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Activity-Dependent Facilitation of Cay 1.3 Calcium Channels
Promotes KCa3.1 Activation in Hippocampal Neurons

Giriraj Sahu, “Hadhimulya Asmara, Fang-Xiong Zhang, “"Gerald W. Zamponi, and Ray W. Turner
Hotchkiss Brain Institute, University of Calgary, Calgary, Alberta T2N 4N1, Canada

Cay 1 L-type calcium channels are key to regulating neuronal excitability, with the range of functional roles enhanced by interactions with
calmodulin, accessory proteins, or CaMKII that modulate channel activity. In hippocampal pyramidal cells, a prominent elevation of
Cay 1 activity is apparent in late channel openings that can last for seconds following a depolarizing stimulus train. The current study
tested the hypothesis that a reported interaction among Ca,, 1.3 channels, the scaffolding protein densin, and CaMKII could generate a
facilitation of channel activity that outlasts a depolarizing stimulus. We found that Ca, 1.3 but not Ca, 1.2 channels exhibit along-duration
calcium-dependent facilitation (L-CDF) that lasts up to 8 s following a brief 50 Hz stimulus train, but only when coexpressed with densin
and CaMKIL. To test the physiological role for Cay 1.3 L-CDF, we coexpressed the intermediate-conductance KCa3.1 potassium channel,
revealing a strong functional coupling to Ca, 1.3 channel activity that was accentuated by densin and CaMKII. Moreover, the Ca,1.3-
densin-CaMKII interaction gave rise to an outward tail current of up to 8 s duration following a depolarizing stimulus in both tsA-201
cells and male rat CA1 pyramidal cells. A slow afterhyperpolarization in pyramidal cells was reduced by a selective block of Cay 1 channels
by isradipine, a CaMKII blocker, and siRNA knockdown of densin, and spike frequency increased upon selective block of Ca, 1 channel
conductance. The results are important in revealing a Ca, 1.3- densin-CaMKII interaction that extends the contribution of Ca,1.3
calcium influx to a time frame well beyond a brief input train.
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Cayl L-type calcium channels play a key role in regulating the output of central neurons by providing calcium influx during
repetitive inputs. This study identifies along-duration calcium-dependent facilitation (L-CDF) of Ca 1.3 channels that depends on
the scaffolding protein densin and CaMKII and that outlasts a depolarizing stimulus by seconds. We further show a tight func-
tional coupling between Cay 1.3 calcium influx and the intermediate-conductance KCa3.1 potassium channel that promotes an
outward tail current of up to 8 s following a depolarizing stimulus. Tests in CA1 hippocampal pyramidal cells reveal that a slow
AHP is reduced by blocking different components of the Ca, 1.3-densin-CaMKII interaction, identifying an important role for
Cay1.3 L-CDF in regulating neuronal excitability. j

ignificance Statement

Introduction
L-type calcium channels of the Cay1 family have a key role in
providing calcium influx to cortical pyramidal neurons in re-
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sponse to repetitive inputs. The activity of Ca,1 channels can in
turn be regulated by calcium, accessory subunits, or phosphory-
lation that tailors their ability to modify membrane excitability.
Cay1 channels undergo an immediate regulation when calcium
influx increases an association with calmodulin (CaM) to induce
a calcium-dependent inactivation (CDI; Ben-Johny and Yue,
2014). Neuronal Cay1.3 C-terminal splice isoforms can act to
modify CDI or support calcium-dependent facilitation (CDE),
dynamically increasing the range of functions for Cay 1.3 chan-
nels depending on isoform expression (Koschak et al., 2001;
Singh et al., 2008; Jenkins et al., 2010; Koschak, 2010; Moreno et
al., 2016). In particular, a long C-terminal splice isoform of
Cay 1.3 channels found in CA1 hippocampal pyramidal cells can
exhibit CDF by associating with the accessory protein densin that
acts as a bridge to bind CaMKII (Jenkins et al., 2010). Specifically,
the combination of densin and CaMKII reduces the CDI that
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occurs during repetitive stimuli to increase Ca,,1.3-mediated cal-
cium influx (Jenkins et al., 2010). Densin is known to localize to
dendrites where a facilitation of Cay 1.3 channels could increase
calcium influx to influence synaptic function and signal process-
ing (Jenkins et al., 2010; Stanika et al., 2016). Yet, a direct func-
tional role for Cay1.3 CDF that involves the densin—CaMKII
interaction has not been identified.

One role for Cay 1.3 channels in controlling postsynaptic ex-
citability comes from the finding that a calcium-dependent slow
afterhyperpolarization (sSAHP) of several seconds duration in py-
ramidal cells is reduced by dihydropyridines (DHPs) and in
Cay1.37/" animals (Lima and Marrion, 2007; Gamelli et al.,
2011). Moreover, Cay1 channels in pyramidal cells exhibit late
openings following a train of depolarizing stimuli and even a
delayed facilitation for up to 6 s that could modify cell excitability
(Thibault et al., 1993; Kavalali and Plummer, 1994, 1996; Cloues
et al., 1997; Schjott and Plummer, 2000). It is known that Cay1
calcium channels can functionally couple with calcium-gated po-
tassium channels, including KCal.1 (BK; Berkefeld et al., 2006;
Loane et al., 2007; Berkefeld and Fakler, 2008; Vandael et al.,
2010) and KCa2.x (SK) channels (Bowden et al., 2001; Adelman
etal.,, 2012; Vandael et al., 2015). A class of calcium-gated potas-
sium channel of 19 pS conductance that is activated by nifedipine-
sensitive calcium channels was also reported in CA1 pyramidal
cells (Marrion and Tavalin, 1998; Lima and Marrion, 2007). In-
deed, the pattern of delayed facilitation of Ca, 1 channels and the
activation of these potassium channels is similar following short
trains of depolarization (Cloues et al., 1997; Bowden et al., 2001;
Lima and Marrion, 2007; King et al., 2015). Progress in identify-
ing the channels that contribute to this late response comes from
the finding that the intermediate-conductance calcium-gated potas-
sium channel KCa3.1 is expressed in pyramidal cells and activates
over the time course of the sSAHP (King et al., 2015; Turner et al.,
2015, 2016). However, we do not know whether Ca 1.3 channels
can exhibit direct or functional coupling to KCa3.1 channels or
whether Ca, 1 channel facilitation can influence KCa3.1 contri-
butions to the sAHP.

The current study examined the ability for Cay1.3 calcium
channels to undergo facilitation that outlasts a depolarizing stim-
ulus, and its ability to activate KCa3.1 channels. We find a form of
Cay 1.3 CDF that is densin- and CaMKII-dependent that outlasts
a depolarizing stimulus by seconds. A strong functional coupling
between Cay 1.3 and KCa3.1 channels further allows the Ca, 1.3
densin—CaMKII interaction to accentuate a long-duration out-
ward tail current consistent with the SAHP in CAl pyramidal
cells.

Materials and Methods

Brain slice preparation

Sprague Dawley rats (Charles River) were raised from timed-pregnant
dams maintained according to the guidelines of the Canadian Council of
Animal Care in an Animal Resource Center of the University of Calgary.
Male rats of postnatal day 18 (P18) to P24 age were used to prepare
coronal hippocampal brain slices as previously described (King et al.,
2015). Briefly, animals were anesthetized by isoflurane inhalation until
unresponsive to ear pinch. The brains were rapidly dissected and placed
in ice-cold cutting solution composed of the following (in mm): 215
sucrose, 25 NaHCOj,, 20 p-glucose, 2.5 KCl, 0.5 CaCl,, 1.25 NaH,PO,,
and 3 MgCl, continuously bubbled with carbogen (95% O, and 5% CO,)
gas to cut 250 wm thick slices by vibratome (VT1200 S, Leica). The slices
were allowed to recover for 20-30 min at 37°C and then maintained at
room temperature (22-24°C) in artificial CSF (aCSF) composed of the
following (in mwm): 125 NaCl, 3.25 KCl, 1.5 CaCl,, 1.5 MgCl,, 25
NaHCO;, and 25 p-glucose bubbled with carbogen gas. For recordings,
slices were moved to a custom-made recording chamber placed on the
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stage of a Zeiss Examiner.A1 Microscope and maintained as an interface
preparation at 32-33°C.

Hippocampal dissociated cell culture

Low-density dissociated cultures of rat hippocampal neurons were pre-
pared as previously described (Fan et al., 2016). Briefly, PO—P1 rat pups
were anesthetized by being placed on ice for 5-10 min, and hippocampi
were dissected and dissociated by papain treatment, followed by tritura-
tion. The cell suspension was plated on poly-L-lysine- and laminin-
coated glass coverslips in 24-well culture dishes at a density of 35005300
cells/cm®. After plating cells were allowed to grow on coverslips for 7 d
in neuronal growth medium (NGM) composed of free Neurobasal me-
dium, 1 mmM Na-pyruvate, 2 mM L-glutamine, 10 mm HEPES, 1% B-27
supplement, 5% FBS, 0.6% glucose, and 1% penicillin-streptomycin. All
cell culture chemicals were obtained from Life Technologies.

