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The free intracellular Ca*’ concentration ([Ca”li) is governed 
by the balance between the activation of Ca2+ channels and 
buffering and efflux processes. We tested the hypothesis that 
Ca*+ efflux pathways are susceptible to modulation. The 
whole-cell patch-clamp technique was used in combination 
with Indo-l -based microfluorometry to record Ca*+ current 
and [Ca*‘], simultaneously from single rat dorsal root ganglion 
(DRG) neurons grown in culture. Depolarizing test pulses (-80 
to 0 mV, 100-300 msec) elicited [Ca”], transients that recov- 
ered to basal levels by a process best-fit with a single expo- 
nential (T = 5.1 t 0.4 set; n = 14) and were independent of 
Ca*+ load (40-500 PC) over this range of test pulses. [Ca”J 
transients recorded in whole-cell configuration were similar to 
those elicited by a brief train of action potentials in unclamped 
neurons. Inhibition of Ca*’ sequestration into intracellular 

stores with thapsigargin had no effect on the kinetics of recov- 
ery. Inhibition of plasma membrane Ca’+ ATPase (PMCA) func- 
tion by including a peptide inhibitor (C28R2) in the patch pipette 
significantly slowed recovery to basal [Ca*‘], (T = 9.9 -c 0.8 
set; n = 4). Preincubation with calmidazolium, a calmodulin 
antagonist, produced modest slowing of Ca2’ efflux. Phorbol 
dibutyrate, an activator of protein kinase C (PKC), accelerated 
Ca*’ efflux only when the PMCA had been inhibited by C28R2. 
We conclude that in DRG neurons PMCAs are responsible for 
lowering [Ca”], after small Ca*+ loads and that PMCA- 
mediated Ca*’ efflux is modulated by calmodulin- and PKC- 
signaling pathways. 
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Precise regulation of free intracellular Ca2+ concentration 
([Ca”],) is crucial to maintain the balance between rapid Cazt 
signaling (Miller, 1988) and Ca2+ -dependent toxicity (Choi, 1987; 
Randall and Thayer, 1992). Although a great deal is known about 
the regulation of Ca2+ influx and release processes in neurons 
(Tsien and Tsien, 1990), relatively little is known about the mod- 
ulation of the processes that remove Ca2+ from the neuronal 
cytosol (for review, see Carafoli, 1987; Miller, 1991). Mitochon- 
drial Ca2+ buffering shapes [Ca’+], transients caused by large 
Ca2-’ loads (Thayer and Miller, 1990; Friel and Tsien, 1994; 
Werth and Thayer, 1994) and can be modulated by polyamines, 
[Na+li, and chronic treatment with nucleoside analogs (Jensen et 
al., 1989; Thayer and Miller, 1990; Werth et al., 1994). Ca2+ 
binding by cytosolic proteins does not appear to be modulated 
post-translationally, although transcription of these genes is mod- 
ulated by neuronal activity (Bairnbridge et al., 1992). ATP- 
dependent Ca2+ pumping can be modulated by kinases in eryth- 
rocytes and hepatocytes (Neyses et al., 1985; Smallwood et al., 
1988) and by calmodulin (CaM) in sensory neurons (Benham et 
al., 1992). Ca2+ e&x via Na+-Ca2+ exchange has been difficult to 
study in neurons, possibly because of selective localization of the 
exchanger to nerve terminals (Luther et al., 1992). The relative 
contribution of each of these processes to Ca2+ buffering in 
neurons is unclear. 
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Previous studies in dorsal root ganglion (DRG) neurons have 
shown that after large Ca2+ loads, Ca2+ uptake by mitochondria 
decreases the amplitude of the [Ca2+], transient while increasing 
its duration (Thayer and Miller, 1990; Werth and Thayer, 1994). 
Modest Ca2+ loads appear to be removed primarily by ATP- 
dependent pumping of Ca2+ across the plasma membrane 
(Thayer and Miller, 1990; Benham et al., 1992). 

Plasma membrane Ca2+ ATPases (PMCAs) are expressed 
ubiquitously in eukaryotic cells and have been studied extensively 
in erythrocytes (Carafoli, 1991, 1992). The PMCA is a high- 
afhnity, low-capacity Ca2+ extrusion mechanism. CaM activates 
the enzyme by increasing both the affinity of the pump for Ca2+ 
and the rate of pumping (Smallwood et al., 1988; Carafoli, 1991). 
CaM acts by binding to a site near an autoinhibitory domain and 
changing the conformation of the pump so that this domain no 
longer interacts with its binding site on the pump (Carafoli, 1992). 
Synthetic peptides representing the autoinhibitory domain of the 
PMCA have been used to inhibit pump function (Enyedi et al., 
1991; Enyedi and Penniston, 1993). Phosphorylation by protein 
kinase C (PKC) increases V,,,,, in PMCA isolated from erythro- 
cytes (Smallwood et al., 1988). Phosphorylation by CAMP- 
dependent protein kinase (PKA) increases the affinity of the 
PMCA for Ca2+ (N e y  ses et al., 1985). The nature of regulatory 
influences on PMCA function in neurons remains unknown. 

