibility for a more 

intricate analyses of neuronal ensemble activity (Jercog et al., 2016). 

It is important to note that the ability to reliably image the same neurons in vivo over an extended 

period of time drastically reduces the number of animals needed for an experiment. Since an animal 

can be imaged before and after the experimental intervention, each animal can serve as its own control. 

This can relieve the confounding effect of interindividual biological variability. In addition, since 

encoded indicators can be stably expressed, both longitudinal studies and the use of the same animal 

for multiple experiments are possible. This is ethically important as it is in line with the globally 

implemented scientific 3R’s (reduction, refinement and replacement) principles originally proposed 

by Russell and Burch in 1959 (Lauber et al., 2017). 

Another merit of using encoded indicators for in vivo imaging, is that specific types of neurons can be 

targeted based on their genetic code. Furthermore, the development of red fluorescent indicators, as 

opposed to green ones, opens up the possibility to observe two different types of cells simultaneously 

(Douglass et al., 2017; Birkner et al., 2017; Inoue et al., 2014). 

Electrophysiological techniques using (micro)electrodes implanted into the extracellular fluid of a 

living animal in order to record local field potentials are not able to measure firing rates lower than 0.1 

Hz (Harris et al., 2017). This can make it challenging to isolate active neurons with very low spiking 

rates. In addition, certain neuron’s unfavorable morphology and weak dipoles could obstruct their 

signal to the extracellular electrode. This sampling bias for active cells, could lead to an overestimation 

of action potentials in extracellular electrode recordings (Jercog et al., 2016). Compared to 

extracellular microelectrodes, spiking estimates of quiet cells observed with in-vivo imaging 

approximate intracellular recordings more closely. Hubert and colleagues reported calcium (Ca2+) 

transient rates as low as 0.001 Hz in cortical motor neurons (Huber et al., 2012). This was found using 

a chronic cranial window in mice, a head-fixed technique where a glass coverslip is installed on the 

skull surface after a craniotomy. Thereafter a two-photon microscope can be used to image the 

underlying activity while the mouse is awake.  
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This is a striking merit as it allows in vivo imaging to detect neurons with very low activity rates, 

which would be too inactive to isolate and go undetected in extracellular electrical recordings. As these 

identified neurons can be reliably and stably recorded over a period of weeks, the techniques can lend 

themselves to an investigation of the relation between changes in neuronal population activity and 

behaviour (Hamel et al., 2015). 

However, compared to extracellular electrode recordings calcium indicators also have some distinct 

disadvantages.  All calcium indicators, except for aequorin, act as exogenous calcium buffers 

contributing to the buffers already present. As a result, adding calcium indicators may have a somewhat 

disrupting effect on local calcium dynamics and this effect would be different between different types 

of neurons (Grienberger & Konnerth, 2012; Jercog et al., 2016).  

It is also crucial to note that Ca2+ transients are only a proxy for electrical changes in neuronal activity 

and do not offer a synchronous representation of a change in voltage. Action potentials initiate Ca2+ 

channel activation and intracellular buffering. Hence Ca2+ dynamics represent a different biophysical 

process than the one responsible for the action potential itself. In other words, intracellular Ca2+ 

changes are the result of voltage changes and thus, unlike electrophysiological recordings, they do not 

reflect a precise temporal resolution of neuronal spikes. For instance, the total duration of a single 

action potential can last from 0.5 to 5 ms whereas the slower calcium transients can only be detected 

at 30-60ms intervals (Lin & Schnitzer, 2016). One consequence of these slower kinetics is that in vivo 

calcium imaging is not able to detect subthreshold voltage dynamics such as membrane 

hyperpolarization. The fact that the signal from a fluorescent calcium indicator represents a temporally 

filtered version of the electrical signal accounts for the typical expression of the time trace of a cell as 

a percentage of change from the baseline fluorescence (Jercog et al., 2016). Moreover, the filtering of 

the temporal resolution varies between different Ca2+ indicators according to their kinetic properties 

and Ca2+ binding (and unbinding) properties (Helmchen et al., 1996; Jercog et al., 2016). There can 

also be random fluctuations in the emission and detection of fluorescence within the same indicator. 

This is due to a stochastic phenomenon from quantum physics known as “shot noise” (Wilt et al., 

2013).  

Despite these considerations, when combining the two techniques together, simultaneous in vivo 

electrical and optical recordings virtually always reveal a useful linear relationship between the peak 

amplitude of Ca2+ transients and the responsible action potentials (Jercog et al., 2016; Chen et al., 

2013). Overall, it seems that even though the Ca2+ signal might not be able to perform exact spike 

counts during fast firing; it still provides an accurate representation of the firing patterns of a cell. 
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2.3 Other in vivo indicators 

 

Calcium indicators capitalise on the properties of Ca2+ as a second messenger. A volumetric influx of 

Ca2+ transforms the transient signals of action potential generation and ligand-gated channel opening 

into a more prolonged biochemical change. In combination with the brightness of contemporary 

indicators, this leads to a strong fluorescent signal which is relatively easy to detect. However, as noted 

in the previous section this also leads to limitations in temporal precision and the inability to detect 

membrane hyperpolarisations or subthreshold depolarisations. In this section we will discuss other 

classes of indicators. Despite GECIs currently being the most advanced modality for in vivo imaging, 

other indicators are likely to take on a more prominent role in the future.  

 

2.3.1 Voltage indicators 

 

Transmembrane voltage change is the most fundamental biophysical signal when studying neuronal 

activity. Moreover, most fluorescent indicators serve as a proxy for these voltage changes. As a result, 

efficient voltage indicators that could directly visualise electrical changes in cell populations or at the 

single cell level would be very valuable. The changes in a cell’s electrical field are caused by a sub-

millisecond redistribution of a relatively small amount of charged ions, 5 orders of magnitude less 

compared to the total amount of ions in a cell. Nevertheless, these ionic currents have a substantial 

effect on membrane potential, leading to changes of more than 100mV which can even reverse the 

cell’s polarity during an action potential’s peak amplitude (Peterka et al., 2011). Despite these steep 

changes in membrane voltage, the resulting electrical field declines exponentially with the distance 

from the membrane. This is due to the plasma membrane being very thin and surrounded by charged 

molecules. Therefore, a voltage indicator would have to be meticulously localised in order to 

effectively record the electrical field. In addition, due to its thinness only a small number of indicators 

can be placed inside the membrane without disrupting or damaging it. Hence, very efficient 

chromophores are needed to distinguish the fluorescent signal from photon shot noise. Due to these 

challenges, contemporary voltage indicators are generally not up to par with state-of-the-art calcium 

indicators. However, present-day voltage indicators show a large variety in their designs and 

mechanisms each with inherent merits and limitations.  (Lin & Schnitzer, 2016; St-Pierre et al., 2015).  
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Similar to calcium indicators, the two main voltage indicators are Organic voltage sensitive dyes and 

genetically encoded voltage indicators (GEVIs). Despite relatively fast kinetics, Organic voltage-

sensing dyes are often highly phototoxic due to the generation of free radicals or other triplet state 

reactions (Peterka et al., 2011). Moreover, the voltage sensitive dies have been unable to capture spike 

activity in mammalian cells. The first GEVIs capable of reporting activity in mammalian tissue 

appeared in 2007 (Lin & Schnitzer, 2016). Since then, a plethora of different GEVI classes, with 

different designs and sensing mechanisms, have been developed. These classes can essentially be 

divided into two groups (St-Pierre et al., 2015). A first group of GEVIs rely on voltage sensing 

confirmational changes by incorporating natural voltage sensing domains (VSD), such as those found 

in voltage gated channels. Several VSD-indicators have been successful at imaging aggregated 

population dynamics in living animals (Lin & Schnitzer, 2016). However, the VSD sensors typically 

show very slow repolarisation kinetics, making it difficult to differentiate successive action potentials 

which are closely spaced together (St-Pierre et al., 2015). Even though design ameliorations have been 

made, a mechanistic understanding underlying VSD’s is often still limited making it difficult to 

effectuate rational improvements (Lin & Schnitzer, 2016). A second group of GEVIs are the opsin-

based sensors, which exploit retinal chromophores of microbial rhodopsins by relying on voltage-

sensitive photophysical states for activity detection (St-Pierre et al., 2015). Compared to VSD-based 

sensors, rhodopsin-based sensors typically show a superior sensitivity and fast kinetics. For instance, 

when it comes to detecting a single action potential, some opsin-based sensors show response 

amplitudes comparable with calcium indicators. However, these fast GEVIs show a suboptimal 

membrane localisation leading to intracellular aggregates. In addition, they do not persist beyond 2ms 

leading to the requirement of sampling rates 20 times higher than those used for calcium imaging 

