
 

 



 
 

ABSTRACT 

MiniFAST: A Fast and Sensitive Miniaturized Microscope for in vivo 
Neural Imaging 

by 

Jill Juneau 

Imaging methods in neuroscience are used to visualize and record neural activity 

from large cell populations. Within imaging modalities, miniaturized microscopes, which 

typically weigh < 4 grams, have become widely used and feature the added advantage 

of recording in vivo neural activity with unrestrained behavior. The current designs have 

shown exciting results from imaging fluorescent genetically encoded calcium indicators 

(GECIs) which have bright and slow dynamics (> 1 s) easily captured by most image 

sensors at frame rates of 30 Hz or less. However, there are many neuroscience 

applications which would benefit from using other emerging neural indicators, such as 

fluorescent genetically-encoded voltage indicators (GEVIs) that have faster temporal 

resolution to match neuron spiking, or bioluminescent indicators which can eliminate 

autofluorescence and photobleaching that occurs in fluorescent indicators. Despite their 

potential, miniaturized microscopes are not in use with these indicators likely due to 

their inability to image at high speeds to capture the fast dynamics of GEVIs and inability 

to image with high sensitivity required for signals with low signal to noise ratio (SNR) 

inherent to current versions of GEVIs and bioluminescent indicators. We addressed this 

problem by integrating the latest CMOS image sensor technology into a popular open-



 
 

source miniaturized microscope platform. MiniFAST is a fast and sensitive miniaturized 

microscope capable of 1080p video, 1.5um resolution, frame rates up to 500 Hz and 

high gain ability (up to 70 dB) to image in extremely low light conditions. We also report 

results of high speed 500 Hz in vitro imaging of a GEVI and ~300 Hz in vivo imaging 

of transgenic Thy1-GCaMP6f mice. Finally, we show the potential for a reduction in 

photobleaching effects by using high gain imaging with ultra-low excitation light 

power (0.05mW) at 60 Hz frame rates while still resolving Ca2+ spiking activity. Our 

results extend miniaturized microscope capabilities in high-speed imaging, high 

sensitivity and increased resolution opening the door for the open-source 

community to use fast and dim neural indicators. 
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Chapter 1 

Introduction 

1.1. Overview 

Understanding the mammalian brain requires recording and analyzing neural 

activity to decipher the mechanisms of neural circuits that drive complex decision-making 

behavior and cognition. However, this is complicated due to the enormous complexity in 

even the smallest mammalian model organism, a mouse brain, that has an estimated 75 

million neurons interconnected through one trillion synapses spread over 500 mm^3 (35). 

Thus, specialized tools are needed to interface with the brain to record neural activity from 

large populations of neurons. Additionally, answering critical questions involving learning, 

memory, and circuit plasticity-related functions requires long-term recordings of the same 

cell population. Such recordings from behaving animals or humans are essential to reveal 

how neural circuits process, code, and store inputs from the external world.  

Microscopy imaging of neurons expressing neural activity indicators, genetically-

encoded optical reporters that change light intensity during cell activity, provides a method 

for in vivo recordings of neural activity from small animals. Like advanced microelectrodes 

(36), imaging methods using neural activity indicators enable recordings from cell 
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populations over long time periods but with the added benefit of visualizing cell activity 

and anatomical structure.  While there are several different types of neural activity 

indicators, fluorescent genetically-encoded calcium indicators (GECIs) are most often used 

and have produced neural recordings of entire brains of small model organisms (33, 34) to 

superficial and deep brain regions of mammals (12, 15). Within in vivo imaging modalities, 

miniaturized microscopes have become popular because they can image neural activity but 

are also lightweight (< 4 grams) and compact enough to be carried by the animal enabling 

natural exploratory behavior that is critical to accurately represent activity from the 

underlying neural circuits. Miniaturized microscopes have similar optical paths as 

benchtop microscopes and during experiments can be attached to a microscope 

baseplate/objective GRIN lens chronically implanted on the animal’s head. Although there 

exists a tradeoff in the hardware complexity compared to head-fixed imaging techniques 

that use large benchtop microscopes, freely-behaving imaging allows an animal to freely 

explore an area, socialize with other animals, and perform traditional neuroscience 

experiments such as learning and memory maze tasks.  

While miniaturized microscopes have become powerful tools in the neuroscience 

community, limitations exist in frame rates, sensitivity and resolution of the currently used 

image sensors restricting the scope of possible imaging experiments. First, frame rates and 

sensitivity have a direct impact on the ability to image dim and/or fast optical signals. 

Second, the image sensor resolution limits the optical resolution of the microscopes. 

Expanding the imaging capability of miniaturized microscopes would improve current 

imaging experiments with GECIs, particularly with GECI transgenic lines that have faster 

yet dimmer signaling compared to injectable GECIs. Additionally, expansion of capabilities 
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would open the door to image faster types of optical reporters, such as emerging 

genetically-encoded voltage indicators (GEVIs), which have light kinetics that can closely 

match the temporal resolution of underlying action potential signals but requires fast 

frame rates (> 200 Hz) to properly image them. This thesis focuses on the development and 

testing of a new miniaturized microscope, MiniFAST, that expands the imaging capability of 

miniaturized microscopes with increased frame rates, sensitivity, and resolution.  The rest 

of this chapter focuses on an overview of imaging neural activity followed by the 

limitations of available miniaturized microscopes. Chapter 2 discusses the design and 

testing of MiniFAST, including in vivo and in vitro results with high speed imaging (~300 to 

500 Hz). Chapter 3 discusses the methods used followed by a conclusion section in Chapter 

4. Some of the work presented here has already been published in Juneau & Kemere (39) , 

and will also be presented in additional publications that are currently being prepared on 

the full design and in vivo/in vitro test results.  
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1.2. Background on imaging neural activity 

Using imaging systems to record neural activity relies on two main components. 

First, a neural activity indicator, a genetically-encoded optical reporter that changes light 

intensity with cell activity, must be expressed in the cells of the brain region of interest. 

Second, a microscopy system is used to capture light intensity changes through an objective 

lens placed above the brain region of interest. In considering which neural indicator to use 

for a neuroscience imaging experiment, one must also consider whether the microscope 

imaging system can meet the requirements needed to properly record the optical signals. 

Therefore, during the experimental design stage, it is important to understand the 

properties and challenges of the available neural indicators.   

1.2.1. Overview of neural indicators 

The purpose of neural activity indicators is to capture activity changes of neurons, 

the signaling cells of the brain. These signals, called action potentials or spikes, have 

voltage transients from ~-70mV to +40 mV and are ~3-ms long. The voltage transients 

result from cell ion concentration fluctuations of sodium (Na+), potassium (K+) and calcium 

(Ca2+) ions that flow through voltage-gated channels in the cell membrane. Neural 

indicators signal on biological mechanisms such as the cell’s ion or voltage fluctuation. For 

cell expression, a neural indicator must be injected into the brain region of interest (e.g. 

adeno-associated virus (AAV)) or is already expressed in transgenic animal lines. 

Continued development in protein engineering has generated many types of neural 

indicators each with different characteristics. Overall, the ideal neural indicator would 

produce light transients that can easily be detected by an image sensor (high brightness 
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and sensitivity), would match the dynamics of the underlying neural signal (fast temporal 

kinetics), would not degrade in light intensity over the imaging session (good 

photostability) and would be stably expressed in cells over long periods of time.  However, 

available versions of neural indicators do not meet all criteria, and each have tradeoffs with 

unique imaging challenges.  

The most widely used neural indicators are fluorescent indicators which work when 

fluorophores are excited by one wavelength and then release light at a longer wavelength. 

Thus, fluorescent indicators require an excitation light (e.g. blue wavelength) and emit light 

in a different wavelength (e.g. green wavelength). One downfall of fluorescence is that 

these indicators suffer from photobleaching, a form of phototoxicity from the excitation 

light and leads to a degradation of fluorescence over time. However, many strategies are 

employed to mitigate the severity of photobleaching making it manageable with planning.   

