
Reversal Potential for Noradrenaline-Induced 

Hyperpolarization of Spinal Motoneurons 

Abstract. By using two separate electrodes with tips inside a single feline mo- 
toneuron, current-voltage characteristics were studied during extracellular ion- 
tophoresis of noradrenaline. The usually observed hyperpolarization was accom- 
panied by an increase in membrane resistance and became larger with polarizing 
and smaller with depolarizing currents. During large depolarizing current injections, 
the noradrenaline-induced potential reversed its direction, usually at a membrane 

potential of about -20 millivolts. These data are compatible with the concept that 
noradrenaline hyperpolarizes nerve cells by decreasing resting membrane con- 
ductances to sodium and potassium ions. The observation could also be explained by 
a nonspecific decrease in ion permeability that is associated with a hyperpolarization 
due to sodium pump activation. 

Noradrenaline (NA) appears to be an 
important chemical transmitter in the 
mammalian central nervous system, and 
noradrenergic neurons of the locus coe- 
rulus have been associated with diverse 
behavioral functions such as sleep, 
stress, and several activities controlled 
by the autonomic nervous system (1). In 
spite of intensive study, however, the 
mechanisms of the effects of NA on 
membrane excitability have not yet been 
clarified. Contributions toward an under- 
standing of these mechanisms have come 

particularly from studies in the spinal 
cord and the cerebellar cortex, where 

iontophoretically applied NA depresses 
neuronal activity. 

Intracellular recordings from these 
sites show that both spinal motoneurons 
(2) and Purkinje cells (3) respond to ion- 
tophoretic applications of NA with a hy- 

perpolarization having a relatively slow 
time course. Investigations in which 
membrane input resistance has been 
measured during NA application have 
shown that resistance increases can be 
recorded during the hyperpolarizations. 
Such changes have been observed in spi- 
nal motoneurons (4), Purkinje cells (3), 
pyramidal cells of the hippocampus (5), 
and cultured brain cells of unknown re- 
gional origin (6). 

Decreases in membrane conductance 
(that is, resistance increases) have been 
proposed as a mechanism of transmitter 
action (7) and could be responsible for 
the hyperpolarization observed during 
NA application. If this is the case, and if 
the potential change is generated by a 
conductance decrease to one or a combi- 
nation of the monovalent ions usually as- 
sociated with synaptic effects (Na+, K+, 

Fig. 1. (A) High-gain NA 110 
intracellular record- 
ing of membrane po- A 
tential demonstrating 
the hyperpolarizing 'WW 10 mV 
response to the ion- 

.. 

tophoretic application 
ofNA(110 x 10--9 A) 
during the time in- 
dicated by the bar. At 
the onset of the NA 
ejection current there B 
is a positive dis- l , 
placement of the re- ' t1l({fIf _ +50 
cording trace due to 
coupling between the 
iontophoretic and the 
recording electrode. 0 mV 
This voltage shift is j*A-- 
reversed when the -50 
current is shut off. (B) pulse 200 A x 10-9 10 sec 
The lower trace is 
identical to that shown 
in (A) but at lower gain. Depolarizing current pulses (200 x 10-9 A) 100 msec in duration were 
injected through the second electrode at a frequency of one per second to illustrate the resist- 
ance change that accompanied the hyperpolarization. Although the rising and falling phases of 
the pulses are too fast to be registered by the recorder, the plateau phases are observed as the 
discontinuous upper trace. The change in amplitude of the pulses during the NA application 
indicates a resistance increase of about 25 percent. The envelope formed by the pulses shows 
the shape of the reversed NA-induced potential change if the membrane potential were dis- 
placed to about +60 mV. Comparison of this trace with that of (A) shows the coincident time 
courses of the hyperpolarization (A) and the resistance change. 
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and C1-), then a reversal potential should 
exist and should be within the extremes 
of the equilibrium potentials for the indi- 
vidual ions (8). 

Hyperpolarizations of excitable cells 
that may be generated by transmitter-in- 
duced ionic conductance decreases have 
been reported in frog sympathetic gan- 
glia (9), Aplysia buccal neurons (10), 
mammalian cortical neurons (11), and 
crustacean heart cells (12) and reversal 
potentials have been demonstrated in 
three cases. For the 5-hydroxytrypta- 
mine (5-HT)-induced hyperpolarization 
in Aplysia (10), the reversal level was 
found to be usually -20 to -30 mV, 
while close arterial injections of 5-HT in 
cat cerebral cortex gave a hyperpolar- 
ization of Betz cells having a reversal 
potential of about -30 mV (11). For 
the nerve-induced hyperpolarizing po- 
tential in crustacean heart, it was about 
-50 mV (12). 

