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Abstract
Background and Objectives—Kappa opioid receptor (κ-OR) activation is known to play a
role in analgesia and central sedation. The purpose of the present study was to examine the effect
of the κ-OR agonist, U-50488 (an arylacetamide), on Ca2+ channel currents and the signaling
proteins involved in acutely isolated rat dorsal root ganglia (DRG) neurons expressing the putative
promoter region of the tetrodotoxin (TTX)-resistant Na+ channel (NaV 1.8) that is known to be
involved in pain transmission.

Methods—Acutely isolated rat DRG neurons were transfected with cDNA coding for enhanced
green fluorescent protein (EGFP), whose expression is driven by the Nav 1.8 promoter region.
Thereafter, the whole-cell variant of the patch-clamp technique was employed to record Ca2+

channel currents in neurons expressing EGFP.

Results—Exposure of EGFP-expressing DRG neurons to U-50488 (0.3 to 40 μM) led to
voltage-independent inhibition of the Ca2+ channel currents. The modulation of the Ca2+ currents
did not appear to be mediated by the Gα protein subfamilies: Gαi/o, Gαs, Gαq/11, Gα14 and Gαz.
Furthermore, dialysis of the hydrolysis-resistant GDP analog, GDP-β-S (1 mM), did not affect the
U-50488-mediated blocking effect, ruling out involvement of other G protein subunits. Finally,
U-50488 (20 μM) blocked Ca2+ channels heterologously expressed in HeLa cells that do not
express κ-OR.

Conclusion—These results suggest that the antinociceptive actions mediated by U-50488 are
likely due to both a direct block of Ca2+ channels in sensory neurons as well as G protein
modulation of Ca2+ currents via κ-OR-expressing neurons.

Introduction
Opioid drugs are generally used as effective broad-spectrum analgesics, yet they exert many
adverse effects that restrict their clinical use.1 The 3 “classical” opioid receptor subtypes, mu
(μ), kappa (κ), and delta (δ), are expressed within the central nervous system and sensory
neurons. The stimulation of κ opioid receptors (κ-OR) has been shown to cause analgesia,
central sedation, dysphoria, respiratory depression, and dyspnea.2,3 In general, opioid
receptor stimulation results in coupling of heterotrimeric G proteins of the pertussis toxin-
sensitive Gαi/o family with effector proteins, such as ion channels. This leads to inhibition
of voltage-gated Ca2+ channels and activation of G protein-gated inwardly rectifying K+
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channels that, in turn, reduces neuronal excitability and neurotransmitter release to produce
analgesia.

In excitable tissues, such as neurons, voltage-gated Na+ channels play a crucial role in
generating and propagating action potentials.4 The sodium channel subtype, NaV1.8, is
tetrodotoxin (TTX)-resistant and is known to be expressed primarily in small and medium
diameter nociceptive sensory neurons that receive variable noxious stimuli, including
mechanically-, chemically-, and thermally-induced pain. 5–7 Recently, the putative promoter
region of the NaV1.8 channel was identified, and the authors inserted this region in a cDNA
construct upstream of the enhanced green fluorescent protein (EGFP) such that EGFP
expression in sensory neurons resulted from native transcription factors binding to the
promoter site.8 Thus, the use of this clone containing the promoter region and EGFP coding
region can be employed as a tool to identify a subpopulation of nociceptive neurons. The
purpose of the present study was to examine the G protein-mediated modulation of Ca2+

channel currents following κ-OR activation with the receptor agonist U-50488 in rat sensory
neurons transfected with EGFP cDNA, whose expression is driven by the NaV1.8 promoter
region.

