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Abstract

Background and Objective: The effects of intracellular and extracellular pH changes on synaptic transmission have been studied for
many years in different models. Intracellular acidification at the presynaptic terminal is known to occur with increased neuronal
activity and can also occur in pathological conditions. This study aimed to study the effects of these pH alterations in larval Drosophila.
Materials and Methods: The effects of pH on both spontaneous and evoked synaptic transmission at the Neuromuscular Junction (NMJ)
inlarval Drosophila were examined by altering intracellular acidification, using either propionic acid or the ammonium chloride pre-pulse
technique as well as by altering extracellular pH using HCl or NaOH. This NMJ is glutamatergic and is used as a model of graded synaptic
transmission. Electrophysiological recordings were obtained from muscle 6 at abdominal segment 3 or 4. Results were analyzed via
Student's t-test or repeated-measures ANOVA. Results: Propionic acid is shown to increase spontaneous quantal event frequency while
also attenuating evoked transmission, enhancing high-frequency depression and depolarizing the target cell. The enhanced frequency
of spontaneous events was attenuated with CdCl, in the bath, indicating calcium influx as a mechanism. Ammonium chloride withdrawal
has more diverse and complex effects that are shown to be dose and condition-dependent. Extracellular acidification depolarizes and
alkalization hyperpolarizes the synaptic target. Conclusion: Thus, the effects of pH alteration on synaptic transmission are diverse in
Drosophila melanogaster. These studies are significant in further developing a model of the effects of intracellular and extracellular
acidification on evoked and non-evoked synaptic transmission.
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INTRODUCTION

Factors that alter synaptic transmission are diverse,
from external factors (i.e., neuromodulators, temperature) to
intracellularly initiated actions such as metabolism. The
increased electrical activity of a neuron is known to result in
intracellular acidification, which is a decrease in intracellular
pH (pHi). The decrease in pHi can then influence the local
extracellular pH (pHo). Even with endogenous buffering of pHi
and pHo to maintain cellular homeostasis, the cell and its
environment undergo transient pH changes to cellular
activity'3.

In addressing the effects of pHo and pHi alterations on
synaptic transmission, several indices are used. These include
alterations in membrane potential, effects on evoked
transmission, the rate of occurrence of spontaneous quantal
events as well as ion and proton changes with electrical
activity. Since large-scale, long-term pH changes are not
generally seen during high neuronal activity, it is unlikely
that pH drops enough to significantly impact the function
of enzymes in the synaptic cleft that break down
neurotransmitters. The transient alterations in pH, however,
may impact cellular processes. The full effects of transient pH
changes on synaptic transmission remain to be completely
revealed.

The Drosophifa Neuromuscular Junction (NMJ) is a
commonly used model that is extremely useful for studies on
synaptic transmission. Genetic manipulation is relatively
straightforward in Drosophila, making it useful for studies
involved in genetic research or for the use of such
things as genetically encoded pH indicators (GEpHIs)*. The
Drosophila NMJ allows for analysis of membrane potential
and spontaneous as well as evoked synaptic transmission at
the postsynaptic muscle, in addition to the tracking of vesicle
dynamics within the presynaptic terminal®S. Furthermore,
due to the graded nature of excitatory junction potentials
(EJPs) at the motor endplate, EJP amplitude can be correlated
with the amount of neurotransmitter released
presynaptically”®.

Previous studies on the effects of pH in altering synaptic
transmission using the Drosophila model found that
modulation of pHo affects both spontaneous and evoked
Excitatory Junctional Currents (EJCs). The finding that evoked
rather than spontaneous EJCs were more significantly
impacted by the pH change indicates that reduction in
vesicular fusion and release of neurotransmitters is the main
effect of acidification rather than alterations in the amount of
neurotransmitter in each vesicle. Caldwell et al® further
investigated the effects of acidification at the DrosophilaNM)J

by specifically targeting its effects on vesicular dynamics.
Acidification was achieved by two methods: application of
propionic acid and withdrawal of ammonium chloride.
Propionic acid easily crosses the plasma membrane and can
acidify the interior of the cell. Ammonium chloride application
and incubation is known to alkalize the interior of the
presynaptic terminal. Upon rapid withdrawal during washout,
protons are left behind, leading to transient acidification of the
intracellular space. Using propionic acid, Caldwell eza/° found
that miniature endplate potential (mEPP) frequency was
significantly increased, while washout led to a decrease in
mEPP frequency. The muscle membrane potential was also
found to rapidly hyperpolarize upon propionic acid
administration. The use of the ammonium chloride pre-pulse
technique to acidify the presynaptic terminal showed more
mixed results. Only some preparations showed an increase in
mEPP frequency and frequencies were not affected by NHE
inhibition.

In this study, the effect of altering pHi by propionic acid
and ammonium chloride on spontaneous synaptic activity was
investigated. The extracellular pH was also varied by HCl or
NaOH to examine the effects on the target membrane
potential. The effect of pHi on the rate of evoked synaptic
depression was alsoinvestigated. These studies are significant
in corroborating previous reported findings with similar
techniques as well adding to the effect of synaptic depression
with heightened activity to pH and repetitive exposures to
altered pH.

METHODS AND MATERIALS

Study area: The study was carried out in the Department of
Biology, University of Kentucky in Lexington, KY, from
August, 2019-June, 2020.

Fly stock maintenance: Flies utilized were Canton-S (CS)
strain Drosophila melanogaster obtained from Bloomington
Fly Stock Center that has been maintained in the lab for
many years. Early third instar larvae were used for all
electrophysiological studies. Flies and larvae were fed a
standard cornmeal-agar-dextrose-yeast medium diet, housed
at temperatures between 20 and 22°C and maintained on a
12:12 L:D cycle.