Reversal potentials for the other ex- 
amples of hyperpolarization with con- 
ductance decrease have not been ob- 
served, but this may be because of the 
several technical difficulties in making 
such measurements. When the reversal 
potential lies in the depolarizing direc- 
tion, large currents are usually required 
to displace the membrane potential suffi- 
ciently, because of the large conduc- 
tance increases (delayed rectification) 
that result from the depolarizations. A 
related difficulty is that the relatively 
small electrodes usable for intracellular 
recordings from most vertebrate cells 
may not be capable of passing such large 
currents. Even when this is possible, the 
electrical noise generated often obscures 
the desired membrane potential changes, 
if they are being recorded from the same 
electrode as is used to inject the current. 

To achieve reliable potential measure- 
ments during the injection of large cur- 
rents, we impaled single spinal motoneu- 
rons with two independent electrodes 
(13), a technique that has permitted us to 
study current-voltage relations during 
the application of NA and to identify a 
reversal potential (14). One of the elec- 
trodes was attached to and extended 
about 50 ,um beyond the tip of a multi- 
barreled glass electrode assembly that 
was used for the iontophoretic appli- 
cation of NA (15). Hind-leg nerves of 
cats were dissected, and a lumbosacral 
laminectomy was performed under ether 
anesthesia. Before discontinuation of the 
ether, an anemic decerebration (16) and 
spinal transection at the thoracic level 
were carried out. The animal was sub- 
sequently paralyzed by using gallamine 
triethiodide and artificially respired. 
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Spinal motoneurons were first impaled 
by the assembly-bearing microelectrode, 
identified by antidromic activation from 
a dissected ventral root nerve, and tested 
for responsiveness to NA. Cells showing 
a response to NA and having a resting 
membrane potential of at least -50 mV 
were then impaled with the second elec- 
trode. Membrane potential measured by 
one electrode and changes induced by 
drug application or by current injection 
through the second electrode were con- 
tinuously monitored on a Mingograph 
ink recorder (17). 

On some occasions, we used steady 
currents of constant value to displace 
membrane potential while potential 
changes resulting from NA applications 
were recorded. These were then com- 
pared with the NA responses during in- 
jection of larger or smaller currents. In 
general, however, measurements were 
easier and neuron viability was better 
when 0.1-second current pulses were 
used, at a repetition rate of about one per 
second. Figure 1 shows a record -from 
such a test, using large depolarizing 
pulses. A particular advantage of this 
method is the clear demonstration of the 
correspondence of the time courses of 
the potential change and the increase in 
membrane resistance demonstrated by 
the changing pulse amplitudes. In fact, 
the envelope of the pulse potentials in- 
dicates the shape of the reversed NA-in- 
duced potential. 

For each cell, we used current pulses 
of several different amplitudes so that 
current-voltage plots could be made for 
the identification of the reversal poten- 
tial. Figure 2 shows two plots obtained in 
this manner, indicating reversal poten- 
tials of about -5 and -20 mV. Reversal 
potentials obtained for 11 neurons 
ranged from -5 to -30 mV, the usual 
value being close to -20 mV. Resting 
membrane potentials between -35 and 
-55 mV were observed in these neurons 
at the time of identification of reversal 
potential levels. The NA hyperpolar- 
izations at the resting membrane poten- 
tial were usually 5 to 10 mV in amplitude 
and were most often accompanied by 10 
to 20 percent increases in membrane re- 
sistance. 

In some cases, we were unable to 
demonstrate a reversal of the NA hyper- 
polarization. At least part of this diffi- 
culty is attributable to the delayed recti- 
fication observed during passage of de- 
polarizing currents. In some cases, the 
large currents necessary could not be 
passed by the electrode. Another impor- 
tant contributing factor may be that the 
shunting effect of the delayed rectifica- 
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tion, plus the reduced size of the NA-in- 
duced potential in the region of the equi- 
librium potential, renders the detection 
of the reversal particularly difficult. 

