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Abstract

a.26 proteins (CACNAZDI-4) are required for normal neurological function and contribute to
membrane trafficking of voltage-gated calcium channels, through which calcium entry initiates
numerous physiological processes. However, it remains unclear how a28 proteins influence
calcium-mediated signaling to control neuronal output. Using whole-cell recordings of mouse
Purkinje cells, we show that a26-2 is required for functional coupling of postsynaptic voltage-
dependent calcium entry with calcium-dependent effector mechanisms controlling two different
outputs, depolarization-induced suppression of excitation and spike afterhyperpolarization. Our
findings indicate an important role for a26-2 proteins in regulating functional postsynaptic
calcium channel-coupling in neurons, providing new context for understanding the effects of a26
mutations on neuronal circuit function and presenting additional potential avenues to manipulate
a26-mediated signaling for therapeutic gain.
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Schematic Depolarization-induced suppression of excitation (DSE) requires tight functional
coupling of postsynaptic voltage-gated calcium channels (VGCCs) and endocannabinoid (eCB)
effector systems, which generate eCBs in response to local calcium. Calcium influx produces
eCBs in Purkinje cells, which retrogradely act on presynaptic climbing fiber terminals to acutely
lower release probability, reducing subsequent excitatory postsynaptic currents (EPSCs). We find
that deletion of a26-2, the only a.26 protein isoform expressed by Purkinje cells, functionally
uncouples voltage-dependent calcium entry from eCB signaling in Purkinje cells, as DSE is
blocked by increased intracellular calcium buffering in the a26-2 knockout. Created with
BioRender.com

Keywords

a26-2 proteins; calcium channels; depolarization-induced suppression of excitation;
nanodomains; endocannabinoid signaling; Purkinje cells

Introduction

Many intracellular signaling cascades are triggered by a common messenger: calcium
entering via voltage-gated Ca2* channels (VGCCs) on the plasma membrane. Specificity of
Ca?*-dependent signaling depends on close proximity of VGCCs to effectors in functional
nanodomains, and this coupling is critical for neuronal function. For example, in Purkinje
cells (PCs), depolarization-induced suppression of excitation (DSE) is initiated via Ca2*-
dependent endocannabinoid release (Kreitzer & Regehr, 2001b; Ohno-Shosaku et al.,

2001; Brenowitz & Regehr, 2003; Brenowitz et al., 2006). Likewise, VGCC-K¢, coupling
generates spike afterhyperpolarization (AHP), ultimately setting firing frequency (Raman &
Bean, 1999; Womack et al., 2004; Niday & Bean, 2021). Thus, molecules coupling VGCCs
to effector-specific signaling critically contribute to transduction of neuronal outputs.

Auxiliary VGCC a.26 proteins (CACNAZDI-4) contribute to VGCC membrane trafficking
(Dolphin & Lee, 2020), and may couple presynaptic VGCCs to molecules involved

in vesicle exocytosis (Hoppa et al., 2012). However, there is little consensus about
auxiliary postsynaptic functions of .28 outside of these contexts, apart from developmental
Ca%*-independent roles (Eroglu et al., 2009; Kurshan et al., 2009). Indeed, postsynaptic
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Ca?* signals are tightly coupled to various effector molecules, such as K¢, channels

or Ca2*-dependent enzymes involved in driving complex neurophysiological behaviors.
Unfortunately, it is not known whether a.26 proteins mediate postsynaptic VGCC
localization or effector coupling, as visualization of either endogenous a26 proteins or
VGCCs is severely limited in tissues. Furthermore, resolving molecular associations at

the nanodomain scale (<100 nm) remains technically challenging. Thus, to test whether
functional coupling of CaZ*-dependent signaling is regulated by a.28 proteins, we used
whole-cell electrophysiological recordings and internal Ca2* buffering — tools that have been
fundamental for the investigations of VGCC-coupling at presynaptic terminals.

In Purkinje cells (PCs), which exclusively express a26-2 (Lein et al., 2007; Beeson

et al., 2020). deletion of a26-2 proteins (CACNAZDZ2 KO) disrupted two disparate
forms of postsynaptic voltage-dependent Ca2* signaling as measured by whole-cell
electrophysiological recordings. First, using intracellular Ca2* buffering by EGTA in KO
PCs, Ca2*-dependent endocannabinoid (eCB) signaling became functionally uncoupled,
blocking retrograde control of climbing fiber vesicle release. Conversely, reducing
intracellular Ca2* chelation in KO PCs restored the expression of Ca2*-dependent eCB
signaling, indicating the requirement of a26-2 proteins for postsynaptic Ca2*-mediated
nanoscale signaling. In support of these findings, we also found that a.26-2 is required
for a separate Ca2*-dependent nanoscale signaling process, the Kc,-mediated after-
hyperpolarization (AHP). Taken together, our data demonstrate previously unappreciated
roles for a.28 proteins in postsynaptic VGCC-effector coupling, and may shed light on
mechanisms by which a.26 proteins contribute to neurological function.

