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COMPONENTS OF EVOKED HYPERPOLARIZATION IN THE SPINAL 
MOTONEURON OF THE CAT 

B. Sutor and J . Vieth 

Department of Experimental Neuropsychiatry, University 
Neurology C l i n i c , Erlangen, F.R.G. 

By means of in t racel lu lar recordings from pyramidal 
ce l ls of the cat 's sensorimotor cortex, we have described 
two kinds of evoked hyperpolarization (1,2). Depending on 
the Stimulus intensity , a short last ing hyperpolarization, 
up to 100 msec, and a long last ing one,longer than 100 
msec,can be evoked. By a r t i f i c i a l a l terat ion of the mem-
brane potential and combination of dif ferent Stimulus 
conditions, these two kinds of evoked hyperpolarization 
have been shown to depend on dif ferent mechanisms. The 
question arose, i f the spinal motoneurons of the cat 
behave s imi lar ly to cor t ica l pyramidal c e l l s . 

MATERIAL AND METH0DS 

The experiments were carried out under l ight pento-
barbital anaesthesia, immobilization with gallamin and 
a r t i f i c i a l respirat ion. After a laminectomy from L2 to S1, 
the spinal cord was covered with paraff in o i l held con-
stantly at 37°C. Then the dura mater was opened. Stimula
t ion to evoke a response in motoneurons was done at the 
transsected ventral and dorsal roots of the lumbar Seg
ments L6 and L7. A l l recordings were made in the ventral 
horn of the lumbar segments L6 or L7. 

RESULTS 

Figure 1 shows an in t race l lu lar recording of a moto-
neuron in lumbar segment 7 during the Stimulation of the 
dorsal root L6. With a Stimulus intensity of 0.4 mA no 
response could be seen. A Stimulus intensity of 0.5 mA, 
however, evoked an EPSP followed by a 75 msec last ing 
hyperpolarization. Further increase of the Stimulus inten
s i ty also increased the duration of the hyperpolarization. 
With 0.9 mA a threshold-l ike Prolongation of the hyperpo
la r i za t ion , up to 148 msec, appeared. Further increase of 
the Stimulus intensity did not have any effect on the 
duration. Thus, also in spinal motoneurons we were able 
to dist inguish two kinds of evoked hyperpolarization: 
F i r s t l y , a short las t ing , Stimulus dependent hyperpolari
zation of a duration up to 100 msec and a threshold bet
ween 0.4 and 0.5 mA. Secondly, a long last ing evoked 
hyperpolarization with a duration of more than 100 msec 
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which was not stimulus-controlled and with a threshold 
between 0.8 and 0.9 mA. 

Figure 1. Intracel lular recordings of a motoneuron of 
spinal cord segment L7 of cat. Short and long last ing 
hyperpolarization as response to Single e lec t r ic Stimulus 
of dorsal root L7. Stimulus intensi t ies are indicated in 
mA. The Stimulation threshold of the short last ing hyper
polarizat ion is between 0.4 and 0.5 mA. Further increasing 
intensity causes also an increase of duration of hyper
polar izat ion. Between 0.8 and 0.9 mA a l imit is reached, 
when further increase of intensity has no effect on the 
duration. The duration remains constant. 

To analyze the components of the different kinds of 
evoked hyperpolarization, the membrane potential was a l 
tered a r t i f i c i a l l y by means of current in ject ion. 

Figure 2 shows recordings of short last ing evoked 
hyperpolarization in a lumbar motoneuron under normal 
conditions and under a r t i f i c i a l current in ject ion. The 
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60 mV 

Figure 2. Intracel lular recordings of a motoneuron of 
spinal cord segment L7 of cat. Short last ing hyperpolari
zation, e l i c i t e d by an e lect r ic Single Stimulus of dorsal 
root L7. Change of membrane potential by a r t i f i c i a l a l te r -
at ion. co = control recording; de = recording with a r t i 
f i c i a l depolarization; hy = recording with a r t i f i c i a l 
hyperpolarization; Eipsp = IPSP equilibrium potent ia l . 
In trace hy the Eipsp has been surpassed and the hyper-
polariz ing IPSP potential changed to a depolarizing one, 
and the s l ight ly depolarized potential of the d i s i n h i b i -
t ion changed to a hyperpolarizing one. The recordings have 
been arranged without reference to absolute potential 
values. 
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duration of the hyperpolarization was 95 msec. The trace 
with depolarizing current in ject ion, (de) shows increase 
of IPSP amplitude, increase of steepness of repolar iza-
t ion , and increase of discharge ac t iv i ty . The trace with 
hyperpolarizing current inject ion is marked (hy) in Figure 
2. Here the IPSP equilibrium potential had been surpassed. 
After the thus depolarized IPSP, a hyperpolarization oc-
curred, which corresponded to the depolarized part in 
normal recording and that under a r t i f i c i a l depolarization. 
Wilson (3) already in 1962 made this Observation and he 
cal led i t d is inh ib i t ion . This short last ing evoked hyper
polar izat ion in the motoneuron thus consisted of an i n i 
t i a l summated IPSP followed by a d is inh ib i t ion . 

