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P/Q and N Channels Control Baseline and Spike-Triggered
Calcium Levels in Neocortical Axons and Synaptic Boutons

Yuguo Yu,* Carlos Maureira,* Xiuxin Liu, and David McCormick
Department of Neurobiology, Kavli Institute for Neuroscience, Yale University School of Medicine, New Haven, Connecticut 06520

Cortical axons contain a diverse range of voltage-activated ion channels, including Ca>™ currents. Interestingly, Ca>* channels are not
onlylocated at presynaptic terminals, but also in the axon initial segment (AIS), suggesting a potentially important role in the regulation
of action potential generation and neuronal excitability. Here, using two-photon microscopy and whole-cell patch-clamp recording, we
examined the properties and role of calcium channels located in the AIS and presynaptic terminals of ferret layer 5 prefrontal cortical
pyramidal cells in vitro. Subthreshold depolarization of the soma resulted in an increase in baseline and spike-triggered calcium concen-
tration in both the AIS and nearby synaptic terminals. The increase in baseline calcium concentration rose with depolarization and fell
with hyperpolarization with a time constant of approximately 1 s and was blocked by removal of Ca>* from the bathing medium. The
increases in calcium concentration at the AIS evoked by subthreshold or suprathreshold depolarization of the soma were blocked by
the P/Q-channel antagonist w-agatoxin IVA or the N-channel antagonist w-conotoxin GVIA or both. The presence of these channels in the
AIS pyramidal cells was confirmed with immunochemistry. Block of these channels slowed axonal action potential repolarization,
apparently from reduction of the activation of a Ca* " -activated K * current, and increased neuronal excitability. These results demon-
strate novel mechanisms by which calcium currents may control the electrophysiological properties of axonal spike generation and

neurotransmitter release in the neocortex.

Introduction
Axons are electrophysiologically and anatomically unique struc-
tures that perform a variety of functions including the integration
of synaptic signals and initiation of action potentials (Magee et
al., 1995; Debanne, 2004; Alle and Geiger, 2006; Shu et al., 20064,
2007a,b; Kole et al., 2007, 2008), conduction of both subthresh-
old and suprathreshold waveforms into local axon branches (Alle
and Geiger, 2006; Shu et al., 2006a; Kole et al., 2007), and presyn-
aptic transmitter release, at times in a mixed digital-and-analog
manner (Awatramani et al., 2005; Alle and Geiger, 2006; Shu et
al., 2006a). It now appears that many of the electrophysiological
properties that were once attributed to the soma and/or dendrites
may be complemented and/or mediated by a unique mixture of
ionic currents present in the axon initial segment (AIS) (Stuart et
al., 1997; Debanne, 2004; Astman et al., 2006; Kole et al., 2007;
Shu et al., 2007a,b; Yu et al., 2008; Hu et al., 2009).
Immunocytochemical and electrophysiological data indicate
that the AIS of cortical pyramidal neurons contains several dif-
ferent subtypes of ionic channels, including those conducting
Na*, K™, and Ca’" (Devaux et al., 2003, 2004; Inda et al., 2006;
Pan etal., 2006; Vervaeke et al., 2006; Kole et al., 2007; Ogiwara et
al., 2007; Lorincz and Nusser, 2008; Bender and Trussell, 2009;
Hu etal., 2009). Calcium currents, like Na* and K* currents, are
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likely to contribute strongly to the electrophysiological prop-
erties of intracortical axons. Indeed, recent electrophysiolog-
ical investigations of cartwheel cells in the cochlear nucleus,
along with cortical pyramidal cells, suggest that Ca** currents
may be prevalent in the axon initial segment and control the
pattern of action potentials generated (Bender and Trussell,
2009). The ability of subthreshold depolarizations to alter
baseline Ca>* levels in axons suggests that calcium channels
that are active below spike threshold may be prevalent in at
least some portions of cortical axons and presynaptic termi-
nals (Rusakov, 2006; Scott and Rusakov, 2006; Scott et al.,
2008). This is particularly pertinent to the recent observation
that somatic subthreshold depolarization can result in a sig-
nificant increase in the strength of synaptic transmission be-
tween nearby neocortical pyramidal neurons, a process that is
reduced or blocked by increases in the intracellular buffering
of Ca*" (Alle and Geiger, 2006; Shu et al., 2006b).

In the present study, we demonstrate that the AIS and prox-
imal boutons exhibit prominent increases in Ca®* concentra-
tion during subthreshold and suprathreshold membrane
potential depolarization, and that much of this increase is
mediated by P/Q and N Ca** channels. A key functional role
for these calcium channels in the AIS is suggested as the block
of P/Q and N channels results in a broadening of axonal action
potentials, mediated at least in part through reduction of
Ca’"-dependent K™ currents. Our results demonstrate that
P/Q and N calcium channels play important roles in axonal
action potential waveform, spike initiation, and the commu-
nication of subthreshold and suprathreshold membrane po-
tentials to local synaptic boutons.
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Materials and Methods

Experiments were performed on slices of the male or female ferret (7- to
9-week-old) prefrontal cortex (anterior to the Sylvian fissure) main-
tained in vitro. Animals were anesthetized with sodium pentobarbital
(150 mg/kg) and killed in accordance with the guidelines of the Yale
University Institutional Animal Care and Use Committee. Slices (300
wm thick) were cut on a vibratome in an ice-cold solution containing the
following (in mm): 2.5 KCI, 2 MgSO, 2 CaCl,, 26, NaHCO,, 1.2
NaH,PO,, 10 dextrose, and 215 sucrose, aerated with 95% O, and 5%
CO, to a final pH of 7.4. Immediately after cutting, the slices were trans-
ferred to an incubation beaker filled with aerated (5% CO,/95% O,)
normal artificial CSF (ACSF) containing the following (in mm): 126
NaCl, 2.5 KCl, 2 MgSO,, 2 CaCl,, 26 NaHCOs, 1.25 NaH,PO,, and 10
dextrose (315 mOsm), pH 7.4. Slices were incubated at 35°C for 1 h
before use. Then the slices were transferred to a submerged-style cham-
ber at 36.5°C for recording with an aerated oxygenated recording ACSF
solution that was the same as the incubation solution. Cortical neurons
were visualized with an upright infrared differential interference contrast
microscope (BX61WI; Olympus). Whole-cell recordings were achieved
from the soma of layer 5 regular spiking neurons by using a Multiclamp
700B amplifier (Molecular Devices). Patch pipettes for somatic record-
ing had an impedance of 3—6 M) (6—-10 MQ) for AIS) and were filled
with an intracellular solution that contained the following (in mm): 125
K-gluconate, 10 KCl, 4 ATP-Mg, 10 Na-phosphocreatine, 0.3 Na-GTP,
10 HEPES, and 0.2% biocytin, pH 7.2, with KOH (288 mOsm). The
Ca*" indicator Oregon Green 488 BAPTA-1 (0.05 or 0.1 mm; K of ~200
nMm, green (Yasuda etal., 2004); preliminary experiments determined that
0.2 mm OGBI blocked the ability of somatic depolarization to facilitate
synaptic transmission between nearby cortical pyramidal neurons while
0.05 to 0.1 mm did not) (supplemental Fig. S1, available at www.jneuro-
sci.org as supplemental material) as well as the morphological marker
Alexa Fluor 594 (0.03—0.05 mwm, red) were added to the pipette internal
solution for two photon imaging. In some experiments, OGBI was re-
placed with Fluo-5F (150 um; Ky of ~1.4 um at 21°C) (Woodruff et al.,
2002; Yasuda et al., 2004). Experiments with Fluo-5F were typically per-
formed at room temperature (21°C) so that the K, of this dye was oper-
ating in the micromolar range. Results obtained at 35°C were similar to
those obtained at 21°C, and therefore the results were combined for
presentation (see supplemental Fig. S3, available at www.jneurosci.org as
supplemental material). Calcium dyes were allowed to equilibrate for
>20 min before line scans and xyt frame scans were performed. We
present data as both the raw indicator fluorescence ( F) as well as a ratio of
the Alexa 594 signal (R) (F/R or AF/R) to control for slow changes in dye
concentration. For examining potential baseline changes in [Ca?*],, we
present the raw calcium indicator signal F as opposed to F/R since our
data are presented as the average ratio of signal at —60 mV to that at —80
mV obtained from multiple interleaved trials. Thus, the R signals at —60
and —80 should, on average, be the same (and was observed to be so on
measurement), and therefore would cancel out of the equation (F_g/
R_¢o)/(F_go/R_gy), leaving simply F_;/F_ . Electrophysiological data
were recorded at 30 kHz and filtered at 10 kHz using the Multiclamp
700B amplifier, and acquired using Spike-2 software (Cambridge Elec-
tronic Design). Action potentials were evoked via a somatic depolariza-
tion DC pulse (1-2 nA for 2 ms).