Methods
Dorsal root ganglion (DRG) isolation and transfection

The Penn State College of Medicine Institutional Animal Care and Use Committee
(IACUC) approved the experiments performed. Male Sprague-Dawley rats were first
anesthetized with CO2 and then decapitated with a laboratory guillotine. The lumbar (L4–
L6) DRG were removed and placed in ice-cold Hank’s balanced salt solution (Sigma-
Aldrich Corporation, St Louis, Missouri). Thereafter, the ganglia were incubated in a tissue
culture flask with modified Earle’s balanced salt solution containing 0.6 mg/mL collagenase
Type D (Roche Applied Science, Indianapolis, Indiana), 0.4 mg/mL trypsin (Worthington
Biochemical Corp., Lakewood, New Jersey) and 0.1 mg/mL DNase (Sigma-Aldrich). The
flask was placed in a shaking water bath (35°C) for 40 minutes. Afterward, the cells were
dissociated by vigorous shaking of the flask and then centrifuged twice for 6 minutes at 50-×
g. The dispersed neurons were re-suspended in Minimum Essential Medium (MEM)
containing 10% fetal bovine serum (MIDSCI, St. Louis, Missouri), 1% glutamine, and 1%
penicillin-streptomycin (both from Life Technologies, Carlsbad, California). The neurons
were next plated onto polystyrene culture dishes coated with poly-L-lysine and stored in a
humidified atmosphere containing 5% CO2/95% air at 35°C.

Following a 3-hour incubation period, the DRG neurons were microinjected with cDNA
plasmids employing an Eppendorf (Brinkmann Instruments Inc., Westbury, New York)
5246 microinjector and 5171 micromanipulator. The pEGFP cDNA construct containing the
putative NaV1.8 channel promoter region (a kind gift from Dr. Henry L. Puhl III, NIAAA,
Bethesda, Maryland) was injected at a final concentration of 0.4 μg/μl, either alone or in
combination with PLC-β1 construct or Gα14 or Gαz cDNA plasmids at a concentration of
0.1 μg/μl. After microinjection, the cells were stored in MEM and supplemented with nerve
growth factor (15 ng/mL), ciliary derived growth factor (15 ng/mL), and glial-derived
neurotrophic factor (6 ng/mL), and incubated overnight at 35°C.

Electrophysiology and data analysis
Ca2+ channel currents were recorded with an Axopatch 200B amplifier (Molecular Devices,
LLC, Sunnyvale, California) and acquired with custom-designed software (S5, written by
Dr. Stephen R. Ikeda, NIAAA, Bethesda, MD) on a Macintosh G4 computer (Apple Inc.,
Cupertino, California) equipped with an ITC-18 data acquisition interface (HEKA
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Instruments Inc., Bellmore, New York). The ‘double-pulse’ voltage protocol9 was employed
to record Ca2+ current modulation. The protocol consists of a holding potential of −80 mV,
test pulse to +10mV (prepulse) followed by a strong depolarization step to +80 mV, then a
brief return to −80 mV, and finally another test pulse to +10mV (postpulse). The recording
electrodes were fabricated from borosilicate glass capillaries (Garner Glass Co., Claremont,
California), pulled with a Flaming/Brown P-97 micropipette puller (Sutter Instrument Co.,
Novato, California), coated with Sylgard (Dow Corning, New York) and fire-polished with a
microforge. The pipette solution consisted of (in mM): N-methyl-D-glucamine 80, TEA-OH
20, CsCl 20, CsOH 40, creatine-PO4 14, HEPES 10, CaCl2 1, Mg-ATP 4, Na2GTP 0.3, and
EGTA 11. The pH was adjusted to 7.2 with methanesulfonic acid, and the osmolality was
293–302 mOsmol/L. The external solution consisted of (in mM): CH3SO3H 140, TEA-OH
145, HEPES 10, glucose 15, CaCl2 10, and TTX 0.0003. The pH was adjusted to 7.4 with
TEA-OH, and the osmolality was 320–330 mOsmol/L. The pipette solution containing
GDP-β-S (Sigma-Aldrich) was prepared by directly adding the hydrolysis-resistant guanine
nucleotide analogue to the internal solution at a final concentration of 1 mM and omitting
Na2GTP. It should be noted that the U-50488 concentration-response relationship (Fig. 1A–
C) was determined with 2.5 mM external Ca2+, and the appropriate amount of TEACl was
added to keep the osmolality constant.