Saline and pharmacology: For all dissected preparations, a
modified hemolymph-like saline 3 (HL3) [in mM: 1.0
CaCly2H,0, 70 NaCl, 20 MgCl, 5 KCI, 10 NaHCO;,
5 trehalose, 115 sucrose, 25 5N, N-bis(2-hydroxyethyl)-2-
aminoethanesulfonic acid (BES)] at pH 7.1 was utilized as a
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(a) The semi-intact dissected larval Drosophila preparation. Recordings were taken from muscle mé. In studies using stimulation, a suction electrode
(labeled stimulating electrode) delivers stimulation to the appropriate segmental nerve and (b) A schematic representation of a)

bathing medium'®'", For studies using Propionic Acid (PA), a
stock solution of 13.26 M/L PA was utilized and diluted with
HL3 saline (20 mM PA: pH 5.70, 40 mM PA: pH 4.75). The NH,CI
(20 mM: pH 7.12, 40 mM: pH 7.15) and PA were made fresh
before experimentation. Solutions were housed in closed
vials during the experiments. For saline adjusted to a pH of
6.2 or 8.2, small amounts of HCI (1 M) stock or NaOH (1 M)
stock was used, respectively. All compounds were obtained
from Sigma-Aldrich (St. Louis MO, USA).
Electrophysiological recordings: Larvae were cut
longitudinally on the dorsal side and the cuticle was peeled
back and pinned on four corners. Internal organs were
removed to expose the body wall muscles of the preparations.
Segmental nerves were cut near the base of the brain and the
nerves were maintained in the preparation to keep their
connections to the muscle fibers. Immediately following
dissection, postsynaptic recordings were taken with a sharp
glass intracellular recording electrode filled with 3M KCl
(40 mega ohm resistance).

Muscle 6 at abdominal segment 3 or 4 was used for
electrophysiological recordings. Recordings were performed
at 20-21°C with standard procedures'?. An AxoClamp-2 B
amplifier (Molecular Devices, LLC. 1311 Orleans Drive,
Sunnyvale CA, USA) was used to obtain membrane potentials.
PowerlLab/4s interface (ADI Instruments, Colorado Springs,
CO, USA) was used to digitize the electrical signals. A suction
electrode was used for segmental nerve stimulation (S88
Stimulator, Astro-Med, Inc., GRASS Co., USA). Evoked excitatory
junction potentials (EJPs), spontaneous miniature excitatory

junction potentials (mEJPs) and membrane potentials were
observed and analyzed with LabChart 7.0 (ADInstruments,
USA) (Fig. 1a,b).

Measures of synaptic transmission and membrane
potentials
Propionicacid: Spontaneous mEJPs were recorded for 5 min
while bathing the dissected preparation in HL3 saline. The
saline was then switched out with either 20 or 40 mM PA and
allowed to bathe for another 5 min. The PA was then removed
and the preparation was flushed with fresh saline twice.
After recording for 5 min following washout, the saline was
switched outwith PA of the same concentration a second time
and allowed to bathe the preparation for 5 min. The PA was
removed and the preparation was flushed with saline two
more times. The mEJPs were recorded for 5 more min
following the final flushing (Fig. 2a).

Studies were also performed utilizing cadmium (CdCl,,
1 mM), a calcium channel blocker. Recordings were taken for
5 min while bathing the dissected preparation in HL3 saline.
Total 1 mM CdCl, was added to the preparation and allowed
to bathe for 5 min. The solution was then removed and the
preparation flushed with 20 mM PA and 1 mM CdcCl,
combined and recorded for an additional 5 min (Fig. 2b).

Ammonium chloride: Spontaneous mEJPs were recorded for
5 min from the dissected preparation bathed in HL3 saline.
The preparation was then incubated for 20 min in 20 mM
NH,Cl. Spontaneous events were recorded for an additional
10 min following the rapid removal of NH,Cl (Fig. 2c).
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Fig.2(a-f): Timelinesforexperimental protocols and analysis windows of spontaneous mEJP studies with alteration in intracellular

and extracellular pH

The timelines for each experiment in the mEJP studies are shown. The black boxes indicate the T min windows in which mEJP frequency was calculated.
(a) Protocol for the effect of propionic acid on spontaneous mEJPs, (b) Protocol for the effect of CdCI2 in combination with propionic acid on spontaneous
mEJP frequency, (c) Protocol for the effect of ammonium chloride on spontaneous mEJP frequency, (d) Protocol for the effect of extracellular basic or
acidic pH, (e) protocol for the control condition in which saline of the same pH was exchanged and (f) An example of spontaneous quantal events. A
representative trace of spontaneous quantal events, were seen as rapid deflections, versus the baseline recording. Quantal events are marked by asterisks
(*). The deflections have a characteristic fast rise followed by slow decay

Altering extracellular pH environment: To replicate the
results of Caldwell et a/°and to add experimentation as to
the effects on membrane potential with changes in
extracellular pH, a series of experiments were performed in
which the resting membrane potential was monitored
while altering extracellular pH. The paradigm used was 5 min
insalineatpH 7.1, 8.2, 6.2, followed by 5 min at pH7.1
(Fig. 2d).

Control experiments for changing the bathing media
were performed by exchanging the saline at pH 7.1 for fresh
media at the same pH. Five periods of 5 min of bathing
between changes was used (Fig. 2e). This mimicked the timing
for the exposure to basic and acidic environments.

Quantalanalysis: Quantal events were considered as synaptic
activity above two times the average background noise level

and with a sharp rise time. The frequency of the mEJPs was
measured by manually identifying the events and by placing
acursor at the base of each eventin set time windows (Fig. 2f).

Membrane potentials: Resting membrane potentials (RPs)
were analyzed for the various paradigms along with studies on
the frequency of spontaneous mEJPs. Membrane potential
values were taken from the end of each saline or treatment
condition and compared across conditions.