Two-photon excitation fluorescence imaging. Imaging of intracellular
Ca?* aswell as cellular morphology was performed with a custom-made,
two-photon laser-scanning microscope (Majewska et al., 2000) consist-
ing of a modified Olympus Fluoview 300 Laser Scanning Confocal Sys-
tem and a MaiTai femtosecond pulsed (100 fs at 80 MHz) mode-locked
Ti:Sapphire laser (Spectra-Physics; Newport). Laser intensity was ad-
justed to ~100 mW with a mirror before its entry into the modified
confocal microscope. Fluorophores were excited in two-photon mode at
800 nm, and transfluorescence signals were captured through a 60X, 0.9
numerical aperture water-immersion objective (Olympus). The fluores-
cence signal was split into red and green channels using dichroic mirrors
and bandpass filters (FV3-BA505-525; FV3-BA660IF) and detected by
photomultiplier tubes (Hamamatsu). Fluorescence line scans were re-
corded at 800 Hz, and frame xyt scans (20 X 100 pixels) were recorded at
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40 Hz (25 ms per frame) for capturing the calcium baseline and transient
in different locations of recorded neurons.

Immunostaining. Postnatal ferrets (6 weeks) were anesthetized with
sodium pentobarbital (30 mg/kg, i.p.) and perfused through the heart
with freshly made 3% paraformaldehyde in ice-cooled PBS. The brains
were removed and postfixed in the same fixative for 12 h. Coronal sec-
tions (40 wm) across the prefrontal cortex were made with a freezing
microtome (Leica). The tissue sections were processed for floating im-
munolabeling as described below.

All sections were rinsed three times in 0.01 M PBS, pH 7.4, and then
incubated in a blocking solution (3% BSA, 1% normal donkey serum,
0.3% Triton X-100 in PBS) at room temperature for 2 h. Sections were
incubated overnight at 4°C with primary antibody against Cav2.1 (rabbit;
1:50; Santa Cruz Biotechnology) and Ankyrin G (goat; 1:200; Santa Cruz
Biotechnology) or Cav2.2 (rabbit; 1:50; Alomone) and Ankyrin-G in
0.1% Triton X-100. After complete wash in 0.01 M PBS, these sections
were incubated in Alexa-488-conjugated goat anti rabbit IgG and Alexa
543 goat anti mouse IgG in 0.1% Triton X-100 (1:200; Invitrogen). Sec-
tions were then mounted with Vectashield mounting media with 4',6'-
diamidino-2-phenylindole (DAPI; Vector Laboratories) and viewed on a
laser-scanning confocal microscope (Zeiss LSM 510). All images were
taken within the linear range of the photomultiplier. We processed three
channels for every image separately but with the same procedures, one
for calcium channel staining, the second for Ankyrin-G staining, and the
third for DAPI. We did not observe significant interchannel cross talk. In
the control group, slices were incubated without the use of primary an-
tibodies. All controls revealed an absence of labeling.

Drug application. Local drug delivery to the axon/somatic region of
recorded neurons was attained by brief (10-100 ms) puffing pulses of
pressure adjusted to obtain small local application from the pipette
(whole-cell recording electrode filled with the bath solution in which the
toxin to be applied was dissolved). The drug delivery pipette was placed
within ~10-50 wm of the axon initial segment. This application method
allowed us to apply the drug rapidly and repeatedly without directly
affectingion channels in the apical dendrite or other distal portions of the
neuron. It also reduced the quantity of toxin required, since our sub-
merged slices required a high rate of perfusion (e.g., 2-3 ml/min).

Results
Calcium channels in the AIS and presynaptic terminals are
sensitive to subthreshold and suprathreshold changes in
membrane potential
We demonstrated previously that over a period of seconds the
strength of synaptic transmission between locally connected cor-
tical pyramidal cells is enhanced by somatic subthreshold mem-
brane potential (V,,,) depolarization through a Ca*"-dependent
mechanism (Shu et al., 2006a). To examine the effects of sub-
threshold V,,, changes on resting and spike-triggered Ca*™ levels
in the axon and presumed presynaptic boutons, we studied cal-
cium concentration changes by using two-photon microscopy
together with calcium fluorescence indicators. We performed
whole-cell recordings from layer 5 pyramidal neurons in the fer-
ret prefrontal cortex with pipettes containing either the fluores-
cence calcium indicator Oregon Green BAPTA 1 (50—100 uM) or
Fluo-5F (150 uM) along with the non-calcium-binding indicator
dye Alexa Red 594 (30 uM) for illustration of cellular morphol-
ogy. Neurons were examined through either line or xyt scans.
After equilibration of the dyes within the neuron (>20 min; as
evidenced by alack of change in Alexa 594 fluorescence), the axon
was localized as a nonspiny process emanating from the bottom
of the soma that gave rise to beaded collaterals ~75-125 um from
the soma (Fig. 14, see also Fig. 4a). Prefrontal layer 5 pyramidal
neurons have an unmyelinated principal axon that extends to-
ward the white mater for up to 300 wm in the slice (Shu et al,,
2007b), with local axon collaterals that give rise to numerous
presumed presynaptic boutons within layer 5 (identified as 1-3
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pm swellings on axon collaterals occur-
ring, on average, approximately every 10
um) (Binzegger et al., 2004, 2005). We es-
timated the AIS, where action potentials
are initiated in these neurons (Palmer and
Stuart, 2006; Shu et al., 2007b), as the re-
gion of the axon that is 10 to 50 wm from
the edge of the soma (Fig. 1a), and we con-
sidered the axon hillock to be the 10 wm
conical-shaped axonal region connecting
the AIS to the soma.

To examine the effect of changes in so-
matic membrane potential (which propa-
gates down the axon) (Shu et al., 2006a)
on axonal and presynaptic intracellular
calcium concentration ([Ca®*];) changes,
we moved the somatic membrane poten-
tial of layer 5 pyramidal neurons (Fig. 1a)
to approximately —80, —70, or —60 mV
with current injection for periods of
10-20 s over multiple trials (Fig. 1h). At
each membrane potential, we also trig-
gered single action potentials with the so-
matic injection of a short-duration (2—4
ms) depolarizing current pulse once every
5 s. Since axonal baseline [Ca®"]; levels
were found to change over a period of 1 s
or more to each membrane potential
change, we plotted the Ca>* levels just be-
fore or after an action potential initiated
during the last 5 s of each period at a given
membrane potential (Figs. 1,2). The mul-
tiple trials were interleaved and averaged
to control for slow changes in OGB1 or
Fluo-5F response (e.g., because of bleach-
ing or other changes in dye concentration
or fluorescence).

