University at Albany, State University of New York
Scholars Archive

Biological Sciences Honors College

Spring 5-2020

Direct Evidence of Missing mEPSPs Using Ca2-Sensor Imaging

Petar Gajic
University at Albany, State University of New York, pgajic@albany.edu

Follow this and additional works at: https://scholarsarchive.library.albany.edu/honorscollege_biology

6‘ Part of the Biology Commons, and the Biotechnology Commons

Recommended Citation

Gajic, Petar, "Direct Evidence of Missing mEPSPs Using Ca2-Sensor Imaging" (2020). Biological Sciences.
68.

https://scholarsarchive.library.albany.edu/honorscollege_biology/68

This Honors Thesis is brought to you for free and open access by the Honors College at Scholars Archive. It has
been accepted for inclusion in Biological Sciences by an authorized administrator of Scholars Archive. For more
information, please contact scholarsarchive@albany.edu.


https://scholarsarchive.library.albany.edu/
https://scholarsarchive.library.albany.edu/honorscollege_biology
https://scholarsarchive.library.albany.edu/honorscollege
https://scholarsarchive.library.albany.edu/honorscollege_biology?utm_source=scholarsarchive.library.albany.edu%2Fhonorscollege_biology%2F68&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/41?utm_source=scholarsarchive.library.albany.edu%2Fhonorscollege_biology%2F68&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/111?utm_source=scholarsarchive.library.albany.edu%2Fhonorscollege_biology%2F68&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarsarchive.library.albany.edu/honorscollege_biology/68?utm_source=scholarsarchive.library.albany.edu%2Fhonorscollege_biology%2F68&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarsarchive@albany.edu

Direct Evidence of Missing mEPSPs Using Caz-Sensor Imaging

An honors thesis presented to the
Department of Biology,
University at Albany, State University of New York
in partial fulfillment of the requirements
for graduation with Honors in Biology
and
graduation from The Honors College

Petar Gajic

Research Advisor: Gregory Lnenicka, Ph.D.
Second Reader: Ben Szaro, Ph.D.

May 2020



Abstract

Following an action potential in the presynaptic neuron there is evoked release of neurotransmitter
into the synapse which activates ionotropic transmembrane receptors on the postsynaptic
membrane that cause depolarizations in voltage that get recorded as excitatory postsynaptic
potentials (EPSPs). In the absence of an action potential there is spontaneous release of
neurotransmitter that postsynaptically gets recorded as miniature excitatory postsynaptic potentials
(mEPSPs). According to the quantal hypothesis, postulated by Bernard Katz, the mEPSPs are all-
or-none changes in potential caused by a single quantum of neurotransmitter, which when added
up create EPSPs. Following studies have found that these two modes of vesicle release have
differences in molecular mechanisms, vesicle recycling, and extracellular conditions of operation.
Spontaneous release by itself is sufficient to maintain synaptic homeostasis and is involved in long-
term potentiation. New data from our lab suggests that mEPSP frequency depresses after sustained
stimulation of the presynaptic cell suggesting some feedback mechanism coming from the
postsynaptic cell. In this study, following experimental observation that optical frequency from
postsynaptic calcium sensor (GCaMP6) activation does not correlate with mEPSP frequency, we
looked at what we call missing minis. Simultaneously recording optical and electrophysiological
data we have found that certain fluorescence GCaMP6 flashes coming from glutamate receptor
activation do not coincide with electrophysiological mMEPSP events.
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Introduction

The science of electrophysiology began with experiments performed by Luigi Galvani on
muscle contraction in the frog muscle, which he believed originated from electricity originating in
the animal itself. Galvani found that discharging a Leyden Jar could produce contraction of frog
leg muscles, and hypothesized that there could be an internal electrical force that causes the
muscles to contract under normal conditions and that the muscles accumulate electricity not nerves
due to their relative bigger size. He proposed that the muscle fibers in these muscles have duplex
(positive and negative) electricity (Galvani, 1791, 1937; Piccolino, 1998)

Following this period and before the work of Hodgkin, Huxley, Fatt, and Katz, there was
work by various scientists on the electrical nature of the cell. Scientists such as Matteucci found
that muscle fibers themselves have an intrinsic biological origin of electricity (Matteucci, 1844;
Piccolino, 1998). These experiments were confirmed by the German scientist du Bois-Reymond
who using a galvanometer managed to record a negative potential on the outer muscle membrane
when compared to more distant (inactive) parts with respect to the muscle and nerve (du Bois-
Reymond, 1884; Piccolino, 1998). The next notable German scientist was Hermann von Helmholtz
who managed to measure the propagation speed of the nervous impulse (Helmholtz, 1850, 1852;
Piccolino, 1998). After him, Julius Bernstein looking at neurons hypothesized the theory of
membrane polarization in which the inside of the cell is more negative with respect to the outside,
and that during excitation electrical resistance decreases (Bernstein, 1912; Piccolino, 1998)