To explain these phenomena a description of the d i s 
charge character ist ics of spinal interneurons is necessary. 
Curtis and Ryall (4) showed that spinal interneurons have 
typical discharge patterns. This pattern was namely an 
EPSP with a high frequency discharge, or burst, consisting 
of a discharge pause and an afterdischarge (2). Many 
authors (1,3,5-9) have assumed the motoneurons to be under 
constant excitatory and inhibitory influence, the so c a l 
led tonic background excitat ion and the tonic background 
inh ib i t ion . Commonly i t is accepted that the burst d i s 
charge of inhibitory interneurons cause the i n i t i a l sum
mated IPSP by temporal and spat ial summation (5). The 
discharge pause of inhibitory interneurons has been sup-
posed to be the reason for d is inh ib i t ion (3). Which means 
that the background inhib i t ion was diminished. Since the 
background excitation now prevailed in the motoneuron a 
depolarization would happen after the IPSP, i f the mem-
brane potential was not higher or equal to the IPSP equ i l 
ibrium potent ia l . 

Figure 3 shows a long last ing evoked hyperpolariza
t ion of 195 msec as response to a ventral root Stimulus 
of segment L7. After the current in ject ion, which changed 
the membrane potential to values beyond the IPSP e q u i l i 
brium potent ia l , the membrane potential after the thus 
depolarized i n i t i a l IPSP became hyperpolarized in addition 
to the former value. In the lower part of the Figure 3 
this effect is accentuated by superposition. 

Long last ing evoked hyperpolarization in spinal 
motoneurons has been described repeatedly in the l i t e r a -
ture (5,9-13). Concerning the mechanism of i ts development, 
however, there are di f ferent opinions. On the one hand a 
prolonged transmitter effect was supposed to be the reason 
for the long duration of the hyperpolarization (5). On the 
other hand the so cal led remote inhib i t ion was claimed to 
be the cause of delayed hyperpolarization (10,12,13) i . e . 
generation of IPSPs in remote regions of the dendrit ic tree, 
when especial ly the longitudinal constant of the dendrites 
must be taken into account. Our resul ts , however, lead to 
the assumption of another mechanism: a d i s f a c i l i t a t i o n . 
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80 mV 

80 mV 

Figure 3. Intracel lular recordings of a motoneuron of 
the spinal cord segment L7 of cat. The long last ing hyper
polar izat ion, e l i c i t e d by an e lec t r ic Single Stimulus, of 
the ventral root L7. Change of the membrane potential by 
a r t i f i c i a l a l terat ion. Abbreviations as in Figure 2. The 
lower trace (co/hy) is a protection of the upper traces 
one upon another to c la r i f y the ef fect . In trace hy the 
Eipsp has been surpassed and the hyperpolarizing IPSP 
potential changed to a depolarizing one and the hypolar i -
zing part after the IPSP is hyperpolarized in addit ion. 
The recordings have been arranged without reference to 
absolute potential values. 
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This assumption is possible , since injected hyperpolar-
iz ing current caused an additional hyperpolarization of 
the evoked hyperpolarization following the IPSP, which 
i t s e l f was changed to a depolarizing potent ia l . Conduc-
tance measurements of the membrane only showed meaningful 
increases during the i n i t i a l IPSP, but not during the 
late part of the evoked hyperpolarization. If one assumes 
a prolonged transmitter e f fect , also during the late part 
then the conductance should be increased. 

Against the assumption of a prolonged transmitter 
e f fec t , also the addit ional hyperpolarization must be 
mentioned, which does not f i t for an inh ib i t ion . If one 
assumes the late part of the long last ing evoked hyper
polar izat ion to be originated by remote inhibitory synap-
ses, this hyperpolarization should decrease. It should 
even be reversed just as the i n i t i a l IPSP. Therefore we 
conclude that this hyperpolarization was a d i s f a c i l i t a -
t ion . 