Oregon Green BAPTA-1 was chosen
for our investigations of baseline [Ca*"];
because its high affinity for Ca** (K, of
~200 nM at 35°C) (Yasuda et al., 2004)
allowed us to detect small changes in rest-
ing [Ca’"]; resulting from depolarization
of the membrane potential. However, one
consequence of this high affinity is that
the examination of spike-evoked Ca**
transients, which cause increases in gen-
eral [Ca**]; throughout axonal processes
that are in the hundreds of nanomolars
or higher (Koester and Sakmann, 2000;
Brenowitz and Regehr, 2007), may be im-
paired because of the sublinear fluores-
cence response of OGBI1 to increases in
free [Ca”"]; at these high levels (Maravall
etal., 2000; Yasuda et al., 2004; Higley and
Sabatini, 2008). For this reason, to study
spike-triggered changes, we performed
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Figure 1.  Depolarization increases resting [Ca®*] levels in the axon initial segment and proximal boutons. a, Morphology of a

recorded pyramidal cell showing the basal dendrites, main axon, and axon collaterals. The AlS and examples of axon collaterals (c),
dendrites (d), and putative presynaptic boutons (arrows) are labeled. Inset, A typical x—y scan or line scan (which ever was chosen)
around a putative presynaptic bouton. b, The protocol involved initiation of an action potential through the intrasomatic injection
of a brief (2 ms) current pulse once every 5 s while performing xyt two-photon imaging of a restricted region of the cell. The raw
fluorescence value was then plotted as a function of time just before and after initiation of the single action potential. c—f, Changes
in the baseline membrane potential from —80 to —60 mV, induced through the intrasomatic injection of DC, result in no
detectable change in the apical dendritic (30 um apart from cell body) (c) or somatic (d) baseline Ca** levels, but a significant
upward shiftin Ca2* concentrations in the axon initial segment (30 um apart from cell body) (e) and a small upward shift in a
proximal putative presynaptic bouton (140 1m apart from cell body) (f). g, Plot of the average ratio of Ca 2" indicator dye (0GB1)
fluorescence at —60 mV to that at —80 mV and from —70 to —80 mV as a function of distance from the soma. Note that there
is a significant increase at the axon initial segment, followed by a drop off to no change in the distal axon. Putative presynaptic
boutons, however, do exhibit a significant increase in baseline Ca 2™ concentration with depolarization (stars). For this figure and
others, the ratio of average fluorescences (e.g., F _¢o/F _go) Was plotted instead of (F_ /R _ o)/ (F _go/R _g,) since average R_ 4,
and R_ g, values were found to be identical (see Materials and Methods). h, Time course of changes in Ca®™" in the AIS and
presynaptic boutons. A change in membrane potential between —60 and —80 mV was induced with somatic current injection
every 20 s over multiple trials. The plot represents the average of the response either to a step from — 80 to — 60 or vice versa. Thus,
the data before and after the depolarizing step to — 60 are identical and represent the average response to a hyperpolarizing step
from —60 to —80 mV. Ca®™ levels in the AIS and presynaptic boutons change slowly over several seconds during these step
changes in membrane potential. Action potentials were initiated every 5 s as indicated by the arrows (AP). Error bars in all figures
indicate SEM.

(supplemental Fig. S1a,b, available at www.jneurosci.org as supple-

experiments using the calcium indicator Fluo-5F (150 um),
which has a lower affinity for Ca** (K, of ~1.4 um at 21°C)
(Woodruff et al., 2002; Yasuda et al., 2004). For OGB1, we used a
concentration (50—-100 uM) that did not disrupt the enhancement of
EPSP amplitude between nearby pairs of layer 5 cortical pyramidal
cells by subthreshold somatic depolarization of the presynaptic cell

mental material). Comparing the OGB1 and Fluo-5F responses to
one, two, or a train of action potentials in the AIS and putative
presynaptic boutons revealed that the ratio of F, . /F,., wWas, on av-
erage, 2.25 for OGBI (Scott et al., 2008) and 8.06 for Fluo-5F. Com-
paring the two calcium indicators in our system revealed that,
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Figure2. Baseline and spike-triggered Ca > levels are enhanced by depolarization. a, Raw examplesillustrating the measures baseline[Ca™"]; in these portions of the

taken, including baseline F, F, .\, which is the absolute value of the peak amplitude of F after a spike, and AF,,,, which is the
difference between g, and Fi,qjine- All values are after substraction of background fluorescence. Pipette contained 0GB1. b, Plot
of individual measures of percentage change in baseline Ca* ™ indicator dye fluorescence with depolarization from approximately
—80to —60 mV versus distance along the axon (or dendrite) from the soma. Note the large changes occurring in the axon initial
segment, and the smaller percentage increases occurring in putative presynaptic boutons of axon collaterals. Individual measures
(n = 380 from 80 neurons) are shown. The thick solid trace represents the average response, whereas the thin vertical lines
illustrate = SEM. Nearly all points distal to the AlS are measurements from putative presynaptic boutons (asidentified by swellings
spaced a few micrometers apart). The pipette contained 0GB1. ¢, Averaged effects of depolarization on baseline and spike-
triggered rises in 0GB1 and Fluo-5F fluorescence with somatic depolarization. Top, Tonic somatic depolarization causes an increase
in baseline fluorescence in both the AIS and proximal (<200 r.m) boutons for both 0GB1 and Fluo-5F recordings. d, Similarly,
examining the peak amplitude of spike-triggered fluorescence change with somatic depolarization (plotted as f,,,/R) also
revealed significant increases in the AlS and proximal boutons for both of these indicator dyes. e, The spike-triggered change in
fluorescence (AF e = Foeak — Foaseline) Was significantly enhanced by somatic depolarizationin the AlS and proximal boutons for
theindicator dye Fluo-5F, but not for 0GB1. The response of both dyes were measured as AF/R. Error bars represent SEM. Asterisks

neuron. However the same depolarization
resulted in a large increase (>20%) of
baseline OGBI fluorescence in the AIS (30
um away from cell body) (Fig. le,g; sup-
plemental Fig. Slc—e, available at www.j-
neurosci.org as supplemental material). A
smaller but detectable increase (~5-15%)
in OGB1 fluorescence baseline was ob-
served in proximal presynaptic boutons
(within 250 wm of the cell body) (Fig.
1f,2). Examining the effect of changes in
membrane potential along several loca-
tions from the basal portions of the apical

indicate significant effects ( p << 0.05).

although neither dye reached saturation with single action poten-
tials, each action potential evoked a much smaller change in flu-
orescence (AF/R) in the AIS for OGBI1 than for Fluo-5F
(supplemental Fig. S2, available at www.jneurosci.org as supple-
mental material).

