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ABSTRACT 
 
The human brain is a complex organ that processes millions of neurons and transmits information through 

billions of synapses. Here, we perform a quantitative analysis of a fluorescent reporter of synaptic vesicle 

release in synapses to gain insights into the underlying patterns of synaptic transmission. In these 

experiments, dissociated rat hippocampal neurons expressing the reporter were electrically stimulated with 

field potential, and fluorescence signals were recorded. We observed a positive correlation between the 
resting intensity level after stimulation and resting intensity level before stimulation, peak value, and time 

interval to peak. These findings provide valuable insights into the response of individual synapses to 

electrical stimulation and uncover important features of synaptic transmission. 
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1. INTRODUCTION 
 

Neuroscience is undergoing rapid change with the emergence of large datasets on connectomics, 

synaptic activity, optogenetic manipulations of brain circuits, and behavioral assays. These 
developments necessitate the application of advanced statistical and analytical methods in 

neuroscience to infer meaningful knowledge from large datasets [1][2]. With growing data 

availability, information granularity, and analytical programming, data science has become a 

crucial tool in neuroscience. Data science has been used to develop new methods for analyzing 
and visualizing brain data, such as interactive visualizations and graph-based representations [3]. 

Moreover, it has been employed to analyze large-scale datasets, such as the Human Connectome 

Project, to better understand the structure and function of the brain [4]. Analytical techniques, 
including statistical analysis and machine learning, are also being used to identify patterns and 

relationships in synaptic activity [5]. 

 
One commonly used technique to study synaptic function is fluorescence imaging, which allows 

for the visualization and tracking of molecules within synapses [3]. For example, the use of 

genetically encoded fluorescent proteins can allow for the labeling and imaging of specific types 

of synaptic proteins, such as neurotransmitter receptors or synaptic vesicles. By combining 
experimental, analytical, and computational techniques, we gain insights into the behavior of 

synapses and the underlying patterns that govern their activity, which can lead to a better 

understanding of the functioning of the brain and the mechanisms of learning and memory [6]. 
 

 

https://airccse.org/journal/sipij/vol16.html
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2. METHODOLOGY 
 
The hippocampus is a crucial region in the brain which plays a pivotal role in learning and 

memory formation. Hippocampal neurons exhibit a high degree of plasticity, with changes in 

neuronal activity and connectivity occurring in response to environmental stimuli and experience 

[7][8]. To better understand the behavior of synaptic vesicle release and reuptake (also known as 
the synaptic cycle), we used hippocampal neurons expressing the reporter VGLUT1-phluorin 

(VGLUT1-pH) in which the synaptic vesicle protein VGLUT1 is fused to the pH-sensitive 

fluorophore [9]. The fluorescence intensity of this reporter is low in the acidic environment of 
synaptic vesicles but increases dramatically when vesicles fuse with the plasma membrane in 

response to action potentials. Neurons were imaged in Tyrodes media containing the fuel sources 

of lactate and pyruvate (1.25mM each). Electrical stimulation was applied to trigger the firing of 
100 action potentials (AP) at 10 Hz, 15 seconds after the start of image acquisition. We tracked 

changes in fluorescence intensity of neural synapses in response to electrical stimulation and 

plotted the changes in signal intensity, averaging the changes across all synapses (each 

ROI/region of interest represents a single synapse). We employed multiple graphical and 
computational methods to examine how individual synapses react to stimulation and forecast the 

resting condition level after stimulation. 

 
To analyze the time series data, we collected fluorescence intensity data from different regions of 

interest and analyzed their behavior and underlying patterns. The raw value of fluorescence 

intensity is related to the number of collected photons collected during the experiment and can 

vary from experiment to experiment, depending on several factors, such as the strength of the 
fluorescent signal and the sensitivity of the detection camera. It is important to take this 

variability into account when analyzing the time series data. Here we adjust the detected 

fluorescence intensity by subtracting the background fluorescence intensity [7][8]. Background 
fluorescence, which is sometimes referred to as noise, is any signal detected beyond what is 

generated by the fluorochromes being measured. It comes from a variety of sources such as 

instrument setup and imaging parameters (excitation light or camera noise).    
 