Modern electrophysiology came into being with the experiments of Hodgkin and Huxley
who discovered that the cause of electrical propagation (action potential) down the squid giant
axon was the movement of sodium ions across the cell membrane to the inside of the cell, and the

movement of potassium ions across the membrane to the outside of the cell (Piccolino, 1998;



Schwiening, 2012). Receiving a Nobel Prize in Medicine and Physiology in 1963 their work was
soon followed up by another groundbreaking neurobiological discovery that was made by the 1970
Nobel Prize in Medicine and Physiology recipient Bernard Katz who discovered that when the
action potential reaches the motor endplate acetylcholine is released in packets of vesicles that are
quantized (Augustine & Kasai, 2007; Del Castillo & Katz, 1954b; Fatt & Katz, 1952; Piccolino,
1998). Katz further observed that a resting motor endplate of a muscle fiber produced spontaneous
electrical discharges, which he called the miniature end-plate potential (miniEPP) (Fatt & Katz,
1952). When recording the values of the amplitude of the miniature end-plate potentials the
amplitude remained fairly constant, while the frequency was subject to change. He found that
these miniEPPs arise post-synaptically at the end-plate and their amplitudes were about 1/100 the
size of regular end-plate potentials (Fatt & Katz, 1952). In the follow-up study by Katz, he
proposed that these miniEPPs were caused by quantum packets of neurotransmitter, which added
together to create the end-plate potentials (Del Castillo & Katz, 1954b). This stems from the
observation that reducing the Ca2+ concentration reduced the size of the EPP to that of the
miniEPP (Fatt & Katz, 1952).

Following this study, Katz formulated the quantal hypothesis. Katz’ postulate was that
when reducing Caz+ concentration and increasing Mgez+ concentration transmitter release is
decreased to a single quantum and the EPP becomes the same size as the miniEPP. If Ca2+
concentration was increased, the size of the EPP would be larger due to increases probability of
spontaneous release and the release of more quanta of transmitter. Thus suggesting that these
miniEPPs are all-or-none smallest units of potential change that make up EPPs (Del Castillo &
Katz, 1954b). Itwas observed that an increase in temperature, or the osmolarity of the extracellular

fluid by increasing concentration of NaCl or sucrose would increase the frequency of miniEPPs



(Fatt & Katz, 1952). Further studies in the changes of osmolarity used extracellular increases in
ethanol and glycerol produced a transient increase in frequency that over time went down possibly
due to these chemicals penetrating the membrane more rapidly than NaCl and Sucrose. They
assumed that changes in osmolarity affected the presynaptic terminal and the release of quanta of
transmitter producing the miniEPP (Furshpan, 1956). Further evidence that the miniEPPs were
produced by the release of neurotransmitter came from studies of botulinum toxin, which acts at
the neuromuscular junction (NMJ) to block the release of acetylcholine (Sellin, 1980). Botulinum
toxin resulted in a decrease in the frequency of spontaneous miniEPPs leading to the complete
cessation of miniEPPs but no change in the amplitude (Brooks, 1956). However, the EPPs were
decreased in amplitude by the toxin (Brooks, 1956). What was also found to change the frequency
of miniEPPs was the passing of both cathodic and anodic polarization using non-polarizable
electrodes to pass direct current (dc) at the terminal end of the motor axon. Cathodic currents were
found to increase the frequency of miniEPPs, while the anodic current producing no change in
frequency until a threshold was reached and then would produce high-frequency bursts (Del
Castillo & Katz, 1954a).

The quantal hypothesis for transmitter release first described at the vertebrate NMJ applies
at all synapses. At most synapses, the evoked potentials are called excitatory post-synaptic
potentials (EPSPs) the spontaneous potentials are referred to as miniature excitatory post-synaptic
potentials (MEPSPs). According to the quantal hypothesis these mMEPSPs have all-or-none nature
and are the building blocks of EPSPs represented by the equation m=EPSP/mEPSP, where m
represents the quantal content, or the number of vesicles released (Del Castillo & Katz, 1954b).

