
Copyright © 2020 the authors

Research Articles: Cellular/Molecular

Neuronal glutamatergic synaptic clefts
alkalinize rather than acidify during
neurotransmission

https://doi.org/10.1523/JNEUROSCI.1774-19.2020

Cite as: J. Neurosci 2020; 10.1523/JNEUROSCI.1774-19.2020

Received: 25 July 2019
Revised: 14 January 2020
Accepted: 15 January 2020

This Early Release article has been peer-reviewed and accepted, but has not been through
the composition and copyediting processes. The final version may differ slightly in style or
formatting and will contain links to any extended data.

Alerts: Sign up at www.jneurosci.org/alerts to receive customized email alerts when the fully
formatted version of this article is published.



 

1 
 

Neuronal glutamatergic synaptic clefts alkalinize rather than acidify during 1 

neurotransmission 2 

Michal Stawarski,1,† Roberto X. Hernandez,1,2,3,† Touhid Feghhi,4 Jolanta A. Borycz,5 Zhiyuan Lu,5 3 

Andrea Agarwal,6 Kelly Reihl,6 Rubens Tavora,1,2 A.W.C. Lau,4 Ian A. Meinertzhagen,5 Robert 4 

Renden,6 and Gregory T. Macleod,1,2,7,8,* 5 

1. Wilkes Honors College, Florida Atlantic University, Jupiter, FL, 33458, USA 6 

2. Jupiter Life Science Initiative, Florida Atlantic University, Jupiter, FL 33458, USA 7 

3. Integrative Biology & Neuroscience Graduate Program, Florida Atlantic University, Jupiter, FL 8 

33458, USA 9 

4. Department of Physics, College of Science, Florida Atlantic University, Boca Raton, FL, 33431, USA 10 

5. Department of Psychology & Neuroscience, Dalhousie University, Halifax, NS B3H 4R2, Canada 11 

6. Physiology and Cell Biology, University of Nevada, Reno School of Medicine, NV 89557, USA 12 

7. Department of Biological Sciences, Florida Atlantic University, Jupiter, FL 33458, USA 13 

8. Brain Institute, Florida Atlantic University, Jupiter, FL 33458, USA 14 

† These authors contributed equally to this manuscript.  15 

* Correspondence: macleodg@fau.edu 16 

Abbreviated Title: Synaptic cleft alkalinization  17 

Keywords: synaptic cleft, pH imaging, glutamatergic, synaptic plasticity 18 

Number of Text Pages: 37 19 

Number of Figures: 7 20 

Number of Words: Abstract 240, Significance 116, Introduction 650, Discussion 1395 21 

Conflict of Interest Statement: The authors declare no competing financial interests. 22 

Acknowledgements: This work was supported by NIH NINDS award NS103906 to GTM. Michal 23 

Stawarski’s current affiliation is with the Department of Biomedicine, University of Basel, Basel, 24 

4056, Switzerland. The late Karyl I. Minard helped with construct design and cloning. 25 



 

2 
 

Abstract 26 

The dogma that the synaptic cleft acidifies during neurotransmission is based on the co-release of 27 

neurotransmitters and protons from synaptic vesicles, and is supported by direct data from sensory 28 

ribbon-type synapses. However, it is unclear whether acidification occurs at non-ribbon type 29 

synapses. Here we used genetically-encoded fluorescent pH indicators to examine cleft pH at 30 

conventional neuronal synapses. At the neuromuscular junction of female Drosophila larvae, we 31 

observed alkaline spikes of over 1 log unit during fictive locomotion in vivo. Ex vivo, single action 32 

potentials evoked alkalinizing pH transients of only 0.01 log unit, but these transients summated 33 

rapidly during burst firing. A chemical pH indicator targeted to the cleft corroborated these findings. 34 

Cleft pH transients were dependent on Ca2+ movement across the postsynaptic membrane, rather 35 

than neurotransmitter release per se, a result consistent with cleft alkalinization being driven by the 36 

Ca2+/H+ antiporting activity of the plasma membrane Ca2+-ATPase at the postsynaptic membrane. 37 

Targeting the pH indicators to the microenvironment of the presynaptic voltage-gated Ca2+ channels 38 

revealed that alkalinization also occurred within the cleft proper at the active zone and not just 39 

within extra-synaptic regions. Application of the pH indicators at the mouse calyx of Held, a 40 

mammalian central synapse, similarly revealed cleft alkalinization during burst firing in both males 41 

and females. These findings, made at two quite different non-ribbon type synapses, suggest that 42 

cleft alkalinization during neurotransmission, rather than acidification, is a generalizable 43 

phenomenon across conventional neuronal synapses. 44 

 45 

  46 
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Significance 47 

Neurotransmission is highly sensitive to the pH of the extracellular milieu. This is readily evident in 48 

the neurological symptoms that accompany systemic acid/base imbalances. Imaging data from 49 

sensory ribbon-type synapses show that neurotransmission itself can acidify the synaptic cleft, likely 50 

due to the co-release of protons and glutamate. It is not clear if the same phenomenon occurs at 51 

conventional neuronal synapses due to the difficulties in collecting such data. If it does occur, it 52 

would provide for an additional layer of activity-dependent modulation of neurotransmission. Our 53 

findings of alkalinization, rather than acidification, within the cleft of two different neuronal 54 

synapses encourages a reassessment of the scope of activity-dependent pH influences on 55 

neurotransmission and short-term synaptic plasticity.  56 

 57 

 58 

59 
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Introduction 60 

Chemical synapses are built such that some proteins essential for neurotransmission, including 61 

voltage-gated Ca2+-channels (VGCCs) and ligand-gated receptors, are partially exposed to the 62 

extracellular milieu of the synaptic cleft. VGCCs, glutamate receptors and gamma-aminobutyric acid 63 

(GABA) receptors are pH sensitive at their extracellular aspect (Tang et al., 1990; Barnes and Bui, 64 

1991; Traynelis and Cull-Candy, 1991; Palmer et al., 2003; Zhou et al., 2007; Chen and Huang, 2014), 65 

while acid-sensing ion-channels (ASICs) are also found at synapses and are pH sensitive by definition 66 

(Wemmie et al., 2013; Du et al., 2014). It follows, therefore, that neurotransmission itself is sensitive 67 

to changes in extracellular pH (DeVries, 2001; Palmer et al., 2003; Davenport et al., 2008; Fahrenfort 68 

et al., 2009; Sandstrom, 2011; Du et al., 2014; Vroman et al., 2014), and this results in neurological 69 

consequences during acid-base disturbances (Chesler, 2003; Obara et al., 2008; Sinning and Hubner, 70 

2013; Wemmie et al., 2013; Zhao et al., 2016). If neurotransmission itself is capable of driving pH 71 

change in the cleft, then implications arise for short-term synaptic plasticity (STSP). 72 

 Without knowing the magnitude, polarity and time-course of such pH changes, there is little 73 

prospect of a complete understanding of STSP. The notion that protons (H+) released from synaptic 74 

vesicles (SVs) acidify the cleft receives strong support from imaging data collected from synapses 75 

between zebrafish cone photoreceptors and horizontal cells (Wang et al., 2014; Beckwith-Cohen et 76 

al., 2019), and electrophysiological studies at sensory ribbon synapses in other vertebrates (DeVries, 77 

2001; Palmer et al., 2003; Hirasawa et al., 2012; Cho and von Gersdorff, 2014; Vincent et al., 2018). 78 

However, ribbon synapses exhibit an architecture distinct from conventional neuronal synapses, and 79 

release neurotransmitters in response to graded membrane potentials (Chakrabarti and Wichmann, 80 

2019). Individual active zones (AZs) at these synapses dock up to 110 SVs and are capable of 81 

“unconventionally” high release rates (von Gersdorff et al., 1996), while at most neuronal synapses 82 

each AZ “conventionally” releases no more than a single SV in response to a nerve impulse (Stevens, 83 

2003). 84 

 In the mammalian hippocampus and cerebellar cortex, two contrasting techniques have 85 
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provided information on activity-dependent pH changes in the extracellular space; pH-sensitive 86 

electrodes (Kraig et al., 1983; Paalasmaa et al., 1994; Gottfried and Chesler, 1996; Fedirko et al., 87 

2006; Fedirko et al., 2007; Makani and Chesler, 2007; Makani and Chesler, 2010a; Makani and 88 

Chesler, 2010b; Makani et al., 2012), and pH-sensitive fluorescent dyes or proteins (Krishtal et al., 89 

1987; Gottfried and Chesler, 1996; Tong et al., 2006; Du et al., 2014). With few exceptions, these 90 

techniques reveal stimulus train-evoked alkaline transients that rise over tens of milliseconds and 91 

decay over hundreds of milliseconds. However, neither technique yields a pH signal directly from the 92 

cleft, as pH-electrodes are occluded from intact clefts, and signals from fluorescent probes in the 93 

cleft will be drowned out by signals from probes in the larger extra-synaptic volume. Never-the-less, 94 

support for the notion that the cleft alkalinizes also comes from electrophysiological data collected 95 

from postsynaptic NMDA receptors in the mouse hippocampus (Makani et al., 2012; Chen and 96 

Chesler, 2015). Despite these data, the dogma persists that the cleft acidifies due to acid release 97 

from SVs. 98 

 To allow minimally invasive measurements of cleft pH at neuronal synapses, where AZs 99 

release no more than one SV per action potential (AP), we targeted fluorescent pH indicators to the 100 

cleft of the Drosophila larval neuromuscular junction (NMJ). In both the broadly-defined cleft and 101 

directly adjacent to VGCCs we observed alkalinization in response to APs, rather than acidification. 102 

The alkaline transients were reconciled with the activity of the plasma membrane Ca2+ ATPase 103 

(PMCA) pumping Ca2+ out of synaptic compartments in electroneutral exchange for protons 104 

