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Suppression of Presynaptic Glutamate Release by
Postsynaptic Metabotropic NMDA Receptor Signalling
to Pannexin-1

Jennifer Bialecki,' Allison Werner,' Nicholas L. Weilinger,' Catharine M. Tucker,' ““Haley A. Vecchiarelli,' Jon Egaiia,’
Juan Mendizabal-Zubiaga,> Pedro Grandes,” Matthew N. Hill,' and Roger J. Thompson'

'Hotchkiss Brain Institute, Department of Cell Biology and Anatomy, University of Calgary, Calgary, Alberta T2N 4N1, Canada, and *Department of
Neurosciences, University of the Basque Country UPV/EHU, 48940 Leioa, Spain

The impact of pannexin-1 (Panx1) channels on synaptic transmission is poorly understood. Here, we show that selective block of Panx1
in single postsynaptic hippocampal CA1 neurons from male rat or mouse brain slices causes intermittent, seconds long increases in the
frequency of SEPSC following Schaffer collateral stimulation. The increase in sEPSC frequency occurred without an effect on evoked
neurotransmission. Consistent with a presynaptic origin of the augmented glutamate release, the increased sEPSC frequency was pre-
vented by bath-applied EGTA-AM or TTX. Manipulation of a previously described metabotropic NMDAR pathway (i.e., by preventing
ligand binding to NMDARs with competitive antagonists or blocking downstream Src kinase) also increased sEPSC frequency similar to
that seen when Panx1 was blocked. This facilitated glutamate release was absent in transient receptor potential vanilloid 1 (TRPV1) KO
mice and prevented by the TRPV1 antagonist, capsazepine, suggesting it required presynaptic TRPV1. We show presynaptic expression
of TRPV1 by immunoelectron microscopy and link TRPV1 to Panx1 because Panx1 block increases tissue levels of the endovanilloid,
anandamide. Together, these findings demonstrate an unexpected role for metabotropic NMDARs and postsynaptic Panx1 in suppres-

sion of facilitated glutamate neurotransmission.
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Significance Statement

The postsynaptic ion and metabolite channel, pannexin-1, is regulated by metabotropic NMDAR signaling through Src kinase.
This pathway suppresses facilitated release of presynaptic glutamate during synaptic activity by regulating tissue levels of the

transient receptor potential vanilloid 1 agonist anandamide.

Introduction

Pannexin-1 (Panx1) is an ion/metabolite channel that is broadly
distributed in the brain (Bruzzone et al., 2003; Vogt et al., 2005)
and highly expressed in the postsynaptic density (Zoidl et al.,
2007). Panx1 opening is implicated in several pathologies, in-
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cluding neuronal death during ischemia (Thompson et al., 20065
Bargiotas et al., 2011; Weilinger et al., 2012), NMDAR excitotox-
icity (Thompson et al., 2008; Weilinger et al., 2016), inflam-
masome activation in the gut (Gulbransen et al.,, 2012), and
inflammation in the vasculature (Lohman et al., 2015). An im-
portant role for Panx1 in ATP release during apoptosis has also
been proposed (Chekeni et al., 2010). Despite the clear roles of
Panx1 opening in pathology, our understanding of the physio-
logical functions of Panx1 in the brain is limited.

We showed recently that Panx1 opening following phosphor-
ylation of its C-terminal regulatory domain by sarcoma (Src)
kinase contributes to neuronal death during NMDAR excitotox-
icity (Weilinger et al., 2016). In other studies, it was reported that
Src phosphorylation of Panx1 in the channel’s intracellular loop
(atY198) in vascular smooth muscle can regulate ATP release and
may contribute to hypertensive pathologies (DeLalio etal., 2019).
Thus, Src kinase appears to be a potent regulator of Panx1 activ-
ity. Src also phosphorylates NDMARs in neurons and contributes
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to chronic pain through potentiation of the receptor (Yu et al.,
1997; Salter and Kalia, 2004; Yang et al., 2012). Given the impact
of Src activity on both NMDARs and Panxl, we tested here
whether the NMDAR-Src-Panx1 signalsome contributes to syn-
aptic activity in the hippocampus. We show that blocking Panx1
in single postsynaptic CA1 neurons generates intermittent facil-
itation of glutamate release during low-frequency Schaffer collat-
eral stimulation. Moreover, blocking Src directly or preventing
ligand binding (both glutamate and glycine) to NMDARs caused
similar stimulation-dependent facilitated glutamate release. We
further show that blocking Panx1 increased tissue concentrations
of the transient receptor potential vanilloid 1 (TRPV1) channel
agonist anandamide (AEA) and that the facilitated release
was TRPV1-dependent. Our findings show that metabotropic
NMDAR-Panx1 opening in the postsynapse is a homeostatic reg-
ulatory mechanism that buffers AEA accumulation and sup-
presses TRPV1-dependent glutamate release. A portion of these
data have posted on the BioRxiv preprint server (Bialecki et al.,
2018).

Materials and Methods

Animals. All animal care and use were in accordance with the Canadian
Council on Animal Care guidelines and approved by the University of
Calgary’s Animal Care and Use Committee. Male Sprague Dawley rats,
21-37 d of age, were housed on a 12 h light/dark cycle with access to
Purina Laboratory Chow and water ad libitum. Male WT mice (C57BL/
6]), conditional pannexin-1 KO mice (Panx™-wfs1-Cre) (Weilinger et
al.,2012),and TRPV1 KO mice (TRPV1 ™/~ Birder etal., 2002) were bred
in-house and kept under the same conditions as the rats. Panx1 KO was
achieved by intraperitoneal tamoxifen injections (100 mg/kg) once daily
for 5 d (Weilinger et al., 2012). Control conditions for Panx1 KO were
littermates that received injections of the vehicle alone (95% corn oil 5%
ethanol) once daily for 5 d.

Chemicals and reagents. All salts were from Millipore Sigma. Cap-
sazepine (CPZ) at a final in vitro concentration of 10 um) was from
Tocris Bioscience. The selective peptide inhibitor of Panxl, '’panx
(WRQAAFVDSY), and its scrambled control peptide, sc '°panx (FSVY-
WAQADR), were synthesized by AnaSpec or New England Peptide and
used at the final concentration of 100 um. The C-terminal anti-Panx1
polyclonal antibody (a-panxl; 0.25 ng/ul), which blocks Panxl when
included in the patch pipette (Weilinger et al., 2012, 2016), was from
Invitrogen (catalog #488100, rabbit polyclonal). Its control (Weilinger et
al.,, 2016) was an anti-connexin-43 polyclonal antibody (a-Cx43; 0.3
ng/ul) that was from Abcam (catalog #ab11370). All drugs were dis-
solved in water, DMSO, or ethanol and aliquoted and frozen until use.
Drugs were then dissolved into aCSF at their final concentrations. Final
concentrations of DMSO or ethanol did not exceed 0.1%. The aCSF was
saturated with 95% O,/5% CO, and contained 120 mm NaCl, 26 mm
NaHCO;, 3 mm KCl, 1.25 mm NaH,PO,, 1.3 mm MgCl,, 2 mm CaCl,, 10
mM glucose, and 100 uM picrotoxin.

Acute hippocampal slice preparation. Rats or mice were anesthetized by
isoflurane inhalation in air and decapitated; the brain was extracted,
blocked, mounted on a vibrating slicer (VT1200S; Leica Microsystems),
and submerged in an ice-cold high-sucrose solution consisting of the
following (in mm): 87 NaCl, 2.5 KCl, 25 NaHCO;, 0.5 CaCl,, 7 MgCl,,
1.25 NaH,PO,, 25 glucose, and 75 sucrose, saturated with 95% O,/5%
CO,. Transverse hippocampal slices were cut (370 um for rats and 300
um for mice) and placed into a chamber containing aCSF at 33°C for at
least 1 h before use.

Electrophysiology. Slices were transferred to a recording chamber and
constantly perfused with aCSF (33°C-35°C) at a rate of 1-2 ml/min.
Visualization of hippocampal CA1 pyramidal neurons was achieved with
differential interference contrast microscopy with an Olympus BX51Wi
microscope. Electrophysiological data were collected with a MultiClamp
700B amplifier and digitized with a Digidata 1440A analog to digital
converter (Molecular Devices) at 10 kHz and low-pass Bessel filtered at 1
kHz. Data were recorded using pCLAMP 10, Clampex 10.3, and Axo-
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scope 10.3 (Molecular Devices) software and stored for future analysis
with Clampfit 10.3, GraphPad Prism, and Excel (Microsoft). Whole-cell
voltage-clamp recordings were performed using borosilicate glass micro-
electrodes (Sutter Instrument) with a tip resistance of 3—6 m{) that were
pulled using a P-1000 Flaming/Brown Micropipette Puller (Sutter In-
strument). Microelectrodes were filled with an intracellular solution
containing 108 mM potassium gluconate, 2 mm MgCl,, 8 mm sodium
gluconate, 8 mm KCl, 2.5 mm K,-EGTA, 4 mm K,-ATP, and 0.3 mm
Na,-GTP at pH 7.25 with 10 mm HEPES. Access resistance (R,) was
monitored over the course of the experiments and was <8 m{) (range
7—8 M()) after break-in or the cell was discarded. Cells were also dis-
carded from the dataset if R, reached 10 M{) atany pointin the recording.
The holding potential was —70 mV unless otherwise noted.