(>300Hz) (Lin & Schnitzer, 2016; St-Pierre et al., 2015). Furthermore, the initial opsin-based sensors 

had an inherent very low brightness (2 orders of magnitude less compared to the VSD-sensors), 

limiting their use in vivo. Interestingly, a solution to this dimness has been found by fusing opsins with 

fluorescent proteins (FPs) forming a FRET pair (Zou et al., 2014). This opsin-based FRET design has 

led to sensors which are bright enough to detect voltage changes in vivo. However, compared to 

standalone opsin indicators their response amplitudes are low and they still show an equally limited 

membrane localisation (St-Pierre et al., 2015). Recently, a mutant rhodopsin was identified and 

implemented in a redshifted opsin-based FRET. This resulted in a voltage sensitivity improvement, 

which was more than twice as high compared to previous opsin-based FRET designs (Xu et al., 2019). 

It is clear that the different mechanisms for voltage sensing have opened up the possibility for different 

improvements. GEVIs are an emerging group of indicators, which will ultimately lead to the imaging 

of neuronal activity with an unparalleled temporal resolution.  
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2.3.2 Synaptic vesicle release indicators and specific neurotransmitter indicators 

 

The capacity of neuronal cells to efficiently communicate with each other relies on the sub millisecond 

release of neurotransmitters into the synaptic cleft (Rizo & Xu, 2015). During membrane 

depolarisation, the influx of Ca2+ into the presynaptic terminal triggers the docking, priming and fusion 

of vesicles with the membrane, leading to a synaptic vesicle release. During membrane fusion the 

transmitters experience a substantial change in pH (Shen et al., 2014). This is due to the pH of the 

vesicles being approximately 5.5, whereas the extracellular space has a pH of about 7.5. As a result, 

genetically encoded pH indicators (GEPIs) can serve as a fluorescent marker for vesicle release (as 

well as for endo- and exocytosis in general). Despite GEPIs being able to detect action potential events 

in vitro, scattering and increased autofluorescence constrain its single action potential detecting 

capabilities (Lin & Schnitzer, 2016). Nevertheless, GEPIs are inherently capable of visualising 

responses over a large number of synapses. This merit led them to being the first sensors used for the 

visualisation of population neuronal activity in vivo. Another advantage of visualising vesicle release 

is that it can indicate neuronal outputs regardless of an associated postsynaptic processing.  

GEPIs can visualize neurotransmitter vesicle release but tell us nothing about the content of the vesicle. 

This is an important point as different neurotransmitters operate in different neuronal circuits and have 

diverging effects on postsynaptic neuronal activity. As a result, genetically encoded transmitter 

indicators (GETIs), which can visualize specific neurotransmitters, are likely to play an important role 

in dissecting neuronal circuitry in the future. Moreover, due to the high concentrations of released 

neurotransmitters and their associated fast kinetics, neurotransmitters are attractive targets for neuronal 

activity sensing in general (Lin & Schnitzer, 2016). GETIs have been developed for the visualization 

of the primary excitatory neurotransmitter glutamate. So far, the most responsive one being the 

intensity-based glutamate-sensing fluorescent reporter (iGluSnFR), constructed by combining an E. 

coli glutamate binding protein and a cpGFP (Marvin et al., 2013). The bright, photostable iGluSnFR 

is capable of detecting subthreshold activity and can be used for long-term imaging in vivo. For 

instance, iGluSnFR has been used in vivo for a mesoscale mapping of the mouse cortex (Xie et al., 

2016). In this cranial window study iGluSnFR was compared to GCaMP6s, showing a similar response 

amplitude, but faster kinetics. Hitherto available GETIs seem only to include glutamate indicators. 

However, since bacterial binding proteins also exist for other neurotransmitters, it seems likely that 

different indicators will be developed in the foreseeable future (Lin & Schnitzer, 2016).  
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2.4 Miniscope 

 

 

The miniature fluorescent microscope (Miniscope) is a relatively new in vivo tool which can image 

neuronal activity in real time during unrestrained behaviours. The principal merit of Miniscopes is that 

they can provide an elucidating link between behaviour and the underlying neuronal activity of a 

specific brain region. As a result, accurate behavioural tracking or quantification are important in order 

to correlate the regional activity with the behaviour of interest (Aharoni & Hoogland, 2019). 

Miniscopes are essentially portable head-mounted imaging devices which allow the animal to move 

freely. In general, except for the GRIN lens, the essential components of a Miniscope are the same as 

those of a regular fluorescent microscope. However, there were initially many different approaches 

when it comes to the design or which components to include in the head mounted device (Grienberger 

& Konnerth, 2012). In comparison to tabletop microscopes, the adjustment of the focal plane is 

typically done by shifting the image sensor and not by moving the objective. 

Recently a number of low cost open-source building plans for Miniscopes have been released (Aharoni 

& Hoogland, 2019). These new Miniscopes provide a less costly alternative to the ones provided by 

commercial vendors and are comprised of relatively easily obtainable components and design plans. 

These include simple LEDs, complementary metal oxide semiconductor (CMOS) imaging sensors and 

GRIN lenses. The emergence of accessible open source Miniscopes has led to a larger user base and a 

wider variety of applications for the technique. In addition, the nature of the open-source community 

has led to the rapid sharing of new modifications and designs. Due to cost considerations, most 

implementations of open source Miniscopes use a single-photon microscope. As a result, the post hoc 

algorithmic extraction becomes a crucial step for correctly identifying neuronal activity. Some of the 

most prominent open-source projects include the popular UCLA Miniscope, FinchScope, NINscope 

and Chendoscope (Aharoni & Hoogland, 2019; de Groot et al., 2020). These all vary in components, 

ease of assembly, weight, imaging rate and field of view.  

As noted earlier the use of GRIN lenses provides an optical interface which can efficiently relay light 

emission between the microscope objective and the neurons of interest. The use of multiple GRIN 

lenses is especially useful for imaging deep neuronal structures. Generally, Miniscopes combine both 

an implanted GRIN lens and a larger (in diameter) objective GRIN lens. In order to minimize 

invasiveness and avoid ablation, the implanted GRIN lenses are typically very small 0,5-2 mm in 

diameter. Inflammation, caused by the invasive surgery, is a prominent factor contributing to 
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substantial imaging failure rates (Bocarsly et al., 2015). In order to avoid unnecessary inflammation, 

a very slow insertion of the implanted GRIN lens is warranted. Moreover, other approaches attempting 

to bypass the negative effects of inflammation on successful imaging, include the administration of 

the cortisone dexamethasone (in order to avoid surgery related tissue swelling) and the use of a 

polyimide thin-walled guide canula which forms a barrier between the GRIN lens and the surrounding 

brain tissue (Bocarsly et al., 2015; Zhang et al., 2018). The effect that tissue damage might have on 

behaviour should not be disregarded. One study found no effects of an ultrathin GRIN lens 

implantation (0,350 mm in diameter) on behaviour (Lee et al., 2016). The lens was inserted at about 1 

mm depth into the prefrontal cortex and did not cause any deficits in vestibulo-motor and spatial 

memory tests. However, it is important to note that both the thickness of the lenses and the depth of 

the implantations were smaller than what would be needed for the imaging of deeper structures.  