In most cells, monosynaptic excita- 
tory postsynaptic potentials (EPSP's) 
were evoked by stimulation of leg 
nerves. In no case did the initial phase of 
the EPSP reverse at the reversal poten- 
tial of the NA hyperpolarization. This 
initial phase has, however, been found to 
reverse at membrane potentials of 0 to 
+ 10 mV (18). Our attempts to define ion- 
ic mechanisms for the NA effects have 
been restricted to changes in chloride 
equilibrium potentials. Intracellular in- 
jections of C1- that reversed inhibitory, 
postsynaptic potentials (IPSP's) evoked 
by nerve stimulation caused little or no 
change in the amplitude or time course of 
the NA hyperpolarization. Similar obser- 
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Fig. 2. Transmembrane voltage-current plots 
of two different motor neurons. (@) Potential 
of the cell at resting level (no current) or dur- 
ing intracellular injection of current. (0) Com- 
parable potentials during iontophoretic appli- 
cation' of NA to the cell. Values have been 
corrected for any electrical coupling between 
the current-passing and the recording elec- 
trode. (A) Reversal potential appears in the 
range of 0 to -10 mV. (B) Reversal potential 
is about -20 to -25 mV. 

vations have been made in studies of NA 
hyperpolarizations of Purkinje cells (3). 

The characteristics of the NA hyper- 
polarization are similar to those of the 5- 
HT hyperpolarization in Aplysia (10) and 
the hyperpolarizing potential in crusta- 
cean heart (12). In both of these ex- 
amples, a decrease in Na+ and K+ con- 
ductance was the mechanism proposed, 
on the basis of experiments in which the 
extracellular ionic environment was al- 
tered. Although reversal potentials were 
not observed in studies of NA hyper- 
polarizations of Purkinje cells, the pat- 
tern of increased amplitude of the hyper- 
polarization during increased polariza- 
tion of the membrane by injected cur- 
rents was seen (3). Similarly, the hyper- 
polarizing response to acetylcholine and 
the slow IPSP of frog sympathetic gan- 
glion cells decrease with depolarizing and 
increase with hyperpolarizing currents 
(9), although a reversal has not been 
demonstrated, perhaps for the technical 
reasons cited earlier. The mechanism 
suggested for these latter potentials is a 
decreased conductance to Na+, but no 
clear reason for the elimination of K+ 
involvement is apparent. We feel, be- 
cause of the value of the observed re- 
versal potentials, that the NA hyper- 
polarization is more likely to be related 
to a Na+ and K+ conductance decrease. 
A more positive value would have sug- 
gested a selective effect on Na+ con- 
ductance. 

The relationship of the hyperpolar- 
izations by iontophoretically applied NA 
to the effects of synaptically released NA 
is not clear from our studies; in fact, it is 
disturbing that similar responses are ob- 
served during iontophoretic application 
to spinal motoneurons of many amines 
(19) and also of calcium ion (20) or hy- 
drogen ion (21). However, it has been 
observed that stimulation of the locus 
coeruleus, the source of a noradrenergic 
pathway, causes depression of cells in 
the hippocampus (22) and Purkinje cells 
(23). In the latter case, a close paral- 
lelism of the effects of locus coerulus 
stimulation and NA application was ob- 
served, including hyperpolarization and 
increased membrane resistance, indi- 
cating similar actions of iontophoreti- 
cally and synaptically released NA. The 
interesting possibility that the NA-in- 
duced hyperpolarization and conduct- 
ance change are mediated by adeno- 
sine 3',5'-monophosphate (24) is neither 
supported nor negated by our experi- 
ments. 

The simplest explanation of our obser- 
vations is that NA depresses neuronal 
activity by a hyperpolarization that is 
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generated by a decrease in resting Na+ 
and K+ conductance. 

Alternative explanations are possible 
that are consistent with the demonstra- 
tion of a reversal potential for the hyper- 
polarization. The NA effect could be to 
reduce the ongoing release of depolariz- 
ing transmitter substance (25). We have 
not, however, observed decreases in syn- 
aptically evoked potentials during NA 
application, except those explicable by 
the NA-induced hyperpolarization, so 
that such an effect seems unlikely. A 
third possibility is the generation of two 
effects by the NA, a hyperpolarization 
(for instance, by activation of an ion 
transport system) and a general decrease 
in membrane conductance. Such a com- 
bination would exhibit an apparent re- 
versal potential during the intracellular 
injection of current. The value of this re- 
versal level would occur when the prod- 
uct of the injected current and the 
change in cell input resistance is equal to 
the amplitude of the hyperpolarization. 

The third possibility would be compat- 
ible with recent proposals that cate- 
cholamines may hyperpolarize frog sym- 
pathetic ganglion neurons (26), mamma- 
lian central neurons (27), or striated 
muscle (28) by stimulation of a Na+-K+ 
pump. In addition, association of pump 
activation with decreases in membrane 
conductance has been observed in 
striated muscle (29). 
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Dual Mechanism Mediating Opiate Effects? Dual Mechanism Mediating Opiate Effects? 

