
CHOLINERGIC STIMULATION of the rostral part of the
pontine reticular formation induces rapid-eye-movement
(REM) sleep with atonia in intact animals, and lesions at
this pontine site cause REM sleep without atonia.1,2,3  REM
sleep without atonia is also induced by lesions in the medi-
al medulla.4,5 In the decerebrate cat, both chemical and
electrical stimulation delivered to the pontine inhibitory
regions, as well as to portions of the medial medulla, pro-
duce a collapse of decerebrate rigidity.6 The latency to the
onset of pontine-induced muscle tone suppression is longer
than that elicited by medullary stimulation in the decere-
brate cat.7-9 Descending pathways that originate in the
mesopontine reticular formation and project to the
medullary inhibitory region10,11 appear to mediate atonia.

However, atonia is much more difficult to elicit by

medullary stimulation in cats transected at the pon-
tomedullary junction than in cats transected at the midbrain
level.12 Also, chronically maintained medullary cats never
have periods of atonia.13 These findings suggest that the
pons may contribute to atonia elicited by medullary stimu-
lation.  In the current study, we have reversibly inactivated
the pontine reticular formation by means of lidocaine
microinjection.  The degree of medullary-induced muscle
tone suppression was assessed before and after microinjec-
tion of lidocaine. 

In prior studies, we identified ventral medullary sites at
which 500-msec stimulation produced a suppression of
muscle tone.6 These sites correspond to the medullary
inhibitory area identified by Magoun and Rhines14 with
electrical stimulation. We found that activation of
nonNMDA glutamate receptors at medullary inhibitory
sites in the rostral medulla produced inhibition, and that
blockade of these nonNMDA glutamate receptors reversed
muscle atonia elicited by microinjection of agonists into
the pontine reticular formation.8 We found that the caudo-
medial medullary atonia sites identified by electrical stim-
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ulation were activated by cholinergic agonists that were
ineffective in the rostral medulla.  Thus we identified a ros-
tromedial medullary inhibitory region that was activated by
glutamate and a caudomedial medullary site activated by
acetylcholine.  We found that lesions of these medullary
regions produced REM sleep without atonia.5 We also
found that, during REM sleep in the intact cat, glutamate
release was increased in the rostromedial medullary
region,15 while acetylcholine release was increased in the
caudomedial medullary region.16 Thus, stimulation-
induced muscle tone suppression in the decerebrate animal
identifies sites that mediate muscle atonia in REM sleep.  

Long- (500 msec) train stimulation of inhibitory sites
produces an equally long-duration inhibition of muscle
tone.  In recent work, we have found that short- (6.3 msec)
train stimulation produces a similar, though shorter lived,
suppression of muscle tone.7 All sites at which long-train
stimulation is effective produce inhibition with short-train
stimulation.  However, short-train stimulation has the
advantage of revealing the waveform of the inhibitory
pulse onset and offset; this is not clearly seen with long-
train stimulation.7 In the current study, all motor inhibitory
sites were identified with long-train stimulation, and are
therefore equivalent to those shown to mediate pontine
muscle tone suppression.  We used both short- and long-
train stimulation at these sites in the current study to get
data on the effect of pontine mechanisms on inhibition
induced by medullary stimulation.    

METHODS

This study was approved by the animal studies com-
mittee of the University of California Los Angeles and
Dept. of Veterans Affairs.  The experiments were per-
formed on three adult cats, weighing 2.5-4.2 kg.  Under
halothane-oxygen anesthesia, tracheotomy, bilateral liga-
tion of carotid arteries, cannulation of the carotid artery for
blood pressure monitoring, and decerebration at the precol-
licular level were performed.6,7 All animals were allowed
to recover from anesthesia for at least 3 hours before the
experiments began.  These preparations maintained a mean
arterial pressure of more than 80 mm Hg throughout the
experiment.  Core temperature was kept between 37 and
38° C by a heating pad.  The decerebration in all cases pro-
duced decerebrate rigidity, characterized by limb extension
and head dorsiflexion.

The electromyogram (EMG) was recorded bilaterally
from neck muscles (occipitoscapularis, splenius, and
biventer cervicis muscles) with bipolar stainless steel elec-
trodes.  EMG signals were amplified by a Grass preampli-
fier (model 78D).  They were displayed on a polygraph and
were recorded through a CED (1401) computer interface.    