A number of Miniscope advancements are starting to be implemented or are currently in development 

by both commercial vendors and open-source Miniscopes. A first functional improvement regards the 

electronic focusing of the lens. This can be done through electrowetting lenses and has already been 

achieved with a commercial two-photon microscope (Ozbay et al., 2018). An electronic adjustment of 

the focal length reduces the requirement of mechanical adjustment and facilitates the recovery of the 

focal plane over multiple imaging sessions. A second improvement involves the possibility to 

simultaneously record multiple distinct cell populations using 2 or more indicators with separable 

fluorescent wavelengths. For instance, by combining a GCaMP with a red-shifted channel rhodopsin. 

A number of studies have started implementing these two-colour fluorescents, investigating how the 

dynamics of different neuronal populations within the same region correlate with behaviour (Birkner 

et al., 2017, Douglass et al., 2017, Jennings et al., 2019). Recently, the simultaneous imaging of 

multiple regions has also become a possibility. De Groot and colleagues have developed an open 

source Miniscope (called NINscope), which is sufficiently compact and light and that can concurrently 

record from more than one brain region (de Groot et al., 2020). This advancement is very promising 

as it is likely to contribute to a better understanding of the inter-regional signalling during behaviour. 

The combination of optogenetic stimulation during imaging has also become increasingly prevalent 

(Jennings et al., 2019, de Groot et al., 2020, Stamatakis et al., 2018). This is made possible by 

incorporating light-driven channels into the Miniscope with spectra that show a minimal crosstalk with 

fluorescent indicators. Optogenetics provides the possibility to selectively activate neuronal elements, 

allowing for the determination of a causal relationship (Stamatakis et al., 2018).  Thus, it is 

unsurprising that the combination of both measuring and manipulating neuronal activity with a precise 

timescale and cellular resolution could become a powerful tool for the investigation of network 



 

22 

 

dynamics and the neuronal basis of behaviour in general. Finally, the popularity of the open-source 

projects has led some of them to implement a number of advancements. For instance, the UCLA project 

is developing a number of different Miniscopes with a larger field of view, ones that offer the 

possibility for wireless recordings and some incorporating simultaneous extracellular 

electrophysiological recordings (Aharoni & Hoogland, 2019).   

 

 

3. Objective of the pilot study  

 

This thesis describes a pilot study that attempts to use the open-source UCLA V3 Miniscope for the in 

vivo imaging of neuronal ensembles in the central nucleus of the amygdala (CeA) in mice.  

In this study it was planned to use very small GRIN lenses without ablation of brain tissue. Typically, 

Miniscope studies require the aspiration of brain tissue as they implement a relatively wide lens (1,8 

mm in diameter). Conversely, by using GRIN lenses with a very small diameter (0,5 mm) the aspiration 

of brain tissue can be avoided. This makes the access to deeper brain areas more attainable. A number 

of studies have successfully applied a microendoscopic technique for the successful imaging of deeper 

brain structures (Douglass et al., 2017; Zhang & Li, 2018; Sun et al., 2019; Lee & Han, 2020; 

Schwenkgrub et al., 2020). In addition, some provide detailed guidelines concerning their methods 

(Resendez et al., 2016; Zhang et al., 2018; Lee & Han, 2020). However, the implemented techniques 

and materials are often quite divergent. Moreover, the success rate of imaging deep regions and the 

amygdala in particular, seems to be relatively poor (Lee & Han, 2020). This project is therefore to be 

seen as a feasibility study for the Neuropsychopharmacology group at the University of Helsinki. If 

the imaging would be successful, the Miniscope could be used to record neuronal activity in the CeA 

during different experimental paradigms. Primarily, the activation of CeA neuronal ensembles during 

binge eating behaviour would be investigated.  

With the commencement of a collaboration with the Department of Psychology at the university of 

Jyväskylä, 3 animals were sent to the Jyväskylä lab for lens implantation surgery and subsequent 

imaging after the viral injections were done in Helsinki. The psychology department in Jyväskylä is in 

the process of implementing a commercial Miniscope (from Inscopix) in their research. This 

collaboration has already proven fruitful and will likely keep benefitting both parties in the future, 

ultimately leading to the optimisation and standardisation of Miniscope protocols.  
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4. Materials & Methods 

 

4.1 Miniscope: UCLA V3 
 

 

The UCLA V3 Miniscope is a one photon lightweight Miniscope (<3 grams), which incorporates a 

simple excitation LED and the CMOS imaging sensor (Figure 2). A single coaxial cable connects the 

Miniscope to the data acquisition (DAQ) hardware. The Miniscope was easily assembled by hand by 

attaching 3 pieces of black Delrin® plastic with 1mm diameter screws. In order to avoid confusion, it 

is important to note that the Miniscope itself incorporates a GRIN lens for its optical path with a 50μm 

to 200μm working distance (Aharoni, 2020). This GRIN lens lines up with and is distinct from the 

relay GRIN lens which is implanted into the brain.  

 

 

Figure 2: Components of the UCLA V3 Miniscope. The path of the light used for excitation is in blue. 

The returning light emission path is in green. Reprinted from Miniscope.org, by D Aharoni, 14 

December 2020, retrieved from http://miniscope.org/index.php 

  

 

http://miniscope.org/index.php
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4.2 Mice 
 
 

Twelve C57BI/6NCrl adult female mice aged 9 months, weighing around 30g were used in this project. 

All twelve mice underwent the first surgery and were injected with the viral vector. Thereafter, as 

noted earlier, three mice were sent to Jyväskylä for lens implantation and baseplate surgeries. Another 

three mice underwent the same two surgeries in Helsinki. Due to a shortage of GRIN lenses, the 

remaining 6 mice were kept for future studies. The mice were housed in groups of three in individually 

ventilated cages (IVC’s) and had an ad libidum access to food and water. They were kept under a 

standard 12-hour light/dark cycle and were housed individually post-surgery in order to support the 

recovery process and avoid damage to the lens or stiches. All mice’s recovery was monitored daily for 

at least 5 days post-surgery. All animal experiments followed the Council of Europe guidelines and 

were approved by the State Provincial animal ethics committee of Southern Finland. The ethical 

principles of the University of Helsinki have been taken into consideration in the master’s thesis plan 

and its implementation. The FELASA certificate of the student was obtained in 2018.  

 

4.3 Viral injections 

 

GCaMP6f was injected unilaterally into the central amygdala, alternating between the right and left 

hemisphere in consecutive mice. This was done using a hybrid capsid AAV-DJ vector (procured from 

the University of Zürich in Switzerland), more specifically AAV.hSyn.chl.GCaMP6f.WPRE.SV40. 

The effectiveness of this specific AAV-DJ serotype had been confirmed previously in the 

neuropsychopharmacology group of Helsinki by multiple in vitro and ex-vivo experiments. Volumes 

of 0.5 l were injected of 1:4 dilutions of the virus. 

Mice were anesthetized in an induction chamber with 5% isoflurane and subsequently fixed on a 

stereotactic frame. Throughout the surgery a flow of isoflurane was maintained and adjusted depending 

on the breathing rate (between 1.5-2%). All surgical tools were sterilized before and during surgery 

using a glass bead steriliser.  In order to confirm full anaesthesia, the absence of pedal reflexes was 

assessed frequently during the surgery. A heat lamp was used to maintain the animals body temperature 

at 37°C. Viscotears®, a lubricating ointment was applied to the eyes to keep them from drying out 

during anaesthesia. The head of the mouse was subsequently shaved, and the scalp was disinfected 

using Betadine®. After the confirmation of full anaesthesia an incision was made through the midline 

of the scalp, exposing the skull.  Bulldog forceps were attached to either side of the skin to keep the 
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surface exposed. The fascia of the skull was then removed using cotton swabs, saline and fine-tipped 

forceps. The dorso-ventral (DV) coordinates of the reference points bregma and lambda (on the skull) 

were then compared in order to confirm that the mouse’s head was horizontally levelled. A 24 G needle 

was used to gently puncture a small hole in the skull, above the injection site. The injection needle was 

inserted very slowly at -1.6 posterior (AP), ± 3.4 lateral (ML) and -4.6 ventrally (DV) from bregma. 