In this paper, we used various statistical, data visualization, and data modeling techniques to 

investigate two key questions related to synaptic behavior. These questions are: 

 
1. When does synaptic vesicle release reach its peak in response to electrical stimulation? 

2. Is the resting VGLUT1-pH fluorescence after stimulation related to factors such as the 

resting condition level before stimulation, the time interval from stimulation to peak, and 
the ratio of the peak fluorescence signal to the baseline fluorescence signal (F(peak)/F0)? 

 

To address the first question, we used statistical analysis techniques to compare the time at which 
each synapse reached its peak fluorescence signal. This involved calculating summary statistics 

such as the mean and standard deviation of the peak times, and then performing statistical tests to 

determine whether the peak times were significantly different [10]. 

 
To investigate the second question, we used data visualization techniques to compare the resting 

condition signal level before and after stimulation. This involved creating line plots to compare 

the fluorescence intensity at different time points and then using paired t-tests to determine 
whether the differences in fluorescence intensity were statistically significant. 

 

Finally, to investigate the third question, we used linear regression model to identify factors that 

were related to the resting condition signal level after stimulation. This involves developing a 
statistical model that included variables such as the resting condition level before stimulation, the 

time interval from stimulation to peak, and the F(peak)/F0 ratio. 
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3. DATA DESCRIPTION 
 
For each stimulation, synaptic vesicle release indicated by the fluorescence intensity of 

VGLUT1-pH follows a pattern where the intensity increases from the resting condition level 

during stimulation, reaches a peak, and then drops back to the post-experiment resting level. To 

illustrate this pattern, we have plotted the fluorescence intensity changes of different regions of 
interest in a representative experiment. The data has been collected in Dr. Ashrafi’s lab 

(https://cellbiology.wustl.edu/people/ashrafi/).  

 

 
 

Figure 1: Time Series of ROIs 

 

From figure 1, we observe changes in the fluorescence intensity of 5 different regions of interest 

(ROIs) corresponding to individual synapses in response to electrical stimulation. As electrical 
stimulation is applied, there is a sharp increase in fluorescence intensity in all the ROIs, 

indicating the release of synaptic vesicles. The time taken for the fluorescence intensity to reach 

its peak value also varies across different ROIs, with some ROIs reaching their peak value earlier 

than others. This increase in fluorescence intensity reaches a peak value and then gradually 
decreases back to the resting level over time. 

 

In figure 2, we plot the time series of fluorescence intensity divided by the mean intensity level of 
the first 29 frames.   

 



Signal & Image Processing: An International Journal (SIPIJ) Vol.16, No.6, December 2024 

26 

 
 

Figure 2: Normalized Fluorescence Intensity F/F0, F0: Mean Level Before Stimulation 

 

This normalization method helps to account for any baseline differences in the fluorescence 

intensity levels before and after stimulation. A F/F0 value greater than 1 indicates that the 

fluorescence intensity at that time point is higher than the mean intensity level before stimulation. 
This can be interpreted as the net release of synaptic vesicle in response to stimulation.  

 

After analyzing the time series data of fluorescence intensity changes in response to electrical 
stimulation for 198 sets of data. Based on table 1 the mean value of Fmax/F0 is 3.374, which 

means that on average, the peak value fluorescence intensity value is 3.374 times the resting 

level. Additionally, we found that in 75% of the experiments the ratio is lower than 3.863. 
 

4. STATISTICAL ANALYSIS  
 

Figure 3 provides information about the time interval required for each ROI to reach its peak 

fluorescence intensity from the time of electrical stimulation. To generate this figure, we used 
data from 198 different stimulation events, each applied to different ROIs. Based on table 1 the 

time interval varies from 2.5s to 15s, the average is 8.9369s, and standard deviation is 1.773s. 

This suggests that the time required for synapses to reach peak VGLUT1-pH level varies across 
different synapses. However, most of the ROIs (75%) reach their peak fluorescence intensity 

within 10s of electrical stimulation, indicating a relatively consistent response to stimulation 

across different regions of interest which is consistent with the duration of stimulation. The 

maximum time required for any ROI to reach peak fluorescence intensity is 15s. 
 

