
Pituitary Adenylate Cyclase-activating Peptide (PACAP)
Recruits Low Voltage-activated T-type Calcium Influx under
Acute Sympathetic Stimulation in Mouse Adrenal Chromaffin
Cells*

Received for publication, August 3, 2011, and in revised form, October 17, 2011 Published, JBC Papers in Press, October 18, 2011, DOI 10.1074/jbc.M111.289389

Jacqueline Hill, Shyue-An Chan, Barbara Kuri, and Corey Smith1

From the Department of Physiology and Biophysics, Case Western Reserve University, Cleveland, Ohio 44106

Background:The acute stress secretagogue PACAP leads to catecholamine release, but the source of calcium necessary for
secretion is unknown.
Results: PACAP stimulation increases LVA Cav3.2 influx in a PKC-dependent process.
Conclusion: PACAP-mediated acute sympathetic stress functionally recruits a pool of latent Cav3.2 channels to supply calcium
for secretion.
Significance: Native sympathoadrenal stimulation elicits catecholamine release through a non-canonical mechanism.

Low voltage-activated T-type Cav3.2 calcium channels are
expressed in neurosecretory chromaffin cells of the adrenal
medulla. Previous studies have shown that naïve adrenal
chromaffin cells express a nominal Cav3.2-dependent con-
ductance. However, Cav3.2 conductance is up-regulated fol-
lowing chronic hypoxia or long term exposure to cAMP ana-
logs. Thus, although a link between chronic stressors and
up-regulation of Cav3.2 exists, there are no reports testing the
specific role of Cav3.2 channels in the acute sympathoadrenal
stress response. In this study, we examined the effects of
acute sympathetic stress on T-type Cav3.2 calcium influx in
mouse chromaffin cells in situ. Pituitary adenylate cyclase-
activating peptide (PACAP) is an excitatory neuroactive pep-
tide transmitter released by the splanchnic nerve under ele-
vated sympathetic activity to stimulate the adrenal medulla.
PACAP stimulation did not evoke action potential firing in
chromaffin cells but did cause a persistent subthreshold
membrane depolarization that resulted in an immediate and
robust Ca2�-dependent catecholamine secretion. Moreover,
PACAP-evoked secretion was sensitive to block by nickel
chloride and was acutely inhibited by protein kinase C block-
ers. We utilized perforated patch electrophysiological
recordings conducted in adrenal tissue slices to investigate
the mechanism of PACAP-evoked calcium entry. We provide
evidence that stimulation with exogenous PACAP and na-
tive neuronal stress stimulation both lead to a protein kinase
C-mediated phosphodependent recruitment of a T-type
Cav3.2 Ca2� influx. This in turn evokes catecholamine release
during the acute sympathetic stress response.

Adrenal medullary chromaffin cells are a primary output of
the sympathetic nervous system, releasing catecholamines into
the circulation (1). Sympathetic activity elicits catecholamine
release through cholinergic synaptic input from the innervating
splanchnic nerve. Splanchnic nerve-released acetylcholine
binds to ionotropic receptors on chromaffin cells, triggering a
sodium-based action potential that activates high voltage-acti-
vated calcium channels (2–4). Elevated intracellular calcium
evokes an exocytic release of catecholamines (5). Under acute
sympathetic stress, the splanchnic nerve exhibits elevated burst
mode firing, driving greatly increased adrenal catecholamine
release (6). However, sustained, elevated input leads to desen-
sitization of chromaffin cells to cholinergic stimulation (7–10).
This cholinergic desensitization occurs at the level of the nico-
tinic acetylcholine receptor as well as steps downstream in the
secretion process (i.e. negative modulation of voltage-gated
Ca2� channels) (1, 11, 12). Despite nicotinic desensitization,
catecholamine secretion persists under sustained, elevated
sympathetic stimulation (6, 13, 14). Thus, a non-cholinergic
splanchnic-adrenal transmitter was predicted to elicit chro-
maffin cell catecholamine release under elevated stimulation
(14). Previous work identified the peptidergic transmitter pitu-
itary adenylate cyclase-activating peptide (PACAP)2 as a likely
candidate (15–17) to substitute for cholinergic adrenal stimu-
lation under the sympathoadrenal stress response.
PACAP is a highly conservedmember of the glucagon super-

family that also includes the closely related vasointestinal pep-
tide. PACAP stimulation leads to an array of systemic func-
tions, including regulation of cell differentiation (18, 19), cell
division (20), and transcription of stress-associated genes (21).
As a neurotransmitter, PACAP is present in the splanchnic
nerve terminal and released preferentially under elevated sym-
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pathetic firing to elicit adrenalmedullary catecholamine release
(16, 22, 23). The predominant PACAP target receptor in the
adrenal medulla is the high affinity PAC1-R, a Gs-linked recep-
tor that activates adenylate cyclase to increase cyclic adenosine
monophosphate (cAMP) (24, 25). Recent studies have shown
that PACAP stimulation activates the stimulatory exchange
protein activated by cAMP (Epac) pathway through the eleva-
tion in cAMP (26, 27), triggering phospholipase C and a protein
kinase C (PKC)-dependent subthreshold depolarization that is
necessary for catecholamine release from chromaffin cells (16).
PACAP-mediated exocytosis is independent of sodium-based
action potentials (28) or nicotinic acetylcholine receptor func-
tion (29, 30), thus bypassing key sites of nicotinic secretory
desensitization. However, the mode of calcium entry necessary
for evoking exocytosis during acute PACAP stimulation
remains unidentified. Because PACAP does not cause action
potential firing, calcium entry through a high voltage-activated
calcium channel seems unlikely during PACAP signaling. Fur-
thermore, studies have shown that PACAP-evoked secretion is
blocked by micromolar concentrations of nickel chloride as
well as mibefradil, implicating the possible role of low voltage-
activated T-type calcium channels in acute sympathetic stress
(16).
Low voltage-activated T-type calcium channels (Cav3.1–3.3)

have been shown to play a role in regulating the activity of
excitable cells, and they are present in excitable tissues as
diverse as neurons, neuroendocrine cells, and cardiacmyocytes
(31–38). T-type Cav3.2 channels are pharmacologically charac-
terized by their selective block by micromolar concentrations
of nickel chloride (39). Naïve adrenal chromaffin cells express
little Cav3.2 channel conductance (40, 41). However, quantita-
tive PCR has shown message for low voltage-activated (LVA)
Cav3.2T-type channel� subunit in the rat adrenalmedulla (41).
Recent studies have identified a role for T-type channels in
chronic stress and have shown that expression is increased in
response to chronic hypoxia or exposure to cAMPanalogs (40–
43), leading to the colloquialism that T-type channels are the
“stress channels.” Several factors predict that T-type Ca2�

channels are a likely component of acute PACAP stimulation.
Previous studies have shown that acute PACAP stimulation
elicits a voltage-dependent influx of external calcium that is
independent of themajor high voltage-activatedCa2� channels
(15, 44). Moreover, PACAP stimulation leads to an up-regula-
tion of protein kinase C activity (16, 45, 46). PKC has been
shown to positively modulate T-type channel conductance in
other cell types (47). Therefore, we hypothesized that acute
PACAP stimulation may functionally augment T-type con-
ductance and in turn elicit catecholamine release. In this study,
we provide data demonstrating that PACAP-evoked mem-
brane depolarization was necessary but not sufficient to evoke
catecholamine release. We further demonstrate that acute
PACAP stimulation results in a PKC-dependent recruitment of
T-type Cav3.2 influx and leads to subsequent catecholamine
release.