After 7 d in vitro cultured neurons were transfected with siRNAs
against densin (SASI_Rn02_00267099, SASI_Rn01_00094090, Sigma-
Aldrich), referred to as densin siRNA-1 and siRNA-2, or with universal
negative control siRNA (SIC001, Sigma-Aldrich) using lipofectamine
2000 (Thermo Fisher Scientific). eGFPN1 was cotransfected with the
siRNAs to visualize transfected cells. Each well of a 24-well plate was
transfected with 50 pm siRNA and 0.1 ug of eGFPNI1 using 3 ul of
lipofectamine. On the day of transfection, the conditioned NGM was
replaced with fresh Neurobasal media devoid of any growth factor and
antibiotics. The media was again replaced 3—4 h after transfection with con-
ditioned NGM, and cells were used for experiments 3 d after transfection.

tsA-201 cell cultures

tsA-201 cells were maintained in DMEM supplemented with 10% heat
inactivated fetal calf serum and 1% penicillin-streptomycin. The calcium
phosphate-based method was used to transiently transfect cDNAs into
tsA-201 cells (Engbers et al., 2012). For Ca,,1.2 channel expression, 2 ug
each of human-a1C-PMT2, a281-PMT2, and B1B-PMT2 was used. For
Cay/1.3 expression, 2 ug each of human-a1D-GFP ~, a281-pcDNA, and
B1B-pcDNA was used. Cay1.3-a1D-GFP ~ was a gift from Professor J.
Striessnig (University of Innsbruck, Innsbruck, Austria). Ca,1.2- and
Cay 1.3-expressing cells were cotransfected with 100 ng of eGFPNI to
identify transfected cells and 1 ug of KCa3.1-GFP when coexpressed with
KCa3.1 channels (King et al., 2015).

For determining the facilitation of Cay1 currents, mCherryCl-
CaMKII and densin-GFP were cotransfected along with Ca,, 1 isoforms.
Threonine at position 286 in mCherryC1-CaMKII was mutated to ala-
nine to generate an mCherryC1-CaMKII-T286A construct using appro-
priate forward and reverse PCR primers. DNA sequencing was used to
verify the mutation. Human full-length densin-GFP was provided by
Professor Hans-Jurgen Kreienkamp (University Medical Center Hamburg-
Eppendorf, Hamburg, Germany) (Quitsch et al., 2005) and a rat short
Cay1.3 isoform (Cay1.3s) clone was commercially obtained (catalog
#49333, Addgene; Xu and Lipscombe, 2001).

Electrophysiology

Cells maintained in a slice preparation or as dissociated culture were
visualized using infrared differential interference contrast and whole-cell
patch-clamp recordings obtained using a Multiclamp 700B Amplifier,
Digidata 1440A Digitizer, and pClamp version 10.5 software. Recordings
in tissue slices were specifically directed to CA1 pyramidal cells. All cur-
rent traces were DC-10 kHz bandpass filtered and digitized at 40 kHz.
Glass pipettes with an outer diameter of 1.5 mm (A-M Systems) having
4-8 M() resistance were pulled using a P-95 horizontal puller (Sutter
Instruments). For whole-cell voltage-clamp recordings, series resistance
was compensated to 70% and leak was subtracted off-line in Clampfit
10.5 software. For current-clamp recordings, cells with more than —55
mV resting membrane potential were accepted with a negative bias cur-
rent of <150 pA applied to maintain a resting potential at approximately
—70 mV. After attaining whole-cell configuration, cells were allowed to
equilibrate with the internal pipette solution for 5 min before recordings,
and cells were rejected for any drift in access resistance of >20%. Stim-
ulating electrodes were concentric bipolar (CBCMX75 [JL2], Frederick
Haer) and controlled by a stimulus isolation unit (pulse width, 0.1-0.2
ms; Digitimer).
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Hippocampal tissue slices were maintained at 32-33°C, and dissoci-
ated hippocampal cultures and tsA-201 cells were maintained at room
temperature (22-24°C). The bathing medium used for hippocampal
slices was aCSF (see above), with a similar HEPES-buffered medium for
dissociated hippocampal and tsA-201 cell cultures composed of the fol-
lowing (in mm): 120 NaCl, 3 NaHCO;, 3.5 KCl, 1.5 MgCl,, 1.5 CaCl,, 10
HEPES, and 10 p-glucose, pH 7.4 with NaOH. Voltage-clamp recordings
in hippocampal slices or dissociated cultures included the synaptic
blockers 25 um APV, 10 um DNQX, and 50 um picrotoxin. For current-
clamp recordings in CA1 neurons, 100 nv apamin and 10 pum XE-991 was
added to the aCSF but without any synaptic blockers. Unless otherwise
noted, voltage-clamp and current-clamp recordings in hippocampal
cells used an electrolyte composed of the following (in mwm): 130
KMeSO,, 0.1 EGTA, 10 HEPES, 7 NaCl, 0.3 MgCl,, 2 ATP, 0.5 GTP, and
5 phosphocreatine, pH 7.3 with KOH, providing an E; of —75 mV and
Ex of =97 mV.

Isolating Cay1 calcium current

L-type calcium currents were recorded from tsA-201 cells expressing
channel isoforms in isolation and in hippocampal tissue slices. In tsA-201
or CAl pyramidal cells, the internal electrolyte contained the following
(in mm): 110 CsCl, 2 MgCl,, 0.5 EGTA, 10 HEPES, 2 ATP, 0.5 GTP, and
5 phosphocreatine, pH 7.3 with CsOH. The bathing medium for tsA-201
cells contained the potassium channel blockers 2 mm CsCl, 5 mm TEA,
5 mm 4-AP, 100 nm apamin, and 1 um TRAM-34. For isolating Ca, 1
currents in hippocampal CA1 neurons, the aCSF contained the same
potassium channel blockers and 10 um XE-991 along with synaptic
blockers and 1 um TTX. For voltage-clamp recordings in CA1 pyramidal
cells, the aCSF also contained 200 nM w-agatoxin IVA, 1 uM w-conotoxin
MVIIC, 200 nm SNX-482, and 1 um TTA-P2 to block Ca, 2.1, Ca\2.2,
Cay2.3, and Ca,3.X currents, respectively. To study voltage-dependent
facilitation of Cay1.3 currents in tsA-201 cells, 5 mm BaCl, replaced
CaCl, in the bathing medium.

Isolating KCa3.1 current

KCa3.1 current was recorded in tsA-201 cells bathed in the following
medium (in mm): 150 Na gluconate, 4.5 KCl, 1.5 CaCl,, 1.5 MgCl,, 10
HEPES, 2 CsCl, 5 TEA, 5 4-AP, and 100 nm apamin, pH 7.4 with NaOH.
Free calcium concentration in the internal electrolyte was adjusted to 1
uM for activation of KCa3.1 currents, composed of the following (in
mwM): 145 K gluconate, 2 MgCl,, 10 EGTA, 10 HEPES, 8.5 CaCl,, 2 ATP,
0.5 GTP, and 5 phosphocreatine, pH 7.2, adjusted with KOH. Maxchela-
tor software (http://maxchelator.stanford.edu/CaEGTA-NIST.htm) was
used to calculate the EGTA and CaCl, concentrations to maintain 1 um
free Ca" in the internal electrolyte. In some cases, KCa3.1 current was
blocked by internal infusion of 1 um TRAM-34 through the electrode
using an ALA pipette perfusion system (King et al., 2015).

Isolating IsSAHP in hippocampal neurons

The KCa3.1-mediated sSAHP current (ISAHP) in hippocampal CA1 neu-
rons in the slice preparation was isolated in voltage clamp by including in
the aCSF 2 mm CsCl, 5 mum tetraethyl ammonium chloride (TEA), 5 mm
4-AP, 100 nm apamin, 10 um XE-991, and 1 um TTX along with synaptic
blockers (above). The external medium used to isolate ISAHP in dissoci-
ated cultured neurons included the same potassium channel, sodium
channel, and synaptic blockers as for slice preparations (above), and the
calcium channel blockers 200 nm w-agatoxin IVA, 1 uM w-conotoxin
MVIIC, 200 nm SNX-482, and 1 um TTA-P2 were added to the bath by
pressure ejection (Automate Scientific).

