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Norepinephrine Inhibits Calcium-Dependent Potentials

in Rat Sympathetic Neurons

Abstract. Norepinephrine reversibly antagonizes three calcium-dependent poten-
tials recorded from rat postganglionic neurons. Norepinephrine inhibits the develop-
ment of a shoulder on the action potential, the magnitude of the hyperpolarizing
afterpotential, and the rate of rise and amplitude of the calcium spike. The action of
norepinephrine is antagonized by the a-adrenergic antagonist phentolamine, but not
by MJ 1999, a B-adrenergic antagonist. These results suggest that activation of an o-
adrenergic receptor may antagonize a voltage-sensitive calcium current.

Ion conductance mechanisms enable
neurons to regulate membrane potential
and alter intracellular ion concentra-
tions. Voltage-sensitive calcium con-
ductances, gCa,y,, and calcium-sensitive
potassium conductances, gKa, have
been observed in neurons from both in-
vertebrate and vertebrate species (/).
These conductances can play important
physiological roles, including the control
of repetitive firing of neurons, pacemak-
er activity, and neurotransmitter release
). A related event is the hyper-
polarizing afterpotential (HAP) of the rat
postganglionic neuron. Yarowsky and
McAfee (3) have shown that the HAP re-
sults from an increased gK which is
largely dependent upon extracellular
Ca?*. In addition, postganglionic neu-
rons support a regenerative Ca?* action
potential that is insensitive to tetrodo-
toxin (TTX), the Na* conductance an-
tagonist. Analysis of the Ca?* spike and
HAP (3) indicates that these neurons
possess both gCa,,, and gK,, and sug-
gests that inward Ca2* current triggers
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part of the HAP ). We now report that
norepinephrine reversibly antagonizes
both the HAP and the Ca?* spike, and
propose that norepinephrine acts through
an a-adrenergic receptor to inhibit Ca?*
current.

Superior cervical sympathetic ganglia
isolated from mature Sprague-Dawley
rats (150 to 250 g) were desheathed and
perfused with oxygenated Locke solu-
tion for up to 12 hours in vitro (24° to
26°C). Intracellular recordings were
made with glass microelectrodes from
postganglionic cells visualized through a
compound microscope. Membrane po-
tential was controlled by current passed
through the microelectrode. The compo-
sition of the perfusion medium was al-
tered as indicated to apply drugs or to
change extracellular ion concentrations
3, 5).

We have identified three voltage re-
sponses in postganglionic neurons which
are Ca%**-dependent. Two, the HAP and
a ‘‘shoulder,” are seen during discharge
in unmodified Locke solution. In this
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case, a single, brief depolarizing current
pulse (100 to 1000 pA, 4 to 15 msec), ap-
plied through the recording microelec-
trode, resulted in action potentials that
began with a rapid depolarization fol-
lowed by a less rapid repolarization hav-
ing a distinct inflection or shoulder (Fig.
1); the repolarization overshot the rest-
ing potential by 12 mV, producing a
HAP lasting 300 msec (Fig. 1). This pat-
tern was reproduced in all 75 cells stud-
ied. Both the shoulder and the HAP de-
creased in magnitude as extracellular
Ca?* concentration, [Ca?**],, was re-
duced (Fig. 1). Divalent cobalt (0.5 to 3.0
mM), a Ca?* antagonist in this and other
preparations (I, 3), also reduced the
shoulder and the HAP with little or no
change in the rising phase or duration of
the action potential. These Ca?*-depen-
dent potentials appeared to be indepen-
dent of the voltage-sensitive K* con-
ductance [delayed rectification, gK,l,
inasmuch as tetraecthylammonium (TEA),
an antagonist of gK,,, augmented both
the action potential shoulder and the
duration of the HAP. When TEA was
used, the enlarged shoulder and HAP
remained sensitive to low [Ca®*], or 3
mM Co?*.