Materials and Methods

Ethical Approval:

Cacna2d2 knockout mice (Cacna2d2™m1SvVi, MGI = 3055290; generously supplied by Drs.
Sergey Ivanov and Lino Tessarollo) were obtained as cryopreserved sperm and re-derived
via /n vitro fertilization on a C57BL/6J background. Breeding mice were kept heterozygous,
and genotyping was performed as previously described (Beeson et al., 2020). Food and
water were available ad /ibitum. Mice were maintained in facilities fully accredited by the
Association for Assessment and Accreditation of Laboratory Animal Care and veterinary
care was provided by Oregon Health & Science University’s Department of Comparative
Medicine. All animal care and experiments were performed in accordance with state and
federal guidelines, and all protocols were approved by the OHSU Institutional Animal Care
and Use Committee (protocol number: IP00001622). The authors understand the ethical
principles of The Journal of Physiology and verify that the work in this manuscript complies
with the journal’s ethics checklist.

Slice Preparation and Electrophysiology:

Male and female mice were used between the ages of p21-30. KO and WT littermates
were deeply anesthetized by inhalation of 4% isoflurane followed by injection of 0.8 ml

of 2% avertin i.p. (Sigma-Aldrich, #T48402). Mice were then transcardially perfused with
ice-cold choline-based solution containing (mM): 125 choline-Cl, 2.5 KCI, 1.25 NaHyPQOy,
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0.44 ascorbate, 2 Na pyruvate, 3 3-myo-inositol, 10 D-glucose, 25 NaHCO3, 7 MgCls, 0.5
CaCl, (osmolarity adjusted to 305 mOsm) and equilibrated with 95% O, and 5% CO, gas
mixture. Acute 300 um sagittal slices were cut from cerebellum using a vibratome (VT1200,
Leica Microsystems), and incubated for 30 minutes in standard artificial cerebral spinal fluid
(aCSF) at 34°C.

Voltage clamp recordings:

Whole-cell recordings were obtained using 1-3 MQ borosilicate glass pipettes filled with
internal solution containing (in mM): 100 CsMeSQy, 35 CsCl, 15 TEA-CI, 1 MgCl,, 15
HEPES, 2 ATP-Mg, 0.3 TrisGTP, 10 phosphocreatine, and 2 QX-314. A large batch of
this internal base solution was equally divided and 10, 2 or 0.2 mM EGTA was added to
each third. All internals were adjusted to pH 7.3 with CsOH and osmolarity to 293 mOsm.
External solution contained (in mM): 125 NaCl, 25 NaHCOs3, 1.25 NaH,POy4, 3 KCI, 25
Dextrose, 2 CaCl,, 1 MgCl, (osmolarity adjusted to 300 mOsm) and was continuously
perfused via roller pump.

PCs were identified and recorded as previously described (Beeson et al., 2020). Briefly,
PCs were chosen from the vermis lobe VI, were identified by soma size and location

in the PC layer, and whole-cell patch-clamp recordings were obtained in voltage clamp
mode. Cell capacitance, series resistance and input resistance monitored in real time

using intermittent —10 mV voltage steps. Inhibition was blocked in all experiments by

10 UM SR95531 (Abcam, #ab120042), and 0.2-0.5 uM NBQX (Abcam, #ab120046) was
included to maintain voltage clamp of climbing fiber-mediated excitatory postsynaptic
currents (EPSCs). All voltage clamp recordings were performed at room temperature, as
the magnitude of DSE is temperature-independent (Kreitzer & Regehr, 2001b). Signals were
amplified with a MultiClamp 700B (Molecular Devices) amplifier and pipette capacitance
was compensated using MultiClamp software. Signals were low-pass filtered at 6 kHz and
sampled at 10 kHz, and digitized with a National Instruments analog-to-digital board. All
recordings were acquired and analyzed using IgorPro-based (Wavemetrics) software.

Though physiological DSE (/n vivo) likely is mediated by action-potential firing, brief
depolarizing steps are widely used to reliably induce eCB release and DSE in acute slice
preparations (Kreitzer & Regehr, 20014, b; Maejima et al., 2001; Ohno-Shosaku et al.,
2001; Wilson et al., 2001; Brown et al., 2004; Yoshino et al., 2011). For DSE experiments,
PCs were held at =70 mV while climbing fiber-mediated EPSCs were evoked using a
monopolar glass electrode in the granule cell layer. After obtaining 2 minutes of baseline
responses at 0.2 Hz, a depolarizing voltage step to 0 mV of 1 s, 500 ms or 250 ms

duration was delivered to induce DSE, after which PCs were returned to =70 mV and 0.2
Hz stimulation was continued. DSE plasticity is acute, and most synapses recover back to
baseline EPSC amplitudes within < 60 seconds (Brenowitz & Regehr, 2003). As a small
amount of “run down” was routinely observed in the evoked CF-mediated EPSC amplitude,
DSE inclusion criteria required EPSC amplitudes to return to 80% baseline within 2
minutes post-stimulation (opposed to “stepping” to decreased amplitude without recovery).
A minimum of 5 minutes were elapsed between DSE inductions, and step length was
randomized throughout the experiments. For CB1R activation experiments, climbing fibers
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were stimulated at 0.2 Hz while PCs were held at =70 mV and perfused with control aCSF
(including 0.5 pM NBQX, 10 pM SR95531) plus DMSO or 5 pM WIN55,212-2 (Tocris,
#1038). The effects of WIN55,212-2 wash-on were made by comparing the average EPSC
amplitude from 1 minute of baseline recordings prior to WIN55,212-2 application, and the
1 minute average EPSC amplitude from after 15 minutes of wash-on. Series resistance was
not compensated; cells with series resistance >10 MQ, or with a >2 MQ change in series
resistance over the course of the experiment were excluded.