We have used whole-cell patch-clamp combined with Indo-l- 
based microfluorometry to study the kinetics of [Ca”], recovery 
from Ca2+ loads applied to cultured DRG neurons. We found 
that PMCAs are the dominant pathway for lowering [Ca” Ii after 
stimuli of modest intensity. We show that this process can be 
accelerated by CaM and PKC. Modulation of PMCAs may be an 
important site for regulating Ca2+ -dependent signaling processes 
in neurons. 
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MATERIALS AND METHODS 
Ceil culture. Neurons from the DRG were grown in primary culture as 
described previously (Thayer and Miller, 1990). Briefly, the DRG from l- 
to 3-d-old Sprague-Dawley rats were dissected from the thoracic and 
lumbar regions and incubated at 37°C in collagenase-dispase (0.8 and 6.4 
U/ml, respectively) for 20-30 min. Ganglia were dissociated into single 
cells by trituration through a flame-constricted pipette. Cells were plated 
onto laminin-coated (50 )&ml laminin) glass coverslips (25 mm diame- 
ter). Cells were grown in Ham’s F12 media supplemented with 5% 
heat-inactivated horse serum, 50 @ml nerve growth factor, 44 mM 

glucose, 2 mM L-glutamine, modified Eagle’s medium vitamins, and 
penicillin-streptomycin (100 U/ml and 100 pg/ml, respectively). Cultures 
were maintained at 37°C in a humidified atmosphere of 5% CO,. Re- 
cordings were made after the neurons had been in culture for 7-14 d. 

Instrumentation for meusuring (Ca” ‘I,. [Ca’.‘], was determined using a 
microfluorometer to monitor the Caz’sensitive fluorescent chelator 
Indo-l (Grynkiewicz et al., 1985). For excitation of Indo-1, the light from 
a 75 W xenon arc lamp was passed through a 350 (IO) nm bandpass filter 
(Omega Optical, Battleboro, VT). Excitation light was reflected off a 
dichroic mirror (380 nm) and through a 70x phase-contrast oil immer- 
sion objective (Leitz, numerical aperture 1.15). Emitted light was re- 
fected sequentially off dichroic mirrors (440 and 5 I6 nm) through band- 
pass filters [405 (20) and 495 (20) nm, respectively] to photomultiplier 
tubes operating in photon-counting mode (Thorn EMI, Fairfield, NJ). 
Cells were illuminated with transmitted light (580 nm longpass) and 
visualized with a video camera placed after the second emission dichroic. 
Recordings were defined spatially with a rectangular diaphragm. The 5 V 
photomultiplier output was integrated by passing the signal through an 
&pole Bessel filter. This signal then was input into two channels of an 
analog-to-digital converter (Indec Systems, Sunnyvale, CA). Field- 
stimulation experiments were sampled at 10 Hz and filtered at 2.5 Hz. 
Patch-clamp experiments were sampled at 50 Hz and filtered at 10 Hz. 

Recording [Ca”], from Indo-l-loaded neurons stimulated by electrical- 
field stimulation. For field potential experiments, cells were loaded with 
Indo-l by incubation in 2 FM Indo-l AM ester for 45 min at 37°C in 
HEPES-buffered HBSS (HHSS), pH 7.45, containing 0.5% bovine serum 
albumin. HHSS was composed of the following (in mM): HEPES 20, NaCl 
137, CaClz 1.3, MgSO, 0.4, MgCI, 0.5, KCI 5.4, KH,PO, 0.4, Na,HPO, 
0.3, NaHCO, 3.0, and glucose 5.6. Loaded cells were mounted in a 
flow-through chamber for viewing (Thayer et al., lY88b). The superfusion 
chamber was mounted on an inverted microscope, and cells were super- 
fused with HHSS at a rate of l-2 mlimin for I5 min before starting an 
experiment. A suitable cell, defined as a rounded cell body that had 
extended fine processes and was isolated from other cells, was localized 
by phase-contrast illumination. [Ca’+]; transients were elicited by evoking 
action potentials with field potential stimulation (Sipahimalani et al., 
1992; Werth and Thayer, 1994). Field potentials were generated by 
passing current between two platinum electrodes via a Grass S44 electri- 
cal stimulator and a stimulus isolation unit (Quincy, MA). Trains of ten 
I msec pulses were delivered at a rate of 10 Hz. Stimulus voltage required 
to elicit action potentials varied for each individual cell. The voltage 
sufficient to elicit a detectable increase in [Ca?‘], from a cell was deter- 
mined before beginning an experiment, and subsequent stimuli were 20 V 
over this threshold. After completion of each experiment, the microscope 
stage was adjusted so that no cells or debris occupied the field of view 
defined by the diaphragm, and then background light levels were deter- 
mined (typically <5% of cell counts). Autofluorescence from cells that 
had not been loaded with dye was not detectable. 