The medullary reticular formation was stimulated elec-

trically (range of intensity  30-50 µA) with a concentric
bipolar electrode (Rhodes Medical Instruments).  Two
types of stimulation parameters were used�long trains
(200 ms trains of 0.2 ms cathodal rectangular pulses at 100
Hz) and short trains (6.3 ms trains consisting of three 0.2
ms cathodal rectangular pulses at 330 Hz).  Long-train
stimulation produced a brief collapse of decerebrate rigidi-
ty.  Short-train stimulation was delivered 30 times, once
every  second.  These 30 EMG signals were rectified, dig-
itized, and collected on a computer with a bin width of 1 ms
over a 250-ms period, starting 50 ms before the stimulation.
They were averaged, and the amplitude at the trough of the
averaged waveform was used for assessing the degree of
muscle tone suppression.7 The 50 ms prestimulus period
was used to calculate baseline EMG activity.  The ampli-
tude at the trough was expressed as the percentage of the
baseline value (prestimulus baseline level = 100%).  Thus,
the lower the value, the greater the magnitude of stimula-
tion-induced muscle tone suppression.7 Two-way analysis
of variance (two-way ANOVA) and paired t tests were used
for statistical analysis.  

After baseline measurements were completed, lido-
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Figure 1.�Injection sites of lidocaine (A) and stimulating sites in the
medulla (B) are shown.  Pontine injection sites are transposed onto
a section P 3.1 mm, and medullary stimulating sites onto the P 8.5
mm plane.  Circles�cat 1; triangles�cat 2; inverted triangles�cat
3. BC�brachium conjunctivum; TRC�central division of the
tegmental reticular nucleus; TB�trapezoid body.
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caine (4%, 1 µl) was microinjected into the pontine reticu-
lar formation through a 26-gauge Hamilton 1 µl microsy-
ringe over a period of 1 minute.  Bilateral injections were
completed within 5 minutes.  In two cats, lidocaine was
injected twice, with a 2-hour interval between injections.
In the other cat, the injection was performed four times,
with the same 2-hour interval between injections.
Injections were aimed at the pontine regions, where acetyl-
choline is most effective in inducing atonia.8 The decere-
brate posture was maintained after lidocaine injection�ie,
the limbs remained extended and the head dorsiflexed.  

Prior to sacrifice, a 50-µA DC cathodal current was
applied at the stimulating sites for 20 seconds.6,7 The brain-
stems were removed and stored in potassium ferrocyanide
with buffered formalin solution.  Serial 60 µm sections
were stained with neutral red.  The stimulating and injec-
tion points were verified and reconstructed according to the
Berman atlas.17

RESULTS

Long-train stimulation of the medullary reticular for-
mation (Fig. 1) produced bilateral suppression of neck
muscle tone (Fig. 2A-1, 2B-1, Preinjection).  The averaged
waveforms obtained by short-train stimulation showed a
bilateral reduction of neck muscle activity (Fig. 2A-2, 2B-
2, Preinjection).  The mean percentage of the amplitude at
the trough (prestimulus baseline level = 100%) of suppres-
sion was 20.4% (SD 7.7, n=8) for the left side (ipsilateral
to the stimulation), and 35.0% (SD 9.4, n=8) for the right
side (contralateral to the stimulation), respectively (Table
1).  

After identifying the medullary sites that suppressed
neck muscle activity bilaterally, lidocaine was microinject-
ed into the pontine reticular formation (Fig. 1).  We stimu-
lated the medulla every 5 to 10 minutes with a constant
stimulus intensity with both long and short trains.  After
lidocaine injection, long-train stimulation failed to reduce
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Figure 2.�Two types of blockade of medullary-induced neck muscle tone suppression elicited by pontine lidocaine injection are shown.  Long-train
stimulation (200 ms trains of 0.2 ms pulses at 100 Hz) was delivered at the closed arrowheads (A-1, B-1).  The averaged waveforms of rectified EMG
changes induced by short-train stimulation (6.3 ms trains of three 0.2 ms pulses at 330 Hz) are shown in A-2 and B-2.  Open arrowheads indicate the
beginning of the short train.  A constant stimulus intensity (A: 30 µA, B: 40 µA) was used during each trial.  Preinjection:  Both in A and B, long and
short trains suppressed neck muscle tone bilaterally.  Blockade:  Both in A and B, long trains failed to reduce muscle activity.  Short trains produced a
reduction of muscle tone, though with a lesser degree of magnitude of suppression as compared with waveforms obtained before lidocaine injection.
In B but not in A, long trains elicited excitation, and short trains also contained muscle facilitation (arrows) prior to the attenuated suppression.  Recovery:
Both in A and B, long and short trains again produced neck muscle tone suppression bilaterally.  L: left (ipsilateral), R:  right (contralateral).  Calibration:
the bars below long-train stimulations (1); 5 seconds, below short-train stimulation (2); 50 ms.
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neck muscle tone in all eight trials (Fig. 2A-1, 2B-1,
Blockade).  Short-train stimulation allowed us to better
describe the waveform of the attenuation of muscle tone
suppression after lidocaine injection.  The magnitude of
muscle tone suppression induced by short-train stimulation
was decreased after the lidocaine injection (Fig. 2A-2, 2B-
2, Blockade).  In three trials in two different animals, a
muscle tone facilitation appeared prior to the attenuated
suppression (Fig. 2B- 1 and 2, Blockade).  On average, the
minimum degree of muscle tone suppression with short-
train stimulation was obtained at 16.6 minutes after the
beginning of the lidocaine injection (range 6-26 minutes).
At this point, the mean percentage of the amplitude at the
trough was 37.8% (SD 18.5) for the left side (ipsilateral to
the stimulation), and 54.9% (SD 12.6) for the right side
(contralateral to the stimulation), respectively (Table 1).  