Of the different fluorescent neural indicators, the most popular versions are GECIs 

(e.g. GCaMP), which change light intensity based on the cell’s Ca2+ ion concentration (17). 

The most commonly used injectable AAV GCaMP6 GECI (12) versions are easily captured 

by most imaging systems because of their bright and slow decay kinetics (> 1 second). Also, 

transgenic GECI Thy1-GCaMP6 mouse/rat lines (15) are available and are reported to have 

dimmer yet faster kinetics likely due to lower GCaMP cell concentration and weaker 

calcium buffering. The benefits of transgenic lines include stable cell expression over time 

and one less surgical step without the need for the injection of the indicator.  

The major downfall of GECIs are the slow kinetics that result from 

buffering/elimination of Ca2+ ions inside the cell making it difficult to correlate 
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fluorescence changes with exact action potential timing. Moreover, during action potential 

bursting activity, ramping behavior occurs in the fluorescence making it difficult to resolve 

individual action potentials (12). While relativity fast onset times (~40 ms) still make 

GECIs useful for many experiments, faster kinetics are needed for experiments requiring a 

temporal resolution closer to the kinetics of action potentials.  

Genetically-encoded voltage indicators (GEVIs) are emerging fluorescent indicators 

and change light intensity based on the cell’s voltage rather than the cell’s ion 

concentration like GECIs (14,18). Cell voltage is a more accurate mechanism to report the 

underlying action potentials, translating to faster light kinetics. Impressively, some current 

versions of GEVIs (e.g. ACE2N) have fluorescent kinetics that can closely match the 

temporal resolution of action potential spiking with on/off dynamics that resolve 

individual spikes even during bursting activity. However, GEVIs tend to have very dim 

signals with low dynamic ranges especially when imaged at the high frame rates required 

to capture the fast dynamics of the signals.  

Bioluminescent indicators are another type of indicator in the very early stages of 

development but are promising in their ability to generate light through luminescence 

rather than fluorescence. Luminescence works through enzymatic processes where a 

substrate known as a luciferin emits photons when it is broken down by an enzyme known 

as luciferase (37, 38). Unlike fluorescent indicators that require an excitation light, 

bioluminescent indicators are not prone to photobleaching and thus their use could greatly 

lengthen experimental imaging sessions well beyond the 1-hour sessions that are typical 

with GECIs. Another advantage is decreased complexity in microscope hardware without 
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the need for the excitation light and filters required in fluorescent microscopes. However, 

in their present state, they are much dimmer than fluorescent indicators and require low-

light image sensors to detect signals.   

1.2.2. Imaging considerations of neural indicators 

The second component of imaging neural activity is the microscopy system and ensuring 

the appropriate setup to achieve the highest quality of optical recordings. Ideally, the 

optical recordings will first, accurately track all frequencies of the neural indicator light 

transients and second, spatially resolve the individual cells. For recording light transients, 

even with dim or fast signaling, the signals need to be captured with light intensity changes 

above the noise/black threshold of the image sensor. Ideally, to image fast and dim neural 

indicators, it is best to choose an image sensor with high frame rates and gain capability as 

well as a high quantum efficiency, low temporal dark noise, high SNR, and a high dynamic 

range (See appendix A). Additionally, when setting up an imaging system or parameters for 

a specific experiment, there are several factors to consider such as the tradeoffs in 

frames/exposure times and the tradeoffs in the excitation light/photobleaching.  

Tradeoffs in frame rates and exposure times 

To satisfy the Nyquist sampling theorem, a signal must be sampled at twice the 

maximum frequency component of the signal. Applying this principle to imaging neural 

signals, it may seem logical to always image at the highest frame rate possible, yet, imaging 

systems have an inherent tradeoff in that faster frame rates decrease exposure time. For 

example, at a frame rate of 30 Hz, the maximum exposure time is 33ms, yet, this drops to 
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only 2-ms when imaging at 500 Hz. Therefore, short exposure times lead to fewer photons 

collected in pixel wells and darker images. This tradeoff becomes very challenging when 

imaging dim neural indicators at faster frame rates and often requires significant gain 

ability on the image sensor to overcome the problem.   

Tradeoffs with excitation light and photobleaching in fluorescent indicators 

When imaging fluorescent neural indicators, another tradeoff exists between the 

excitation light power and the severity of photobleaching. The excitation light is needed to 

excite fluorophores to generate the returning emission light of the cell. Thus, higher 

excitation light power produces brighter images. Yet, previous studies have shown that 

higher excitation light power leads to more severe photobleaching (16, 27, 28, 29, 30).  

One notable characterization study (16), performed a photobleaching test by 

illuminating hippocampal slices of three Thy1-GCaMP6f mice, for over an hour with the 

same light intensity settings, while electrically and optically recording the amplitude of the 

spontaneous sharp waves. Plotting the average amplitude of the sharp waves, revealed the 

optical amplitudes decreased over time with varied decay slopes from each mouse. 

Importantly, in a 4th mouse, they increased the excitation light power 6 times and saw a 

significantly sharper decreasing slope. This study demonstrates that higher excitation light 

leads to a greater increase of photobleaching, but also highlights the complexity of 

photobleaching characterization in the variation observed among different animals. 

Overall, to minimize the severity of photobleaching, excitation light power needs to 

be kept as low as possible while still generating enough light to resolve neural activity. 

Unfortunately, as with frame rates and exposure time, these tradeoffs become more 
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complicated when imaging dim or fast signals, such as transgenic GECIs or GEVIs, where 

there is a need to increase the signal brightness of the dim signal but also to image at faster 

frame rates to accurately capture the signal dynamics.  
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1.3. Miniaturized microscopes for in vivo neural recording 

1.3.1. Overview of methods for in vivo neural imaging of small animals 

Within imaging modalities, the two common methods for in vivo neural imaging of 

small animals are head-fixed and freely-behaving. Head-fixed imaging uses bench top 

microscopes with the objective lens placed over the constrained animal’s head while the 

animal’s body moves on a free spinning ball. A chronic implant of a small bar and optical 

window allows for rigid attachment and optical viewing through the objective. Head-fixed 

imaging enables the use of large and complex microscopes, head stability during imaging, 

and complete control of the external environment. While this method has enabled 

meaningful experiments such as those using virtual reality, the animal’s behavior is 

restricted, inhibiting natural exploratory behavior that is critical to study how underlying 

neural circuits guide behavior and decisions. Conversely, freely-behaving imaging uses a 

miniaturized microscope, typically weighing < 4 grams, that attaches to a microscope 

baseplate/objective GRIN lens chronically implanted on the animal’s head. Miniaturized 

microscopes are small enough that an animal can freely explore an area, socialize with 

other animals, or perform more traditional neuroscience experiments such as learning and 

memory maze tasks. With a tradeoff in less complex hardware, miniaturized microscopes 

enable natural animal exploratory behavior while still providing the benefits of imaging 

such as recording populations of cells, recording over long periods of time and visualizing 

cell structure.  
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1.3.2. Previous development of miniaturized microscopes 

Initial papers on feasible fluorescent miniaturized microscopes were reported in 

2011 by Ghosh et al. (19) followed by an impactful paper in 2013 by Ziv et al. (20) on using 

a miniaturized microscope to image a freely-behaving mouse’s hippocampus to detect Ca2+ 

activity of ~1000 cells (including a subset of places cells) in a ~1mm region over a 45 day 

period. In 2016, several other groups (1, 4, 7, 21, 22) published significant miniaturized 

microscope developments including the UCLA Miniscope (1), which has enabled a platform 

for both users and developers in a large open-source community. Since 2016, even with the 

engineering constraints of size and weight, the continued development of miniaturized 

microscopes has generated new versions with surprising capabilities such as wireless 

recording (6, 9, 31), wide-field imaging (10), optogenetic stimulation (3), volumetric 

imaging (2), dual hemisphere imaging (32) and audio triggered recording (6).   