Panx1 block in single CA1 pyramidal neurons was achieved by inclu-
sion of an anti-Panx1 polyclonal antibody (a-Panx1;0.25 ng/ ul) or its
negative control, anti-connexin-43 polyclonal antibody (a-Cx43; 0.3 ng/
ml) in the patch pipette, as previously described (Weilinger et al., 2012,
2016). To buffer intracellular Ca*", we included 10 mm BAPTA in the
pipette. In the figures, within cell comparisons are indicated by the
straight line joining the data points in the absence (unfilled bars/sym-
bols) and following (filled bars/symbols) Schaffer collateral paired-pulse
stimulation (PPS).

In most experiments, within-cell comparisons between no stimulation
and Schaffer collateral stimulation were used: After formation of the
whole-cell configuration, we allowed 10 min for equilibration of the
intracellular solution, followed by 5 min of recording sEPSCs. A stimu-
lating electrode was then placed in the Schaffer collateral pathway, and
PPSs (1 ms pulse duration and 50 ms interpulse interval) were applied at
0.05 Hz for 5 min. Stimulation strength was set at 50% of the maximum
evoked response for the duration of the recording. Detection and quan-
tification of sEPSC interevent intervals and amplitude were with Clamp-
fit (Molecular Devices) using a template-based protocol. The sEPSC
template was the average of all the events during the 5 min baseline
recording. During analysis, the user manually approved (or not) each
SsEPSC event that was initially identified by Clampfit. User-rejected
events were very rare when R, remained <10 M(). sSEPSC peak amplitude
and interevent interval for the 5 min baseline were compared with the
subsequent 5 min period, and Schaffer collaterals were stimulated.

Amplitudes were determined by single Gaussian fits to the distribution
of peak sEPSC amplitudes. We compared the cumulative amplitude dis-
tributions of the last 200 sSEPSC events from the baseline (i.e., no Schaffer
collateral stimulation) to the experimental period (with Schaffer collat-
eral stimulation) using Kolmogorov—Smirnov statistics (K-S; GraphPad,
Prism 7). Significance was set as p < 0.001 for comparison of distribu-
tions because the datasets are large (Kim and Alger, 2010).

The frequency of SEPSCs was determined as the inverse of the average
interevent interval for the 5 min recording segments. Cumulative inter-
event interval distributions were compared using K-S tests (with p <
0.001). Under each experimental condition, all of the baseline (i.e., pre-
stimulation) events for each neuron were compared with all of the sSEPSC
events during the 5 min stimulation period. Paired-pulse ratios (PPRs)
were calculated as the ratio of the peak amplitudes of the evoked EPSC
(eEPSC) peak 2 divided by the amplitude of evoked peak 1; here a
between-cells design was necessary (i.e., control conditions were not the
same cells as Panx1 blocked). Data were compared using nonparametric
statistics with either the Wilcoxon matched-pairs signed rank test (for
paired data from within cell experimental design), the Kruskal-Wallis
(K-W) test (with Dunn’s multiple comparisons) for >2 conditions that
shared the same baseline, or Mann—Whitney U test for unpaired popu-
lations of neurons. Significance was set at p = 0.05. All results are pre-
sented as mean *+ SEM with n equal to the number of neurons. Only one
neuron was evaluated per hippocampal slice and at least 3 animals were
used for each condition.

RNA isolation and reverse transcription. Hippocampi and DRG tissue
from both male and female mice were collected from C57BL/6] or
TRPV1 /" strains. Total RNA was extracted from tissue using the
RNeasy Plus Micro Kit (QIAGEN). Total RNA (1.0 ug) was reverse-
transcribed into cDNA by using Superscript IV VILO Master Mix with
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ezDNase (Invitrogen). The resulting cDNA was used as a template for
PCR amplification and stored at —20°C if not used immediately.

PCR. PCR amplification was performed using 1.0 ul of cDNA and
KAPA HiFi HotStart ReadyMix (Kapa Biosystems) with TRPV1 primers
(forward 5'-CATGCTCATTGCTCTCATGG and reverse 5'-GCCT
TCCTCATGCACTTCAG) in an Eppendorf Mastercycler Gradient
GSX1 Thermal Cycler. The PCR program used consisted of a 5 min
incubation at 95°C followed by 35 cycles of 98°C for 20 s, 60°C for 15's,
72°Cfor 15 s, and a final incubation of 72°C for 5 min. PCR amplification
products were separated on a 1.0% agarose gel and stained with Safe-Red
to verify their size using a 100 bp DNA ladder.

Quantitative PCR (qPCR). gPCR was performed using 1.0 ul of cDNA
and PowerUp SYBR Green Master Mix (Applied Biosystems), following
the Fast PCR protocol, in a QuantStudio 3 Real-Time PCR System.
Mouse B-actin QuantiTect Primer Assay (QIAGEN) was purchased as a
control gene, and TRPV1 primers used were as mentioned above for PCR.
TRPV1 primer quality was validated through a qPCR standard curve. Assays
were run on MicroAmp Fast Optical 96-Well Reaction Plates (Applied Bio-
systems) in triplicates. Fold expression of TRPV1 mRNA levels in hip-
pocampi compared with DRGs was determined using the 2 ~24<* method
after normalization to internal control B-actin RNA levels.

Electron microscopy (EM). Five WT TRPV1 and 5 TRPVI /" adult
mice of either sex were used in this study. TRPV1 ~/~ mice (C57BL/6]
background) (Birder et al., 2002) were originally from The Jackson Lab-
oratory (strain B6.129X1-TrpvItm1Jul/]). Experimental animals were
genotyped by PCR under standard buffer conditions using the primer
pair 5'-CCT GCT CAA CAT GCT CAT TG-3'" and 5'-TCC TCA TGC
ACT TCA GGA AA-3' for the WT locus. The primer pair 5'-CAC GAG
ACT AGT GAG ACG TG-3"and 5'-TCC TCA TGC ACT TCA GGA
AA-3" was used to detect a fragment in the Neo cassette, specific for the
mutant TRPV1 locus. All four primers were used together in the reaction
mix (94°C/3 min; 35 X [94°C/30's, 64°C/1 min, 72°C/1 min]; 1 X 72°C/2
min; 1 X 10°C hold).

Homozygous TRPVI '~ and WT littermates (TRPV1 /") from
heterozygous breedings were used for experiments. They were deeply
anesthetized by intraperitoneal injection of ketamine/xylazine (80/10
mg/kg body weight) and then transcardially perfused at room tempera-
ture with PBS (0.1 M, pH 7.4) for 20 s, followed by the fixative solution
made up of 4% formaldehyde (freshly depolymerized from PFA), 0.2%
picricacid, and 0.1% glutaraldehyde in PB (0.1 M, pH 7.4) for 10—15 min.
Brains were then removed from the skull and postfixed in the fixative
solution for ~1 week at 4°C. Afterward, brains were stored at 4°C in 1:10
diluted fixative solution until used.

Preembedding immunogold method for TRPV1 EM. Coronal 50-um-
thick hippocampal vibrosections were collected in 0.1 M PB at room
temperature. Then, they were preincubated in a blocking solution of 10%
BSA, 0.1% sodium azide, and 0.02% saponine prepared in Tris-HCIl
buffered saline (TBS 1X, pH 7.4) for 30 min at room temperature. Sec-
tions were incubated with the primary goat TRPV 1 antibody (1:100, VR1
(P-19), sc-1249, Santa Cruz Biotechnology) prepared in the blocking
solution but with 0.004% saponin, for 2 d at 4°C. After several washes,
tissue sections were incubated with 1.4 nm gold-labeled rabbit antibody
to goat IgG (Fab fragment, 1:100, Nanoprobes) prepared in the same
solution as the primary antibody for 3 h at room temperature. Tissue was
washed overnight at 4°C and postfixed in 1% glutaraldehyde for 10 min.
After several washes with 1% BSA in TBS, gold particles were silver-
intensified with a HQ Silver Kit (Nanoprobes) for 12 min in the dark.
Then, sections were osmicated, dehydrated, and embedded in Epon resin
812. Finally, ultrathin sections were collected on mesh nickel grids,
stained with lead citrate, and examined in a Philips EM208S electron
microscope. Tissue preparations were photographed by using a digital
camera coupled to the electron microscope. Specificity of the immu-
nostaining was assessed by incubation of the TRPVI antiserum in
TRPV1 '~ hippocampal tissue in the same conditions as above.