(Thomas, 2009). The mouse calyx of Held synapse partially relies on the PMCA to clear Ca2+ during 105 

burst firing (Kim et al., 2005), and we observed that its cleft also alkalinizes during burst firing 106 

suggesting that most synapses using the PMCA will alkalinize. 107 

  108 
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Materials and Methods 109 

Creation of pHusion-Ex and pHerry-Ex 110 

pHusion-Ex combines SE-pHluorin (Sankaranarayanan et al., 2000) with FusionRed (Shemiakina et al., 111 

2012) using the 20 amino acid (AA) linker from ClopHensor [RGSASGGGGGLVPRGSASGA (Arosio et 112 

al., 2010)]. SE-pHluorin fluorescence decreases with a decrease in pH, while FusionRed is pH-113 

insensitive near neutral [pKa = 4.6 (Shemiakina et al., 2012)]. FusionRed was cloned from FusionRed-114 

pBAD (Addgene plasmid # 54677). To create cleft-targeted versions of pHusion, we purchased a 115 

biosynthesized DNA backbone cloned into a pJFRC14 plasmid from GenScript (Piscataway, NJ). This 116 

plasmid enables expression of heterologous genes in fruit fly under the control of GAL4-UAS system 117 

(Brand and Perrimon, 1993). The backbone encoded (from 5’ end) a secretion signal sequence from 118 

IgG kappa, the complete SE-pHluorin cDNA, restriction sites enabling the subcloning of FusionRed 119 

cDNA and the transmembrane domain of the human platelet–derived growth factor receptor 120 

(hPDGFR). The transmembrane domain was separated from FusionRed using the same 20 AA linker 121 

above. FusionRed was cloned in-frame into the backbone. pHerry-Ex, like pHusion-Ex, combines the 122 

pH-sensitive SE-pHluorin with an RFP that is pH-insensitive near neutral [mCherry; pKa < 4.5 (Shaner 123 

et al., 2004)] and it was assembled in the same manner as pHusion-Ex. mCherry was cloned from 124 

pcDNA3.3_mCherry (Addgene plasmid # 26823). pHusion-Ex and pHerry-Ex constructs were 125 

sequenced, purified with the QIAGEN Plasmid Maxi Kit and each injected into P{CaryP}attP2 126 

Drosophila embryos by Rainbow Transgenic Flies, Inc. (Camarillo, CA). The 3rd chromosome carrying 127 

the transgene was balanced opposite the tubby marker/balancer TM6B, Tb1. Single copies of either 128 

motor neuron (nSyb-GAL4) or muscle (B24-GAL4) drivers drove expression of pHusion-Ex or pHerry-129 

Ex. 130 

Creation of PMCA-kisser-FAP and Cac-kisser-pHerry-TM  131 

A plasmid encoding the αFAP gene was purchased from Spectra Genetics, Inc. (Pittsburgh, PA), 132 

subcloned into a biosynthesized DNA backbone manufactured by GenScript and then subcloned in 133 
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the pJFRC14 plasmid. The backbone encoded (from 5’ end) a signal peptide from Wingless, a MCS for 134 

αFAP, two protein tags directly upstream and downstream of the MCS (HA-tag and myc-tag, 135 

respectively), a transmembrane domain of hPDGFR, and a modified carboxy-terminus of Drosophila 136 

melanogaster PMCA. The calmodulin (CaM) binding site in the PMCA carboxy-terminus was 137 

identified in silico, and scrambled to prevent unwanted oligomerization or cleavage by calpains (Di 138 

Leva et al., 2008; Benetti et al., 2011). Cac-kisser-pHerry-TM was similarly created, except that the 139 

calmodulin and PDZ binding domains of the Cac carboxy-terminus were scrambled to prevent 140 

spurious interactions and proteolytic cleavage. Injection, balancing and expression were performed 141 

as described above. FAP probes were conjugated with a pH-sensitive fluorogen as follows: PM-142 

impermeable se-Red-pH dye (Spectra Genetics, Inc., Pittsburgh, PA) was added to the bath of a fillet-143 

dissected female larvae at a final concentration of 100 nM for 15 min. The full sequences of PMCA-144 

kisser-FAP and Cac-kisser-pHerry-TM is given in the supplementary materials of Stawarski et al., 145 

2018. 146 

Creation of membrane-targeted pseudoratiometric GECIs 147 

One of the pseudoratiometric GECIs used in this study combines GCaMP6m (Chen et al., 2013) with 148 

FusionRed. GCaMP6m was cloned from pGP-CMV-GCaMP6m (Addgene plasmid # 40754), and a 149 

backbone was biosynthesized (Genscript) to facilitate cloning. The backbone encoded (from 5’ end) a 150 

myristoylation signal sequence, HA-tag, MCS for the Ca2+-insensitive protein FusionRed, the 20 AA 151 

linker described above, and a MCS for the Ca2+-sensitive protein GCaMP6m. Carboxy-terminal 152 

localization was chosen for GCaMP6m to limit spatial and rotational constraints. The backbone was 153 

cloned into the pJFRC14 plasmid. Injection, balancing and expression were performed as described 154 

above. 155 

 A second pseudoratiometric GECI developed for this study, called Coincidence Detector 1.0, 156 

combines C-terminal jRGECO1a (Addgene plasmid # 61563) (Dana et al., 2016) with iRFP670 157 

(Addgene plasmid # 45457) (Shcherbakova and Verkhusha, 2013) in the cytosol, and this was 158 
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combined through the hPDGFR transmembrane domain with SE-pHluorin to enable simultaneous pH 159 

reporting in the synaptic cleft. The backbone was cloned into the pJFRC14 plasmid. Injection, 160 

balancing and expression were performed as described above. 161 

Preparation of fillet-dissected larval preparations for imaging 162 

Female 3rd instar Drosophila larvae were fillet-dissected in chilled Schneider’s insect medium (Sigma 163 

Aldrich, Cat.No.S0146). All except the segmental nerves of interest were cut from the ventral 164 

ganglion. The ventral ganglion was then cut just posterior to the brain hemispheres and the brain 165 

hemispheres and head of the larva were removed. A loop of a segmental nerve projecting into the 166 

4th abdominal hemisegment was then drawn into the lumen of a glass micropipette (Sigma Aldrich, 167 

Cat.No.HT10132) while the nerve was still connected to the remaining fragment of the ventral 168 

ganglion containing somata of the motor neurons that project to segment 4. The Schneider’s 169 

medium was then replaced with HL3 (Stewart et al., 1994) or HL6 physiological solution (Macleod et 170 

al., 2002). The preparation was allowed to equilibrate for 10 minutes before imaging under the 171 

microscope. 172 

 In vivo imaging was performed as described previously (Rossano et al., 2013). The average 173 

pH value in the initial 5 s of the recordings was treated as baseline and used to calculate pH values. 174 

Wide-field imaging and electrical stimulation of GEpHI- and GECI-expressing larvae 175 

Wide-field microscopy was performed on a Nikon Eclipse FN1 microscope fitted with a 100  water 176 

immersion (1.1 NA) objective. Preparations were illuminated with a Lumencor SPECTRA-X light 177 

source and emitted light was captured with two Andor iXon3 CCD cameras (DU-897) mounted on an 178 

Andor TuCam beam-splitter. Separate emission wavelengths were collected by separate cameras, 179 

with sequential excitation of fluorophores used to minimize channel cross-talk. Imaging and 180 

electrical stimulation was controlled through a PC running Nikon NIS Elements-AR software. Timing 181 

of electrical stimulation was controlled by a Master-8 controller (A.M.P.I., Israel) triggered by PC 182 

software. The pulses were delivered to the nerve itself by a constant voltage stimulator (model 183 
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DS2A-Mk. II, Digitimer Ltd.). Each impulse was 300 μs in duration and 2-3 V in amplitude. Three 184 

categories of experimental protocols were used. i) AP train experiments: A train of 20 or 40 impulses 185 

was delivered to the nerve at 21 or 42 Hz (respectively), twenty seconds after the initiation of 186 

imaging. ii) Single AP experiments: Experiments were programmed in terms of loops of imaging 187 

frames (100 loops of 94 frames). A single AP was delivered prior to frame 20 of each loop. iii) Paired 188 

pulse experiments: These differed from single AP experiments by the addition of an AP that followed 189 

~100 ms (8 imaging frames) after the first AP. 190 

 Fluorescent proteins were excited with 483/32 nm and 550/15 nm light (CWL/FWHM). 191 

Emitted light was directed to the two EMCCD cameras via a 580 nm dichroic mirror through 525/30 192 

nm and 661/20 nm filters. Each ratio of fluorescence intensity was based on two frames recorded in 193 

succession. The signal of SE-pHluorin or GCaMP6m was recorded first, with the signal of FusionRed 194 

or mCherry recorded second. For analysis and presentation the ratio was represented as if the two 195 

signals were collected at the same time, except where temporal discrimination was critical (Fig. 4I). 196 

 Imaging of stimulus train evoked pH transients were performed in bicarbonate-buffered HL3 197 

physiological solution (5 mM KCl, 20 mM MgCl2, 70 mM NaCl, 115 mM sucrose, 5 mM trehalose, 15 198 

mM NaHCO3). The solution was then bubbled with 95% O2/5% CO2, and pH adjusted to 7.2. HL3 was 199 

prepared in advance, filtered and frozen to -80°C without delay. On the day of the experiment an 200 

aliquot of the solution was thawed, supplemented with CaCl2
 (2 mM final concentration) and used as 201 

is (in unbubbled experiments) or constantly bubbled with 95% O2/5% CO2 (in bubbled experiments, 202 

with or without acetazolamide or HEPES). Muscle contractions were substantially reduced by pre-203 

incubating the fillet-dissected larvae for 30 min in bicarbonate-buffered HL3 supplemented with 100 204 

μM ryanodine (Enzo Life Sciences, Farmingdale, NY) solubilized in DMSO. Carbonic Anhydrase (CA) 205 

activity was blocked by 30 min preincubation with 10 μM acetazolamide (Sigma-Aldrich) solubilized 206 

in DMSO. pH and Ca2+ transients were elicited by stimulating the preparations with 20 impulses at 21 207 