The third Ca?*-dependent potential is
the regenerative discharge produced by
depolarization of postganglionic neurons
bathed in Locke solution containing
TTX (1 uM) and TEA (5 mM) (Fig. 1.
Yarowsky and McAfee () concluded
that this action potential was a Ca?*
spike because its amplitude was propor-
tional to [Ca?*], and antagonized by
Co?*. This spike was followed by a HAP
with characteristics similar to the HAP
in normal Locke solution.

Norepinephrine (10 uM) reversibly in-
hibited all of these three Ca**-dependent
potentials. It reduced the action poten-
tial shoulder and the magnitude of the
HAP in all neurons studied (N = 25)
(Fig. 1); the average attenuation of the
HAP was about 40 percent. The mem-
brane resistance decrease associated
with the HAP was also reduced by nor-
epinephrine. These effects occurred after
less than 1 minute of exposure to norepi-
nephrine, did not desensitize over a 15-
minute period, and were reversed within
10 minutes of washing. A minimum de-
tectable effect was produced at a concen-
tration of 0.1 to 0.3 uM. A 10-uM con-
centration sometimes produced a slight
hyperpolarization (0.5 to 4.0 mV) of rest-
ing membrane potential which was not
accompanied by a detectable change in
resting input resistance (6). The effects
of norepinephrine on the action potential
and the HAP were seen even when the
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control resting potential was reestab-
lished by passage of constant current
through the recording electrode.

In order to ascertain the effect of nor-
epinephrine on calcium spikes, some
neurons were perfused with Locke solu-
tion containing TTX (1 uM) and TEA (5
mM). Norepinephrine (10 uM) revers-
ibly diminished both the rate of rise and
amplitude of the Ca** spike and the am-
plitude of its associated HAP (Fig. 1).

Dopamine and isoproterenol (10 uM)
produced effects qualitatively similar to
those of norepinephrine but were less ef-
ficacious. Phentolamine (10 uM), an a-
adrenergic antagonist, inhibited the ac-
tions of norepinephrine (Fig. 1). In con-
trast, MJ 1999 (10 uM), a B-adrenergic
antagonist, was without effect. These
findings suggest that norepinephrine acts
through an a-adrenergic receptor.

While the action of norepinephrine on
the three Ca?"-dependent potentials was
mimicked by low [Ca?*], or Co?* (3 mM),
the responses that remained present in
low [Ca?*], or Co2?t were not further an-
tagonized by norepinephrine.

Action potential

Low Ca 2+,
High Mg2*

Norepinephrine

\

Phentolamine +
norepinephrine

L

_J20 mv

2 msec

— 1 |

Hyperpolarizing
afterpotential

TP AN

In summary, we have observed that
norepinephrine specifically inhibits the
Ca?"-dependent portions of the action
potential, the HAP, and the Ca?* spike.
A reasonable hypothesis to account for
these observations is that norepineph-
rine inhibits an inward Ca?* current. Pre-
vious studies (3) suggest from indirect
evidence that the Ca?* spike is generated
solely by an increase in gCa,, which in
turn triggers an increase in gKca), result-
ing in a HAP. A voltage-sensitive gK,
also contributes to the HAP. If intense
enough, a voltage-sensitive Ca** current
could contribute sufficiently to the cur-
rents during the normal action potential
to account for the Ca?*-dependent shoul-
der during repolarization. This has been
observed in invertebrate neurons (7). Al-
ternatively, the kinetics of gNa and gK
during the spike may be altered by Ca2*.
When achieved, voltage-clamp analysis
of these neurons will provide more direct
evidence of ionic conductance mecha-
nisms. However, antidromic stimulation
results in the accumulation of #°Ca in the
rat ganglion (8). Others have observed