Simultaneous whole-cell patch-clamp and micro&orometric recordings. 
Whole-cell Ca”’ current (Iti,) was measured with a Warner PC501 
amplifier, filtered by an X-pole Bessel filter with a cut-off frequency of 200 
Hz, and collected on the computer system described for fluorescence data 
acquisition. Thirty second sweeps were acquired every 2 min at a sam- 
pling frequency of 50 Hz except during the test pulse, during which data 
were sampled at I kHz to resolve Ic;,. Ic, was isolated from all other 
currents by ionic substitution. Extracellular recording solution consisted 
of the following (in IIIM): TEACI 143, CaCI, 2, MgCI, I, HEPES IO, and 
glucose IO, pH 7.4. Cells were approached with glass recording electrodes 
that were heat-polished to a resistance of l-2 MfI and filled with the 
following solution (in mM): Cs-gluconate 137, MgCI, 1, HEPES IO, 
Indo-l 0.1, Mg-ATP 5, and Naz-GTP 1, pH 7.3. In some studies, drugs 
were introduced into the cell through the patch pipette. I,, was elicited 
by stepping from -80 to 0 mV. Background fluorescence was measured 
after a Gn seal was formed but before breaking into the cell, to account 
for fluorescence contributed by the Indo-l in the pipette. The objective 

was focused near the middle of the cell, below the plane of the pipette. 
Pipette solution was made with deionized nanopure Hz0 (Barnstead, 
Dubuque, IA) and had a final [Ca’+] of cl00 nM as indicated by ratio 
measurement of a drop placed on the stage of the microfluorometer. 
Because no calcium buffer other than Indo-l was included in the patch 
pipette, 2 min separated every depolarization to allow the cells sufficient 
time to lower [Ca’+],. 

Calibration. Fluorescence records were corrected for background off- 
line, and ratios were calculated. Ratios were converted to [Ca”], by the 
equation [Ca’+], = K&R - R,i,)/(R,,,, - R), where R is the 405/495 
nm fluorescence ratio (Grynkiewicz et al., 1985). The dissociation con- 
stant used for Indo-l was 250 nM, and p was the ratio of the emitted 
fluorescence at 4Y5 nm in the absence and presence of calcium. R,i,, 
R “,dXI and p were determined in ionomycin-treated cells in Ca*‘-free 
buffer (1 mM EGTA) and saturating Ca” (10 mM Ca”). The system was 
recalibrated after any adjustments. Values of R,,,,,, R,,,,,, and p ranged 
from 0.94 to 1.01, 8.4 to 10.05, and 2.9 to 3.8, respectively. 

Data are presented as mean 2 SEM. Data analysis was performed 
using either Student’s t test or ANOVA with the Bonferroni post hoc test 
to determine significance. 

Reagents. C28R2 and G25 were synthesized in the laboratory of Dr. R. 
P. Elde using an Applied Biosystems Synergy system (Foster City, CA). 
The sequences for C28R2 and G25 are LRRGQILWFRGLNRIQT- 
QIRVVKAFRSS and KKAVKVPKKEKSVLQGKLTRLAVQI, respec- 
tively. The peptides were amidated at the C terminus. They were purified 
by Cl8 reverse-phase HPLC in 0.1% trifluoroacetic acid and eluted with 
an H,O-acetonitrile gradient. Solvents were removed by lyophilization. 
H-7 was purchased from Research Biochemicals (Natick, MA), and 
Indo-l was purchased from Molecular Probes (Eugene, OR). All other 
reagents were purchased from Sigma (St. Louis, MO). 