Jacquet has proposed (1) that mor- 
phine acts on two different receptors in 
the brain: a naloxone-sensitive endor- 
phin receptor that mediates the analgesic 
and catatonic effects of morphine, and a 
naloxone-insensitive adrenocorticotrop- 
ic hormone (ACTH) receptor that medi- 
ates the opiate abstinence syndrome and 
the excitatory effect of the drug. We see 
value in some aspects of this formulation 
but take exception to others. 

Jacquet reports that the opioid pep- 
tides /3-endorphin and Met-enkephalin 
(2) fail to mimic the behavioral excitation 
produced by morphine or ACTH. These 
peptides, according to Jacquet, should 
not produce opiate-like dependence. 
Earlier findings indicate that repeated in- 
jections of endorphins into the peri- 
aqueductal gray (PAG) result in phys- 
ical dependence as manifested by the 
occurrence of withdrawal symptoms 
following naloxone injections or cessa- 
tion of endorphin administration (3). Jac- 
quet has attributed these findings to PAG 
damage caused by the large cannula (4) 
used to deliver endorphin. Indeed, we (5) 
observed explosive motor behavior 
(EMB) immediately after lesions to the 
PAG. In Wei and Loh's study (3), how- 
ever, infusion of water to the PAG 
through identical large cannulas did not 
trigger EMB. Thus, the withdrawal signs 
observed by Wei and Loh (3) may be at- 
tributed to endorphins and not to proce- 
dural artifacts. Furthermore, the opioids 

Jacquet has proposed (1) that mor- 
phine acts on two different receptors in 
the brain: a naloxone-sensitive endor- 
phin receptor that mediates the analgesic 
and catatonic effects of morphine, and a 
naloxone-insensitive adrenocorticotrop- 
ic hormone (ACTH) receptor that medi- 
ates the opiate abstinence syndrome and 
the excitatory effect of the drug. We see 
value in some aspects of this formulation 
but take exception to others. 
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Earlier findings indicate that repeated in- 
jections of endorphins into the peri- 
aqueductal gray (PAG) result in phys- 
ical dependence as manifested by the 
occurrence of withdrawal symptoms 
following naloxone injections or cessa- 
tion of endorphin administration (3). Jac- 
quet has attributed these findings to PAG 
damage caused by the large cannula (4) 
used to deliver endorphin. Indeed, we (5) 
observed explosive motor behavior 
(EMB) immediately after lesions to the 
PAG. In Wei and Loh's study (3), how- 
ever, infusion of water to the PAG 
through identical large cannulas did not 
trigger EMB. Thus, the withdrawal signs 
observed by Wei and Loh (3) may be at- 
tributed to endorphins and not to proce- 
dural artifacts. Furthermore, the opioids 

0036-8075/79/0727-0424$00.50/0 Copyright ? 1979 AAAS 0036-8075/79/0727-0424$00.50/0 Copyright ? 1979 AAAS 

levorphanol and etonitazene produce 
physical dependence in animals and in 
humans (6), but fail to precipitate EMB 
when injected intracerebrally in nal- 
oxone-treated or -naive animals (7). 
These findings demonstrate that the abil- 
ity of opioids to produce physical depen- 
dence is not conditional upon their abili- 
ty to elicit behavioral excitation (that is, 
EMB). 

We question the use of the label 
"ACTH receptor" to describe the site at 
which ACTH and opiates are producing 
EMB. Wei et al. (8) reported that intra- 
cerebral injections of thyrotrophin-re- 
leasing hormone in rats induce opiate 
withdrawal-like, wet-dog shakes. We ob- 
served (9) EMB after intraventricular in- 
jections of either lithium or various cal- 
cium chelators, the latter at molar doses 
below those effective in morphine EMB. 
Given that the class of substances ca- 
pable of producing EMB may be fairly 
large, the designation ACTH receptor 
may be misleading. In fact, there is evi- 
dence that ACTH may act at the endor- 
phin receptor. Some aspects of ACTH- 
induced behavioral excitation are modi- 
fied by naloxone (10). ACTH has affinity 
for opiate receptors in vitro and it antag- 
onizes morphine analgesia in animals 
(11). Thus, the excitatory effects of 
ACTH may not be independent of its ac- 
tion at the stereospecific endorphin re- 
ceptor. While we agree that the mecha- 
nism subserving EMB may play a role in 
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