The place where the quanta of transmitter are released on the presynaptic neuron is called

the active zone (Couteaux & Pecot-Dechavassine, 1970; Sudhof, 2012). These active zones appear



as electron dense regions when viewed with electron microscopy (Walrond & Reese, 1985). They
are the sites where synaptic vesicles dock and the Caz+ channels are located (Harlow et al., 2001).
These synaptic vesicles, which contain a quantum of transmitter, have varying diameters that range
from 200A to 650A (De Robertis & Franchi, 1956). This release of vesicles is triggered by influx
of Caz+ through voltage-gated calcium channels in response to membrane depolarization produced
by action potentials (Ramakrishnan et al., 2012). The fusion of synaptic vesicle to the presynaptic
membrane and transmitter exocytosis involves tSNARE (soluble N-ethylmaleimide-sensitive
fusion protein attachment protein receptors) proteins (Ramakrishnan et al., 2012). The mechanism
of this release was looked at in a review for synchronous (after action potential), asynchronous
(longer time period after the action potential or train of action potentials), and spontaneous release
and it appears that they share key molecular mechanisms of release involving SNARE proteins
synaptobrevin 2/VAMP2, SNAP-25, and syntaxin-1. However, spontaneous release appears to
be Ca2+ independent in Drosophila (Kaeser & Regehr, 2014).

At the synaptic level it has been found that there are distinct synapses that favor one way
of transmission either evoked or spontaneous. Presynaptic levels of Bruchpilot (brp) protein have
been found to influence the release of vesicles, such that synapses that have higher levels of this
protein favored evoked transmission, while synapses that have lower levels favor spontaneous
release (Peled et at., 2014). This was discovered by visualizing transmitter release using GCaMP6
targeted to the postsynaptic membrane. GCaMP6 is a genetically encoded calcium sensor based
on the green fluorescent protein (Cichon et al., 2020; Nakai et al., 2001), it consists of a circularly
permuted green fluorescent protein (cpGFP), the calcium-binding protein calmodulin (CaM), and
CaM-interacting M13 peptide (Chen et al., 2013). Calcium binds to the M13/CaM which induces

a change in the GFP chromophore that creates fluorescence detectable by recording equipment



(Chen et al., 2013). The GCaMP6 version of the GCaMP family of proteins was found to produce
the most sensitive and fastest Caz+ binding (Reiff et al., 2005). Due its ability as a calcium sensor
to produce a visual cue it has been used in detecting action potentials, spontaneous, and evoked
release (Melom et al., 2013; Tian et al., 2005). The method of expression of GCaMP6 is through
the Gal4/UAS-system (Brand & Perrimon, 1993; Reiff et al., 2005) in the cells of interest.

Recording action potentials, spontaneous, and evoked release is done using fluorescence
microscopy, imaging a whole nerve terminal, and selecting regions of interest (ROI) (Leitz &
Kavalali, 2014; Melom et al., 2013; Murthy et al., 1997). This is done by selecting for
morphological (Peron et al., 2015a) or activity-based regions (Diego et al., 2013; Peron et al.,
2015b). Using GCaMP imaging by selecting for regions of interest in the terminal it has been
found that spontaneous and evoked release coincided or were separate from one another (Melom
et al.,, 2013; Nakai et al., 2001). Recording spontaneous vesicle release using fluorescent
microscopy techniques and mEPSPs using intracellular electrodes, researchers found that the
appearance of a GCaMP flash would coincide with mEPSP elecrophysiological recordings
(Melom et al., 2013). According to these studies the separate method of spontaneous and evoked
release should be two different methods of synaptic communication in terms of activating different
molecular mechanisms for vesicle release, different locations on the synapse they are released, and
activating different receptors on the post-synaptic cell.

There are observed functions of spontaneous release in several animals. In the Drosophila
melanogaster NMJ, mutations in the DGIullA receptor decreased quantal size (mEPP amplitude)
in the postsynaptic cell, which is compensated by an increase in quantal content. Indicating that
the compensation uses some retrograde signal to induce a homeostatic change (Petersen et al.,

1997). By blocking motoneuron activity and evoked release, researchers found that the



spontaneous release alone is sufficient in induction in synaptic homeostasis, indicating even small
changes in postsynaptic excitability can induce presynaptic changes in vesicle release (Frank et
al., 2006). In the CA1 pyramidal neurons, spontaneous vesicle release of glutamate has been found
to act as a trophic factor and prevent loss of dendritic spines by acting on GluR1 AMPA receptors
by maintaining them (McKinney et al., 1999), and that the diffusional movement of GIuR1 is
confined to restricted subregions on the postsynaptic membrane by spontaneous activity (Ehlers et
al., 2007). Other studies found that through spontaneous glutamate release, protein synthesis in
dendrites is affected through activation of NMDAR receptors, they function in terms whether a
synapse will be strengthened, maintained, or eventually lost (Sutton et al., 2006). This effect on
synaptic plasticity has been discovered in Aplysia in which it was reported that spontaneous release
is a critical signal for the induction of long-term facilitation. The frequency and the amplitude of
MEPSCs (or mEPSPs) increases with synaptic facilitation, with both long-term and intermediate
effects (Jin et al., 2012).