For analysis, EPSC amplitudes were binned every 10 seconds (2 traces) and normalized to
the 1 minute of baseline immediately preceding the depolarizing step. The ‘DSE magnitude’
(e.g. Figure 1F) is based on the average of EPSC amplitude 5 and 10 s after the depolarizing
step. Example traces shown are from 5 s after the depolarizing step. A minimum of 3 mice
per genotype were used for each manipulation, with no more than 2 cells/treatment coming
from one mouse. For data presentation, EPSC traces were off-line box-filtered at 1 kHz in
Igor64 software.

Current clamp recordings:

For spontaneous spike experiments, internal solution contained (in mM): 120 KCH3SO3, 10
HEPES, 10 NaCl, 2 MgCl,, 0.5 EGTA, 4 ATP-Mg, 0.3 Tris-GTP, and 14 phosphocreatine,
pH 7.35 adjusted with KOH (osmolarity adjusted to 293 mOsm). A stock of EGTA

solution was added to aliquots of internal, to increase [EGTA] to 5mM as needed, as this
concentration is predicted to uncouple VGCCs from BK channels at a distance of >40

nm (Fakler & Adelman, 2008), the average distance between VGCCs and BK in Purkinje
neurons (Indriati et al., 2013). Synaptic inhibition was achieved with 10 uM SR95531 and
10 uM NBQX, and recordings were made at 36°C using an in-line heater. PCs in whole-cell
mode from vermis lobe VI were first held in voltage clamp mode to monitor access series
and input resistance before switching to current clamp. Changes in access were corrected
with bridge balance using Multiclamp software. For increased action potential waveform
resolution, some current clamp experiments were sampled at 50 kHz.

Spontaneous spikes from tonically firing PCs with < 400 pA holding current and < 10
MOhm series were analyzed using the Igor64 Neuromatic tools. Firing frequency data was
collected from 10 seconds of recording, which yielded ~100-500 spikes. Action potential
properties were assessed by averaging 50 consecutive spikes. Afterhyperpolarization
(AHP) amplitude was measured as the difference between the threshold voltage (Vinres =
depolarization rate >10 V/s) and the minimum voltage reached within 5 ms of spiking. All
current clamp data was taken at least 3 minutes after break-in to allow time for internal
solution to dialyze. Spike traces were box filtered for data visualization, and phase plane
plots were made using Igor64.

Immunohistochemistry:

Immunohistochemistry was performed as described (Beeson et al., 2020). Briefly, p21 WT
and KO mice were deeply anesthetized as described above, and transcardially perfused with
ice-cold PBS followed by 4% paraformaldehyde (PFA)-PBS. Following decapitation, brains
were removed and fixed overnight in 4% PFA-PBS, and stored in PBS at 4°C. Sagittal
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cerebellar slices were made at 50 um thickness using a vibratome, and slices containing
vermis lobe VI were permeabilized for 1 hr with 0.4% Triton-PBS with 10% normal horse
serum at RT. Slices were stained with mouse anti-Calbindin (Antibodies Incorporated, #75-
448; 1:20; (Holderith et al., 2020)), guinea pig anti-VGLUT2 (Synaptic Systems, #135—
404; 1:200; (Purrier et al., 2014)), and rabbit anti-DGLa (Frontier Institute, #2571691;
1:400; (Uchigashima et al., 2011)), or goat anti-Parvalbumin (Swant, #PVG-213; 1:1000;
(Schwaller et al., 1999)) and mouse anti-BK (Neuromab, #73-022; 1:500; (Martinez-
Espinosa et al., 2014)) overnight at 4°C. Corresponding fluorescently labeled secondaries
(Invitrogen; 1:500) were applied after rinsing 3x in PBS, and slices were mounted on glass
cover slips using Fluoromount G (Sigma-Aldrich, #F4680).

BK/PV and DGLa/VGLUT2/Calbindin membrane expression was imaged using 63x1.4
NA oil immersion lens on a LSM980 microscope with ZEN software. For BK/PV, ~7 um
z-stack images of primary PC dendrites were acquired at 0.15 pm intervals using the PV
channel at 4.5 x zoom with 680 x 680 pixel resolution; for DGLa/VGLUT2/Calbindin,
2.5 um z-stack images of primary PC dendrites were acquired at 0.15 pm intervals using
the Calbindin channel with 1840 x 1840 pixel resolution. Airyscan images were processed
using default settings in ZEN. Quantification of membrane localized BK puncta or DGLa/
VGLUT2 was done by a separate researcher, blinded to genotype. For BK quantification, the
most transverse section of dendrite from each z-stack was analyzed and 0.45 pm maximum
projections were used for the illustration in the figure. For DGLa/VGLUT2, a compilation
of 5 consecutive images (0.75 um stack) were cropped to illustrate a 25 x 25 pm region

of interest. For presentation, images were processed in Fiji/lmageJ and the panel was
assembled using Adobe Illustrator.