5. FLUORESCENCE INTENSITY LEVEL BEFORE AND AFTER STIMULATION 
 

For each experiment, the background intensity is different. The Florence intensity detected by the 
camera came both from the brain and from background. We take photos to record the background 

intensity data for each experiment both without and with brain. Then we used the data (with 

brain)- background intensity to represent the intensity change in brain to track brain activities. 
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Figure 3: Time to Reach Peak at the Time of Stimulation for Each ROI 

 
Table 1: Fmax/F0 Statistics 

 

count 198.000000 

mean 3.374195 

std 1.726841 

min 1.299884 

25% 2.249725 

50% 2.895117 

75% 3.863622 

max 11.718821 

 

To determine if there is a significant difference between the resting fluorescence intensity level 

before and after stimulation, we employed a statistical hypothesis testing process. We used a 

paired statistical test, which is a type of test used when two related samples are taken, in this case, 
the fluorescence intensity levels before and after stimulation [11]. The null hypothesis was that 

the mean fluorescence intensity levels before and after stimulation were the same, while the 

alternative hypothesis was that they were significantly different. The significance level, or alpha 
value, was set to 0.05. 

 

After conducting the statistical test, the result indicated that the null hypothesis was rejected, and 

the means of fluorescence intensity levels before and after stimulation were significantly different 
(Table 2). 
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Table 2: Peak Time Statistics 

 

count 198.000000 

mean  8.936869 

std 1.772550 

min 2.500000 

25% 8.000000 

50% 9.000000 

75% 10.000000 

max 15.000000 

 
This implies that the stimulation had a significant effect on the fluorescence intensity level, and 

the difference was not due to chance. Figure 4 demonstrated that the sample is not significantly 

different from the population. The peak times were not significantly different. 

 

 
 

Figure 4: Histogram of Time to Reach Peak at the Time of Stimulation 

 

Figure 5 provides a comparison of the fluorescence intensity of 36 different regions of interest 
(ROIs) in response to one electrical stimulation. In the plot, we can see that for most of the ROIs, 

the average resting condition intensity after stimulation is higher than the average resting 

condition intensity before stimulation. To further investigate this effect, we analyzed 198 sets of 
data from different stimulation. In 122 of the data sets, the average resting condition intensity 

after stimulation was higher than the average resting condition intensity before stimulation, while 

in 78 of the data sets, the average resting condition intensity after stimulation was lower. This 

suggests that the electrical stimulation has a positive effect on the resting VGLUT1-pH signal 
intensity. 
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Figure 5:Mean Fluorescence Intensity Level of ROIs Before andAfter Stimulation 

 

6. FORECASTING RESTING INTENSITY LEVEL AFTER STIMULATION 
 

The feature df_resting_before represents a subset of the data where the time is less than 15 
seconds (a threshold value representing the starting time of the stimulation). This subset focuses 

on the data before the stimulation period, capturing the resting state of the synapses. 

 
On the other hand, df_resting_after is the subset of the data where the time is greater than 55 

seconds. This subset captures the data after the stimulation period, representing the synapses 

returning to their resting state. The threshold of 55 is used to delineate the end of the stimulation 

and the start of the post-stimulation period. 
 

The feature time_to_peak is created by calculating the time it takes for each synapse to reach its 

peak response. This is done by subtracting 15 sec from the time when the maximum value of a 
particular ROI occurs. The resulting values in time_to_peak indicate the time it takes for each 

synapse to reach its peak response relative to the start of the stimulation. 

 

Time to peak=Time where max ROI occurs -15 sec 
 

The feature peak represents the maximum value attained by each synapse. It provides a measure 

of the peak response magnitude of the synapses during the stimulation period. 
 

Lastly, F_peak/F0 is the ratio of the maximum response (peak) to the average response during the 

resting period (df_resting_before.mean()).  
 

This ratio is calculated as peak/ df_resting_before.mean(), gives an indication of how VGLUT1-

pH signal changes relative to their resting state in response to the stimulation . 

 
𝐹𝑝𝑒𝑎𝑘

𝐹𝑂
=  peak/avg (df_resting_before) 

 

7. RESULTS 
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We visualized internal correlations between different features with a scatter plot in figure 6. The 
matrix shows that there is a strong positive correlation between the resting intensity level before 

stimulation and the resting intensity level after stimulation (0.80), indicating that the higher the 

resting intensity level before stimulation, the higher the resting intensity level after stimulation.  