RESULTS 

Simultaneous measurement of [Ca*‘]i and Ica enables 
recording of [Ca2+li transients from quantitative 
Ca*+ loads 
[Ca2+li transients were recorded in combination with Ici, in the 
whole-cell patch-clamp configuration of (Fig. 1A). This recording 
technique allowed the application of Ca2+ loads that were brief, 
quantifiable, and reproducible. I,., was evoked by 100-300 msec 
depolarizing test pulses to 0 mV from a holding potential of -80 
mV. Ca2+ influx was quantified by calculating the time integral of 
fCa (JI,;,) during the test pulse. By increasing the duration of the 
test pulse, we attempted to apply consistent Ca’+ loads despite 
current rundown (see Fig. L4, inset). The stimulus was brief 
compared with the duration of the recovery, so the increase in test 
pulse duration did not affect recovery kinetics (Thayer and Miller, 
1990). Recovery from the modest Ca2+ loads applied by this 
method was best-fit by a single-exponential equation with a time 
constant of 5.1 -C 0.4 set (n = 14), which is in good agreement 
with previous reports (Thayer and Miller, 1990; Benham et al., 
1992). Ca2+ loads for the experiments described in this report 
ranged from 40 to 500 pC corresponding to 0.2-2.6 fmol of Ca2’. 
Despite this large range, the recovery kinetics for the [Ca’+], 
transients was very reproducible, with 7 ranging from 3 to 7 sec. In 
Figure lB, data from five cells, representative of the range of 
values for SIC;, and T observed in control recordings (n = 14), 
show that for the modest Ca2+ loads used in this study, r was not 
influenced significantly by the size of the Ca2’ load. Cells in which 
SICe varied and others in which slci, was relatively constant are 
included in this figure. Large Ca’+ loads will recruit additional 
buffering processes (Ahmed and Connor, 1988; Werth and 
Thayer, 1994), but in these studies we avoided application of such 
large Ca2+ loads. In patch-clamped neurons, we observed a slight 
slowing of recovery to basal [Ca2+li that developed with time after 
breaking into the whole-cell mode. Therefore, only data collected 
within 15 min of break-in were used in these studies. 
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Figure I. A, Small quantitative Ca” loads elicited by whole-cell voltage 
clamp produce [CaZi], transients that recover by a monoexponential 
process. A DRG neuron was voltage-clamped using the whole-cell con- 
figuration of the patch clamp. Traces recorded 1 and 10 min after break-in 
to the whole-cell mode are overlaid. The duration of the test pulse (-80 
to 0 mV) was increased from 100 to 120 msec to maintain comparable 
Ca” loads despite rundown in Iv,. SIC, was calculated by integrating the 
current trace and was 62 pC at 1 min and 57 pC at 10 min. The recovery 
to basal [Ca’+], was fit with a single exponential (solid line), and the time 
constants are shown. The inset shows the current trace on an expanded 
time scale. B, The [Ca’+], transient recovery kinetics is independent of 
Ca” load. The relationship between JI,,, and 7 is shown for five neurons. 
Each cell is represented by a unique symbol. Data represent the range of 
Ca”’ loads and 7 for the control cells included in this study (n = 14). I,, 
was varied in some cells by changing the duration of the test pulse. 

[Ca2+], transients evoked in whole-cell mode are 
comparable with those evoked by action potentials in 
unclamped neurons 

The kinetics of recovery to basal [Ca2+li levels was similar in the 
whole-cell patch-clamp configuration and in intact neurons stim- 
ulated by electrical field stimulation (Fig. 2). Field stimulation (1 
set, 10 Hz) elicited action potentials (Sipahimalani et al., 1992; 

Werth and Thayer, 1994); the T describing the recovery phase of 
the resulting [Ca”+li transient was 5.9 ? 0.6 set (n = 5). Thus, the 
Ca*+ loads used in these patch-clamp studies are comparable with 
a low-intensity stimulus in these cells that may fire at 50 Hz in ~ivo 
(Belmonte and Gallego, 1983). Recovery kinetics in the whole-cell 
mode was comparable with that observed in intact neurons (p > 
0.3, field-stimulated vs patch-clamped cells), indicating that the 
recovery process described here was not affected significantly by 
whole-cell dialysis. Furthermore, tetraethylammonium+ was sub- 
stituted for Na+ in the extracellular solution for patch-clamp 
recordings, which is consistent with previous reports indicating 
that Na+-Ca*+ exchange plays only a minor role in lowering 
[Ca2+li in the soma of cultured neurons (Nohmi and Kuba, 1984; 
Benham et al., 1992; Werth and Thayer, 1994). 

Small Ca2+ loads are not buffered by sequestration 
into intracellular stores 
Previous reports indicate that in DRG neurons, ATP-dependent 
Ca2+ pumps are responsible for lowering [Ca’+], (Benham et al., 
1992). To determine whether sequestration into intracellular 
Ca*+ stores contributed to decreasing [Ca”], after a 
depolarization-induced Ca2+ load, we used thapsigargin, a selec- 
tive inhibitor of sarco- and endoplasmic reticular Ca”~ ATPases 
(SERCAs), to determine the contribution of these pumps to 
recovery kinetics. Thapsigargin is irreversible and potent, with a 
half-maximal inhibitory potency of lo-20 nM (Thomas and Han- 
ley, 1994). In previous studies using the same continually perfused 
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Figure 3. Small Ca” loads are not buffered by sequestration into intra- 
cellular stores. [Ca” Ii and I,-, are shown for a representative neuron 
before and after the addition of 100 nM thapsigargin to the superfusate. 
Top inset, Exponential curves fitted to the [@+I, data. Bottom inset, Mean 
(-tSEM) data from four neurons before and after 100 nM thapsigargin was 
applied in the superfusate. 

chamber used here, we have found complete inhibition of Ca2+ 
accumulation by intracellular Ca2’ stores at a concentration of 3 
nM (Lo and Thayer, 1993). As shown in Figure 3, 100 nM thapsi- 
gargin applied via bath did not affect the kinetics of recovery to 
basal [Ca”‘], (n = 4). We next considered the possibility that 
PMCAs mediated the recovery. 