The data were tested for normality using Shapiro-Wilk test. Data from male and female
mice were grouped as no sex differences were noted. For DSE, preliminary data was used
to determine n with a power analysis designed to detect a difference of 50% between
genotypes (with an assumed standard deviation of 25%) at a power of 80% and level

of significance set to p = 0.05. The difference in magnitude of DSE between the WT

250 ms depolarization step condition (WT250) and other groups were compared using a
two-way ANOVA with Sidak’s correction for multiple comparisons. For current clamp data,
student’s unpaired t-tests were used for spike frequency comparison between WT and KO.
In current clamp experiments using 5 mM EGTA, only AHP amplitude was significantly
different (all other measures not shown). For this data, a two-way ANOVA with Sidak’s
correction for multiple comparisons was used to compare all groups to WT 0.5 mM
condition (WTg ). n = cells, each cell from a new slice, and each experiment from > 3
mice for all electrophysiology experiments with no more than 3 cells from one any animal
per experiment. For immunohistochemistry of BK membrane density measurements, data
from 2—4 images per animal were averaged (n = mice), and an unpaired t-test was used for
comparison. Data were graphed in Prism GraphPad version 9.0.1 and are reported as the
mean + SD; *p<0.05, **p<0.01, ***p<0.001, **** p < 0.0001. All data for the conclusions
of this study are reported in the manuscript.
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At PC climbing fiber synapses, postsynaptic voltage-dependent Ca2* entry initiates
retrograde endocannabinoid signaling, acutely reducing presynaptic release probability -

a form of plasticity known as DSE (Brenowitz & Regehr, 2003; Brenowitz et al., 2006). It

is presumed that postsynaptic VGCCs tightly couple with Ca?*-sensitive endocannabinoid
effector molecules, as high concentrations of fast Ca2* buffers are required to block
climbing fiber DSE (Kreitzer & Regehr, 2001b; Ohno-Shosaku et al., 2001; Brenowitz

et al., 2006). Using whole-cell recordings of PCs in acutely prepared brain slices from
CACNAZDZ2KO and WT littermate mice, we investigated whether absence of a.26-2 affects
DSE.

In WT PCs, DSE elicited with a 250 ms depolarizing step reduced the amplitude of regularly
evoked climbing fiber excitatory postsynaptic currents (EPSCs) by 24.9 £ 18.5% (n=6
cells from 3 mice; Fig 1A-D). In contrast, DSE was absent in KO PCs (3.6 + 2.8%; n =

4 cells from 3 mice, p = 0.0283; Fig 1B-D). The ducky mouse, which also lacks a.26-2
protein, has a ~30% decrease in PC somatic VGCC current density, which is thought to
represent decreased VGCC surface trafficking (Donato et al., 2006). As DSE magnitude is
related to the amount of Ca2* influx (Brenowitz & Regehr, 2003), it is possible that the
reduced VGCC density prevented DSE. However, although increasing the depolarizing step
length enhances Ca2* influx and DSE in WT mice (Brenowitz & Regehr, 2003), a four-fold
increase in step duration still failed to evoke DSE in a26-2 KO PCs (Fig 1D-F; DSE
Magnitude: WTspgms = 20.4 + 9.4%, n = 9 cells (4 mice); p = 0.951; WTqs = 32.4 £+ 15.1%,
n =12 cells (8 mice); p = 0.657; KOgggms = 3.4 £ 0.9%, n = 5 cells (5 mice); p = 0.0156;
KO15=5.4 + 4.4%, n = 10 cells (9 mice); p = 0.00930; Two-way ANOVA compared to
WTos0ms, Sidak’s correction for multiple comparisons).

This lack of DSE could not be explained by a failure of the presynaptic response

to endocannabinoids, as activation of climbing fiber cannabinoid receptors (CB1Rs) by
WIN55,212-2 (5 puM) equally reduced EPSC amplitudes in WT and KO Purkinje cells (%
decrease in EPSC amplitude after 15 minutes of 5 uM WIN55,212-2: WT = 29.59 + 15.24,
n=9; KO =234.47 + 6.578, n = 7; p = 0.445; Student’s unpaired t-test; data are reported

as mean + SD), indicating that CB1R signaling is intact in both genotypes. Furthermore,
we assessed the presence of a predominant eCB producing enzyme, diacylglycerol lipase
a (DGLa), in WT and KO PCs by immunolabeling and confocal imaging. In all mice

(n = 4/genotype), DAGa was visible at PC membranes and was localized within <

1um of presynaptic climbing fiber terminals, which are identified by their VGLUT2+
immunohistochemistry (Fig 2). While eCB signaling remains highly complex, two critical
components required for DSE, presynaptic CB1R activation and postsynaptic DGLa., appear
normal in the a26-2 KO.

As DSE was not rescued by increased activation of VGCCs in KO PCs, we hypothesized
that functional coupling of Ca2* influx to effector molecules was disrupted in the absence
of a28-2. To examine this, we lowered [EGTA] in our internal solution. As expected and
illustrated in Table 1, decreasing [EGTA] from 10 mM to either 2 mM or 0.2 mM resulted
in more profound DSE magnitude in WT PCs, which further increased with longer voltage
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steps (Fig 3A—-C), consistent with greater diffusion of Ca2* from its point of entry. Notably,
reduced Ca2* buffering restored DSE in KO PCs (Fig 3D-F), demonstrating that when Ca%*
is allowed to diffuse further from its entry source, the downstream signaling mechanisms
involved in DSE expression remained intact in KO mice. Thus, these data indicate that rather
than affecting Ca2* entry per se, a26-2 mediates tight functional coupling between VGCCs
and endocannabinoid release, typical of nanodomain-dependent signaling.

