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InTRODUCTION

Experiments performed in unrestrained unanesthetized cats (13)
have shown that the myoclonic twitches affecting skeletal muscles
during desynchronized sleep: i) are produced by supraspinal volleys
descending along the dorsolateral funiculi; ii) are generally related
in time with the bursts of rapid eye movements (REM); and iii) af-
fect mainly the flexor muscles, Tt is known that the pyramidal
tracts course primarily along the dorsolateral funiculi. Experiments
performed in the cat have shown, moreover, i} that the pyramidal
harge is phasically enhanced during REM (17, 18, 10); and
i) that cortically induced movements, mainly flexor in character,
affect the spinal motoneurons through the same interneurons which
are involved in the flexor reflex (13, 16). These data would suggest
that pyramidal volleys are involved in the phasic excitation of the

" Preliminary note in (23). An account of this work has been presented
by one of us in Stockholm at the Nobel Symposium I on ** Muscular affe-
rents and motor control”’ (24), and in New York at the A.R.N.M.D, Meeting
on ** Sleep and altered states of consciousness ™ (25).
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spinal motoneurons underlying the clonic twitches,  That these
clonic movements are not dependent on the pyramidal tract is shown,
however, by their persistence after interruption of the corticospinal
pathway (17, 18, 19).

Recent experiments have shown that the REM are related in
time with bursts of high frequency discharge originating from the
second order vestibular neurons localized in the medial and descend-
ing vestibular nuclei (5, 6, 7). The REM are in fact selectively
abolished by complete bilateral destruction of all vestibular nuclei,
and even by a lesion limited to the medial and descending vestibular
nuclei of both sides (26, 27, 28). Following these lesions the epi-
sodes of desynchronized sleep are still present, but they are character-
ized only by the usual desynchronized ELG pattern and by the
disappearance of the spontaneous EMG activity in the posterior
cervical muscles.

The present investigations were undertaken with the aim of
finding out: i} whether the phasic enhancement of the vestibular
aclivity occurring during desynchronized sleep is capable of triggering
the sensory-motor cortex and the corticospinal discharge arising
from it, and i) whether the destruction of the wvestibular nuclei
abolishes the myoclonic twitches that oceur synchronously with
the REM.,

METHODS

The experiments were performed in unrestrained, unanesthetized cats.
Electrodes recording the electroencephalogram (EEG), the electro-occulogram
(ZOG), the electromyogram (EMG) of the posterior cervical muscles and
of the tibialis anterior muscles of both sides were implanted chronically,
under Nembutal anesthesia, following a previously described technique (zo,
3o}, The integrated pyramidal discharge was led from the medulla rostrally
to the decussatio pyramidum or at mesencephalic level and was recorded
following a techmque which has been proposed for studying the temporal
variations of the average number of impulses which course along a bundle
of nerve fibers {4, 3).

This activity, amplified by an A. C. pre-amplifier, was fed to a band-
pass filter, whose eritical f(requencies were 500 cps and 10 Keps with a
selectivity of 12 db per octave. The output’of this filter was measured by
ntine type 320 RMS voltmeter, whose oulput (proportional to the
> of the input voltages) was finally recorded in a D.C.
of the EEG. A Grass D). C. 5 P 1 preamplifier was used and the
amplifier low-pass filter was set at 3;‘1}‘15, 6 db per octave. This
technique has e Iready utilized for recording the pyramidal discharge
in the intact ¢ 18, 19). EEG, EOG, EMG and the integrated pyr-
amiielal dise orded on an ink-writer.

The py discharge was @ routinely recorded, after the first
stape of amplification, through one chanmel of o 502 Tecktronix C.R.0O,;
while the other channel was used for recording the ocular movements,
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The experiments stavted ab least two days alter thue ‘luunu impaliin-
tation of the clectrodes, 7. e, when the efeo
When the phasic enhancements of the pyran
had Leen repeatedly confirmed, the animals wer m.lu.l to bilateral chro-
m of the vestibular nuclei, following a technique described in the first
paper (28) of this series, In several animals the vestibular lesion was made
at the beginning of the experiment during the chronic mplantation of the
electrodes, The anatomical control of the vestibular lesion was performed
at the end of the experiments following seriate histolog ions, stained
alternatively with the Weil and the Ni methods.  For the anatomical
localization and the delimitation of the vestibular nuclei, we [ollowed the
work of Brodal and Pompeianoe (8; see also ).