In one set of experiments, the Ca2+ channel (CaV 2.2) was heterologously expressed in HeLa
cells employing the clones for α (Ca2+ channel pore),β and α2δ (both auxillary subunits) at
a ratio of 1:1:2. The cells were cultured in Dulbecco’s Modified Eagle Medium,
supplemented as above.

Stock solutions of U-50488, nor-Binaltorphimine dihydrochloride (nor-Bin, both from
Tocris Bioscience, Minneapolis, Minnesota), 5′-guanidinonaltrindole (5′-GNTI), [d-Ala2-
N-Me-Phe4-Glycol5]-enkephalin (DAMGO, both from Sigma-Aldrich) were prepared in
water, while U-69593 (Sigma-Aldrich) was prepared in dimethyl sulfoxide (DMSO). All
drugs were diluted in the external solution to their final concentration just prior to use. In
some experiments, the neurons were pretreated overnight with pertussis toxin (PTX, List
Biological Lab, Campbell, California) or cholera toxin (CTX, Sigma-Aldrich) in the
supplemented MEM containing 500 ng/mL of either toxin.

Data and statistical analysis were performed with Igor Pro 6.0 (WaveMetrics, Lake Oswego,
Oregon) and Prism (GraphPad Software, Inc., La Jolla, California), respectively, with P <
0.05 considered statistically significant. Graph and current traces were obtained with Igor
Pro and Canvas 8.0 (Deneba Software, Miami, Florida) software packages.

Results
In the first set of experiments, the concentration-response relationship for the κ-OR agonist
(U-50488) was determined in EGFP-expressing DRG neurons. Ca2+ currents were evoked
every 10 seconds with the ‘double-pulse’ voltage protocol shown at the top of Figure 1B.
The peak Ca2+ current amplitude was measured isochronally 10 msec following the
initiation of the pre-and postpulse. Figure 1A shows the time course of the peak Ca2+ current
amplitude of the prepulse (●) and postpulse (○) before and during the application of
U-50488 (20 μM) or DAMGO (10 μM), a high-affinity mu opioid receptor agonist. The
corresponding numbered traces (1–8) are shown in Figure 1B. Exposure of the neuron to
U-50488 resulted in Ca2+ channel block of approximately 30%. The time course in Figure
1A also illustrates the facilitation ratio (postpulse/prepulse amplitude) that is used to indicate
whether Ca2+ currents are blocked in a voltage-dependent or voltage-independent manner.
Another hallmark of voltage-dependent inhibition is the kinetic slowing of the prepulse
current in the presence of an agonist. The plotted ratio shows that the U-50488-mediated
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Ca2+ channel block was voltage-independent (ie, the magnitude of block for both pre-, trace
3, and postpulse, trace 4, currents was similar and facilitation ratio is ~ 1.0). Following the
recovery period, application of DAMGO led to a stronger inhibition of the prepulse current
(trace 7) compared to block of the postpulse current (trace 8), indicative of a voltage-
dependent block (facilitation ratio ~ 1.3 bottom of Fig. 1A). Also illustrated is that the
prepulse current displayed kinetic slowing in the presence of DAMGO (cf. trace 3 vs trace
7). Figure 1C shows the U-50488 concentration response curve with the indicated IC50 of
4.32 μM, the mean (± SE) maximum current inhibition of 33.4± 2.4%, and a Hill coefficient
value of 1.28. Note that at concentrations lower than 1 μM, the % inhibition is less than 5%.
All data was subsequently acquired in 10 mM external Ca2+. Figure 1D depicts the effect of
the κ-OR blocker, nor-Binaltorphimine (nor-Bin) on the U-50488-mediated Ca2+ current
inhibition. Application of U-50488 (3 μM) led to the voltage-independent Ca2+ current
inhibition (ie, comparable block magnitude of pre- and postpulse currents). After the
recovery period, the neuron was exposed to nor-Bin (15 μM) for approximately 4 minutes
and thereafter to both agents. It can be seen that nor-Bin abolished the U-50488-mediated
inhibition of Ca2+ currents. The results, summarized in Figure 1E, show that nor-Bin
significantly (P < 0.05) abolished the U-50488-mediated Ca2+ channel inhibition (11.7 ±
0.9% vs. 0.4 ± 1.0%) in EGFP-expressing neurons. However, in another set of experiments
we employed another κ-OR antagonist, 5′-guanidinonaltrindole (5′-GNTI). At
concentrations between 30 and 50 μM, 5′-GNTI failed to exert any significant block on the
modulatory actions of U-50488 (data not shown). The differential pharmacology exhibited
by nor-BIN and 5′-GNTI suggests that the actions of U- 50488 may be independent of κ-
OR stimulation (discussed below).