Foerster resonance energy transfer

For Foerster resonance energy transfer (FRET) imaging, tsA-201 cells
were seeded onto poly-L-lysine-coated 35-mm glass-bottom Petri dishes.
Cells were transiently transfected with KCa3.1-GFP, Ca,,1.3-mKate, and
mKate—CaM constructs generated using appropriate sets of restriction
enzymes and PCR primer sets followed by DNA sequencing for valida-
tion. Cells were then incubated for 36—42 h at 37°C and 5% CO,, washed,
and replaced with colorless low K *-based imaging medium composed of
the following (in mm): 148 NaCl, 3 KCl, 10 HEPES, 3 CaCl,, 10 glucose,
and 1 MgCl, pH 7.3 at 25°C. To depolarize cells, the low-potassium
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imaging medium was replaced with high-potassium (50 mm KCI) me-
dium. Cells were examined with a Nikon Clsi spectral confocal laser-
scanning microscope with a 40X/1.3 numerical aperture oil-immersion
objective. For FRET imaging, KCa3.1-GFP was excited at 457 nm, and
Cay1.3-mKate or mKate-CaM was excited at 561 nm. Emission spectra
of GFP and mKate were recorded at between 400 and 750 nm. The FRET
signal was measured every 10 s for 500 s, and ImageTrak software (P.K.
Stys, University of Calgary, Calgary, AB, Canada; http://www.ucalgary.
ca/styslab/imagetrak; Stirling et al., 2014) was used for processing the
images. To separate the fluorescence signals of GFP and mKate, spectral
images were linearly unmixed using ImageTrak software collapsing a
32-channel spectral image into a 2-channel image representing the inte-
grated intensities of GFP and mKate fluorescence emissions.

Western blot and coimmunoprecipitation assays

Western blot. tsA-201 cells expressing densin-GFP in combination with
either of two different siRNAs were lysed in a buffer containing the
following (in mm): 150 NaCl, 50 Tris, 2.5 EGTA, 0.5% sodium-
deoxycholate, 1% NP-40, and 0.001 CaCl,, pH 7.5 at 4°C for 15-30 min
with constant rotation. Lysates were centrifuged for 10 min at 12,500 rpm
at 4°C, and supernatant was used for gel loading. Eluted lysates were
loaded on 10% Tris-glycine gel and resolved using SDS-PAGE. Samples
were transferred to 0.2 wm PVDF membrane (Millipore), and Western
blot analysis was performed using a rabbit polyclonal anti-GFP (1:1000;
Santa Cruz Biotechnology) or a rabbit polyclonal anti-a-tubulin anti-
body (1:1000; Abcam). Anti-rabbit secondary antibody conjugated to
HRP (1:5000; Invitrogen) was used and reacted with ECL solution (Life
Technologies) to visualize protein bands.

Coimmunoprecipitation. Hippocampus was dissected out from adult
male rats (weight, ~250 g) after isoflurane anesthesia and lysed in a
buffer containing the following (in mm): 150 NaCl, 50 Tris, 2.5 EGTA,
0.5% sodium-deoxycholate, 1% NP-40, and 0—0.05 CaCl,, pH 7.5 using
a hand-held glass homogenizer. The nominal level of free calcium in
solutions was calculated using Maxchelator software to conduct coim-
munoprecipitations in the presence of different levels of free calcium
concentrations ranging from 0 to 50 um as described in the study by
Asmara et al. (2017). Hippocampal lysates were centrifuged at 12,500
rpm for 10 min at 4°C, and supernatants were transferred to new tubes.
Solubilized proteins were incubated with 10 ug of rabbit anti-Ca, 1.2
(ACC-003, Alomone Labs) or rabbit anti-Ca,,1.3 antibodies (ACC-005,
Alomone Labs) with 30 ul of Protein G beads (Life Technologies) while
rotating at 4°C overnight. Specificity and cross-reactivity of Ca,,1.2 and
Cay 1.3 antibodies used in this study were validated using the Ca,,1.2- and
Cay1.3-transfected tsA-201 cells to verify appropriate labeling and no
cross-reactivity. After three rounds of washing with PBS, the coimmu-
noprecipitates were reconstituted in an equal volume of 2 X loading buf-
fer as follows (in mm): 100 Tris, 100 2-mercaptoethanol, 4% SDS, 0.02%
bromophenol blue, and 20% glycerol, pH 6.8 followed by incubation at
100°C for 5 min for protein elution from the beads. Eluted samples were
loaded on 8% Tris-glycine gel and resolved using SDS-PAGE. Samples
were transferred to 0.2 wm PVDF membrane, and Western blot analysis
was performed using a mouse monoclonal anti-KCa3.1 (D-5, 1:1000;
$¢c-356265, Santa Cruz Biotechnology).

tsA-201 cells expressing KCa3.1-GFP along with Ca,1.2 or Cay1.3
were lysed using the same lysis buffer as for hippocampal lysates. Ten
micrograms of mouse monoclonal anti-eGFP (Santa Cruz Biotechnology)
antibody was used for pulldown of protein samples. Rabbit anti-Ca,, 1.2
or rabbit anti-Cay 1.3 antibodies (1:1000) were used for determining
coimmunoprecipitation.

Quantitative PCR

Total RNA from monolayers of hippocampal neurons transfected with
either of two densin siRNAs or with control siRNA were extracted using
the RNeasy Plus Microkit (Qiagen) following manufacturer instructions.
mRNA (100 ng) was converted to cDNA with a QuantiTect Reverse
Transcription Kit (Qiagen). Real-time PCR-based quantification of den-
sin (NM_057142) and B-actin (NM_031144) mRNAs were performed
using 5'-ATGTACCTCCGGACACCATT-3'/5"-AAGGCTCTGTGACC
CCATC-3' and 5'-AGGCCCCTCTGAACCCTAAG-3'/5'-CCAGAGG
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CATACAGGGACAAC-3' forward/reverse primer pairs, respectively
(Wheeler et al., 2012), using SyGreen Mix Separate-ROX kit (D-Mark
Biosciences). Relative levels of mRNA expression were determined with
the 22 method from C, (threshold cycle) values obtained from quan-
titative PCR (Q-PCR) results. B-Actin was used as an internal control for
normalization of the C, values. Data were obtained from three individual
cell group transfections, and each sample was run in triplicate for the
Q-PCR cycle with equal amounts of cDNA used for all experimental sets.
Statistical significance was determined with one-way ANOVA followed
by post hoc t tests.

Experimental design and statistical analysis

Cay1 current—voltage (I-V) plots were prepared from the inward peak
calcium current amplitudes measured at different voltages. For deter-
mining half-activation potential (V} ;) and reversal potential (V,,,), -V
plots were fitted with a Boltzmann equation using Prism 5 software ac-
cording to the following:

Gmax * (V - Vrev)
1+ _ A Vhalf
exp| =
where G

'max 15 the maximum Ca,, 1 conductance and k is the slope factor.
Calcium-induced decay of Ca,, 1.x current was fitted with the Levenberg—
Marquardt biexponential fitting equation in Clampex 10.5 software to
determine the inactivation time constants according to the following:

1=

t t

f(t) = Afast e_Tas‘ + Aslow e_m +C

where A is the contribution of each kinetic component (7, or 7g,,,) of
the decay of Ca, 1.x current and C is the noninactivating component.
Cayl.x-activated KCa3.1 outward tail current areas in tsA-201-
transfected cells were measured as the area over the baseline. The IsSAHP
area in CAl cells was measured as the area under (in current-clamp
mode) or over (in voltage-clamp mode) the baseline. All data were ana-
lyzed using Clampfit 10.5 software, and statistical analysis was performed
in SigmaPlot 12.5 and Prism 5 software. All figures were prepared using
OriginPro 8 software and Adobe illustrator. Normality for datasets was
determined using the Shapiro-Wilk test. Student’s ¢ tests or one-way
ANOVA followed by post hoc paired t test comparisons were used to
determine the significance indices unless otherwise indicated.

Results

To compare the properties of facilitation of L-type channel iso-
forms, we transiently expressed in tsA-201 cells the channel-
forming a1 subunits of Ca, 1.2 or Cay 1.3 together with 261 and
B1b accessory proteins, which were selected given their dense
expression pattern in CA1 pyramidal cells (Hell et al., 1993; Cole
et al., 2005; Taylor and Garrido, 2008). Whole-cell voltage-clamp
analysis was conducted 4872 h following transfection in the pres-
ence of physiological concentrations of 1.5 mM [Ca],, in the bath.