EXPERIMENTAL PROCEDURES

Adrenal Slice Preparation—Adult male C57BL/6 mice (4–8
weeks old) from The Jackson Laboratories (Bar Harbor, ME)

were used in this study. Anesthesia and euthanasia protocols
were approved by Case Western Reserve University’s institu-
tional animal care and use committee, a federal oversight body
(Federal welfare assurance number A3145-01). Animals were
deeply anesthetized by isoflurane (USP; Halocarbon Products
Corp., River Ridge, NJ) inhalation and euthanized by decapita-
tion. Adrenal glands were immediately excised and immersed
in ice-cold low calcium bicarbonate-buffered saline (BBS) con-
taining 140mMNaCl, 2mMKCl, 0.1mMCaCl2, 5mMMgCl2, 26
mM NaHCO3, 10 mM glucose and bubbled with 95% O2, 5%
CO2. All chemicals were from Fisher Scientific except MgCl2
(Sigma-Aldrich). The osmolarity of the BBS solution was 320
mosmol�liter�1.Glandswere trimmedof excess fat and connec-
tive tissue and embedded in low melting temperature agarose
(Lonza, Rockland, ME). Agarose was prepared by melting in
low calcium BBS at 110 °C followed by equilibration in a 35 °C
water bath. Immediately after embedding, glands and agarose
were placed on ice to set. Gelled agarose was trimmed into
3–5-mm blocks, each containing a single adrenal gland. Aga-
rose blocks were glued to a vibrotome sectioning stage (World
Precision Instruments, Sarasota, FL). The stage was placed in a
slicing chamber filled with ice-cold low calcium BBS that was
continuously bubbled with 95% O2, 5% CO2. Adrenal glands
were sectioned at 200 �m. Care was taken to preserve splanch-
nic innervation by cutting sections parallel to the long axis.
Sections were collected and placed in a holding chamber con-
taining low calciumBBS bubbledwith 95%O2, 5%CO2 at 25 °C.
Experiments were carried out within 7 h of slice preparation
unless noted otherwise.
Electrophysiology—Tissue slices were constantly superfused

during recordings with HEPES-buffered Ringer’s solution con-
taining 150mMNaCl, 10mMHEPES-H, 10mM glucose, 2.8 mM

CaCl2, 2.8 mM KCl, 2 mM MgCl2. The Ringer’s solution was
adjusted to pH 7.2 with NaOH, and osmolarity was adjusted
withmannitol to 320mosmol�liter�1. Tissue slices were held in
place in the recording chamber by placing a silver wire over the
agarose perimeter of the adrenal slice. Patch pipettes were
pulled from borosilicate glass (�1-�m tip diameter; 4–5-
megaohmresistance). Pipette tipswere dipped inmolten dental
wax and fire-polished with a microforge (Narishige, Tokyo,
Japan). All recordings were conducted in the perforated patch
configuration. Typically, cells one or two layers deep into the
slice were chosen to avoid damaged cells and debris from the
cut surface of the tissue slice. Data presented in this study were
recorded from cells perforated to a series resistance of nomore
than 25 megaohms. Records with unstable series resistance
were excluded from analysis.
For voltage clamp experiments, pipettes were filled with an

internal patch solution containing 145 mM cesium glutamate,
10 mM HEPES-H, 8 mM NaCl, 0.5 mM tetraethylammonium
chloride. The internal solution had a pH of 7.2 and osmolarity
of 310 mosmol�liter�1. Amphotericin B (Fisher Scientific) was
prepared in DMSO (Acros Organics) as a 100� stock solution
daily and diluted into the internal solution to a final concentra-
tion of 0.53 mM. The liquid junction potential between HEPES
Ringer’s solution and the internal solution was measured to be
17.8 mV through an agar bridge as described (48). Junction
potentials and series resistance compensation were adjusted in
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all records accordingly. For current clamp experiments,
pipetteswere filledwith an internal solution containing 145mM

potassium glutamate, 10 mM HEPES-H, 8 mM NaCl, 1 mM

MgCl2, 0.53 mM amphotericin B; pH was adjusted to 7.2, and
osmolarity was adjusted to 310 mosmol�liter�1. Electrophysi-
ological records were filtered at 10 kHz and digitized at 20 kHz
using an EPC-9 amplifier under the control of Pulse software
(version 8.8; HEKAElectronik, Bellmore,NY). All electrophysi-
ological data were analyzed using Igor Pro software (WaveM-
etrics Inc., Lake Oswego, OR).
The protocol used to construct and collect current-voltage

(I-V) plots was as follows. Cells were held at �80 mV, and 30
depolarizing steps from �100 to �45 mV in 5-mV increments
with each potential pulse lasting 50ms and an intersweep inter-
val of 15 s were delivered. To isolate Ni2�-sensitive current
from total calcium current, the I-V protocol was delivered
twice, once in normal extracellular HEPES solution and then
again in a HEPES solution supplemented with 50 �m Ni(II)
chloride hexahydrate (Sigma-Aldrich). A microperfusion sys-
tem (Warner Instruments, Hamden, CT) was used for local
rapid delivery of pharmacological agents (see text) as well as
nickel chloride-containing Ringer’s solutions during
recordings.
Amperometry—Carbon fiber electrodes of 5 �m diameter