RusvLrs

Pyramidal aclivity during physiological sleep in inlact prepa-
ralions. — In the intact animal the integrated pyramidal discharge
inereases during the trains of large amplitude cortical waves (s in-
dles) and decreases during the interspindle lulls. During transition
from synchronized to desynchronized sleep the corticospinal activity
becomes stabilized to a level equal to that reached during the inter-
spindle lulls, provided the REM are absent. However, when isolated
ocular movements appear at the begimning of the episode of desyn-
chronized sleep, the baseline of the record gradually rises to a level
equal to, or slightly higher than, that reached during the peaks
accompanying the spindles in the synchronized phase.

The most remarkable changes in the pyramidal activity appears
during the outhursts of REM. As soon as these phasic events oceur,
the pyramidal activity increases phasically, rez whing a level higher
than that oceurring during the spindle trains. A clear relationship
exists hetween increase in pyramidal activity and number, amplitude
and frequency of rapid ocular movements. All these observ
already described in a previons work (18), have been repeatedly
confirmed here. They have also been controlled on oscillographic
records.

Fig. 1 illustrates the modulation of the pyramidal activity
during synchronized sleep in the intact animal and the typical
enhancement of the pyramidal discharge during the REM phases of
desynchronized sleep.

ations,

2. Pyramidal activity during wakefulness and synchronized sleep
in cals with lesions of the vestibular wuclei. Following bilateral
destruction of the vestibular nuclei the pattern of the integrated
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Fig. 1. — [nerease in the pyramidal discharge ocewrring in lhe inlact caf
during the bursts of REM of the desynclironized slecp.

Unrestrained, un.nuwllmlm‘rl cat.  Experiment made dd
operation, 1: left parieto-oc 1 G
rieto- Ul.,l,lp!11| {EL(_-} :, EMG of the posterior ¢ 4§
oculogram (EOG); 5: integrated activity of the left pyr .\uml'\l tract recorded
at medullary lovel,” I\t:lc the modulation of the pyramidal discharge dur
synchronized sleep and ihe large phasic enhancements in the pyramidal
activity during the REM periods of desynclironized slecp.

pyramidal discharge is apparently not modified during synchronized
sleep as compared with the intact preparation. Iig. 2 illustrates
that during this phase of sleep the pyramidal activity still shows
irregular oscillations in both amplitude and rate.  As in the intact
preparation the integrated pyramidal activity frequently increases
during the EEG spindles, to reach the lowest values during the
interspindle Tulls. A clear-cut relationship between trains of syn-
chronons waves and peaks in the pyramidal record is particularly

evident also in the experiments where the pyramidal discharge
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Fig. a. — Pyramidal activity during synehvonized sleep and wakefulness
foltowing bifateval destvuction of the vestibular nuclei,

Unrestrained, unanesthetized cat,
chranic implantation of the electrodes and complete bilateral destruction
of the medial and descending vestibular nuclei {Fig. 35). Bipolar records;
1: left paricto-oceipital (EEG); 2: right parieto=occipital EEEG]; 3: EMG
of the posterior cervical muscles; 4: EMG of the leit tibialis anterior;
5: EOG; 6: integrated activity of the right pyramidal tract recorded at
mesencephalic level,

A: pyramidal activity during synchronized sleep. B increase of pyr-
amidal discharge during a’short-lasting arousal associated with an orienting
reaction and movements,

Experiment made 2 days after

had been conventionally recorded, atter the first stage of amplifi-
cation, through one channel of the C.R.0,

Even in this series of experiments, just as in the intact animal,
the pyramidal discharge increased phasically during spontaneous or
induced arousal, to reach a level higher than that achieved during
the spindle trains (Fig. 2z B). This enhanced pyramidal activity
was associated with EEG desynchronization, 1t then gradually
decreased to reach a steady level similar 1o that occurring during
the stage ol quiet waking.

3. Pyramidal activity during desynchronized sleep in cals with
lesions of the vestibwlar nuclei. — As pointed out in the introduction,

B
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a bilateral lesion of the vestibular nuelei does not prevent the appear-
ance of the episodes of desynchronized sleep. These phases of sleep
are still characterized by desynchronized EEG patterns and by the
abolition of neck muscular activity. However, the REM are com-
pletely abolished.  Only slow ocular movements or isolated jerks of
the eyes can be observed. During these episodes of desynchronized
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Fig. 3. - Pyramidal aclivily during shorl-lasting episodes of desyuchro-
wized sleep following bilateral destruction of the vestibubar nuclei,

Same al as in Fig. 2, same bipolar records, A, B during the
two short-lasting episodes of desynchronized sleep there are slight fluctua-
tions of the integrated pyramidal record. However, bursts of REM and
related enhancements of pyramidal discharge are Iacking.

sleep the integrated pyramidal discharge is not markedly different
from that recorded during the synchronized periods.