Prolonged facilitation of Cay 1.3 by densin and CaMKII

Given the role for Cay1.3 calcium channels in regulating cell
excitability, we were interested in the basis for a delayed facilita-
tion of Cayl channel activity that is triggered following brief
trains of depolarizing steps in CA1 pyramidal cells (Cloues et al.,
1997). Importantly, Ca, 1.3 channels were reported to exhibit a
CDF during high-frequency stimulation through an interaction
with the scaffolding protein densin and CaMKII (Jenkins et al.,
2010). A PDZ binding domain on densin allows it to associate
with the Cay 1.3 distal C terminus to enable CaMKII modulation.
In this way, the extent of Cay 1.3 CDI during a repetitive stimulus
train is reduced. To consider the potential for this form of CDF to
outlast the stimulus train, we delivered a 10 pulse 50 Hz train of
command steps from —70 to 40 mV in tsA-201 cells and tested
whole-cell Cay1 current with a single pulse at varying delays (Fig.
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1A). Step commands were delivered to the peak current for
Cay1.3 (0 mV) or Cay 1.2 (10 mV; Fig. 2) using an early test pulse
at 20 ms after train stimulus and subsequent test intervals at 500
ms increments to 5-10 s. Separate test of single pulses were deliv-
ered at 30 s intervals to allow recovery between stimulus trains.

Initial tests in cells expressing Cay 1.3 alone revealed that the
repetitive stimulus train evoked no facilitation but rather a slight
depression of current amplitude that persisted after CDI had de-
veloped within the stimulus train (Fig. 1B, E). This depression
was most evident at an initial test delay of 20 ms (as expected from
the development of CDI during the stimulus train) and then
returned to a modest level of depression by 1 s (presumably re-
flecting recovery from CDI) but persisted at a low level in some
cases for at least 5 s (Fig. 1 B,E). Similarly, the expression of a
short C-terminal isoform of Cay 1.3 (Cay/1.3s) only exhibited CDI
following a 50 Hz stimulus train (Fig. 1E), as expected given that
this isoform does not contain the PDZ binding site for densin
(Jenkins et al., 2010). A process of CDI was also apparent for
Cay 1.3 when coexpressed with either densin or CaMKII alone
(Fig. 1E). Comparing the percentage facilitation of Cay1.3 cur-
rent under each of these conditions at 2.5 s following the stimulus
train revealed no significant difference (one-way ANOVA, p =
0.412). In contrast, coexpressing the combination of Cayl1.3,
densin, and CaMKII revealed an initial CDI at 20 ms but a long-
lasting facilitation of current amplitude following the stimulus
train (Fig. 1C,F) compared with Cay1.3 expressed alone (Fig.
1B,E). Plotting the time course of current amplitude for the
Cay 1.3—densin—CaMKII combination revealed that facilitation
increased to a stable peak value ~25-30% higher than control by
1.5 s and then decayed over almost 8 s beyond the end of the
stimulus train (Fig. 1F; p < 0.01 at 2.5 s post-stimulus train,
Student’s ¢ test).

Control tests confirmed that coexpression of densin and
CaMKII did not shift the voltage dependence of Cay 1.3 on I-V
plots (data not shown), a result consistent with the report of
Jenkins et al. (2010). We further found that coexpressing Ca, 1.3
and densin together with a CaMKII-T286A mutant construct
that cannot exhibit autophosphorylation (Jenkins et al., 2010)
greatly reduced the degree of facilitation following the stimulus
train (Fig. 1F; p < 0.05 at 2.5 s post-stimulus train, Student’s
test). Similarly, coexpressing Cay 1.3, densin, and CaMKII with
either of two forms of densin siRNA completely blocked facilita-
tion following the stimulus train (Fig. 1F; p < 0.01 for both
siRNA-1 and siRNA-2 at 2.5 s post-stimulus train, one-way
ANOVA). When recording with 5 mM barium only a short-
lasting facilitation was observed in tsA-201 cells coexpressing
Cay 1.3, CaMKI], and densin (Fig. 1G) compared with this com-
bination in calcium-containing solution (Fig. 1F; p <0.01 at2.5s
post-stimulus train, Student’s ¢ test). Finally, we found no facili-
tation for Cay 1.2 channels alone or when expressed with CaMKII
or with CaMKII and densin (Fig. 1H; p = 0.669, one-way
ANOVA). Together, these data establish that a long-duration
calcium-dependent facilitation (L-CDF) of Ca, 1.3 by densin and
CaMKII is calcium dependent, reflecting a previously unidenti-
fied form of Cay 1 facilitation that extends for a period of up to 8 s
following a stimulus train.

CAl hippocampal pyramidal cells are known to express
Cay 1.2 and Cay1.3 calcium channel isoforms and densin (Ko-
schak et al., 2007; Jenkins et al., 2010; Gamelli et al., 2011;
Moreno et al., 2016; Stanika et al., 2016). We thus repeated the
tests of Cay1 current facilitation in rat CAl pyramidal cells by
recording whole-cell calcium current in the presence of block-
ers against P/Q-, N-, R-, and T-type channel isoforms (1 um
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Figure1. A(Ca,1.3,densin, and CaMKIl interaction generates a prolonged facilitation of calcium current. 4, Schematic diagram of step protocols to test Ca, 1 channel response toa 10 pulse 50 Hz
train of depolarizing stimuli in tsA-201 cells in B—D. B-D, Whole-cell recordings of Ca, 1.3 current evoked by a step to 0 mV before (black trace) and after (red traces) a 10 pulse 50 Hz train of steps
to 40 mV from a holding potential of —70 mV. The first test response was evoked at a delay of 20 ms and all subsequent records at 500 ms increments. B, €, Ca, 1.3 expressed alone exhibits no
facilitation following a stimulus train (B), but a pronounced late facilitation after the stimulus train when coexpressed with densin and CaMKII (€). D, Cotransfecting densin—siRNA-2 blocks
facilitation after the stimulus train (D). E, No late facilitation is detected in cells expressing Ca, 1.3, a short isoform Ca, 1.3s, or Ca, 1.3 with either CaMKIl or densin. (Figure legend continues.)
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w-conotoxin MVIIC, 200 nMm w-agatoxin IVA, 200 nm SNX-482,
and 1 um TTA-P2). Calcium current was further isolated using a
set of blockers against other ion channels (see Materials and
Methods). To avoid space-clamp issues in pyramidal cells, we
evoked calcium current using a short ramp command (100 ms)
applied from —80 to 60 mV with or without a preceding 50 Hz
train of step commands of 200 ms duration to 40 or 60 mV (Fig.
1I). To allow sufficient settling of membrane current following a
stimulus train, we tested for the occurrence of calcium current
facilitation at a delay of 2.5 s. These measurements revealed a
facilitation that was graded with the step command voltage,
reaching a facilitation of 14.1 * 6.0% of peak calcium current
when the stimulus train was delivered using steps to +60 mV
(n=7,p<0.05; Fig. 1I). While the absolute degree of facilitation
was less than that found in tsA-201 cells, Cay1.3 channels are
reported to comprise ~20% of total Cay1 calcium current in
pyramidal cells (Hell et al., 1993; Koschak et al., 2007; Moreno et
al., 2016). Assuming that only Cay 1.3 channels exhibit facilita-
tion in pyramidal cells, the absolute percentage increase in L-type
calcium current is thus predicted to be less than that recorded for
Cay 1.3 expressed in isolation in tsA-201 cells.

Cay1 calcium channels couple to KCa3.1 potassium channels

L-type calcium channels have been previously reported to acti-
vate KCal.l and KCa2.x calcium-dependent potassium channels
(Marrion and Tavalin, 1998; Bowden et al., 2001; Berkefeld et al.,
2006; Berkefeld and Fakler, 2008; Babai et al., 2010; Adelman et
al., 2012). In some cases, coupling between these channels can be
close enough to allow the voltage-dependent properties of the
calcium channel to be reflected in activation of the potassium
channel (Berkefeld and Fakler, 2008). Given our recent evidence
for KCa3.1 expression in CA1 pyramidal cells that activate over
the timeframe of a slow AHP (King et al., 2015; Turner et al.,
2015), we tested for the potential ability for Cay1 channels to
couple to activation of KCa3.1 potassium channels. Ca, 1.2 and
Cay1.3 calcium channels coexpressed with @281 and B1b acces-
sory subunits and recorded in the presence of 1.5 mm [Ca],
revealed inward calcium currents with fast activation and inacti-
vation kinetics (Fig. 2 A, B). Voltage step commands from —70 to
60mV (1s)in 10 mV increments confirmed that Ca,, 1.2 channels
activate at more depolarized membrane potentials than Ca, 1.3
(Xu and Lipscombe, 2001). The Vi, for Cay1.2 channels was
—9.8 = 1.4mV (n = 12), which was significantly greater than the
Cayl.3 Vieof =169 = 1.9 mV (n = 10; p < 0.007, unpaired