Statistical analysis of TRPV1 in the CA1 hippocampus. CA1 hippocam-
pal sections (50 wm thick) from TRPV1 */* and TRPVI ™/~ mice (1 =5
each) showing good and reproducible silver-intensified gold particles
were cut at 80 nm. Electron micrographs (18,000—28,000 X ) were taken
from grids (2 mm X 1 mm slot) with ultrathin sections showing similar
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labeling intensity indicating that selected areas were at the same depth.
Furthermore, to avoid false negatives, only ultrathin sections in the first
1.5 wm from the surface of the tissue block were examined. Positive
labeling was considered if at least one immunoparticle was within ~30
nm from the plasmalemma.

TRPV1 metal particles on axon terminals were visualized and counted
in randomly taken electron micrographs from both animal types. The
number of positive terminals was normalized to the total number of
terminals in the images to identify the proportion of TRPV1-positive
profiles in TRPV1*'* versus TRPVI /", Results were expressed as
means of independent data points = SEM. Statistical analyses (Unpaired
Student’s t test) were performed using GraphPad software 5.0 (GraphPad
Software) and significance was set a p < 0.05.

Mass spectrometric quantification of AEA levels. Hippocampal slices
were prepared as described above and underwent whole-cell patch-
clamp recording with Schaffer collateral stimulation in aCSF or aCSF
with 100 um '°panx or 10 um CPZ before lipid extraction as previously
described (Qi et al., 2015). In brief, tissue samples were weighed and
placed in borosilicate glass culture tubes containing 2 ml of acetonitrile
with 5 pmol of [ ?Hg] AEA for extraction. These samples were homoge-
nized with a glass rod, sonicated for 30 min, incubated overnight at
—20°C to precipitate proteins, and then centrifuged at 1500 X gfor 5 min
to remove particulates. Supernatants were removed to a new glass culture
tube and evaporated to dryness under N, gas, resuspended in 300 ul of
acetonitrile to recapture any lipids adhering to the tube, and redried
again under N, gas. The final lipid extracts were suspended in 200 ul of
acetonitrile and stored at —80°C until analysis. AEA contents within lipid
extracts were determined using isotope-dilution, liquid chromatography-
tandem mass spectrometry as previously described (Qi et al., 2015).

Results

Block of postsynaptic Panx1 facilitates glutamate release
following Schaffer collateral stimulation

To evaluate putative roles of Panx1 in spontaneous and evoked
neurotransmission, we selectively inhibited the channels in single
postsynaptic CA1 neurons by inclusion of a blocking antibody,
a-panx1 (0.25 ng/ul) in the patch pipette (Weilinger et al., 2012,
2016). Properties of sEPSC over a 5 min baseline were compared
with those in the subsequent 5 min when PPSs were applied to the
Schaffer collaterals (0.05 Hz, 1 ms pulse duration, 50 ms interstim
interval), which also allowed for evaluation of evoked responses.
All bathing solutions contained 100 um picrotoxin to block
GABA, receptors.

Figure 1A—F illustrates responses of a CA1 neuron to PPS with
the control pipette solution, and Figure 1G-L is from a different
CA1 neuron with a-panxl in the pipette. Figure 1A shows 20-s-
long recordings before (left) and after (right) PPS of the Schaffer
collaterals, and Figure 1B, C shows the instantaneous frequency
of sEPSCs for the entire 5 min recoding periods of this neuron. As
expected, PPS did not alter the cumulative interevent interval
(Fig. 1D; n = 28 neurons from 28 slices, K-S test; p > 0.99; K-S,
D = 0.0019) nor the amplitude distribution of sEPSCs (Fig. 1D;
n = 28; K-S test; p > 0.99; K-S, D = 0.0003) under control
conditions. In contrast, inclusion of a-panxl1 in the pipette solu-
tion (Fig. 1G) caused a significant leftward shift in the cumulative
interevent interval distribution during PPS, indicating higher fre-
quency (Fig. 1H-J; n = 31; K-S test; p < 0.0001; K-S, D = 0.524).
The distribution of amplitudes was not changed (Fig. 1 K, L; p >
0.999; K-S test, K-S, D = 0.0005).

The mean * SEM frequency for the 5 min baseline (i.e., with-
out stim and without a-panx1) was 3.1 * 0.2 Hz, which was
significantly increased to 6.2 = 0.5 Hz with PPS and pipette
a-panx] (Fig. 2A; K-W test; p < 0.0001, K-W statistic = 33.17; all
other conditions vs control p > 0.99). The mean * SEM ampli-
tudes of sSEPSCs are shown in Figure 2B, and they did not signif-
icantly change from the control level of 16.5 = 0.4 pA under any



732 - ). Neurosci., January 22, 2020 - 40(4):729-742 Bialecki et al. @ Pannexin1 Suppresses Bursting of Glutamatergic Synapses

baseline (t=60s) t=60s (stim #3)

Wy L l[v rn]T"l i [ } F“rrhr‘ A LAt et M e
[ < PPS at 0.05Hz | !
=]
2]
1s
Bw <  baseline (no stim) C(,, « PPSatdotted lines
g <50 R I T N T N T S T T R B A
§8 ST L
£ 0 F=E TN | (N0 T A O A T O O [ T
%qg). o | LGB - I %ug). lpdie gt ol N I I
£E 0 60 120 180 240 300 £& ¢ 60 120 180 240 300
time (s) time (s)
D E F
51 0 P baseline with PPS 0.51 —& baseline (no stim)
o s B
2 / V4l _ baseline - —= with 0.05Hz PPS
&= /’ ---with PPS M =
00.5 © O N\
g |/ 8 e
© =
s |/ 5ms 8"'0 .q%“......
E N 25 50 75
° "0 1000 3000 5000 amplitude (B3
interevent interval (ms)
G
intracellular a—panx1 (t=60s) t=60s (stim no. 3)
Ludia fo it i 8 L L | i | 1 L
rr T prsato.0sHz
o
H T | intracellular a—panx1
o N intracellular a—panx1 o N PPS at dotted lines
§550 baseline (no stim) 3L507 | 4 i " i
c 3 2z
(8]
Q = T c
c @ o :
83 1 S 3 el L | |
o o 0 sl T Y 230
E& 0 60 120 180 240 300 c& O 60 120 180 240 300
time (s) time (s)
J 1.0
s baseline  with PPS
‘g ek / 05+ —— a-panxlnostim
& — baseline w - ’ === a-panx1 with stim
Los ---with PPS @ \
© T S
= =
£ 20 pA g g m
3 = [=fp =
©0 5ms
0 1000 3000 5000 N B e S S

interevent interval (ms) 75

25 50
amplitude (pA)
Figure 1. Block of Panx1 in single postsynaptic neurons enhances facilitated glutamate release during Schaffer collateral stimulation. A, Sample 20 s traces taken from 5 min recordings (as
indicated) from the same CA1 pyramidal neuron without Schaffer collateral stimulation (black) and with PPS (gray traces) using a control pipette solution. B, Time (5 min total) versus
instantaneous frequency under control conditions for the cell in A. ¢, Time (5 min total) versus instantaneous frequency during PPS of the Schaffer collaterals (vertical dashed lines) for
the cellin A. D, Cumulative distribution of the intereventinterval of SEPSC for the population of neurons. Comparisons were made by K-S tests (at p << 0.001). No change in the distribution
of interevent intervals was detected after Schaffer collateral stimulation under control conditions. E, Families of sEPSCs from the cell in A and B. Thick dark lines indicate mean sEPSCs.
F, Comparison of the distribution of SEPSC amplitudes before and after PPS delivery to the Shaffer collaterals. Amplitude was determined by fit of single Gaussian to the distribution. The
population of distributions were compared by K-S tests and were not different for the 29 neurons evaluated. G, Sample 20 s recordings under the condition where 0.25 ng/ .l cc-panx1
(anti-pannexin-1blocking antibody) is included in the patch pipette to selectively block postsynaptic Panx1. Traces represent without (left) and with (right) PPS of the Schaffer collaterals
taken at the indicated time from the total 5 min experiment. There is an increase in the frequency of SEPSC after PPS of the Schaffer collaterals. H, I, Instantaneous sEPSC frequency versus
time plots for the cell in G showing that PPS with -panx1 in the pipette (right) evoked increases in SEPSC frequency compared with the nonstimulated control (right). J, Comparison of
the cumulative SEPSC frequency distribution for the population of neurons. Significance (p << 0.001) was confirmed by K-S test. K, Families of SEPSCs with c-panx1 in the pipette. L,
Comparison of the distribution of SEPSC amplitudes before and after PPS delivery to the Shaffer collaterals with c-panxT in the pipette. Amplitude was determined by fit of single
Gaussian to the distribution, and distributions were compared by K-S tests and were not different.