Opioid receptors are known to preferentially couple to effectors via PTX-sensitive Gαi/o
subunits.10 The activation of this Gα protein subfamily has been well documented to result
in voltage-dependent inhibition of Ca2+ channels (see Figs. 1A and B, DAMGO). Given that
the κOR agonist U-50488 inhibited Ca2+ currents in a voltage-independent manner, the next
series of experiments was designed to identify the Gα protein subfamily that couples κ-OR
to Ca2+ channels in EGFP-expressing neurons. One group of isolated neurons was pretreated
overnight with PTX (0.5 μg/mL) to remove Gαi/o signaling, and thereafter U-50488 (40
μM) was applied to the cells. Figure 2A shows that pretreatment of cells with PTX did not
significantly affect the mean U-50488-mediated Ca2+ current inhibition. Similarly, when the
cells were pretreated with CTX (0.5 μg/ml) overnight in order to eliminate the Gαs-
mediated signaling pathway, the effect of U-50488 on Ca2+ currents was unaltered (Fig.
2B). We next microinjected cDNA coding for either Gα14 or GαZ to determine whether
their expression in EGFP-expressing neurons would attenuate the U-50488-mediated Ca2+

current inhibition, presumably due to the overexpressed Gα subunits sequestering the free
Gβγ protein subunits. The plots shown in Figure 2C and 2D indicate that the Ca2+ channel
inhibitory pathway was not altered by the excess Gα14 or GαZ subunits, respectively. The
lack of Gαi/o, Gα s, Gα14, and GαZ subunit involvement in the U-50488-mediated
inhibitory pathway suggested that Gαq/11 protein subunits were mediating this response.11

Thus, in another group of neurons we microinjected cDNA coding for a phospholipase C-β1
construct (PLC-β1 ct), which we have previously reported to selectively bind Gαq/11-
GTP.12 Figure 2E shows that neurons expressing both EGFP and PLC-β1 ct exhibited a
significantly (P < 0.05) greater Ca2+ current inhibition following U-50488 application.
These results suggest that ‘buffering’ of endogenous Gαq/11 by the construct did not abolish
the Ca2+ current inhibition mediated by U-50488. Overall, these data suggest that the Gα
protein subunits (Gαi/o, Gαs, Gα14, GαZ, and Gαq/11) do not play a significant role in the
U- 50488-mediated voltage-independent Ca2+ current inhibition.

In the next set of experiments, we examined whether other native G protein subunits were
involved in the modulation of Ca2+ currents during U-50488 application. In a group of
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EGFP-expressing neurons we dialyzed a non-hydrolyzable GDP analog, GDP-β-S, via the
recording pipet (GTP was excluded) in order to block any agonist-mediated G protein-
coupled receptor activation of G proteins. Figure 3A is a time course that shows the effect of
U-50488 (20 μM) and U-69593 (10 μM), another κ-OR agonist, on the Ca2+ currents in a
cell dialyzed with GDP-β-S. In control experiments (3 of 20 neurons), U-69593 exerted a
voltage-dependent block of Ca2+ currents (data not shown), indicative of a receptor-
mediated response. Exposure of the cell to U-69593 failed to modulate the Ca2+ currents
(traces 1–4), while U-50488 inhibited the Ca2+ currents in both a G protein- and voltage-
independent manner (traces 5–8). These data indicate that the U-50488-mediated block does
not employ G proteins.