(ALA Scientific Instruments, Westbury, NY) were used for
detection of catecholamine secretion in chromaffin cells in situ
(49). Cells were chosen based on their relative orientation with
the capillary secretory pole available for the carbon fiber elec-
trode. Carbon fibers were placed as close to a cell as possible
without distorting the cell membrane. During amperometric
recordings, a �650-mV charge was placed on the fiber through
a dedicated VA-10X amperometry amplifier (ALA Scientific
Instruments). Oxidative current was acquired through the
VA-10X, prefiltered at 1.3 kHz, and digitized at 20 kHz through
an ITC-1600 digital to analog convertor (InstruTECH, Bell-
more,NY).Datawere acquired and analyzed through a custom-
written macro running under Igor Pro.
Bipolar Nerve Stimulation—The adrenal splanchnic nerve

was excited by a bipolar stimulator (FHC, Inc., Bowdoin, ME)
designed with two platinum electrodes spaced 250 �m apart.
The electrodeswere connected to an ISO-Stim 01-D stimulator
(NPI Electronic, Tamm, Germany). The ISO-Stim 01-D was
controlled by Pulse-issued transistor-transistor logic triggers
issued through the EPC-9 patch amplifier. To identify function-
ally innervated chromaffin cells, the bipolar stimulator was
paced at a low frequency (0.05 Hz), and an amperometric car-
bon fiber was used to probe for responding medullary cells.
Synaptic coupling was further confirmed by blocking nicotinic
receptors with hexamethonium. Under “Low Hz” stimulation,
the splanchnic nervewas stimulated for 60 pulses at a frequency
of 0.2 Hz. Under “High Hz” stimulation, the nerve was stimu-
lated with four bursts of 15 pulses at 2 Hz frequency with an
interburst interval of 15 s. Stimuli were delivered at a constant
voltage of 35 V for a 10 �s duration. Quantified pooled data
were determined from base line-subtracted, integrated amper-
ometric currents at the 120 s time point.
Quantitative PCR—RNAwas isolated by a TRIzol extraction

and normalized to a concentration standard of 500 ng/�l per

reaction. RT-quantitative PCR was performed according to the
manufacturer’s specifications (Applied Biosystems, Carlsbad,
CA) on the StepOnePlus Real-Time PCR System (Applied Bio-
systems). Reverse transcription was performed using the Taq-
Man RNA-to-CT 1-step kit. Real time primers were purchased
from Applied Biosystems (Cav3.1, Mm01299131_m1; Cav3.2,
Mm00445369_m1; Cav3.3, Mm00445369_m1; GAPDH,
Mm99999915_g1).
Immunohistochemistry—Mice were deeply anesthetized and

perfused through left ventricle catheterization. The perfusate
consisted first of phosphate-buffered saline and was quickly
followed by phosphate-buffered 10% formalin. Glands were
removed and postfixed for 1 h in the same fixative. The glands
were then embedded in OCT compound (Ted Pella, Inc., Red-
ding, CA), cryosectioned into 16 �m sections, and mounted on
slides. To probe for tyrosine hydroxylase and Cav3.2 T-type
Ca2� channel expression, the adrenal sections were washed
with PBS and blocked with a solution of 4% donkey serum in
PBS containing 0.15% Triton X-100 for 60 min at room tem-
perature. The sections were incubated with sheep anti-mouse
tyrosine hydroxylase IgG (1:500; Millipore; catalog number
P07101) and rabbit anti-mouse Cav3.2 IgG (1:100; Alomone
Labs, Jerusalem, Israel; catalog number ACC-025) overnight at
4 °C. The sections were washed with PBS and incubated with
donkey anti-sheep Alexa Fluor 488 (1:100) and donkey anti-
rabbit Alexa Fluor 594 (1:100; Invitrogen) for 2 h at room tem-
perature. Sections were washed with PBS and mounted with
Immu-Mount (Thermo Scientific, Pittsburgh, PA). Fluores-
cence signals were visualized on an Olympus IX81 microscope
at 40� magnification and acquired by the SlideBook imaging
system (Denver, CO) using a Q Imaging Systems charge-cou-
pled device camera (Surrey, British Columbia, Canada).
Statistical Analysis—The specific analysis used for quantifi-

cation of the data in each figure is included in the text and/or
figure legends. Student’s t test was utilized to assess significance
in data sets where control and treatment conditions were from
the same cell. In data setswheremultiple experimental data sets
were compared with control data from different cells, a one-
way analysis of variance test was utilized. Statistical barriers for
either condition are indicated in the legends.

RESULTS

The peptide transmitter PACAP is stored in terminals of the
splanchnic nerve and released onto adrenal chromaffin cells
under elevated sympathetic firing to elicit catecholamine secre-
tion (14–16). Here we report the results of a study designed to
test the mechanism of the acute PACAP secretory response in
adrenal chromaffin cells. We combined immunostaining with
in situ electrophysiological, electrochemical, and native neuro-
nal stimulation of adrenal medullary chromaffin cells to inves-
tigate the mode of PACAP-evoked Ca2� influx and secretion.
All experiments were performed in adrenal tissue slices, and
electrical recordings were performed in the perforated patch
configuration to preserve as much as possible the native signal-
ing context of the chromaffin cell secretory apparatus (50, 51).
PACAP Evokes Subthreshold Membrane Depolarization and

Nickel-sensitive Catecholamine Release—Previous studies from
our laboratory and others have shown that PACAP is a strong
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secretagogue for catecholamine release, but PACAP stimula-
tion does not elicit action potentials in chromaffin cells. How-
ever, PACAP does cause a subthreshold depolarization that in
turn elicits influx of external Ca2� (16, 52). Studies have
addressed the effect of PACAP stimulation on voltage-gated
calcium current and yielded a variety of results showing either
depression or augmentation of current through conventional
high voltage-activated (HVA) channels depending on the chan-
nel isotype or the time frame studied (53–55). However, little is
known of how acute PACAP stimulation elicits Ca2� influx in
response to the evoked subthreshold depolarization. To discern
which calcium channel isotype may be involved in acute
PACAP stimulation, we initially assessed the effect of PACAP
on two key electrophysiological properties, membrane poten-
tial and action potential-evoked calcium influx. An example
recording demonstrating the subthreshold depolarization
evoked by PACAP stimulation is provided (Fig. 1A, panel i). A
cell was held in a perforated patch current clamp and stimu-
lated by puffing on 1�MPACAP. In this example recording, the
cell membrane potential depolarized by 17 mV to an average
value of �53 mV (referred to in this study as the “PACAP
potential” (“PVm