These coordinates for the CeA were derived from the Allen brain atlas. A micropump was used to 

inject a volume of 500 nl (6l/hour for 5 min). After the injection was completed, a rest time of 2 

minutes was taken in order to let the virus diffuse and prevent an efflux during the needle removal. 

The needle was then removed very slowly at a similar rate of the insertion. The incision was closed 

for all animals with sutures and a dose of 5mg/kg of the analgesic Caprofen® was administered 

subcutaneously to alleviate any post-surgical pain. An entire surgery typically lasted between 1 and 2 

hours. Immediately post-surgery all animals were placed in a post-operative recovery chamber until 

recovered from the anaesthesia.  

 

4.4 Miniscope alignment test 

 

Before the implantation surgeries, a little rig was constructed to test and trouble shoot the imaging 

through the GRIN lenses with the Miniscope. This was done by placing green fluorescent tape under 

a “Thorlabs 1 Negative USAF1951 Test Target”. The test target was then imaged with and without the 

relay GRIN lens (Figure 3). This was an important step to test out the equipment and calibrate the 

appropriate working distance between the GRIN lenses and the Miniscope (the working distance of 

our lenses was approximately 200 m).  

 

 

Figure 3. Two pictures of a Miniscope alignment test using the Thorlabs 1 Negative USAF1951 Test 

Target.  A) The Test Target imaged through solely the UCLA Miniscope. B) The Test Target imaged 

with the UCLA Miniscope through the GRIN lens.  

A B 
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4.5 GRIN Lens Implantations 

 

Two weeks were taken between viral injections and lens implantations, in order to allow for an 

adequate viral expression. One Inscopix® (diameter of 0.6 mm, length of 6 mm) and Two Go!Foton® 

(diameter of 0.5 mm, length of 5.5 mm) GRIN lenses were used in this pilot study. The small diameter 

of these lenses allows insertion directly into the brain without aspiration of any brain tissue.  

The set up and the main steps of the GRIN lens implantation are identical to those described above in 

the viral injection procedure. Moreover, analogous to the viral injections, none of the lens implantation 

surgeries lasted longer than 2 hours. Implanting a lens is quite invasive and inflammation is thought to 

be a prominent factor contributing to image failure. Therefore 2 mg/kg of the non-selective 

glucocorticoid dexamethasone was administered subcutaneously to diminish surgery-related 

inflammation and tissue swelling. A dental drill was used for the craniotomy at the same coordinates 

as the injection (-1.6 AP, ± 3.4 ML, - 4.6 DV). With the drill a thin outline was first created in the 

shape of a horseshoe. The drilling depth is then gradually increased until a forceps can be used to 

remove a part of the skull. The lens was held by Blu tack® adhesive attached to a glass tube, fixed 

perpendicularly on the stereotactic frame. In order to minimise damage caused by a manual precipitous 

implantation, the neuropsychopharmacology lab designed a motorized tool capable of implanting at a 

steady rate of 89.1m/min. Once the lens was inserted at the correct depth, stabilised and capped, 

dental acrylic cement was applied to the skull, securing the lens in place (Figure 4). Two screws with 

a diameter of 0.5mm were fixed, in diagonal opposing quadrants of the skull, providing an anchor 

point for the dental cement. Around the lens itself, black acrylic dental cement was used in order to 

reduce possible light reflection during imaging. Once the cement hardened, after about 10 minutes, a 

thin layer of superglue was added between the dental cement and the sides of the lens increasing the 

stability of the lens. It is crucial to stably secure the lens in order to avoid any unnecessary trauma and 

inflammation. Once the glue tack was removed, a protective cap was secured on top of the lens with 

super glue. This cap was hand-crafted from the bottom of a PCR tube. During the first week following 

the surgery, a daily dose of 2 mg/kg of dexamethasone was injected intraperitoneally.  
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Figure 4. Schematic representation of a coronal section after the first 2 surgeries. During the first 

surgery the viral vector is injected into the CeA. During the second surgery the GRIN lens, screws and 

dental cement are secured. Created in BioRender.com (2020)  

 

4.6 Baseplating 

 

The baseplates were prepared before they were attached onto the animal’s head. The bottom and sides 

of the baseplate were scored manually with a file. The resulting texture allows for a better adhesion 

between the dental cement and the baseplate. The rest of the preparation included the insertion of three 

magnets, with an opposite polarity compared to the magnets in the Miniscope, into the corresponding 

holes of the baseplate itself. Additionally, 3 magnets were also inserted into a protective block. This 

block functions as a protective cap, attaching onto the baseplate when the Miniscope is not in use.  

After the lens implantation surgeries, the mice were left to recover for at least 10 days. Subsequently, 

the mice underwent the baseplating surgeries. Each mouse was first anaesthetised, fixed onto the 

stereotactic frame and Viscotears® were applied to its eyes. The PCR cap protecting the lens was then 

removed using sharp tip forceps. Thereafter, the top of the GRIN lens was checked under the stereo-

surgical microscope for possible debris. If needed, the lens was cleaned gently using lens paper and 

ethanol. The baseplate was then attached with a screw to the bottom of the Miniscope and both were 

mounted securely onto the stereotactic frame. The Miniscope was connected to the computer and data 
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acquisition (DAQ) hardware in order to initialise the imaging software. Thereafter the Miniscope and 

baseplate were lowered close to the lens to explore the field of view. During this step the LED 

brightness, focus and gain were adjusted accordingly. However, the LED excitation was kept relatively 

low in order to avoid any photobleaching of the brain. Once the desired focal length and the field of 

view were found (typically with a working distance of approximately 0.2 mm between the protruding 

GRIN lens and Miniscope lens) the baseplate was sealed to the skull with “C&B Metabond quick 

adhesive®” dental cement. During this step, consecutive layers of cement were applied around all the 

edges, sealing the baseplate to the scull. Special care was taken to avoid getting dental cement on the 

GRIN lens or the microscope. Once the cement dried (and the baseplate was secure enough), after 

approximately 10 minutes, the Miniscope was gently removed from the baseplate by loosening the 

screw and lifting it with the stereotax. The protective block was then attached to the baseplate instead 

of the Miniscope and any unfilled gaps in the dental cement were attended to. Finally, a layer of black 

acrylic dental cement was applied on top of the Metabond® cement serving as an extra photo-isolating 

layer. Once all the cement was dry the mouse was removed from the frame and placed in the post-

operative recovery chamber until recovered from the anaesthesia.  The duration of baseplating was 

comparable to the last two surgeries, lasting no longer than 1 hour. A schematic representation of a 

mouse post baseplate surgery and ready for unrestrained imaging can be found in Figure 5.  

 

 

Figure 5. Schematic representation of utilising the UCLA Miniscope for in vivo imaging of the CeA 

in a mouse. The figure represents the endpoint of the methods, after viral expression, lens implantation 

and baseplating. Adapted from “Optogenetics (Mini-microscope)”, by BioRender.com (2020). 

Retrieved from https://app.biorender.com/biorender-templates  

https://app.biorender.com/biorender-templates
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4.7 Recording sessions 
 

 

The first recording sessions were held 4 days after baseplating and lasted less than an hour. These were 

then repeated a second time 3 days later. First the screw holding the protective block had to be loosened 

and the Miniscope was attached in its place. Subsequently the screw was tightened in order to secure 

the Miniscope. A different screw on the Miniscope itself was then loosened and tightened in order to 

adjust the focal plane. These steps were done while the animal was fully conscious and active, 

facilitating its habituation to the procedure.  

 

4.8 Histology 

 

Both the animals imaged in Helsinki as those imaged in Jyväskylä were ultimately perfused and 

examined for histology in Helsinki. The histology experiments were performed according to standard 

procedures. Mice were anesthetized with pentobarbital and perfused with phosphate buffered saline 

(PBS) and 4% paraformaldehyde (PFA) in PBS. Thereafter the brains were extracted and left in 4% 

PFA overnight. The following day, they were placed in a cryoprotectant 30% PBS buffered sucrose 

solution for 30 hours at 4 °C. The brains were then frozen with dimethylbutane and stored at -20 °C. 