 
On the other hand, from table 3, there is a negative correlation between the resting intensity level 

after stimulation and the F_peak/F0 value (-0.36), indicating that the higher the resting intensity 

level after stimulation, the lower the F_peak/F0 value. Additionally, there is a negative 
correlation between the resting intensity level before stimulation and the F_peak/F0 value (-0.52), 

indicating that the higher the resting intensity level before stimulation, the lower the normalized 

response of synapses to electrical stimulation (F_peak/F0 value). There is no significant 
correlation between the time to reach peak from stimulation and other features [13]. 

 

Similarly, there is a positive correlation between the resting intensity level before stimulation and 

the peak value (0.45), indicating that the higher the resting intensity level before stimulation, the 
higher the peak value [12]. 

 

After dividing the entire dataset into two parts, we trained our model on the training dataset, 
which consisted of 80% of the full dataset, and tested it on the remaining 20% testing dataset. 

 

 
 

Figure 6: Scatter Plot of Key Features 

 
Table 3: Correlation Matrix of Some Features 
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Using df_resting_before, time_to_peak, and peak value as features, and df_resting_after as the 
target variable, we obtained regression coefficients of [0.81531833, 4.87539099, 0.03804626]. 

 

 
 

Figure 7: Enhanced Actual vs Predicted Training Set 

 
According to figure 7, we can observe that model performance is great on the training set as most 

of the data points are along a straight line.  

 

 
 

Figure 8: Enhanced Actual vs Predicted Testing Set 

 

From figure 8, we can see that our model performed great on test set as well, with only a small 
amount of data points away from the straight line. To determine the significance of these features, 

we conducted statistical tests. Specifically, we used the F-test to determine if the overall model 

was significant and the t-test to determine the significance of each individual feature. Our results 

indicated that the overall model was significant and that all three features were significant 
predictors (p < 0.05). 

 

Additionally, we evaluated the performance of our model by calculating the Mean Square Error 
(MSE) for both the training and testing datasets. The square root of the MSE for the training 
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dataset was 77.23639413043944, and for the testing dataset was 47.736379819011795. These 
results indicate that the model fits well with the training dataset and has good predictability for 

new data. 

 

The regression model’s coefficients for the data are presented in table 4. 
 

8. DISCUSSION 
 

There is a large restriction on conservation of synaptic protein centers and frames [15]. In this 
project, we used line plots to compare the fluorescence intensity at different time points and then 

using paired t-tests to determine whether the differences in fluorescence intensity were 

statistically significant. It helps to detect highly sensitive fluorescence and their action after 

stimulation.   
 

Ther other challenge is the quality of quantitative fluorescence imaging which is affected by 

fluorescence signal, camera noise, and background light. In this project, Neurons were imaged in 
Tyrodes media containing the fuel sources of lactate and pyruvate (1.25mM each) to reduce all 

these problems. 

 

9. CONCLUSIONS 
 
In this study, we investigated synaptic vesicle release dynamics in hippocampal neurons through 

analysis of the fluorescence intensity of VGLUT1-pH. We used statistical analysis, data 

visualization, and data modeling techniques to explore three key questions related to synaptic 
vesicle release. Our findings indicate that the time required for synapses to reach peak activity 

varies slightly across different synapses, and most synapses (75%) reaching their peak 

fluorescence intensity within 10s, consistent with the duration of electrical stimulation. 
 

Furthermore, we observed a positive correlation between the resting intensity level after 

stimulation and resting intensity level before stimulation, peak value, and time interval to peak. 

By applying a linear regression model, we found that the coefficient of correlation between 
resting_after_level and resting_before_level, time interval to peak, F_peak/F0 were 0.815, 4.875, 

and 0.03, respectively, with a mean squared error (MSE) of 47.736 (Table 4). 

 
Thus, we conclude that resting VGLUT1-pH intensity before stimulation positively correlates 

with its level after stimulation. Furthermore, synapses with high resting VGLUT1-pH intensity 

reach a lower normalized fluorescence peak in response to electrical stimulation. These findings 
provide valuable insights into synaptic vesicle release in hippocampal synapses and enable us to 

understand these biological processes in quantitative detail. 

 

List of abbreviations 
ROI - Region of Interest 

MSE - Mean square Error 
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Table 4: Dependent Variables and Standard Errors (in Parentheses) 
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