We examined three different parameters of calcium indica-
tor response: fluorescence baseline (F,qine)> peak spike-triggered
fluorescence (F,.,)/R (where R is the fluorescence signal inten-
sity in the Alexa 594 channel, which is calcium insensitive), and
AF/R (Yasuda et al., 2004) (commonly referred to as AG/R) (Figs.
1,2). For examination of the changes in prespike baseline [Ca "]
induced by subthreshold depolarization, we plot the ratio of raw
prespike OGB1 fluorescence brightness at the depolarized mem-
brane potential to that at the hyperpolarized or resting membrane
potential (Fig. 1g).

For each location in the example cell (Fig. 1¢—f), a set of 12
frames (x—y scans) was captured at 40 Hz (25 ms/frame) to quan-
tify calcium dynamics: five (or six) frames before (125-150 ms)
and six (or seven) after (150—175 ms) an action potential (Fig.
1b). The baseline fluorescence was taken as the average OGB1
signal (five- or six-frame average intensity, 0 to 125 ms) before

dendrite through the soma and down the

axon revealed distance-dependent effects

when the soma was depolarized from —80
to either —70 or —60 mV for 20 s (Fig. 1g). These subthreshold
depolarizations resulted in marked increases in resting calcium
levels (represented as a ratio Fyepo/Fy—_g0) in the AIS, with a
maximum ~30 wm from the soma. This effect was not detectable
ataxonal distances of ~60 wm or greater from the soma, except at
nearby putative presynaptic boutons (Fig. 1¢). Examining the
time course of this effect revealed that the changes in Ca** levels
in the AIS and presynaptic boutons display a prominent slow
component in this cell, increasing and decreasing slowly over 1 s
or longer (Figs. 14, 3). In contrast to the localized effect of sub-
threshold membrane potential on Ca®" levels in the AIS and
presynaptic boutons, action potentials caused marked increases
in Ca”" levels in all cellular regions measured (Fig. 1c—f).

Ensemble statistics of baseline and transient calcium dynamics

The effects of change in somatic membrane potential on baseline
and evoked Ca*™ levels were examined in a total of 380 locations
from 80 different layer 5 pyramidal neurons with OGB1 (Fig. 2).
As observed in the single neuron of Figure 1, the group data
confirmed that subthreshold depolarization of the soma for 20 s
has a strong effect on baseline Ca** levels in the AIS, peaking at
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25—40 wm from the soma (mean, 115.8 = a
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p > 0.05).

We examined the effects of tonic mem- G’
brane potential depolarization on the
changes in OGB1 and Fluo-5F fluorescence
evoked by single action potentials (Fig. 2a)
(as measured over the 25-75 ms after a
spike). Depolarization of the membrane po-
tential from —80 to —60 mV resulted in a significant increase in the
absolute peak amplitude obtained by spike-evoked OGBI1 and
Fluo-5F fluorescence (F,,/R) in both the AIS and proximal presyn-
aptic boutons (Fig. 2d). This result indicates that tonic depolariza-
tion increases the peak levels of [Ca*" ], occurring in these structures
in response to the generation of an action potential. Measurement of
the spike-evoked change in fluorescence normalized to the Alexa 594
fluorescent signal (AF/R = (Fjepc — Fpageline)/R) revealed that depo-
larization of the soma from —80 to —60 mV resulted in no signifi-
cant change in spike-evoked AF/R for OGBI1 in both the AIS
(100.5 £ 2.8%; n = 92) and proximal presynaptic boutons (99.3 =
2.4%; n = 131). However, when we reexamined this issue with the
lower-affinity calcium indicator dye Fluo-5F, which yields a much
larger fluorescent signal per action potential (Fig. 2¢; supplemental
Fig. S2, available at www.jneurosci.org as supplemental material), we
found that depolarization of the soma from —80 to —60 mV re-
sulted in a significant increase in spike-evoked AF/R in the AIS
(13.1 = 3.2%; n = 50) and proximal presynaptic boutons (5.1 *
2.6%;n = 38), but not the soma (3.0 = 3.5%; n = 8). Together, these
results indicates that depolarization of the soma results in an increase
in spike-evoked [Ca*" |, transients in both the AIS and nearby pre-
synaptic boutons.

To study in detail the dependence of baseline calcium levels on
somatic membrane potential, the cell body membrane potential was
randomly changed to four different levels from approximately —85
to —60 mV for 10 s each (Fig. 3a). For both the AIS and presynaptic
boutons, depolarization of the soma to levels above approximately
—75 mV resulted in detectable increases in baseline Ca*™ levels (as
measured at the end of each 10 s period with OGB1) in the AIS and
proximal presynaptic boutons, and these increases grew proportion-
ally larger with increased depolarization (Fig. 3a).

We examined the time course of changes in baseline Ca**
levels for group data using the two-level step protocol (Fig. 3b)

to examine the change in baseline Ca>*
10s,and Ca™ indicator fluorescence (0GB1) was measured near the end of each depolarizing step. Bottom, Plot of percentage change in
* indicator dye fluorescence versus membrane potential for the different compartments measured demonstrates thatin both the AIS
and presynaptic boutons, baseline Ca2™ levels gradually increase with depolarization above approximately —75 mV. b, Narrow xyt scan
(200 Hz) of the AIS during steps in membrane potentials between —80 and —60 mV revealed baseline (a**
constant of 0.64 s during depolarization and 0.85 s during hyperpolarization. Error bars represent SEM.

at different membrane potentials. The cell was randomly moved to each membrane potential for

to change with a slow time

while imaging OGBI1 fluorescence with a narrow xyt scan at 200
Hz. Average baseline Ca>™ levels in the AIS (~30—40 um from
cell body) exhibited a slow increase (rising 7= 0.64 = 0.19 s;n =
5 cells) during depolarization and a slow decrease (falling = =
0.85 £ 0.34 s; n = 5) during hyperpolarization.

The effect of depolarization on resting Ca>* levels requires
transmembrane Ca’* influx

To investigate whether the subthreshold somatic depolarization
induced calcium response in AIS and presynaptic boutons arises
from membrane-potential-gated calcium channels or internal
calcium stores, we blocked transmembrane Ca*™ influx by
replacing Ca** with Mn>" in the extracellular bathing solu-
tion. This manipulation nearly abolished the subthreshold
depolarization-induced calcium response and action-potential-
evoked calcium transient (AF/R) in the AIS and presynaptic bou-
tons (Fig. 4) (88 = 4%, 92 * 3% and 93 * 3%, 89 * 2% block of
baseline and transient Ca*" response in AIS and boutons, respec-
tively; n = 67 observationsin 11 cells; OGB1). Returning [Ca>*],
to normal and removing Mn>" from the bathing solution reversed
this block. In additional experiments, including 10 mm Ca** chela-
tor EGTA in the micropipette reduced the depolarization-induced
increase in baseline response by 92 & 2% in the AIS and by 98 = 2%
in presynaptic boutons (Fig. 4d,e). Similarly, the spike-triggered in-
crease in Ca*™ indicator fluorescence was reduced by 86 + 5% (AIS)
and 88 * 3% (boutons) by inclusion of 10 mM EGTA in the record-
ing pipette (n = 58 observations in 10 cells) (Fig. 4d,e).

These results indicate that the ability of subthreshold so-
matic depolarization to increase baseline Ca** level, as well
the spike-triggered increases in average internal Ca*" concen-
tration, depend on the transmembrane flow of Ca**, suggesting
that they are mediated by the activation of voltage-sensitive
Ca’* channels.