Evoked EJPs: The evoked EJPs were induced by stimulating
the segmental nerve with a fire-polished glass suction
electrode and Grass S-88 stimulator. Amplitudes were
measured manually by placing a cursor at the base and peak
of the EJP using the LabChart software. EJP amplitudes were
corrected for non-linear summation using Martin's correction
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5 Hz stimulation until 50% depression of initial EJP amplitude

Using an intracellular recording electrode, the resting membrane potential of the muscle fiber is determined. Half Hz stimulation frequency is applied to the
associated segmental nerve through a suction electrode to determine the minimum voltage necessary for the maximal response of the muscle such that all
nerves are recruited. Stimulation frequency is then increased to 5 Hz and the initial EJP amplitude is determined from the average of the first five full EJPs.
Stimulation at 5 Hz is continued until the average amplitude of EJPs is 50% of the initial EJP amplitude

factor, for the EJP amplitudes larger than 15% of the resting
potential by assuming a reversal potential of 0 mV and a
membrane capacitance factor of 0.55''4,

Depression studies: Third instar larvae were utilized to
determine the amount of time it takes for 50% depression of
EJPs amplitudes upon continuous stimulation. To determine
the minimum voltage necessary to produce maximal EJP
response upon stimulation, the segmental nerve was
stimulated at 0.5 Hz while continually adjusting the voltage
supplied. Upon determining the minimum voltage to generate
evoked EJPs, 20 mM PA was applied to the preparation and
allowed to bathe for 1 minute while stimulated at 0.5 Hz. The
stimulation rate was then increased to 5 Hz to produce
continuous EJPs at a high rate. As the membrane potential
rapidly depolarizes upon the addition of PA, the initial EJP
amplitude was determined as the amplitude of the first EJP
following stabilization of the membrane potential. Continuous
stimulation was applied until the average amplitude of the
EJPs being produced was 50% of the initial EJP amplitude. The
time it took from the start of stimulation to 50% depression
was recorded. A timeline of the protocol can be seen in Fig. 3.
To determine the possible effects of the changing membrane
potential on the initial depression study recordings, the
experiment was repeated while voltage clamping the
membrane potential at -60 mV. Voltage was maintained by
injecting current during all periods in which itis clamped
at-60 mV.

Statistical analysis: A paired Student's t-test or repeated-
measures ANOVA was used to compare the difference in the
number of spontaneous quantal events before and after
exchanging solution with saline containing PA, NH,CI, NaOH,
or HCI. Differences in the resting membrane potentials were

measured before and afteradded these same compounds and
analyzed by a repeated-measures ANOVA.

A repeated-measures ANOVA was used to examine the
before and after data and if the data sets were normally
distributed. A Bonferroni test was used as a post hoc test
following the ANOVA to compare the relative changes
induced by the compounds within an experimental paradigm
to determine significant differences. This analysis was
performed with Sigma Stat software. A p<0.05 is considered
as statistically significant with an asterisk (*).

RESULTS

Propionicacid: A representative trace for the effect of 20 mM
propionic acid on spontaneous quantal events illustrates a
notable pattern of depolarization upon application of
propionic acid, along with an increase in mEJP frequency
(Fig. 4a). Subsequent washout with fresh saline was shown to
re-polarize the membrane potential and reduce mEJP
frequency. The second application of propionic acid and
washout with saline repeated the pattern of depolarization
and the increase in the frequency of the mEJPs followed by
repolarization and reduction in the mEJP frequency. A similar
pattern was observed when using 40 mM propionic acid
(Fig. 4b). It is important to note, however, that in many of the
preparations with 40 mM PA it was difficult to maintain an
intracellular recording in the muscle fiber due to contractions.
The use of 1T mM CdCl, to block voltage-gated calcium
channels in the presynaptic membrane reduced the
occurrence of spontaneous quantal events without affected
the membrane potential of the muscle fiber. The following
application of 1T mM CdCl, with 20 mM propionic acid
increased the frequency in some of the preparations but not
at all. However, the membrane did depolarize in all trials (Fig.
4¢).
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Representative traces for the effect of propionic acid on spontaneous quantal events and membrane potentials

(a) Representative traces of spontaneous quantal events during 5 min of saline, 5 min after application of 20 mM propionic acid, 5 min after washout
withsaline, 5 min after a second treatment with 20 mM propionic acid and 5 min after a final washout with saline, (b) Representative trace of spontaneous
quantal events using the same protocol as for A) but with 40 mM propionic acid, (c) Representative trace of spontaneous quantal events during 5 min
of saline, 5 min after application of 1 mM CdCl, and 5 min after application of 1 mM CdCl, and 20 mM propionic acid. Percent change in membrane
potential values with propionic acid was calculated between each changing condition. Membrane potential values were taken from the end of each
condition, (d) The average £ SEM percent change in membrane potentials between the initial saline condition and after application of 20 mM propionic
acid, between the first application of 20 mM propionic acid and the first washout, between the first washout and the second application of 20 mM
propionicacid, and between the second application of 20 mM propionic acid and the final washout, (e) The average = SEM percent change in membrane
potentials using the same protocol as (A) but with 40 mM propionic acid and (f) The averageSEM percent change in membrane potentials between
the initial saline condition and after application of 1 mM CdCl, and between the T mM CdCl, condition and after application of 1 mM CdCl, with 20 mM
propionic acid. Significance of p<0.05 is denoted by an *. The closed circles represent individual preparations. Significance values are calculated based
on raw data
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Fig. 5: Percent change in spontaneous quantal event frequency with propionic acid
Percent change values in spontaneous quantal event frequency were calculated between each changing condition, (a) The average=SEM percent change in
spontaneous quantal event frequency between the initial saline condition and after application of 20 mM propionic acid, between the first application of 20 mM
propionic acid and the first washout, between the first washout and the second application of 20 mM propionic acid, and between the second application of
20 mM propionic acid and the final washout and (b) The average£SEM percent change in spontaneous quantal event frequency between the initial saline
conditionand afterapplication of 1 mM CdCl,and between the 1 mM CdCl, condition and after application of 1 mM CdCl, with 20 mM propionic acid. Significance
of p<0.05 is denoted by an *. The closed circles represent individual preparations. Significance values are calculated based on raw data