<«

(Figure legend continued.) F, Ca, 1.3 expressed in combination with densin and CaMKIl exhibits
a pronounced late facilitation that lasts up to 8 s following the stimulus train. Facilitation is
reduced upon coexpressing a mutant CaMKII construct that cannot undergo autophosphoryla-
tion (CaMKII-T286A) or coexpressing either of two densin siRNAs. G, Recordings of Ca,1.3 or
Cay1.3 coexpressed with densin and CaMKIl in the presence of 2 mm Ba*" indicate a brief
voltage-dependent facilitation at 20 ms following a stimulus train but no late facilitation, iden-
tifying the CA,1.3— densin—CaMKIl interactions in F as an extended form of CDF. H, No late
facilitation is detected in cells expressing Ca, 1.2 or Ca, 1.2 in combination with CaMKIl or densin
and CaMKIl. 1, Whole-cell calcium current in rat CA1 pyramidal cells recorded in the presence of
blockers againstall Ca, channels except L-type (1 M co-conotoxin, 200 nm w-agatoxin, 200 nm
SNX-482, and 1 pum TTA-P2). Superimposed traces show L-type current evoked by a 100 ms
ramp command tested with or without a preceding 50 Hz stimulus train of square wave steps
(200 ms) to 60 mV at a delay of 2.5 s. Bar plots show the mean facilitation of calcium current
evoked by a ramp command in the presence or absence of a preceding 50 Hz stimulus train
square wave steps (200 ms) to either 40 or 60 mV. Facilitation is expressed as a percentage of the
calcium current recorded in the absence of the 50 Hz train (100%, Cont.; p < 0.05, one-way
ANOVA followed by post hoc Student’s paired t test). Cell numbers are shown in brackets. *p <<
0.05; **p < 0.01.
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Student’s ¢ test). Ca, 1.2-mediated inward currents were initially
detected at —30 mV and peaked at 10 mV, while Ca, 1.3 channels
activated at —40 mV and peaked at 0 mV (Fig. 2C). The reversal
potential was 56.17 £ 3.6 mV (n = 12) and 51.68 = 3.0 mV (n =
10) for Cay1.2 and Cay1.3 channels, respectively (p = 0.365,
unpaired Student’s ¢ test; Fig. 2A, B). There was no significant
difference observed between peak current amplitudes (Cay1.2,
—215* 41 pAat10mV,n = 12;Cay1.3, =284 = 37 pAatOmV,
n = 15; p = 0.196, unpaired Student’s ¢ test). Similarly, there was
no statistical difference in tau values for inactivation (Ca,1.2 at
10 mV: 71 = 40.9 = 3.30 ms; 72 = 249.7 * 14.24 ms; n = 12;
Cayl.3at0mV: 71 = 41.3 * 3.86 ms, p = 0.938; 72 = 212.1 *
11.94 ms, p = 0.087; n = 10, unpaired Student’s  test).

We then coexpressed Cay 1.2 or Cay 1.3 channels with KCa3.1.
Whole-cell current measurements were again conducted in the
presence of 1.5 mm [Ca], and with identical internal solutions
used for recording Cay1 currents. These tests revealed biphasic
current responses consisting of an initial inward calcium current
followed by outward potassium current (Fig. 2 A, B). I-V plots of
outward currents revealed that KCa3.1 activation closely fol-
lowed that of the coexpressed Cay 1 channel isoform. Thus, when
coexpressed with Ca, 1.2 channels, KCa3.1 current was initially
detected at —10 mV and peaked at 30 mV, but when coexpressed
with Cay 1.3 channels KCa3.1 current was detected initially at
steps to approximately —20 mV and peaked at —10 mV (Fig. 2C).
The mean steady-state KCa3.1 current (measured at 1 s) was
1194 =+ 442 pA (n = 10) for coexpression of Cay 1.2 and KCa3.1,
and 2218 = 423 pA (n = 12) for coexpression of Cay1.3 and
KCa3.1 (p = 0.112, unpaired Student’s ¢ test). The close corre-
spondence between Ca,, 1.3 calcium conductance and KCa3.1 ac-
tivation extended to a decrease in outward current for steps more
positive than 10 mV (Ca,1.3) or 30 mV (Ca,1.2), which is con-
sistent with a progressive decrease in Cay1.x conductance as the
step command approached the calcium reversal potential (Fig.
2C). The identity of potassium current as KCa3.1 was confirmed
by a block by 1 um TRAM-34, a selective blocker of KCa3.1
channels (Fig. 2D; Wulff et al., 2000, 2007). The reduction of
KCa3.1 by TRAM-34 was evident within 2 min of initiating internal
infusion through the patch electrode and was complete by 7 min,
compared with a relatively stable KCa3.1 current amplitude main-
tained at 93.2 = 3.0% (n = 7) of original amplitude for 5-10 min
in the control electrolyte, ruling out any influence of washout
(Fig. 2D; Wang et al., 2016).

To test whether Cay1.x and KCa3.1 channels interact at the
level of a microdomain or a nanodomain, we internally infused
through the electrode 5 or 10 mM EGTA or BAPTA to introduce
slow versus fast calcium chelating agents, respectively (Augustine
etal., 2003). In cells coexpressing Cay 1.3 and KCa3.1, we found a
95.0 = 2.4% (n = 9) block of KCa3.1 current following infusion
of 5mM EGTA (Fig. 2E) and a 98.4 = 0.9% (n = 6) block by 5 mm
BAPTA (data not shown). These results suggest a functional cou-
pling at the microdomain level despite the close association sug-
gested by tsA-201 cell recordings (Fig. 2). Consistent with this, we
found that neither Cay1.3 nor Cay1.2 coimmunoprecipitated
with KCa3.1 channels from rat brain lysates or from tsA-201 cells
expressing channel proteins (data not shown). In addition, coex-
pressing KCa3.1-GFP and Cay1.3-mKate constructs in tsA-201
cells failed to elicit FRET in response to 457 nm laser excitation
(Fig. 3A,B), even though FRET could be detected between
KCa3.1-GFP and mKate-CaM as a positive control (Fig. 3C,D).
Together, the available evidence is consistent with Cay 1.3 and
KCa3.1 channels interacting at the level of a microdomain com-
pared with a link at the molecular level that would support a
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L-type calcium and KCa3.1 potassium channels functionally couple. A, B, Whole-cell currents of Ca,1.2 (A) and Ca,1.3 (B) calcium channels expressed in tsA-201 cells exhibit

pronounced calcium-dependent inactivation. Ca, 1 channels were coexpressed with 261 and B1b accessory subunits. Coexpression of KCa3.1 channels with Ca, 1.2 (4) or Ca, 1.3 (B) resultin an
inward Ca2* current followed by K(a3.1-mediated potassium current. €, The current-voltage plots for KCa3.1 channels closely follow the voltage dependency of corresponding Ca, 1 calcium
channel isoforms. Qutward currents were evoked from a holding potential of —70 mV and measured at 1. D, E, Representative traces of KCa3.1 currents blocked by internal perfusion of 1 um
TRAM-34 (D) or 5 mm EGTA (E) over a 5-7 min time period. Numbers of cells are denoted in brackets in .

nanodomain interaction. Nonetheless, we cannot rule out a role
for unidentified interacting proteins at this time.

Cay 1 channels activate a KCa3.1 tail current
It is established that in CAL1 cells delivering a depolarizing stim-
ulus as a step command or repetitive train evokes a large outward

tail current (ISAHP) of several seconds duration (Lima and Mar-
rion, 2007; Sametsky et al., 2009; Andrade et al., 2012; Chen et al.,
2014; King et al., 2015). Specific evidence for a role for Ca,1.3
calcium channels in activating the IsAHP is a selective reduction
in SAHP amplitude in Ca, 1.3/~ but not Ca, 1.2/~ mice (Ga-
mellietal., 2011). To address the potential for Cay 1.x channels to
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activate KCa3.1 tail currents that could
outlast a depolarizing stimulus, we coex-
pressed these constructs in tsA-201 cells.
To more readily compare results obtained
in tsA-201 cells to those of CA1 pyramidal
cells, we delivered step commands of vary-
ing duration to the voltage for peak calcium
current activation (0 mV, Cay1.3; 10 mV,
Cay1.2). Command steps were delivered
from a holding potential of —70 mV for du-
rations of 0—150 ms in 5 ms increments us-
ing a 30 s interpulse interval.

These tests revealed large outward cur-
rent following step commands in cells co-
expressing Cay 1.3 and KCa3.1, with the
amplitude and duration of tail currents
increasing directly with the duration of
the preceding command step (Fig. 4A).
While a KCa3.1 outward current was also
recorded following a step command when
coexpressed with Cay 1.2, the outward cur-
rent was greatly reduced compared with
Cay1.3 (Fig. 4C,D). By comparison, ex-
pressing KCa3.1 channels in isolation
revealed no corresponding tail current
following the same series of step com-
mands (Fig. 4A), as was the case for
Cay1.2 or Cayl1.3 expressed in isolation
(n = 6, Cayl.2; n = 8, Cay1.3; data not
shown). To compare the relative efficacy
of KCa3.1 activation by Cay1.2 versus
Cay1.3 channels, the area of the outward
tail current was normalized to the preced-
ing peak calcium current in response to
100 ms step pulses. This measure showed
that the outward tail current area was in-
creased by a factor of ~6.5X in cells coex-
pressing KCa3.1 and Cay1.3 channels
(n = 10) compared with cells coexpress-
ing KCa3.1 and Cay1.2 channels (n = 9;
p < 0.05; Fig. 4B—D). The greater activa-
tion of KCa3.1 tail current by Ca1.3 was
further reflected in the duration of the
outward current, with KCa3.1- and Ca 1.3-
expressing cells producing 3.2 + 0.8 s (n =
10) of tail current compared with only
0.5 £ 0.15 s (n = 9) of tail current ob-
served in Cay1.2- and KCa3.1-expressing
cells (Fig. 4D).