To investigate whether a.26-2 affects coupling of other effector molecules to postsynaptic
VGCC nanodomains, we focused on Ca?*-dependent afterhyperpolarizations (AHPS)
following action potentials. In PCs, the AHP is mediated by BK-type K¢, channels
(Edgerton & Reinhart, 2003; Niday & Bean, 2021), and regulates PC firing rate (Raman

& Bean, 1999; Womack et al., 2004). To assess VGCC-K¢, coupling, which occurs

at nanodomains throughout PC dendrites and soma (Indriati et al., 2013), we recorded
spontaneous spiking in PCs from WT and KO mice during whole-cell current-clamp
recordings. In agreement with previous studies in ducky mutants (Donato et al., 2006;
Walter et al., 2006), tonic spike rate in a26-2 KO PCs (12.9 £ 11.4 Hz, n = 11 cells

from 8 mice) was reduced compared to WT (Fig 4A-B; WT =36.5+ 15.8 Hz,n =12

cells (10 mice); p = 0.0006; Student’s unpaired t-test). Furthermore, AHP amplitude of
individual spike waveforms was consistently smaller in a26-2 KO cells (Fig 4C-D; WT =
12.8 £3.18 mV, n = 12 cells (10 mice); KO =8.18 + 2.45 mV, n = 11 cells (8 mice); p

< 0.0001), indicating reduced K¢, channel activation (Edgerton & Reinhart, 2003; Womack
et al., 2004). As shown in Table 2, other membrane properties were unchanged in KO PCs,
including the resting membrane potential, membrane polarization rate, spike threshold and
spike height (Fig 4E-J), indicating that changes in the KO were limited to the Kcg-mediated
AHP. Additionally, there was no change in the number of immunolabeled BK channel
puncta in PCs (Fig 4K; Membrane BK density: WT = 0.819 + 0.257 puncta/ym, n =4
mice (2-4 images/mouse averaged); KO = 0.751 £ 0.134 puncta/um, n = 3 mice (2-4
images/mouse averaged); p = 0.698; Student’s unpaired t-test; data reported as the mean +
SD), consistent with normal BK expression and function, as previously described in ducky
mice (Fell et al., 2016).

To determine whether the reduced AHP resulted from functionally uncoupled VGCC-K¢,
channels in KO mice, we dialyzed PCs with an increased EGTA concentration (from

0.5 mM to 5 mM) that uncouples VGCC-BK signaling (Fakler & Adelman, 2008). This
additional Ca2* buffering reduced the AHP amplitude in WT PCs t0 9.93 + 2.83 mV (n =

8 cells from 6 mice; p < 0.0001) to the same value as the KO AHP. In contrast, the KO

AHP did not change with increased EGTA (Fig 4C-D; KOs = 8.98 + 3.44 mV, n = 8 cells (5
mice); p < 0.0001; Two-way ANOVA comparison to WT 0.5 mM EGTA response (WTg5)
with Sidak’s correction for multiple comparisons; data reported as the mean + SD). Thus,
increased Ca2* buffering uncoupled VGCC-Kc, signaling in WT, but K¢, channels were
already uncoupled in the a26-2 KO.

Discussion

As a primary signal in neurons, precise spatiotemporal regulation of Ca2* influx maintains
fidelity of Ca2*-dependent processes in neurons. Consequently, molecules controlling

J Physiol. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beeson et al.

Page 9

VGCC coupling to downstream effectors are critical to neuronal function. a28 proteins

are involved in trafficking of VGCCs to the plasma membrane (Dolphin & Lee, 2020)

—a conclusion largely based on observations made in heterologous expression systems.
However, most neurons express more than one a28 isoform, making loss-of-function
analyses more challenging. For this reason, appreciation of other postsynaptic auxiliary
functional roles of a.26 proteins in neurons is limited. Because PCs selectively express

the a28-2 isoform (Lein et al., 2007; Beeson et al., 2020), the CACNA2D2 KO mouse
provides an ideal model in which to examine the functional roles for a28 proteins in

the postsynaptic compartment. Our results demonstrate that two distinct postsynaptic Ca2*-
dependent mechanisms, DSE and K¢, signaling, are disrupted in a26-2 KO PCs, indicating
functional loss of voltage-dependent calcium coupling. Though upregulation of other a.26
isoforms could potentially compensate for a26-2 loss in the KO, the robust functional
phenotypes found here indicate that this does not occur, and when directly examined, we and
others (Schopf et al., 2021) have not detected changes in other a28 isoform mRNA levels
after deletion of a26-2.

Given the challenges of visualizing endogenous VGCCs or a.26 proteins in tissues, and the
complexity of calcium-dependent eCB synthesis and signaling, it is unclear which molecules
are specifically mislocalized in the absence of a26-2 proteins. Although the source of Ca2*
involved in DSE-induction has not been defined in Purkinje cells, our voltage-step protocol
likely activated VGCCs on the plasma membrane as well as release from intracellular stores,
producing a graded influx of Ca2* dependent on duration of depolarization (Brenowitz &
Regehr, 2003). Regardless, the voltage-activated Ca2* signal is normally tightly-coupled to
eCB-producing effector molecules, as evidenced by the high concentrations of fast Ca2*
buffers required to block eCB signaling (Kreitzer & Regehr, 2001a; Ohno-Shosaku et al.,
2001; Brenowitz et al., 2006). Because NMDARs are not present at the mouse climbing
fiber synapse until late adulthood (Piochon et al., 2007; Renzi et al., 2007; but also see
Rosenmund et al., 1992), and our DSE induction protocol did not pair glutamate release with
postsynaptic depolarization, it is unlikely that NMDARs, for example, would serve as an
alternative source of Ca2*.