PMCAs buffer small Ca2+ loads 
Enyedi et al. (1991) have described a peptide inhibitor of PMCAs, 
C28R2, that represents the CaM-binding domain of the pump. 
CaM activates the PMCA by binding to a site near the C terminus, 
preventing the tonic autoinhibition caused when this region of the 
pump binds to an inhibitory site. CaM increases both the affinity 
for Ca2+ and the rate of pumping (Enyedi et al., 1991; Carafoli, 
1992). We included this 28-amino-acid peptide in the patch pi- 
pette to test the hypothesis that plasma membrane Ca2’ pumps 
are responsible for lowering [Ca’+], after modest stimulation. To 
control for potential nonspecific effects of C28R2, we tested 
another basic peptide for effects on depolarization-induced 
[Ca2+], transients. Peptide G25 represents residues 339-363 of 
the sequence of the human PMCA4 isoform and, like C28R2, has 
a net charge of +7. However, in contrast to C28R2, G25 does not 
affect PMCA function (Enyedi et al., 1991). We observed a 
marked slowing of recovery to basal [Caztli when 10 pM C28R2 
was included in the pipette (Fig. 4,4). This effect developed over 
time after establishment of the whole-cell configuration (Fig. 4B). 
Twelve minutes after break-in, mean JZ,-, values for control (n = 
14) C28R2-treated (n = 4), and G2.5-treated (n = 5) cells were 
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108 5 15, 91 5 17, and 106 5 38 PC, respectively; ~values were 
5.1 ? 0.4, 9.9 ? 0.8, and 4.4 2 0.5 set, respectively. Including 10 
PM C28R2 in the patch pipette significantly slowed the recovery to 
basal [Ca2+li @ < 0.001, one-way ANOVA, Bonferroni post hoc 
test). In contrast, G25 did not effect the recovery kinetics of 
depolarization-induced [Ca”], transients significantly compared 
with control recordings @ > 0.1, one-way ANOVA; n = 5). When 
C28R2 was in the pipette, recovery was often incomplete, causing 
increased [Ca2’], at the beginning of subsequent sweeps (Fig. 4C). 
Basal [Ca2’li remained relatively constant in control and G25- 
treated cells, and 12 min after break-in was 88 t 10 nM (n = 14) 
and 96 +- 9 nM (n = 5), respectively, versus 210 -C 34 nM (n = 4) 
in neurons in which C28R2 was included in the patch pipette (p < 
0.01, one-way ANOVA, Bonferroni post hoc test). This rise in 
resting [Ca”], may account for the difficulty we encountered in 
producing recordings of long duration when C28R2 was included 
in the pipette. Cells that were patch-clamped with C28R2 in the 
pipette but were not stimulated maintained normal resting 
[Ca”‘],. We conclude that the inhibition produced by C28R2 is 
specific, and we suggest that PMCA-mediated Ca2’ efflux is the 
dominant process for lowering [Ca*+], after small Ca’+ loads. 

Modulation of PMCA-mediated Ca2+ efflux by CaM 
C28R2 prevents CaM from activating the PMCA (Enyedi et al., 
1991). C28R2 slowed Ca” efflux, which suggests that CaM is 
activating the PMCA in this preparation. To determine whether 
increasing the concentration of CaM would speed Ca2+ extrusion, 
we included 1 PM CaM in the pipette solution. CaM had no 
significant effect on T, which suggests that the pump already was 
fully activated by CaM (Fig. 5; II = 4). We explored this possibility 
by attempting to inhibit pump function with the CaM antagonist 
calmidazolium. Calmidazolium (20 PM) applied in the superfusate 
for up to 12 min or in the pipette solution did not affect 7 
significantly [Fig. 5, Calmid (acute); n = 41. However, pretreat- 
ment with calmidazolium for 20-35 min before initiating a re- 
cording slowed recovery (T= 7.7 -C 0.3 set, p < 0.01 vs control; n 
= 5). The modest effects of CaM and calmidazolium were sur- 
prising in light of the marked effect of the peptide C28R2. How- 
ever, PMCA splice variants differ in their CaM-binding domains, 
with some exhibiting weaker autoinhibition of the pump than 
others (Enyedi et al., 1991). Alternatively, CaM may dissociate 
from the pump very slowly, requiring prolonged exposure to CaM 
antagonists to produce a robust inhibition. 

Modulation of PMCA-mediated Ca*+ efflux by kinases 
PMCA cDNA consensus sequences contain a number of potential 
modulatory sites, including PKA and PKC phosphorylation sites 
(Carafoli, 1992). To characterize the regulation of PMCA- 
mediated Ca2+ efflux in DRG neurons further, the possibility that 
kinases regulate PMCAs was investigated. Phosphorylation of the 
pump protein by PKA has been reported to increase the affinity of 
the ATPase for Ca2+ (Neyses et al., 1985). A membrane- 
permeant activator of cyclic nucleotide-dependent protein ki- 
nases, CPT-CAMP (50 FM), failed to change the kinetics of 
[Ca”‘], transients (n = 4). CPT-CAMP increased peak I,, in three 
of five neurons (mean increase, 17.4%). PKC has been shown to 
stimulate the PMCA by increasing I’,,,,, (Smallwood et al., 1988). 
However, 100 nM phorbol dibutyrate (PDBU), an activator of 
PKC, did not alter recovery to basal [Ca”], (n = 4). PDBU did 
increase basal [Caztli from 87 ? 8 to 128 -C 9 nM 0, < 0.01). 
Furthermore, the broad-spectrum kinase inhibitor H-7 did not 
affect the kinetics of [Ca2+], transients (n = 4). Thus, we detect no 
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(-tSEM) increased over time after break-in 
with C28R2 in the pipette. C, Mean basal 
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effect of kinases in PMCA-mediated Ca2+ efflux under control 
conditions. 