The mean RP was significantly depolarized after the first
application of 20 mM propionic acid (-43.67+2.23 mV,
one-way ANOVA with a Bonferroni post hoc analysis, N = 6)
compared to the initial saline condition (-58.33£2.64 mV,
p<0.001). RP became significantly more negative following
washout (-51.67+232 mV, p = 0.029). RP was then
significantly depolarized after the second application of
20mM propionicacid (-37.67+2.03 mV, p<0.001). The second
and final washout made the RP significantly more negative
(-47.17£2.32 mV, p = 0.007). Thus, application of 20 mM
propionic acid depolarized the RP but washout with saline was
able to repolarize the RP. It is important to note that the final
washout RP was still significantly depolarized compared to the
initial saline value (p=0.001). The trends in percent change of
the RP between each condition were shown in Fig. 4d.

The mean RP was also significantly depolarized after the
first application of 40 mM propionic acid (-34.17+3.60 mV)
compared to the initial saline condition (-64.331+4.04 mV,
p<0.001, one-way repeated measures ANOVA and the
Bonferroni post hoc analysis, Fig. 4e). The RP then became
significantly more negative following the first washout
(-54.50%£2.25 mV, p<0.001). The application of 40 mM
propionic acid for a second time significantly depolarized the
RP (-27.17%£3.61 mV, p<0.001). The second and final washout
made the RP significantly more negative (-51.67%+1.78 mV,
p<0.001, Fig. 4e). Itis important to note that the final washout
RP is still significantly depolarized compared to the initial
saline value (p = 0.017). Therefore, similar to treatment with
20 mM propionic acid, 40 mM propionic acid application
depolarized RP but washout was effective in repolarizing the

RP, although not necessarily to initial RP values. The Fig. 4e
depicts the trends in percent change of the RP between each
condition. It does not appear that Ca?* influx is responsible for
the depolarization induced by PA (20 mM) as preincubation
with Cd** and then PA with Cd still results in depolarization
(Fig. 4c-f). A comparison of the percent change in membrane
potential between saline and propionic acid application for
20 mM versus 40 mM propionic acid indicates that 40 mM
propionic acid depolarized RP to a significantly greater extent
than 20 mM propionic acid (N=6, p=0.019, Student’s t-test).
There was a significant decrease in mEJP frequency between
the first 20 mM propionic acid treatment and the first
washout (0.72%+0.15 Hz, N = 6, p = 0.010). There was then a
significant increase in mEJP frequency after the second
application of 20 mM propionic acid (1.60+0.40 Hz, N = 6,
p<0.05, paired t-test). There was no significant difference in
mEJP frequency after the final washout (0.65%+0.20 Hz, N =6,
p>0.05) (Fig. 5a). To determine if the increase in the frequency
of mEJPs was due to propionic acid promoting an influx of
extracellular calcium, a separate set of preparations were
exposed to CdCl, (1 mM) to block voltage-gated calcium
channels on the plasma membrane. There was no significant
difference in the mean RP between the initial saline condition
(-64.50+3.53 mV) and after application of 1T mM CdCl,
(-61.67%1.33 mV, repeated measures one-way ANOVA and
the Bonferroni post hoc analysis). Application of 1 mM CdCl,
in combination with 20 mM propionic acid led to
significant  depolarization (-43.67%3.23 mV) compared to
both the initial saline condition and the 1 mM CdCl, condition
(Fig. 4c-f).
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The mean frequency of mEJPs was significantly decreased
between the initial saline condition (2.98+0.19 Hz) and
treatment with CdCl, (1.31£0.11 Hz, N = 6, p<0.05, paired
Student's t-test). For a comparison of mEJP frequency
between the CdCl, condition and CdCl, combined with 20 mM
propionic acid, there was not a significant difference (N =6,
p = 0.063, Wilcoxon Signed Rank test was used as the
Shapiro-Wilk test of normal distribution failed) (Fig. 5b).

Time to depression of the EJP amplitude to 50% was
utilized as a means of examining the effect of propionic acid
on evoked synaptic transmission at a high frequency. A
representative trace of the depression in the EJP amplitude in
saline as a control depicts a lengthy rundown time (Fig. 6a). In
contrast, a representative trace for 50% EJP amplitude
depression following administration of 20 mM propionic acid
in a non-voltage-clamped preparation illustrates a rapid
rundown to 50% of the initial EJP amplitude (Fig. 6b). This
pattern is repeated in voltage-clamped preparations that are
clamped to -60 mV (Fig. 6¢).

The mean time to depression of 50% in the EJP amplitude
was significantly decreased in the non-voltage clamped
condition (N =6, p<0.001, Kruskal-Wallis one way of variance
onranks, all pairwise comparisons Dunn's method) compared
to the saline condition (2,962 =400 sec, =SEM). There was also
a significant decrease in time between the saline and
voltage-clamped condition (5645 sec, £SEM, N = 5,
p<0.007, Kruskal-Wallis one way of variance on ranks, all
pairwise comparisons Dunn's method). There was no
significant difference in the time between the non-voltage
clamped and voltage-clamped 20 mM propionic acid
preparations (N = 6, p = 0.792, Mann-Whitney rank-sum test
was used as the Shapiro-Wilk test of normal distribution failed)
(Fig. 6d).

Ammonium chloride: A representative trace for spontaneous
quantal events shows depolarization and a reduction in the
frequency of mEJPs after the addition of ammonium chloride
(20 mM), whereas its removal causes repolarization and a
further reduction in the frequency of mEJPs (Fig. 7a). A similar
pattern is seen for the 40 mM ammonium chloride condition
(Fig. 7b).