Hz and recording the fluorescence from type-Ib boutons located on muscle 6. 208 

 In single AP experiments, the exposure time for each channel was set to 4 ms, and 4 4 209 
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binning was performed to achieve an imaging speed of 94 frames per second (fps) per camera, and 210 

therefore 94 ratios per second. Cytosolic Ca2+ levels were imaged using GCaMP6m fused to 211 

myristoylated FusionRed. Imaging of single AP-evoked pH transients in animals expressing PMCA-212 

kisser-FAP was similar to other single AP experiments, with the following differences: after 213 

incubation with the fluorogen (se-Red-pH) NMJs were sequentially excited with 549/15 nm and 214 

640/30 nm light, and emission at 705/70 nm was recorded with a single Andor iXON3 CCD camera. 215 

Pixels were 4x4 binned to increase the signal-to-noise ratio (SNR) and achieve an imaging speed of 216 

94 ratios (549/640 nm) per second. 217 

 Live in situ imaging was performed on type-Ib boutons on muscle 6 of segment 4 in HL3 218 

solution. The location of MN terminals could be visualized at live NMJs, subsequent to GECI- or 219 

GEpHI-imaging, using the DyLight405-conjugated AffiniPure goat antibody for HRP (Jackson 220 

ImmunoResearch Cat.No.123-475-021) after 30 minutes incubation using a dilution of 1:200 at RT. 221 

Imaging data analysis 222 

Image analysis was performed in ImageJ. Movement of the NMJ during imaging was accounted for 223 

by aligning consecutive frames to the first one using the Template Matching plugin written by 224 

Qingzong Tseng. ROIs were drawn to cover an entire bouton(s) and a reference ROI (background) 225 

and the mean pixel intensity values were calculated within each channel for each frame and the 226 

numerical data were exported to Microsoft Excel. Each frame was background adjusted by 227 

subtracting the mean intensity value of the reference ROI from the mean intensity value of the 228 

bouton(s) ROI. For single AP experiments the experiment was looped 100 times (n=100) for each 229 

NMJ (N=1) and the loops were averaged. 230 

 Decay time constants in single AP experiments were calculated by fitting a monoexponential 231 

curve R=y0+ae-t/τ to the decay curve of the pH transient. The amplitude was calculated by subtracting 232 

the peak displacement of a moving average from the pre-stimulus baseline value; 3 and 17-point 233 

moving averages when sampling at 94 and 560 Hz, respectively. The baseline value was calculated as 234 
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the average value in the 100 ms period before the stimulus. The amplitude in response to trains was 235 

calculated by subtracting the peak of a moving average from the value of the baseline in the 500 ms 236 

before the stimulus; 5- or 9-point moving averages when sampling at 10 and 19 Hz, respectively. 237 

 Curve fitting was performed in SigmaPlot 10. If there was no acceptable fit of an exponential 238 

curve (large values of τ), a linear approximation was used instead, in accordance with Taylor’s 239 

theorem: e-x/τ=Σn=0
∞(-x/τ)n/n!, so for b 0 e-bx≈1-x/τ. 240 

Experimental design and statistical analysis 241 

Female Drosophila larvae and mice of both sexes were used in this study. Statistical analyses were 242 

performed in SigmaStat 3.5. Pairwise comparisons were performed using Student’s t tests, while 243 

comparisons between multiple groups were performed by one-way ANOVA and details are given in 244 

each instance. Data describing single AP-evoked pH transients are expressed as mean ± standard 245 

deviation (S.D.) as the product of each experiment (N=1) is a trace, the arithmetic mean of 100 246 

traces (n=100), which is then analyzed to give single estimates of various parameters. Data 247 

describing train-evoked pH transients at the calyx of Held are expressed as mean ± standard error of 248 

the mean (SEM). An estimate of each parameter (N=1) is based on 3 trains (n=3) with a non-stimulus 249 

control between each to provide a measure of bleaching.  250 

Immunohistochemistry of Cac-kisser-pHerry-TM 251 

Larvae expressing the Cac-kisser-pHerry-TM construct were fillet dissected in chilled Schneider’s 252 

media and washed with HL3 (20 mM Mg2+, no added Ca2+). Preparations were then fixed in Bouin’s 253 

solution (Sigma Aldrich, Cat.No.HT10132) for 1 minute at room temperature, washed (4 x 10 254 

minutes) with PBS (pH 7.2), then permeabilized with 1% PBST (PBS containing 1% Triton X-100) for 1 255 

hour (4 x 15 minutes) and blocked for 30 minutes in PBST containing 0.2% Triton X-100, 2% BSA and 256 

5% goat serum (Sigma Aldrich, Cat.No.G9023). Preparations were immunolabeled by incubating with 257 

primary antibodies overnight at 4°C: rabbit AF488 conjugated anti-GFP (1:500, Invitrogen 258 

Cat.No.A21311) and mouse anti-Bruchpilot (1:300, nc82; DSHB Hybridoma bank). The following day, 259 
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preparations were rinsed with 0.2% Triton PBST for 1 hour (4 x 15 minutes), preparations were then 260 

incubated at room temperature for 1 hour with anti-mouse AF555 (Invitrogen Cat.No.A21127) and 261 

Dylight405 conjugated anti-HRP (1:500, Jackson Immuno Research Cat.No.123475021). Preparations 262 

were finally washed with 0.2% Triton PBST for 1 hour (4 x 15 minutes), mounted on glass slides with 263 

antifade reagent (SlowFade Gold, Cat.No.S36937, Invitrogen) and covered with 0.16-0.19 mm cover 264 

slips (Corning, Cat.No.2870-22). Series of images were collected from muscle fiber #6, MN6/7-Ib with 265 

a 100X 1.3 NA oil objective on a Nikon A1 confocal microscope fitted with GaAsP detectors. Bouton’s 266 

were scanned sequentially starting with the longest wavelength and progressing to the shortest 267 

(561, 488 and 405nm). Bouton images represent collapsed Z-series that encompass the entire depth 268 

of the bouton (~10 sections, 0.25 m between slices). No bleed through to other channels could be 269 

detected when tested with single fluorophores. A pinhole size 1 airy unit for AF555 imaging was used 270 

for the three imaging channels. 271 

In situ calibration of pH indicators. 272 

pHerry, a fusion construct between SE-pHluorin and mCherry using the same linker as pHusion, was 273 

previously calibrated (Rossano et al., 2017). Therefore, instead of a full calibration of pHusion-Ex, 274 

only the linear response range of pHluorin-Ex was calibrated, approximately ±0.5 pH units on either 275 

side of the pKa of SE-pHluorin [ 7.11 (Sankaranarayanan et al., 2000)]. Third instar larvae were fillet 276 

dissected, incubated for 30 min in HL6 solution with the appropriate pH and imaged under a wide-277 

field microscope. The fluorescence intensity ratio of postsynaptically expressed pHusion-Ex was 278 

calculated from 100 4 ms exposure pairs. Following imaging, the larvae were washed thrice with HL6 279 

and the procedure was repeated until imaging was performed in every preselected pH. The order of 280 

presentation of pH-adjusted HL6 was pseudorandomized (Fig. 1E). 281 

 The pH-sensitive fluorogen bound to PMCA-kisser-FAP was similarly calibrated. Larvae were 282 

pre-incubated with se-Red-pH diluted in HL6 for 30 min to label the PMCA-kisser-FAP. Calibration 283 

then proceeded using a protocol similar to that used to calibrate pHusion-Ex with pH-adjusted HL6 284 
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solutions spanning a range from 6.56 to 7.82 (Fig. 3F).  285 

 GEpHI calibration is not possible under in vivo conditions, due to an inability to control pH in 286 

vivo, and so in vivo pH changes in the synaptic cleft were calibrated with data collected during in situ 287 

experiments. Due to the large changes in ratio in vivo, the partial calibration in situ (linear) will only 288 

provide an approximate calibration for pH relative to the pHusion-Ex ratio. 289 

Drosophila electron microscopy 290 

Neuromuscular junctions of female 3rd instar larvae were prepared for electron microscopy (EM) as 291 

previously reported (Lu et al., 2016).  292 

Creation of cleft and cytosolic GEpHIs for the mouse 293 

pHusion-Ex and cyto-pHusion were subcloned into a plasmid (pAM) containing adeno-associated 294 

virus 2 (AAV2) inverted terminal repeats flanking a cassette consisting of the 1.1 kb cytomegalovirus 295 

enhancer/chicken -actin promoter, the wood- chuck post-transcriptional regulatory element and 296 

the bovine growth hormone polyA, described previously (Groh et al., 2008). Serotype rAAV9 viruses 297 

were custom packaged by Vigene Biosciences (Rockville, MD, USA). Viral titers were >1x1013 GC/mL. 298 

Mouse brain slice preparation and imaging at the calyx of Held 299 

Ethical approval: All animals in this study were used in accordance with animal welfare protocols 300 

approved by the University of Nevada, Reno and according to US standards for animal research 301 

(National Research Council, 2011), in order to minimize the animal’s pain and distress. Wild-type 302 

C57Bl/6 mice were obtained from Charles River Laboratories (C57BL/6NCrl, strain code 027; Hollister, 303 

CA, USA), or used from a colony maintained locally. Animals were given ad libitum access to water 304 

and were maintained on standard mouse chow. Animals of both sexes were used at P21–28 for the 305 

experiments listed below. In total, 8 animals were used in this study. 306 

Targeted viral infection: CNS injection of neonatal mice followed protocols described elsewhere 307 

(Singh et al., 2018). Briefly, 1-day-old (P1) mice were chilled on ice for >5 minutes until unresponsive, 308 



 