The Drosophila melanogaster neuromuscular junction (NMJ) is a popular system for
studying synaptic plasticity, allowing for good utilization of electrophysiological, genetic, and
imaging techniques (Frank, 2014). At the Drosophila NMJ it has been found that voltage clamping
muscle fibers 5 and 6 resulted in depression of mEPSP current 30 seconds post stimulation in
HL3.1 (1.5mM Caz+) but not in HL3 (ImM Ca2+) indicating that increased [Ca2+] resulted in
decreased frequency. The amplitudes in mEPSC for both solutions post-stimulation increased.
When using buffers such as BAPTA increased the mEPSC frequency after stimulation (Powers et
al., 2017). Unpublished data from our lab, using GCaMP6 calcium sensors, show that when
recording the optical frequency 30sec post-stimulation and comparing it to the mEPSP frequency

30sec post-stimulation there is a discrepancy between the two recordings. The frequency of



GCaMP6 shows no decrease in frequency post-stimulation, while the mEPSP frequency shows a
decrease post-stimulation indicating a presence of missing mEPSPs.

In this study we simultaneously recorded spontaneous GCaMP6 flashes along with
miniature excitatory postsynaptic potentials at the D. melanogaster NMJ terminal. Instead of
selecting for individual regions of interest along the active zones, as in the previously mentioned
studies, we have selected the whole terminal. Recordings of the GCaMP6 fluorescent flashes when
compared to the mEPSP data from the same animal, show that there are certain optical events that
do not coincide with electrophysiological recordings. This indicates that there is activation of

glutamate receptors without a corresponding change in potential.



Methods
Experimental Animal

Drosophila melanogaster was were raised in a Percival® Intellus incubator at 25°C in 12-
hour light/ 12-hour dark environment on Jazz Fly Media. The two fly stocks raised were P{GAL4-
Mef2.R} and P{how24B-GAL4} which would be the muscle driver, and P{UAS-GCaMP6} with
the calcium sensor fluorescent protein. The P{UAS-GCaMP6} would be cleared of non-virgin
adults from the vials. Following a time period from 4-8 hours after clearance female P{UAS-
GCaMP6} virgin flies would be collected and put into separate Jazz Fly Media vials prior to doing
a cross. Males from either P{GAL4-Mef2.R} or P{how24B-GAL4} would be collected. These
would be put into separate Jazz Fly Media vials. These two muscle driver groups would be crossed
with @ minimum of 4 virgin female P{UAS-GCaMPG6} flies. Ten days after the cross 3rd instar
larvae that exhibit fluorescence under a fluorescent microscope would be selected for
experimentation.
mMEPSP electrophysiology recordings

Miniature excitatory post-synaptic potentials were recorded using sharp microelectrodes
(15-25 MQ filled with 3 M KCl) connected to an Axoclamp® 2A amplifier (Molecular Devices®,
Sunnyvale, CA) in HL3 saline containing 1.0 mM Ca2+. The electrodes were inserted into 3rd
instar larvae muscle fiber 4. The mEPSP recordings were collected using ClampFit® software. For
the experiments that used both mEPSP recordings and fluorescence recordings both were
performed simultaneously.

GCaMP6 fluorescence imaging

Following the cross of female P{UAS-GCaMP6} flies with either P{GAL4-Mef2.R} or

P{how24B-GAL4} 3w instar larvae offspring would exhibit fluorescence. Imaging was done on

muscle fiber 4 which has both the Ib and Is terminal boutons (Atwood et al., 1993). Using a



fluorescence microscope and MetaFluor® as recording software images were taken for 1 minute
at a frequency of 20Hz. Frequencies of mEPSP were taken in the 0-30 sec and 30-60 sec.
Selection of Boutons and Bottlenecks and measuring distance