We reasoned that the PMCA may be activated maximally under 
our experimental conditions, concealing any further enhancement 
of PMCA function by phosphorylation. To test this possibility, we 
applied kinase activators to neurons that had been dialyzed via the 
patch pipette with the PMCA-inhibitory peptide C28R2; 50 PM 

CPT-CAMP did not affect the kinetics of [Ca2+li transients, and 
C28R2 still slowed Ca’+ extrusion to the same extent (Fig. 6A; n 
= 5). However, 100 nM PDBU blocked the slowing of recovery to 
basal [Ca’+], normally seen when C28R2 was included in the 
pipette. Neurons treated with PDBU and C28R2 exhibited 
smaller T than neurons treated with C28R2 alone (Fig. 6B). This 
difference was significant at IO and 12 min after break-in (p < 
0.05, one-way ANOVA; n = 4). C28R2 and PDBU each caused 
an increase in basal [Ca2+],. Neurons exposed to both C28R2 and 
PDBU exhibited a rise in basal [Ca”], that was similar to that 
caused by C28R2 alone (210 t 34 nM for C28R2, n = 4; 237 -C 56 
for C28R2 and PDBU, n = 4), which suggests that treatment with 
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F@4re 5. CaM has modest effects on 7. [Ca’+], transients were recorded 
in whole-cell mode, and the recovery kinetics was compared (mean -t 
SEM). Including CaM (1 pM; n = 4) in the patch pipette did not change 
T significantly (4.6 + 0.7 vs 5.1 + 0.4 set for control); 20 pM calmidazolium 

[Calmid (ncure); 11 = 41 was applied via the pipette or perfusion for up to 
12 min (7 = 6.4 f  0.5 set). Including calmidazolium in the bathing media 
for 20-35 min before recording [Calmid (prt~reut)] slowed recovery kinet- 
ics significantly (T = 7.7 + 0.3; n = 5). Calmidazolium was used at 20 pM 

in all cases. “*p < 0.01 versus control (Student’s t test). 

PDBU restored V,,, but not K,,, as described previously for 
PMCAs in erythrocytes (Smallwood et al., 1988). When neurons 
were treated with the kinase inhibitor H-7 before and during 
exposure to PDBU (n = 5), the acceleration in recovery was 
inhibited partially, which suggests that PDBU accelerates efflux in 
part by activating PKC (Fig. 6C). When pretreated with 200 PM 

H-7 (n = 5), T increased significantly over time (p < 0.001, 
repeated-measures ANOVA). 

DISCUSSION 
This study demonstrates that in DRG neurons PMCAs are re- 
sponsible for lowering [Ca”], after modest Ca*’ loads. Further- 
more, PMCA-mediated Ca2+ efflux can be modulated via an 
autoinhibitory peptide, CaM, and the PKC-signaling pathway. 

PMCA removes small Ca2+ loads from the cytoplasm 
Basal [Ca2+], levels in neurons generally are thought to be regu- 
lated by ATP-dependent pumping. Consistent with this idea are 
the high affinities of Ca2+ ATPases compared with other Cal+ 
transport processes, as is classic work by Baker and Dipolo (1984), 
who reported that in dialyzed squid axon [Ca”li could be lowered 
to submicromolar concentrations by a process that required ATP 
and was inhibited by orthovanadate and high extracellular pH 
(pH,). In sensory neurons, vanadate and high pH,, slow Ca’+ 
efflux (Benham et al., 1992). Schwiening et al. (1993) have re- 
corded a Ca*+-dependent alkalinization on the surface of snail 
neurons that they attributed to PMCA-mediated Ca’+-H+ ex- 
change. Similarly, glutamate-induced alkaline shifts in the hip- 
pocampus are mediated by Ca’+-H+ exchange (Smith et al., 
1994). We have used a selective inhibitory peptide, C28R2, to 
show that PMCAs are the principle pathway for lowering cyto- 
plasmic Ca 2+ in DRG somata. A peptide with similar chemical 
characteristics, G25, failed to affect basal [Ca2+], or recovery 
kinetics, supporting our contention that the effects of C28R2 can 
be attributed to inhibition of PMCA function. 