Despite the wide range of applications available with miniaturized microscopes, 

comparing the published maximum frame rates, neural indicators imaged, and the image 

sensor resolutions/pixel sizes reveals several limitations in the current imaging capability 

(Table 1.1). First, the published max frame rates are only 60Hz or less and most are using 

frames rates less than 30 Hz. Second, GECIs are the only type of neural activity indicator 

used and only a few are using transgenic lines. Third, except for one microscope, the image 

sensor resolutions are less than 0.6 megapixels and most pixel sizes are greater than 4.5 

um. As explained further in the next sections, these specifications restrict the scope of 

possible imaging experiments with miniaturized microscopes. 
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Microscope Name Frame Rate Neural Indicator (animal) Sensor Resolution Pixel Size 

UCLA Miniscope  

V3.2  (1) 

60 Hz AAV–GCaMP6f (mouse) 752x480 pixels 6um 

miniScope (4) 10 Hz AAV-GCaMP6s (mouse) 400x400 pixels 6um 

Wirefree 

miniScope (31) 

10 Hz AAV-GCaMP6s (mouse) 200x200 pixels 6um 

Finchscope (6) 30 Hz AAV-GCaMP6s and GCaMP6f 

(bird) 

640x480 pixels Not published 

cScope (10) 60 Hz Transgenic  

Thy1-GCAMP6f (rat) 

752x480 pixels 6um 

Multi-Contrast (5) 15 Hz Transgenic GCaMP6s (mouse) 640x640 pixels 3um 

MiniLFM (2) 16 Hz AAV-GCaMP6f (mouse) 1280x1024 pixels 5.2um 

NINscope (3) 30 Hz AAV-GCaMP6f (mouse) 808x608 pixels  4.8um 

Dual Hemisphere 

(32)  

25 Hz Transgenic  

Thy1-GCaMP6s (mouse) 

720x576 pixels  6um 

Wirefree UCLA 

Miniscope (9) 

Not 

published 

AAV-GCaMP6f (mouse) 836x640 pixels  5.8um 

 
Table 1.1 – Currently available miniaturized microscopes published specifications 
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1.3.3. Faster imaging with GECIs and GEVIs 

Although imaging GECIs at low frame rates (< 30 Hz) can recreate the slower 

dynamics of Ca2+ activity, faster frame rates provide an increased number of data samples. 

This is critical in applications, such as real-time detection, that require fine temporal 

resolution of the ~40-ms rise times of the calcium transients. Moreover, in experiments 

aimed at studying fast network oscillations (e.g. sharp wave ripples) (16), higher frame 

rates are necessary to capture faster frequency responses of the population dynamics. 

While most miniaturized microscope publications do not state the excitation light power 

used, it can be speculated that imaging at frame rates below 30 Hz is likely an imaging 

strategy to minimize photobleaching through low frame rates and excitation power. 

Additionally, this is more relevant with the dimmer signals of transgenic mice and is 

possibly why there are only a few publications using transgenics. Thus, upgraded image 

sensors, geared toward imaging in low-light environments, could improve current 

experiments with GCaMP GECIs by enabling faster frame rates while also using lower 

excitation power.  

Moving beyond GCaMP6 GECIs to emerging indicators (e.g. GEVIs), with kinetics 

orders of magnitude faster (< 10 ms) than GECIs, requires orders of magnitude increases in 

frame rates (> 200 Hz) and gain to image at these much faster frame rates. GEVIs can open 

many experimental doors in neuroscience imaging experiments with vast improvements in 

timing correlations between external stimuli and neural activity enabling applications in 

real-time detection, closed-loop stimulation, and population dynamics.  
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1.3.4. Capability to image at higher resolution 

The microscope resolution is a combination of the optical resolution of the lenses 

and the image sensor pixel size. When imaging neural indicators at the single cell level but 

with large populations of cells in the FOV, fine resolution enables visualization of 

anatomical details and cell overlap. While many miniaturized microscopes use a similar set 

of optics, resolution increases can still be achieved by using image sensors with smaller 

pixel sizes. Yet, traditional image sensors often use larger pixel sizes to increase image 

brightness. Additionally, the total pixel samples in an FOV is dictated by the image sensor 

pixel density and pixel size. Consequently, increasing the pixel density above 0.5 

megapixels with smaller pixel sizes < 3 um, would provide a greater number of samples 

between anatomical features and improve analysis to differentiate anatomical structure 

overlap.    
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1.4. Back-sided illumination technology 

Fortunately, new off-the-shelf CMOS image sensors geared toward security and cell 

phone applications are inexpensive, can be easily integrated into custom PCBs, and are 

capable of imaging at high speeds in low light conditions. One example is Sony’s STARVIS 

image sensor series (24) which uses a back-sided illumination (BSI) architecture compared 

to a front-sided illumination (FSI) architecture used in most image sensors.  In the FSI 

architecture, the image senor’s photodiode substrate is placed below the metal wiring layer 

of the integrated circuit and thus some incoming photons are blocked by the metal wiring. 

Conversely, BSI uses a reverse topology with the photodiode substrate placed above the 

metal wiring allowing a greater percentage of incoming photons to be captured by the 

photodiode substrate and translates to increased sensitivity in low-light conditions. 

Moreover, this technology allows small pixel sizes (< 3um) providing greater spatial 

resolution. Our design goal was to integrate this technology into a miniaturized microscope 

to extend imaging capability with increased frame rates, sensitivity, and resolution.  
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Chapter 2 

MiniFAST 

2.1. Overview 

Here, we present MiniFAST, a fast and sensitive open-source miniaturized 

microscope module that provides imaging frame rates up to 500 Hz and an excellent 

sensitivity/gain ability (up to 70 dB) to image in low light environments. Compared to 

other miniaturized microscopes, MiniFAST’s image sensor has 8 times faster frame rates 

and 4 times greater resolution over other 0.5 M pixel microscopes (Figure 2.1) (1-6). These 

features are made possible by integrating a Sony STARVIS series back-sided illumination 

CMOS image sensor into our custom designed imaging PCB. While frame rates of 30 Hz or 

less have a full 1080p resolution (1920 x 1080 pixels), the image sensor can achieve faster 

frame rates by decreasing the image height size (ex. 1920 x 55 pixels for 500 Hz). 

Moreover, the image sensor’s small pixel size of 2.9um provides increased spatial 

resolution when combined with optical lens sets typically used in miniaturized 

microscopes.  
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Figure 2.1 – Miniaturized microscope image sensor resolution versus published 
frame rates  

Numbers in parenthesis next to the microscope name indicates the image sensor pixel size. Miniaturized 
microscopes listed are V3.2 UCLA Miniscope (1), MiniLFM (2), NinScope (3), miniScope (4), Multicontrast 
(5), FinchScope (6) and MiniFAST.                        

2.2. Design 

MiniFAST’s image sensor PCB (Figure 2.2) and optical housing (Figure 2.3) builds on 

the V3.2 UCLA Miniscope (1), a popular open-source miniaturized miniscope platform, and 

is compatible with its existing data acquisition module and user GUI. Although MiniFAST’s 

image sensor PCB can still mate to the V3.2 Miniscope housing, we also designed a custom 

3-D printed MiniFAST housing and baseplate which uses keyed locks and magnets to create 

a quick mating connection. We have found this design significantly reduces animal handling 

time compared to the V3.2 Miniscope attachment method. Other aspects of MiniFAST’s 
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optical housing are the same as the V3.2 Miniscope incorporating the same optical 

lens/filter set and manual focus slider. The weight of the MiniFAST module including the 

image sensor PCB, optical housing, optics, and LED is 3.45 grams and the baseplate is 0.15 

grams. 