For the GCaMP recordings MetaFluor® was used to select regions that are considered
boutons with the same size and shape regions placed as a background. The pixel values of each
image were recorded for 1 minute, saving the data in Microsoft Excel®. The imaging data was
repeated, and the regions between the boutons were selected and named bottlenecks, saving the
data in Microsoft Excel®. For both sets of data pixel values of boutons were subtracted from the
background and converted into files for analysis in MiniAnalysis®. The peaks in the waveform
data each represented a peak of GCaMP6 flashes. For the experiments that recorded mEPSP data,
these methods were repeated. The distance of the whole terminal was taken in MetaMorph®.
Measuring was calibrated in um, and the distance for 1b was taken as well as distance for Is (n=1).
To get the distance of the whole terminal Ib and Is were added together. The frequencies of GCaMP
were taken in 0-30sec and 30-60sec and divided by the length of the Ib+Is length. The averages of
MEPSP data was compared to these values by performing a t-test in SigmaPlot®.
Simultaneous mEPSP and imaging recordings

For this set of experiments the preparation of the 3rd instar larvae, the mEPSP recordings,
and the GCaMP6 imaging data had the same setup. The recording for both electrophysiology and
imaging had to start and the same time, this was achieved by setting up flashes of light in the
microscope apparatus. This resulted in different analysis of the data. First by reducing the
recording frequency of electrophysiology data to 1KHz. Then in SigmaPlot® the waveforms for

both the electrophysiology and imaging were compared



Results
The structures that made the synaptic boutons visible when compared to the background
were the subsynaptic reticulum of the D. melanogaster NMJ. Most of the fluorescence images that

were recorded were that of the Ib boutons only, due to the difficulty of capturing both Ib and Is on

the same image.

Figure 1. Shows the monochrome Ib and Is boutons on a single preparation.

(A) Shows the selection of ROIs for the Ib terminal boutons of the D. melanogaster NMJ. At the
bottom of the image are the ROIs for the background that was subtracted from the boutons to
obtain a pixel value. (B) Shows the bottleneck ROIs that were manually selected for between the
bouton regions. (C) Shows the ROIs for the Is terminal boutons, with the background ROIs. (D)
Shows the bottleneck ROIs between the boutons on the Is. The difference in light intensity coming

from the Ib and Is is due to the density of SSR.

Following the recording of these images the data was taken into Excel® where the

background values for fluorescence were subtracted from the values of boutons (Table 1.)
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Time R1 W1 R2 W1 R3 W1 R4 W1
(ms) Avg Avg Avg Avg

0| 3095.4 | 2630.25 | 3146.45 | 2608.17 | 465.15 | 538.28

50 | 3094.23 | 2631.95 | 3138.44 | 2613.16 | 462.28 | 525.28

100 | 3103.05 | 2637.85 | 3144.89 | 2611.72 465.2 | 533.17

150 | 3108.02 | 2633.47 | 3143.56 | 2620.65 | 47455 | 522.91

R1-R2 | R3-R4

Table 1 Bouton pixel values. Shows a part of the imaging data with the numbers representing the average
pixel value of R1 (bouton 1 selection on figure 1), R2 (bouton 1 background), R3 (bouton selection 3),
and R4 (background). The R1-R2 is the value of bouton selection 1 (R1) subtracted from the background
pixel value (R2). The R3-R4 is the subtraction of bouton selection 3 (R3) to background 4 (R4).

. = e 000 e
%7500 s
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|

{
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Figure 2 Shows the waveforms of GCaMP6 fluorescence pixel values. (A) shows bouton
selection 19 waveform of 1b from the preparation above. There is a total of 6 fluorescence events
that occurred during the 60 second recording time. (B) shows bottleneck selection 7 waveform of
Ib from the preparation above. There is a total of 2 fluorescence events that occurred during the 60
second recording time.

The last two columns in Table 1 contain values that were represented individually as
waveforms in MiniAnalysis® software, and the numbers of peaks that represented individual
GCaMP6 fluorescence flashes were selected for. The selection method is detailed in Figure 2
which shows one bouton and one bottleneck waveform from the preparation mentioned above.
These have differing amplitudes of GCaMP due to the average pixel values coming from the
selection, the noise was higher usually in bottleneck selections, due to the small areas of selection

and the movement coming from the preparation under the microscope. This error is negligible due
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to the peaks themselves and their frequency being taken into account, not the amplitudes of
GCaMP6 flashes. These waveforms were done for each of the selections above for both the
bottlenecks and boutons, and the numbers of flashes taken in order to find the frequency of Ib
(Table 2), and frequency of Is (Table 3). Frequency for entire terminal calculated as (total length

of terminal/measured length of terminal) x frequency (Table 2 & 3).

frequency of Total
Time | GCaMP events at GCaMP events at GCaMP6 flashes | frequency
(sec) | boutons bottlenecks (Hz) (H2)
0-30 28 4 1.07 1.0667
30-60 24 5 0.97 0.9667

