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The presence of pontine-geniculate-occipital (PGO) spikes in the albino rat has 
been questioned in recent years. Because cats with cerebellar cortical lesions 
exhibit either flexor or extensor limb jerks in association with PGO spikes at the 
transition to paradoxical sleep (PS), cerebellar cortical lesions were made in albino 
rats to see if similar behavioral changes, i.e., limb jerks at the transition to PS, 
would ensue. Limb jerks were seen in the rat at the transition to PS although at a 
lower frequency than that seen in the cat. Limb jerks could also be elicited by novel, 
external stimuli in much the same manner as in the cat. Spontaneous and elicited 
jerks are presumably due to activation by the pontine reticular formation of neurons 
in the deep cerebellar nuclei, which are no longer modulated by the inhibitory 
Purkinje cells that have been ablated. We conclude that pontine neural activity 
similar to that underlying the PGO spike in the cat exists in the albino rat. 

INTRODUCTION 

Paradoxical sleep (PS) is characterized by low-voltage, high-frequency 
waves in the electroencephalogram (EEG), tonic muscle atonia, and rapid 
eye movements. PS normally follows an initial phase of synchronized sleep 
during which the EEG exhibits high-amplitude, low-frequency waves; 
those two states then continue to occur alternately during any given sleep 
period (19). A great deal of effort has been devoted toward understanding 
and explaining the various electrophysiological events which occur during 
these sleep states. Much attention has focused on a rather intriguing 

Abbreviations: PGO-pontine-geniculate-occipital, PS-paradoxical sleep. 
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phenomenon of PS, the pontine-geniculate-occipital (PGO) spike. This 
large-amplitude waveform has been studied extensively in the cat (4) and to 
some extent in the monkey (1). PGO spikes derive their name from the fact 
that they may be recorded with macroelectrodes from the pontine reticular 
formation, the lateral geniculate nucleus, and the occipital cortex. They 
occur just prior to and throughout each episode of PS; they are seen singly 
as well as in clusters in association with the rapid eye movements of PS. 

In spite of the fact that the presence of PGO spikes is well established in 
two common laboratory mammals, their existence in the albino rat has 
been subject to some debate. Thus pontine spikes were reported during PS 
in the “parasagittal pons” (15), although treatment with reset-pine 
produced no release of spike activity into other states as was seen in the cat 
(20). The neural activity underlying the PGO spike is thought to arise in the 
pons and from there spread to the lateral geniculate body and occipital 
cortex (5). However, workers have reported the absence of spike activity 
in these structures in the chronically prepared albino rat (32) although 
geniculate spikes were recorded in the acute, rat treated with serotonin 
antagonists (7,8). Because of these discrepancies between the cat and rat, 
we decided to use an indirect approach to test for the presence of neural 
activity underlying the PGO spike in the albino rat. 

Morrison and Bowker (26, 27) demonstrated in the cat that vermal and 
paravermal lesions of the cerebellar cortex resulted in extensor and flexor 
limb jerks, respectively, at the transition to PS and that these jerks 
corresponded 1:l with PGO spikes. Both could easily be elicited during 
synchronized sleep (3). This led to the hypothesis that PGO spikes are 
associated with a neural alerting response to various stimuli, either 
external, as in the case of tone-induced PGO spikes, or internal, as those 
occurring spontaneously during PS, when brain stem neurons are 
disinhibited from serotonergic control (31). Those authors reasoned that 
the jerks are the result of excitation by pontine tegmental cells of fastigial 
and interpositus neurons, which themselves are hyperactive after their 
release from the inhibitory control of Purkinje axons by cortical lesions (35) 
or cooling (30, 35). 

We believed that evidence of homologous brain stem activity leading to 
both PGO spikes and jerks could be revealed by cerebellar lesions in rats. It 
was reported (14) that the rodent cerebellum, like that of the feline (lo), is 
functionally organized into longitudinal vermal and paravermal zones. 
Thus, rats with cerebellar cortical lesions should undergo behavioral 
changes similar to those seen in the cat, and the presence of jerks at times 
when PGO-associated jerks appear in cats should be reasonably interpreted 
as evidence of the existence of the basic pontine activity underlying PGO 
activity in the albino rat. The present study reports the results of such 
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vermal and paravermal cerebellar cortical lesions and their association 
with sleep phenomena in the albino rat. 

METHODS 

Thirteen adult, male, albino rats, weighing 350 to 550 g were used. All 
surgical procedures were carried out under an anesthetic mixture of chloral 
hydrate, magnesium sulfate, and pentobarbital or halothane anesthesia. 
The animals were placed in a stereotaxic device (David Kopf Instruments), 
the occipital bone was removed from the nuchal crest caudally, the dura 
reflected, and indicated portions of the vermal (N = 8) or paravermal 
(N = 5) cerebellar cortex ablated by aspiration. The vermal lesions were 
bilateral and the paravermal ones were ipsilateral only. Initially (N = 5), in 
order to ascertain the existence of the jerks and the appropriate size of the 
lesion, the animals were without electrodes and were monitored only 
behaviorally. Later, the animals (N = 8) were chronically implanted, at 
least 10 days prior to lesions, with stainless-steel skull screws for 
monitoring the EEG. Stainless-steel, Teflon-insulated wires were sutured 
into the nuchal musculature for recording of electromyograms. The wires 
were then attached to a miniature plug and embedded in dental acrylic upon 
the animal’s skull, allowing for convenient connection to the polygraph 
(Beckman, type R). Control recordings of sleep episodes were made prior 
to the lesion to ensure that the sleep patterns were essentially normal (24). 
The animals were housed and studied in a 30 x 30 x 35 cm Plexiglas cage. 