 

Figure 2.2 – MiniFAST image sensor PCB vs V3.2 Miniscope 
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Figure 2.3 – Illustration of the MiniFAST imaging module 

 

Table 2.1 – Miniaturized microscope image sensor specification comparison   

Image sensors compared V3.2 UCLA Miniscope (1), NinScope (3), and MiniFAST. Image sensor 
information from image sensor data sheets and ‘*’ parameters are from (25).  
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2.3. High resolution test target 

To compare the resolutions of the V3.2 Miniscope and MiniFAST, a resolution test 

was performed using a USAF 1951 high resolution test target (Edmund Optics #55622) 

(Figure 2.4). Using the same set of optics, similar frame rates and gain settings, MiniFAST 

(2.9um/pixel) resolved line pairs down to Group 9, Element 3 (645.1 line pairs/mm) and 

showed an increase in contrast across all Group 8 and Group 9 elements when compared to 

the V3.2 Miniscope (6 um/pixel) (Figure 2.5).  Binning with a 2x2 average format of the 

image taken with MiniFAST reveals a similar resolution to the V3.2 Miniscope, 

demonstrating the increased resolution is achieved by MiniFAST’s decreased pixel size 

(Figure 2.6).       

 

Figure 2.4 – High resolution test target comparison of V3.2 Miniscope vs MiniFAST 

 Images from V3.2 Miniscope (left) and MiniFAST (right) of a USAF 1951 high resolution test target 
cropped to show groups 7 through 9. V3.2 Miniscope settings are 10 Hz, 0 dB gain, 0.18 mW excitation 
light. MiniFAST settings are 8 Hz, 0 dB gain, and 0.1 mW excitation light. The same set of microscope 
housing, filters and optical lenses was used on both microscopes. Inset shown is of the line profile 
through Group 9 elements. 
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Figure 2.5 – High resolution test target modulation transfer function 

Modulation transfer function plot for V3.2 Miniscope and MiniFAST using all pixels (left) and change in 
contrast of MinIFAST vs V3.2 Miniscope (right).   
 

 

Figure 2.6 – High resolution plot profile comparison 

Plot profile through all group 8 and 9 elements with V3.2 Miniscope (left), MiniFAST (middle), and 
MiniFAST with average binning of 2x2 pixels (right).  
 

2.4. In vivo AAV imaging 

To evaluate neural imaging in live mice, we imaged 2 mice injected with 

AAV9.CaMKII.GCaMP6f.WPRE.SV40 (12) in the CA1 region of the hippocampus. With 2-

minute recordings from the mice exploring an open field, individual neurons and 
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fluorescence changes of Ca2+ activity could be detected in both mice (30 cells in mouse 1 

and 80 cells in mouse 2) (Figure 2.7). To evaluate imaging over a long experimental 

session, we allowed the mice to explore the open field during a 2-hour continuous imaging 

session using very low excitation light power (0.2mW in mouse 1, 0.05mW in mouse 2) 

(Figure 2.8). Again, visible neurons and Ca2+ activity were detected throughout the entire 

session (30 cells in mouse 1 and 147 cells in mouse 2).  

 

Figure 2.7 – In vivo imaging of 2 WT mice injected with AAV GCaMP6f  
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Top row: Maximum intensity projection images (1920 x 1040 pixels) from Ca2+ imaging in the CA1 
region of hippocampus of mice exploring an open field. Middle row: Background subtracted images of 
with labeled neurons (30 cells mouse 1 and 80 cells mouse2). Bottom row: Ca2+ activity traces over a 
100-second period for cells labeled in middle row. For recordings in mouse 1, MiniFAST settings were 30 
Hz, 30 dB gain, and 0.2mW excitation light. For recordings in mouse 2, MiniFAST settings were 30 Hz, 15 
dB gain, and 0.4 mW excitation light.  
 

 

Figure 2.8 – In vivo imaging of a 2-hour continous imaging session  



 33 
 

2.5. In vitro high-speed imaging of a GEVI 

Next, in order to test MiniFAST’s ability to image fast and dim neural indicators such 

as genetically-encoded voltage indicators (GEVIs), we imaged patch clamped HEK293T 

cells transfected with the GEVI ACE2N-mNeon (13) (Figure 2.9, Methods). During 500 Hz 

imaging sessions with MiniFAST, using a voltage-clamp mode, we electrically evoked a 

voltage step of -70mV to +40mV for pulse widths of 2 and 5-ms at 10 and 50 Hz to produce 

fluorescence transients. A comparison of electrical recordings with optical recordings 

revealed that MiniFAST reproduced the induced pulse trains (Figure 2.10).  Importantly, 

even at stimulation pulse widths of 2-ms at 50 Hz, each pulse was still detectable with an 

average peak ΔF/F of -3.8%.

 

Figure 2.9 – In vitro patch clamp imaging of a GEVI at 500 Hz    

Left: Illustration of the patch-clamp setup. (1) Full-frame brightfield image and (2) corresponding 
false-colored fluorescence image taken with MiniFAST. (3, 5) Blue-framed insets show zoomed 
images of the exact cell used for the data shown in (Figure 2.52). (4)  Composite image of (3) and (5). 
Per image sensor specifications, faster frame rates were achieved by decreasing window sizes. 
Orange box in (2) shows the frame size at 500 Hz. (6), Zoomed image of the cell at 500 Hz. 
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Figure 2.10 – In vitro patch clamp fluorescent traces with 500 Hz imaging  

 Top and middle row: Raw traces from patch clamp recordings of the GEVI ACE2N-mNeon transfected in 
HEK293T cells. Electrical recordings (black) and MiniFAST optical recordings (green/blue) over 1-
second long pulse trains with steps of -70 mV to +40 mV. Left column: 5-ms Pulse width stimulation at 10 
Hz (top) and 50 Hz (middle). Right column: 2-ms Pulse width stimulation at 10 Hz (top) and 50 Hz 
(middle). Bottom row: Average peak-aligned traces and background shaded with 2.5% and 95.5% 
empirical values for the 50 Hz pulse traces. Average peak ΔF/F for 50 Hz of 5-ms was -5.4%. Average 
peak ΔF/F for 50 Hz of 2-ms was -3.8%. MiniFAST settings for the data set were 500 Hz, 36 dB gain, 3.4 
mW excitation light and a window size of 1800 x 55 pixels.   
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2.6. High-speed imaging of a Thy1-GCaMP6f mouse  

Transgenic Thy1-GCaMP6 mice are reported to have dimmer and faster 

fluorescence kinetics than AAV injected GCaMP6f mice (15,16).  To further assess 

MiniFAST’s ability to resolve activity of dim neural indicators, we imaged CA1 neurons of a 

Thy1-GCaMP6f GP5.17 (15) mouse exploring an open field at frame rates of 30, 60, 100, 

200 and 293 Hz (Figure 2.11). Per image sensor specifications, faster frame rates were 

achieved by decreasing window sizes. The window was positioned over the same cell for 

the 30, 60, 100, and 200 Hz sessions. However, a nearby region with more active cells was 

used for the 293 Hz traces where 3 distinct cells were identified in the FOV (Figure 2.11e). 

Even with a dim signal, MiniFAST resolved Ca2+ activity of the cells at each frame rate 

including 3 cells at the 293 Hz frame rate. Although, the slower dynamics of the Thy1 

GCaMP6f Ca2+ activity was captured at frames rates as low as 30 Hz, imaging at higher 

frame rates revealed faster Ca2+ signal kinetics and provided an increased number of data 

samples. Rise times of the Ca2+ transients were observed to be < 150-ms in some cases. 