Cay1.3 channel facilitation augments
KCa3.1 tail current

The effect of Cay1 current facilitation on
calcium influx could be important to regu-
lating Ca,,1 channel-mediated activation of
afterhyperpolarizations that control spike
output in CALl cells, where Cay1.3, Ca,1.2,
and densin are all expressed (Jenkins et al.,
2010; Gamelli et al., 2011; Stanika et al,,

2016; Wang et al., 2017). To determine the effect of densin- and
CaMKII-induced Ca,, 1 channel facilitation on KCa3.1 outward tail
currents, we coexpressed Ca, 1.3 and KCa3.1 or Ca, 1.2 and KCa3.1

together with densin and CaMKII.
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Figure 3.  (a,1.3 does not associate with KCa3.1 at a level that supports FRET. Fluorescence confocal images of tsA-201 cells
expressing constructs of KCa3.1-GFP (donor molecule) and Ca, 1.3-mKate (acceptor molecule) excited with a laser at 457 or 561
nm, respectively. Plots show the excitation line (vertical line) and the associated average emission spectra for each condition
obtained from 20 —30 cells from three to five independent experiments. A, B, Excitation at 457 nm of cells expressing KCa3.1-GFP
and Ca, 1.3-mKate results in only a GFP emission spectra, indicating no FRET. C, In comparison, the expression of KCa3.1-GFP and
mKate-CaM as a positive control revealed FRET, as indicated by an emission spectra for mKate (peaks, ~630 nm; Fig. 3€) when
excited at 457 nm. D, Excitation of cells expressing KCa3.1-GFP and mKate-CaM at 561 nm returns only mKate spectra. Scale bars,
20 pum.

We found that coexpressing Ca, 1.3 and KCa3.1 together with
densin and CaMKII dramatically increased the outward KCa3.1
tail current following a step command compared with cells coex-
pressing only Cay 1.3 and KCa3.1 (n = 9, p < 0.05; Fig. 4B,D).
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(ay 1.3 channels evoke a long outward tail current when coexpressed with KCa3.1. A, Along outward tail current s preferentially evoked in tsA-201 cells coexpressing Ca, 1.3 and KCa3.1

channels. Inset of a magnified view of tail currents reveals a graded activation of the tail current in direct relation to the duration of a step command. However, no tail currents are detected in cells
expressing KCa3.1 in isolation (bottom records). B, Coexpression of Ca, 1.3 and KCa3.1 along with densin and CaMKII reveals larger outward tail currents of up to 6 s in response to a 100 ms
depolarizing step compared with cells expressing Ca, 1.3 and KCa3.1 alone. Larger tail currents are not observed in cells expressing the autophosphorylation mutant CaMKII-T286A along with densin,
(ay1.3,and KCa3.1. ¢, Outward tail currents recorded in Ca, 1.2- and KCa3.1-expressing cells are comparatively small in amplitude and are not augmented by the coexpression of densin and CaMKII.
D, Bar plots of the mean area and duration of tail current activated by a 100 ms step. All values are normalized to the preceding inward peak calcium current. Ca, 1.3 channels are more effective than
(a,1.2in generating an outward tail current that is further augmented by densin and autophosphorylated CaMKII. A one-way ANOVA followed by post hoc unpaired Student's ¢ test was performed
between the Ca, 1.3 groups for area (p << 0.05) and duration (p << 0.05) and an unpaired Student’s t test between Cay 1.2 groups (NS). NS, Not significant. *p << 0.05; **p << 0.01. Cell numbers are

shown in brackets in D.
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Importantly, coexpressing Ca, 1.3 with densin and CaMKII did
not change Cay 1.3 peak current amplitude (220.9 * 24.4 pA,n =
9; p = 0.150, unpaired Student’s ¢ test) or voltage dependence
(n =7), as reported previously (Jenkins et al., 2010). A separate
set of experiments established that coexpressing Ca, 1.3, densin,
and CaMKII did not generate a calcium tail current that could
account for the longer KCa3.1 tail current (n = 7; data not
shown). Similarly, coexpressing KCa3.1 with densin and CaMKII
did not alter KCa3.1 activation on I-V plots (n = 7) or produce
an outward tail current (n = 6; data not shown). By comparison,
coexpressing Ca,, 1.2 with KCa3.1, densin, and CaMKII did not
promote a significant increase in outward tail current compared
with Cay 1.2 and KCa3.1 (n = 8, p = 0.495; Fig. 4C,D). Finally, to
determine whether the densin-CaMKII-mediated increase in
KCa3.1 tail current requires autophosphorylation of CaMKII, we
coexpressed Cay1.3, KCa3.1, and densin with the CaMKII-
T286A mutant CaMKII construct lacking the autophosphoryla-
tion site (Liraz et al., 2009; Jenkins et al., 2010). These tests
established that facilitation of the KCa3.1 outward current was
lost in cells expressing CaMKII-T286A (Fig. 4B, D).

Together, these data establish that Ca,;1.3 and KCa3.1 interact
in a manner that activates a long-lasting outward tail current that
is much greater than that for Ca, 1.2 and that is facilitated by the
coexpression of densin and activated CaMKII.

L-type current facilitation and the sAHP in CA1

pyramidal cells

A functional coupling between Ca, 1.3 and KCa3.1 that is facili-
tated by densin and CaMKII could be of direct significance to
the generation of an sSAHP in CA1 pyramidal cells. The calcium-
dependent IsAHP has been proposed to reflect the activation of
KCa2.xisoforms (Bowden et al., 2001; Lima and Marrion, 2007),
KCa3.1 (King et al., 2015; Turner et al., 2016), and the Na-K
pump (Gulledge et al., 2013), with cell-specific contributions by
KCNQ channels (Tzingounis et al., 2010; Chen et al., 2014; Soh et
al., 2014). Restricting analyses to non-KCa2.x channel isoforms is
straightforward given their sensitivity to low levels of apamin, the
block of KCNQ channels by XE-991, and Na-K pump activity
reduced by recording at 32°C (Gulledge et al., 2013). The IsAHP
in CA1 pyramidal cells is insensitive to a range of calcium channel
blockers but is reduced by dihydropyridines, suggesting a pri-
mary role for Cay 1 channels in activating the SAHP (Moyer et al.,
1992; Lima and Marrion, 2007). However, pharmacological tests
using dihyropyridines are complicated by a comparable sensitiv-
ity of Cay1 and KCa3.1 channels to block by dihydropyridines.
For instance, the ICs,, for nimodipine is 0.135 uMm for Cay 1.2 and
2.7 uMm for Cay1.3, with KCa3.1 exhibiting a Ky of 1 uM for
nimodipine (Catterall et al., 2005; Wulff et al., 2007; Huang et al.,
2013). By comparison, the typical concentration used experi-
mentally to block Ca, 1 channels is 10 wM nimodipine.

To identify a drug concentration that could reduce Cay1.x
current without affecting KCa3.1, we first applied a range of con-
centrations of dihydropyridines on whole-cell recordings in tsA-
201 cells using an internal electrolyte containing 1 uM calcium.
KCa3.1 was evoked using a 500 ms ramp command from —110 to
50 mV, evoking a current that reversed at Ex (—70.68 = 0.22 mV,
n = 10) and exhibited only 6.7 * 1.6% rundown after 10—15 min
of whole-cell recording (n = 5). To confirm the expression as
KCa3.1, we bath applied the KCa3.1 blocker TRAM-34 (1 um),
which reduced KCa3.1 current by ~90% within 3-5 min (n = 6;
p < 0.001; Fig. 5A). We then bath applied different L-type chan-
nel blockers at concentrations typically used experimentally.
These tests confirmed that KCa3.1 current measured at 50 mV
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was significantly reduced by 30—45% by the DHPs nifedipine
(10 M) and nimodipine (10 uM), and to a similar extent by the
phenylalkylamine verapamil (100 uMm; Fig. 5A). Importantly, is-
radipine applied at 500 nm had no significant direct effect on
KCa3.1 current after 10—15 min of exposure (n = 6, p = 0.364;
Fig. 5A,B). We then expressed Cay1.2 or Cay1.3 channels to
evoke calcium current with a 100 ms ramp command from —80
to 60 mV, finding that 500 nM isradipine provided a substantial
block of Cay1.2 (64.9 * 4.4%, n = 7, p < 0.001) or Cayl.3
(54.7 £ 4.6%, n = 6, p < 0.001) currents (Fig. 5C).

