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corollary discharge which accurately 
represents the intended motor act and is 
used in generating further movements. 

BARTON L. GUTHRIE 
JOHN D. PORTER Subthreshold Excitatory Activity and Motoneuron Discharge 

DAVID L. SPARKS During REM Periods of Active Sleep 
Department of Physiology and 
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the specific motoneuron membrane potential processes responsible for these myo- 
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periods excitatory phenomena, which 
are the specific focus of this report, 
predominate. 

Various patterns of depolarizing 
events and spike activity were observed 
during REM episodes (Figs. 1 and 2). No 
single pattern predominated in any given 
cell, state of active sleep, or episode of 
REM's. 

One of the most striking findings was 
that the majority of depolarizing poten- 
tials that eventuated in spikes were pre- 
ceded by a well-defined hyperpolarizing 
shift in the membrane potential (Fig. 1, 
B' and F'); gradual depolarization was 
the corresponding membrane potential 
change during wakefulness (Fig. 1, A' 
and C'). In addition, many of the sponta- 
neous action potentials during REM's 
were of partial amplitude (Fig. 2, B1 and 
D2) (4), even though full-sized spikes 
(those consisting of an initial segment 
and a soma-dendritic component) were 
also present (Fig. 1, A to F). Other 
characteristics of the action potentials 

during REM periods were the complete 
abolition of the afterhyperpolarization or 
a striking reduction in its amplitude and 
duration (Fig. 1, B' and F'). Thus, action 
potential generation during REM epi- 
sodes differed from that during wakeful- 
ness. 

Different sequences of spike activity 
were present during REM episodes. In 
one of the most common patterns (Fig. 1, 
B, B', F ,  and F'), spike doublets, trip- 
lets, and quadruplets arose in conjunc- 
tion with each wave of depolarization. 
This characteristic of spontaneous action 
potential generation during REM's rep- 
resents a conspicuous departure from 
the pattern during wakefulness (Fig. 1, A 
and C) (4). Other examples of motoneu- 
ron discharge during REM episodes are 
shown in Fig. 1, D and E, in which short 
bursts of spikes occurred at irregular 
intervals, and in Fig. 2D1, wherein a 
single isolated spike was generated. 

An overview of the characteristic sub- 
threshold excitatory events during REM 

episodes is presented in Fig. 2. Recur- 
rent, "paroxysmal" depolarizing shifts 
were the most typical reflection of sub- 
threshold excitatory input. The wave- 
form of these depolarizing potentials var- 
ied, but they were typically of long dura- 
tion (as long as 200 msec) and large 
amplitude (reaching 15 mV); they ap- 
peared to be the result of the summation 
of numerous small excitatory postsynap- 
tic potentials. 

The membrane potential threshold for 
spike generation was not always reached 
in spite of the relatively large amplitude 
of many of these potentials (Fig. 2A1). 
When a depolarizing bias was added 
during a cluster of REM's (by injecting 4 
nA of depolarizing current via the impal- 
ing microelectrode), the depolarizing po- 
tential initiated motoneuron spike dis- 
charge (Fig. 2B1); these spikes were also 
of partial amplitude, as were many of 
those which arose spontaneously during 
REM periods (Fig. 2D2) (5). 

The preceding excitatory events ap- 
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Fig. 1. Patterns of spike generation during REM periods of active sleep. (A) During wakefulness, depolarization (bar in A') was the initial 
membrane potential event. (B) During REM periods, each depolarization shift was preceded by hyperpolarization (bar in B') (see also F and F'). 
Full-sized spikes developed in both examples; in B doublets, triplets, and quadruplets accompanied each depolarizing shift. The open bars 
indicate the period of the traces shown in C'-F'. (C) Spike generation during wakefulness. (D) An irregular pattern of spike activity, (E) 
intermittent bursts and (F) spike doublets during REM periods. An increase in hyperpolarizing subthreshold synaptic activity during interspike 
intervals is present in D' and E' (3). (A) and (B) are records from a single tibia1 motoneuron and (C) through (E) from a single peroneal 
motoneuron; (F) is from another peroneal cell. 

1196 SCIENCE, VOL. 221 



peared in conjunction with the concur- 
rent presence of inhibitory phenomena. 
For example, inspection of high gain 
records obtained during spike activity 
(Fig. 1, D'  and E '  and Fig. 2, Al and Bl) 
revealed the presence of hyperpolarizing 
potentials, which were similar to the 
postsynaptic inhibitory potentials previ- 
ously reported to impinge on spinal mo- 
toneurons during active sleep (3). The 
presence of inhibition during recurrent 
depolarizing shifts is indicated by these 
potentials as well as by Fig. 2C. During 
this particular REM episode, antidromic 
invasion of the soma (Fig. 2C1) was 
blocked even when it coincided with a 
depolarizing shift in the membrane po- 
tential (Fig. 2C2). The occurrence of a 
spontaneous partial-amplitude spike dur- 
ing a REM period accompanied by depo- 
larizing potentials (Fig. 2, B and D) 
would also indicate the presence of in- 
hibitory processes. Clearly, full-sized 
spikes were capable of being generated, 
for during the preceding and subsequent 
non-REM period of active sleep both 
antidromic (Fig. 2D1) and orthodromic 
(Fig. 2D3) action potential activation re- 
sulted in normal spikes (of 73 mV and 71 
mV, respectively). 