Illustrating the importance of the number of data samples in Ca2+ transient edge detection, 

imaging with a frame rate of 293 Hz over 150-ms time period provides 43 data samples 

with a 3.4-ms time interval versus only 5 data samples with a 33-ms time interval for a 30 

Hz frame rate (Figure 2.11d).  
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Figure 2.11 – In vivo imaging at high speeds (~300 Hz) of a Thy1 GCaMP6f mouse  
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(a) Raw maximum projection image from imaging sessions of the same mouse at 30 Hz (1), 60 Hz (2), 
100 Hz (3), 200 Hz (4) and 293 (5) Hz and (b) corresponding 8-second long Ca2+ traces of one cell in each 
FOV. (c), 2-second zoomed in traces from (b) boxed sections, (d) 1-second zoomed traces of 30 Hz and 
293 Hz from (c) boxed sections. Also shown is the result of downsampling the 293 Hz trace to 30 Hz. Blue 
box area highlights a transient rise over 150 ms. (e), Ca2+ traces of 3 cells in the FOV at 293 Hz. Note: the 
same cell is shown for the 30 Hz, 60 Hz, 100 Hz and 200 Hz traces. However, due to decreased firing in 
the previous region, a different region is shown for the 293 Hz traces. Per image sensor specifications, 
faster frame rates were achieved by decreasing window sizes. Settings: a-1, 30 Hz (1800 x 1040 pixels), 
27 dB gain, 0.86 mW excitation light power. a-2, 60 Hz (1900 x 544 pixels), 27 dB gain, 1.4 mW excitation 
light power. a-3, 100 Hz (1900 x 337 pixels), 27 dB gain, 2.5 mW excitation light power. a-4, 200 Hz 
(1900 x 156 pixels), 30 dB gain, 2.5 mW excitation light power. a-5, 293 Hz (1900 x 102 pixels), 30 dB 
gain, 3.25 mW excitation light power. 

2.7. MiniFAST can resolve neural activity with low excitation light 

Since MiniFAST has the ability to image at fast frame rates in low light conditions, 

we wanted to evaluate whether imaging with high gain settings and low excitation light 

values could help reduce photobleaching effects while still being able to track Ca2+ activity 

at frame rates of 60 Hz. To understand how the excitation light power influences 

photobleaching, we continuously imaged a Thy1-GCaMP6f GP5.17 mouse over two 20-

minute open field sessions where one session used a very low excitation light power of 

0.05 mW and the other session used a higher excitation light power of 0.9 mW (Figure 

2.12a). Plotting the average fluorescence over the image FOV, the normalized fluorescence 

was impacted minimally for the extremely low power setting of 0.05mW and decreased by 

~5% for the higher excitation light power of 0.9mW. To extend the study, over a total 

period of 6 days, we performed 5-minute imaging sessions each day (n = 4) with sessions of 

0.05mW and 0.9mW excitation light power settings (Figure 2.12b). For each session, the 

difference of the average fluorescence of the first and last minute was calculated. Although 

there was some variation in the day to day changes, higher excitation light power generally 

resulted in a greater decrease in the fluorescence signal. The ANOVA revealed a statistical 
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significance between the excitation light power differences at the p < 0.05 level (F (1, 3) = 

6.66, p = 0.0201). Next, we analyzed activity across a 0.9mW excitation light session (58 

cells) (Figure 2.12c,e) and a 0.05mW excitation light session (60 cells) (Figure 2.12d,f) and 

found 30 cell ROIs active in both sessions. Importantly, analysis of the Ca2+ activity revealed 

calcium spiking events are still clearly detectable in the low 0.05mW excitation light power 

imaging sessions (Figure 2.12f).  

 

Figure 2.12 – MiniFAST can resolve neural activity with low excitation light power  
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(a), Plot of fluorescence change over a 20-minute imaging session of a Thy1-GCaMP6f GP5.17 mouse 
with 2 different excitation light power settings. (b), Scatter plot of fluorescence decrease versus 
excitation light power for 4 Thy1-GCaMP6f GP5.17 mice during 5-minute imaging sessions occurring 
over 6 days. For each mouse, one imaging session occurred per day and days are noted on plot below 
excitation light power. Each circle represents one session and each color represents a different mouse. 
Settings for 0.05 mW excitation power, 60 Hz, 51 dB gain. Settings for 0.9mW excitation light power, 60 
Hz, 27 dB gain. (c-d), Background subtracted images and circled ROIs for 5-minute imaging sessions 
from (b) of mouse #2. (c), Excitation light power 0.9 mW, (d), Excitation light power 0.05 mW. Blue 
outlined ROIS are ROIs active in both sessions. Green and magenta outlined ROIs are regions active only 
in that specific session. (e), (f), Ca2+ activity traces for blue outlined cells with yellow text labeled in (c) 
and (d) that were active over the 120 second period in the 0.05 mW session shown in (d).  

2.8. Imaging over long time periods  

Demonstrating the integrity of the quick-lock baseplate and the surgical attachment 

methodology, in two Thy1-GCaMP6f mice, neurons were detectable over for a four month-

long period (Figure 2.13). 

 

Figure 2.13 – In vivo imaging long-term over a 4 month period   
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Chapter 3 

Methods 

3.1. MiniFAST imaging sensor module and software 

MiniFAST is based on a previously described popular open-source miniscope 

platform, V3.2 Miniscope (1), and consists of a custom designed image sensor PCB, a 

modified optical housing and microscope baseplate. With updated software, MiniFAST’s 

image sensor PCB is compatible with the existing miniscope data acquisition board (DAQ) 

and Window’s based GUI. MiniFAST’s CMOS image sensor (Sony IMX290LLR), was chosen 

for its ability to achieve the design goals of increased resolution, frame rates and 

sensitivity. As in the previous design, the image sensor PCB design incorporates a single 

coax cable for power, image sensor data and commanding as well as one additional small 

wire to externally power the onboard light excitation LED. Powering the LED externally 

reduces excitation light flicker due to the increased current draw of the image sensor. The 

external power supply of 4 V requires a small modification to the DAQ board. MiniFAST’s 

image sensor PCB weighs 2 g compared to 1.7 g for the image sensor PCB of the original 

system.  
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The MiniFAST optical housing is similar in design to the V3.2 Miniscope’s optical 

housing and both incorporate the same achromatic lens, filter sets, excitation LED, half ball 

lens and GRIN Lens. As before, the focus depth is adjustable by manually sliding the 

microscope housing. However, MiniFAST’s optical housing is 3-D printed and we have 

found using the Formlabs Form2 black resin to be the least auto-fluorescent in our imaging 

wavelengths as previously reported before (6). MiniFAST also incorporates a larger base to 

accommodate the larger image sensor size and includes a quick lock baseplate. 

Importantly, the microscope quick lock base, also 3-D printed, does not require any 

additional set screws to mate to the optical housing. The mating of the optical housing and 

the quick lock base uses keyed locks and magnets to hold the microscope firmly in place. 

This new design results in reduced animal handling time and the need for animals to be 

anesthetized when following handling techniques previously set forth by Gouveia et al. 

(11). Moreover, MiniFAST’s optical housing, lens set, filter set, LED and baseplate weighs 

1.6 g compared to 1.95 g for the original system. The set of filters used during the imaging 

experiments was the following: excitation filter (Chroma ET470/40x), dichroic mirror 

(T495lpxr), and emission filter (ET525/50m). Also, the optical set included a half-ball lens 

(Edmund Optics #47-269), one achromatic lens from the following set (10mm - Edmund 

Optics #45-207, 15mm - Edmund Optics #45-207, 20mm - Edmund Optics #45-208), and a 

GRIN lens (Edmunds Optics part numbers noted in text). 

The V3.2 Miniscope DAQ firmware and Windows GUI have been updated to 

integrate the new image sensor’s features such as increased gain, frame rate, black offset, 

and window position. As before, the GUI supports the ability to simultaneously sync frames 

of both the microscope and a behavior camera as well as to create a synced 1-ms resolution 
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timestamp file. Notably, during the patch clamp in vitro testing with frame rates up to 500 

Hz, the timestamp file accurately aligned the video frames to the timing of the patch clamp 

voltage pulses. Please check the Kemere lab GitHub page for releases and updates to this 

project https://github.com/kemerelab.   