Tonic background excitat ion as well as tonic back
ground inhib i t ion are probably due to the act iv i ty of 
spinal interneurons (6-8,14). Since the d i s f a c i l i t a t i o n 
is an interruption of excitatory synaptic influence on 
the motoneuron, we may conclude that this interruption 
would predominantly be due to a discharge pause in exc i 
tatory interneurons. The threshold of interruption of 
tonic background excitat ion is higher than that of the 
tonic background inh ib i t ion , because higher Stimulus 
intensi t ies must be used to obtain a d i s f a c i l i t a t i o n . At 
the time we are not able to dist inguish between excita
tory and inhibitory interneurons in the spinal cord, but 
in our recordings of 35 spinal interneurons we always saw, 
with weak and with strong St imuli , after the burst d i s 
charge a discharge pause. And after strong Stimuli which 
caused a d i s f a c i l i t a t i o n in motoneurons, we always ob-
served in interneurons a long discharge pause correspond-
ing to d i s f a c i l i t a t i o n . Thus we have to assume that during 
d i s f a c i l i t a t i o n also d is inh ib i t ion s t i l l ex is ts . 

DISCUSSION 

The results described are consistent with those we 
obtained in cor t ica l pyramidal c e l l (1,2). In cor t ica l 
pyramidal c e l l i t is possible to interrupt the long 
last ing evoked hyperpolarization by a second Stimulus. 
This effect is cal led potentiat ion. The second Stimulus 
has to have a certain intensity which must be less than 
that of the f i r s t one and must have a certain delay to 
the f i r s t Stimulus. Furthermore, by means of current i n 
jection i t could be shown, that the second Stimulus inter-
rupted the d i s f a c i l i t a t i o n and not the d is inh ib i t ion . 
Figure 4 shows that also in the motoneuron i t is possible 
to interrupt the long last ing evoked hyperpolarization by 

699 



100 mV 

-Figure 4. Intracel lular recordings of a motoneuron of 
spinal cord segment L7 of cat. Potentiation of the evoked 
long last ing hyperpolarization (upper trace; Stimulus of 
3.0 mA) during the late part by a second shock of 1.0 mA 
at the dorsal root L6 (middle trace) . The delay between 
either Stimuli is 80 msec. The lower trace shows the 
response to the potentiating Stimulus, when i t i s applied 
alone. 
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a second Stimulus. The intensity of this Stimulus must be 
between 0.8 and 1.1 mA, in other words, i t must be weaker 
than the f i r s t one. The delay to the f i r s t Stimulus must 
be at least between 70 and 80 msec. This means that poten-
t ia t ion only can be obtained, when no IPSP is present 
anymore. These values are independent of the intensity of 
the f i r s t Stimulus. It is only necessary that the f i r s t 
Stimulus has at least intensity to evoke a long last ing 
hyperpolarization. That means, that a d i s f a c i l i t a t i o n 
ex is ts . In most cases the second Stimulus applied alone 
only evoked a short last ing hyperpolarization. Up to now 
we do not have the evidence, but i t can be assumed -
corresponding to our results in the cortex - , that also 
in the motoneuron the second Stimulus w i l l only interrupt 
the d i s f a c i l i t a t i o n and not the d is inh ib i t ion . 

SUMMARY 

In spinal motoneurons there are two kinds of evoked 
hyperpolarization: a short and a long last ing one. The 
short last ing hyperpolarization is Stimulus dependent and 
consists of an i n i t i a l summated IPSP followed by a d i s i n 
h i b i t i o n . This d is inh ib i t ion apparently is caused by the 
interruption of the tonic background inh ib i t ion , due to 
a discharge pause in inhibi tory interneurons. The compon-
ents of long last ing evoked hyperpolarization are also 
i n i t i a l summated IPSPs followed by s t i l l present d i s i n 
h ib i t ion and additional d i s f a c i l i t a t i o n which probably 
is caused by the interruption of the tonic background 
exci tat ion, due to a discharge pause in excitatory inter 
neurons. It is possible to interrupt the long last ing 
evoked hyperpolarization by a second but weaker Stimulus. 
The reported results are consistent with those we obtained 
in cor t ica l pyramidal c e l l s and interneurons. 
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