The site of origin of partial-amplitude 
spikes remains unclear; they may reflect 
action potential activity in dendritic 
compartments or in the initial segment 
(5). Regardless of their source, however, 
invasion into the soma region (which 
would result in full-sized spikes) was 
blocked, thus providing another indica- 
tion that postsynaptic inhibitory process- 
es (2) operate at the same time as the 
postsynaptic excitatory processes that 
initiate spike activity. 

We wish to address three questions in 
our discussion of these findings: the first 
question is practical; the second is rele- 
vant to our understanding of basic motor 
mechanisms, but currently unanswered 
experimentally; and the third is of theo- 
retical significance. 

1) What cellular processes underlie the 
phasic patterns of motoneuron depolar- 
ization and spike activity during REM 
periods of active sleep? Depolarization 
and spike generation during REM peri- 
ods are due to descending excitatory 
influences (6). But we have also shown 
that bursts of REM's are accompanied 
by an increase in postsynaptic inhibition 
(2) beyond that present during non-REM 
periods (2, 7) and that postsynaptic inhi- 
bition is present even during the epi- 
sodes of REM's characterized by depo- 
larization shifts and spike generation. 
We suggest, therefore, that the unique 
patterns of membrane potential modula- 
tion that emerge during REM periods 

result from a complex interaction that 
develops when a strong phasic facilita- 
tory drive encounters a motoneuron sub- 
jected to phasically enhanced postsynap- 
tic inhibition. 

2) What import is there to the coac- 
tivation of excitatory and inhibitory 
drives; why do they occur and what do 
they signify? The most parsimonious ex- 
planation for inhibition during active, as 
opposed to quiet, sleep is that it occurs 
to prevent motoneurons from discharg- 
ing and initiating contraction of the pe- 
ripheral musculature, which would pre- 
sumably disrupt the active sleep state 
(8). But why should there be even great- 
er inhibition during the REM periods of 
active sleep? It is well known that REM 
periods are accompanied by a striking 

increase il: the activity of practically 
every motor facilitatory system (6); 
therefore, it is logical to assume that a 
compensatory increase in inhibition 
would be required to prevent the behav- 
ioral expression of this activity. Since an 
increase in postsynaptic inhibition ap- 
parently occurs during all REM periods, 
and motor activation arises in only a 
portion of them (9) ,  we suggest that 
tonically increased motoneuron inhibi- 
tion may be a protective measure that 
reduces or eliminates movements when 
there is the likely possibility of the on- 
slaught of exceptionally strong excitato- 
ry input. 

3) To what extent might the comple- 
ment of excitatory and inhibitory pro- 
cesses, which affect spinal cord moto- 
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Fig. 2. Depolarizing potentials and partial amplitude spikes during REM periods. (A) Recurrent 
depolarizing potentials of variable amplitude and duration. During this period th a potentials did 
not reach threshold. (B) In the same cell during another REM period the concur] :nt injection of 
depolarizing current (4 nA) led to spike generation. These spikes were of partial amplitude, 
indicating that the soma region was not activated (5). (The d-c membrane potential level in the 
figure is omitted because of distortion in its recorded value by the injection current.) An 
antidromic spike (Cz) and a spontaneously occurring spike (Dz) were also abbreviated with 
respect to (C,) full-sized antidromic spikes initiated before REM's and (D,-D,) antidromic and 
orthodromic spikes initiated before and after the burst of ocular activity. (A) and (B) are records 
from a single tibia1 motoneuron; (C) and (D) are from two different sciatic motoneurons. 
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neurons during the REM periods of ac- 
tive sleep, act on other motor systems in 
a similar state-dependent way? The 
mechanisms responsible for the phasic 
contraction of the peripheral muscula- 
ture during REM periods may reflect a 
general pattern that affects other somato- 
motor functions as  well. For  example, 
the striated muscles that move the orbits 
are active during REM periods. Despite 
the compelling heuristic value of the 
hypothesis that eye movements during 
active sleep are based on directed visual- 
ization of the dream experience, we be- 
lieve there to  be no convincing evidence 
that they are any more related to  visual 
functions than the twitches and jerks of 
the limbs are to goal-directed move- 
ments. It  is possible that the central 
neural areas that give rise to  myoclonic 
activation of the limb muscles during 
REM periods also initiate a generalized 
pattern of twitches and jerks that affect 
all striated muscles. REM's are an exam- 
ple (6 ) ,  as are irregular contractions of 
the middle ear musculature (lo), and the 
erratic contractions of the respiratory 
muscles which result in irregular breath- 
ing patterns that are most prevalent dur- 
ing the REM periods (11). 