condition (K-W test; p = 0.09, K-W statistic 6.51). As an We tested the peptidergic blocker of Panx1, 'Opanx (100 um),

important control for intracellular a-panx1, we evaluated a poly-
clonal antibody against «@-Cx43 (0.3 ng/ul) in the pipette
(Weilinger et al., 2016) and found no change in the cumulative
sEPSC frequency distribution (n = 8; K-S, D = 0.0011, p > 0.99;
data not shown) or the mean sEPSC frequency when Shaffer
collateral PPS was applied (Fig. 2A; n = 8; p = 0.46; Wilcoxon
matched pairs W = 1.0).

and its scrambled control (sc '°panx; 100 um) (Thompson et al.,
2008) because these are bath-applied and block the channels
through a mechanism distinct from a-panx1. '°panx decreased
cumulative sEPSC interevent intervals during PPS (n = 6; p =
0.0006; K-S, D = 0.5357) with a significant increase in sEPSC
frequency from 3.1 = 0.4 Hz to 6.7 = 0.9 Hz (Fig. 2A; n = 6; p =
0.01, Wilcoxon matched pairs, W = 21). The scrambled control,
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Summary of the frequency and amplitude of sEPSCs during Panx1 block and Schaffer collateral stimulation. A, All Shaffer collateral PPS was delivered at 0.05 Hz (20 s inter-PPS interval).

Block of Panx1 with either c-panxT1 in the pipette or "°panx (100 1) in the bath augmented sEPSC frequency following afferent stimulation. There is a lack of effect of the respective controls,
a-(x43 and sc "®panx. *p < 0.05 (nonparametric Wilcoxon matched-pairs signed rank test). B, Summary of the SEPSC amplitudes under control (n = 12) and with c-panx1 (n = 31) in the pipette
in the presence or absence of PPS as indicated. A within-cell design was used as for the frequency analysis, and no significant difference was detected. ¢, Comparison of different inter-PPS intervals
asindicated above each bar. Frequency was determined for the entire 5 min recordings and was significantly increased at 10 and 30 s inter-PPS intervals.

sc '°panx, with PPS did not alter the mean sEPSC frequency (Fig.
2A; n =7, p = 0.38, Wilcoxon matched pairs, W = —12). To-
gether, these data show that 2 distinct Panx1 blockers, one acting
intracellularly in single patched cells and the other bath-applied,
result in facilitated glutamate release during low-frequency
Schaffer collateral stimulation.

Interestingly, the increased sEPSC frequency was not persis-
tent throughout the full 5 min recording; rather, it appeared as
intermittent bursts that lasted, on average, for 13 = 0.5 s (Fig. 11;
n = 28; range 1.4-19.8 s). Bursts were defined to start when the
instantaneous frequency exceeded the baseline frequency by a
factor of 2.5 and to terminate when it returned to baseline. On
average, a CA1 neuron would burst 3.2 = 0.4 times (range 0-9;
median = 3.5) in the 5 min stimulation period. sEPSC bursting
events reached a maximum frequency of 28.9 = 1.3 Hz (n = 31),
which was significantly larger compared with the maximum fre-
quency of 14.6 * 2.3 Hz (n = 28) without a-panx! in the pipette
(Mann-Whitney U test, p < 0.0001, U = 30.5). The appearance
of the high-frequency sEPSC bursts was not clearly time-locked
with synaptic stimulation, but they only occurred during PPS
when Panx1 was blocked (Fig. 2A). We evaluated a range of in-
tervals between PPS stimulations from 10 to 60 s. Significant
increases in mean sEPSC frequency were observed with PPS in-
tervals of 10 s (Fig. 2C; Wilcoxon test, p = 0.0234;n = 8; W = 32),
20 s (Figs. 1, 2A4; stats reported above), and 30 s (Fig. 2C; Wil-
coxon test, p = 0.031; n = 6; W = 21). Bursts were seen for the

40 s PPS interval but, when averaged over the 5 min recordings,
did not reach a statistically significant difference.

To rule out the possibility of presynaptic Panx1 block by ex-
tracellular accumulation of a-panx1 leaking from the pipette due
to positive pressure in the recording electrode, we locally puffed
a-panx] while recording from CA1 neurons with the control
pipette solution. Puffing a-panx1 within 100 wm from the soma
of patched neurons had no effect on sEPSC frequency (data not
shown; 2.3 = 0.3 Hz without PPS and 3.3 = 0.5 Hz with PPS, n =
11 paired recordings, p = 0.175, Wilcoxon matched pairs, W =
32). The cumulative distribution of interevent intervals was also
not different between the two conditions (K-S test, p > 0.99, K-S
statistic = 0.002), confirming that a-panx1 blocks Panx1 chan-
nels intracellularly.

Evaluation of Panx1 KO on sEPSC frequency

Responses to postsynaptic delivery of a-panx1 were evaluated in
our pyramidal neuron-specific, conditional Panxl KO mice
(Panxlﬂ/ﬂ—wﬁl -Cre) (Weilinger et al., 2012) and compared with
WT animals of the same genetic background (C57BL/6]). CA1
neurons from WT mice had significantly decreased interevent
intervals (Fig. 3A,B; n = 8; p < 0.0001; K-S, D = 0.1846), result-
ingin an increase in the mean sEPSC frequency from 3.6 = 0.4 Hz
t0 6.9 = 0.6 Hz (Fig. 3A,B; n = 8; p = 0.016, Wilcoxon matched
pairs, W = 28) during PPS with a-panxl was in the pipette.
a-panx1 application to neurons from vehicle-injected (5% etha-
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Conditional KO of Panx1 increases SEPSC frequency following Schaffer collateral stimulation. 4, Traces from a CA1 neuron in hippocampal slice from WT (C57BL/6J) mouse with c-panx1

inthe pipette without (left) or with (right) paired-pulse (PPS) Schaffer collateral stimulation. B, Traces are from a CA1 neuron in slice from a tamoxifen-treated Panx1 f_ s 1-Cre mice to KO Panx1.
KO of Panx1 when paired with PPS of the Shaffer collaterals increased the frequency of SEPSCs without c-panx in the pipette. ¢, Cumulative interevent intervals for the cells shown in A (left) and
B(right). D, Summary of the SEPSC frequency from WT mice or those carrying floxed Panx1 with and without c-panx1in the pipette and with and without PPS of the Shaffer collaterals as indicated.
Treatment with tamoxifen alone or with intracellular c-panx1 (as indicated) resulted in an increase in SEPSC frequency upon PPS of the Shaffer collaterals. These data indicate that Panx is
responsible for suppressing augmented sEPSC frequency under control conditions and that ce-panx1 is selective. *p << 0.05 (Wilcoxon matched-pairs signed rank test).

n01/95% corn oil) Panx"-wfs1-Cre animals showed a similar
PPS-dependent shift in cumulative interevent intervals (n = 10;
p < 0.0001, K-S, D = 0.2352) and increased sEPSC frequency
(5.9 = 0.6 Hz) over the prestim level of 4.0 = 0.5 Hz following
PPS (Fig. 3C; n = 11; p = 0.006; Wilcoxon matched pairs, W =
51).