Thus far, these results suggested that the effects mediated by U-50488 resulted from a direct
action on Ca2+ channels, reminiscent of previous observations with TTX-resistant Na+

channels in sensory neurons.13–15 In the next set of experiments, we examined whether the
Ca2+ channel block would be affected by changing the holding potential, since it has been
shown that the block of TTX-resistant Na+ channels by U-50488 is altered by changing this
parameter.14 Figure 4A shows the time course of an EGFP-expressing neuron before and
during exposure to 20 μM U-50488, followed by switching of the holding potential (VH) to
a more depolarized level and re-exposure to 20 μM U-50488. The initial exposure of
U-50488 (at VH -80 mV) led to the typical voltage-independent block of Ca2+ currents.
Following the recovery period, VH was switched to - 60 mV and peak Ca2+ current
decreased. Thereafter, U-50488 was applied to the neuron and Ca2+ currents were also
blocked in a voltage-independent manner. The summary plot in Figure 4B illustrates that the
U-50488-mediated Ca2+ current inhibition (mean± SE) for both VH of −80 mV and −60 mV
is similar.

In the final set of experiments, we heterologously expressed the CaV 2.2 Ca2+ channel (N-
type) in HeLa cells (which do not normally express these channels orκ-OR) to determine
whether the U-50488-mediated inhibition was a result of a direct block of the Ca2+ channel.
Figure 4C is a time course of the peak Ca2+ current recorded from a HeLa cell expressing
Ca2+ channels before and during U-50488 (20 μM) exposure. In this cell, U-50488 inhibited
the Ca2+ currents approximately 35% in a receptor- and voltage-independent manner. Figure
4D is a summary plot demonstrating that application of 20 μM U-50488 inhibited Ca2+

currents (mean ± SE) in HeLa cells expressing N-type Ca2+ channels (30.1 ± 2.1%, n=7)
while it exerted no effect in non-transfected HeLa cells (0 ± 1.4%, n=6).

Discussion
A major challenge associated with developing analgesic drugs that target κ-OR is to limit
their ability to cross the blood brain barrier in order to restrict their side-effects.3,16 Thus,
there is a need to better understand κ-OR physiology and pharmacology, especially in
sensory neurons involved in pain transmission. The arylacetamide derivatives fedotozine
and asimadoline had been reported to be effective visceral pain analgesics, especially in
patients with irritable bowel syndrome.17–19 Fedotozine, however, has been discontinued,19

while asimadoline appears promising because of its limited CNS penetration.17 In the
present study, we employed the arylacetamide prototype, U-50488, κ-OR agonist, to
examine its effect on Ca2+ channel currents in acutely isolated rat DRG neurons. The
neurons were transfected with the recently described8 clone containing EGFP cDNA and the
promoter region of the TTX-resistant Na+ channel, allowing us to study a defined
subpopulation (ie, nociceptive) of sensory neurons. The results show that U-50488 exhibits
non-receptor-mediated Ca2+ channel block in EGFP-expressing neurons. The Ca2+ current
inhibition is voltage-independent and non-G protein-mediated. These findings extend
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previous observations that have found that this κ-OR agonist can also directly block other
ion channels, including TTX-resistant Na+ channels in rat sensory neurons.13–15