The Na’-Ca*’ exchanger is inhibited also by C28R2 (Enyedi 
and Penniston, 1993) but, in the studies described here, there was 
no extracellular Na+, ruling out any contribution of Na+-Ca’+ 
exchange to efflux of Ca*+. Nat-Ca2+ exchange might operate in 
reverse under our recording conditions, allowing Ca’+ to enter 
the cell; if this occurred, we may have underestimated slightly the 
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F&we 6. Modulation of PMCA by kinases. C28R2 (10 FM) was included in the patch pipette for all experiments described hem. Kinase activators were 
added to the bathing media at the time indicated by thefilled synzbols (after the third sweep).,&C, Mean 7 (tSEM) of rccovcry to basal [Ca”], in the 
presence of kinasc activators. A, CPT-CAMP does not enhance Ca” efflux. 7 increased significantly over time in the presence of C28R2 and SO FM 
CPT-CAMP 0, < 0.0001 by repeated-measures ANOVA; w = 5) similar to C28R2 alone (see Fig. 4B). B, PDBU (100 nM) prcvcntcd the slowing in r 
normally caused by C28R2. *I, < 0.05 C28R2 + PDBU (n = 4) versus C28R2 alone (II = 4) by one-way ANOVA, Bonfcrroni post hoc test. C, H-7 
pretreatment partly inhibited the effect of PDBU. When pretreated with 200 FM H-7 (n = 5) r increased significantly over time (I’ < 0.001 by 
repeated-measures ANOVA). D-F, Representative traces recorded from single neurons with C28R2 in the pipette before and after the addition of kinase 
activators arc overlaid. [Ca’ ‘1, transients were fitted with an exponential, and the 7 for each trace is shown. D, [Ca’ ‘I, transients recorded from the same 
cell before and after 50 pM CPT-CAMP was applied to the bath. E, [Ca”], transients recorded from the same cell before and after 100 no PDBU was 
applied to the bath. F, ]Ca’ ’ ], transients recorded from a cell that had been pretreated with 200 pM H-7 before and after 100 nM PDBU was applied to 
the bath. 

contribution of PMCAs to Ca’~’ efflux. In cells stimulated by 
electric field to elicit action potentials (physiological saline with- 
out whole-cell dialysis), recovery kinetics was similar to that 
studied in the whole-cell configuration (Na+-free buffer). Thus, 
Nat-Ca’+ exchange does not play a major role in shaping [Ca2+li 
transients in DRG cell bodies, which is consistent with other 
[Ca”], recordings from neuronal somata (Nohmi and Kuba, 
1984; Levy and Tillotson, 1988; Thayer and Miller, 1990; Benham 
et al., 1992). 

DRG neurons possess inositol 1,4,5trisphosphate- and 
caffeine-sensitive Ca2+ stores (Thayer et al., 1988a) that require 
SERCAs to refill, although we did not detect a Ca’+-buffering 
component that was sensitive to thapsigargin. Evidently, the rate 
of Ca’+ pumping into intracellular stores was insufficient to in- 
fluence the kinetics of recovery to basal [Ca”], significantly, 
although it is possible that, after depletion, the stores contribute 
to Ca’+ buffering (Friel and Tsien, 1992). Sequestration of Ca’+ 
into thapsigargin-sensitive stores contributes to recovery from 
depolarization-induced [Ca’+], transients in large, but not small, 
DRG neurons (Schmigol et al., 1994). The cells used in the 
present study were of small to medium size and, therefore, would 
not be expected to possess a significant sequestration component 
to recovery kinetics. We have not addressed the contribution of 
Ca”+-binding proteins to shaping [Ca2 ‘Ii transients. Because the 
buffering properties of Ca’.‘-binding proteins would be expected 

to remain constant over the time course of our experiments, the 
modulation of recovery kinetics by C28R2 and PDBU strongly 
suggests that dissociation of Ca’+ from binding sites was not the 
rate-limiting step in returning [Ca”], to basal Icvcls. 

The relative contribution of the various Ca’+-buffering pro- 
cesses to lowering [Ca”], is dependent on the magnitude of the 
Ca’+ load. In sensory neurons, mitochondria make only a minor 
contribution to buffering Ca’+ at rest but exhibit robust seques- 

tration into the matrix after large Ca’ ’ loads (Werth and Thayer, 
1994). This study used the whole-cell patch clamp to rapidly apply 
small Ca” loads comparable with those produced by 10 action 
potentials. The tit of the recovery by a monoexponential and the 
relative insensitivity of T to SIC.>, are consistent with a single 
first-order process. Kinetics of recovery was constant over the 
range of Jr,, used in this study and was in good agreement with 
others (Thayer and Miller, 1990; Benham et al., 1992). Thus, 
PMCAs appear to be the dominant mechanism for lowering 
[Ca2+li at rest and during brief low-frequency activity. 

Modulation of PMCA-mediated Ca*+ efflux 

CaM activates PMCAs by interacting with a binding site near the 
C terminus. This interaction removes the tonic inhibitory influ- 
encc of this region of the pump, increasing both the affinity for 
Ca’+ and the rate of pumping (Enyedi et al., 1991; Carafoli, 
1992). The peptide we used to inhibit PMCA function, C28R2, 
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represents the CaM-binding, inhibitory domain of recombinant 
PMCA2b. The primary effect of C28R2 is a direct interaction with 
the PMCA, although it also binds CaM with high affinity and thus 
competes with the PMCA for CaM (Enyedi et al., 1991). When 
included in the patch pipette, 10 pM C28R2 significantly slowed 
the rate of Ca”+ efflux. 