We predicted that KO of Panx1 by delivery of tamoxifen to the
Panx™-wfs1-Creline should be sufficient to cause an increase in
PPS-mediated sEPSC frequency in the absence of intracellular
a-panxl. PPS stimulation of neurons in slice from tamoxifen-
treated Panx™-wfs1-Cre mice (without a-panx1 present) had
significantly altered cumulative interevent interval distributions
(Fig. 3B,C; n = 7; p < 0.0001; K-S, D = 0.2066) and a signifi-
cantly increased mean sEPSC frequency from 3.5 * 0.4 to 5.4 =
0.8 Hz (Fig. 3D; n = 7; p = 0.031; Wilcoxon matched pairs, W =
21). Including a-panx1 in the pipette during recordings from
additional neurons from tamoxifen-treated PanxI’""-wfs1-Cre
mice, cumulative interevent interval distributions changed upon
PPS delivery (data not shown; n = 9; p < 0.0001; K-S, D =
0.1226) and the mean sEPSC frequency increased from 3.6 * 0.4
to 5.1 = 0.6 Hz (Fig. 3D; n = 9; p = 0.031; Wilcoxon matched
pairs, W = 37). This change in mean sEPSC frequency was not
different from that seen in the control cells where Panx1l was
knocked out and without a-panx1 (Fig. 3D; comparing stim condi-
tions of Panx ™ + tamox without and with a-panxl; #n = 7and n =
9, respectively; p = 0.68; Mann—Whitney U = 27). Thus, knocking
out Panx1 was sufficient to augment sEPSC frequency during PPS,
and the lack of an additional effect of a-panx1 in these mice further
demonstrates specificity of the a-panx1 antibody.

NMDAR block increases sEPSC frequency during

synaptic stimulation

We have reported previously that phosphorylation of Panx1 by
Src kinase is a critical component of metabotropic NMDAR sig-
naling during excitotoxicity (Weilinger et al., 2012, 2016). This
activation of Panxl1 is blocked by the NMDAR glutamate site
competitive antagonist D-APV (50 uM) or the glycine site com-
petitive antagonist CGP-78608 (CGP; 1 um), indicating that
binding of both receptor ligands was required for metabotropic
NMDAR signaling (Weilinger et al., 2016). We reasoned that, if
metabotropic NMDAR-Panx1 signaling is suppressing facilitated
glutamate release, then bath application of D-APV plus CGP
(without intracellular a-panx1) would increase sEPSC frequency
during PPS. Neither D-APV nor CGP applied alone (without con-
comitant intracellular a-panx1) altered the cumulative inter-
event interval distributions with or without PPS of the Schaffer
collaterals (Fig. 4B; K-S test; p > 0.99; n = 9 and K-S, D = 0.073
for CGP alone; for APV, n = 5, p > 0.99, K-S, D = 0.005). We
then bath-applied 50 uM D-APV plus 1 um CGP for 5 min and
then recorded a 5 min baseline without PPS of Schaffer collater-
als. After the 5 min baseline 0.05 Hz PPS was applied as described
above. a-panx1 was not included in the pipette so that we could
evaluate NMDAR signaling upstream of Panx1. As shown in Fig-
ure 4A, C, D, application of NMDAR competitive antagonists
resulted in the appearance of intermittent increases in sEPSC
frequency seen as a significant shift in the cumulative interevent
interval distribution (Fig. 4C; D-APV+CGP baseline vs D-APV+
CGP PPS, n = 8, p < 0.0001, K-S, D = 0.262). The average
frequency in the presence of D-APV +CGP with Schaffer collat-
eral stimulation was 6.8 * 2.7 Hz, which was significantly greater
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Figure4. Preventing ligand binding to NMDARs and Src kinase activity induced facilitated glutamate release during Schaffer collateral stimulation. 4, Traces from a CA1 neuron in hippocampal
slice (rat) with the competitive blockers for both ligand binding sites of the NMDAR. p-APV (50 M) and CGP (1 M) were in the bath and ae-panxin the pipette. PPS of the Schaffer collaterals caused
an increase in sEPSC frequency. B, Cumulative SEPSC frequency distributions with either o-APV (top) or CGP (bottom) in the bath. Neither competitive antagonist alone altered the distribution of
interevent intervals as determined by K-S analysis. C, In contrast to either competitive antagonist alone, the combined application of 0-APV+CGP caused a significant (p << 0.001) shift in the
distribution of interevent intervals and in the mean = SEM. D, sEPSC frequencies. E, Traces from a neuron with Src activation of Panx1 blocked by inclusion of TAT-Panx,,, (10 tum) in the pipette
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Figure 5.  Chelating postsynaptic Ca®* does not prevent Panx1-block induced increases in SEPSC frequency. A, Sample
traces from the same neuron showing the presence of 10 mm BAPTA and «-panx1 in the pipette did not alter the increase
in frequency of sEPSCs when Schaffer collaterals receive PPS (bottom). B, Plots of instantaneous frequency reveal that
synaptic stimulation (bottom; vertical lines) causes bursts of SEPSC release when BAPTA and «-panxT are in the pipette. C,
Summary of the paired changes in frequency upon synaptic stimulation. *p << 0.05 (Wilcoxon matched-pairs signed rank
test).

than the 3.5 * 1 Hz frequency without
stimulation and 3.2 = 0.8 Hz for the same
cells without NMDAR blockers or stimu-
lation (Fig. 4D; n = 8; Freidman test p =
0.03, Freidman stat = 7). This indicates
that blocking binding of both NMDAR li-
gands was necessary to cause facilitated
glutamate release similar to that seen with
Panx1 block.

In our previous report (Weilinger et
al., 2016), we designed an interfering pep-
tide, TAT-Panx;,, that prevents Src
kinase-mediated phosphorylation of Panx1 at
Y308, thereby blocking its activation by
metabotropic NMDAR signaling. Here,
we predicted that inclusion of TAT-
Panx,og in the patch pipette instead of
a-panxl should induce increased sEPSC
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Blockers of (B1 receptors and nitric oxide synthase do not prevent the Panx1 block induced facilitated glutamate release. A, B, Exemplar recordings from two different CA1 neurons

testing the role of the retrograde transmitter receptor, (B1R, and nNOS in synaptic bursting. Both were ruled out because application of their specific antagonists, AM251 and L-NAME, respectively,
did not alter the appearance of increased sEPSC frequency. ¢, Summary of the mean sEPSC frequency. *p << 0.05 (Wilcoxon matched-pairs signed rank test).

frequency upon PPS. As shown in Figure 4E, F, H, this was the
case since there was a significant leftward shift in the cumulative
interevent interval distributions (Fig. 4F; K-S test; p < 0.01; K-S,
D = 0.198), and the mean sEPSC frequency was significantly
increased from 4.1 * 0.7 to 8.0 = 0.9 Hz (Fig. 4H; n = 13;p =
0.002; Wilcoxon matched pairs, W = 81). It follows that, if Src
kinase is activating Panx1 to suppress facilitated glutamate re-
lease, then directly inhibiting Src with PP2 (10 um) should pro-
mote intermittent increases in sSEPSC frequency during PPS. As
predicted, bath application of PP2 combined with PPS caused a
significant shift in the cumulative interevent interval distribution
(Fig. 4G n =7, p < 0.0001, K-S test, D = 0.42) and the mean *
SEM frequency increased from 6.9 + 2.7 to 11.8 = 3.9 Hz (Fig.
4H; n = 7, p = 0.04, Wilcoxon matched pairs, W = 24).

Metabotropic NMDAR signaling occurs independently of
Ca?" influx through the ionotropic receptor (Nabavi et al., 2013;
Dore et al., 2015; Weilinger et al., 2016). To further support the
involvement of metabotropic NMDAR signaling, we evaluated
the postsynaptic Ca>* dependence of augmented sEPSC fre-
quency by a-panxl+PPS by including 10 mm BAPTA with
a-panxl in the pipette. Under these conditions, cumulative in-
terevent intervals were shifted left (n = 7, p = 0.0002; K-S, D =
0.157; data not shown) and the mean sEPSC frequency increased
from 3.4 = 0.6 to 5.7 = 1.0 Hz (Fig. 5A-C; n = 7; p = 0.031;
Wilcoxon matched pairs, W = 26), consistent with a role for
Ca’*-independent metabotropic NMDAR signaling.

The lack of effect of postsynaptic BAPTA indicates that
Panx1’s influence on sEPSC frequency is independent of postsyn-
aptic Ca®" and suggests that classic retrograde signaling is not
involved. Consistent with this, block of the endocannabinoid
CB1 receptor with bath-applied AM251 (3 uMm) did not prevent
changes in the cumulative interevent interval distributions (n =
6, K-S, D = 0.431; p < 0.0001; data not shown) or the increase in
mean sEPSC frequency during PPS (Fig. 6A,C;n = 6; p = 0.031;
Wilcoxon matched pairs, W = 21). Additionally, the nNOS
inhibitor L.-NAME was also ineffective at blocking changes
cumulative interevent interval distributions and mean sEPSC fre-
quency increased upon PPS (Fig. 6B,C; n = 8; p = 0.016; Wil-
coxon matched pairs, W = 34), suggesting that NO signaling was
not involved.