14 
 

then fixed on a stereotaxic surgery platform. The mice were injected with 2 L of rAAV-pHusion-Ex 309 

or rAAV-cyto-pHusion in sterile phosphate buffered saline (PBS), using empirically determined 310 

stereotaxic coordinates targeting the ventral cochlear nucleus. Subsequently, mice were put on a 311 

heating pad (37°C) to recover, then returned to their home cage. 312 

Acute brain slice preparation: Animals were rapidly decapitated and 200 μm-thick transverse 313 

brainstem slices containing the MNTB and VCN were prepared using a vibratome (VT 1200S, Leica 314 

Microsystems, Wetzlar, Germany), as previously described (Lujan et al., 2016). Slicing solution 315 

contained (in mM): 85 NaCl, 2.5 KCl, 25 glucose, 25 NaHCO3, 1.25 NaH2PO4, 75 sucrose, 0.5 CaCl2, 7 316 

MgCl2, 3 myo-inositol, 2 sodium pyruvate, 0.4 ascorbic acid; pH 7.4 when continuously bubbled with 317 

carbogen gas (95% O2/5% CO2). Slices were transferred to an incubation chamber containing low-318 

bicarbonate artificial cerebrospinal fluid (ACSF; in mM): 125 NaCl, 2.5 KCl, 25 glucose, 10 NaHCO3 , 319 

1.25 NaH2PO4 , 2 CaCl2 , 1 MgCl2 , 3 myo-inositol, 2 sodium pyruvate, 0.4 ascorbic acid, 315–320 320 

mOsm density, bubbled with carbogen gas for 45 min, then used within 4 hours. 321 

Imaging: Recordings were performed in low-bicarbonate ACSF, plus 5 mM HEPES where indicated, at 322 

35°C.  Recording chamber had ~800 μL volume, and was continuously perfused. A Zeiss AXIO 323 

Examiner A1 upright microscope (Carl Zeiss Microscopy, Thornwood, NY, USA) with a 60X water-324 

immersion objective (1.0 NA) was used for visualization. Infected terminals were identified by Fusion 325 

Red fluorescence in the calyx terminal, and SE-pHluorin fluorescence confirmed. Illumination and 326 

camera triggering were controlled by an Axon 1440 AD board using pClamp 10.0 software. Images 327 

were captured on a Hamamatsu EM-CCD camera (ImagEM X2; Bridgewater NJ) controlled by HCI 328 

Image software (RRID:SCR_015041). 329 

 Images of GEpHI fluorescence responses to changes in superfusate pH were collected at 330 

room temperature (23-25˚C) with bath perfusion rates of ~10-12 volumes per minute. Widefield 331 

fluorescence illumination was provided by a Polychrome II monochromator (TILL Photonics, 332 

Pleasanton, CA). Illumination alternated between 470/50 nm excitation for SE-pHluorin and 550/50 333 

nm excitation for FusionRed, and was cleaned up with 488/12.5 and 555/13 nm filters, respectively. 334 
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Emission light was captured through 521/13 and 598/22 nm filters, respectively (Quad-band filter set 335 

89401, Chroma Technology Corporation; Bellows Falls, VT). Images were captured with 241 ms 336 

exposure at an EM Gain setting of 200, with one frame captured every 250 ms to provide image 337 

pairs at 2 Hz. One fluorescence ratio was generated for each image pair. 338 

 For changes in pH due to synaptic activity, bath perfusion was 1-2 mL/min, and heated to 33-339 

35˚C with an in-line heater (Warner Instruments; Hamden, CT). Midline stimulation (400 Hz, 1 sec) 340 

was delivered via a bipolar electrode using a Grass S88 Stimulator. Excitability of each infected 341 

terminal was validated prior to optical recordings by juxtacellular spike recordings (not shown), and 342 

stimuli were delivered at 0.5 V above threshold. Illumination was provided by an LED light engine 343 

(Lumencor SOLA), mitigated to 20% intensity with a neutral density filter. SE-pHluorin was excited 344 

using a 470/40 nm filter and a 495 nm beam splitter, and emission was collected through a 525/50 345 

nm filter. Images were acquired at 25 Hz using 2x pixel binning, and 39 ms exposures. EM sensitivity 346 

gain was set to 50x. Usually, stimulation trains were looped three times per cell with >1 min 347 

between loops in ACSF lacking HEPES. In many cases, the same cell was then perfused with HEPES 348 

buffer (>10 min), and then imaged as before. 349 

 Images of Calyx GEpHI fluorescence were analyzed with HCI Image (RRID:SCR_015041). 350 

Briefly, an ROI was drawn to contain the presynaptic calyx terminal, and the mean fluorescence for 351 

each image was reported as change from baseline ( F/Fbase, %), where baseline was determined as 352 

the average signal 2-3 sec prior to stimulation. Responses were corrected for bleaching and other 353 

inhomogeneities in camera function by subtracting interleaved illumination controls lacking 354 

electrical stimulus. 355 

Transmission electron microscopy: Mice 18 days old were transcardially perfused with PBS + 356 

100U/mL Heparin, then Karnovsky’s fixative (2% paraformaldehyde, 1.5% glutaraldehyde, 0.1M 357 

sodium cacodylate buffer). The brain was removed and post-fixed for 24-48 hrs in Karnovsky’s 358 

fixative. The MNTB was dissected from tissue sliced at 200 μm in 0.1 M cacodylate buffer, and 359 

postfixed with 2% OsO4 in cacodylate buffer. The tissue was dehydrated in an ethanol series (50%, 360 
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70%, 100 %), further dehydrated with propylene oxide, then embedded in Spurr’s resin. Ultrathin 361 

sections containing the MNTB were cut on an ultramicrotome (Leica Ultracut) and stained with 3% 362 

uranyl acetate and 3% lead citrate. Images were acquired at 7.9-46K magnification on a Philips CM10 363 

transmission electron microscope. 364 

  365 
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Results 366 

The synaptic cleft shows robust alkalinization in vivo during spontaneous activity. 367 

We have previously observed spontaneous acidification of motor neuron (MN) terminals in vivo 368 

through the cuticle of intact but restrained Drosophila larvae (Rossano et al., 2013). Changes in 369 

cytosolic pH, presumably reflecting motor patterns, were transduced into a change in fluorescence 370 

emitted from GEpHIs within the MN cytosol. To determine whether the synaptic cleft of the NMJ 371 

undergoes pH changes under the same conditions, we used a ratiometric GEpHI called “pHusion-Ex” 372 

(superecliptic-pHluorin fused to FusionRed) localized to the extracellular surface of plasma 373 

membranes (Fig. 1A-C). pHusion-Ex was expressed in MNs and both fluorophores were visible at 374 

NMJs through the cuticle. pH-sensitive SE-pHluorin fluorescence was highly dynamic while pH 375 

insensitive FusionRed showed little change, and the fluorescence ratio is largely insulated from 376 

movements that accompany motor patterns. Sharp elevations off the baseline indicate alkalinization 377 

of the cleft (Fig. 1D). Subsequent ex vivo calibrations (Fig. 1E) indicated that the cleft cycles through 378 

a substantial pH range in vivo, at times exceeding 1 log unit (Fig. 1D). Similar alkalinizing transients 379 

were observed at the NMJ when pHusion-Ex was expressed in the muscle (Fig. 1F-H). These alkaline 380 

transients likely reflect bursts of motor activity as trans-cuticular imaging of a ratiometric Ca2+ 381 

indicator in MN terminals shows similarly volatile transients (Fig. 1I-K). 382 

Single action potentials evoke rapid alkalinizing transients in the cleft. 383 

To investigate the basis of synaptic cleft pH change during individual APs, we examined the ex vivo 384 

larval NMJ preparation during nerve stimulation. In response to a single AP, presynaptically 385 

expressed pHusion-Ex revealed a rapid alkaline transient within the cleft (Fig. 2A-C). In physiological 386 

Ca2+ levels (2 mM), and with ryanodine present at 100 M to reduce muscle contraction (Sullivan et 387 

al., 2000), alkalinization peaks at 0.54 ± 0.13% (% F/F, S.D., N=5) above the baseline ratio (ΔpH: 388 

0.006), 59 ± 11 ms (S.D.) after the stimulus, before a rapid return to baseline (τ= 62 ± 19 ms, S.D.). 389 

The Drosophila larval NMJ is characterized by elaborate postsynaptic folds referred to as the sub-390 
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synaptic reticulum (SSR) (Johansen et al., 1989) (Fig. 2D), and when pHusion-Ex is targeted to the 391 

muscle pHusion-Ex appears to occupy the full extent of these folds (Fig. 2E-F). pHusion-Ex also 392 

revealed alkalinization within the cleft adjacent to the postsynaptic membrane (1.00 ± 0.86% S.D.; 393 

ΔpH: 0.013; N=5), and a rapid rate of recovery (τ = 94 ± 52 ms, S.D.) (Fig. 2G). 394 

 Postsynaptic pHusion-Ex in the cleft also allowed for measurements in the absence of 395 

ryanodine as measurements of the strong SSR signal were less susceptible to contraction. Alkaline 396 

transients appeared to be larger and slower to recover (1.94 ± 1.31%, S.D.; ΔpH: 0.025; τ = 139 ± 62 397 

ms, S.D.; N=13; Fig.2G) than those measured in ryanodine, suggesting an involvement of Ca2+ release 398 

from ryanodine receptor channels. However, the data did not support a conclusion of significant 399 

differences (amplitude: p=0.16; tau: p=0.18, df=16 for each, Student’s t tests). All signs of 400 

alkalinization were occluded when Ca2+ was omitted from the saline (data not shown). Glutamate, 401 

which desensitizes Ca2+-permeable postsynaptic glutamate receptors at the Drosophila NMJ 402 

(Heckmann and Dudel, 1998), also occluded alkalinization (0.03 ± 0.06%, S.D.; N=10; One-way 403 

ANOVA on ranks, Kruskal-Wallis H test, H=21.8, df=2, p=<0.001; Dunn’s method post hoc test; Fig. 404 