Calcium spike

_J20 mv

5 msec

Y S —

5 mv

50 msec

400 pA 400 pA

1400 pA

Fig. 1. Intracellular records of calcium-dependent potentials in sympathetic postganglionic neu-
rons. Each record is composed of superimposed oscilloscope traces of a control and experimen-
tal (arrow) response. These voltage responses were initiated by depolarizing currents passed
through the microelectrode (rectangular pulses at the bottom). The left vertical column contains
records obtained at a rapid sweep to best illustrate the action potential ‘‘shoulder’’ in one cell.
The middle column records were obtained from the same cell at a slower sweep to best illustrate
the HAP. Records of Ca?* spikes are presented in the right column from another cell incubated
in TTX (1 uM) and TEA (5 mM). In the top horizontal row, the control traces were made just
before, and the experimental traces (arrow) were made 3 minutes after the usual divalent cation
composition was altered to 0.6 mM CaCl,, 10 mM MgCl,. In the middle row, the usual ionic
composition was maintained, but the experimental traces (arrow) were generated 3 minutes
after exposure to 10 uM norepinephrine. In the bottom row, the experiment of row 2 was
repeated after 30 minutes of incubation in 10 uM phentolamine, an «a-adrenergic antagonist.
The low Ca?*, high Mg?* condition antagonized the action potential shoulder, HAP, and Ca**
spike (top row). Norepinephrine mimicked the effect of low Ca?* (middle row) except in the
presence of phentolamine (bottom row). Long, depolarizing pulses were used to facilitate
superimposition of the responses. Similar results were obtained when brief pulses were used
that did not outlast the rising phase of the action potential or Ca?* spike. The resting potential
for both cells was about —55 mv.
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that norepinephrine inhibits Ca?* spikes
in bullfrog sympathetic ganglia (9) and
the action potential shoulder in cultured
cells from the chick dorsal root ganglion
(10). Such an action of norepinephrine
has important implications. Does the «
receptor directly affect the Ca?* channel
or does it have a more indirect action?
Norepinephrine could act indirectly by
increasing intraneuronal Ca?* as it does
in some smooth muscle cells (/7), and
small increases in intracellular Ca?*
could thus inhibit gCa,,, as it does in cer-
tain invertebrate neurons (/2). Finally,
catecholamines antagonize synaptic
transmission in mammalian sympathetic
ganglia (/3) by an action at a presynaptic
site through an o receptor and reduction
in neurotransmitter release (6, /4). Per-
haps this presynaptic action of cate-
cholamines is to reduce Ca?*" influx into
the terminal, which results in reduced
quantal content. Whatever the mecha-
nisms by which catecholamines antago-
nize Ca’*"-dependent processes, it is
clear that these actions will greatly influ-
ence neuronal function.
Joun P. HorN

DoNALD A. MCAFEE
City of Hope National Medical Center,
Duarte, California 91010
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Brain Stimulation Reinforcement: Implications

of an Electrode Artifact

Beninger et al. (I) concluded that the
lever pressing of rats reinforced directly
with electrical brain stimulation rein-
forcement (BSR) (i) does not show a
sharp decline when BSR is terminated
and (ii) is as easily brought under the
control of a lean intermittent schedule of
BSR as it is under a schedule of food re-
inforcement. These conclusions, which I
dispute, conflict with numerous empiri-
cal reports (2) and suggest that three ma-
jor theoretical accounts (3, 4) aimed at
understanding these ‘‘anomalies’” of
BSR are unnecessary.

The authors’ conclusions are partly
based on their inability to replicate my
finding (5) that if a response-dependent
BSR was preceded by a brief warning
signal (a cue light) rather than immedi-
ately following the response, (i) the ac-
quisition of control by an intermittent
schedule [such as fixed ratio (FR), 200;
variable interval (VI), 2 minutes; or fixed
interval (FI), 3 minutes] was facilitated
and (ii) a higher response rate was main-
tained on time-based schedules. 1 have
found that the effect of the warning sig-
nal in my experiment depends upon an
artifact.