Neurological examinations, including the vestibular drop and tactile 
placing tests, were routinely made both pre- and postoperatively. The 
vestibular drop test involves holding an animal and suddenly dropping it 15 
to 30 cm, thereby releasing labyrinthine reflexes which normally produce 
extension of the limbs with some toe fanning (11). The tactile placing test is 
done by holding the animal and slowly bringing the dorsal (or lateral) aspect 
of the limb into contact with the edge of a table or other suitable surface. 
The normal response is a coordinated stepping motion onto the table. 
These two responses may be altered by cerebellar lesions (10). 

Three weeks to two months after the lesion, the animals were killed by an 
overdose of anesthetic agent and perfused intracardially with warm (37°C) 
saline followed by formalin. The brains were removed and embedded in 
celloidin, sliced into 30-pm sections, and stained alternately with a cresyl 
violet cell stain and Weil’s stain for myelin sheaths. 

RESULTS 

Animals with lesions exhibited behavioral changes similar to those seen 
in cats (26), detectable by neurological examinations, polygraphic 
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recordings, and behavioral observations. The most salient characteristic of 
the sleep behavior of the animals with lesions was the occurrence of limb 
jerks during synchronized sleep and, more markedly, at the transition to 
PS. The jerks were readily divisible into two groups: vermal lesions 
resulted in extensor jerks whereas paravermal lesions resulted in flexor 
jerks. A further difference was noted between animals receiving superficial 
vermal lesions and those in which the ablation was more extensive. 
Superficial lesions (N = 4) produced virtually no behavioral deficits 
during waking and no jerks during sleep or other obvious changes in the 
sleep pattern. Animals with deeper vermal lesions (N = 4), often 
extending down to the deep cerebellar nuclei (Fig. IA), exhibited extensor 
jerks of axial musculature and forelimbs, with dorsiflexion of the spine 
during sleep and wakefulness. The behavioral manifestation of the 
paravermal lesions depended on the placement of the lesion. When the 
lesion involved lobule V (Fig. lB), which is primarily involved with 
mediation of forelimb coordination, flexion jerks of the shoulder and elbow 
joints occurred during sleep and in association with auditory stimuli 
(N = 3); when the lesion was lateral (N = 1) or small (N = 1), such 
behavioral changes were not seen. Lesions capable of producing jerks 
during sleep tended to be much deeper in animals with vermal lesions than 
in those with paravermal ablations. 

During synchronized sleep, spontaneous jerks were seen at a rate of one 
to fourjerks per minute. Often, but not invariably, these jerks were elicited 
during quiet wakefulness or synchronized sleep by auditory stimuli 
(snapping of fingers; light pencil tap on cage), which were mild enough not 
to arouse the animal behaviorally. In some animals, the jerks themselves 
were of such violent nature that the animal was aroused to a varying extent, 
as noted both polygraphically and behaviorally. The arousing effects were 
most prominent in those animals with bilateral vermal lesions in which 
extensor jerks of axial musculature served to raise the entire animal off the 
floor of the cage; with unilateral paravermal lesions, only the ipsilateral 
forelimb responded with a flexor response, and this was not a strong 
arousing stimulus. When the animals were in synchronized sleep, the 
arousing effect of the extensorjerk was often a transient desynchronization 
of the EEG with a resumption of slow-wave activity within 60 s and often 
as soon as 10 s. 

Spontaneous jerks occurred at the transition to PS at a rate of four to six 
per minute, often resulting in aborted PS episodes (Fig. 2). During these 
episodes, muscle tone diminished (at least 33%) in much the same manner 
as during a normal transition to PS; however, one or more jerks would 
interrupt the smooth transition, and one would observe an increased degree 
of muscle tone as well as a synchronized EEG. Another interrupted 
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transition would follow, usually within 2 min, and the pattern would repeat 
(Fig. 2) for as long as 10 min. Termination of these aborted episodes 
occurred when the animal was awakened briefly by the jerks, at which point 
the rat would almost always shift its position and return to synchronized 
sleep. Some animals underwent periods as long as 12 h during which only 
synchronized sleep and aborted PS episodes occurred. Eventually, the 
animals would enter PS, either with a mild jerk at the transition (Fig. 3) or, 
after some degree of recovery from the effects of the lesion had occurred, 
without a jerk; the ensuing PS episodes appeared normal. 