2H), suggesting that the alkaline transients are linked to Ca2+ movement across the postsynaptic 405 

membrane, consistent with the Ca2+/H+ antiporting action of PMCA in the postsynaptic membrane. 406 

Aspartate has an almost identical complement of ionizable groups to glutamate but did not occlude 407 

alkalinization (1.15 ± 0.71%, S.D.; ΔpH: 0.015; N=12; Fig. 2H), indicating that glutamate does not 408 

occlude the pH transient by acting as a pH buffer. Glutamate has little effect on the presynaptic Ca2+ 409 

transient (Macleod et al., 2004), and so glutamate’s complete occlusion of the alkaline transient 410 

strongly suggests that Ca2+ pumping from the presynaptic side of the synapse plays a negligible role 411 

in cleft alkalinization at the larval NMJ.  412 

 A test of the effect of two APs in rapid succession (100 ms interval) revealed that, although 413 

single AP-evoked pH changes are small, they are likely to summate during burst firing (Fig. 2I-K). 414 

Notably, in no case was a rapid acidifying transient observed immediately following the stimulus that 415 

might have indicated the release of acid from SVs. 416 
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 The slow sampling speed of the EMCCD camera (94 frames-per-second), relative to 417 

exocytosis, left open the possibility that we missed an acid transient immediately following each AP.  418 

Using the high temporal resolution offered by a confocal laser-scanning microscope we scanned 419 

across the SSR at 560 lines-per-second. pHusion-Ex revealed alkaline transients but no signs of 420 

acidification immediately following the nerve stimulus (Fig. 2L-Q). Unexpectedly, line scans revealed 421 

transients of different amplitudes depending on where the SSR was scanned (Fig. 2M-P), presumably 422 

reflecting the “hot spots” of release previously visualized by others using postsynaptic Ca2+ reporters 423 

(Guerrero et al., 2005; Melom et al., 2013; Gratz et al., 2019). These hot spots also presumably 424 

underlie the large variance in pH transient peak values between NMJs. The average alkaline 425 

transient peaked at an amplitude of 1.22 ± 0.45% (S.D., N=6), equivalent to a pH shift of 0.016 log 426 

units (Fig. 2Q). 427 

Alkaline transients can be detected using chemical pH indicators targeted to the cleft. 428 

To independently verify that we were detecting pH change in the synaptic cleft, we employed a 429 

hybrid pH indicator that combines the subcellular targeting specificity of GEpHIs (Fig. 3A-C) with the 430 

intrinsic speed and brightness of chemical pH indicators. The hybrid, named PMCA-kisser-FAP, 431 

utilizes an extracellular Fluorogen Activating Peptide (FAP) that can bind a pH-sensitive chemical 432 

(fluorogen). The intracellular domain of PMCA-kisser-FAP duplicates select elements of the 433 

Drosophila PMCA C-terminus and localizes PMCA-kisser-FAP to the microenvironment of the PMCA 434 

(Fig. 3B) (Stawarski et al., 2018). Fluorogens are effectively non-fluorescent before binding a FAP tag. 435 

Acidification increases fluorescence of the fluorogen (se-Red-pH), while alkalinization reduces its 436 

fluorescence (Fig. 3C). PMCA-kisser-FAP was expressed in muscles. The muscles were then exposed 437 

to membrane-impermeant se-Red-pH, resulting in a strong fluorescence signal in the SSR (Fig. 3D). 438 

se-Red-pH detected by the EMCCD camera reported rapid fluorescent transients in the synaptic cleft 439 

in response to single APs (Fig. 3F) with an amplitude (-0.76 ± 0.34%, S.D., N=6), time to peak (77 ± 27 440 

ms, S.D., N=6) and time course of decay (64 ± 13 ms, S.D., N=6) indistinguishable from the pH 441 
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transients reported by pHusion-Ex in figure 2G (p=0.57, p=0.30 and p=0.26, respectively; df=9 for 442 

each, Student’s t tests). Subsequent ex vivo calibration of PMCA-kisser-FAP bound se-Red-pH (Fig. 443 

3E-F) indicated that a single AP evokes an alkaline transient of 0.009 (ΔpH), similar to that reported 444 

by pHusion-Ex under the same conditions (100 M ryanodine, 2 mM Ca2+). These results confirm 445 

that the phenomenon reported by pHusion-Ex was indeed a change in pH, alkaline in polarity, rapid 446 

in onset, and short-lived. 447 

Action potential evoked cleft alkalinization decays like cytosolic Ca2+ transients. 448 

If cleft alkaline transients are linked to the Ca2+/H+ antiporting action of PMCA in the postsynaptic 449 

membrane, the postsynaptic cytosolic Ca2+ signals should be synchronous with cleft pH signals. To 450 

investigate this we engineered a “coincidence” detector with a genetically-encoded Ca2+ indicator 451 

(jRGECO1a) in the cytosol and a GEpHI (SE-pHluorin) in the cleft (Fig. 4A-B). When expressed in the 452 

muscle (Fig. 4C-E), it revealed that postsynaptic Ca2+ transients coincided with cleft pH transients and 453 

was subsequently deployed to establish the degree to which the two signals were correlated (Fig. 454 

4F-H). Close examination of the SE-pHluorin signal (Fig. 4I) shows that it is not elevated by 50% until 455 

40 ms after the nerve stimulus, and this had been previously observed when pHusion-Ex alone was 456 

expressed presynaptically and examined by EMCCD camera in the presence of ryanodine (39.4 ± 4.7 457 

ms, N=5, e.g. Fig. 2C), or postsynaptically (40.3 ± 6.0 ms, N=5, Fig. 2G). GECIs have much slower 458 

kinetics than most chemical Ca2+ indicators  (Koldenkova and Nagai, 2013), and so it is possible that 459 

the jRGECO1a Ca2+ signal is misleadingly slow. The change in SE-pHluorin fluorescence, however, 460 

relies on direct protonation of a chromophore (Miesenbock et al., 1998) and thus should reflect pH 461 

change with good temporal fidelity. Certainly, the EMCCD camera and CLSM are capable of reporting 462 

transients with a rapid onset, and they report presynaptic Ca2+ elevation without delay when 463 

imaging fluorescent chemical Ca2+ indicators in presynaptic terminals [EMCCD (Lu et al., 2016); CLSM 464 

(Macleod et al., 2002)]. In sum, the correlation of the cleft pH signal with the postsynaptic Ca2+ signal 465 

(Fig. 4H-I), the delay in cleft alkalinization relative to the presynaptic Ca2+ signal, and the occlusion of 466 
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cleft alkalinization by occlusion of postsynaptic Ca2+ entry with glutamate (Fig. 2H), all point to 467 

postsynaptic (rather than presynaptic) PMCA activity being responsible for cleft alkalinization. 468 

Burst-evoked cleft alkalinization is greatly susceptible to extracellular pH buffering capacity.  469 

To examine the impact of extracellular pH buffering on the magnitude of cleft pH transients that arise 470 

during neurotransmission, we compromised the capacity of the bicarbonate-based buffering system, or 471 

increased buffering capacity through the addition of a zwitterionic buffer (HEPES). The change in cleft 472 

pH was monitored using postsynaptically expressed pHusion-Ex (Fig. 5A). Sodium bicarbonate (NaHCO3; 473 

15 mM) was added to all solutions as bicarbonate-based buffering, catalyzed by endogenous carbonic 474 

anhydrases (CAs), is a staple for maintaining acid-base balance in both vertebrate and invertebrate 475 

systems. The nerve leading to the terminal boutons of MN6/7-Ib was stimulated at its average firing 476 

frequency [21Hz (Chouhan et al., 2010)] for the duration of a single motor pattern burst [ 950ms (Klose 477 

et al., 2005)] and this evoked modest alkalinization of the cleft (black trace; R 10.5±1.0%) (Fig. 5B-C). 478 

However, if the saline was not continually bubbled with CO2, and allowed to lose bicarbonate (HCO3
-), 479 

nerve stimulation evoked 261% greater alkalinization of the cleft (data not shown). Consistent with a 480 

role for bicarbonate-based buffering the addition of the CA blocker acetazolamide to the bubbled saline 481 

resulted in 69% greater alkalinization (blue trace; R 17.7±1.6%) (Fig. 5B-C), generally consistent with a 482 

low concentration of extracellular CA in the cleft (Chesler, 2003; Tong et al., 2006; Highstein et al., 483 

2014). HEPES, which has a greater immediate buffering capacity than bicarbonate, reduced 484 

alkalinization by 52% when added at 5 mM to a bubbled saline already containing bicarbonate (red 485 

trace; R 5.0±0.6%) (Fig. 5B-C). The responses in control, acetazolamide, and HEPES were statistically 486 

different from one another (One Way ANOVA, multiple comparisons versus control, Holm-Sidak 487 

method; F(2, 18) = 30.5, p=<0.001). Despite the motor axons being driven at physiological rates, and 488 

only for a period equivalent to a single body-wall contraction during peristaltic locomotion, the 489 

summation of cleft pH transients was substantial. Nevertheless, the amplitudes of these alkaline 490 

transients ex vivo are well below those observed in vivo (Fig. 1D, H), indicating that the pH buffering 491 
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capacity ex vivo is more effective than that in vivo, or, that our stimulus protocols are less intense than 492 

those occurring in an intact but restrained larva.  493 

The cleft of the mouse calyx of Held synapse alkalinizes during activity.  494 

Individual active zones of the calyx of Held synapse show the architecture of conventional neuronal 495 

synapses and previous electrophysiological and Ca2+ imaging data from the mouse indicate that the 496 

cleft acidifies due to co-release of glutamate and protons (Gonzalez-Inchauspe et al., 2017). 497 

However, no pH imaging data are available. The calyx of Held synapse is a giant axosomatic synapse 498 

in the auditory brainstem (Fig. 6A) (Borst and Soria van Hoeve, 2012), and, like the Drosophila NMJ, 499 

the cleft is spatially restricted at AZs but can form extended extracellular spaces (EES) away from AZs 500 