The artifact is caused by an electrode
and plug assembly (Plastic Products,
Inc.) that has the potential for move-
ment-produced electrical discontinuity
and graded conductance change at the
interface. As a result, preceding the BSR
with a brief warning signal imposed a
chain schedule: the signal functioned as
a discriminative stimulus (SP) for the ani-
mal’s postural adjustment which, be-
cause of the artifact, allowed an increase
in conductance and charge, and con-
sequently a greater magnitude of rein-
forcement. This was shown by data for
four rats that acquired lever pressing re-
inforced by signaled BSR in both com-
ponents of a multiple VI 1-minute, VI 1-
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minute schedule. A constant voltage
stimulator was employed. After behavior
stabilized, BSR was signaled in one com-
ponent and unsignaled in the other. Sub-
stantially more current passed when the
BSR was signaled rather than unsignaled
(Fig. 1). The asymptotic response rate
was 8 to 20 percent higher in the com-
ponent associated with signaled BSR.
Reversal of the component stimuli with
respect to signaling of BSR produced the
same result. When a new ‘‘captive’’ col-
lar (Plastic Products, Inc.) was sub-
stituted for the older model plug and col-
lar, current flow for signaled and unsig-
naled BSR was nearly the same and re-
sponse rate for the two schedule
components did not differ. The ability of
the signaled BSR to maintain higher re-
sponse rates is thus an artifact of the old-
er model plug assembly (6). Further-
more, without the artifact making the
signal an SP in a chain schedule, the sig-
naling procedure is as poor as or worse
than simple response-contingent BSR (7)
in bringing about lever pressing on an in-
termittent schedule. The efficacy of a
chain schedule in establishing schedule
performance with BSR was first shown

S U

400

a00d '
Fig. 1. Typical oscillograph tracings of cur-
rent passed as a function of whether the BSR
was signaled (S) or unsignaled (U). The signal
was a 7-W cue light above the lever. Re-
sponse-contingent signaled and unsignaled
stimulation was presented in two components
(200- or 1100-Hz tones) of a multiple VI 1-
minute, VI 1-minute schedule. Components
changed with a probability of 0.3 after a BSR.
The stimulation was 60-Hz sinusoidal, con-
stant voltage; values for the four subjects var-
ied from at 1.5 to 2.5 V. The electrodes were
bipolar platinum twisted pairs.
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by Pliskoff et al. (8) with multiple trains
of stimulation per reinforcement. My
own experiment (5) shows that a single
train of BSR can serve as reinforcement
in the terminal link of an intermittent
chain schedule.

Beninger et al. (I) claim to show in
their third experiment that performance
typical of that with food reinforcement is
produced with simple response-contin-
gent BSR and that a special procedure
such as chaining is therefore unneces-
sary. But their response rates of 5 per
minute are exceedingly low for a random
interval (RI) 45-second schedule. Even
the highest rates reported (10 per minute)
are considerably lower than the 20 per
minute found in my experiment with a
substantially leaner VI 2-minute sched-
ule. Beninger et al. reported rapidly de-
clining response rates as the RI value
was increased. Perhaps this discouraged
attempts to- maintain responding on such
schedules as FR 200, VI 2 minutes, and
FI 3 minutes, as shown in experiments in
which a chaining procedure was used (3,
8). Only evidence (with cumulative rec-
ords) of such schedule performance
should be taken in support of the asser-
tion that chaining is unnecessary.

Imposing a chain schedule with BSR
prevents the occurrence of the rapid ex-
tinction effect (REE) (9)—a sharp drop-
off in responding when extinction is pro-
grammed after continuous reinforcement
(CRF) training—during the transition
from CRF to the intermittent schedule.
The REE is peculiar to BSR because
BSR is ordinarily applied in the last and
only link of a chain schedule, whereas
food reinforcement requires many links
in a chain of consumatory behavior. In
1934, Skinner (/0) asserted in the lan-
guage of the day that “‘in a chain of re-
flexes not ultimately reinforced, only the
members actually elicited undergo ex-
tinction.”’ In other words, responses af-
ter the break are protected from ex-
tinction because S’s for them are not
presented. On the other hand, S’s be-
fore the break are presented and their re-
sponses are extinguished. Consequently,
the REE reflects the breakage of the all-
important last and only link of a one-link
chain. When extinction after CRF with
food reinforcement occurs, many links
after the break are ‘‘not elicited’’ and the
operant is thereby better protected from
extinction. Similarly, the response dec-
rement in extinction after CRF training is
slower when a foodlike chain is arranged
than when BSR is directly contingent on
the operant (/7). Almost all successful
attempts to maintain behavior on an in-
termittent schedule of BSR have em-
ployed a chain that protects the operant
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