The RP was significantly increased after the first
application of 20 mM ammonium chloride (-51.50£3.42 mV)
compared to the initial saline condition (-61.00£2.76 mV,
p = 0.028, a one-way ANOVA and the Bonferroni post hoc
analysis). Analysis by ANOVA was unable to compare the
difference in mean RP between the first application of
ammonium chloride and the first washout due to
non-normality. Analysis by paired Student's t-testindicated no

significant difference between the two conditions (p = 0.452).
RP was significantly increased after the second application of
20 mM ammonium chloride (-44.17+2.32mV, p=0.012). The
second and final washout significantly hyperpolarized the
RP (-55.50%2.09 mV, p = 0.006). Thus, application of 20 mM
ammonium chloride depolarized the RP but washout with
saline was able to repolarize the RP. The Fig. 7ca depicts the
trends in percent change of the RP between each condition.
The RP was significantly depolarized after the first application
of 40 mMammonium chloride (-57.00£2.88 mV) compared to
the initial saline condition (-64.50%£3.41 mV, p = 0.011,
one-way repeated measures ANOVA and the Bonferroni post
hoc analysis). The change in RP between the first application
of 40 mM ammonium chloride and the first washout
(-63.17£3.10 mV) was very near significance (p = 0.051).
Application of 40 mM ammonium chloride for a second time
significantly depolarized the RP (-52.67+3.08 mV, p<0.001).
The second and final washout made the RP significantly more
negative (-59.83%+3.06 mV, p = 0.016). Thus, there was a
similar pattern of depolarization after the application of
ammonium chloride and repolarization upon washout for
both 20 mM and 40 mM concentrations of ammonium
chloride. A comparison of the percent change in membrane
potential between saline and ammonium chloride application
for 20 mM versus 40 mM ammonium chloride indicates that
there was no significant difference in the extent of RP
depolarization between doses (p =0.18). The Fig. 7cb depicts
the trends in percent change of the RP between each
condition.

In analyzing the effects of 20 mM ammonium chloride on
spontaneous quantal events, the mean frequency of mEJPs
was found to be significantly decreased between the initial
saline condition (2.61%0.29 Hz, =SEM) and after application
of 20 mM ammonium chloride (1.43%0.26 Hz, N = 6, p<0.05,
aone-way ANOVA and the Bonferroni post hoc analysis). There
was no significant change in mEJP frequency following the
first removal of 20 mM ammonium chloride (0.851+0.14 Hz,
N = 6, p>0.05). There was also no significant difference in
mEJP frequency upon the second application of 20 mM
ammonium chloride (0.62%0.29 Hz, N =6, p>0.05, paired
t-test) or after the final washout (0.49%0.12 Hz, N = 6, p>0.05,
paired t-test).

The effects of 40 mM ammonium chloride application and
withdrawal showed slightly different trends to that seenin the
preparations exposed to the lower concentration. The mean
frequency of mEJPs was not significantly different between
the initial saline condition (3.69+0.52 Hz) and the first
application of 40 mM NH,CI (3.97£0.43 Hz, N = 6, p>0.05,
paired t-test). However, there was a significant decrease in
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Fig. 6(a-d): Representative traces for time to 50% EJP amplitude depression

For each preparation, the initial EJP amplitude was determined from the first full EJP upon the start of 5 Hz stimulation. Each preparation was observed
until the average amplitudes of the evoked EJPs were 50% of the initial EJP amplitude from that preparation. Note the difference in scale bars for each
trace, (a) Representative trace of the time to 50% EJP amplitude depression in saline only, (b) Representative trace of the time to 50% EJP amplitude
depression in a non-voltage clamped preparation after the addition of 20 mM propionic acid, (c) Representative trace of the time to 50% EJP amplitude
depression in a voltage-clamped preparation after the addition of 20 mM propionic acid and (d) Time to 50% EJP depression using 5 Hz stimulation.
The Mean £ SEM time (in seconds) for 50% EJP amplitude depression during 5 Hz stimulation for saline controls, after the addition of 20 mM propionic
acid for non-voltage-clamped preparations and after addition of 20 mM propionic acid for voltage-clamped preparations. *Indicates a significant
difference (p<0.05) from the saline condition. The closed circles represent individual preparations
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Fig. 7(a-d): Representative traces for the effect of ammonium chloride on spontaneous quantal events

(a) Representative traces of spontaneous quantal events during 5 min of saline, 20 min after application of 20 mM ammonium chloride, 10 min after
washout with saline, 20 min after a second treatment with 20 mM ammonium chloride, and 10 min after a final washout with saline, (b) Representative
trace of spontaneous quantal events using the same protocol as for A) but with 40 mM ammonium chloride. Percent change values in membrane
potentials were calculated between each changing condition. Membrane potential values were taken from the end of each condition, (ca) The
average£SEM percent change in membrane potentials between the initial saline condition and after application of 20 mM ammonium chloride,
between the first application of 20 mM ammonium chloride and the first washout, between the first washout and the second application of 20 mM
ammonium chloride, and between the second application of 20mM ammonium chloride and the final washout, (cb) The average == SEM percent change
in membrane potentials using the same protocol as (ca) but with 40 mM ammonium chloride. Significance of p<0.05 is denoted by an *. The closed
circles represent individual preparations. Percent change values in spontaneous quantal event frequency were calculated between each changing
conditionand (da) The average = SEM percent change in spontaneous quantal event frequency between the initial saline condition and after application
of 20 mM ammonium chloride, between the first application of 20 mM ammonium chloride and the first washout, between the first washout and the
second application of 20 MM ammonium chloride, and between the second application of 20 mM ammonium chloride and the final washout, (db) The
average+SEM percent change in spontaneous quantal event frequency using the same protocol as (da) but with 40 mM ammonium chloride.
Significance of p<0.05 is denoted by an *. Significance values are calculated based on the raw data

mEJP frequency following ammonium chloride removal
(1.79£0.22 Hz, N = 6, p<0.05, a one-way ANOVA and the
Bonferroni post hoc analysis). There was no significant
change in mEJP frequency after a second application of
ammonium chloride (2.89+0.30 Hz, N = 6, p>0.05).