Table 2 Shows the total number of GCaMP6 events in the above preparation from both
bottlenecks and boutons in the Ib. The number of events in 0-30sec, and 30-60sec. Frequency
of events was calculated 32/30 (0-30), and 29/30 (30-60). This data comes from the recordings in
Figure 1. Note the last two columns are the same since the measured and total length are equal (hot
the case in every preparation.

frequency of Total
Time GCaMP6 events at GCaMP6 events at GCaMP6 flashes | frequency
(sec) boutons bottlenecks (Hz2) (Hz2)
0-30 25 1 0.87 0.87
30-60 30 3 1.1 11

Table 3. Shows the total number of GCaMP6 events in the above preparation from both bottlenecks
and boutons in the Is. The number of events in 0-30sec, and 30-60sec. Frequency of events was
calculated 32/30 (0-30), and 29/30 (30-60). This data comes from the recordings in Figure 1. Note the last
two columns are the same since the measured and total length are equal (not the case in every preparation).

prep 1 2 3 4 5 6 7 8 9 10 11 12
0-30

freq 0.7667 | 1.0667 | 2.6667 | 0.8333 | 0.8667 1.9 | 0.4667 1.4 25| 19| 1.7]0.7667
30-60

freq 0.6 | 0.9667 | 2.0333 09]0.6333 | 1.4667| 0.4333 | 1.5667 | 2.8333| 12| 1.6 | 0.3667
0-60

freq 0.68 1.02 2.35 | 0.8667 0.75 1.683 0.45 1.48 2.67| 1.55] 1.65] 0.5667

Table 4. Shows the frequencies of all trials (n=12). These all represent Ib bouton frequencies.
These experiments were repeated for the remaining preps to get the frequencies of GCaMP6
flashes. There was a total of n=12 preps (Table 4.). Most of these preps only had Ib. Trial 2 (above),
was the sole Ib+lIs.
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line IB (um) | IS (um)
1| 30.4166 | 17.7589
2| 8.11807 | 19.2645
3| 16.4247 | 39.2928
41 12.9796 | 38.6526
5| 7.65419
6 | 10.4049
7 | 5.91515
8 | 8.21909
9| 25.5353
125.6676 | 114.9688
totals

Figure 3 Shows the length measurements on
prep 2 Ib and Is terminals. (A) Shows the
measuring of Ib terminals using calibrated lines.
The values obtained when these line distances
were added together was 125.6676 um. (B) Shows
the measuring of Is terminals using calibrated
lines. The size of the Is when the individual lines
were added together was 114.9688 um. These

were performed in MetaMorph®.

Table 5. Length measurements
from prep 2.

Data from every preparation (Table 6) was analyzed as

preparation 2 was. The numbers of GCaMP6 flashes for each preparation was taken and the

frequencies were found (Table 6.B) as (humber of flashes)/60sec. Since there was only one Is

13



terminal it was found in the same manner (Table 6.C). The length of the terminal containing the

ROIs used to determine GCaMP6 flash frequency was measured and referred to as the “ROI

terminal length” (Figure 3) (Table 6.D). When looking at the full chip for the entire terminal with

there were regions that had no ROIs, these lengths were also measured and added to the numbers

in Table 6D to obtain the “Total terminal lengths” (Table 6.E). Some had their full lengths

measured the first time and were included as they were, example being preparation 2 which had

both 125 microns for both lengths. The total frequency for the Ib was calculated as (Total terminal

length/ROlterminal length) x Ib frequency (Table 6.F). The same was repeated for Is (Table 6.G).

The total frequency of GCaMP6 flashes was taken as the sum of Is and Ib (Table 6.H). With this

value we obtained a frequency of GCaMP6 flashes along the whole terminal for muscle fiber 4.

A-prep#

B-Ib frequency (0-60sec) (Hz)

C-Is frequency (0-60sec) (Hz) (n=1)
D-ROIs terminal length (um)
E-total terminal length (um)
F-total IB frequency (Hz)

G-total IS frequency (Hz)

H-total frequency (Ib+ls) (Hz)

1
0.6834
0.98335
55.9284
817714
0.9991
0.98335
1.9824

2 3
1.0167 2.35
0.98335 0.98335

125.6676 139.8551
125.6676 139.8551
1.0167 2.35
0.98335 0.98335
2 33334

4
0.8667
0.98335
88.9317
165.011
1.6081
0.98335
2.5914

5

0.75
0.98335
65.8931
124.596
14182
0.98335
2.4015

6

1.6834
0.98335
111.3225
111.3225
1.6834
0.98335
2.6667

7

0.45
0.98335
149.1043
149.1043
0.45
0.98335
14334

8 9
14834 2.6667
0.98335 0.98335
83.5701 100.8848
83.5701 100.8848
14834 2.6667
0.98335 0.98335
2.4667 3.65

Table 6. Shows the data from all the preparations, along with their frequency per
frequency per Is (C). The length of the terminals that had bouton and bottleneck selections (D). The
length of the total terminal containing regions with no ROIs (E). Total GCaMP6 frequency for the whole
length of the Ib terminal (F) and Is terminal (G). With the average total frequency of Ib + Is (H).