(Fig. 6B-D) (Rowland et al., 2000). Adeno-associated viral vectors encoding pHusion-Ex constructs 501 

were injected into the ventral cochlear nucleus at P1, and by P21 sparsely labelled calyces could be 502 

seen in the contralateral medial nucleus of the trapezoid body (Fig. 6E-F). Imaging of individual 503 

calyces in slices during perfusion with bicarbonate/HEPES ACSF buffered to different pH (see 504 

Methods) demonstrated the extracellular localization of pHusion-Ex and its ability to report pH in a 505 

linear range around neutral (Fig. 6G), as observed during ex vivo calibrations in Drosophila (Fig. 1E). 506 

In response to a short burst of APs (1s, 400 Hz), pHusion-Ex revealed immediate cleft alkalinization 507 

through a small but significant increase in its ratio relative to baseline ( R: 0.93 ± 0.22% SEM; ΔpH: 508 

0.01; N=9; t=5.843, df=8, p=0.0004, One sample t test versus zero; Fig. 6H), which was diminished 509 

in the presence of 5 mM HEPES (t=4.306, df=7, p=0.0035, paired Student’s t test; Fig. 6I). Consistent 510 

with cleft alklinization being the product of acid movement across synaptic membranes, pHusion 511 

expressed freely in the cytosol (cyto-pHusion) of the calyx (Fig. 6J-K) revealed presynaptic 512 

acidification in response to the same burst of activity (ΔR: 2.82 ± 0.61% SEM; ΔpH: 0.03; N=7), 513 

which was significant relative to baseline (t=4.685, df=6, p=0.0034, one-sample Student’s t test; Fig. 514 

6MJ-N). As predicted from its location, acidification reported by intracellular cyto-pHusion was 515 

refractory to the presence of 5 mM extracellular HEPES (t=0.085, df=3, N=4, p=0.9379, paired 516 
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Student’s t test; Fig. 6N). Primary cortical neurons transduced with the same vectors also 517 

demonstrated appropriate cytosol versus plasma membrane targeting of cyto-pHusion and pHusion-518 

Ex constructs, respectively (data not shown). In sum, these data demonstrate that alkalinization also 519 

occurs at some central mammalian glutamatergic synapses during activity. 520 

A GEpHI that localizes with Ca2+ channels within the cleft confirms alkalinization at AZs.  521 

The extracellular pH changes reported in the preceding figures may be dominated by GEpHIs not 522 

within the AZs proper. The GEpHIs have been alternately targeted to pre- and post-synaptic 523 

membranes, but the cumulative area of the SSR of the Drosophila NMJ and the EES of the mouse 524 

calyx of Held will far exceed the cumulative area of the AZs. This leaves open the possibility that the 525 

AZ proper acidifies as acid is released from SVs, but the rest of the cleft alkalinizes, resulting in a net 526 

GEpHI signal reporting alkalinization. To investigate this possibility we targeted a GEpHI to the AZ 527 

proper (Fig. 7) where the cleft is only 20 nm wide in Drosophila (Pawlu et al., 2004) similar to 528 

synaptic clefts within the mouse brain (Peters et al., 1991). As described previously (Stawarski et al., 529 

2018), Cac-kisser probes were designed to localize to the Drosophila presynaptic voltage-gated Ca2+ 530 

channel (Cacophony). In this case, Cac-kisser-pHerry-TM is comprised of an intracellular carboxy-531 

terminus based on Cac, a TM of hPDGFR, and SE-pHluorin fused to mCherry exposed to the 532 

extracellular space (Fig. 7A). When expressed in MNs, the presynaptic fluorophores give a punctate 533 

appearance (Fig. 7B). This punctate distribution contrasts with a more robust signal from pHerry-Ex 534 

expressed in MNs, which also exposes a fusion of SE-pHluorin and mCherry to the extracellular space 535 

(Fig. 7C-D). In response to a short burst of APs, Cac-kisser-pHerry-TM revealed immediate cleft 536 

alkalinization through an increase in its ratio ( R: 25.8 ± 9.1% S.D.; ΔpH: 0.32; N=6; Fig. 7E-F). As 537 

the signal from this restricted area of the presynaptic membrane is very weak, a stimulus frequency 538 

of twice the endogenous frequency was used (42 Hz), and the saline was allowed to deplete of HCO3
-539 

. In contrast, pHerry-Ex, which was not confined to the AZ proper, yielded a smaller response under 540 

the same conditions ( R: 14.9 ± 5.4% S.D.; ΔpH: 0.19; N=8; t=2.936, df=12, p=0.012, Student’s t-541 
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test; Fig. 7E-F). In a separate experiment, under the same conditions, a Ca2+ indicator expressed in 542 

the muscle reveals a large Ca2+ signal evoked in the SSR (Fig. 7E). Confocal microscopic examination 543 

of both live (Fig. 7G) and fixed (Fig. 7H) NMJs reveal Cac-kisser-pHerry-TM to show the characteristic 544 

punctate pattern of presynaptic Cacophony (Gratz et al., 2019), which localizes with punctae of the 545 

AZ protein Bruchpilot (Brp). It is not clear why the AZ-proper should become more alkaline, as the 546 

volume of the extended cleft might be expected to equilibrate during trains of APs, but it is clear 547 

that the AZ proper does not acidify. 548 

Discussion 549 

Whether neurotransmission drives cleft acidification at conventional neuronal synapses is of 550 

paramount interest, as implications follow for STSP depending on the polarity, magnitude and 551 

kinetics of any pH transients. Here, we tested the hypothesis that neuronal synapses with non-552 

ribbon-type AZs acidify during neurotransmission by targeting pH indicators to the outer leaflet of 553 

the pre- or post-synaptic plasma membrane, adjacent to the PMCA or adjacent to VGCCs. In every 554 

instance the cleft was found to alkalinize in response to nerve stimulation. Cleft alkalinization is not a 555 

unique feature of the Drosophila NMJ as the same pH indicators targeted to the mouse Calyx of Held 556 

synapse revealed cleft alkalinization during burst firing. Cleft alkalinization is consistent with Ca2+ 557 

clearance from adjacent compartments via the PMCA which antiports H+ for Ca2+. If indeed the PMCA 558 

does drive cleft alkalinization, then cleft alkalinization likely occurs at all synapses that use the PMCA 559 

to clear Ca2+, and these comprise a large subset of mammalian central synapses (Brini et al., 2017). 560 

As the Drosophila NMJ and mouse calyx of Held synapses are relay synapses, they might be 561 

considered no more analogous to “conventional” mammalian central synapses than ribbon-type 562 

synapses. However, similarity to conventional neuronal synapses can be found at the level of AZs, 563 

where the average probability of SV release in response to an AP is low at both the Drosophila NMJ 564 

[0.11-0.33, (Lu et al., 2016; Newman et al., 2017)] and rat Calyx [0.25-0.4, (Meyer et al., 2001)], 565 

which contrasts greatly with the tens of SVs that might be released within several milliseconds at a 566 
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ribbon synapse (von Gersdorff et al., 1996; DeVries, 2001). 567 

 There is little doubt that clefts of ribbon synapses acidify during activity, as this has been 568 

revealed through direct imaging of SE-pHluorin fused to an extracellular Ca2+-channel subunit ( 2 4), 569 

which placed SE-pHluorin within the cleft adjacent to AZs (Wang et al., 2014; Beckwith-Cohen et al., 570 

2019). Their approach was approximated in this study where a “kisser” probe (Stawarski et al., 2018) 571 

placed SE-pHluorin and mCherry in the cleft adjacent to presynaptic VGCCs. (Fig. 7A-B). Rather than 572 

acidification, we observed alkalinization following activity (Fig. 7E-F). The difference in polarity of 573 

cleft pH signals between the studies might be attributed to a higher rate of SVs exocytosis at AZs in 574 

ribbon synapses (DeVries, 2001; Cho and von Gersdorff, 2014). At retinal ribbon synapses cleft 575 

acidification has also been attributed to vacuolar-type ATPase mediated H+ efflux from depolarizing 576 

postsynaptic cells (horizontal cells) (Hirasawa et al., 2012; Wang et al., 2014). Cone photoreceptor 577 

clefts acidify by 0.14 pH units as neurotransmission recommences subsequent to a light flash 578 

(Wang et al., 2014), while Drosophila NMJ clefts alkalinize by 0.12 pH units during a physiological-579 

grade stimulus train (Fig. 5B-C). Ultimately, a direct comparison of magnitudes provides limited 580 

insight if different mechanisms underlie the pH transients. A non-vesicular source of protons, e.g. 581 

from depolarizing postsynaptic cells, may explain the slow time course of cleft acidification at the 582 

retinal ribbon synapses (tau  several hundred milliseconds), yet it is not so different to the 583 

progressive cleft alkalinization during a train at the Drosophila NMJ (Fig. 5B). 584 

 Release at retinal ribbon synapses is mediated by graded depolarization whereas release at 585 

an NMJ is triggered by an AP. The tight synchronicity at the NMJ provides an ideal opportunity to 586 

temporally characterize cleft pH consequences of neurotransmission. Following a single nerve 587 

impulse, the time course of cleft alkalinization and re-acidification is in close register with the 588 

postsynaptic cytosolic Ca2+ signal measured with a GECI (Fig. 4G-I). Indeed, electroneutral exchange 589 

of Ca2+ for 2H+ across the PMCA has been shown to alkalinize the extracellular space in different 590 

portions of mammalian hippocampal and cerebellar cortical preparations (reviewed by (Chesler, 591 

2003; Makani and Chesler, 2010a). The PMCA plays a prominent role in Ca2+ extrusion from both 592 
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pre- and post-synaptic compartments at the Drosophila NMJ (Lnenicka et al., 2006; Desai and 593 