Iig. 3 shows the integrated pyramidal record during two short-
lasting episodes of desynchronized sleep, while Fig, 4 illustrates the
full development of an episode of desynchronized sleep following
bilateral destruction of the vestibular nuelei. Note in both instances
the complete abolition of the bursts of REM. In these cases, as
well as in those in which oscillographic records of the pyramidal
discharge were taken, the pyramidal record is stabilized.  Peaks
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4. — Integrated pyramidal discharge during desynchronized sleep

Fig.
after bitaferal destruction of the vestibular nuclei.

Same animal as in Fig. 2, same bipolar records, The sharp peaks in
the pyramidal record, oceurring on a background of EEG synchroniza-
tion (A) are still present, althongh reduced in number, during the desyn-
chronized phase (A4, B). The peaks of these pyramidal deflections, however,
are generally never higher than those that previously occurred synchro-
nously with the EEG spindles. They are sometimes, but not always, related
with the residual isolated ocular jerks. The large bursts of REM and re-
lated phasic enhancements of pyramidal discharge are absent. Note in C
the phasic increase in pyramidal activity that occurs during the arounsal
reaction produced by a strong auditory stimulus (arrow),

in the pyramidal record still appear during desynchronized sleep;
however, they are never higher than thoese accompanying the EEG
spindles during the synchronized phase. They are occasionally
related in time with the slow ocular movements or with the isolated
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jerks of the eyes which still remain after a complete bilateral de-
struction of the vestibular nuclei,  As pointed out above arousing
stimuli can still produee in these preparations a phasic enhancement
in the pyramidal discharge (Iig. 4 C).

4. Vestibular structures responsible jor the phasic enhancement in
the pyramidal discharge during the bursis of REM. — The abolition

Fiz, 5. — Bilaleral destruction of the vestibular structures vesponsible for
the REM and the related phasic increase in the pyromidal discharge during
desynchronized sieep.

Same animal as in Figs. 2-4. Schematic representation of brain stem
ons, taken at regular intervals and reproduced in a rostrocaudal di-
ction, Shaded areas represent the extent of the clectrolytic lesion.

Br. ¢.: brachium conjunctivam; C.r.: restiform body; D: descending
ibnlar nuclens; L: lateral vestibular mucleus {of Deite M: medial
ibular nucle N. tr. sp. V: nuclens of spinal tract of trigeminal nerve;
:inferior olive; Ol s.: superior olive; p. h.: nucleus pracpositus hypo-
© S superior vestibular nuelens; VIL: motor nucleus of the facial nerve.

of the phasic enhancement in the pyramidal discharge during the
desynchronized episodes of sleep can be observed whenever the
lesion is hilateral and affects the classical vestibular complex in its
entire rostro-caudal extent.  This effect has been followed for as
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long as 12 days after the operation. Bilateral electrolytic lesions
limited to the medial and descending vestibular nuclei are also
equally effective (Fig. 5). As pointed out in a previous study (28)
the medial and descending vestibular nuclei are responsible for the
bursts of REM during desynchronized sleep (28). However, the
electrolytic lesion of these vestibular nuclei must be complete in
order to abolish the phasic increases of the pyramidal discharge.
Fig. 6 shows the effects of a bilateral but incomplete lesion of the
medial and descending vestibular nuclei on the pyramidal discharge.
The bursts of REM are not abelished, although they occur rarely.
They are represented, moreover, by few, low amplitude potential
oscillations. The enhancement of the integrated pyramidal discharge
is clearly present, though markedly reduced in amplitude {comparc
Figs. T and 6).

Finally a bilateral lesion limited to the superior or to the lateral
vestibular nuclei, as well as a unilateral lesion of the vestibular
complex, do not prevent the appearance of the REM and of the
related pyramidal discharge.

5. Myoclowic twitches during desynchronized sleep in cats with le-
sions of the vestibular nuclei. — As reported in a previeus paper (13),
the myoclonic twitches that occur during the episodes of desynchro-
nized slecp in a normal cat are frequently related in time with the
bursts of REM., A relation with the isolated ocular movements or
with the slow eye movements is by far less frequent.