10

Removal of ammonium chloride for the second time
resulted in a significant reduction in mEJP frequency
(1.19£0.26 Hz, N = 6, p<0.05). The Fig. 7da-db depicts the
trends for percent change in mEJP frequency across
conditions.



Curr. Res. Neurosci, 17 (1):1-17, 2021

10 mV

-63mV 5 min

I mV

2 sec

(b)

Saline

H 6.2, HCI
Ej Saline
Saline pH 7.1
Sal H 8.2, NaOH '
. aline Saline
5}31‘7“61 pH 7.1 Ej pH7.1 *\

: wm -43 mvV
| . * -51 mV
* -56 mV
-10 mV
-59 mV
* 5 min
<71 mV
Saline Saline
t© to
.- sHga  PH62
@ - 4
3
2 -40 1 2
£ Saline to saline ‘\*.
= -50 4
5 12 I
2 604  o—8 = [
= ~—e
E 704 —e -— 20 g
: %
2 ol \ F1o z
b
1to2 3to4d 3od g
saline saline saline | 10 g
to saline to saline ° H
pH 6.2 E]
F-20 ©
Ito2
saline to
pHS8.2 30

Fig.8(a-d): Arepresentative trace for the saline control paradigm in which saline at a pH of 7.1 was exchanged four times every
5min
(a) A full trace with the five saline exchanges marked as bars, (b) An enlarged trace depicting mEJP frequency and amplitude before the first exchange,
(c) A pH of 8.2 hyperpolarizes the RP whereas a pH of 6.2 depolarizes the RP. Both effects on the RR were able to be reversed upon exchange with fresh
salineatapHof 7.1 and (d) The changes in membrane potential between saline controls and before and after changesin pHfrom 7.1-8.2 or from 7.1-6.2.
Raw values of membrane potential from individual traces are shown as closed circles. Mean percent change values between the changing conditions
are shown as solid bars. Significance of p<0.05 is denoted by an *
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Fig. 9: A model of a presynaptic bouton

NCX

Na-HCO, contransport (NBCn)

3Na and | H inward
Glutamate | K* outward

A simplified model of a presynaptic bouton of a motor neuron with some of the many transporters, exchangers, channels and ions that may be implicated in
the effects of pH on synaptic transmission. Included is a vesicle (shown as a filled blue circle) to depict the fusion and release of glutamate into the synaptic
cleft. Pictured are aspects in the plasma membrane such as the sodium-hydrogen exchanger (NHE), the plasma membrane calcium ATPase (PMCA), the
sodium-calcium exchanger (NCX) as well as multiple cotransporters, antiporters, leak channels, and voltage-gated channels for various ions

Extracellular pH effectsonRP: The change in extracellular pH
with compounds not readily diffusible across the membrane
also revealed alterations in the RP. As a control for the effects
of exchanging the media multiple times, saline at 7.1 was
exchanged four times with 5 min maintained between
changes (Fig. 8a). An enlarged portion of the synaptic activity
for this control is also shown (Fig. 8b). There were no
significant differences in mean RP in this control condition.
The effect of a changing environment from relatively
neutral to basic then back to neutral and then acidic for
short acute periods revealed an effect on RP (Fig. 8c). The
mean RP was significantly more negative at a pH of 8.2
(-72.00%5.06 mV, one-way ANOVA with a Bonferroni post hoc
analysis, N = 6) compared to the initial pH of 7.1
(-62.00+4.17 mV, p = 0.010). RP then depolarized after
switching back to saline at a pH of 7.1 (-55.831+3.59 mV,
p<0.001). RP was significantly depolarized further when pH
was decreased to 6.2 (-44.33+2.59 mV, p = 0.003). Switching

back to a pH of 7.1 for the third time then caused the RP
to become significantly more negative (-53.00£3.27 mV,
p = 0.034). Thus, extracellular alkalization is shown to
hyperpolarize the RP whereas acidification causes
depolarization. Itisimportant to note that the final RP in saline
at pH 7.1 was still significantly depolarized compared to the
initial RP value at pH 7.1 (p = 0.025). The Fig. 8d depicts the
trends in percent change of the RP between each condition.

These studies are important in developing a cellular
model of the potential effects of intracellular and extracellular
acidification on evoked and non-evoked synaptic transmission
(Fig. 9). The aspects of the model are addressed in the
discussion below.

DISCUSSION

There are several important findings from this study
to be addressed. Propionic acid was shown to depolarize the
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membrane potential of the cell, with repolarization occurring
following flushing with fresh saline. The extent of
depolarization was found to be greater with a higher
concentration of propionicacid, indicating a dose-dependent
effect. Analysis of spontaneous quantal events before and
after propionic acid administration indicates that, ata 20 mM
concentration, propionic acid can cause an increase in mEJP
frequency which is decreased following washout. The
inhibition of calcium channels with CdCl, prevents the
increase in mEJP frequency during the exposure to propionic
acid. At 40 mM propionic acid, the resultant frequency of
mEJPs was so high as to prevent accurate analysis; while the
data could not be quantified, there was a notable increase in
mEJP frequency in all preparations observed. This effect was
also reversed upon removal of propionic acid. These findings
support the earlier report by Caldwell ez a/° with measures in
the frequency of mEJPs.