Differential effect of blocking Panx1 on evoked and
spontaneous synaptic activity suggests a presynaptic origin
The intermittent timing of the increased sEPSC frequency rela-
tive to PPS raised the question of whether action potential evoked
presynaptic glutamate release was a requirement for bursting be-
cause electrical stimulation may induce gliotransmitter release

(Jourdain et al., 2007). To address this, we blocked action poten-
tial generation in the slice with bath-applied 1 um TTX. After the
whole-cell configuration was formed, we briefly stimulated
Schaffer collaterals with single 1 ms pulses to ensure synapses
onto the patched neuron were activated. We then perfused TTX
onto the slice for a minimum of 5 min to block all action
potential-mediated inputs, which prevented eEPSCs as expected
(data not shown). We then applied PPS to the TTX-blocked
Schaffer collaterals as above (paired-pulse at 0.05 Hz, 1 ms dura-
tion, 50 ms interstim interval). Under these conditions, a-panx1
had no effect on sEPSC cumulative distribution (p > 0.01, K-S
test; data not shown) or mean frequency; over 20 min in the
presence of TTX and intracellular a-panx1, the mean frequency
was 0.9 * 0.1 Hz before, and 0.9 = 0.14 Hz after Schaffer collat-
eral PPS (n = 5; p = 0.902, Wilcoxon matched pairs, W = 15,
holding potential = —60 mV). This indicates that the source of
glutamate for the facilitated glutamate release observed when
postsynaptic Panx1 is blocked requires action potentials.

The requirement for action potentials prompted us to ask
whether the eEPSCs were also being affected by Panx1 block and
PPS. We first evaluated the effect of intracellular a-panx1 on the
PPR to determine whether blocking postsynaptic Panx1 altered
the probability of evoked glutamate release. An increase in PPR
would suggest that the active synapses are stronger. Interestingly,
we found no difference in PPR between neurons with control
intracellular solution (control, n = 28) and a different cohort
with intracellular a-panx1 in the pipette (Fig. 7A4; n = 31; labeled
“all,” p = 0.19, K-W multiple comparison, Z = 1.858). Due to the
intermittent nature of the facilitated SEPSCs, we asked whether
the PPR was altered during sEPSC burst events. Comparison of
the PPR calculated for the evoked responses when the increased
sEPSC frequency overlapped with the PPS (n = 12, labeled
“within burst” in Fig. 7A) revealed no change compared with
control (Fig. 7A; p > 0.99, K-W multiple comparisons, p > 0.99
for control vs within burst, Z = 1.833) or to the total PPR with
a-panx] in the pipette (p = 0.202, K-W multiple comparisons,
Z = 0.409).

It has been reported that increased EPSC frequency can arise
by potentiating silent synapses, which can be measured as an
increase in the AMPAR/NMDAR ratio (Beique et al., 2006). We
quantified AMPAR/NMDAR ratios as responses to synaptic
stimulation at a holding potential of —80 mV in the presence of
1.2 mM Mg>* (AMPAR component) and at 40 mV with 0 mm
Mg>* + 10 um DNQX (NMDAR component). The AMPAR/
NMDAR ratio was not altered (n = 7 control and n = 9 with
a-panxl; p = 0.606, Mann—Whitney U test, U = 26) by the
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Figure7.  Theblock of postsynaptic Panx1-induced increase in SEPSCs does not alter evoked

EPSCs, AMPAR/NMDAR ratios but requires increased Ca*". A, PPR is not altered by blocking
postsynaptic Panx1. Average (n = 15 pairs) PPRs (at 0.05 Hz, 1 ms duration, 50 ms interstim
interval) are shown under control (black) and with «-panx1 in the pipette (red). Right, The
population response of the PPR. In the presence of c-panx1 in the pipette (n = 31), the PPR
over the 5 min recordings was unchanged compared with the control (n = 28). When the
increased sEPSC frequency overlapped with the evoked responses (blue bar; n = 12), the PPR
was still unchanged. B, AMPAR/NMDAR ratio is not altered by block of postsynaptic Panx1.
Families from both control (normal internal solution; n = 7) and with c-panx1 (n = 9) in the
pipette (red) are shown. Downward traces represent the AMPAR component collected at V,, =
—70mVin1.2mmMg>". Upward traces represent the NMDAR component collected at V,, =
40mVin0Mg** and 10 um DNQX. Right, Calculated ratios. n.s., Not significant. €, Incubation
of hippocampal slices with EGTA-AM prevented the increased SEPSC frequency arising from
Schaffer collateral stimulation when «-panx1 was in the pipette. Example 10 s traces are
shown. Arrow indicates PPS. Right, The plot illustrates a failure of the mean frequency of sEPSCs
to increase, suggesting that bursting is Ca* -dependent.

presence of a-panxl1 in the patch pipette (Fig. 7B), suggesting that
blocking postsynaptic Panx1 does not potentiate silent synapses.

The increase in SEPSC frequency and block by TTX suggest a
presynaptic origin of the glutamate release. We therefore asked
whether the SEPSC bursting was dependent on presynaptic Ca*™"
rises. Acute hippocampal slices were incubated in membrane-
permeable EGTA-AM (50 wM; minimum 15 min loading time).
We chose EGTA-AM over BAPTA-AM for bulk loading because
EGTA does not block fast-evoked neurotransmission but is suf-
ficient to inhibit increases in Ca®" that are slower and more
prolonged (Ohana and Sakmann, 1998). After EGTA incubation,
PPS in the presence of postsynaptic a-panxl failed to generate
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sEPSC bursts (n = 8; p = 0.043, K-S, D = 0.079) with no change
in sEPSC frequency (Fig. 7C; n = 8, p = 0.25, Wilcoxon matched
pairs, W = —18). Together, these data indicate a presynaptic
origin of the sEPSC bursts. Furthermore, since no change in the
PPR was detected, it suggests that the presynaptic elements being
activated are very minor contributors to the evoked responses or
are normally silent.

Presynaptic TRPV1 mediates facilitated glutamate release

A recent report demonstrated the presence of functional TRPV1
channels in hippocampal Cajal-Retzius (CR) cells that augment
synaptic activity onto GABAergic interneurons (Anstotz et al.,
2018). Interestingly, TRPV1-containing CR cells make synaptic
connections with CA1 pyramidal neurons (Anst6tz et al., 2016).
Given that several groups have reported TRPV1 function in the
hippocampus, leading to plasticity (Gibson et al., 2008; Chavez et
al., 2010) and that TRPV1 in the nucleus tractus solitaris can
augment EPSC frequency (Peters et al., 2010), we hypothesized
that TRPV1 mediates the increased sEPSC frequency described
above when Panxl1 is blocked in postsynaptic CA1 neurons.

Since broad TRPV1 expression in the hippocampus is contro-
versial, we used two strategies to confirm expression and deter-
mine whether TRPV1 is present in synapses. As a first test, we
used PCR and qPCR to verify expression and quantify TRPV1
mRNA levels in hippocampus relative to levels in the DRGs. Hip-
pocampi from TRPV1 KO mice (TRPVI /™) were also evaluated.
As shown in Figure 8A, B, TRPV1 mRNA was detected in hip-
pocampi from WT mice but not TRPVI ™/~ animals (n = 10 WT
and n = 4 TRPVI~/~; p = 0.017; unpaired Student’s t test, F =
5117). TRPV1 mRNA was a small fraction of that seen in the DRG
(Fig. 8A,B).

We next used immune-EM in WT and TRPVI™/~ mice to
investigate where TRPV1 is expressed in the CA1. TRPV1 chan-
nels have been reported at postsynaptic sites of excitatory and
inhibitory synapses in the dentate gyrus of the hippocampus
(Canduela et al., 2015; Puente et al., 2015) and GABA sites in the
CAlarea (Leeetal.,2015). We found that ~20% of the excitatory
synaptic terminals were TRPV1 positive, and immunogold label-
ing was almost undetectable in the TRPVI ~/~ mice (Fig. 8C,D;
n=5WTandn =5 TRPVI _/_;p < 0.0001; unpaired Student’s
ttest, F = 17.32).