The effects of vestibular lesion on the myoclonic twitches have
been investigated by recording the EMG from the tibialis anterior
of both sides. The records in Fig. 7 have been taken following a
complete bilateral lesion of the vestibular nuclei. It appears that
when the episode of sleep is fully developed in both its EEG and
EMG aspect the large bursts of REM and the related myoclonic
twitches are absent. Only isolated ocular movements can be de-
tected. A few myoclonic twitches, isolated or grouped in trains,
but generally unrelated with the ocular movements are observed.
They occur at random, and are by far less conspicuous and frequent
than those observed when the vestibular lesion is either absent or
uncomplete.

A, bilateral lesion of the superior and lateral vestibular nuclei,
or a complete unilateral lesion of the entive vestibular complex does
not alter the typical pattern of myoclonic activity. Bursts of REM
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Fig. 6. — Phasic enhancements of the integrated pyvamidal discharge
related with the vesCdual bursis of oculay movements during desynchvonised sleep
followsng bilateral incomplete lesion of the medial and descending vestibular
nuclet.

Unrestrained , unanesthetized cat. Experiment made 4 days following
bilateral lesion of the medial and descending vestibular nuclei, sparing the
rostral part of these structures. Bipolar records as in I'ig. 2. Note the enhan-
cement of the pyramidal discharge during the residual burst ol ocular
movements (53, C) and the phasic increase of the pyramidal acti ity at the
moment of a spomtaneous arousal (D).
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and groups of clonic twitches occur very frequently, and they are
clearly telated in time. Tig. 8 shows the persistence of bursts of
RIEM and the symmetrical appearance of the myoclonic twitches in
the tibialis anterior following unilateral lesion of the vestibular
nuclei.

DiscussioN

Evarts (zz, rz) has clearly demonstrated that during desyn-
chronized sleep there is a striking change in the pattern of discharge
of single corticospinal neurons. Bursts of high frequency impulses
suddenly appear, which are interrupted by prolonged periods of
complete inactivity. The peculiar pattern of pyramidal activity
affects not only the corticospinal neurons of the motor cortex (LI, 12)
but also the nerve cells lying in the somatosensory cortex (21, 22).

Arduini ef al. (2), and Le Yaouanc and Rougeul (14), by re-
cording the integrated pyramidal discharge, found an increase in
the overall corticospinal activity during the desynchronized episodes
of sleep. The increase, however, was characterized by a steady
course: and phasic enhancements were not reported. Evarts (1T,
p. 168) pointed out that his single unit findings could be reconciled
with those of Arduini e al. (2) by assuming that the high frequency
outbursts of the individual corticospinal neurons might not occur
synchronously during desynchronized sleep. Previous experiments
{r7, 18, 19, 21, 22) and the present observations indicate that a
synchronization of the corticofugal discharges is actually present

Vig. 7. — dbsence of bursis of REM and striking veduction of myoclonic
actinity during desynchronized sleep, following bilateral lesion of the medial
and descending vestibular nuclei.

Unrestrained, unanesthetized cat, Experiment made 6 days after
complete bilateral destruction of the medial and descending vestibular
nuelei and chronic im(Planta.tion of the clectrodes, Bi]:_'olar records, 1: left
paricto-occipital (EEG); 2: right parieto-occipital (EEG); 3: EMG of the
postetior cervical muscles; 4: left tibialis anterior {EMG); 5: right tibialis
anterior (EMG); 6: EOG.

Although the EMG silence started in A and ended in E, the EEG
heeame desynchronized an}y at the end of 4 and the low voltage fast acti-
vity persisted throughout A and during the first part of C. Hence the cer-
vical atonia heralded and markedly outlasted the EEG desynchromization
(cf. z8), Note absence of bursts o REM: only slow ocular movements or
wed ocnlar jerks can e detected. Only a few mynclonic twitches,
nr ded with the isolated ocular movements, oeenr throughout the pe-
viod of cervical atonia (compare Figs. 7 and 8).
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Fig. 8. — Persistence of bursts of REM and of related myoclonic fwitches
during desvauchronized sleep, following unilateral lesion of the vestibular nucled.

Unrestrained, unanesthetized cat. Experiment made 11 days following
complete electrolytic lesion of the superior, lateral and descending vestibular
nuclei of the left side and chronic implantation of the electrodes. Bipolar
records as in Fig. 7.