3.2. In vitro whole-cell patch clamp 

3.2.1. MiniFAST setup 

A 0.2mm working distance (WD) GRIN lens (1.8mm diameter, 4mm length, Edmund 

Optics part #64-520) was secured to a MiniFAST baseplate with superglue and attached to 

a MiniFAST microscope. The microscope was then connected to a micromanipulator with 

an in-house designed 3-D printed bracket. The microscope and micromanipulator setup 

were positioned so that the GRIN lens of the microscope was directly under an in vitro cell 

recording chamber. For each patch clamp session, cells were loaded into the recording 

chamber.  The microscope was then focused onto the cells through fine position control 

using the micromanipulator. An external lamp provided the light source for the brightfield 

images. MiniFAST’s onboard LED provided the excitation light during fluorescent imaging. 

To initially find the cells in the field-of-view (FOV), MiniFAST was set to use a full frame 

(1920 x 1080 pixels), a low frame rate of 10 Hz and an excitation light of ~1 mW. After a 

cell was patched, the microscope settings were changed to the decreased window size 

required by the faster frame rate (1800x55 pixels @500 Hz) and the window was 

positioned to include the cell in the FOV. Then, while pulse voltage trains were delivered 

https://github.com/kemerelab
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through the patch clamp, the cell was imaged at 500 Hz, gain 36 dB, and excitation light of 

3.4 mW.  

3.2.2. Cell culture preparation  

The plasmid ACE2N-mNeon was a gift from the Francois St. Pierre lab. HEK293T 

cells obtained from ATTC were replated on 24 well plates prior to transfection. The cells 

were transfected using Lipofectamine 2000 Transfection Reagent (Invitrogen) following 

the manufacturer's recommendations. Briefly, for each well, 1 ug of plasmid DNA was 

combined with 1 uL of Lipofectamine 2000 in 50 uL OptiMEM, incubated at room 

temperature for 20 minutes, and added to 70% confluent HEK293T cells. The plasmid 

bearing the coding sequence for ACE2N-mNeon under a CMV promoter were purified using 

ZymoPURE™ II Plasmid Midiprep Kit. 

3.2.2.1. Electrophysiology 

The cells were held in a recording chamber filled with extracellular recording buffer 

(in mM: 145 NaCl, 5 KCl, 3 MgCl2, 10 HEPES and 1 CaCl2; pH 7.2; adjusted to 320 mOsm 

with sucrose). Glass patch pipettes (resistance of 3 to 5 MΩ) were filled with intracellular 

buffer (in mM: 140 KCl, 10 HEPES and 0.5 EGTA; pH 7.2; adjusted to 320 mOsm with 

sucrose) and contacted the cell membrane to generate seals ≥ 1 GΩ. For the whole cell 

configuration, a negative pressure of -70 mmHg was applied inside the pipettes. An 

Axopatch 700 A recorded currents under voltage clamp conditions. The recorded current 

was filtered at 10 kHz and digitized at 2 kHz using a Digidata 1550 (Molecular Device). For 
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voltage pulses, the cell’s holding potential was set at -70 mV and increased to +40 mV with 

2-ms and 5-ms pulse durations at frequencies of 10 Hz and 50 Hz. 

3.3. Animals 

All experimental protocols were approved by the Institutional Care and Use 

Committee of Rice University and adhered to the National Institute of Health guidelines. 

For in vivo studies, we used male and female mice that were either wild type (WT) 

C57BL/6 from Charles River or transgenic C57BL/6J-Tg (Thy1-GCaMP6f) GP5.17Dkim/J 

from Jackson Laboratories, age > 5 weeks and weight > 20 grams. Mice were group housed 

until the lens implant surgery after which they were individually housed.  

3.4. Viral construct 

AAV9.CamKII.GCaMP6f.WPRE.SV40 (Titer≥ 1×10¹³ vg/mL) was purchased from 

Penn Vector Core.  

3.5. AAV Injection, lens implant and microscope baseplate surgeries  

For in vivo imaging experiments, mice underwent stereotaxic surgeries consisting of 

an AAV injection (WT only mice), lens implant and a baseplate implant. The surgical 

techniques align with methods described in (1,9), but with changes in bonding adhesives. 

To summarize, for AAV injection and lens implant surgeries, surgery preparation consisted 

of sterilizing all tools and surgery bench area using autoclave cycles or chemical methods. 

The GRIN lens was sterilized in a 12-hour ethylene oxide cycle. For all surgeries, mice were 
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anesthetized with 1.5-2.5% isoflurane and 1L/min oxygen. The animal was then placed in a 

stereotaxic apparatus with the animal resting on a water heater pad and draped with 

Press'n Seal Cling Film (17) to maintain body temperature and provide a sterile field. 

Ophthalmic ointment was applied to the eyes. The incision site was cleaned with a 

chlorhexidine scrub, and Lidocaine was administered below the incision site. Throughout 

the surgery, saline injections were administered subcutaneously (SC) to maintain 

hydration levels.  For the AAV and lens surgeries, mice were SC administered 

Buprenorphine Slow Release (1 mg kg-1) for post-operative pain and Dexamethasone (4 mg 

kg-1) to reduce brain edema. 

In the WT mice for the AAV injection surgery, we unilaterally injected 500nl of 

AAV9.CamKII.GCaMP6f.WPRE.SV40 into the dorsal CA1 region of the hippocampus (-2mm 

anterior-posterior (AP), +2mm medio-lateral(ML) and -1.65mm ventral positioned relative 

to bregma) using a Hamilton syringe with an injection rate of 50nl/min. One week after the 

AAV injection for the WT mice or as a first surgery on the transgenic mice, a GRIN lens 

implantation surgery was performed.  After the incision was made and skull surface 

cleaned, the craniotomy location was marked, and the skull was lightly scored with a 

scalpel. A thin layer of C & B Metabond Cement (Parkell) was then applied to exposed skull 

areas except at the site of the craniotomy. After waiting five minutes for the Metabond to 

cure, a 2mm craniotomy was performed with the center at location -2mm AP and +1.5mm 

ML. Cortical tissue was slowly aspirated using a 30-gauge blunt needle while continually 

applying sterile saline. Aspiration ceased once the second layer of the corpus callosum 

striations appeared. After aspiration was complete, bleeding was reduced by placing a 

small section of gel foamed soaked with sterile saline over the craniotomy site for five 
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minutes. An in-house designed custom 3-D printed lens holder and vacuum line was 

attached to a stereotaxic bar. A GRIN Lens (1.8mm diameter, 4mm length, Edmund Optics 

#64-519), vacuum secured with the lens holder, was lowered to 1.35mm below the surface 

of the skull. With the lens still vacuum secured in the lens holder, a thin layer of Flow-It ALC 

Dental Composite (Pentron) was applied around the interface of the skull and GRIN lens 

and then immediately cured for 20 seconds using a UV Curing light (NKSI LY-A180). 

Application of small amounts of Flow-It and curing continued until a cured layer secured 

the lens to the skull surface. Then, the vacuum was turned off and the lens holder was 

slowly lifted away from the lens. To protect the lens, Kwik-Sil (WPI) was added on top of 

the lens and allowed to cure for 10 minutes. At the end of both the AAV injection surgery 

and lens surgery, Meloxicam (2 mg kg-1) was administered SC. Meloxicam, Dexamethasone 

and saline injections were post-operatively given the two days following surgery.  

Three weeks after the lens implant surgery, a baseplate surgery was performed. 

Before the surgery, the sides and bottom of a 3-D printed baseplate was lightly scored to 

ensure adhesive bonding. During the surgery, with the mouse under anesthesia and 

secured in a stereotaxic apparatus, the Kwik-Sil was carefully removed from the skull and 

lens area. Then, the baseplate was secured to a MiniFAST microscope and placed over the 

lens. With the microscope powered on, the best FOV was found by manually changing 

angles of the microscope. With the microscope held in the desired position, small amounts 

of Flow-IT were slowly applied and UV cured to areas below and around the baseplate. 