Lnenicka, 2011), and the data presented here are consistent with the PMCA generating the activity-594 

dependent alkaline transients. For example, the reduced magnitude of alkalinization at the calyx 595 

synapse relative to the Drosophila larval NMJ is consistent with a reduced requirement for PMCA 596 

extrusion. At the calyx of Held, only ~25% of presynaptic Ca2+ influx is extruded via the PMCA (Kim et 597 

al., 2005), and activity-dependent postsynaptic Ca2+ entry is limited (Lujan et al., 2019). While our 598 

data are fully in support of the PMCA as the mechanism underlying cleft alkalinization, further 599 

experiments may be required for confirmation. Alkalinization is not caused by neurotransmitter 600 

release per se, as Ca2+ in the extracellular space will allow exocytosis, but no pH cleft transient was 601 

detected if glutamate blocks Ca2+ permeation of postsynaptic glutamate receptors (Fig. 2H). This 602 

result emphasizes Ca2+/H+ exchange across the postsynaptic membrane as the most substantial 603 

contributor to transient cleft alkalinization. Significantly, the absence of cleft alkalinization even 604 

when presynaptic PMCA is active does not preclude PMCA activity as the responsible mechanism, as 605 

postsynaptic Ca2+ influx may be as much as 100 fold greater than that on the presynaptic side, 606 

depending on the permeability of glutamate receptors to Ca2+ relative to Na+ (Lu et al., 2016). 607 

 In two previous studies, extracellular pH-sensitive fluorescent dyes and proteins in brain 608 

slice preparations revealed transient acidification in response to presynaptic stimulation, prior to 609 

more substantial alkalinization (Krishtal et al., 1987; Du et al., 2014). In both studies, there is room to 610 

argue that the signal from the cleft of these conventional neuronal synapses was drowned out by 611 

the signal from the much larger extra-synaptic volume, but it would seem even less plausible that 612 

the acidic transient arose outside the cleft. Our experiments revealed no signs of acidification in 613 

response to a single AP at the Drosophila NMJ, or in response to bursts of APs at the Drosophila NMJ 614 

or the mouse calyx of Held synapse. Significantly, line scan data collected on a CLSM at rates up to 615 

560 lines-per-second showed no sign of an initial acidic transient at the Drosophila NMJ. However, 616 

we should accept that there may be certain classes of conventional neuronal synapses with a high 617 

probability of release per AZ, and a low reliance on PMCA, where acidification develops into a 618 
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measurable signal at the onset of activity. 619 

 One the face of it, the release of protons into the synaptic cleft should result in cleft 620 

acidification. However, we can expect acidification to be ameliorated by the rapid reactions within 621 

the phosphate and bicarbonate buffering systems, and the rapid diffusion and dilution of protons 622 

and their reaction products into the substantially larger volume of the synaptic cleft. A model based 623 

on a reaction-diffusion scheme is required to adequately accommodate this complexity, but even a 624 

rudimentary consideration suggests that the lifetime of any acid transient will be extremely short. 625 

The lateral extent of the synaptic cleft is substantially greater than the distance between pre- and 626 

post-synaptic membranes, and so diffusion within the cleft might be reduced to a two dimensional 627 

problem. Sites of release (AZs) can be placed at the nodes of an infinite square lattice, and given 628 

coordinates (xi=i*L, yj =j*L), where i and j are integers and L (0.8 μm) is the distance between 629 

adjacent AZs. The bulk of the protons available to be released from a SV will not be free in the 630 

lumen, but rather, bound to glutamate (Cho and von Gersdorff, 2014), and possibly bound to ATP co-631 

loaded with glutamate. The time scale of the acid transient can be approximated by the time scale of 632 

two dimensional diffusion (τ) which can be calculated by = ( )∗ , where LRMS is the root mean 633 

square distance between AZs, and D is the effective diffusion coefficient including  all of the buffers 634 

(Berg, 1993). In the case when an AP triggers release at every AZ, i.e. where LRMS is 0.57 μm, a range 635 

of diffusion coefficients on the order of 10-5    (Vanysek, 2002; Somersalo et al., 2012) will result 636 

in  on the order of tens to hundreds of microseconds. The amplitude may be substantial but it will 637 

largely dissipate before the arrival of the following AP in a burst, and therefore unlikely to influence 638 

STSP. In contrast, cleft alkalinization, as a consequence of Ca2+ clearance as described in this 639 

manuscript, will largely persist until the arrival of a following AP at any burst frequency greater than 640 

~5 Hz, providing the basis for the potentiation of release or reception of neurotransmitters. 641 
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Figure Legends  845 

Figure 1. Trans-cuticular imaging of pHusion-Ex at the in vivo NMJ reveals synaptic cleft alkalinization 846 

during endogenous activity. (A) A restrained 3rd instar larva (between a glass slide and a cover slip; not 847 

shown) under a 20X objective. (B) NMJ cross section showing the cleft distribution of pHusion-Ex 848 

expressed using the motor neuron (MN) driver nSyb-GAL4. (C) pHusion-Ex fluorophores localized to the 849 

cleft through sequential C-terminus to N-terminus fusions of SE-pHluorin to FusionRed to the hPDGFR 850 

transmembrane domain. (D) The ratio of changes in the fluorescence intensity of pH-sensitive SE-851 

pHluorin relative to pH-insensitive FusionRed at an individual MN terminal (right-hand ordinate), 852 

revealing cleft alkalinization and reflecting spontaneous motor activity of fictive locomotion. Ratio 853 

changes are represented as pH changes on the left-hand ordinate. (E) Calibration curve (in situ) for 854 

pHusion-Ex. Plotted values normalized to pH 7.2. (F) NMJ cross section showing the cleft distribution of 855 

pHusion-Ex expressed using the muscle driver 24B-GAL4. Boutons of the axon terminal are embedded in 856 

the muscle which forms postsynaptic folds around the bouton. (G) pHusion-Ex fluorophores localized to 857 

the cleft as in C. (H) Trans-cuticular imaging of postsynaptically expressed pHusion-Ex at an individual 858 

NMJ reveals spontaneous cleft alkalinization of the synaptic cleft in vivo. (I-K) The intracellular Ca2+ 859 

reporter myr-FusionRed-GCaMP6m reveals the spontaneous motor activity of fictive locomotion in vivo. 860 

(I) NMJ cross section, showing the distribution of GCaMP6m and FusionRed expressed in motor neurons 861 

(nSyb-GAL4). (J) The C-terminus of GCaMP6m was fused to the N-terminus of myristoylated FusionRed. 862 

(K) Spontaneous changes in the fluorescence intensity of GCaMP6m relative to FusionRed. An increase 863 

in the fluorescence ratio (GCaMP6m/FusionRed) represents an increase in presynaptic Ca2+ levels. 864 

Fluorophore ratio measurements collected at 4.3 Hz in D, H and K.  865 

Figure 2. Imaging pHusion-Ex at the ex-vivo NMJ reveals alkalinization of the synaptic cleft in response to 866 

individual action potentials (APs). (A-K) Fluorescence data (ratios) were collected on an EMCCD camera 867 

at 94 Hz. (A) NMJ cross section, showing the cleft distribution of pHusion-Ex expressed using motor 868 

neuron (MN) driver nSyb-GAL4. (B) Example images of both SE-pHluorin and FusionRed fluorescence 869 
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under functional imaging conditions. (C) pHusion-Ex ratio during isolated nerve stimuli [average of 100 870 

stimuli (n=100) delivered at 1 Hz, at 5 NMJs (N=5)]. pH values, calculated from the change in the 871 

pHusion ratio, at far left (calibration shown in Figure 1E). (D) A transmission electron micrograph of a 872 

section through a MN terminal bouton (11,500X mag.), embedded in the muscle which forms highly 873 

elaborated postsynaptic folds (sub-synaptic reticulum; SSR) around the bouton. (E) NMJ cross section 874 

showing the cleft distribution of pHusion-Ex expressed using muscle driver 24B-GAL4. (F) Example 875 

images of fluorescence from both fluorophores throughout the SSR. (G) The pHusion-Ex ratio increased 876 

during nerve stimuli delivered at 1 Hz (n=100) in the presence or absence of ryanodine. (H) Extracellular 877 

glutamate at 7 mM occludes alkalinization of the synaptic cleft, while 7 mM aspartate does not. (I) NMJ 878 

cross section showing cleft localization of muscle expressed  (24B-GAL4) pHusion-Ex. (J) Example images 879 

of fluorescence in the SSR, as in F. (K) The pHusion-Ex ratio increased substantially in response to two 880 

stimuli delivered with an interval of 100ms (average of 100 paired stimuli delivered at 1 Hz). (L-Q) 881 

Fluorescence data were collected on a confocal laser scanning microscopy (CLSM) at 560 Hz. (L) NMJ 882 

cross section showing muscle localization of pHusion-Ex. (M) Left, CLSM image of SE-pHluorin 883 

fluorescence in the SSR. Right, annotation to show the tracks of two different scans (a and b). (N) Top, a 884 

series of lines scanned along “a” in M. The time of nerve impulse delivery is coincident with a white 885 

vertical LED scar. Bottom, fluorescence intensity plot of the scanned lines shown as % F/F ([(Fstim-886 

Frest)/Frest] x 100). (O) As in N, but for a series of lines scanned along “b” in M. (P) Plots of the average 887 

responses along each track (N=1, n=100; impulses delivered at 1 Hz). (Q) A plot of the average response 888 

to nerve impulses delivered at 1 Hz, from 6 NMJs (N=6) (n=100 each). 2 mM Ca2+ and 20 mM Mg2+, used 889 

throughout. 100 M ryanodine used to stifle muscle contraction in C, G and K. 890 

Figure 3. A chemical pH reporter trapped in the cleft at the ex vivo NMJ confirms the occurrence of 891 

AP-evoked alkaline transients. (A) NMJ cross-section showing the cleft distribution of PMCA-kisser-892 