”)). Thus, although resulting in a membrane
depolarization, PACAP stimulation did not elicit an action
potential.
We considered the potential role for PACAP as a modulator

of canonical action potential-based excitation. The shape of the
action potential has been shown to specifically activate certain
HVA Ca2� channels to a greater degree than others (3). We
confirmed that exogenous PACAP had no significant effect on
high voltage-activated Ca2� influx evoked by action potential
stimulation. In this set of recordings, cells were held in voltage
clamp and stimulated with a native action potential voltage
template (Fig. 1A, panel ii) prior to (dotted line) and after expo-
sure to PACAP (solid line). Mean Ca2� currents recorded
under voltage clamp action potential stimulation as well as the
mean PACAP-evoked membrane depolarization were pooled
and are reported in Fig. 1B. These results suggest that the cal-
cium influx observed during PACAP-dependent stimulation
was not due to Ca2� influx by the canonical action potential-
activated HVA Ca2� channels. However, the subthreshold
depolarizationwould allow for activation of LVAcalciumchan-
nels, including members of the T-type calcium channel family.
Thus, we assessed whether PACAP-evoked secretion is sensi-
tive to blockers of T-type calcium channels. Representative
recordings are provided in Fig. 1C, panel i, to demonstrate the
secretagogue effect of acute PACAP stimulation. PACAP was
focally perfused onto a single chromaffin cell, and a robust inte-
grated amperometric current was recorded (140.3 � 46.5 pico-
coulombs; n � 10). Secretion was not observed in the presence
of the T-type blocker NiCl2 as shown in Fig. 1C, panel ii (6.8 �
5.6 picocoulombs; n � 10).
T-type Cav3.2 Calcium Channel Expression and Conduct-

ance in Chromaffin Cells—Acute PACAP-evoked Ca2� influx
has been shown to be blocked by extracellular Zn2� (15). Albeit
less sensitive or specific than block by Ni2� (36), Zn2� block is
consistent with a T-type Ca2� influx. T-type channels are char-
acterized by their ability to be activated under modest depolar-
ization. T-type channels have been shown previously to play a

FIGURE 1. PACAP evokes membrane depolarization and nickel-sensi-
tive catecholamine release. A, panel i, a chromaffin cell was held in per-
forated patch configuration, and membrane potential was measured
under current clamp. Focal perfusion of PACAP (1 �M) is indicated by the
bar. The inset icon indicates the patch clamp recording condition. A, panel
ii, representative current recorded during perforated patch voltage clamp
recordings of chromaffin cells stimulated with an action potential voltage
template in control cells (dash line) or PACAP-treated cells (solid line). B,
data quantified from pooled experiments such as in A show that PACAP
stimulation does not significantly alter peak Ca2� influx during the action
potential but does cause a significant membrane depolarization to
approximately �53 mV (PVm

). Data are plotted as mean value, with error
bars representing S.E. * indicates significance at p � 0.02 by Student’s t
test; sample size is indicated by numbers at the base of each category bar.
C, carbon fiber amperometry was utilized to measure catecholamine
release under PACAP stimulation. Total catecholamine release for each
condition was determined by integrating the time-resolved amperomet-
ric traces. The inset icon indicates the amperometric recording condition.
Panel i, in untreated “Control” cells, focal perfusion of 1 �M PACAP elicits a
robust catecholamine release indicated by a rapidly rising integrated
amperometric current. Panel ii, perfusion in Ringer’s solution supple-
mented with 50 �M NiCl2 effectively blocks catecholamine release under
PACAP stimulation. pF, picofarads; memb., membrane; pC, picocoulombs.
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role in adrenalmedullary adaptation to stress with their expres-
sion increased in response to stressors (40, 42, 43). However,
these and other studies report little to no T-type conductance
in unstressed naïve isolated rat adrenal chromaffin cells (40,
41), isolated mouse cells (2), or even in mouse adrenal tissue
slices (2, 3), a finding inconsistent with a putative involvement
in the acute PACAP secretory response.We conducted reverse
transcription-quantitative PCR tomeasure message for Cav3.1,
Cav3.2, and Cav3.3 T-type channels in the unstressed adrenal
medulla (GAPDH served as a positive control). The resulting
amplification curves demonstrated equivalent message for all
T-type channel isoforms (Ct � 31, 32, and 32, respectively). Of
these, only Cav3.2 channels exhibit high affinity block by NiCl2
(56), identifying it as themost likelymolecular isoform involved
in PACAP adrenal stimulation (36, 39, 57). Thus, we conducted
in situ immunofluorescent staining for Cav3.2 in adrenal slices.
Example images are provided in Fig. 2A and show that therewas
a high degree of immunoreactivity for Cav3.2 that co-localized
to cells showing positive staining for the neuroendocrine cell
marker tyrosine hydroxylase. Additionally, PACAP staining
was peripheral to Cav3.2-positive cells, consistent with
PACAP-containing splanchnic terminals innervating the
Cav3.2-positive chromaffin cells. Thus, our data support that in
adult mouse adrenal medulla Cav3.2 message and protein are
present in naïve chromaffin cells.
As demonstrated in Fig. 1, PACAP did not lead to a discrete

excitation event such as an action potential; rather, the depo-
larization was sustained. This condition dictates that any Ca2�

influx through a Cav3.2 channel would be due to a non-inacti-
vating, persistent window current. We tested for a PACAP-
evoked window current by electrophysiological perforated
voltage clamp recordings conducted in adrenal tissue slices.We
utilized a voltage clamp protocol in which a chromaffin cell was
held at a PVm

of �53 mV (Fig. 2B) and treated with PACAP-
containing or PACAP- andNiCl2-containing Ringer’s solution.
The representative record shown in this panel exhibits a
PACAP-evoked increase in inward conductance, and this con-
ductance was blocked by 50 �MNiCl2. The magnitude and fur-
ther pharmacologic characterization of the PACAP-evoked
window current follow in later figures.
Cav3.2 channels exhibit a slowly deactivating tail current that

has been used as a diagnostic tool to quantify the emergence of
T-type calcium channel conductance (43). We set out to quan-
tify tail current kinetics at potentials relevant to PACAP stim-
ulation to provide positive identification for the emergence of
T-type calcium channels. The voltage protocol was to depolar-
ize cells to �20 mV to fully activate all voltage-gated Ca2�

channels and then step to PVm
. We then fit the tail current with

a double exponential decay function and anticipated a greater
amplitude for the slow component as reported in the literature
(43). However, when we conducted this analysis, we noted that
the PACAP-treated cells exhibited a significant non-inactivat-
ing conductance (Fig. 2C) as would be expected from the aug-
mentation of an LVA T-type window current (39, 40). This
window current obscured the kinetics of the tail currents, mak-
ing the intended analysis impossible. However, its presence led
to a plausible mechanism explaining the observed PACAP-
evoked, Ni2�-sensitive inward conductance shown in Fig. 2B. It

FIGURE 2. PACAP facilitates nickel-sensitive current at negative poten-
tials. A, immunostaining for tyrosine hydroxylase (TH; green panel), a marker
for catecholamine-secreting adrenal chromaffin cells, and Cav3.2 T-type cal-
cium channels (red panel) are shown. The merge overlay (“Merge”) indicates
that both signals are present in the same cells of the adrenal medulla (scale
bar, 50 �m). The panel to the right shows staining for PACAP and Cav3.2 at a
higher resolution (scale bar, 10 �m) and shows a peripheral staining for
PACAP surrounding the Cav3.2-positive chromaffin cell. B, a chromaffin cell
was held at �53-mV command potential to match PVm