The U-50488 pharmacological profile of EGFP-expressing neurons obtained in this study
(IC50 ~ 4 μM) exhibited a slightly lower potency than previous studies that examined the
effect of U-50488 on other ion channels. In rat colon sensory15 and DRG14 neurons, the
observed IC50 values for Na+ channel currents were 8.4 μM for the former, and ranged from
8 μM (with a VH of −40 mV) to 49 μM (with a VH of −100 mV) for the latter. In isolated rat
cardiac myocytes, U- 50488 blocked Na+ and K+ currents with an IC50 of 15 μM and 40 to
50 μM, respectively.20 A pharmacokinetic study in mice found that oral administration of a
U-50488 enantiomer (150 mg/kg) reached peak-free blood levels of 800 ng/mL (~ 2 μM)
within 1 hour and a brain to blood ratio of 8.2.21 It should also be noted that the U-50488
IC50 reported for intracellular Ca2+ changes in cultured lumbosacral DRG22 and forskolin-
stimulated cAMP accumulation in PC12 cells23 ranged from 1 to 5.8 nM. The apparent
disparity of potency is likely a result of different experimental conditions between
electrophysiological recordings and the above-mentioned reports22,23 (ie, steady-state vs.
equilibrium conditions).

In some experiments, the U-50488- (3 μM) mediated Ca2+ current inhibition was blocked
by nor-Bin (15 μM). Despite the fact that this agonist:blocker ratio indicated block at the
receptor level, we found rather inconsistent block employing lower ratios (ie, 1:10 or 1:15,
data not shown). Thus, a much higher concentration of nor-Bin was required to inhibit the
U-50488-mediated block of Ca2+ channels. Indeed, in rat colon sensory neurons it was
reported that 1 μM nor-Bin blocked the 1 μM U-50488-mediated Ca2+ current inhibition.24

However, unlike our findings, this report showed the U-50488-mediated Ca2+ channel
inhibition was mediated by Gαi/o proteins because PTX pretreatment abolished the effect of
the agonist. The U-50488 concentration-response relationship and whether the receptor
agonist inhibited Ca2+ currents in a voltage-dependent or –independent manner were not
determined. Therefore, it is hard to reconcile the observed differences. Finally, we observed
that another κ-OR blocker (5′-GNTI) failed to inhibit the U-50488 modulatory effects at
relatively high concentrations. The pharmacological variability exhibited by both blockers
was indicative of non-κ OR mediated effects by U-50488.

Stimulation of G protein-coupled receptors, including opioid receptors, that couple to Gαi/o
protein subunits leads to voltage-dependent inhibition of Ca2+ channel currents.11

Pretreatment with PTX should, therefore, attenuate this signal transduction pathway. For
example, it has been reported that PTX blocked the U-50488-mediated Ca2+ channel
inhibition in rat colon DRG neurons24 and PC-12 cells.23 Our results, however, show that
application of U-50488 to EGFP-expressing DRG neurons blocked the voltage-gated Ca2+