FAP expressed using the muscle driver 24B-GAL4. (B) Topology and composition of PMCA-kisser-FAP; 893 

a protein with an extracellular Fluorogen Activating Peptide (FAP) fused to an intracellular 894 

engineered form of the Drosophila PMCA C-terminus. Elements of the PMCA C-terminus anchor it in 895 
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the vicinity of endogenous PMCA at the NMJ (see methods). (C) The fluorogen, a PM-impermeable 896 

dye (se-Red-pH), has two absorbance maxima (551 & 633 nm) and becomes fluorescent only upon 897 

binding to the FAP tag. Alkalinization results in a decrease in the fluorescence intensity ratio of se-898 

Red-pH, while acidification leads to an increase in the ratio. (D) PMCA-kisser-FAP, labeled with se-899 

Red-pH, localized to the SSR, and imaged live. (E) Calibration curve (in situ) for PMCA-kisser-FAP 900 

bound se-Red-pH. Plotted values normalized to pH 7.2. (F) The average se-Red-pH fluorescence ratio 901 

during an isolated AP stimulus (N=5, n=100; impulses delivered at 1 Hz) (left ordinate). Ratio 902 

measurements collected at 94 Hz on an EMCCD camera. Note the inverted ordinate. pH values, 903 

calculated from the change in the ratio, at far left, and reveal alkalinization of the synaptic cleft. 2 904 

mM Ca2+, 20 mM Mg2+ and 100 M ryanodine used throughout. 905 

Figure 4. Cleft alkalinization is synchronous with Ca2+ extrusion from adjacent synaptic compartments. 906 

(A) NMJ cross-section, showing the distribution of Coincidence Detector 1.0 construct expressed using 907 

the muscle driver 24B-GAL4.  (B) The topology and composition of the construct relative to the cleft. (C-908 

D) Images of Coincidence Detector 1.0 at a live NMJ (MN6/7-Ib): (C) SE-pHluorin fluorescence and (D) 909 

jRGECO1a fluorescence imaged 0.3 s prior to, 0.09 s after, and 0.3 s after a nerve stimulus. Each image 910 

represents an 8 ms exposure averaged from 50 trials (50 stimuli delivered at 0.6 Hz). The look-up-table 911 

(LUT) used in C and D is shown in C. (E) Fluorescence image from an HRP antibody conjugated with 912 

DyLight405 at the live NMJ. (F) Plots showing the fluorescence intensity of SE-pHluorin and jRGECO1a at 913 

the terminals in C and D, minus background, at each sampling interval over 10 stimuli (fluorescence 914 

from each fluorophore was collected on the EMCCD camera at 56 Hz and interdigitated with the other 915 

fluorophore). (G) Average response (% F/Frest) of each fluorophore to a single nerve stimulus (data from 916 

C and D, i.e. all 50 stimuli), where Frest is the average fluorescence value immediately before each nerve 917 

stimulus. (H) Data from G normalized to a peak value of 1. (I) Data from H plotted on an expanded time 918 

scale at the time of nerve stimulus. 2 mM Ca2+, 20 mM Mg2+ and 100 M ryanodine used throughout. 919 
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Figure 5. Burst-evoked cleft alkalinization is modulated by extracellular pH buffering capacity. (A) NMJ 920 

cross section, showing the cleft distribution of pHusion-Ex expressed in muscle (24B-GAL4). (B) Averaged 921 

pHusion-Ex ratio responses to 21 Hz trains (950 ms) of impulses delivered to the nerve under different 922 

extracellular buffering conditions. Black trace: 15 mM NaHCO3 (N=8). Blue trace: 15 mM NaHCO3 with 923 

100 M acetazolamide added to block carbonic anhydrase (CA; N=6). Red trace: 10 mM NaHCO3, with 5 924 

mM HEPES (N=7). Ratio measurements collected at 10 Hz. (C) A plot of the pHusion-Ex peak change in 925 

ratio ( R) in individual experiments. Muscle contractions were blocked through 30 minute prior 926 

incubation in 100 μM ryanodine. 927 

Figure 6. Activity-dependent pH changes at the mammalian calyx of Held synapse. (A) 928 

Representation of the calyx of Held synapse, highlighting the presynaptic terminal (red), 929 

postsynaptic cell body (blue), and synaptic cleft between the presynaptic and postsynaptic 930 

compartments. (B) Transmission electron micrograph illustrating the synapse from a P22 mouse. 931 

False-color is overlaid using the color code in panel A. Note extended apposition of presynaptic (red) 932 

and postsynaptic (blue) membranes. (C) Magnification of the boxed area marked in panel B, with 933 

false-color highlighting presynaptic terminal (red), postsynaptic cell (blue) and synaptic cleft (green). 934 

(D) An unobscured view of the section shown in C. Presynaptic active zone (AZ) is identified as 935 

presynaptic electron-dense material surrounded by synaptic vesicles. Trans-synaptic puncta 936 

adherentia (PA) are also observed as dense material on opposing membranes, but lack SV clusters. 937 

An example of extended extracellular spaces (EES) is also captured in this image, and is characteristic 938 

of these synapses. (E)  Schematic representation of expression pattern of pHusion-Ex probe. 939 

Fluorophores are anchored to the calyx of Held presynaptic membrane, and exposed to the 940 

extracellular synaptic cleft milieu (as well as outside the cleft). (F) Widefield fluorescence image of 941 

pHusion-Ex expression at the synapse in a brain slice, showing spatially restricted expression at the 942 

presynaptic terminal, and colocalization of the two fluorophores. Left panel is SE-pHluorin (green), 943 

middle is FusionRed (magenta), right is merged image. Scale bar is 10 μm. (G) Average response of 944 

N=4 pHusion-Ex expressing terminals to changes in extracellular pH. Bath pH indicated at top of plot. 945 
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pHusion-Ex was bidirectionally responsive to decreased (6.7) and increased (7.7) bath pH. (H) cleft 946 

pH increases during synaptic activity. Plot of average pHusion-Ex ratio (divided by the initial pHusion-947 

Ex ratio) during high frequency stimulation (400 Hz, 1 sec, indicated by grey bar). Note the clear 948 

increase in pH in the synaptic cleft during activity.  (***p=0.0004). (I) Summary plot of pHusion-Ex 949 

responses to activity in low (no HEPES), and high (5 mM HEPES) pH buffering media. Filled symbols 950 

are individual peak pHusion-Ex responses, open squares are mean ± SEM (**p=0.0035). (J) 951 

Representation of cyto-pHusion probe at the calyx of Held synapse, where the probe is restricted to 952 

the presynaptic cytosol. (K) Example widefield fluorescence image of cyto-pHusion showing specific 953 

presynaptic localization. Left panel is SE-pHluorin (green), middle is FusionRed (magenta), right is 954 

merged image. Scale bar is 10 μm. (L) Average response of N=2 cyto-pHusion expressing terminals to 955 

bath applied 50 mM NH4Cl in a saline buffered to 7.2. On exposure to NH4Cl, initial alkalinization by 956 

NH3 entry is followed by plateau-phase acidification due to NH4
+ accumulation in the cytosol. (M) 957 

Synaptic activity acidifies the presynaptic cytosol. Plot (N=7) of average cyto-pHusion ratio (divided 958 

by the initial cyto-pHusion ratio) during high frequency stimulation (400 Hz, 1 sec). The terminal 959 

rapidly acidifies during activity (**p=0.0034), and rapidly but partially recovers after stimulation is 960 

terminated. (N) Summary plot of cyto-pHusion responses unaffected by the level of extracellular pH 961 

buffering. Filled symbols are individual cyto-pHusion peak responses, open squares are mean ± SEM. 962 

  963 
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Figure 7. Imaging Cac-kisser-pHerry-TM at the ex-vivo NMJ confirms alkalinization within the cleft at the 964 

AZ proper. (A) Topology and composition of Cac-kisser-pHerry-TM at the Drosophila NMJ. SE-pHluorin is 965 

fused to mCherry in the extracellular space while an intracellular engineered form of the Drosophila Cav2 966 

voltage-gated Ca2+ channels (Cacophony, Cac) C-terminus localizes the fluorophores laterally within the 967 

cleft at the AZ Ca2+ channels. (B) Example images of presynaptic SE-pHluorin and mCherry fluorescence 968 

of Cac-kisser-pHerry-TM under functional imaging conditions. (C) Topology and composition of pHerry-969 

Ex; similar to pHusion-Ex (Fig. 1C). (D) Example images of presynaptic SE-pHluorin and mCherry 970 

fluorescence of pHerry-Ex. Presynaptic expression driven by motor neuron driver nSyb-GAL4 in B and D. 971 

(E) The average ratio change in Cac-kisser-pHerry-TM (cleft), pHerry-Ex (cleft) and GCaMP6m 972 

(postsynaptic) fluorescence ( R), in response to nerve stimulation (40 impulses delivered at 42 Hz) at 973 

time = 0. Data were collected from 6, 8 and 1 separate NMJs, respectively. Postsynaptic expression of 974 

myr-FusionRed-GCaMP6m driven by 24B-GAL4. R(%) shown for the pH-sensitive probes on the left 975 

ordinate, Ca2+-sensitive probe on the right. Fluorescence data (ratios) were collected on an EMCCD 976 

camera at 19 Hz. (F) Plot of the stimulated ratio response from individual preparations. Mean with 977 

standard deviation. * p=0.012, Student’s t test. Muscle contractions were blocked through 30-minute 978 

incubation in 100 μM ryanodine. (G) Distribution of SE-pHluorin and mCherry of presynaptic Cac-kisser-979 

pHerry-TM examined at a live NMJ on a confocal microscope. (H) Examination of presynaptic Cac-kisser-980 

pHerry-TM at a fixed NMJ. Antibodies were applied for the neuronal plasma membrane ( HRP-Dylight 981 

405), the AZ protein Brp (nc82-AF555) and SE-pHluorin ( GFP-AF488).  982 
