We then prepared rat hippocampal tissue slices and obtained
whole-cell recordings to evoke the ISAHP using a 200 ms step
command from —100 to 40 mV. To focus on the potential inter-
actions between Ca, 1.x and KCa3.1 channels, all sSAHP record-
ings were conducted in the presence of apamin (100 nm) and
XE-991 (10 um), and recordings were conducted at 32°C. We
then perfused a set of calcium channel blockers to reduce the
activity of all channel isoforms except L-type calcium channels
(1 uM w-conotoxin MVIIC, 200 nM w-agatoxin IVA, 200 nm
SNX-482, and 1 um TTA-P2), revealing a slight but nonsignificant
reduction in IsAHP (Fig. 5D). Internal infusion of 1 um TRAM-34
through the electrode to block KCa3.1 channels then reduced the
remaining ISAHP to ~15% of its original amplitude (Fig. 5D, E).
In a separate set of tests, we recorded the ISAHP in the presence of
the non-L-type calcium channel blockers (as described above)
and then perfused 500 nMm isradipine to block Cay1 channels,
which reduced the IsAHP by ~40% within 10 min (Fig. 5D, E).
The incomplete block of the ISAHP by isradipine is taken to reflect
only a partial block of Ca, 1 channels at this relatively low concen-
tration (Helton et al., 2005) but is one we could ensure had no direct
effects on KCa3.1 (Fig. 5B,C). These tests are important in providing
pharmacological evidence that L-type calcium channels contribute
to activating at least the KCa3.1-mediated component of the IsSAHP
in rat CA1 pyramidal cells.

L-type current facilitation of sAHP and spike output in CAl
pyramidal cells

The sAHP has an established role of contributing to spike accom-
modation in CAl pyramidal cells (Lancaster and Nicoll, 1987;
Chen et al., 2014; King et al., 2015). To test the functional con-
tribution of L-type calcium channels to the sAHP and spike
accommodation, we activated spike discharge in CA1 cells using
postsynaptic current injection in the presence of 100 nM apamin
and 10 uM XE-991 to block KCa2.x and KCNQ channels, respec-
tively. Applying 500 nMm isradipine to reduce Cay1 channel cur-
rent significantly increased the total number and frequency of
spikes evoked (n = 6; p < 0.05, Wilcoxon signed rank test;
Fig. 6 A, B).

Alarge sSAHP that is insensitive to apamin and XE-991 can also
be evoked following a short train of 50 Hz stimuli to stratum
radiatum inputs (King et al., 2015), the same pattern of stimulus
found here to facilitate Cay1.3 current. Single-channel record-
ings have shown that high voltage-activated calcium channels are
preferentially evoked in response to synaptic stimulation that
evokes spike discharge (Magee and Johnston, 1995). Previous
work also established that the sSAHP following a short synaptic
input train is larger for suprathreshold versus subthreshold levels
of activation (Wu et al., 2004). We therefore compared the sen-
sitivity of the sAHP evoked following a 5 pulse 50 Hz train of
synaptic stimuli to isradipine. We first examined the sAHP fol-
lowing a 50 Hz train and confirmed that suprathreshold synaptic
activation evoked an sSAHP that was ~13 X larger in terms of area
and ~10X longer duration compared with subthreshold synap-
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tic inputs (Fig. 6C,D). To test the contribution of L-type channels
to subthreshold and suprathreshold inputs, we applied 500 nm
isradipine. Control tests confirmed that this concentration of
isradipine did not affect the baseline amplitude of stratum
radiatum-evoked subthreshold EPSPs (6.5 = 1.3 mV, control;
5.9 * 1.4 mV, isradipine 500 uMm; n = 8; p = 0.148, Wilcoxon
signed rank test). We found that 500 nwm isradipine significantly
reduced the sAHP area following a train of suprathreshold syn-
aptic stimulito 51.41 = 6.68% of its original size (n = 6; p < 0.03,
Wilcoxon signed rank test). In contrast, isradipine had no signif-
icant effect on the SAHP evoked by subthreshold synaptic stimuli
(Fig. 6C,D; n = 8; p = 0.547, Wilcoxon signed rank test).

While we cannot rule out the potential influence of isradipine
on other calcium channel isoforms, these data are consistent with
a role for Cay 1 calcium channel-mediated activation of KCa3.1
channels in producing spike accommodation and the sAHP that
follows a train of suprathreshold synaptic inputs.

Densin and CaMKII contribute to the IsAHP

The tests conducted in tsA-201 cells established a role for densin
and CaMKII in facilitating Ca, 1.3 current and producing a long
KCa3.1-mediated outward tail current in response to a brief step
command (Figs. 2, 4). Hippocampal CA1 pyramidal cells are
known to express densin (Apperson et al., 1996; Jenkins et al.,
2010). To test the potential influence of densin on the IsSAHP, we
cultured hippocampal neurons to perform knock-down experi-
ments. Whole-cell recordings were obtained from cultured neu-
rons in the presence of 100 nM apamin and 10 um XE-991 to
isolate KCa3.1 currents. Under voltage clamp, delivering short
trains of 10 step commands to 40 mV (for 5 ms) at 50 Hz evoked
an IsSAHP with an area of 10,710 = 3016 pA X ms (n = 10; Fig.
7A). To test the role of densin in the SAHP, we transfected cul-
tured neurons with either of two different siRNAs against densin
and recorded the ISAHP in cells recorded 3-5 d following trans-
fection. These tests revealed that densin siRNA reduced the
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IsAHP to 30—40% of the value found in nontransfected cells (n =
8-12; Fig. 7B). By comparison, no significant reduction in the
IsAHP was found in cells transfected with scrambled control
siRNA (n = 10, p = 0.653; Fig. 7B). Finally, we established
through Western blot analysis that densin protein levels were
significantly reduced (n = 3; p < 0.001, one-way ANOVA) in
lysates of tsA-201 cells coexpressing a densin—GFP construct and
either form of densin siRNA (Fig. 7C). Similarly, Q-PCR analysis
revealed a 25-32% decrease in mRNA following exposure to either
form of densin siRNA in hippocampal cultures (Fig. 7D), a value that
approximates the transfection rate of cultured neurons using
lipofectamine.

To test the potential role of CaMKII in generating the ISAHP,
we recorded from rat CA1 pyramidal cells in the slice preparation
and used a brief step command to 40 mV (200 ms) to evoke the
IsAHP (Fig. 7E). As before, these recordings were conducted in a
medium containing blockers against all Ca, channels except
L-type channels (1 uM w-conotoxin MVIIC, 200 nM w-agatoxin
IVA, 200 nm SNX-482, and 1 um TTA-P2), together with 100 nm
apamin and 10 uM XE-991. We then exposed the cells to blockers
of CaMKII autophosphorylation using KN-62 (10 um) in the
bathing medium or autocamtide-2-related inhibitory peptide

(AIP; 20 um) through internal infusion through the electrode. In
both cases, the ISAHP was significantly reduced by interfering
with CaMKII activation (Fig. 7 E, F). This is consistent with a previ-
ous report in which aCaMKII-T286A knock-in mice showed a sig-
nificant decrease in the Schaeffer collateral-evoked sAHP and an
increased excitability of CA1 neurons compared with wild-type an-
imals (Sametsky et al., 2009). However, it is important to note that
these studies cannot distinguish between direct actions of CaMKII
on Cay,1.2 channels (Blaich et al., 2010) or Cay 1.3 channels (Jenkins
etal, 2010).

Together, these tests reveal that the Cay 1-mediated activation
of KCa3.1 to contribute to the ISAHP is augmented by the actions
of densin and CaMKII in rat CA1 pyramidal cells.

Discussion

The current study examined the nature of Ca, 1.3 facilitation in
response to a brief train of stimuli and the degree to which this
can produce a physiologically relevant output in the activation of
KCa3.1 channels. The data reveal a new form of Ca, 1.3-specific
CDF that long outlasts a depolarizing stimulus train through a
Cay 1.3—densin—CaMKII interaction. This interaction further re-
veals the triggering of a long-duration KCa3.1-mediated tail
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current consistent with activation of a slow AHP that is found in
many central neurons.