Yu et al. e Calcium Currents in Cortical Axons

J. Neurosci., September 1, 2010 - 30(35):11858 —11869 + 11863

b AIs able at www.jneurosci.org as supplemen-

20, control 20, ca* Free 20 issions tal material). Although this result suggests

V60 my ! that R-type calcium channels may make a

w15 o[ oS3 15 15 "',"F e small contribution to this response, it is

Pipetie 10°% v=eomv g 10 S also possible that this reduction resulted

0. 0.3 0.0 0.3 0.0 0.3  from an effect of SNX482 on P/Q calcium

Time (sec) channels (Arroyo et al., 2003). Here we

C Terminal concentrate on the role of N and P/Q

Te"‘:”a' 4, Control 4 ca 4, Wash out channels in the AIS and presynaptic bou-

L 3 j\. 3 3 Z‘q‘ tons, since applications of specific antag-

o g = onists to these channels blocked nearly all

- Axon Bleb 2% 20T 2 fi,ig of the effects we observed (see Fig. 5).

0.0 0.3 0.0 03 00 0.3 Bath applications of either the P/Q

Time (sec)  channel (Cav2.1) antagonists w-agatoxin

d Ais € Terminal TK or w-agatoxin IVA (0.5 uM) or the N

o Control Control £ 100/ S Control channel (Cav2.2) antagonist w-conotoxin

by = GVIA (2 pM) (Currie and Fox, 1997)

E E 50 nearly abolished the ability of subthresh-

% Ca?* Free g old membrane potential changes to affect

8 EGTA 8 baseline Ca*" levels in the AIS and prox-
g 0 g 0

sFIR

Baseline Transient Baseline

Figure4. The effects of depolarization on Ca™ concentrations are antagonized by buffering internal Ca* or blocking trans-
membrane Ca*" entry. a, Morphology of the studied neuron. b, ¢, Reduction of [Ca*], to 0 mu (and replacement with Mn ")
resulted in a block of the action potential-induced transient increase in Ca ™ in the AIS, as well as the ability of somatic depolar-
ization to influence basal Ca2™ levels. This effect was reversible with return of [Ca ”]0 to normal (washout). d, Including 10 mm
EGTA orremoval of external Ca ™ nearly completely blocked the effect of changes in membrane potential on baseline Ca** levels
inthe AIS and presynaptic boutons. e, These manipulations also blocked the spike-evoked increase in Ca 2™ concentrations in the

AlIS and presynaptic boutons. Error bars represent SEM.

P/Q- and N-type Ca** channels mediate the baseline and spike-
triggered Ca>"* responses in the AIS and presynaptic boutons
The identification of the Ca>* channels that mediate the effects ob-
served here was determined through pharmacological manipula-
tions. Bath application of 50200 um NiCl, blocked the ability of
subthreshold depolarization to increase baseline Ca*" levels (sup-
plemental Fig. S4, available at www.jneurosci.org as supplemental
material) (n = 74 observations in nine cells). Although Ni** has
been reported to be a selective blocker of T-type Ca>" channels, this
divalent cation can also block Ca** currents of other varieties (Ma-
gee and Johnston, 1995; Zamponi et al., 1996), and therefore is not
specific. Indeed, we did not find any clear blocking effect of three
different antagonists of low-threshold-activated calcium channels:
NNC 55-0396 [(1S,2S)-2-(2-(N-[(3-benzimidazol-2-yl)propyl]-N-
methylamino)ethyl)-6-fluoro-1,2,3,4-tetrahydro-1-isopropyl-2-
naphtyl cyclopropanecarboxylate dihydrochloride] (Huang et al.,
2004) (10—-100 pm; 1 = 26 observations in five cells) (supplemental
Fig. S5, available at www.jneurosci.org as supplemental material),
mibefradil dihydrochloride (Martin et al., 2000) (3-30 um; n = 76
observations in seven cells; mibefradil actually significantly en-
hanced the Ca** baseline response) (supplemental Fig. S6, available
at www.jneurosci.org as supplemental material), and fluoxetine
(Traboulsie et al., 2006) (30-50 uM; n = 18 observations in two
cells) (supplemental Fig. S7, available at www.jneurosci.org as sup-
plemental material). These results indicate that T-type Ca*" chan-
nels are unlikely to mediate the effects induced by somatic
membrane depolarization on baseline AIS calcium levels.
Application of C,4,H,,,N5,04,S; (SNX482) (0.5 um; n = 30
observations in five cells), which is reported to be a selective
antagonist for Cav2.3 (R-type) channels, resulted ina 12 = 8.6%
decrease in the effect of change in baseline membrane potential
on transient Ca>" levels in the AIS (supplemental Fig. S8, avail-

imal presynaptic boutons (Fig. 5). Simi-
larly, these antagonists also decreased
significantly the Ca®™ transients triggered
by single action potentials in both the AIS
and presynaptic boutons (Fig. 5). Group
statistics revealed that in the AIS,
w-agatoxin blocked 73.7 £ 3.9% (n = 40
observations in 10 cells) of the baseline
response to depolarization (Figs. 5¢). Sim-
ilarly, conotoxin blocked 85.7 % 5.% of
the subthreshold AIS response, and when
applied simultaneously, these drugs blocked 89.5 * 3.0% (n =
107 observations in 17 cells) of the baseline [Ca*"]; response to
depolarization (Fig. 5). Likewise, these antagonists also blocked
the baseline change in Ca>™ at presynaptic terminals with sub-
threshold depolarization: w-agatoxin blocked 93.5 = 1.2% (n =
136 observations in 21 cells), w-conotoxin blocked 97.2 *=
1.1% (n = 107 observations in 17 cells), and both toxins ap-
plied together blocked 98.5 * 1.1% (n = 74 observations in 16
cells) (Fig. 5).

Examining the effect of these two antagonists on the spike-
dependent Ca*" transient in the AIS revealed that w-agatoxin
blocked 53 = 6.8% (same n values as above for effects on baseline
Ca?" levels), w-conotoxin blocked 52 = 7.9%, and both toxins
applied together blocked 60 * 5.2% (Fig. 5). In presynaptic ter-
minals, agatoxin and conotoxin also exhibited strong effects.
Agatoxin application blocked the spike-triggered increase in
Ca** by 70 =+ 7.8%, whereas conotoxin blocked 56 = 9.6%, and
application of both toxins blocked 83 * 6.8% of the original
response (Fig. 5).

Interestingly, we noticed that these results varied from cell to
cell. Whereas the application of both toxins together always re-
sulted in a large reduction in the baseline and spike-triggered
Ca** responses, the application of agatoxin or conotoxin alone
had variable effects (Fig. 5). These data suggest N and P/Q chan-
nels vary in the strength of their contributions to baseline and
spike-triggered Ca*™ transients in the AIS, with some neurons
exhibiting a strong dependence on N channels and others being
more dependent on P/Q Ca** currents (Fig. 5).

Together, the individual effects of agatoxin and conotoxin add
to >100% block. Although the origin of this nonlinearity is un-
known, one relevant factor is the slow rundown in the Ca?" or
OGBI response over the 2-3 h required to perform these exper-

AFIR

Transient
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iments, as noted previously (Koester and 8
Sakmann, 2000). In cells in which aga-
toxin or conotoxin were not applied, we
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Immunocytochemical localization of  Figure5. ~Subthreshold depolarization-induced and spike-triggered increases in intracellular Ca2* levels depend on Nand P/Q

ankyrin-G revealed the presence of lines
of staining beneath immunonegative cell
bodies, the nuclei of which were stained
with DAPI, demonstrating the presence
of the AIS of cortical neurons (Fig. 6).
Costaining for Ca2.1 (P/Q) channels and
ankyrin-G revealed nearly complete over-
lap for the AIS (Fig. 6a), indicating that
this axonal region may contain a high density of P/Q channels.
Immunocytochemical localization of Cav2.2 (N-type) channels
(Fig. 6b) also revealed extensive overlap with ankyrin-G staining
at the AIS segment, demonstrating that this neuronal compart-
ment also contains these Ca*" channel subunits. A high degree
of staining in the background neuropil, including cell bodies and
putative dendritic structures, suggests that this Ca®* channel
subunit may have a widespread distribution.