Presynaptic CFs in a26—2 KO mice demonstrate a reduced probability of release, but
overall enhanced glutamate release due to increased CF synapse formation (Beeson et al.,
2020), suggesting possible changes in presynaptic VGCC signaling in the KO. However,
our findings that presynaptic activation of CB1-type cannabinoid receptors by application
of WIN55,212-2 produced an equivalent suppression of evoked release to that of WT
CFs, and that changes in postsynaptic Ca%* buffering revealed DSE in the KO, indicate
that all requirements for eCB-mediated plasticity are present and functional despite the
loss of a28-2 proteins. Nonetheless, the effect of postsynaptic EGTA manipulations on
eCB-mediated signaling in the KO suggests a change in the effectiveness of postsynaptic
voltage-dependent Ca?* signaling to eCB effectors, possibly via VGCCs on the plasma
membrane. Careful identification of the exact DSE signaling effectors involved in a.25-
mediated coupling, and the specific protein-protein interactions mediating their proximal
localization, should be the focus of future studies.
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How might a.26-2, a largely extracellular protein, mediate functional coupling of VGCCs
with intracellular effector proteins like those involved in eCB signaling? It is possible that
a.26-2 directly associates with other extracellular proteins involved in VGCC domains
(Dolphin & Lee, 2020). As endocannabinoid machinery resides at synapses (Rimmerman
et al., 2008), and a.28 proteins are important for synapse formation (Cole et al., 2005;

Lein et al., 2007; Eroglu et al., 2009; Beeson et al., 2020), a.28 could participate in
assembling functional VGCC nanodomains by binding to presynaptic adhesion proteins,
thus localizing VGCCs at synapses. Another possibility is that a26-2 localizes VGCCs to
lipid rafts. Though VGCCs are abundant in non-lipid raft membrane fractions where they are
independent of a26-2, VGCCs and a28-2 colocalize in lipid rafts isolated from cerebellar
homogenates (Davies et al., 2006). Intriguingly, DGLa has also been isolated in lipid rafts
(Rimmerman et al., 2008), and mislocalization of VGCCs away from lipid rafts might
explain the reduced efficacy of VGCC-signaling in a26-2 KO PCs. In regards to VGCC-
Kca coupling, the a28-1 isoform interacts directly with BK channels in heterologous
systems (Zhang et al., 2018), raising the possibility that this interaction occurs with other

a 26 isoforms, including a26-2 in neurons.

Our results provide clues for future work to directly assay how a28-2 proteins contribute
to Ca%*-effector coupling in both K¢, and eCB signaling systems, as many questions
remain answered. For example, does pharmacological interference with a28-proteins by the
potent and widely-used a26-1/2 therapeutic, gabapentin, impact Ca2* coupling? Similar to
electrophysiological studies of hippocampal neuron transmission (Brown & Randall, 2005),
we found no effect of acute application of gabapentin on climbing fiber DSE in preliminary
studies. However, chronic exposure to gabapentin may produce changes in a26-mediated
Ca?* coupling, as prolonged incubation (days) reduces a26-1-induced synapse formation
and a28-1 recycling (Eroglu et al., 2009; Tran-Van-Minh & Dolphin, 2010). Gabapentin’s
mechanism(s) of action remain unclear, rendering our negative result of its impact on
climbing fiber DSE inconclusive. Future research should also reveal whether a.26 isoforms
perform differing functions in the neuron, or whether gabapentin exerts dissimilar effects on
a26-1vs. a26-2. Likewise, the potential involvement of other a28 isoforms in neuronal
VGCC nanodomain signaling may provide insights into how this family of proteins impact
neurological functions across the brain.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points Summary

Calcium influx, via voltage-dependent calcium channels, drives numerous
neuronal signaling processes with precision achieved in part by tight coupling
between calcium entry and calcium-dependent effectors.

a 28 proteins are important for neurological function and contribute to
calcium channel membrane trafficking, although how a.26 proteins influence
postsynaptic calcium-dependent signaling is largely unexplored.

Here we report that loss of a28-2 proteins disrupts functional calcium
coupling to two different postsynaptic calcium-dependent signals in mouse
Purkinje cell neurons, retrograde endocannabinoid signaling and the action
potential afterhyperpolarization.

Our findings provide new insights about the control of calcium coupling as
well as new roles for a28-2 proteins in neurons.
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Figure 1. Depolarization-Induced Suppression of Excitation (DSE) reduces climbing fiber-EPSC
amplitude in WT but not a26-2 KO Purkinje cells.
A) Experimental schematic. Purkinje cell (PC) is held at =70 mV while the climbing fiber

axon (red) is stimulated at 0.2 Hz (arrows). A depolarization step to 0 mV is delivered to the
PC between EPSC recordings.

B) Overlay of peak-scaled EPSC traces during baseline (grey) and 5 s post-depolarization
(dotted line) from WT (black) and KO (blue) PCs; 250 ms step duration.

C) Summary of WT and KO timecourse responses to 250 ms depolarization shown as % of
baseline EPSC. Each point averaged two consecutive EPSCs. WT (black, filled circle): 24.9
+ 18.5% (n = 6 cells from 3 mice; KO (blue, filled circle): 3.6 + 2.8%; n = 4 cells from 3
mice; data are reported as the mean + SD.