Once the microscope and baseplate were completely secure, the microscope was removed 

from the baseplate and a protective lens cap was then placed over the baseplate. 
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Meloxicam and saline injections were administered post-operatively. Imaging sessions 

occurred 3-5 days after the completion of the baseplate surgery.   

3.6. In vivo imaging sessions 

After recovering from the baseplate surgery, the mice were habituated to handling 

(11) and to carrying a sham microscope. During imaging sessions, with a MiniFAST 

microscope attached to the mouse’s baseplate, the mice were placed in a 65 cm by 40 cm 

open field and allowed to explore freely. A 1.5m 36-gauge data coax cable was used for the 

main microscope cable and a 2.5m M17/113-RG316 cable was used as an extension to the 

DAQ. Some imaging sessions used a modified version of the One Core passive electrical 

commutator design (6). The upgraded Miniscope Windows GUI was used to control and 

record frames from MiniFAST and sync a behavior camera (Logitech C920 HD Pro 

Webcam) at 30 Hz.  

For the photobleaching experiments, the mice explored the open field for 10 

minutes with the microscope attached but powered off in order to decrease the mouse’s 

excitability of a novel environment. After, the microscope was powered on and recording 

sessions were held for 5 or 20 minutes. For the 5-minute session dataset, the 5-minute 

sessions were repeated for 3 consecutive days with each excitation light value.  
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3.7. Image analysis 

3.7.1. High resolution test target analysis 

To calculate the contrast in the high-resolution test target images, using MATLAB, a 

rectangular region of interest (ROI) was manually selected over the line pairs for each 

group and element numbers. For each ROI, a line profile was calculated by averaging the 

pixel intensities across every row.  Then, the contrast of each element number was 

calculated as (Imax-Imin)/(Imax + Imin) where Imax is the peak intensity and Imin is the minimum 

intensity of the line profile through that element.  

3.7.2. In Vitro imaging analysis 

To extract the fluorescence voltage activity of the HEKS cells expressing ACE2N, 

using MATLAB, an ROI was manually selected around the cell soma in one frame. Then, to 

find the fluorescence intensity, F(t), the ROI was averaged for each frame. For each pulse 

trial, the baseline F0 was the average of F(t) across a 100-ms time when no voltage pulses 

were applied. Then, ΔF/F0 = (F(t) – F0)/F0. The pulse train timestamps were aligned to the 

fluorescent traces.  

3.7.3. Calcium traces analysis 

For ROI segmentation, ImageJ was used to produce background subtracted 

maximum projection images which were then used in MATLAB for manual curation of 

ROIs. To calculate the fluorescence activity in each ROI, ΔF/F0, MATLAB was used with the 
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following steps. First, to filter out background noise fluctuations, the following formula was 

applied  

FROI-Filtered(t) = FROI(t) – FBackground(t) + FAvgBackground, 

where FROI(t) is the ROI average for each frame, FBackground(t) is the entire FOV 

average for each frame, and FAvgBackground is the average of FBackground(t) across all frames. 

Then,  

ΔF/F0 = (FROI-Filtered (t) – F0)/F0,  

where F0 is the average of FROI-Filtered(t) across all frames.  

3.7.4. Photobleaching analysis 

To calculate the rate of photobleaching for the five-minute sessions, ImageJ was 

used to produce a stack of maximum projections images for every 1000 frames. Then, using 

MATLAB, an ROI was selected encompassing the majority of the FOV but excluding regions 

where the microscope housing was visible. Then, for each five-minute session, the initial 

fluorescence was calculated as the ROI average over the first 4 maximum projection images 

(~1 minute) and the final fluorescence was calculated as the ROI average over the last 4 

maximum projection images (~1 minute).  MATLAB’s Statistics and Machine Learning 

Toolbox was used to perform the ANOVA test with input factors of the 2 excitation light 

powers and the 4 mice’s 3 separate trials. For the 20-minute session, the ROI average was 

calculated using a 3-minute moving window and plotted.   
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Chapter 4 

Conclusion 

Overall, MiniFAST was designed to provide the open-source research community a 

miniaturized microscope capable of high-speed imaging (up to 500 Hz), high sensitivity to 

image in dim conditions (gain up to 70 dB) and increased resolution (1920 x 1080 pixels 

and a 2.9 um pixel size). To our knowledge, we have been the first to demonstrate in vitro 

patch clamp testing of a miniaturized microscope imaging a GEVI at a frame rates of 500 Hz 

with the ability to resolve voltage pulsing at 2-ms pulse widths at 50 Hz (Figure 2.10). 

Additionally, we are the first to demonstrate miniaturized microscope in vivo imaging at 

frame rates of ~300 Hz while resolving Ca2+ activity with dim signals from a Thy1-GCaMP6f 

transgenic mouse exploring an open field (Figure 2.11). Finally, also with Thy1-GCaMP6f 

mice exploring an open field, we have shown the potential of using ultra-low excitation 

power settings (0.05 mW) to reduce the severity of photobleaching while still resolving 

Ca2+ activity at 60 Hz frame rates (Figure 2.12).  

While our photobleaching experimental results support the downward fluorescence 

trend typical to photobleaching, more advanced in vivo studies could lead to better 

photobleaching mitigation strategies. Specifically, in our results, it is unclear why 

variations are seen across animals, how the brain region recovers from photobleaching 
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when conducting daily imaging sessions, and finally how photobleaching affects the SNR of 

the individual neuron action potentials. Although we found that the fluorescence did 

decrease over time in the FOV, it was difficult to characterize photobleaching’s role in the 

fluorescent transients of individual neurons when a decrease in fluorescence amplitude 

could be from photobleaching, but could also be from a decreased firing rate from the 

animal’s adaptation to an environment.  

Looking to the future, practically using miniaturized microscopes for in vivo imaging 

of GEVIs or other neural indicators with kinetics closely matching action potentials could 

benefit from further developments in miniaturized microscopes. While we showed it is 

possible to image a few cells at high frame rates, it would be ideal to record from a larger 

population of cells. This would require integration of newer back-sided illumination image 

sensors which could achieve larger FOVs at faster frame rates with even higher sensitivity. 

Also, available GEVIs are still prone to severe photobleaching (14) which reduces feasibility 

in long imaging sessions. Nevertheless, we expect advancements in image sensor 

technology and protein engineering will continue to provide new capabilities in 

miniaturized microscopes. 

  



 52 
 

References 

1. Cai, D. J. et al. A shared neural ensemble links distinct contextual memories encoded 

close in time. Nature 534, 115–118 (2016).  

2. Skocek, O. et al. High-speed volumetric imaging of neuronal activity in freely moving 

rodents. Nat. Methods 15, 429–432 (2018). 

3. de Groot, A. et al. Ninscope, a versatile miniscope for multi-region circuit 

investigations. Elife 9, 1–24 (2020). 

4. Barbera, G. et al. Spatially Compact Neural Clusters in the Dorsal Striatum Encode 

Locomotion Relevant Information. Neuron 92, 202–213 (2016). 

5. Senarathna, J. et al. A miniature multi-contrast microscope for functional imaging in 

freely behaving animals. Nat. Commun. 10, 1–13 (2019). 

6. Liberti, W. A., Perkins, L. N., Leman, D. P. & Gardner, T. J. An open source, wireless 

capable miniature microscope system. J. Neural Eng. 14, (2017). 

7. Jacob, Alexander D, Ramsaran, Adam I, Mocle Andrew J.,Tran, Lina M., Yan, Chen, 

Frankland Paul M., Josselyn, S. A. A compact head-mounted endoscope for in vivo 

calcium imaging in freely behaving mice. Curr. Protoc. Neurosci. 81, (2018). 

8. Aharoni, D. & Hoogland, T. M. Circuit investigations with open-source miniaturized 

microscopes: Past, present and future. Front. Cell. Neurosci. 13, 1–12 (2019). 