We conclude that a strong motor facili- 
tatory drive acts on spinal (and other) 
motoneurons during REM periods; when 
present, it encounters a somatomotor 
system subjected to enhanced inhibition. 
Consequently, during certain REM peri- 
ods excitatory and inhibitory processes, 
both of which are postsynaptic, are 
simultaneously coactivated. We believe 
that, although paradoxical, these concur- 
rently active but diametrically opposed 
processes could reflect proper adaptive 
responses to a widely activated nervous 
system; it seems logical for the organism 
to protect itself from the deleterious con- 
sequence of undirected and inappropri- 
ate movements when it is blind and un- 
conscious. 

MICHAEL H .  CHASE 
FRANCISCO R. MORALES 

Brain Research Institute and 
Departments of Physiology and 
Anatomy, UCLA School of Medicine, 
Los Angeles, California 90024 
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An Opiate Binding Site in the Rat Brain Is Highly 

Selective for 4,s-Epoxymorphinans 

Abstract. In vitro binding studies have demonstrated the existence of multiple 
opiate receptor types. An  additional site in the rat brain (termed the A site) is distinct 
fiom the established types by its selectivity for 4,5-epoxymorphinans (such as 
naloxone and morphine). While the A site displays a high afinity for naloxone in vivo 
and in vitro in fresh brain membrane homogenates, these sites rapidly convert in 
vitro to a state of low afinity. The regional distribution of the A site in the brain is 
strikingly d ~ f e r e n t  from that of the classic opiate receptor types. 

The opiate receptor system consists of 
multiple types of binding sites, such as  
the well-characterized p, 6, and K sites. 
This receptor multiplicity may underlie 
the diversity of pharmacological actions 
of the opiates (1). Few opiates display 
specificity for any of the receptor types, 
which makes it difficult to evaluate the 
pharmacological significance of each in- 
dividual type. For  example, naloxone is 
considered to be a general opiate antago- 
nist with affinity for most of the estab- 
lished receptor types. Therefore, nalox- 
one antagonism often serves to distin- 
guish opiate- from nonopiate-mediated 
actions. However, recent reports dem- 
onstrate pharmacological actions of nal- 
oxone that may be  independent of opiate 
receptor blockade (2). These include at- 
tenuation of barbiturate anesthesia (3), 
alleviation of shock symptoms (4), ana- 
leptic actions (5) ,  reversal of neurologi- 
cal deficit after stroke (6 ) ,  and effects on 
the adrenal cortex (7). Moreover, some 
reports suggest an agonistic action of 
naloxone in several experimental sys- 
tems (8). The possibility that naloxone 
may bind to unique sites in the rat brain 
was first suggested by Squires and 
Braestrup (9), who identified two binding 
site populations, type 1, with high affini- 
ty for naloxone, and type 2, with low 
affinity. It  was subsequently shown that 
naloxone indeed has high affinity to  the k 
sites (type 1) and lower affinity to  the 6 

and K sites (10). However, the 6 and K 

sites apparently are not identical to the 
type 2 binding sites, since Squires and 
Braestrup (9) and Hewlett et al. (11) 
demonstrated that diprenorphine, which 
binds with equal affinity [binding affinity 
(Kd), 2 x 10 -'OM] to  the k ,  6, and K 

sites (lo), was incapable of displacing 
[ 3 ~ ] n a l o x o n e  from its low-affinity bind- 
ing sites. - 

During recent in vivo opiate receptor 
binding studies we reported that bupre- 
norphine, an opiate with binding proper- 
ties similar to those of diprenorphine, 
also failed to  fully prevent [3H]naloxone 
binding in intact rat brain (12). This 
suggested that the type 2 (9) sites do not 
represent an artifact of tissue homogeni- 
zation. Furthermore, in vivo titration of 
the additional naloxone binding sites in 
the presence of a blocking dose of di- 
prenorphine (13) revealed a Kd of 36 kg 
of naloxone per kilogram (that is, the 
dose that occupies 50 percent of these 
sites in vivo), which is only five times 
larger than the Kd of naloxone against p 
sites in vivo (13). Thus, the relatively 
high affinity of naloxone for these di- 
prenorphine-insensitive sites in vivo 
stands in contrast to  the rather low in 
vitro affinity of type 2 sites reported in 
(9) and (11). The present report explains 
this discrepancy by showing that the 
additional naloxone binding site, which 
we now label the A site (14), rapidly loses 