channels in a voltage-independent manner and exhibited resistance to PTX exposure. Thus,
our initial efforts were aimed at determining which G protein subfamily mediated this
response. Pretreatment of the EGFP-expressing neurons with CTX also did not result in loss
of coupling, indicating that Gαs protein subunits were not involved in this response.
Furthermore, Gα14 and GαZ subunits were overexpressed in order to expose the neurons to
a Gβγ ‘sink’ and disrupt the U-50488-mediated Ca2+ current inhibition. Neither subunit
exerted a significant effect on U-50488 actions. On the other hand, when the GDP-bound
Gαq/11 binding construct, PLCβ1, was overexpressed, the U-50488-mediated Ca2+ current
inhibition showed a modest yet significant increase. We further probed the involvement of
other G proteins in this pathway by dialyzing the hydrolysis-resistant GDP-β-S to block the
GTP-dependent activation of G proteins and the effect of U-50488 was unaltered.
Accordingly, the observed block of Ca2+ channels with the κ receptor agonist does not
appear to be mediated by the aforementioned Gα proteins or other native G protein subunits.
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Unlike previous studies13,14 in sensory neurons, which showed the direct block of TTX-
resistant Na+ channels by U-50488 was modulated by the holding potential (VH), our
findings indicate that Ca2+ channel inhibition mediated by the κ-OR agonist was not
significantly altered when VH was changed from −80 to −60 mV. To determine whether
U-50488 acted independent of receptor stimulation, we expressed the N-type Ca2+ channel
in HeLa cells and found that the κ-OR agonist inhibited Ca2+ currents in a similar fashion as
that observed in EGFP-expressing neurons. Overall, these data support the conclusion that
exposure of sensory neurons to U-50488 can lead to the direct block of Ca2+ channels in a
voltage-independent manner without κ-OR activation. Given the heterogenous nature of
sensory neurons, caution should be observed when employing U-50488 as the selective
agonist to effect κ-OR actions.
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Figure 1.
The κ-OR agonist U-50488 modulates Ca2+ currents in EGFP-expressing rat sensory
neurons. A) Time course of Ca2+ current inhibition acquired from the sequential application
of U-50488 (20 μM) and DAMGO (10 μM). Filled and empty circles represent prepulse and
postpulse Ca2+ currents, respectively, that were evoked every 10 seconds, with the protocol
shown top of 1B. The facilitation (postpulse/prepulse) ratio is indicated below, empty
squares. B) The numbered current traces indicated in 1A are shown, before (1, 2, 5, 6) and
during (3, 4, 7, 8) agonist exposure. C) U-50488 concentration-response relationship in
neurons exposed to U-50488. Each point represents the mean (± SE) Ca2+ current inhibition.
The smooth curve was obtained by fitting the points to the Hill equation. D) Time course of
Ca2+ current amplitude for prepulse (●) and postpulse (○) acquired during the application
of U-504488 (3 μM), nor-Bin (15 μM) and both. Filled bars indicate the application of the
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agents. E) Summary bar graph showing the mean (± SE) Ca2+ current inhibition produced
by U-50488 alone, or U-50488 and nor-Bin following the 4-minute application with nor-Bin
alone. * indicates P < 0.05. Numbers in parenthesis indicate the number of neurons tested.
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Figure 2.
Bar graphs summarizing the mean (± SE) Ca2+ current inhibition in EGFP-expressing
neurons produced by U-50488 (40 μM) alone (Control), or in cells pretreated with 0.5 μg/
mL pertussis toxin (PTX) (A), 0.5μg/mL cholera toxin (CTX); (B) or cells transfected with
Gα14 (C), GαZ (D) or PLC-β1 construct (E). The current inhibition was determined as that
described for Figure 1. Numbers in parenthesis indicate the number of experiments. *
indicates P < 0.05 compared to control.
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Figure 3.
Dialysis with GDP-β-S in EGFP-expressing neurons does not prevent the U-50488-
mediated Ca2+ current inhibition, but the U-69593-mediated Ca2+ current inhibition is
absent. A) Time course of Ca2+ current inhibition for prepulse (●) and postpulse (○)
acquired from the sequential applications of U-69593 (10 μM) and U- 50488 (20 μM)
where GDP-β-S (1 mM) was substituted for Na2GTP in the pipette solution. B) Current
traces and voltage paradigm employed to elicit Ca2+ currents for the cell in A. C) Summary
bar graph showing the mean (± SE) Ca2+ current inhibition produced by application of
U-69593 and U-50488 following dialysis with GDP-β-S. Numbers in parenthesis indicate
the number of neurons tested.
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Figure 4.
A) Time course of Ca2+ current inhibition for prepulse (●) and postpulse (●) current
acquired from the sequential application of 20μM U-50488, using the double-pulse voltage
protocol (as shown in Figure 1B) and a holding potential (VH) of either −80 mV (1st

application) or −60 mV (grey bar). B) Summary plot showing the U-50488-mediated Ca2+

current inhibition (mean ± SE) at VH of −80 mV and −60 mV. C) Time course of peak Ca2+

current for prepulse (●) and postpulse (○) acquired from a HeLa cell heterologously
expressing the CaV 2.2 channel before and during U-50488 (20 μM) application. D) Bar
graph showing the U-50488 (20 μM) Ca2+ current inhibition (mean ± SE) in HeLa cells
non-transfected or transfected with the N-type Ca2+ channel (CaV 2.2). Numbers in
parenthesis indicate the number of cells tested.
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