Facilitation of Cay1.3 current

Cay1.3 channels exhibit several splice isoforms with varying
lengths of the C terminus that can determine the contribution to
CDI or CDF. The current study focused on a long C-terminal
isoform of Ca,, 1.3 that contains an interacting site for densin that
acts as a bridge for CaMKII to reduce cumulative inactivation due
to CDI during a stimulus train (Jenkins et al., 2010). We now find
that this Ca, 1.3—densin—CaMKII interaction supports a late fa-
cilitation process that extends beyond a brief 50 Hz depolarizing
stimulus by up to 8 s. The late facilitation was absent in barium-
containing medium, revealing the Ca,,1.3—densin—CaMKII in-
teraction as a new form of L-CDF that follows a depolarizing
stimulus. While we also observed Cay 1.3 CDI during a stimulus
train, test pulses following the stimulus suggest that the majority
of this process recovers within 500 ms in cells expressing only
Cay1.3 (Fig. 1B). The long C-terminal isoform also contains
proximal and distal regulatory domains that interfere with the
binding of CaM to the IQ domain to reduce CDI (Singh et al.,
2008; Bock et al., 2011). These regulatory domains do not ac-
count for L-CDF given the select increase of current amplitude
and the lack of change in the rate of CDI in the facilitated re-
sponses. Alternative splicing can also give rise to short C-terminal
isoforms, with a Ca,1.3s producing a form of CDF through a
cooperative gating mechanism that arises from a link between
Cay 1.3 C termini (Moreno et al., 2016). However, there is no
apparent C-terminal linkage or cooperative gating in the long
Cay 1.3 isoform (Moreno et al., 2016). Instead, L-CDF required
coexpression of Cay 1.3, densin, CaMKII, and autophosphoryla-
tion of CaMKII (Fig. 1), while no L-CDF was apparent for the
Cay1.3s isoform.

Such an extended form of L-CDF has rarely been reported for
other calcium channels. Ca, 2.1 (P/Q-type) channels exhibit fa-
cilitation following a preconditioning pulse that is calmodulin
dependent and CaMKII independent and only persists for 1.5 s
(DeMariaetal., 2001; Lee et al., 2002). Cay 1.2 channels of cardiac
myocytes exhibit CaMKII-dependent facilitation upon phos-
phorylation of two amino acid residues on the C terminus (Blaich
etal., 2010), but this has not been reported for neuronal Cay1.2.
In expression systems Cay1.2 channels can exhibit a voltage-
dependent facilitation (Bourinet et al., 1994; Lee et al., 2006) or a
CaMKII-dependent facilitation, but the latter only when amino
acids responsible for CDI are mutated (Hudmon et al., 2005;
Christel and Lee, 2012). These mechanisms are distinct from
Cay 1.3 L-CDF given that densin does not facilitate Ca, 1.2 and
the Cay 1.3 C terminus lacks CaMKII binding sites (Jenkins et al.,
2010; Wang et al., 2017). Consistent with this, we found no facil-
itation for Cay 1.2 when coexpressed with densin and/or CaMKII,
or for Cay1.3 when coexpressed with CaMKII. Therefore, the
Cay1.3—densin—CaMKII interaction that supports L-CDF is dis-
tinct from the molecular basis for facilitation reported for other
high voltage-activated calcium channels.

Cay1.3-KCa3.1 coupling

Calcium channels can couple to potassium channels at the mo-
lecular or functional level. A functional coupling is signified for
channel separations of 50—200 nm that can be blocked by the
relatively slow calcium buffer EGTA (Augustine et al., 2003). A
link at the molecular level can position channels within a distance
of 50 nm to give rise to a nanodomain interaction that is sensitive
to BAPTA. KCa3.1 channels have been shown to couple at the
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nanodomain level to Ca, 3.2 T-type calcium channels in cerebel-
lar Purkinje cells, where they mediate a slow AHP (Engbers et al.,
2012) and maintain axonal spike conduction (Griindemann and
Clark, 2015). KCa3.1 channels in enteric neurons are activated by
a calcium increase by Ca,2.2 (N-type) calcium channels and in-
ternal release to mediate a slow AHP (Smith et al., 2003; Neylon et
al., 2004).

In the current study, we found a close correspondence be-
tween Cay 1.3 calcium influx and KCa3.1 activation that could
reflect a microdomain interaction, as judged by a block by EGTA
and a lack of coimmunoprecipitation and FRET. The ability for
Cay1 channels to activate KCa3.1 channels in CA1 pyramidal
cells was established using a 500 uM dose of isradipine that re-
stricted actions to Cay1 calcium channels and by a TRAM-34-
sensitive block of the IsAHP evoked under conditions that
isolated Cay 1 channels (Fig. 5D, E). This dose of isradipine fur-
ther increased spike output during direct current injections and
highlighted the dependence of a Ca, 1-mediated sAHP on spike
discharge using subthreshold versus suprathreshold synaptic in-
puts (Fig. 6). These data reveal a functional coupling between
israpidine-sensitive Cay 1 channels and KCa3.1 that depends on
spike-activated calcium influx. The dependence of the ISAHP on
densin and CaMKII autophosphorylation is also consistent with
a Cay1.3-KCa3.1 interaction in pyramidal cells.

It is important to acknowledge previous evidence for Ca, 1.2
calcium channel activation of KCa2.1 (SK1) channels in pyrami-
dal cells, as supported by colocalization of Ca,1.2 and KCa2.1
immunolabels and activation of a 10 pS potassium channel
(Bowden etal., 2001). We cannot rule out a potential role for this
channel pair in the sSAHP, but our recordings were conducted in
100 nM apamin to block all KCa2.x isoforms. Another potential
means for Cay1.x channels to activate KCa3.1 is a cooperative
gating mode detected between Ca,,1.3s or between Ca, 1.2 chan-
nels that can increase calcium current and thus potentially
KCa3.1 activation (Dixon et al., 2015; Moreno et al., 2016). We
predict that any such facilitation would be distinct from the
L-CDF reported here, given that Ca, 1.3s lacks a densin binding
site. Our tests on Cay1.3s in fact revealed no L-CDF following a
50 Hz stimulus train (Fig. 1E) and no significant difference in the
Cay1.3s-mediated KCa3.1 tail current compared with the long
C-terminal isoform of Cayl.3 in the absence of densin and
CaMKII (data not shown).

Cay1.3 L-CDF, IsAHP, and KCa3.1

L-type channels in hippocampal pyramidal cells are known to
exhibit delayed openings following depolarizing steps that can
outlast the stimulus, referred to as repolarization openings (Thi-
bault et al., 1993) or Lp versus Ls channel subtypes (Kavalali and
Plummer, 1994, 1996; Schjott and Plummer, 2000). However,
this channel activity lasts <500 ms following a stimulus, even in
the presence of DHP agonists, and thus potentially within the
time of a calcium tail current. By comparison, the duration of the
Cay 1.3-activated sSAHP is consistent with a delayed facilitation of
L-type channel activity in pyramidal cells (Cloues et al., 1997).
Here L-type channel openings gave rise to an ensemble average
that peaked within 500 ms after the train and decayed over ~4 s
(Lima and Marrion, 2007). However, the recordings that docu-
mented delayed facilitation were conducted in 10 mMm barium,
whereas the L-CDF detected here in relation to densin and
CaMKII was blocked in 5 mm barium-containing medium (Fig.
1G). It thus appears that the delayed facilitation reported earlier
(Cloues et al., 1997; Lee et al., 2002) reflects a voltage-dependent
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process that presumably works in concert with that of L-CDF
under conditions yet to be defined.

Studies to identify the channels that underlie the sSAHP in
pyramidal cells have been long underway (Lancaster and Nicoll,
1987; Lima and Marrion, 2007; Tzingounis et al., 2010; Andrade
et al., 2012; Gulledge et al., 2013; Chen et al., 2014; King et al.,
2015; Turner et al., 2016; Wang et al., 2016). Of interest to the
procedures we used to record the sSAHP are reports of presumed
SK potassium channels where ensemble averages recapitulated
the sSAHP following a stimulus train (Bowden et al., 2001; Lima
and Marrion, 2007). These potassium channels were even shown
to exhibit a close coupling in time to L-type channel openings
within single-patch recordings (Marrion and Tavalin, 1998). Un-
fortunately, the pharmacological tools available to test these po-
tassium channels were limited at the time. Many of the properties
of these channels would appear to match that of TRAM-34-sensitive
KCa3.1 potassium channels recorded following a train of synaptic
stimuli (King et al., 2015). We would thus interpret at least some of
the channel recordings presented previously (Cloues et al., 1997;
Marrion and Tavalin, 1998; Bowden et al., 2001; Lima and Marrion,
2007) as corresponding to KCa3.1 channels.

The current study thus identifies a new form of Cayl1.3
channel CDF that long outlasts a depolarizing stimulus due to
interactions with the accessory protein densin and CaMKII.
One functional output of this interaction is the generation of a
long outward tail current following a stimulus train that helps
account for the activation of calcium-gated potassium channels
underlying the SAHP in CA1 pyramidal cells. Given the wide-
spread expression of these proteins in cortical neurons, this form
of L-CDF could be functionally relevant to many different cell

types.
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