At a mean time of 30.6 minutes (range; 25-45 minutes)
after the beginning of the lidocaine injection, long trains
again suppressed neck muscle tone bilaterally (Fig. 2A-1,
2B-1, Recovery).  As assessed by short trains, the average
percentage of the amplitude at the trough was found to
return to 20.4% (SD 10.0) in the left (ipsilateral) side and
36.0% (SD 10.5) in the right (contralateral) side, respec-
tively (Table 1).  

The changes in the percentage of the amplitude at the
trough were significant on both sides (two-way ANOVA,
ipsi: F2, 14=19.61 [p<0.001], contra: F2, 14=17.14
[p<0.001]) (Table 1).

In two cats, the GABA agonist muscimol (0.1%, 1 µl)
was injected after two bilateral lidocaine injections were
performed.  The muscimol produced the same blockade of

medullary inhibition seen after lidocaine.  However, pre-
sumably owing to the persistence of muscimol effects, no
recovery of muscle tone suppression was seen in the 2-hour
postinjection observation period.  No consistent changes
were observed in muscle tone level or in blood pressure as
seen on the polygraph recording after lidocaine or musci-
mol injection. 

DISCUSSION

Martin has studied the extent of reversible inactivation
produced by microinjection of lidocaine (4%, 1 µl) in the
cerebral cortex of the rat.18 Lidocaine was found to spread
with a maximum average radius of 1.7 mm within the first
20 minutes.  A reduction in glucose utilization was identi-
fied within an average radius of 1.4 mm.  The level of
labeled lidocaine decreased to nearly background levels by
60 minutes.  On the basis of these results, it appears that the
lidocaine we microinjected spread over the core of the pon-
tine reticular formation, and reduced the excitability of neu-
rons in this area as well as in the descending and ascending
fibers of passage in the region.  The maximum blocking
effect (at 16.6 minutes on average) and the recovery (with-
in 45 minutes) after lidocaine injection we obtained were
consistent with Martin�s observation.18

In the current study, reversible inactivation of the pon-
tine reticular formation was found to produce a temporary
blockade of muscle tone suppression evoked by stimulating
the medullary reticular formation.  Short-train stimulation
demonstrated that the pontine lidocaine injection did not
eliminate the reduction of rectified EMG level, but reduced
the degree of muscle tone suppression (disinhibition or an
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Table 1.�Changes of amplitude at trough of medullary-induced neck muscle tone suppression before and after pontine lidocaine injection.
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interruption of disfacilitation).  There are several possible
explanations for this effect.  The first is that neuronal ele-
ments in the pons tonically raise the excitability of the
reticulospinal systems that mediate atonia.  Indeed, injec-
tions of carbachol and atropine sulfate into the oral pontine
reticular formation were reported respectively to increase
and decrease the firing rate of medullary reticulospinal
neurons that suppress the excitability of lumbar motoneu-
rons innervating hindlimb muscles.19 The second possibil-
ity is that medullary stimulation activates pontine elements
that directly or multisynaptically descend to the spinal
cord, producing inhibition of motoneurons.  Finally,
medullary stimulation may activate pontine neurons that
further excite cells in the medullary inhibitory regions, pro-
ducing a positive feedback loop.  Cholinergic projections
from the medulla to the cholinoceptive pontine site have
been identified.20,21 Also, both electrical and chemical
stimulation of the medial medulla produces an increase of
acetylcholine release in the pontine reticular formation,
along with shortened REM-sleep latency.22,23 The
medullary reticular formation can modulate activity of the
pontine reticular formation region implicated in atonia.  

Short-train stimulation suggested that increased facili-
tation contributed to the lidocaine-induced attenuation of
medullary-induced neck muscle tone suppression (Fig.
2B).  This facilitation was not present in the EMG before
lidocaine injection.  Neuronal elements in the pons may
tonically reduce the excitability of reticulospinal systems
involved in motor facilitation.  

Some cells in the medullary inhibitory regions were
found to discharge at a high rate in REM sleep as well as
in postural relaxation during waking.24 An interaction
between the pontine and medullary reticular formations is
hypothesized to be crucial to the control of muscle activity
not only in the decerebrate animal and in REM sleep, but
also in waking in the intact animal.  This interaction may
also have a role in the triggering of cataplexy in the nar-
coleptic animal.25
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