D) Overlay of peak-scaled EPSCs during baseline (grey) and 5 s after 250 ms (dotted line),
500 ms (dashed line), and 1 s (solid line) depolarization from WT (black) and KO (blue)
PCs.

E) DSE timecourse from WT (black, open circle) and KO (blue, open circle) experiments
using 1 s depolarizing step lengths shown as % of baseline EPSC. Each point averaged two
consecutive EPSCs. WT1g = 32.4 + 15.1%, n = 12 cells (8 mice); KO15=5.4 £ 4.4%, n = 10
cells (9 mice); data are reported as the mean + SD.

F) EPSC depression normalized to baseline (Magnitude of DSE) in WT (black) and KO
(blue) after 250 ms (fine stripe), 500 ms (wide stripe) and 1 s (solid) depolarization steps:
WTo50ms = 24.9 + 18.5%, n = 6 cells (3 mice); WTsggms = 20.4 £ 9.4%, n = 9 cells (4 mice);
p =0.951; WTq5 =32.4 £ 15.1%, n = 12 cells (8 mice); p = 0.657; KOg50ms = 3.6 £ 2.8%, n
=4 cells (3 mice); p =0.0283; KOsgoms = 3.4 £ 0.9%, n =5 cells (5 mice); p = 0.0156; KO45
=5.4+4.4%, n =10 cells (9 mice); p = 0.00930; Two-way ANOVA compared to WTo50ms,
Sidak’s correction for multiple comparisons; data are reported as the mean £+ SD; * p < 0.05,
**p<0.01.
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VGLUT2

Figure 2. Endocannabinoid-producing enzymes are present near climbing fiber synapses in
Purkinje cells of both genotypes.

Purkinje cells from WT (top) and KO (bottom) mice express the eCB-producing enzyme,
diacylglycerol lipase a (DGLa; green), along dendritic membranes (calbindin; blue)
adjacent to presynaptic climbing fiber synapses (VGLUT2; magenta), indicated by arrows.
Scale bar 5 um. Representative images shown are max projection confocal images, 63x1.4
NA objective.
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Figure 3. Reduced intracellular [EGTA] reveals DSE in the a26-2 KO.
A) Overlay of peak-scaled EPSCs during baseline (grey) and 5 s after 250 ms (dotted

line), 500 ms (dashed line), and 1 s (solid line) depolarization using intracellular solution
containing 2 mM EGTA from WT (black) and KO (blue) PCs.

B) DSE timecourse from WT (black) and KO (blue) experiments using 2 mM EGTA and
depolarization steps of 250 ms (filled circle), 500 ms (triangle) and 1 s (open circle). Data
are reported as the mean + SD.

C) DSE Magnitude in WT (black) and KO (blue) after 250 ms (fine stripe), 500 ms (wide
stripe) and 1 s (solid) depolarization steps using a 2 mM EGTA: WTo50ms = 16.8 = 15.8%, 5
cells (4 mice); WTsogms = 23.2 + 18.1%, 7 cells (4 mice); p = 0.958; WTq5 = 53.2 + 23.2%,
n = 8 cells (5 mice); p = 0.000992; KO250ms = 1.6 + 0.8%, n = 6 cells (5 mice); p = 0.432;
KOsgoms = 3.2 £ 2.2%, n = 5 cells (5 mice); p = 0.597; KO1g =12.2 + 4.9%, n =5 cells

(5 mice); 0.994; Two-way ANOVA compared to WT,g50ms, Sidak’s correction for multiple
comparisons; data are reported as the mean + SD. *** p < 0.001.

D) Overlay of peak-scaled EPSCs during baseline (grey) and 5 s after 250 ms (dotted line),
500 ms (dashed line), and 1 s (solid line) depolarization using 0.2 mM EGTA from WT
(black) and KO (blue) PCs.

E) DSE timecourse from WT (black) and KO (blue) experiments using 0.2 mM EGTA and
depolarization steps of 250 ms (filled circle), 500 ms (triangle) and 1 s (open circle). Data
are reported as the mean + SD.

F) DSE Magnitude in WT (black) and KO (blue) after 250 ms (fine stripe), 500 ms (wide
stripe) and 1 s (solid) depolarization steps using a 0.2 mM EGTA: WTo5gms = 38.0 £ 15.9%,
n =6 cells (4 mice); WTsggms = 46.2 £ 16.5%, n = 6 cells (4 mice); p = 0.900; WTq5=51.6
+ 15.0%, n = 7 cells (4 mice); p = 0.493; KOy50ms = 4.8 £ 1.9%, n =4 cells (3 mice); p =
0.0123; KOs50gms = 9.4 = 7.8%, n =5 cells (3 mice); p = 0.0250; KO15 =29.5 + 19.7%, n
=11 cells (8 mice); p = 0.826; Two-way ANOVA compared to WT,5gms, Sidak’s correction
for multiple comparisons; data are reported as the mean + SD. * p < 0.05.
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Figure 4. Spontaneous firing frequency, afterhyperpolarization (AHP) amplitude and ca?*
coupling are reduced in the a26-2 KO.

A) Spontaneous spikes in WT (black) and KO (magenta) PCs; scale: 50 mV, 0.5 s.

B) Spontaneous firing frequency in PCs: WT = 36.5 + 15.8 Hz, n = 12 cells (10 mice); KO =
129+ 11.4 Hz, n = 11 cells (8 mice); p = 0.0006; Student’s unpaired t-test; data are reported
as the mean = SD; *** p < 0.001.