, and the membrane
current was measured. Puffing of exogenous PACAP (1 �M) elicited a sus-
tained inward current. Vertical scale bar, 6 pA/picofarad; horizontal scale bar,
30 s. The PACAP-evoked current was blocked by the additional perfusion with
50 �M NiCl2. C, a protocol was designed to assess PACAP-dependent effects
on Ca2� tail currents. Representative records are provided, demonstrating
that a depolarization to 20 mV and return to PVm

resulted in a specific
enhancement of a non-inactivating window current in PACAP-treated cells.
Vertical scale bar, 6 pA/picofarad; horizontal scale bar, 10 ms. D, voltage clamp
depolarization from �80-mV holding potential to PVm

(�53 mV) elicits both a
specific augmentation of inward current and a slower deactivating tail cur-
rent specifically after stimulation with exogenous PACAP (10 �M). Depolariza-
tion to �20 mV (“Peak”) to maximally activate all voltage-gated calcium chan-
nels elicits a specific emergence of a rapidly activating component as well as
a slowly deactivating tail current after PACAP stimulation. Horizontal scale bar,
15 ms; vertical scale bar: �53 mV, 4 pA/picofarad; �20 mV, 5 pA/picofarad.
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is possible that PACAP excitation leads to the functional
recruitment of a non-inactivating LVA T-type Cav3.2 window
current necessary to supply the calcium needed for prolonged
PACAP-evoked secretion. We further studied the effect of
PACAP on evoked calcium current. We held cells at �80 mV
and delivered voltage steps to the PACAP-evoked resting
potential (PVm

, �53 mV) or the potential at which peak Ca2�

influx is evoked (�20mV). This protocol was delivered to naïve
control cells or to cells acutely treated with PACAP (perfusion
with 1 �M PACAP for 5 min). Representative recordings for
each condition are provided in Fig. 2D. Stepping naïve cells to
PVm

had little effect on inward conductance, whereas cells pre-
treated with exogenous PACAP exhibited a greatly facilitated
inward current that was followed by a slowly deactivating tail
current upon repolarization to �80 mV. Moreover, stepping
the PACAP-treated cells to �20 mV to evoke maximal activa-
tion of all voltage-operated calcium conductances resulted in
an increased peak conductance as well as the persistent slowly
inactivating tail current compared with control cells. Both
these characteristics are consistent with a Cav3.2 channel con-
ductance (39, 43).
PACAP Facilitates Nickel-sensitive Current—Emergence of

an LVA calcium conductance under PACAP stimulation
should be readily evident as a negatively activating component
in current-voltage plots. We assessed the effect of nickel chlo-

ride on current-voltage relationships in naïve and PACAP-
treated chromaffin cells. Cells were held in the perforated patch
configuration and voltage-clamped at a holding potential of
�80 mV. Cells were then subjected to 50-ms voltage steps at
5-mV increments from �100 mV to a peak potential of �45
mV. Themajority of recordings were conducted in normal BBS
as described above to maintain native Na�-dependent meta-
bolic processes such as Na�/Ca2�, Na�/K�, and Na�/H�

exchange over the long duration of the recordings.However,we
also conducted some recordings in the presence of tetrodotoxin
(300 nM) to totally isolate Ca2� influx. Example evoked raw
current traces from this protocol are provided in Fig. 3A, panel
i. Throughout the study, the protocol was first delivered in
standard Ringer’s solutions and then repeated in a Ringer’s
solution supplemented with 50�MNiCl2 to allow for trace sub-
traction and isolation of the Ni2�-sensitive component. As
demonstrated in Fig. 1, PACAP-evoked catecholamine secre-
tion did not result from a discrete signaling event such as the
firing of an action potential. Rather, PACAP stimulation
resulted in a subthreshold membrane depolarization that
allowed a tonic window current to bring Ca2� into the cell to
support exocytosis as shown in Fig. 2. Thus, wemeasured Ca2�

flux after initial current inactivation (25 ms). An example
paired I-V experiment conducted in a single cell is provided in
Fig. 3A, panel i (dotted line at the 25-ms time point). In this

FIGURE 3. PACAP-evoked facilitation of nickel-sensitive current is reversed by PKC inhibition. A, a cell was held in perforated voltage clamp in situ and
stimulated with an I-V protocol as described in the text. Steady state current was measured (panel i, vertical dotted line) and plotted against step potential in
control Ringer’s solution conditions (panel ii, ●) and after perfusion with Ringer’s solution supplemented with 50 �M NiCl2 (panel ii, E). B, top left plot, a
subtraction current of the data presented in A demonstrates the Ni2�-sensitive current component. The same protocol as summarized in A was repeated in cells
either treated with 1 �M exogenous PACAP (bottom left plot, ●) or PACAP and 100 nM Gö6983 (bottom left plot, E). Ni2�-sensitive (sens.) subtraction currents
are plotted for each condition. For comparison, the nickel-sensitive current measured in control cells (top left plot) is replotted as a dotted line. The same protocol
as summarized in A was repeated in 100 nM PMA (top right plot, ●) and Gö6983 (top right plot, E)-treated cells (top right plot). Conditions are the same as in the
other plots except the pharmacological conditions are 100 �M 8-pCPT-2�-O-Me-cAMP (8-cPCT; bottom right plot, ●) or 8-pCPT-2�-O-Me-cAMP and Gö6983
(bottom right plot, E).
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example experiment, only a modest portion of calcium current
was blocked by NiCl2 (Fig. 3A, panel ii). Subtraction-isolation
of the Ni2�-sensitive component revealed a more positive acti-
vation potential than that expected for LVA T-type channels
(Fig. 3B, upper left) and may represent a partial Ni2� block of
R-type channels (39). Indeed, R-type channels have been shown
to contribute a significant conductance in naïve adrenal tissue
slices (2). If PACAP-evoked calcium entry occurs through LVA
nickel-sensitive calcium channels, then we would expect to see
a facilitation of voltage-gated calcium current at more negative
membrane potentials in the presence of PACAP. Indeed, we
found that PACAP facilitated nickel-sensitive current at nega-
tive voltages and produced a low voltage-activated “shoulder”
indicative of LVA T-type channels (Fig. 3B, lower left) (41–43,
58, 59). Thus, our data suggest that PACAP stimulation aug-
ments a Ca2� influx through an LVA conductance.
PACAP Facilitates Ni2�-sensitive Current in PKC-dependent