9. Shuman, T. et al. Breakdown of spatial coding and interneuron synchronization in 

epileptic mice. Nat. Neurosci. 23, 229–238 (2020). 



 53 
 

10. Scott, B. B. et al. Imaging Cortical Dynamics in GCaMP Transgenic Rats with a Head-

Mounted Widefield Macroscope. Neuron 100, 1045-1058.e5 (2018). 

11. Gouveia, K. & Hurst, J. L. Reducing Mouse Anxiety during Handling: Effect of 

Experience with Handling Tunnels. PLoS One 8, (2013). 

12. Chen, T. W. et al. Ultrasensitive fluorescent proteins for imaging neuronal activity. 

Nature 499, 295–300 (2013). 

13. Gong, Y. et al. High-speed recording of neural spikes in awake mice and flies with a 

fluorescent voltage sensor. Science (80-. ). 350, 1361–1366 (2015). 

14. Bando, Y., Sakamoto, M., Kim, S., Ayzenshtat, I. & Yuste, R. Comparative Evaluation of 

Genetically Encoded Voltage Indicators. Cell Rep. 26, 802-813.e4 (2019). 

15. Dana, H. et al. Thy1-GCaMP6 transgenic mice for neuronal population imaging in 

vivo. PLoS One 9, (2014). 

16. Li, P. et al. Measuring sharp waves and oscillatory population activity with the 

genetically encoded calcium indicator GCaMP6f. Front. Cell. Neurosci. 13, 1–15 

(2019). 

17. Jercog, P., Rogerson, T. & Schnitzer, M. J. Large-scale fluorescence calcium-imaging 

methods for studies of long-term memory in behaving mammals. Cold Spring Harb. 

Perspect. Biol. 8, 1–28 (2016). 

18. Panzera, L. C. & Hoppa, M. B. Genetically encoded voltage indicators are illuminating 

subcellular physiology of the axon. Front. Cell. Neurosci. 13, 1–9 (2019). 



 54 
 

19. Ghosh, K. K. et al. Miniaturized integration of a fluorescence microscope. Nat. 

Methods 8, 871–878 (2011). 

20. Ziv, Y. et al. Long-term dynamics of CA1 hippocampal place codes. Nat. Neurosci. 16, 

264–266 (2013). 

21. Sekiguchi, K. J. et al. Imaging large-scale cellular activity in spinal cord of freely 

behaving mice. Nat. Commun. 7, 11450 (2016). 

22. Resendez, S. L. et al. Visualization of cortical, subcortical and deep brain neural 

circuit dynamics during naturalistic mammalian behavior with head-mounted 

microscopes and chronically implanted lenses. Nat. Protoc. 11, 566–597 (2016). 

23. Emmer, K. M., Celeste, N. A., Bidot, W. A., Perret-Gentil, M. I. & Malbrue, R. A. 

Evaluation of the sterility of press’n seal cling film for use in rodent surgery. J. Am. 

Assoc. Lab. Anim. Sci. 58, 235–239 (2019).  

24. “Introducing Products, Image Sensor for Security/Surveillance, of Sony 

Semiconductor Solutions Group.” Sony Semiconductor Solutions Group, www.sony-

semicon.co.jp/e/products/IS/security/technology.html.  

25. Chouinard, Jon. “Battle of the 2 Megapixel Image Sensors - Sony Pregius IMX174 vs 

Starvis IMX290.” 1stVision Inc. - Machine Vision Articles, 15 Apr. 2019, 

www.1stvision.com/machine-vision-solutions/2017/05/camera-image-sensors-

sony-pregius-starvis-cameras.html. 

26. “How to Evaluate Camera Sensitivity.” Flir, www.flir.com/discover/iis/machine-

vision/how-to-evaluate-camera-sensitivity/.  



 55 
 

27. Icha, J., Weber, M., Waters, J. C. & Norden, C. Phototoxicity in live fluorescence 

microscopy, and how to avoid it. BioEssays 39, 1–15 (2017). 

28. Tinevez, J. Y. et al. A quantitative method for measuring phototoxicity of a live cell 

imaging microscope. Methods in Enzymology vol. 506 (Elsevier Inc., 2012). 

29. Laissue, P. P., Alghamdi, R. A., Tomancak, P., Reynaud, E. G. & Shroff, H. Assessing 

phototoxicity in live fluorescence imaging. Nat. Methods 14, 657–661 (2017). 

30. Amor, R. et al. Widefield two-photon excitation without scanning: Live cell 

microscopy with high time resolution and low photo-bleaching. PLoS One 11, 1–19 

(2016).2011 Ghosh 

31. Barbera, G., Liang, B., Zhang, L., Li, Y. & Lin, D. T. A wireless miniScope for deep brain 

imaging in freely moving mice. J. Neurosci. Methods 323, 56–60 (2019). 

32. Gonzalez, W. G., Zhang, H., Harutyunyan, A. & Lois, C. Persistence of neuronal 

representations through time and damage in the hippocampus. Science (80-. ). 365, 

821–825 (2019). 

33. Dupre, C. & Yuste, R. Non-overlapping Neural Networks in Hydra vulgaris. Curr. Biol. 

27, 1085–1097 (2017). 

34. Nguyen, J. P. et al. Whole-brain calcium imaging with cellular resolution in freely 

behaving Caenorhabditis elegans. Proc. Natl. Acad. Sci. U. S. A. 113, E1074–E1081 

(2016). 



 56 
 

35. Bloss, E. B. & Hunt, D. L. Revealing the Synaptic Hodology of Mammalian Neural 

Circuits With Multiscale Neurocartography. Front. Neuroinform. 13, 1–13 (2019). 

36. Jun, J. J. et al. Fully integrated silicon probes for high-density recording of neural 

activity. Nature 551, 232–236 (2017). 

37. Welsh, D. K. & Noguchi, T. Cellular bioluminescence imaging. Cold Spring Harb. 

Protoc. 7, 852–866 (2012). 

38. Mezzanotte, L., van ‘t Root, M., Karatas, H., Goun, E. A. & Löwik, C. W. G. M. In Vivo 

Molecular Bioluminescence Imaging: New Tools and Applications. Trends Biotechnol. 

35, 640–652 (2017). 

39. Juneau, J., Duret, G., Robinson, J. & Kemere, C. Enhanced Image Sensor Module for 

Head-Mounted Microscopes∗. Proc. Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. EMBS 

2018-July, 826–829 (2018). 

  



 57 
 

Appendix A - Image sensor specifications 

Beyond maximum frame rates of the microscope’s image sensor, there are several 

specifications to consider for the detection of dim signals (25, 26).  Ideally, to image fast 

and dim neural indicators, it is best to choose an image sensor with high frame rates and 

gain capability as well as a high quantum efficiency, low temporal dark noise, high SNR, and 

a high dynamic range.  

Gain 

Gain offers amplification of the signal before analog to digital conversion, called analog 

gain, and after, called digital gain. Because the analog gain happens before digitization, it is 

a more desirable method of amplifying signals and produces a less noisy signal compared 

to digital gain.   

Quantum efficiency 

Quantum efficiency refers to the percent of photons converted to electrons at a specific 

wavelength by the image sensor. High quantum efficiency translates to a greater light 

sensitivity. Because quantum efficiency changes across wavelengths, certain image sensors 

might be better suited for imaging at a specific wavelength. 

Temporal dark noise 

Temporal dark noise or read noise, measured in e-, refers to noise in the sensor when there 

is no signal. Lower temporal dark noise translates to a cleaner image.  

SNR 
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Signal to noise (SNR) ratio, measured in dB or bits, is the ratio of the signal at saturation 

versus the noise at saturation and higher SNR is better.  

Dynamic range 

Dynamic range is the ratio between the signal at saturation versus the minimum the sensor 

can measure, and a higher dynamic range is desired.  
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