C) Averaged spontaneous spikes from WT and KO PCs during tonic firing (0.5 mM EGTA,
black/magenta; 5 mM EGTA grey/light purple); scale: 10 mV, 2 ms. Grey dotted lines
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indicate Vres and minimum voltage during AHP. Below;, enlarged overlay demonstrating
differences in AHP amplitude; scale: 5 mV, 1 ms.

D) AHP amplitudes recorded using 0.5 mM EGTA or 5 mM EGTA intracellular solution;
WTg5=12.8 £3.18 mV, n = 12 cells (10 mice); WT5=9.93 £ 2.83 mV, n =8 cells (6
mice); p < 0.0001; KOg5 =8.18 + 2.45 mV, n = 11 cells (8 mice); p < 0.0001; KOs = 8.98

+ 3.44 mV, n = 8 cells (5 mice); p < 0.0001; Two-way ANOVA comparison to WT 0.5 mM
EGTA response (WTg 5) with Sidak’s correction for multiple comparisons; data are reported
as the mean + SD; **** p < 0.0001.

E) No correlation of AHP amplitude vs. resting membrane potential (V) in WT (black) and
KO (magenta) PCs using 0.5 mM EGTA. Linear regression, slope mean and 95% confidence
interval; WT R? = 0.00185; —0.0673, 95% CI [-1.17, 1.03]; KO R? = 0.393; 2.16, 95% Cl
[0.137, 4.19].

F-1) No differences in spike waveform parameters in WT and KO PCs. (F) Maximum dV/dt:
WTg5 =169 + 42.6 dV/dt; KOg 5 = 196 + 58.2 dV/dt; p = 0.217; (G) Minimum dV/dt:
WTg5=-130 + 40.9 dV/dt; KOg 5 = -121 + 31.7 dV/dt; p = 0.594; (H) Spike threshold
(Mithres): WTo5=-41.1 +5.19 mV; KOg 5 = -39.5 £ 8.50 mV; p = 0.591; (1) Spike height:
WTp5=43.4+11.6 mV; KOg5=46.4 +7.42 mV; p = 0.462; unpaired Student’s t-tests;
data are reported as the mean = SD; WTq 5 n = 12 cells (10 mice); KOg5 n = 11 cells (8
mice).

J) Phase plane plots of spontaneous spikes in WT and KO PCs (0.5 mM EGTA, black/
magenta; 5 mM EGTA grey/light purple). Traces aligned by spike threshold (Vinresh) for
comparison; scale: 100 mV/ms, 20 mV. Below, enlarged inset to illustrate differences in
AHP minimum amplitude (arrows; 0.5 mM EGTA, black/magenta; 5 mM EGTA, grey/light
purple); scale: 100 mV/ms, 5 mV.

K) Immunohistochemistry of WT and KO cerebellar slices stained for parvalbumin (PV;
cyan) and the BK channel (magenta); scale: 5 pm. Below;, merged higher power image;
scale: 2 um. Images shown are max projection confocal images, 63x1.4 NA objective.
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DSE magnitude using 2 mM EGTA internal

Table 1

DSE magnitude using 0.2 mM EGTA internal

WTZSOms
WTs00ms
WTyg

KO250ms
KOSOOms

KOs

DSE Magnitude

16.8 + 15.8%
23.2+18.1%
53.2 +£23.2%
1.6 +0.8%
3.2+£22%
122 +4.9%

n
5 cells (4 mice)
7 cells (4 mice)
8 cells (5 mice)
6 cells (5 mice)
5 cells (5 mice)

5 cells (5 mice)

p value

0.958
0.000992
0.432
0.597
0.994

DSE Magnitude

38.0 £ 15.9%
46.2 + 16.5%
51.6 + 15.0%
4.8+ 1.9%
9.4+7.8%
29.5+19.7%

n
6 cells (4 mice)
6 cells (4 mice)
7 cells (4 mice)
4 cells (3 mice)
5 cells (3 mice)

11 cells (8 mice)

p value

0.900
0.493
0.0123
0.0250
0.826

Page 20

n = cells, each cell from a new slice, and each experiment from > 3 mice; Two-way ANOVA compared to WT250ms, Sidak’s correction for
multiple comparisons; data are reported as the mean + SD.
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Table 2

Spontaneous spike membrane properties

WTysMean +SD  KOgys Mean = SD
Membrane potential (V)  —45.9 £ 5.60 mV =422 +7.64 mV

Maximum dV/dt 169 = 42.6 dV/dt 196 + 58.2 dV/dt
Minimum dV/dt -130£40.9dVv/dt -121 +31.7 dV/dt
Spike threshold (Vixres) -41.1+519mV -39.5+8.50 mV
Spike height 434+£11.6 mV 46.4+7.42 mV

p value
0.190
0.217
0.594
0.591
0.462

Page 21

WTQ.5n =12 cells (10 mice); KO 5 n = 11 cells (8 mice); n = cells, each cell from a new slice, and each experiment from > 3 mice; unpaired

Student’s t-tests; data are reported as the mean + SD.

J Physiol. Author manuscript; available in PMC 2023 January 01.



	Abstract
	Graphical Abstract
	Introduction
	Materials and Methods
	Ethical Approval:
	Slice Preparation and Electrophysiology:
	Voltage clamp recordings:
	Current clamp recordings:
	Immunohistochemistry:
	Statistics:

	Results
	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1
	Table 2