Although these immunostaining results do not yield a precise
quantitative estimation of calcium channel distributions in AIS
compared with the cell body, the results in Figure 6 provide clear
evidence that the AIS contains both P/Q- and N-type calcium
channels in neurons of the ferret prefrontal cortex.

Functional role of P/Q- and N-type channels in AIS

Our immunohistochemical, calcium imagining, and pharmacolog-
ical results suggest an important role for P/Q- and N-type calcium
channels in AIS physiology. Next, we examined the functional role of
P/Q- and N-type Ca’* channels in layer 5 pyramidal neurons

(a®* channels. a, Bath application of the N-channel blocker w-conotoxin GVIA (2 um) results in a block of the subthreshold
depolarization induced increase in baseline Ca* concentration in the AIS as well as a significant reduction in spike-triggered
changes in Ca*. Addition of the P/Q channel blocker w-agatoxin IVA (0.5 um) results in an additional decrease in the spike-
triggered Ca™ response. b, Similar results are observed in presynaptic boutons. ¢, Group data demonstrating that application of
either w-conotoxin GVIA or w-agatoxin IVA results in a large decrease in subthreshold depolarization induced or spike-triggered
induced increase in AIS and bouton Ca>™ levels. Application of c-conotoxin GVIA and w-agatoxin IVA together has a slightly
greater effect than either antagonist alone. Error bars represent SEM.

through local coapplication of w-agatoxin and w-conotoxin while
evaluating the excitability properties of the AIS.

We obtained patch-clamp whole-cell recordings from either
the soma or axon (on or near the AIS, between 30 and 100 wm
from the soma), or both simultaneously (Shu et al., 2006a,
2007b). Depolarization of layer 5 pyramidal neurons with a 1 s
depolarizing current pulse injected either into the soma or the
AIS resulted in a train of action potentials, with the duration of
each action potential increasing during the train (Fig. 7b). This
duration increase expressed itself as a slowing of, and the appear-
ance of a depolarizing bump on, the repolarizing phase of the
action potential, in both the axon (Fig. 7b) (n = 14) and soma
(Fig. 8a) (n = 17). There was a particularly large increase in
duration between the first and subsequent action potentials (Fig.
7b). The effects of local puffer application of agatoxin (50 uMm in
micropipette) and conotoxin (15 uM in micropipette) were ex-
amined while recording either from the AIS (n = 14), the soma
(n = 17), or both simultaneously (#n = 3). Local block of N and
P/Q channels in the AIS/somatic region resulted in a small but



Yu et al. e Calcium Currents in Cortical Axons

a

J. Neurosci., September 1, 2010 - 30(35):11858 —11869 + 11865

We hypothesized that the increase in
duration of the AIS action potential in re-

sponse to block of P/Q and N channels
may have resulted from reduced activa-
tion of a Ca**-activated K * current, such
as that mediated by Big Potassium (BK)
channels [ion channels characterized by
their large conductances of potassium
ions through cell membranes. These
channels are activated by changes in
membrane potential and/or by increases
in concentration of intracellular calcium

Ca®" (Galvez et al., 1990)]. To test this

Figure 6.

AIS with calcium channels staining in cells; open arrowheads, cell body. Scale bar, 15 wm.

statistically significant increase in duration of the action potential
in the AIS (8 * 3%; n = 14; measured at half-height) (Fig. 7b,c¢).
This increase in duration was most prominent during the later
parts of spike repolarization as well as during the later action
potentials in the spike train (Fig. 7b). Interestingly, the local
combined application of agatoxin and conotoxin resulted in a small
decrease in spike duration in the soma (—8 = 2%; n = 17). Simul-
taneous recording of action potentials from the soma and AIS re-
vealed that local application of agatoxin and conotoxin resulted in a
lengthening in action potential duration in the AIS, whereas the
same action potentials were shortened in duration in the soma (data
not shown) (n = 3 dual recordings).

In addition to increasing the duration of action potentials in
the AIS, the local application of combined agatoxin and cono-
toxin resulted in an increase in neuronal excitability as expressed
by an increase in the slope of the frequency versus current plot
(Fig. 7d). Each axon or somatic recording was subjected to three
different current pulse amplitudes. In control conditions, the
smallest amplitude current pulse caused the axon/soma to dis-
charge at an average frequency of 3.3 * 0.7 Hz, whereas the
middle amplitude caused discharge at 8.5 * 1.3 Hz, and the
largest drove the process at 14.7 * 2.5 Hz. Plotting the change in
action potential frequency after application of agatoxin/cono-
toxin versus control for each of three current pulse amplitudes
used (Fig. 7d; current pulses 1, 2, and 3) revealed a consistent
increase in discharge frequency for the middle and larger ampli-
tude pulses, indicating an increase in excitability. This increase in
excitability was not associated with any significant change in ap-
parent input resistance (R,,,), action potential threshold, or base-
line membrane potential (Fig. 7e).

Axon initial segment contains both Cav2.1 (ac1A; P/Q-type) and Cav2.2 («1B; N-type) subunits. a, Immunocyto-
chemical localization of Cav2.1, ankyrin-G (AnkG), which is prevalent in axon initial segments of cortical pyramidal cells, and DAPI,
which marks nuclei in the ferret prefrontal cortex. The overlap of all three stains is shown on the right. Note that both Cav2.1and
ankyrin-G are prevalent n cortical axon initial segments, as revealed by ankyrin-G staining. b, Inmunocytochemical localization of
(av2.2and ankyrin-G demonstrating that the AIS also contains this subtype of Ca* channel protein. Cav2.2 was also prevalentin
the somata and neuropil of the neocortex, causing a higher background than seen with antibodies to Cav2.1 (a). Solid arrowheads,

hypothesis, we examined the effects of lo-
cal application of iberiotoxin (IBTx), a
potent antagonist of BK channels (Galvez
etal., 1990), on AIS and somatic spike du-
ration. Local application of IBTx (10 um
in micropipette) resulted in a broadening
of action potentials in the AIS (by 17 = 4%;
n = 13), indicating that these Ca?*-
activated K™ channels make a significant
contribution to spike repolarization in this
cellular region (Fig. 8). As with the local ap-
plication of agatoxin/conotoxin, this broad-
ening was prominent during the later
portions of the repolarizing phase of the ac-
tion potential (Fig. 8). The action potential
broadening effect of IBTx was significantly
smaller in the soma (7 * 2%; n = 10) (Fig.
8). The application of iberiotoxin did not
alter baseline membrane potential or the
frequency of action potential discharge to
the injection of current pulses (Fig. 8¢). This result supports the
hypothesis that the BK class of Ca** -activated K * channels plays an
important role in repolarization of action potentials in the AIS, with
a less prominent role in the soma, of layer 5 cortical pyramidal
neurons.