This time EEG desynchronization and EMG silence appear simul-
taneously (4) and persist throughout & and © up to the end of £, Bursts
of REM and related, bilateral groups of myoclonic twitches are conspicuously
present (compare with Fig. 7).
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during desynchronized sleep and appears to be related with  the
IREM outbursts '

The present study was devoted to an analysis of the central

mechanisms which are responsible for the phasic enhancement of
the pyramidal discharge. Particular altention was devoted to the
vestibular nuclei becanse it had been previously found that the rate
of discharge of single vestibular neurons recorded from the medial
and descending vestibular nuclei in the unrestrained, unanesthetized
cat greatly increased during the bursts of REM (5, 6, 7). Further-
more electrolytic lesion of these same nuclei abolished the typical
bursts of REM (26, 27, 28). The present experiments confirm and
extend the previous findings (26, 27, 28). They show that not only
the REM, but also the related phasic enhancements of the pyramidal
discharge are abolished by the vestibular lesion, A tonic increase
of the integrated pyramidal discharge (2, T4) could hardly be detected
in these experimental conditions. As previously reported (26, 27, 28)
the genuine tonic phenomena of the desynchronized phase, namely
EEG flattening and cervical atonia, were unaffected by the wvesti-
Lular lesion.
I'hese observations suggest that volleys ascending from the
vestibular nuclei influence the corticospinal neurons. In cats under
chloralose anesthesia a discharge of impulses may be recorded from
the bulbar pyramid on single shock stimulation of the westibular
nerves (2zo).  The present experiments show that this ascending
vestibular connection to the sensorymotor cortex is particularly
active during the desynchronized phase of sleep.

It is of interest that the excitatory influences exerted by the
vestibular nuelei on the cerebral cortex involve the corticospinal
neurons originating from both the motor (11, 12, 17, 18, 19) and
the somatosensory cortex (21, 22). The pyramidal volleys originat-
ing from the motor cortex act mainly an flexor motoneurons, through
the interneurons of the flexion reflex pathway (15, 16). On the
other hand the pyramidal discharge originating from the somato-
sensory cortex exerts presynaptic inhibitory influences on the central
cnidings of both the cutancous and high threshold muscular affe-

CThe synchronons high frequency discharges of several corticospinal
it during the REM might be associated with potential oscillations in the
eloctrocorticogram of the motor cortex. This aspeet of the problem is now
winder investigntion (€, 1
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rents (10, ). Thus when the ascending vestibular volleys reach
the frontal cortex, they excite two parallel corticospinal systems
acting respectively i) on spinal motoneurons and ii) on primary
afferents.

These experiments have some relevance also to the problem
of the myoclonic twitches, which represent (with the REM) the
major motor manifestation of the desynchronized phase of sleep (13).
These twitches are strikingly reduced in both intensity and frequency
after the bilateral vestibular lesion. This effect cannot be explained
by the abolition of a phasic vestibulospinal barrage because the
myoclonic twitches are still present following section of the ventral
funiculi (x3). It has been shown that the descending volleys which
are responsible for the phasic excitation of the motoneurons course
mainly along the dorsolateral funiculi (x3), where most of the' pyr-
amidal tract fibers are also located. These observations, together
with our findings on the phasic enhancement of the pyramidal bar-
rage during the bursts of REM (17, 18, 19, 21, 22) suggest that the
vestibular nuclei evoke phasic discharges of the motoneurons indi-
rectly through the roundabout way of the motor cortex. It might
be predicted, however, that descending extrapyramidal pathwayvs
are driven by the wvestibular volleys since the myoclonic twitches
are not abolished by pyramidotomy.

SUMMARY

1) Pyramidal activity has been recorded at the medullary level
in unrestrained, unanesthetized cats before and after bilateral de-
stiuction of the vestibular nuclei.

z) Bilateral lesions of the vestibular nuclei do not substantially
alter the rhythm of wakefulness and sleep, nor do they prevent
the appearance of the synchronized and desynchronized phases of
sleep. Previous findings showing that the bursts of REM arc abol-
ished by the vestibular lesion were confirmed. Only isolated ocular
movements could be detected after this eperation.

3) The changes in the integrated pyramidal discharge occurring
during wakefulness and synchronized sleep were apparently unmod-
ified by the vestibular lesion. This operation, however, abolished
the phasic enhancements of the pyramidal discharge that oc-
cur synchronously with the bursts of REM. Also the myoclonic
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twitches, usually related in time with the bursts of REM, were
abolished after the lesion.

4) The abelition of the phasic enhancements of pyramidal activ-
ity was abtained only when the vestibular nuclei of both sides were
completely destroyed. Bilateral lesions limited to the medial and
descending vestibular nuclei were equally effective. Unilateral lesion
of the vestibular nuclei or bilateral lesion limited to the superior
and lateral vestibular nuclei, however, did not prevent the appearance
of the REM, and the related phasic enhancement of the pyramidal
discharge.
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