Manner—Previous studies have shown a dependence of
PACAP-evoked secretion on the activation of PKC (16, 45, 60).
We set out to determine whether the PACAP-mediated emer-
gence of the LVACa2� influx is sensitive to PKC inhibition.We
again repeated the above I-V/Ni2� block assay in the presence
of PACAP and the conventional PKC blockerGö6983 (100 nM),
a compound shown previously to effectively block PACAP-me-
diated secretion in this preparation and at this concentration
(16). As demonstrated in Fig. 3B, lower left, Gö6983 effectively
decreased the magnitude of Ni2�-sensitive current, shifted the
activation potential back toward the positive, and eliminated
the PACAP-induced low voltage shoulder to match the I-V
measured in naïve cells (dotted line). Next, we repeated the
same protocol in the presence of the PKC activator phorbol
12-myristate 13-acetate (PMA). Similar to PACAP-stimulated
cells, we observed a low voltage shoulder indicative of LVA
T-type channels (Fig. 3B, upper right). We next assessed the
role of endogenous PKC activity by repeating the I-V/Ni2�

block assay by treating cells with Gö6983 (Fig. 3B, upper right).
Treatment of cells with Gö6983 alone did not alter LVA con-
ductance nor did it decrease nickel-sensitive current, suggest-
ing that endogenous PKC activity is not crucial for establishing
basal LVA current levels.
PACAP receptor activation of PKC signaling includes a

cAMP-mediated activation of Epac (26, 27, 61) through phos-
pholipase C activation (16). We tested whether this signaling
path regulates PACAP augmentation of LVA Ca2� influx. No
specific Epac inhibitors are yet available; rather, we turned to
the specific Epac activator 8-pCPT-2�-O-Me-cAMP (100 �M)
(62, 63). As demonstrated in Fig. 3B, lower right, 8-pCPT-2�-O-
Me-cAMP treatment quantitatively mimicked the effect of
PACAP treatment, facilitating the nickel-sensitive Ca2� con-
ductance and shifting its activation potential to the negative.
Moreover, co-treating the slices with 8-pCPT-2�-O-Me-cAMP
and Gö6983 had the same effect as co-treatment with PACAP
and Gö6983, reversing the facilitation and causing a shift in
activation potential to again match that measured in control
cells (dotted line). Taken together, these data demonstrate that
PACAP excitation evokes an LVA Ca2� conductance that is
both electrophysiologically consistent with Cav3.2 channel

activation and pharmacologically consistent with PACAP-
evoked catecholamine release.
We repeated the experiments presented in Fig. 3 and pooled

themeasured peak total inward current (Fig. 4A, panels i and ii,
top filled category bars) and theNi2�-sensitive component (Fig.
4A, panels i and ii, lower hollow category bars). The insets indi-
cate with an arrow where calcium current was measured for
each collimated plot pairing. These data show that treatment of
chromaffin cells with either PACAP or PMA did not signifi-
cantly change total peak calcium current density compared
with control conditions nor did co-treatment with Gö6983,

FIGURE 4. PACAP, PMA, and 8-pCPT-2�-O-Me-cAMP facilitate nickel-sen-
sitive current. A, inset icons indicate the point in the I-V curve where current
magnitudes were measured. Category plots on the left (panel i) represent
peak inward values, whereas those on the right (panel ii) represent PVm

values.
Data were pooled from experimental conditions as represented in Fig. 3 and
are plotted as mean value with error bars representing S.E. Upper category
plot, no significant difference was found in total peak current for any condi-
tion versus control. No significant difference was found in any pharmacolog-
ical condition with respect to control peak Ca2� current. Lower category plot,
nickel-sensitive Ca2� influx was determined as the difference between cur-
rents measured in normal Ringer’s and Ni2�-containing Ringer’s solutions. *
indicates p � 0.05 determined by one-way analysis of variance. Sample size is
indicated by the number at the base of each category bar. 8-cPCT, 8-pCPT-2�-
O-Me-cAMP. B, the inset icon indicates a combined voltage clamp and amper-
ometry experimental configuration. A voltage protocol was designed to test
catecholamine secretion at PVm

. A cell was held in perforated patch configu-
ration and stepped from the holding potential of �80 to �53 mV. The result-
ing integrated amperometric current is shown for a control, naïve cell (panel i,
Control) and for a cell that had been treated for 5 min with 1 �M exogenous
PACAP by focal perfusion (panel ii, �PACAP). The increased integrated amper-
ometric current in the lower trace indicates a sustained and robust cate-
cholamine secretion in the PACAP-treated cell. pF, picofarad; sens., sensitive;
pC, picocoulombs.
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8-pCPT-2�-O-Me-cAMP, or 8-pCPT-2�-O-Me-cAMP and
Gö6983 (Fig. 4A, panel i, upper plot). This is an expected result
in that none of these treatments were anticipated to have a
significant effect on HVA Ca2� channels, which are the major
component of the peak current (inset, arrow). However, when
just the Ni2�-sensitive component was separated out by sub-
traction as demonstrated in Fig. 3B, PACAP, PMA, and
8-pCPT-2�-O-Me-cAMP treatments significantly increased
inward current at the peak potential, and block of PKC with
Gö6983 reversed the effect (Fig. 4A, panel i, lower plot). This
result is consistent with a specific effect on Ni2�-sensitive
Cav3.2 channels. Thus, PACAP-dependent facilitation of the
LVA calcium current exhibits a pharmacological profile similar
to that demonstrated for PACAP-evoked catecholamine
release, including sensitivity to inhibition of PKC and an
upstream activation by 8-pCPT-2�-O-Me-cAMP.
Majority of Current at PVm Is Sensitive to PACAPModulation—

Chromaffin cells have a resting membrane potential of approx-
imately�70mV (3, 64). In Fig. 1, we showed that PACAP stim-
ulation led to a subthreshold membrane depolarization of 17
mV to a potential of �53 mV. Thus, this �53-mV potential
represents the effective voltage under which PACAP elicits cat-
echolamine secretion. We therefore tested whether PACAP
potentiates nickel-sensitive conductances at this PVm

. As in Fig.
3, we analyzed total Ca2� influx during the I-V protocol and
subtracted the remaining currents after superfusion with a
Ni2�-containing Ringer’s solution.We first examined the effect
of PACAP on total calcium current at PVm

. Although there was
a strong trend, neither PACAPnor PMAsignificantly increased
total calcium current at PVm

at a statistical barrier of 0.02 (Fig.
4A, panel ii, upper plot). Similarly, when cells were treated with
PACAP and Gö6983, total current at PVm

was not significantly
affected. Finally, 8-pCPT-2�-O-Me-cAMP treatment also did
not significantly change total calcium current at PVm

. Although
a trend mirroring the Ni2�-sensitive current did emerge in the
total current categories at PVm