Thereafter, 40 m coronal sections were cut with a Leica® freezing microtome (Leica CM 3050 S) and 

placed in antifreeze solution. The sections were then mounted onto slides and imaged with a Zeiss® 

axiophot epifluorescence microscope. No antibodies were needed as the fluorescence of the GCaMP 

expression could be imaged directly.  
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5. Analyses 

 

The analyses of the recording sessions were done in the MATLAB environment using the CaImAn 

analyses pipeline, an open-source pipeline designed for the analyses of both one- and two-photon 

imaging (Giovannucci et al., 2019). As an outline, the pipeline incorporates motion correction, source 

extraction and deconvolution all in one pipeline. A non-rigid motion correction algorithm 

(NoRMCorre) is used for the motion correction (Pnevmatikakis & Giovannucci, 2017). This step is 

important to remove the background signal and create enhanced spatial landmarks. Subsequently, 

during source extraction, a constrained non-negative matrix factorization (CNMF) is used to identify 

components that might overlap spatially. Each extracted source can be viewed as the product of two 

components, one describing its spatial footprint and one describing its activity in time. In the end, the 

pipeline implements a sparse non-negative deconvolution algorithm called OASIS for deconvolution. 

 

 

6. Results 

 

The 3 mice that underwent the lens implantation and baseplate surgeries all recovered fully post-

surgery. They all showed healthy active and inquisitive behaviours. These included grooming, running 

around, eating and interactions with other mice. Due to the invasiveness of the surgeries in this pilot 

study, this full recovery is considered a success. No general anesthesia was used when mounting the 

Miniscope onto the baseplate prior to an imaging session. The low neuronal activity resulting from full 

anesthesia would make it very difficult to image any active cells and detect the correct focal plane. 

However, this mounting of the Miniscope onto an awake animal proved quite challenging, especially 

as the focal plane is adjusted manually by moving the imaging sensor and using screws to secure it in 

place. Nevertheless, the mice habituated to the procedure very quickly. In addition, they also showed 

a remarkable habituation carrying the Miniscope around (Figure 6). It is important to note that even 

though the UCLA Miniscope itself weighs less than 3 grams, the coaxial cable connecting the 

Miniscope to the DAQ box adds to the weight experienced by the mouse.  
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Figure 6.  (A) A mouse, right after securing the Miniscope on top of the baseplate, showing inquisitive 

behaviour. (B) The same mouse showing normal grooming behaviour. (C) The mouse interacting with 

a cage mate. (D) The mouse exploring the empty cage. 
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A C B 

The baseplate itself seemed to be stably secured with the Metabond® dental. This allowed for an 

efficient mounting of the Miniscope onto the baseplate, providing a clear image of the GRIN lens. 

 In one of the mice with an implanted Go!Foton® GRIN lens a consistent signal could be detected in 

the focal plane (Figure 7A). However, this signal was mostly static leading to a virtually non-existent 

F/F0. This signified that the signal was most likely noise or the result of an artefact. Moreover, when 

this signal was recorded and subsequently analysed through the CAImAn pipeline, the resulting 

regions of interest (ROI’s) were mostly concentrated on the outline of the GRIN lens itself (Figure 

7B).  

 

 

Figure 7.  (A) Raw image of the UCLA Miniscope. (B) Selected ROI’s of the CAImAn pipeline (C) 

Rejected ROI’s of the CAImAn pipeline  

 

 

In general, the histology showed a GCaMP expression which was not consistently localised in the 

central amygdala. More precisely, whereas some brains showed a correct GCaMP localisation (Figure 

8B, Figure 9A), other sections showed a viral expression which was considerably too lateral with a 

fluorescent signal originating from the lateral amygdala and even the cortex (Figure 8A). In the 

histology of the mouse which showed a stable signal during imaging, the localisation of the GCaMP 

expression was located in the amygdala (Figure 8B). In addition, it is important to note that some the 

cell somas seemed to be completely filled with GCaMP (Figure 9 A, B).  
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Figure 8.  Histology from 40 m thick brain slices imaged with an epifluorescence microscope (A) 

GCaMP expression which is clearly too lateral in the parietal cortex (B) GCaMP expression in the 

amygdala, this is a coronal section from the mouse showing the stable signal during recording 

sessions in Helsinki. 

 

 

 

 

 

Figure 9.  Magnified GCaMP expression from 40 m thick brain slices imaged with an epifluorescence 

microscope. In both pictures some cell somas are filled completely with GCaMP fluorescence (A) 

GCaMP expression clearly showing the shape of both the lateral and central amygdala (B) GCaMP 

expression which ended up in the cortex, same section as the mouse in figure 8A.  
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7. Discussion  

 

This study has made progress in developing a protocol for Miniscope implementation in mice at the 

pharmacology department of the University of Helsinki. However, the pivotal step regarding the 

imaging of active neuronal populations in the central amygdala proved unsuccessful, so far. The 

sometimes imprecise lateral injections show an inconsistency of the viral injections. These off-target 

injections might be due to the head of the mouse being somewhat tilted on the stereotax during 

injections or to a slight curve of the injection needle. Due to the deep location of the CeA, a small 

deviation in the angle of the supposedly rectilinear injection will have substantial consequences on the 

localization of the viral vector. In order to obtain a consistent and meticulous expression in the CeA, 

repetitive injections should be explored and fine-tuned in the future. Moreover, small adjustments to 

the coordinates, which were derived from the Allen brain atlas might be warranted. Furthermore, the 

GCaMP expression seemed somewhat excessive in some histology sections which could interfere with 

normal cellular functioning and even lead to cellular damage. Therefore, using a slightly more diluted 

viral injection could be recommended.  

Furthermore, a number of other factors which might affect the successful imaging of neuronal 

ensembles could be investigated in the future. For instance, it is possible that the black acrylic cement 

surrounding the Metabond® cement of the baseplate was not isolating enough to shut out surrounding 

light. In addition, inflammation could still be a disrupting factor, despite the precautions taken. Finally, 

the possibility of an inaccurate, imprecise working distance should be investigated.  

 

7.1 Future Considerations 

 

In addition to the recommended adjustments of the viral injections, the Miniscope protocol would 

likely benefit from implementing other considerations in the future. A relatively simple consideration 

regards the weight experienced by the mouse when carrying the Miniscope around. As noted earlier, 

the coaxial cable connecting the Miniscope to the DAQ box is likely to increase the experienced 

weight. Finding a solution to this might be fairly straightforward by devising some kind of mount, 

which could support the cable.  

Due to isoflurane anaesthesia, no signal can be seen during the baseplate surgery. As a result, during 

the baseplate surgery, finding the appropriate working distance between the Miniscope and GRIN lens 
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is largely based on estimation (the working distance of our lenses is approximately 200 m). Moreover, 

our failed images might be the result of consistently securing the Miniscope too close to the GRIN lens 

resulting in focussing on the top of the lens but not inside the lens. It might prove useful to test the 

Miniscope and GRIN lens with an approach that is closer to a real implantation compared to the 

calibration target. For instance, green fluorescent microbeads could be mixed in agar gel. Another 

possibility could be to test the GRIN lens on cultured neurons infected with GCaMP. Furthermore, it 

would be beneficial to work out a way of combining the lens implantation and the baseplate surgeries. 

This would not only reduce the time needed to complete the surgeries but could guarantee an accurate 

working distance given a pre-operative calibration. The commercial Inscopix system, used in 

Jyväskylä, applies this approach by supplying one component which integrates the GRIN lens into the 

baseplate.  

An attempt to further minimise inflammation could be approached in a number of ways. One idea 

would be to use multiple small diluted viral injections in two parallel lines and implant the lens in-

between these two lines (Figure 10). Since the GRIN lens and injection needle would be inserted into 

different loci, the negative effect of any inflammation caused by the injection needle (during the viral 

injection) would be avoided. Multiple lower dilutions might also forestall any cell damage or 

distortions caused by an excessive GCaMP transduction.  