The time to 50% EJP amplitude depression provided
insight into the presynaptic effects of pH through alterations
in vesicular packaging and fusion. Due to the graded nature
of EJPs at the Drosophifa NMJ, EJP amplitude is dependent
upon the amount of neurotransmitter released from the
presynaptic cell to act at the glutamatergic receptors at the
postsynaptic membrane. The 5 Hz stimulation was applied to
the preparations to simulate the high activity of synaptic
function, which over time leads to depletion of vesicles
available in the readily releasable pool (RRP) and recruitment
of vesicles from the recycling and reserve pools. It is also
important to note the effect of resting membrane potential
(RP) changes in the postsynaptic cell for this experimental
paradigm. As RP changes, the driving gradient of ions is
altered. This altered driving gradient itself can affect the
amplitude of EJPs independent of the effects involving
vesicular dynamics at the presynaptic membrane. Compared
to the saline conditions, 20 mM propionic acid application led
to extremely rapid rundown of EJP amplitude. This was shown
for both the voltage-clamped and non-voltage-clamped
preparations. This indicates that low intracellular pH likely has
some effect on vesicular dynamics, such that vesicles are
unable to be repackaged or recycled and high stimulation
rapidly depletes the vesicle pools available.

As a second mechanism of intracellular acidification, a
pre-pulse of ammonium chloride and rapid removal with
washout was used. Application of ammonium chloride atboth
20 and 40 mM concentrations was shown to depolarize the
cell, whereas its rapid removal causing transient acidification
led to repolarization towards the initial RP. Thus, both
alkalization by ammonium chloride and acidification with
propionic acid were associated with membrane

depolarization, but acidification after ammonium chloride
washout was associated with repolarization. This may be
explained by the transient nature of the acidification; it is
possible that restoration to pH equilibrium occurred so rapidly
as to not affect the RP.

The effects of ammonium chloride on spontaneous
quantal events are more complex. At the lower concentration,
mEJP frequency is only decreased after application of
ammonium chloride. However, a second application and
washout had no significant effects on mEJP frequency. At the
40 mM concentration, the first application of ammonium
chloride had no effect, but washout led to a reduction in mEJP
frequency. Interestingly, however, in comparison to the
lower concentration, the second application of ammonium
chloride showed a non-significant trend towards anincrease
in mEJP frequency. A second washout was able to reverse
this effect. This indicates that the direction of the effect of
pHi through this method of acidification also differs based
on the concentration utilized. A possible explanation for this
could be that, in the case of 40 mM ammonium chloride
application, a second exposure may affect the intracellular
environment had not returned to a normal status in regards to
the effects on channels and/or protein structure. The second
dose may then act as somewhat of an additive effect,
although the RP was able to be recovered before the second
application of ammonium chloride. There may be a bell curve
effect on proteins and vesicle dynamics by ammonium
chloride at different concentrations; it has been shown
previously that both 5 mM and 50 mM ammonium chloride
application in rat hippocampal cultures inhibits vesicle
release’. Ammonium chloride was also shown to elevate
intracellular calcium levels, potentially due to blocking of
mitochondrial calcium uptake; these effects were long-
lasting and independent of the alterations in pH and
membrane potential®.

A difference from previous studies®'®' is the use and
analysis of a second bout of acidification within each
preparation. Such a method can further elucidate the
potential compounding effects of acidification and the
reversibility of the effects with multiple applications. It also
provides information and insight into how preparations
respond differently to the first compared to the second
administration as well as how these patterns may differ based
on the concentration of the compound used. While
acidification via propionic acid leads to a consistent pattern of
RP depolarization and hyperpolarization along with mEJP
frequency increase and reduction following washout at
both 20 and 40 mM concentrations, ammonium chloride
seemsto differin its responses based on concentration as well
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as whether it is the first or second application. This may
indicate potential issues that arise in the use of ammonium
chloride for such an assay.

Repetitive respiratory acidosis occurs with humans with
sleep apneas'®' as well as repetitive metabolic acidosis with
some sporting events?. There have yet to be neurological
examinations in reflexes or NMJ transmission reported in such
cases, but such incidences could lead to synapticimpairments
and health risks.

Altering extracellular pH rapidly with HCl or NaOH is
sufficient to quickly change the membrane potential without
drastic alterations in intracellular p H. Thus, when using PA or
NHA4CI, the effect may initially be due to the extracellular
effect followed by an intracellular action on spontaneous
and evoked EJPs. The effects of both intracellular and
extracellular alteration in pH on the RP of the cell may indicate
pH sensitivity of sodium and potassium leak channels or
potentially the sodium-potassium ATPase pump. Both
intracellular and extracellular pH has been shown to alter the
activity of the sodium-potassium ATPase pump?'?. In the
squid axon, it was found that the pump functions maximally
at a pH between 7.2 and 7.4, whereas both acidification and
alkalization led to a reduction in pump activity?'. This was also
seen in rabbit urinary bladder cells?? and sheep erythrocytes?.
Furthermore, intracellular acidification has been shown to
increase potassium selectivity on the cytoplasmic side of the
pump, potentially increasing competition for sodium
binding®. Possibly, intracellular acidification through
propionic acid administration or removal of ammonium
chloride inhibits the function of the pump enough to cause
depolarization as the ionic gradients of sodium and potassium
are slowly lost. Additionally, pH may affect sodium and
potassium leak channels themselves that are crucial for the
maintenance of the RP. In rat hepatocytes, it was found that
intracellular acidification led to depolarization of the RP, a
result attributed to the accompanied reduction in potassium
flux observed?. Another effect to consider is the status of the
NHE that is thought to be involved in the modulation of
intracellular pH. At acidic intracellular pH, the NHE is
implicated in restoring intracellular pH as it pumps out
protons in exchange for extracellular sodium?:2. The influx of
sodium may affect the RP by altering the ionic gradient across
the membrane. In Drosophila, it has been shown that mEJP
frequency increase upon addition of propionic acid is
enhanced by the use of the NHE blocker EIPA, demonstrating
that slowing the restoration of intracellular pH to equilibrium
prolongs the effects of acidification®. Other methods of pH
regulation in the cell may also be at play, buffers and other
transporters such as those for bicarbonate can also help

restore pH after perturbation from equilibrium. The complete
mechanisms that the cell employs to sense and restore pH
alterations are highly complex and not yet fully identified.