After the block of BK channels and broadening of action po-
tentials in the AIS with iberiotoxin, we applied agatoxin and
conotoxin locally to the AIS. Whereas in normal solution the
block of P/Q and N channels normally caused a small increase in
action potential duration in the AIS, after the reduction of Ca?"-
activated K™ currents, application of agatoxin and conotoxin
resulted in a small but significant decrease (—7 = 1%; n = 7) in
the duration of the prolonged action potentials in the AIS (data
not shown). This result suggests that at least part of the prolonged
AIS action potentials, after block of BK channels, are mediated by
Ca’” entry through P/Q and N channels.

Discussion

Our results demonstrate that the axon initial segment and intra-
cortical presynaptic boutons of layer 5 pyramidal cells contain N
and P/Q Ca*" channels that are activated by subthreshold and
suprathreshold depolarizations, contributing significantly to the
physiological and functional properties of these neuronal pro-
cesses. Subthreshold depolarization of 10—20 mV resulted in an
increase in baseline and spike-triggered Ca*™ levels in the AIS
and nearby presynaptic boutons. We hypothesize that this in-
crease in baseline spike-triggered Ca®" levels may contribute to a
previously observed ability of subthreshold depolarization to fa-
cilitate synaptic transmission between nearby pyramidal neurons
(Shu et al., 2006a). The Ca** channels of the AIS regulate neu-
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ronal excitability, in part by activating a
Ca**-activated K * current that is partially
responsible for spike repolarization as well
as by controlling the relationship between
local current flow and neuronal firing rate.
These results demonstrate that P/Q and N
Ca*" channels make important, previously
unknown contributions to the properties of
the axon initial segment and presynaptic
boutons.

Implications of subthreshold changes
in axonal Ca’*

We demonstrated previously that sub-
sthreshold depolarization of the soma of a
layer 5 pyramidal neuron results in an av-
erage 30% enhancement of excitatory
synaptic transmission between that neu-
ron and its neighboring pyramidal cells
(Shu et al., 2006a). Similarly, depolariza-
tion of the dendrites and cell bodies of
granule neurons in the hippocampus can
result in a significant increase in synaptic
transmission at mossy fiber boutons onto
CA3 pyramidal cells (Alle and Geiger,
2006). Subthreshold depolarization of
presynaptic terminals in the calyx of Held
results in significant increases in baseline
[Ca**]; as well as large increases in synap-
tic transmission (Awatramani et al.,
2005). The time constant of this facilita-
tion of synaptic transmission as well as the
increase in baseline [Ca*"]; (which ap-

Num. Observations

0.9
Spike Duration, Fraction of Control

1.0 11

Soma

Num. Observations

Yu et al. e Calcium Currents in Cortical Axons

Control

‘ | ‘
[ | |
| |

MALDLL 20 52, 20 TV
1200 ms

+ CTx & AgaTx

| ‘
1)1 !

VLN IO PSS S Ly

500 1000

Time (ms)

Nrirstap” 1500

d

- N
(% ]

—
o

v

Drug - Control (Hz)
{ e )
|

Frequency change

[
v
1

1.2 13 14 15 200 400 600

Current (pA)

800

140 —

* %

@ Soma
AAIS
120

100

CTx & AgaTx % of control

[

pears to be mediated at least in part by the T
activation of P/Q channels) was ~1-3 s. 08
Buffering internal Ca®" levels with the
presynaptic injection of EGTA, both in
the calyx of Held and in the neocortex,
blocked the ability of subthreshold depo-
larization to facilitate synaptic transmis-
sion, suggesting that these two effects may
be casually related (Awatramani et al,
2005; Shu et al., 2006a). However, intra-
cellular buffering of Ca** did not com-
pletely block depolarization-induced
facilitation of synaptic transmission at
mossy fiber terminals in the hippocampus
(Alle and Geiger, 2006). Our present re-
sults indicate that depolarizations (e.g.,
10—-20 mV in amplitude, seconds in dura-
tion) similar to those that result in en-
hancement of synaptic transmission between nearby cortical
pyramidal cells results in a significant increase in baseline [Ca*"];
at presynaptic boutons up to ~200 wm from the soma. As with
the depolarization-induced enhancement of intracortical
synaptic transmission, the depolarization-induced increase in
[Ca**] was blocked by the addition of EGTA to the recording pi-
pette (Fig. 4). The increases in OGBI calcium indicator fluorescence
were ~5%, although changes as high as 20% in putative presynaptic
boutons were sometimes observed (Fig. 2a). Given a resting [Ca*"];
0f 100 nM, we suggest that these changes should range from ~10-60
nM (supplemental Fig. S9, available at www.jneurosci.org as supple-
mental material). At the calyx of Held, increases in synaptic trans-

Figure 7.
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Blocking axonal calcium currents increases axonal spike duration and excitability. a, lllustration of the axonal recording and
drug application method. Drugs were applied to the region of the axon initial segment and soma with a puffer pipette within 1050 pm
and oriented toward the AIS. b, Response of the axon to depolarizing current pulse (0.2 nA) before and after local application of
w-conotoxin (15 wmin the pipette) and «-agatoxin (50 wmin pipette). Blocking P/Qand N channels resulted in an increase in duration of
the axonal action potential (AP) as well as an increase in firing frequency. Note spike broadening during the train of action potentials. Block
of P/Qand N channels results in spike broadening for all spikes, but particularly for action potentials late in the spike train. ¢, Plot of relative
spike duration (after vs before drug application) in axonal and somatic recordings. All spikes are included for all cells. Block of P/Q and N
channels results in spike broadening in the axon, buta decrease in spike duration in the soma. d, Change in firing frequency after application
of agatoxin/conotoxin for all three current pulses. Each data set represents a different axonal recording. Inset, Raw data from all AIS
recordings. e, Application of agatoxin/conotoxin results in a significant decrease in spike width in the soma, a significant increase
in spike width in the axon, an increase firing frequency during current injection for both the axon and soma, and no significant
change in baseline membrane potential, input resistance (R,,), or action potential threshold. Error bars indicate SEM. Asterisks
indicate significant effects (p << 0.05).

mission after depolarization exhibit a power law relationship to
baseline levels of resting [Ca®"]; (Awatramani et al., 2005). If intra-
cortical synapses operated in a similar manner, then the 5% (up to
20%) increases in baseline Ca*>" observed here may correspond to
increases in synaptic transmission of ~14% (up to 65%) (supple-
mental Fig. S9, available at www.jneurosci.org as supplemental ma-
terial). Thus, increases in baseline Ca®* may contribute to the
average 30% increase in synaptic transmission between nearby cor-
tical pyramidal neurons, particularly for terminals that are within
200 wm of the presynaptic soma.

For both OGB1 and Fluo-5F, we observed that subthreshold
depolarization of the membrane potential resulted in an increase
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ters down the axon (Shu et al., 2006a,
2007a; Kole et al., 2007). Block of Kvl
‘ ‘ ‘ ‘ H‘ channels results in axonal action potential
i ‘ “ ‘ broadening, an increase in the average
| amplitude of intracortical excitatory syn-
aptic transmission, and, at least in some
cases, an occlusion of the ability of presyn-
aptic somatic depolarization to further
enhance synaptic transmission. The most
parsimonious explanation of these results
is that depolarization of cortical pyramidal
cell somata can result both in an increase in
baseline Ca®" levels (and perhaps spike-
triggered Ca®" transients) as well as
changes in action potential duration, all
of which contribute to increases in in-
tracortical synaptic transmission.
Experiments in hippocampal mossy
fiber terminals provide evidence for a
yet unidentified third mechanism for
depolarization-induced enhancement of
synaptic transmission. Here, depolariza-
tion of the presynaptic terminal results in
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indicate significant effects (p < 0.05).

in absolute peak [Ca**]; levels obtained after an action potential
in the AIS and nearby synaptic boutons (Fig. 2d). In addition,
when using Fluo-5F as the calcium indicator dye, we observed
that the spike-triggered change in [Ca**]; (AF/R) was also in-
creased with depolarization of the soma (Fig. 2e). This effect was
not observed when using OGBI as the calcium indicator (Fig. 2).
Although the origin of this negative observation with OGBI is
unknown, relevant factors include the sublinear response prop-
erties of this dye to free [Ca*>™] (Yasuda et al., 2004) (but see
Higley and Sabatini, 2008), the high background fluorescence of
OGBI, as well as the significantly lower AF/R response of OGB1
in response to each action potential compared with Fluo-5F (sup-
plemental Fig. S2, available at www.jneurosci.org as supplemen-
tal material).