 

Figure 10. Schematic representation of a coronal section with multiple parallel viral injections. The 

GRIN lens is implanted in a different location, in-between the injection sites. As a result, one could 

hope to mitigate the negative effect of the inflammation, caused during the first surgeries. Created in 

BioRender.com (2020)  
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Another way of reducing inflammation might be to simply increase the dexamethasone injections from 

2 mg/kg to 4 -5 mg/kg. However, the mice should be monitored for possible negative effects of a 

higher dose, such as an increased risk for silent infections. 

Finally, instead of using Blu tack®, a different way of holding the lens during the implantation surgery 

could be tried. For instance, the GRIN lens could be secured with superglue onto a 200 μl micropipette 

tip (which has an internal diameter of about the size of our 0.5 mm GRIN lenses). Subsequently, once 

the lens is implanted at the correct depth acetone could be used to dissolve the glue and release the 

lens. Another possible technique would incorporate a pressure pump or vacuum pump to hold the lens. 

 

8.  Conclusion 

 

Over the last decades, in vivo imaging in the mammalian brain has made considerable strides forward. 

Contemporary GECI’s allow for a chronic stable expression of neuronal activity indicators with an 

efficacious spatial and temporal resolution. In combination with innovatory optical instrumentation 

this has led to the advent of techniques, such as Miniscopes, capable of recording multiple neurons 

during unrestrained behaviour. This is a revolutionary advancement which can allow researchers to 

make a direct link between behaviour and the underlying neuronal activity of a specific brain region 

and even of multiple brain regions simultaneously. Moreover, the same imaged neurons can be reliably 

recorded over multiple sessions, allowing for intricate analyses of neuronal ensemble activity and how 

these might be modulated by experimental interventions over a period of time. The facilitation of 

longitudinal designs permits utilising each animal as its own control, thereby reducing the number of 

animals needed per experiment.   

This pilot study was unable to successfully record neuronal ensembles in the central amygdala. 

However, the complete recovery of the mice can be considered a success. Different possible 

adjustments were discussed which might be implemented in the future. In general, the study has made 

advancements in generating a protocol for Miniscope implementation at the pharmacology department 

of Helsinki.  

Miniscopes and in vivo imaging in general are playing an increasingly important role in circuit 

investigation and uncovering network dynamics related to behaviour. Due to the anticipated 

advancements of both Miniscopes and improvements of the genetically encoded indicators used to 

visualise the activity, the role of in vivo imaging in elucidating the functions and mechanisms of 

neuronal ensembles is likely to become more pronounced in the foreseeable future.  



 

37 

 

Acknowledgements 

 

First and foremost, I would like to express my sincere gratitude to Teemu Aitta-Aho for the excellent 

guidance and instructions throughout all stages of the master’s thesis project. It was a pleasure to work 

under his supervision as it provided an exceptional motivational working environment with both 

autonomy and support. His insights were invigorating and his inputs during the writing process were 

greatly appreciated.  

I would also like to thank Sami Lehti for his engagement and engineering expertise. His creative ideas 

and inputs during our conversations were indispensable. In addition, I am very grateful for the support 

Teo Qvist provided during certain technical parts of the study. 

Furthermore, I would like to thank the members of the psychology department in Jyväskylä for the 

smooth collaboration.  

Finally, the contributions of my parents, friends and girlfriend cannot be overstated. Their uplifting 

spirit, support, valuable feedback and advice were crucial for the completion of this thesis.  

 

 

 

 

  



 

38 

 

 

References 

Aharoni, D. (2020, February 19). Overview of system components. Miniscope.Org. 

http://miniscope.org/index.php/Guides_and_Tutorials 

Aharoni, D., & Hoogland, T. M. (2019). Circuit Investigations with Open-Source Miniaturized Microscopes: 

Past, Present and Future. Frontiers in Cellular Neuroscience, 13. doi:10.3389/fncel.2019.00141 

Barnett, L. M., Hughes, T. E., & Drobizhev, M. (2017). Deciphering the molecular mechanism responsible for 

GCaMP6m’s Ca2+-dependent change in fluorescence. PLOS ONE, 12(2), e0170934. 

https://doi.org/10.1371/journal.pone.0170934 

Baubet, V., Mouellic, H. L., Campbell, A. K., Lucas-Meunier, E., Fossier, P., & Brulet, P. (2000). Chimeric 
green fluorescent protein-aequorin as bioluminescent Ca2+ reporters at the single-cell level. Proceedings of the 

National Academy of Sciences, 97(13), 7260-7265. doi:10.1073/pnas.97.13.726 

Berridge, M. J. (1998). Neuronal Calcium Signaling. Neuron, 21(1), 13-26. doi:10.1016/s0896-6273(00)80510-

3 

Berridge, M. J., Bootman, M. D., & Roderick, H. L. (2003). Calcium signalling: Dynamics, homeostasis and 

remodelling. Nature Reviews Molecular Cell Biology, 4(7), 517-529. doi:10.1038/nrm1155 

Birkner, A., Tischbirek, C. H., & Konnerth, A. (2017). Improved deep two-photon calcium imaging in vivo. 

Cell Calcium, 64, 29–35. https://doi.org/10.1016/j.ceca.2016.12.005 

Bocarsly, M. E., Jiang, W.-, Wang, C., Dudman, J. T., Ji, N., & Aponte, Y. (2015). Minimally invasive 

microendoscopy system for in vivo functional imaging of deep nuclei in the mouse brain. Biomedical Optics 

Express, 6(11), 4546. https://doi.org/10.1364/boe.6.004546 

Bouard, D., Alazard-Dany, N., & Cosset, F.-L. (2009). Viral vectors: from virology to transgene expression. 

British Journal of Pharmacology, 157(2), 153–165. https://doi.org/10.1038/bjp.2008.349 

Brini, M. (2008). Calcium-sensitive photoproteins. Methods, 46(3), 160-166. doi:10.1016/j.ymeth.2008.09.011 

Chen, T., Wardill, T., Sun, Y. et al. (2013) Ultrasensitive fluorescent proteins for imaging neuronal 

activity. Nature 499, 295–300. https://doi.org/10.1038/nature12354 

Douglass, A. M., Kucukdereli, H., Ponserre, M., Markovic, M., Gründemann, J., Strobel, C., Alcala Morales, 

P. L., Conzelmann, K.-K., Lüthi, A., & Klein, R. (2017). Central amygdala circuits modulate food consumption 

through a positive-valence mechanism. Nature Neuroscience, 20(10), 1384–1394. 

https://doi.org/10.1038/nn.4623 

Garaschuk, O., Milos, R., & Konnerth, A. (2006). Targeted bulk-loading of fluorescent indicators for two-

photon brain imaging in vivo. Nature Protocols, 1(1), 380-386. doi:10.1038/nprot.2006.58 

Giovannucci, A., Friedrich, J., Gunn, P., Kalfon, J., Brown, B. L., Koay, S. A., Taxidis, J., Najafi, F., Gauthier, 

J. L., Zhou, P., Khakh, B. S., Tank, D. W., Chklovskii, D. B., & Pnevmatikakis, E. A. (2019). CaImAn an open 

source tool for scalable calcium imaging data analysis. ELife, 8, /. https://doi.org/10.7554/elife.38173 

Glas, A., Huebener, M., Bonhoeffer, T., and Goltstein, P. M. (2018). Benchmarking miniaturized microscopy 

against two-photon calcium imaging using single-cell orientation tuning in mouse visual cortex. bioRxiv 

[Preprint] 494641. doi: 10.1101/494641  

https://doi.org/10.1016/j.ceca.2016.12.005
https://doi.org/10.1364/boe.6.004546


 

39 

 

Grienberger, C., & Konnerth, A. (2012). Imaging Calcium in Neurons. Neuron, 73(5), 862-885. 

doi:10.1016/j.neuron.2012.02.011 

de Groot, A., van den Boom, B. J. G., van Genderen, R. M., Coppens, J., van Veldhuijzen, J., Bos, J., 

Hoedemaker, H., Negrello, M., Willuhn, I., De Zeeuw, C. I., & Hoogland, T. M. (2020). NINscope, a versatile 

Miniscope for multi-region circuit investigations. ELife, 9. https://doi.org/10.7554/elife.49987 

Hamel, E. J. O., Grewe, B. F., Parker, J. G., & Schnitzer, M. J. (2015). Cellular Level Brain Imaging in Behaving 

Mammals: An Engineering Approach. Neuron, 86(1), 140–159. https://doi.org/10.1016/j.neuron.2015.03.055 

Harris, A. Z., Golder, D., & Likhtik, E. (2017). Multisite Electrophysiology Recordings in Mice to Study Cross‐

Regional Communication During Anxiety. Current Protocols in Neuroscience, 80(1). doi:10.1002/cpns.32 

Harvey, C. D., Collman, F., Dombeck, D. A., and Tank, D. W. (2009). Intracellular dynamics of hippocampal 

place cells during virtual navigation. Nature 461, 941–946. doi: 10.1038/nature08499 

Hauck, B., Chen, L., & Xiao, W. (2003). Generation and characterization of chimeric recombinant AAV vectors. 