Of course, many other proteins may be affected by the
drop in pH such as the sodium-calcium exchanger (NCX),
calcium pumps, or the Na+/K+ ATPase pump, it has not yet
been fully investigated how extracellular pH as well as
intracellular pH, fully affects these proteins and the complete
interactions involving all of their individual effects. The NCX is
inhibited during both extracellular acidification and
alkalization?’ and inhibited during intracellular acidification®.
The large number of proteins involved in Ca%* sensing, vesicle
docking and vesicle fusion have yet to be investigated for the
interaction of various intracellular pH conditions that are
associated with physiological or pathological neuronal activity.
The lack of research in addressing the effect of pH on the
SNARE-SNAP protein interaction is an area ripe for further
studies.

Given that the frequency of spontaneous vesicular fusion
increases upon acidification of the intracellular compartments
of the presynaptic neuron using propionic acid, this suggests
a possible increase in calcium entry and possibly enhanced
SNARE-SNAP or even Ca?* sensitivity of synaptotagmin. In the
preparations involving the use of CdCl,, a calcium channel
blocker, the effect of 20 mM propionic acid on mEJP frequency
was decreased. Evoked synaptic transmission is depressed
very rapidly under intracellular acidic conditions with
propionic acid. This may be due to the depletion of readily
releasable vesicles as a result of the high rate of spontaneous
fusion events.

Both ammonia and propionate can increase in the blood
of humans and other mammals under pathological conditions
and rare diseases?'. Thus, the use of ammonium chloride and
propionic acid to experimentally manipulate pHi offers a
useful approach to address the effects of pHi on cellular
function in addition to the use of CO,. However, the effects of
CO, may have additional actions besides altering extracellular
and intracellular pHand can be preparation-dependent. It was
reported that the presence of CO, blocks glutamatergic
synapses at the larval Drosophila NMJ and crayfish NMJs
independent of the decrease in pH323, While Caldwell et a/°
found that the application of 24 mM HCO;~/5% CO, did
not affect mEJP frequency, this disparity may be in part
explained by the lower concentration used compared to the
previous studies. The direct effect of CO, on glutamatergic
synapses in mammalian CNS preparations remains to be
investigated.

This study served to address and expand upon findings
from previous research in the study of pHi effects during
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acidification of the presynaptic nerve terminal. While many of
the results corroborate previous findings, there are some
differences to be addressed. In the study by Caldwell et a/®
that examined the effects of both propionic acid and the
ammonium chloride pre-pulse technique on synaptic
transmission, they found that propionic acid administration
led to hyperpolarization of the RP, contrary to what was
found in the current study. This can be partially explained by
the use of the saline buffer BES. The study herein used a
concentration of 25 mM whereas Caldwell et a/° used 15 mM
BES. Additionally, the RP was more negative for the
preparations in the current study compared to those in
Caldwell et af°. Caldwell et a/® incubated in ammonium
chloride for 10 min compared to the 20 min used in the
current study and there is no report on the timings of
experimental dissection and the time between dissection and
recording. Due to the rundown and degradation of
preparations, itis possible that differences in such timings can
affect results. Another point to consider is that they recorded
from both muscle 4 and muscle 6 in their analysis of mEJP
frequencies, with no distinction or separation in the results;
the current study only analyzed mEJP frequencies from muscle
6. It is possible that differences in the muscles used caused
disparities in the results obtained. Previous studies in
Drosophil&® did not address the effect of acidification on
evoked synaptic transmission. This is relevant in the case of
modeling the effects of acidification during high neural
activity, such as in pathological conditions involving seizures
or slightly enhanced neural activity. The finding that
acidification greatly decreases the time to synaptic depression
indicates alteration of vesicular dynamics. This is in line with
thefindings that propionicacid administration increases meJP
frequency as well; if acidification increases the rate of vesicular
fusion and impedes vesicular recycling and repackaging,
mEJPs would be expected to increase in frequency at low or
no stimulation as fusionisincreased whereas high stimulation
would result in greater numbers of fusion events and rapid
depletion of the vesicle pools. This is supported by the
findings at the lizard NMJ showing that acidification with
propionic acid inhibits vesicular recycling by blocking
endocytosis's. However, it has been reported that the
Drosophila form of excitatory amino acid transporter (i.e.,
dEAAT1), is expressed in the larval brain and adult NMJ; it is
not expressed in the larval periphery3*.

While this study addresses the acute effects of altered
pH on synaptic transmission, there are likely long-term effects
as well. While this study has contributed to the
development of a working model for the effects of pH on
synaptic transmission, there are many further avenues of

experimentation to address. These include a more in-depth
analysis of pH effects for presynaptic function, such as through
effects on vesicle loading, repackaging, recycling, docking and
fusion and sensitivity to Ca?* binding to synaptotagmin. There
are also potential effects on voltage sensitivity of ion channels
with evoked events, Ca?* buffering, the NCX, calcium pumps,
ATP production related to mitochondrial function and the
potential interaction of autoreceptors (see model in Fig. 9 and
further details®.

CONCLUSION

In this study, propionic acid was shown to increase
spontaneous quantal event frequency, reduce evoked
transmission, enhance high-frequency depression and
depolarize the target cell. The enhanced frequency of
spontaneous events was attenuated with CdCl, in the bath,
indicating that calcium influx is involved in the resultant
effects. The effects of ammonium chloride withdrawal were
shown to be dose and condition-dependent. It was also
shown that extracellular acidification depolarizes whereas
alkalization hyperpolarizes the synaptic target. These studies
are important in further developing a model of the effects of
intracellular and extracellular acidification on evoked and non-
evoked synaptic transmission.

SIGNIFICANCE STATEMENT

This study discovered and expanded upon previous
findings for the effects of intracellular pH alteration on
both spontaneous and evoked synaptic transmission in
Drosophila melanogaster. These findings may be
translationally important for uncovering the impact of such
effects in cases where humans encounter transient pH
alterations, such as in several disease states. Thus, this study
contributes to the model of pH effects on synaptic
transmission.
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