TRPV1 is a Ca*>*-permeable channel that could be responsi-
ble for the augmented sEPSC frequency seen with a-panx1+PPS.
If so, pharmacological block (or KO) of TRPV1 should prevent
the sEPSC frequency increase. In this subset of cells, we blocked
Panxl with intracellular a-panxl and quantified sEPSC fre-
quency as above. We then bath-applied the TRPV1 blocker, CPZ
(10 M), for 10 min and analyzed the latter 5 min of this period to
quantify sEPSC frequency. We then applied PPS in the presence
of CPZ to quantify any effect on sEPSCs, allowing for direct
within-cell comparisons under the four conditions. As above,
intracellular a-panx1 and PPS of the Schaffer collaterals aug-
mented the mean frequency of sSEPSCs versus the nonstimulated
baseline (Fig. 9A,B; n = 7, p = 0.023; Freidman test of multiple
paired comparisons, z = 2.898). Bath application of CPZ did not
change mean sEPSC frequency versus control (n = 7; p > 0.99;
Freidman test, z = 0.207), but it blocked the PPS-induced in-
crease in frequency (Fig. 9A, B; n = 7) evident as no change in the
cumulative interevent distribution (p > 0.99, K-S, D = 0.004),
and the mean sEPSC frequency was unchanged versus control
(p > 0.99; Freidman test, z = 1.242).

CPZ is reported to inhibit Ij, in pyramidal neurons (Ray et al.,
2003), so we evaluated the specific I, blocker, ZD7288 (10 uMm), as
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a control. In cells from slices perfused with ZD7288 alone (i.e.,
without a-panxl1 in the pipette), there was no detectable increase
in sEPSC frequency (Fig. 9C; n = 7; p = 0.375; Wilcoxon
matched pairs, W = 12) or change in cumulative interevent in-
tervals distributions (n = 7; K-S, D = 0.002, p > 0.99) when
Schaffer collaterals received PPS. Additionally, in a cohort of
cells, we evaluated concomitant intracellular a-panx1 and bath
ZD7288; PPS still evoked an increase in mean sEPSC frequency
(Fig. 9C; n = 8; p = 0.008; Wilcoxon matched pairs, W = 36) and
shifted cumulative interevent interval distributions (n = 8; K-S,
D = 0.4405, p < 0.0001). Importantly, CPZ did not affect the
basal rate of spontaneous events in TRPV1™’~ mice compared
with WT animals (WT frequency was2.9 £ 0.5Hzvs 3.9 £ 0.7 Hz
in TRPV1~/~ slices; p = 0.45, Mann—Whitney U test, n = 7 and
n = 7, respectively), indicating that off-target effects were not
detected. Additionally, TRPV1 KO mice did not show an effect of
postsynaptic a-panx1 during stimulation (Fig. 9D; n = 8; p =
0.383; Wilcoxon matched pairs) and the cumulative interevent
interval distribution was not changed (n = 9; K-S, D = 0.038, p =
0.447), even though WT mice had robust synaptic bursting
(Fig. 3).

Panx1 regulates AEA concentration

The above data suggest that inhibiting Panx1 leads to TRPV1
channel opening and presynaptic glutamate release. Given that
Panx1 channels are permeable to large metabolites (<1 kDa)
(Wang et al., 2007), we tested whether postsynaptic Panx1 open-
ing could buffer endogenous TRPV1 ligands in the synapse. AEA
is an important endogenous agonist of TRPV1, and we hypothe-
sized that Panx1 may regulate its concentration in the synapse so
that when we block Panx1 AEA accumulates. As shown in Figure
10A, we quantified the tissue concentration of AEA using mass
spectrometry (Qi et al., 2015) after whole-cell recordings and
PPS. Basal AEA levels were 7.3 = 0.8 pg/mg (n = 14 hippocampal
slices from 6 animals). AEA levels were significantly increased in
the presence of '’panx (11.9 = 1.2 pg/mg, p = 0.002 vs control;
one-way ANOVA, n = 13 slices from 6 animals) over basal levels
(7.3 = 0.8 pg/mg, n = 14 hippocampal slices from 6 animals),
confirming a role for Panx1 in AEA buffering. It was reported
previously that TRPV1 might regulate membrane transport of
AEA (Hofmann et al., 2014). However, CPZ (10 um) did not
change tissue AEA levels (with CPZ, AEA = 7.4 = 0.7 pg/mg; n =
8 slices from 4 animals; p > 0.05, one-way ANOVA). If AEA is the

key TRPV1 ligand to trigger sEPSC bursts, inhibiting AEA deg-
radation should resemble Panx1 block because of AEA accumu-
lation. Bath application of the fatty acid amid hydrolase (FAAH)
inhibitor, URB597 (1 um) with PPS of the Schaffer collaterals
(without intracellular a-panx1) caused a leftward shift in cumu-
lative interevent interval distributions (n = 10, K-S, D = 0.558,
p <0.0001) and increased the average sSEPSC frequency (Fig. 10B;
n = 10; p = 0.009; Wilcoxon matched pairs W = 49). Together,
we suggest that AEA acts as a ligand for TRPV1 and that Panx1
is regulating the tissue concentration of AEA during synaptic
stimulation.

Discussion

Here we report that metabotropic NMDAR-Panx1 suppresses
facilitated glutamate release during low-frequency synaptic stim-
ulation because postsynaptic Panx1 maintains low levels of the
endovanilloid, AEA, thus limiting activation of presynaptic
TRPV1 channels. Panx1 block (or KO) increased the concentra-
tion of the TRPV1 agonist, AEA, in hippocampal slices. This
increase in AEA activates presynaptic TRPV1 to induce intermit-
tent, seconds-long glutamate release. This new role for Panx1
expands the roles of these ion/metabolite channels in synaptic
activity. Our proposed model is presented in Figure 11, and de-
tailed explanations are provided in the following discussion.

NMDARs regulate Panx1 during synaptic activity

The first indication that NMDARSs recruited Panx1 to modulate
synaptic function came from our work with 0 Mg®"-induced
interictal bursting, where blocking Panxl decreased the fre-
quency and amplitude of interictal bursts (Thompson et al.,
2008). Others have reported that Panx1 modulates strength at the
CA3-CAl synapse because Panx1 KO augments LTP (Prochnow
etal.,2012; Ardiles etal., 2014) and is suppressive of LTD (Ardiles
et al.,, 2014). In the present study, we have found that Panxl
blockers (or KO) augment glutamate release for tens of seconds
in response to low-frequency (0.05 Hz) stimulation of the Schaf-
fer collateral pathway.

Our data support a model (Fig. 11) whereby, under physio-
logical conditions, NMDARs regulate Panx1 activity via Src
kinase through a similar pathway to that triggered during excito-
toxicity (Weilinger et al., 2016) because, when we blocked Src
with PP2, or prevented its action on Panx1 with TAT-Panx; g, the
facilitated glutamate release following Schaffer collateral stimu-
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lation was no longer observed. The excitotoxic activation of
Panx1 by metabotropic NMDARs was prevented by blocking li-
gand binding at either the glutamate (with D-APV) or glycine
(with CGP) sites. Interestingly, in the present study, we found
that both competitive ligands (for the glutamate and glycine sites)
were required to block facilitated glutamate release and that
blocking either site alone was not effective. This is, to the best of
our knowledge, the first description of simultaneous block of
both ligand binding sites being required to prevent NMDAR sig-
naling. In the first description of metabotropic NMDAR signal-
ing, block of the glutamate site and not the glycine site prevented
LTD (Nabavi et al., 2013). Thus, there appear to be several
metabotropic NMDAR pathways, a notion that is supported by

<«

B, Summary of the changes in sEPSC frequency in rats with ce-panx1in the pipette. Each neuron
was treated with all four conditions, and within-cell comparisons are indicated by the lines
joining individual points. The block of the increase in SEPSC frequency with bath application of
10 um CPZ. G, The |, blocker, ZD7288 (1 um), did not induce increased sEPSC frequency when
PPS was applied, nor did it prevent the increase when c-panx1 was present. This is an impor-
tant control for off target effects of CPZ. D, KO of TRPV1 (TRPV1 /™) prevents Schaffer collat-
eral stimulation induced increases in sEPSC frequency. *p << 0.05 (Wilcoxon matched-pairs rank
test). n.s., Not significant (p > 0.05).
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the presence of multiple stable conforma-
tional states of the closed receptors (Sas-
mal and Lu, 2014). We propose that the
pathway regulating Panx1 activity to sup-
press facilitated glutamate release requires
occupancy of both NMDAR ligands to
promote subsequent Src activation.