Increases in spike-triggered Ca®" response in the AIS and
nearby presynaptic boutons should increase spike-triggered syn-
aptic transmission and may be a consequence of action potential
broadening, because of voltage-dependent inactivation of K™
channels (Kole et al., 2007; Shu et al., 2007a). Indeed, there is
substantial evidence that a change in baseline Ca** is not the only
contributor to increases in synaptic transmission between nearby
pyramidal cells. Depolarization of the soma results in a lengthen-
ing of the duration of action potentials in the axon through the
inactivation of a Kv1-subunit-containing K * current, and these
changes in spike duration can propagate hundreds of microme-

Calcium-activated K ™ currents contribute to spike repolarization in cortical axons. a, Local puffer application of IBTx
(10 pumin micropipette), which blocks BK calcium-activated K * channels, results in an increase in duration of action potentials in
the axon, with a small increase in action potential duration in the soma. The increase in duration of axonal action potentials is
associated with the appearance of a “bump” on the falling phase of the axonal spike. b, Plot of the effect of IBTx on spike width in
the somaand axon. ¢, Group dataillustrating that IBTx strongly increases spike duration in the axon with a lesser effect in the soma.
The baseline membrane potential and frequency of discharge to a current pulse was unaffected. Error bars indicate SEM. Asterisks

action potential duration (Alle and
Geiger, 2006). Short-duration (100 ms)
depolarization of the soma of granule cells
does not increase baseline Ca** levels or
spike-triggered Ca** responses in mossy
fiber boutons (although long-duration
depolarizations can increase baseline
[Ca*"];) (Ruiz et al., 2003), and buffering
presynaptic Ca** does not block glutamate-
or high-[K ] -induced depolarization and
enhancement of synaptic transmission at
these synapses (Scott et al., 2008). Depolarization of central axons
can thus result in a wide variety of modifications of synaptic trans-
mission through a multiple mechanisms that are likely to vary with
synapse type and location.

T 1
F\'eque“o’

Role of Ca”* currents in AIS function

We observed the prominent presence of both subthreshold and
suprathreshold Ca*™ signals in the axon initial segment of layer 5
pyramidal cells. Indeed, recent investigations of interneurons in
the dorsal cochlear nucleus observed the AIS to contain signifi-
cant spike-initiated Ca" signals, which participated strongly in
the initiation of bursts of Na™-dependent action potentials
in these neurons. The observation of spike-initiated increases in
Ca** levels in the AIS of cortical pyramidal cells led to the sug-
gestion that similar mechanisms may also occur in the neocortex
(Bender and Trussell, 2009). In the dorsal cochlear interneurons,
these spike-initiated increases in AIS Ca** levels were reduced by
application of Ni** and the T-channel antagonist mibefradil as
well as the R-channel antagonist SNX482, but not by either
w-agatoxin TK or w-conotoxin GVIA, leading these authors to
hypothesize that this effect is mediated by T- and R-type Ca*™
currents (Bender and Trussell, 2009). Our results extend these
findings by demonstrating that in addition to a strong spike-
triggered increase in Ca”" in the AIS, there is also a significant
increase in [Ca**]; in this neuronal region after somatic sub-
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threshold depolarization. However, our results do not agree with
those of Bender and Trussell (2009) on the subtype of Ca>™" chan-
nel that is likely to mediate this effect in cortical pyramidal neu-
rons. Although Ni** did have a suppressive effect on both
subthreshold and spike-initiated changes in [Ca**],, this effect
was not replicated with a variety of T-channel antagonists. In
contrast, the application of either agatoxin or conotoxin resulted
in strong suppressive effects on both the subthreshold and su-
prathreshold Ca** responses, suggesting a strong involvement of
N and P/Q subtypes of Ca*" channels in the AIS (as well as
presynaptic boutons) of cortical pyramidal neurons. These re-
sults imply that different cell types contain differing types of
Ca®" channels in the AIS, although it is also possible that these
differences originated from species or area differences (ferret cor-
tex vs mouse cochlear nucleus) or developmental stages (2- to
3-week-old mouse vs 7- to 9-week-old ferret).

Interestingly, combined block of N and P/Q channels or BK
Ca**-activated K" channels (K,, ) resulted in an increase in
spike duration in the AIS of cortical pyramidal cells, suggesting
that the entry of Ca®* through N and P/Q channels facilitates the
repolarization of axonal action potentials through the activation
of the BK K, current. Previous studies have found that the
block of BK K-, ; channels results in a small increase in duration
of somatic action potentials in the neocortex (Sun et al., 2003;
Benhassine and Berger, 2009) and hippocampus (Shao et al.,
1999; Gu et al., 2007). Our results include the novel demonstra-
tion that BK channels contribute even more strongly to spike
repolarization in the AIS than in the soma of layer 5 pyramidal
neurons, and thus to controlling the input—output properties of
this important region for neuronal excitability. Calcium (N and
P/Q) as well as BK channels are prominent in intracortical syn-
aptic terminals, and similar mechanisms for the control of intra-
cortical synaptic transmission may be at play here (Hu et al.,
2001; Raffaelli et al., 2004).

Reduction of BK channel activation is unlikely to mediate the
increase in excitability observed in cortical neurons after the
block of N and P/Q Ca?" channels that we observed, since BK
channels depend on combined strong depolarization as well as
micromolar increases in [Ca’"]; (Womack and Khodakhah,
2002). Indeed, we observed that the block of BK channels did not
result in a significant increase in the response of cortical pyrami-
dal neurons to depolarizing current pulses. We hypothesize that
the increase in neuronal excitability observed after block of N and
P/Q Ca®” channels results from a reduction in another K, .,
perhaps of either the apamin-sensitive or apamin-insensitive SK
type (Sah, 1996).

Our results indicate that N and P/Q calcium channels make
important contributions to the physiological properties of both
the axon initial segment as well as presynaptic boutons of intra-
cortical axons. P/Q and N calcium currents are intimately in-
volved not only in the repolarization of action potentials, but also
in the adjustment of the baseline levels of Ca** that slowly track
the membrane potential of the soma (and axon). Through these
changes in resting and spike-trigger evoked calcium entry, axonal
calcium currents may make important contributions to intracor-
tical excitability, network processing, and neuronal plasticity. In-
deed, it was shown recently that Na ™ channel localization in the
AIS is experience dependent and that this effect operates through
the activation of Ca?" channels (Grubb and Burrone, 2010). Fi-
nally, mutations in N and P/Q channels may underlie various
neurological disorders including migraine and ataxia (Catterall et
al., 2008; Urbano et al., 2008). The possibility that the important
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location of these disruptions is either the AIS or presynaptic ter-
minals remains to be investigated.
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