10

1.55
0.98335
79.2648
79.2648
1.55
0.98335
2.5334

1

165
0.98335
113.9392
113.9392
1.65
0.98335
2.6334

12
0.5667
0.98335
59.7283
59.7283
0.5667
0.98335
1.55

Ib terminal (B),

The average frequencies of GCaMP6 over the 60 second recording period (Table 6H), were

compared to the averages of mEPSPs over the recoding period of 60 seconds. This was done

statistically in a t-test in which the Two-tailed p-value = 0.00466. Showing that there is a
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significant difference between these two groups. This provides evidence for missing mEPSP; i.e.,

there is transmitter release (GCaMP flashes) that do not result in a mEPSP.

Normality Test (Shapiro-Wilk)  Passed (P = 0.195)

Equal Variance Test: Passed (P =0.073)

Group Name N Missing Mean Std Dev SEM
avgs 12 0 2.437 0.646 0.187
avgs 9 0 1391 0.853 0.284

Difference 1.046

t = 3.205 with 19 degrees of freedom.

95 percent two-tailed confidence interval for difference of means:

Two-tailed P-value = 0.00466

F reque noy
Pa

I s'erage mE PSP freguencies
[ awerage GCaM PG feguencies

0.363t0 1.729

Figure 4. Shows the bar graph of
the two average frequencies
from Table 6. compared. The
average frequencies of GCaMP6
(white bar) were higher than the
average mEPSP frequencies (black
bar).

To examine whether there were missing mEPSPs more directly, we simultaneously recorded the

mMEPSPs together with the GCaMP6 fluorescence. In this case, we could directly examine whether

the GCaMP flash was always accompanied by a simultaneous mEPSP.
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Figure 5. Shows a scatter plot of the
differences in the time interval among the
individual GCaMP6 flashes and mEPSP
events. The highlighted dot represents a
GCaMP6 flash without a corresponding
mMEPSP recording.
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Scatter plot of the time difference interval between the GCaMP6 peak and the mEPSP peak was

obtained by taking the time of the peak GCaMP6 and subtracting closest time of peaks of mMEPSP

(Figure 5). The values that are close to, or at the value of zero represent GCaMP6 fluorescent

flashes that have a corresponding mEPSP recording. The longer intervals result from mEPSP

produced by terminals regions that were not selected as ROIs and these GCaMP flashes did not

produce a mEPSP. Note that the negative values represent a time of mEPSP occurrence that is

before a GCaMP6 optical event, and the positive values represent a time of mMEPSP occurrence

that is after a GCaMP6 optical event (Figure 5). The highlighted value in Figure 5 has a interval

difference of 909ms, which shows that there is no mEPSP recording for that GCaMP6 event. This

is visualized as a waveform of this larvae mEPSP (Figure 6A) and compared to the GCaMP6

waveform from bouton selection 9 of this preparation (Figure 6A).
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Figure 6. Shows the mEPSP and
GCaMP6 waveforms from the same
preparation. (A) Shows the mEPSP
recordings with the X value of
37159ms highlighted. (B) Shows the
GCaMP6 recording from bouton 9
with the X value of 37159ms
highlighted. These x values represent
the time course of the experiment.
This figure indicates the missing
miniature excitatory post synaptic
potential. The activation of GIuR on
the post synaptic NMJ does not

coincide with a mEPSP recording.

The events that were recorded also had values from GCaMP6 and mEPSP that overlapped as

indicated in Figure 7.
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Figure 7. Shows the overlap of the
events on the waveform for the
GCaMP6 and mEPSP data. (A)
Shows a peak at 548ms on the mEPSP
data. (B) Shows a peak on 551ms on
the GCaMP6 data. These two shows
that following a GCaMP6 flash we do
see a post synaptic depolarization that
is recorded as a mEPSP. (C) Shows the
scatter plot and the value that
represents these two events with an

interval difference of 3ms (x=3)
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There is an overlap in the mEPSP recordings and GCaMP6 recordings (Figure 7, A&B).
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Figure 8. Shows a histogram of
comparing the time difference in
MEPSP and GCaMP6 events. There
is a larger number of events that are
recorded as positive, due to the mEPSP
peaks being before the GCaMP6
peaks. This would be expected since
the GCaMP signal is slower than the
MEPSP (Supplemental Data).