, the failure to reach significance
in any data set was not due to a sample size effect. Sample size
analysis was performed (65), and the sample size was shown to
be sufficient for statistical evaluation. Rather, the total current
was expected to be similar to the Ni2�-sensitive component in
that conductance at PVm

was dominated by LVA Ca2� channel
conductance. However, the total current also represents var-
ious other conductances, including low probability opening
of HVA calcium channels and voltage-gated Na� channels as
well as electrogenic pumps and exchangers (i.e. Na�/Ca2�

and Na�/H� exchangers). Thus, the observed trend in total
current was expected, whereas significant differences with
respect to the control condition were not necessarily
expected.
Next, we wanted to determine whether PACAP also facili-

tates the nickel-sensitive current at PVm
again because this is the

most relevant membrane potential for PACAP excitation and
reflects the physiological condition under which PACAP
evokes catecholamine secretion. Chromaffin cells were treated
with PACAP as described above. PACAP treatment increased
current at PVm

by 2-fold (Fig. 4A, panel ii, lower plot). Again, the
PACAP-mediated facilitation at PVm

was mimicked by treat-
ment with 8-pCPT-2�-O-Me-cAMP and PMA, and co-treat-

ment with 8-pCPT-2�-O-Me-cAMP andGö6983 reversed both
of these effects. This result led to a testable prediction that
voltage clamp to PVm

should only elicit catecholamine release in
PACAP-treated cells (lower plot), whereas in untreated, naïve
chromaffin cells, depolarization to PVm

is not sufficient to elicit
catecholamine secretion. The experiment is outlined in Fig. 4B.
Voltage clamp of naïve cells at PVm

did not cause significant
catecholamine exocytosis (Fig. 4B, panel i) (23.6� 9.1 picocou-
lombs; n� 6). However, the same electrical step depolarization
elicited a robust catecholamine release in cells acutely treated
with PACAP (Fig. 4B, panel ii) (113.0� 24.9 picocoulombs;n�
9). This result indicates that in addition to membrane depolar-
ization PACAP-mediated facilitation of LVA Ca2� influx is
required for evoked catecholamine secretion.
In Situ Stimulation of Splanchnic Nerve Facilitates Ni2�-sen-

sitive Current—Wehave so far shown that nickel-sensitive cur-
rent in naïve chromaffin cells was modest and followed an acti-
vation potential characteristic of HVA channels. We have
shown that treatment with exogenous PACAP significantly
facilitated an LVA, Ni2�-sensitive conductance. We next set
out to test whether this process is indeed associated with native
sympathetic adrenal excitation and whether it occurs selec-
tively under elevated neuronal stimulation. To address this
question, we turned to a bipolar stimulation technique to
directly excite the innervating splanchnic nerve (16). The
experimental setup is shown in Fig. 5A, left. This sympathoad-
renal preparation relies on the use of a platinum bipolar stim-
ulator placed peripherally to the adrenal medulla and spanning
the cortex to stimulate the splanchnic nerve prior to its entering
the adrenal medulla. Bipolar stimulation took two forms. Basal
stimulation was set at a constant 0.2 Hz to mimic sympathetic
tone. Stress stimulation took the form of a burst protocol of
four sets of 15 pulses delivered at 2 Hz with an interset interval
of 15 s. Functional coupling between splanchnic nerve and
chromaffin cell was determined by pacing the splanchnic
nerve at a low frequency (0.05 Hz; see also “Experimental
Procedures”) and probing chromaffin cells in the proximal
medulla with a 5-�m carbon fiber amperometry electrode to
measure catecholamine secretion. Once a functional pairing
was identified, we measured cumulative catecholamine
release from single cells prior to and after neuronal stimula-
tion by carbon fiber amperometry (Fig. 5A). We found that
total catecholamine release increased under stress mode
stimulation and that this increased secretion was sensitive to
Ni2� and PKC block (Table 1). Lastly, in experiments that
parallel those presented in Figs. 3 and 4, we held patch-
clamped chromaffin cells in the perforated voltage clamp
configuration and conducted the I-V protocol after neuronal
stimulation (Fig. 5B). Elevated neuronal stimulation evoked
a specific increase in the Ni2�-sensitive inward current
measured both at the peak potential (Fig. 5B, panel i) and at
PVm

(Fig. 5B, panel ii), and this facilitation was blocked by
PKC inhibition. Thus, augmentation of a Ni2�-sensitive low
voltage-activated conductance observed with exogenous
PACAP stimulation was recapitulated under native synaptic
stimulation in an activity-dependent manner.
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DISCUSSION

Under the basal “rest and digest” mode of energy storage set
by the sympathetic tone, chromaffin cells release modest
amounts of catecholamine into the circulation to regulate phys-

iological parameters, including shunting of blood to viscera and
increased insulin release. Acute stress due to external threat or
injury initiates the sympathetic “fight or flight” response and
causes chromaffin cells to fire at an elevated rate (66–68). This
enhanced firing greatly increases the rate of catecholamine
release. System-wide, catecholamine-elicited physiological
responses include increased cardiac output, shunting of blood
flow to skeletalmuscle, generalized vasopression, increased cir-
culating glucagon levels, and altered neuronal activity. Thus,
chromaffin cells form a critical element of the acute sympa-
thetic stress response. Previous studies have indicated that
PACAP acts as a primary neurotransmitter at the splanchnic-
adrenal synapse under the stress response (15–17). Indeed,
PACAP-null mice have been shown to not mount a stress
response to insulin shock and to perish under this challenge
(17). Despite this physiologically important role, relatively little
is known of how PACAP stimulation elicits the initial cate-
cholamine burst under acute sympathetic stimulation.

FIGURE 5. Elevated neuronal stimulation facilitates nickel-sensitive calcium influx. A, left, a diagram illustrates the nerve stimulation and chromaffin cell
recording condition. Right, evoked catecholamine release was measured by carbon fiber amperometry. Total catecholamine release was determined by
integrating the amperometric record as in Figs. 1 and 4. Representative traces are plotted in B for Low Hz stimulation (stim.) and High Hz stimulation in a normal
Ringer’s bath solution and High Hz stimulation in the presence of Ni2� or Gö6983-containing Ringer’s bath solution. B, cells determined to be excitable by
neuronal stimulation were patch-clamped in the perforated voltage clamp configuration after bipolar stimulation, and I-V protocols were conducted. Data are
plotted as mean value, with error bars representing S.E. Panel i, peak inward (left axis) and the Ni2�-sensitive (sens.) inward component (right axis) currents were
measured as in Fig. 3 after bipolar neuronal stimulation with Low Hz- and High Hz-stimulated firing patterns. Panel ii, mean inward current at PVm

and the
Ni2�-sensitive component were measured in each condition as described in Fig. 4, pooled, and plotted. * indicates p � 0.05 with respect to control values
determined by one-way analysis of variance. Sample size is indicated by the number at the base of each category bar. pF, picofarad; Gö, Gö6983.