Benham et al. (1992) observed a slowing of Cazt efflux after 
calmidazolium treatment. Only when cells were pretreated with 
calmidazolium did we see a significant slowing of Ca2+ efflux. 
CaM may dissociate very slowly from the pump and thus 
require prolonged exposure to antagonist to reverse CaM ac- 
tivation. Alternatively, the PMCAs present in DRG neurons 
may be less sensitive to CaM than PMCAs in erythrocytes. 
PMCA splice variants have been described in which the CaM- 
binding domain was a relatively weak inhibitor of pump func- 
tion. These variants have greater activity in the absence of CaM 
activation and are more prevalent in excitable tissues (Enyedi 
et al., 1994). The CaM-binding domain is also a site for pro- 
teolytic cleavage. The Ca2 ’ -activated protease calpain will 
cleave the C-terminal regulatory domain of PMCAs selectively, 
rendering the pump insensitive to CaM, although it remains 
susceptible to inhibition by exogenously added C28R2 
(Salamino et al., 1994). Proteolysis may explain the need for 
added C28R2 to observe stimulation of pump activity, although 
this evidently is not attributable to the whole-cell recording 
conditions, because [Ca”], transients recorded in intact cells 
exhibited similar resting [Ca”], and recovery kinetics. Adding 
CaM to the pipette did not accelerate pump activity signifi- 
cantly, indicating that under our experimental conditions CaM 
has a minor influence on pump function. 

Phosphorylation has been reported to influence the activity of 
PMCAs and SERCAs (Neyses et al., 198.5; Smallwood et al., 
1988). Phosphorylation by PKA of the Ca” pumps found in heart 
sarcolemma and erythrocytes enhanced Ca2+ transport by in- 
creasing the affinity of the pumps for Ca2+ (Neyses et al., 1985). 
We saw no enhancement of Ca2+ efflux after treatment with 
CPT-CAMP, an activator of cyclic nucleotide-dependent kinases. 
However, increasing the affinity may exert a subtle effect that 
would be undetected in our experiments. Alternatively, different 
isoforms of the PMCA may be differentially sensitive to phosphor- 
ylation by PKA. Alternative splicing of the PMCAI gene can yield 
at least four different isoforms with different phosphorylation sites 
for cyclic nucleotide-dependent protein kinases (Strehler et al., 
1989). 

Smallwood et al. (1988) showed that phosphorylation by PKC 
stimulates the PMCA by increasing I’,,,,,. Under basal conditions, 
we saw no significant enhancement of Ca2+ efflux after treatment 
with the PKC activator PDBU. However, if C28R2 was included 
in the pipette, PDBU prevented the slowing in Ca” efflux nor- 
mally produced by C28R2. The broad-spectrum kinase inhibitor 
H-7 partially inhibited the effect of PDBU. The partial effect may 
be attributable to the inability of H-7 to overcome the stimulatory 
effect of 100 nM PDBU coupled with the increased [Ca’+], that 
was observed in these experiments. Alternatively, previous work 
has demonstrated that various lipids can enhance PMCA function 
by interacting with a lipid-binding domain (Carafoli, 1991). PDBU 
may interact with this lipid-binding domain of the PMCA. It is 
unclear why the effects of PDBU were apparent only when C28R2 
was present. C28R2 may be phosphorylated directly by PKC with 
a subsequent decrease in efficacy (Hofmann et al., 1994), or the 
pump may be activated maximally under control conditions such 
that PDBU produces no further enhancement. Alternatively, 

slowing the rate of Ca2+ efflux simply may facilitate detection of 
the effect of PDBU. 

CONCLUSIONS 
In cultured rat DRG neurons, PMCA-mediated Ca2+ efflux is the 
process primarily responsible for recovery to basal [Ca”], after 
modest stimulation. PKC accelerates this process. Thus, PMCAs 
are a point of cross-talk between second-messenger systems. 
There are four known genes encoding PMCA isoforms, each with 
a number of potential splice variants (Strehler et al., 1989; Brandt 
et al., 1992), which suggests that PMCA variants are specialized in 
function, localization, and pharmacological selectivity. 

Subtle changes in [Ca2’li can have profound physiological 
consequences. For example, lo-30 nM changes in [Ca”li are 
capable of enhancing synaptic transmission twofold (Regehr et al., 
1994). Similarly, variations in [Ca’+], transient duration will pro- 
foundly influence activation of Ca’+-dependent enzymes such as 
CaM kinase II (Hanson and Schulman, 1992). Thus, regulation of 
basal [Ca2+li and [Ca2+], transient recovery kinetics by PMCAs 
places these pumps in a key position for modulating Ca”+ signal- 
ing in neurons. 
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