Discussion

The obtained results indicate that at the D. melanogaster synapse we see missing excitatory
post synaptic potentials (Figures 5, 6). When looking at the frequencies of GCaMP6 activation that
is seen as fluorescence we have found that they do not match the frequencies of mEPSP recordings
(Figure 4.). Simultaneous recording at one larva has found that there is a total of 141 mEPSPs
while there is only 116 GCaMP6 flashes. Out of those 141 mEPSP recordings only 88 have been
found to fall in the 116 flashes since there is overlap (multiple mEPSPs for one GCaMP6). This is
possible since the rise time of the GCaMP6 sensor is 100-150ms (Chen et al., 2013). In the group
of those 88 mMEPSP recordings, 17 GCaMP6 events had intervals greater than 200ms (both positive
and negative). These could be considered missing minis (Supplemental Data). The 53 mEPSP
recordings that do not have a GCaMP6 event tied to them could belong to the group coming from
the Is terminal which was not imaged in this preparation used for simultaneous recording. Our
preparation 2 (Figures 1-3) is the only one with Is together with Ib. We have used this Is to estimate
the frequency of the whole terminal in preparations 1-12. The frequency we obtained from Is was
0.98335 Hz, while the Ib frequency was 1.016 Hz (Table 6). Using these numbers | hypothesize
that the 53 mEPSPs come from the Is terminal in our simultaneous preparation

Immediately following a 20 Hz stimulation of muscle fibers 5 and 6 you get depression in
frequency of mEPSPs (Powers et al., 2017). As mentioned before the unpublished data suggests
that there are missing minis due to the decrease in their frequency, while there is sustained
frequency of GCaMP6 fluorescence. What the data from this thesis suggests, is that due to the low
number of missing minis recorded from the simultaneous recording it could be possible that during
the 20Hz stimulation there is an effect postsynaptically that acts as a feedback mechanism (Powers

etal., 2017).
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One possibility is that in the D. melanogaster NMJ a structure known as the sub-synaptic
reticulum, a folded membrane on the postsynaptic side, acts as a regulator of these missing quanta
(Nguyen & Steward, 2016). Since spontaneous release has been found to regulate synaptic
homeostasis, such as the maintaining of the spines in the synapse through AMPA receptor
activation (McKinney et al., 1999), and the SSR in the neuromuscular junction resembles spines
from the CNS (Rheuben et al., 1999), it could be possible that it somehow regulates the mEPSP
response.

Imaging of the terminal using regions of interest (ROI) around active zones has found that
the optical events correlate with changes in post-synaptic potentials (Cichon et al., 2020; Melom
et al., 2013). Our results indicate that imaging the whole terminal, and selecting the boutons

individually, reveals missing minis even without stimulation.
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GCaMP6 time mMEPSP time interva
(ms) (ms) (ms)

551 548 3
1151 1157 -6
1601 1444 19
1601 1582 19
1801 1769 32
2151 2119 32
3201 3188 13
3801 3646 -22
3801 3669 -22
3851 3823 -9
4101 3860 241
4702 5138 -436
5202 5233 -31
5252 5424 19
5502 5495 7
5952 5911 5
5952 5947 5
6302 6301 1
6552 6528 24
7802 7753 49
8002 8070 -68
8002 8576 -68
8002 9895 -68
9903 10005 8

10553 11442 548
11653 11659 -6
12153 12113 40
12353 12495 -142
12503 12538 -35
12553 12801 15
12803 12885 2
14254 15044 -790
15054 15575 10
15604 15943 29
15954 16350 11
16354 17623 4
17655 17833 32
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Supplemental Data

Supplemental Data Table. Shows
the recorded times for GCaMP6
events and mEPSP events from
the same animal. Column A.
Shows times for GCaMP6 event
times. All events except the yellow-
highlighted events have mEPSP
events that correspond to them
within at least a 100ms. The events
in yellow are therefore missing
minis. Column B shows the mEPSP
event times. The red text indicates
that these mEPSP recordings had no
corresponding GCaMP6 signal, and
are possibly from the Is terminal
boutons whose GCaMP6 events
were not recorded. The events in
blue were added later on, by going
through the data as not to miss any
points. Column C shows the
intervals between GCaMP6 flashes
and the closest mEPSP event. This
data was graphed as a scatter plot to
visualize the missing minis (Figure
5).
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