TABLE 1
Bipolar stimulation-evoked amperometric current
Amperometric current was measured in each condition as labeled, and data were
pooled. Cells were pulsed at Low Hz or High Hz stimulation. Under Low Hz stim-
ulation, the splanchnic nerve was stimulated for 60 pulses at a frequency of 0.2 Hz.
Under High Hz stimulation, the nerve was stimulated with four bursts of 15 pulses
at a 2 Hz frequency with an interburst interval of 15 s. Stimuli were delivered at a
constant voltage of 35 V for a 10-�s duration. Quantified pooled data were deter-
mined from baseline subtracted, integrated amperometric currents at the 60 s time
point. Themean� S.E. values are shown for each condition. Sample size is indicated
in parentheses.

Condition Mean � S.E. (n)

Low Hz stimulation 64.4 � 16.3 (10)
High Hz stimulation 179.8 � 41.5a (10)
High Hz stimulation � NiCl2 51.0 � 5.92 (8)
High Hz stimulation � Gö6983 49.5 � 7.57 (5)

a p � 0.05 with respect to control values determined by one-way analysis of
variance.
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Initial characterization has shown that PACAP-mediated
stimulation depends on an influx of external Ca2� but that the
cells do not fire action potentials (15, 44). We set out to inves-
tigate the cellular mechanism by which PACAP evokes calcium
influx in the absence of action potential firing to achieve cate-
cholamine release from adrenal chromaffin cells. This funda-
mental question was raised by the observation that PACAP
stimulation acts through a requisite depolarization of the chro-
maffin cell to approximately �53-mV membrane potential
(referred to here as the PVm

). Blocking the depolarization by
voltage clamp likewise blocked catecholamine release. How-
ever, when naïve, untreated cells were voltage-clamped to the
same potential, little to no catecholamine release was observed.
Thus, in addition to the depolarization to PVm

, PACAP stimu-
lation must act through a concurrent, second mechanism to
facilitate calcium influx and persistent catecholamine release.
The PACAP-evoked depolarization, catecholamine release,
and facilitated LVA current occurred on a similar time scale.
We conclude that PACAP-mediated adrenal excitation occurs
through a dual mechanism,membrane depolarization to a level
insufficient for firing of an action potential but sufficient to
allow influx through LVA calcium channels and a parallel
phosphodependent augmentation of LVA T-type calcium
conductance.
Several key pieces of evidence demonstrate the role for a

phosphorylation-mediated augmentation of T-type LVA cal-
cium channels rather than HVA or other LVA calcium chan-
nels. First, a low voltage shoulder, a characteristic of LVA
T-type channel currents (40–43, 59), was evident only after
acute exposure to PACAP or stimulation with PMA or Epac
activator 8-pCPT-2�-O-Me-cAMP (Fig. 3) and was not
observed in the naïve cells or cells treated with PKC blocker.
Indeed, PACAP stimulation did not significantly alter calcium
influx associated with action potential excitation (Fig. 1) and if
anything decreased total calcium influx under the native action
potential voltage template. Thus, PACAP-dependent facilita-
tion of calcium influx is limited to subthreshold depolarization
conditions. These findings are consistent with previous studies
showing that PKC activation decreases peak Ca2� conductance
in bovine chromaffin cells (69, 70). Moreover, in rat chromaffin
cells, calcium conductance through HVA L-type channels has
been shown to decrease specifically after PACAP stimulation,
and this effect is reversed by PKC inhibition (55). The sub-
threshold depolarization elicited by PACAP treatment is insuf-
ficient to activate most high voltage-activated currents.
Although L-type channels exist in other tissue types with rela-
tively low activation potentials (�40 mV) (71), we did not
observe a significant PACAP effect on nifedipine-sensitive LVA
conductance (data not shown).
We considered a potential contribution of R-type calcium

channels in PACAP-evoked calcium entry and secretion.
R-type channels are HVA calcium channels sensitive to nickel
block with an initial activation potential of �40 mV (39). We
selected a concentration of nickel chloride optimal for blocking
T-type channels in chromaffin cells (43, 58); however, the pos-
itive activation potential of the Ni2�-sensitive current pre-
sented in Fig. 2 indicates a component of R-type current in our
Ni2� subtraction data. Ultimately, the depolarization evoked by

PACAPwas insufficient to activateHVAR-type channels; thus,
any R-type contribution in our Ni2�-sensitive current at PVm

would be nominal.Moreover, if this were the case, it would only
mean that we are underestimating the effect of PACAP on
T-type facilitation by elevating the control base line.
In the literature, there are several instances of chromaffin cell

LVA T-type channel recruitment and plasticity reported
mostly in response to chronic stressors. Expression of Cav3.2 is
increased in adult rat chromaffin cells after 12–18 h of chronic
intermittent hypoxia via a PKA-independent process (40). Sim-
ilarly, Epac and �-adrenergic stimulation (on the time scale of
hours) recruits T-type channels and increases T-type channel
current density (59). Chronic intermittent hypoxia up-regu-
lates Cav3.1 and Cav3.2 messages in chromaffin cells, and peak
Ni2�-sensitive current is significantly increased (42). To our
knowledge, acute phosphoregulatory mechanisms of T-type
calcium channels have not been studied in chromaffin cells.
However, such acute regulatorymechanisms have been studied
in other cell types. Several such studies report that PKC phos-
phorylation facilitates T-type calcium conductance (72, 73).
Park et al. (47) found that PKC phosphorylation increases peak
T-type current amplitude when expressed in Xenopus oocytes.
However, this facilitation was not related to an increase in
channel surface density. They propose that PKC phosphoryla-
tion converts non-functional or latent T-type channels to func-
tional conductive forms. Consistent with this finding, we dem-
onstrated a significant expression of Cav3.2 in naïve chromaffin
cells but measurable LVA current only after PKC activation.
We were not able to discern whether the immunoreactivity
demonstrated in Fig. 2 is surface or internal. Despite this point,
we did demonstrate that PKC activity recruited T-type Cav3.2
calcium channels to a functional conductive form during the
acute stress response.
Our data demonstrate that direct neuronal stimulation

designed to mimic burst mode sympathetic firing elicited cate-
cholamine release thatwas sensitive toNi2�, and evoked a facil-
itation of LVA Ca2� conductance. We conclude that native
PACAP stimulation resulted from the combined effects of a
subthreshold depolarization and a potential sufficient to trigger
LVA calcium channel opening. In a parallel effect, PACAP
stimulation led to a protein kinase C-dependent phosphoregu-
lated facilitation of T-type calcium influx.
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