Molecular Therapy, 7(3), 419–425. https://doi.org/10.1016/s1525-0016(03)00012-1 

He, C. X., Arroyo, E. D., Cantu, D. A., Goel, A., & Portera-Cailliau, C. (2018). A Versatile Method for Viral 

Transfection of Calcium Indicators in the Neonatal Mouse Brain. Frontiers in Neural Circuits, 12, 12. 

https://doi.org/10.3389/fncir.2018.00056 

Helmchen, F., Imoto, K., & Sakmann, B. (1996). Ca2+ buffering and action potential-evoked Ca2+ signaling 

in dendrites of pyramidal neurons. Biophysical Journal, 70(2), 1069-1081. doi:10.1016/s0006-3495(96)79653-

4 

Hille, B. (2001). Voltage-Gated Calcium Channels. B. Hille (Author), Ion channels of excitable membranes 

(3rd ed., pp. 95-128). Sunderland, MA: Sinauer. 

Homma, R., Baker, B. J., Jin, L., Garaschuk, O., Konnerth, A., Cohen, L. B., & Zecevic, D. (2009). Wide-field 

and two-photon imaging of brain activity with voltage- and calcium-sensitive dyes. Philosophical Transactions 

of the Royal Society B: Biological Sciences, 364(1529), 2453–2467. https://doi.org/10.1098/rstb.2009.0084 

Huber, D., Gutnisky, D. A., Peron, S., O’Connor, D. H., Wiegert, J. S., Tian, L., . . . Svoboda, K. (2012). 

Multiple dynamic representations in the motor cortex during sensorimotor learning. Nature, 484(7395), 473-

478. doi:10.1038/nature11039 

Inoue, M., Takeuchi, A., Horigane, S., Ohkura, M., Gengyo-Ando, K., Fujii, H., . . . Bito, H. (2014). Rational 

design of a high-affinity, fast, red calcium indicator R-CaMP2. Nature Methods, 12(1), 64-70. 

doi:10.1038/nmeth.3185 

Jennings, J. H., Kim, C. K., Marshel, J. H., Raffiee, M., Ye, L., Quirin, S., Pak, S., Ramakrishnan, C., & 

Deisseroth, K. (2019). Interacting neural ensembles in orbitofrontal cortex for social and feeding behaviour. 

Nature, 565(7741), 645–649. https://doi.org/10.1038/s41586-018-0866-8 

Jercog, P., Rogerson, T., & Schnitzer, M. J. (2016). Large-Scale Fluorescence Calcium-Imaging Methods for 

Studies of Long-Term Memory in Behaving Mammals. Cold Spring Harbor Perspectives in Biology, 8(5), 

a021824. https://doi.org/10.1101/cshperspect.a02182 

Jung, J. C., Mehta, A. D., Aksay, E., Stepnoski, R., & Schnitzer, M. J. (2004). In Vivo Mammalian Brain 

Imaging Using One- and Two-Photon Fluorescence Microendoscopy. Journal of Neurophysiology, 92(5), 

3121–3133. https://doi.org/10.1152/jn.00234.2004 

https://doi.org/10.1152/jn.00234.2004


 

40 

 

Lauber, D. T., Fülöp, A., Kovács, T., Szigeti, K., Máthé, D., & Szijártó, A. (2017). State of the art in vivo 

imaging techniques for laboratory animals. Laboratory Animals, 51(5), 465–478. 

https://doi.org/10.1177/0023677217695852 

Lee, H.-S., & Han, J.-H. (2020). Successful In vivo Calcium Imaging with a Head-Mount Miniaturized 

Microscope in the Amygdala of Freely Behaving Mouse. Journal of Visualized Experiments, 162. 

https://doi.org/10.3791/61659 

Lee, S. A., Holly, K. S., Voziyanov, V., Villalba, S. L., Tong, R., Grigsby, H. E., Glasscock, E., Szele, F. G., 

Vlachos, I., & Murray, T. A. (2016). Gradient Index Microlens Implanted in Prefrontal Cortex of Mouse Does 

Not Affect Behavioral Test Performance over Time. PLOS ONE, 11(1), e0146533. 

https://doi.org/10.1371/journal.pone.0146533 

Lin, M. Z., & Schnitzer, M. J. (2016). Genetically encoded indicators of neuronal activity. Nature Neuroscience, 

19(9), 1142-1153. doi:10.1038/nn.4359 

Marvin, J. S., Borghuis, B. G., Tian, L., Cichon, J., Harnett, M. T., Akerboom, J., Gordus, A., Renninger, S. L., 

Chen, T.-W., Bargmann, C. I., Orger, M. B., Schreiter, E. R., Demb, J. B., Gan, W.-B., Hires, S. A., & Looger, 

L. L. (2013). An optimized fluorescent probe for visualizing glutamate neurotransmission. Nature Methods, 

10(2), 162–170. https://doi.org/10.1038/nmeth.2333 

Nakai, J., Ohkura, M., & Imoto, K. (2001). A high signal-to-noise Ca2+ probe composed of a single green 

fluorescent protein. Nature Biotechnology, 19(2), 137-141. doi:10.1038/84397 

Ozbay, B. N., Futia, G. L., Ma, M., Bright, V. M., Gopinath, J. T., Hughes, E. G., Restrepo, D., & Gibson, E. 

A. (2018). Three dimensional two-photon brain imaging in freely moving mice using a miniature fiber coupled 

microscope with active axial-scanning. Scientific Reports, 8(1). https://doi.org/10.1038/s41598-018-26326-3 

Peterka, D. S., Takahashi, H., & Yuste, R. (2011). Imaging Voltage in Neurons. Neuron, 69(1), 9–21. 

https://doi.org/10.1016/j.neuron.2010.12.010 

Pnevmatikakis, E. A., & Giovannucci, A. (2017). NoRMCorre: An online algorithm for piecewise rigid motion 

correction of calcium imaging data. Journal of Neuroscience Methods, 291, 83–94. 

https://doi.org/10.1016/j.jneumeth.2017.07.031 

Purves, D., Augustine, G. J., Fitzpatrick, D., Hall, W. C., LaMantia, A., & White, L. E. (2011). Neuroscience 

(5th ed.). Sinauer Associates is an imprint of Oxford University Press. 