Functional

postsynaptic
(CA1 neuron)

Facilitated glutamate release may
involve presynaptic unsilencing
Facilitated glutamate release, when Panx1
is blocked, may arise from postsynaptic
unsilencing (Beique et al., 2006). How-
ever, we found no evidence for a change in
the AMPAR:NMDAR ratio, which argues
against postsynaptic unsilencing. Our
findings are consistent with enhancement
of presynaptic glutamate release upon
Panx1 block and Schaffer collateral stim-
ulation. The observed response is an
asynchronous-like form of vesicle release
because it required synaptic stimulation
and persisted beyond the duration of the
evoked responses. Asynchronous release

(degradation)

can occur upon activation of VGCCs that Key:

are not closely associated with the exocy-

totic machinery, which has been demon-

strated both experimentally (Fawley et al.,

2016) and by modeling (Guerrier and

Holcman, 2016, 2018). In our current

study, we prevented facilitated release by NMDA
EGTA-AM treatment of the slice, which is receptor

consistent with a Ca®" source for exocy-
tosis that is further from the synaptic ves-
icles than the VGCCs (Ohana and
Sakmann, 1998; Fawley et al., 2016; Guer-
rier and Holcman, 2018). However, the
duration of the increased sEPSC fre-
quency that we observe (tens of seconds)
is substantially longer than the duration of
classic asynchronous release (millisec-
onds) (Kaeser and Regehr, 2014). Al-
though speculative, we suggest that we
were recruiting new synaptic elements
(i.e., presynaptic unsilencing) instead of
activating a Ca”” influx pathway in the
same synapses as the evoked EPSCs. Con-
sistent with this is that no change in the PPR was evident, even
when the bursts of SEPSCs overlapped with the eEPSCs. An alter-
native explanation to presynaptic unsilencing is that relatively
few synapses are contributing to the change in sEPSC fre-
quency so that their contribution to the PPR is minimal and
statistically undetected.

Figure 11.

Presynaptic TRPV1 mediates the facilitated glutamate release
We propose that the facilitated glutamate release observed during
Panx1 block and arises from activation of presynaptic TRPV1
(Fig. 11). We detected TRPV1 mRNA in hippocampal slices, ob-
served TRPV1 protein in presynaptic compartments by
immuno-EM, prevented Panx1 block/synaptic stimulation in-
duced facilitated glutamate release with the TRPV1 blocker, CPZ,
and did not detect increased sEPSC frequency in TRPVI ™/~
mice. There are numerous reports of functional TRPV1 in the
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Panx1 Blocked Panx1

presynaptic
(putative
CR neuron)

Src
kinase

Panx1 TRPV1

AMPA
receptor

A model of the proposed pathway for suppression of glutamate release by postsynaptic metabotropic NMDAR
signaling to Panx1. Left, “Functional Panx1,” the scenario when Panx1 channels are operating normally. This physiological state is
indicated as Steps 1-3 (boxed numbers) where the binding of glutamate and glycine/o-serine to NMDARs (Step 1) initiates
Src-mediated phosphorylation of Panx1 (Step 2), which facilitates clearance of AEA (Step 3) for degradation by FAAH. Our evidence
for this sequence is that blocking ligand binding to NMDRs (with b-APV-+CGP; at Step 1) but not postsynaptic increases in Ca* ™
(with BAPTA), or blocking Src activation of Panx1 (with TAT-Panx,,, or PP2; at Step 2), or inhibiting Panx1 (with ce-panx1, "®panx,
orPanx1 ~/~; at Step 3) all augmented sEPSC frequency. Right, “Blocked Panx1,” the sequence of events occurring when Panx1 or
metabotropic NMDARs have been blocked (Steps 4 — 6; dashed arrows). In the current study, direct block of Panx1 increases tissue
AEA levels (Step 4), and we propose that AEA acts on presynaptic TRPV1 toincrease Ca2™* (Step 5) and facilitate activity-dependent
glutamate release (Step 6). Our evidence for this sequence is that facilitated glutamate release was prevented by TRPV1 block (with
CPZorinTRPV1 ~/~; at Step 4), or by bath-applied EGTA-AM (at Step 5). We also quantified TRPV1 expression in the hippocampus
(PCR, gPCR) and found it at presynaptic sites (by immuno-EM) and propose that these are CR cells synapsing onto CA1 neurons
because CR cells are the only confirmed site of TRPV1 expression.

hippocampus (Gibson et al., 2008; Chavez et al., 2010, 2014; Jen-
sen and Edwards, 2012) and a unique splice variant in the hypo-
thalamus (Sharif Naeini et al., 2006). Indeed, in the original
systematic mapping of brain TRPV1, it was reported that the
vanilloid activated channels are expressed in hippocampus, but
only in CR cells (Cavanaugh et al., 2011). CR cells are reelin
expressing glutamatergic neurons that make synaptic contacts
with interneurons in the molecular layer and pyramidal neurons
in the CA1 region (Anstotz et al., 2016). Recently, it was shown
that TRPV1 is functional in CR neurons and capsaicin-activation
of the channels augmented sEPSC frequency (Anstotz et al.,
2018). Thus, it will be of interest to determine whether Panx1
block is leading to activation of TRPV1 in CR to CAl synapses
(Fig. 11) because this would be consistent with a presynaptic
unsilencing mechanism. It may also reveal whether there are cur-
rently unidentified physiological roles for Panx1’s suppression of
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facilitated glutamate release because CR cells are a component of
an intrahippocampal microcircuit (Anstotz et al., 2018).

Capsaicin perfusion onto hippocampal slices led to a persis-
tent augmentation of glutamate release from CR neurons onto
interneurons (Anstotz et al., 2018). In contrast, in afferents of the
nucleus tractus solitaris, or microglia in the anterior cingulate
cortex, TRPV1 activation induces transient (tens of milliseconds)
asynchronous glutamate release (Peters et al., 2010; Marrone et
al., 2017). So why is the facilitated glutamate release that we ob-
serve when Panxl1 is blocked intermittent and seconds long in-
stead of very brief (milliseconds) or persistent? It may reflect a
sustained increase in TRPV1 ligand (i.e., AEA) concentration
when Panxl1 is blocked, which could arise from high local (i.e.,
synaptic) levels or diffusion out of the synapse. While we have
focused on AEA in this paper, it is possible that the effective
ligand is another endovanilloid. It has been reported that
N-aracidonyl-dopamine is a potent ligand for TRPV1 (De Petro-
cellis et al, 2004); and interestingly, brief application of
N-aracidonyl-dopamine can induce prolonged TRPV1 opening
and glutamate release lasting tens of seconds (Medvedeva et al.,
2008), similar to that reported here.

Several possible mechanisms could account for termination of
the augmented sEPSC frequency that we report here. Depletion
of the vesicular pool is likely explanation considering the very
high instantaneous frequency rates that are reached. Vesicle re-
filling and availability of AEA may determine when subsequent
bursts occur, accounting for the intermittent nature of the re-
sponse. Other possibilities (that are not mutually exclusive) are
TRPV1 endocytosis (Sanz-Salvador et al., 2012) or desensitiza-
tion (Numazaki et al., 2003).

Panx1 involvement in AEA clearance

The mechanisms that regulate synaptic levels of AEA and other
endovanilloids (i.e., transport and clearance) are not well under-
stood (Hillard and Jarrahian, 2005). Our findings suggest that
AEA removal from the synapse is facilitated by Panx1l because
blocking the channel increased total AEA concentration, pre-
sumably by preventing access of AEA to the intracellular enzyme,
FAAH, that degrades it (Blankman and Cravatt, 2013). Inhibition
of FAAH had a similar effect to blocking Panx1 on sEPSC fre-
quency, indicating that blocking AEA degradation is sufficient to
cause Shaffer collateral stimulation-induced bursting. It is nota-
ble that, during the revision of this manuscript, a paper from the
Fowler group investigated the putative role of Panxl in AEA
transport in human-derived T84 colon cancer cell lines (Alh-
ouayek et al., 2019). While they report no obvious role for Panx1,
their experiments were conducted under very different timescales
compared with ours, and the T84 cells lack a synaptic structure to
mimic that seen in brain slices. Our data published on the
BioRxiv preprint server (Bialecki et al., 2018) show that Panx1
expression is directly linked to augmented AEA clearance in hip-
pocampal slices and uptake when ectopically expressed in
HEK293T cells. We are now determining whether Panx1 facili-
tates AEA clearance from brain slices with focus on several pos-
sibilities, such as direct transport of AEA by Panxl or Panxl
regulation of other putative transporters (Hillard et al., 1997;
Hillard and Jarrahian, 2005; Fowler, 2013).

In conclusion, we have shown here that NMDARSs signal to
Panx1 through Src kinase to facilitate uptake of AEA from brain
tissue and that, when we block Panx1, AEA levels increase to a
level sufficient to activate presynaptic TRPV1 and augment glu-
tamate release. We propose that these TRPV1 channels are ex-
pressed in CR cells, the only confirmed site of functional TRPV1
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expression (i.e., through measurement of ionic currents) in the
hippocampus. Although our work has not yet identified a physi-
ological role of Panx1’s regulation of AEA and TRPV1 activity, it
is possible that it plays a role in regulation of CR-CA1 excitatory

synapses.
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