Rizo, J., & Xu, J. (2015). The Synaptic Vesicle Release Machinery. Annual Review of Biophysics, 44(1), 339–

367. https://doi.org/10.1146/annurev-biophys-060414-034057 

Resendez, S. L., Jennings, J. H., Ung, R. L., Namboodiri, V. M. K., Zhou, Z. C., Otis, J. M., Nomura, H., 

McHenry, J. A., Kosyk, O., & Stuber, G. D. (2016). Visualization of cortical, subcortical and deep brain neural 

circuit dynamics during naturalistic mammalian behavior with head-mounted microscopes and chronically 

implanted lenses. Nature Protocols, 11(3), 566–597. https://doi.org/10.1038/nprot.2016.021 

Schwenkgrub, J., Harrell, E. R., Bathellier, B., & Bouvier, J. (2020). Deep imaging in the brainstem reveals 

functional heterogeneity in V2a neurons controlling locomotion. Science Advances, 6(49), eabc6309. 

https://doi.org/10.1126/sciadv.abc6309 

Shen, Y., Rosendale, M., Campbell, R. E., & Perrais, D. (2014). pHuji, a pH-sensitive red fluorescent protein 

for imaging of exo- and endocytosis. The Journal of General Physiology, 144(6), 1446OIA52. 

https://doi.org/10.1085/jgp.1446oia52 

https://doi.org/10.1177/0023677217695852
https://doi.org/10.1371/journal.pone.0146533
https://doi.org/10.1016/j.neuron.2010.12.010
https://doi.org/10.1146/annurev-biophys-060414-034057
https://doi.org/10.1038/nprot.2016.021


 

41 

 

Simms, B. A., & Zamponi, G. W. (2014). Neuronal Voltage-Gated Calcium Channels: Structure, Function, and 

Dysfunction. Neuron, 82(1), 24–45. https://doi.org/10.1016/j.neuron.2014.03.016 

St-Pierre, F., Chavarha, M., & Lin, M. Z. (2015). Designs and sensing mechanisms of genetically encoded 

fluorescent voltage indicators. Current Opinion in Chemical Biology, 27, 31–38. 

https://doi.org/10.1016/j.cbpa.2015.05.003 

Stamatakis, A. M., Schachter, M. J., Gulati, S., Zitelli, K. T., Malanowski, S., Tajik, A., Fritz, C., Trulson, M., 

& Otte, S. L. (2018). Simultaneous Optogenetics and Cellular Resolution Calcium Imaging During Active 

Behavior Using a Miniaturized Microscope. Frontiers in Neuroscience, 12. 

https://doi.org/10.3389/fnins.2018.00496 

Steinmetz, N. A., Buetfering, C., Lecoq, J., Lee, C. R., Peters, A. J., Jacobs, E. A. K., Coen, P., Ollerenshaw, 

D. R., Valley, M. T., de Vries, S. E. J., Garrett, M., Zhuang, J., Groblewski, P. A., Manavi, S., Miles, J., White, 

C., Lee, E., Griffin, F., Larkin, J. D., … Harris, K. D. (2017). Aberrant Cortical Activity in Multiple GCaMP6-

Expressing Transgenic Mouse Lines. Eneuro, 4(5), ENEURO.0207-17.2017. 

https://doi.org/10.1523/eneuro.0207-17.2017 

Sun, X. R., Badura, A., Pacheco, D. A., Lynch, L. A., Schneider, E. R., Taylor, M. P., . . . Wang, S. S. (2013). 

Fast GCaMPs for improved tracking of neuronal activity. Nature Communications, 4(1). 

doi:10.1038/ncomms3170 

Sun, Y., Blanco-Centurion, C., Bendell, E., Vidal-Ortiz, A., Luo, S., & Liu, M. (2019). Correction: Activity 

dynamics of amygdala GABAergic neurons during cataplexy of narcolepsy. ELife, 8, _. 

https://doi.org/10.7554/elife.52397 

Tallini, Y. N., Ohkura, M., Choi, B., Ji, G., Imoto, K., Doran, R., . . . Kotlikoff, M. I. (2006). Imaging cellular 

signals in the heart in vivo: Cardiac expression of the high-signal Ca2+ indicator GCaMP2. Proceedings of the 

National Academy of Sciences, 103(12), 4753-4758. doi:10.1073/pnas.0509378103 

Wilt, B. A., Burns, L. D., Wei Ho, E. T., Ghosh, K. K., Mukamel, E. A., & Schnitzer, M. J. (2009). Advances 

in Light Microscopy for Neuroscience. Annual Review of Neuroscience, 32(1), 435–506. 

https://doi.org/10.1146/annurev.neuro.051508.135540 

Wilt, B. A., Fitzgerald, J. E., & Schnitzer, M. J. (2013). Photon Shot Noise Limits on Optical Detection of 

Neuronal Spikes and Estimation of Spike Timing. Biophysical Journal, 104(1), 51–62. 

https://doi.org/10.1016/j.bpj.2012.07.058 

Xu, Y., Deng, M., Zhang, S., Yang, J., Peng, L., Chu, J., & Zou, P. (2019). Imaging Neuronal Activity with 

Fast and Sensitive Red-Shifted Electrochromic FRET Indicators. ACS Chemical Neuroscience, 10(12), 4768–

4775. https://doi.org/10.1021/acschemneuro.9b00501 

Xie, Y., Chan, A. W., McGirr, A., Xue, S., Xiao, D., Zeng, H., & Murphy, T. H. (2016). Resolution of High-

Frequency Mesoscale Intracortical Maps Using the Genetically Encoded Glutamate Sensor iGluSnFR. Journal 

of Neuroscience, 36(4), 1261–1272. https://doi.org/10.1523/jneurosci.2744-15.2016 

Yang, Y., Liu, N., He, Y., Liu, Y., Ge, L., Zou, L., Song, S., Xiong, W., & Liu, X. (2018). Improved calcium 

sensor GCaMP-X overcomes the calcium channel perturbations induced by the calmodulin in GCaMP. Nature 

Communications, 9(1). https://doi.org/10.1038/s41467-018-03719-6 

Ye, L., Haroon, M. A., Salinas, A., & Paukert, M. (2017). Comparison of GCaMP3 and GCaMP6f for studying 

astrocyte Ca2+ dynamics in the awake mouse brain. Plos One, 12(7). doi:10.1371/journal.pone.0181113 

https://doi.org/10.1016/j.neuron.2014.03.016
https://doi.org/10.3389/fnins.2018.00496
https://doi.org/10.7554/elife.52397
https://doi.org/10.1016/j.bpj.2012.07.058
https://doi.org/10.1523/jneurosci.2744-15.2016


 

42 

 

Zhang, X., & Li, B. (2018). Population coding of valence in the basolateral amygdala. Nature Communications, 

9(1). https://doi.org/10.1038/s41467-018-07679-9 

Zhang, L., Liang, B., Barbera, G., Hawes, S., Zhang, Y., Stump, K., Baum, I., Yang, Y., Li, Y., & Lin, D.-T. 

(2018). Miniscope GRIN Lens System for Calcium Imaging of Neuronal Activity from Deep Brain Structures 

in Behaving Animals. Current Protocols in Neuroscience, 86(1), e56. https://doi.org/10.1002/cpns.56 

Ziv, Y., Burns, L. D., Cocker, E. D., Hamel, E. O., Ghosh, K. K., Kitch, L. J., & Schnitzer, M. J. (2013). Long-

term dynamics of CA1 hippocampal place codes. Nature Neuroscience, 16(3), 264-266. doi:10.1038/nn.3329 

Zou, P., Zhao, Y., Douglass, A. D., Hochbaum, D. R., Brinks, D., Werley, C. A., Harrison, D. J., Campbell, R. 

E., & Cohen, A. E. (2014). Bright and fast multicoloured voltage reporters via electrochromic FRET. Nature 

Communications, 5(1). https://doi.org/10.1038/ncomms5625 

 

 

https://doi.org/10.1038/ncomms5625

	Abstract
	Abbreviations:
	1. Introduction
	2. Background
	2.1 Calcium imaging
	2.1.2 Calcium indicators
	2.1.3 Calcium imaging instrumentation

	2.2 In vivo imaging vs in vivo electrophysiological recording
	2.3 Other in vivo indicators
	2.3.1 Voltage indicators
	2.3.2 Synaptic vesicle release indicators and specific neurotransmitter indicators

	2.4 Miniscope

	3. Objective of the pilot study
	4. Materials & Methods
	4.1 Miniscope: UCLA V3
	4.2 Mice
	4.3 Viral injections
	4.4 Miniscope alignment test
	4.5 GRIN Lens Implantations
	4.6 Baseplating
	4.7 Recording sessions
	4.8 Histology

	5. Analyses
	6. Results
	7. Discussion
	7.1 Future Considerations

	8.  Conclusion
	Acknowledgements
	References