Recovery from the effect of the lesions was generally rapid. The 
strongest jerks were seen during the first 36 h postoperatively, and they 
disappeared completely by 96 h. Results of neurological examination 
generally paralleled the observations of sleep behavior. Animals exhibiting 
extensor jerks after vermal lesions showed hyperextension and fanning of 
digits, especially of the forelimbs, during the vestibular drop test. Animals 
in which paravermal lesions resulted in flexor jerks showed hypermetria of 
the ipsilateral forelimb during locomotion. No change was noted in tactile 
placing test performance in animals with lesions. The neurological signs 
diminished as the jerks subsided with time but remained to varying extents 
even after the animal was no longer displaying jerks during sleep. 

DISCUSSION 

These results further substantiate the hypothesis that the basic neuronal 
activity underlying the PGO spike in the cat also exists in the albino rat. The 
subsequent discussion will include a brief review of the relevant data 
regarding the PGO phenomenon in the cat, an overview of those aspects of 
cerebellar anatomy and physiology thought to be responsible for 
PGO-related jerks, and an examination of the present status of PGO spikes 
in the albino rat. 

The PGO spike has been extensively studied in the cat. The neural 
activity underlying PGO spikes is thought to arise in the pontine reticular 
formation (5). PGO activity is strongly modulated by serotonergic fibers of 
the midline raphe (3 l), a finding which is supported by studies which alter 
central nervous system serotonin (20) and recordings of raphe neurons 
during PS (9,25,34). Recent work indicates that PGO spikes are associated 
with a form of alerting in that external stimuli to which an animal orients 

FIG. 2. Aborted paradoxical sleep episodes; 6-min record with four aborted episodes. The 
electromyogram (EMG) diminishes as during normal transition to paradoxical sleep (see 
Fig. 3), but the extensor jerks result in aborted episodes. This record is taken from the middle 
of an II-min bout of aborted paradoxical sleep episodes. The animal awakened at the 
end of the bout. 
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will induce a PGO spike during all states, and this response will habituate 
(3, 27). This work led to the hypothesis that the same set of brainstem 
neurons is activated during spontaneous PGO spikes in PS, eye movement 
potentials during wakefulness, and PGO spikes induced by novel stimuli. It is 
a similar brain stem neural assembly which we will argue exists in the albino 
rat, based upon the results of behavioral changes after cerebellar lesions. 

We must then consider the question as to why cerebellar cortical lesions 
should allow a unique behavioral expression of central activity during the 
transition to PS. Transcortical recordings from the cerebellar vermis reveal 
the existence of phasic slow waves coincident with PGO spikes (28). Thus 
some form of cerebellar activation occurs during each PGO spike. The 
paravermal cortical Purkinje cells project to and inhibit the nucleus 
interpositus (17,18) which provides excitatory input to the red nucleus (33). 
The vermal Purkinje cells are also inhibitory and ultimately exert their 
effects upon the lateral vestibular nucleus, either directly or indirectly, via 
the fastigial nucleus (16, 17) (Fig. 4). Afferent fibers to the cerebellar cortex 
give off collaterals to the deep cerebellar nuclei which provide the 
excitatory background which is then modulated by the inhibitory Purkinje 
cells (12). Paravermal cortical ablation or cooling allows unregulated 
activity in the interpositus nucleus; behaviorally this results in exaggerated 
flexor responses via the interpositus-rubrospinal pathway (35,36). Because 
the vermal zone has a similar corticonuclear relationship (18), but is 
functionally related to axial muscular systems (lo), we think it reasonable 
to assume that removal of the vermal cortex results in exaggerated extensor 
responses via the midline cerebellar-vestibular-spinal path. 

When the neuronal activity which arises in the pontine reticular 
formation during PGO spikes reaches the cortically ablated cerebellum, 
collaterals still excite the deep cerebellar nuclei, but there are many fewer 
Purkinje cells which project back to the relevant deep nuclear zone. Thus 
nuclear activity goes unchecked and jerks occur, either extensor or flexor, 
whenever PGO spikes occur in an animal with some degree of muscle tone. 
This situation arises during the occasional PGO spikes of synchronized 
sleep, and, more markedly, at the transition to PS. During wakefulness, 
auditory stimuli induce limb jerks similar to those seen in sleep in 
association with PGO spikes in cats with cerebellar cortical lesions (26). 
We showed that jerks can also be induced by auditory stimuli during 
wakefulness in rats with similar lesions. The mechanism is thought to be due 
to the fact that the same set of brain stem neurons is activated during both 

FIG. 3. Transition to paradoxical sleep. A-Preop: normal transition to paradoxical sleep 
prior to lesion. B-Postop: transition to paradoxical sleep after lesion with jerks [seen as 

downward deflection on the electromyogram (EMG)] during the transition. 
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FIG. 4. Schematic representation of neuronal circuitry involved in pontine-geniculate- 
occipital (PGO)-associated limb jerks. Removal of the cerebellar cortical Purkinje cells in 
either the vermal or paravermal zones results in abolition of their inhibitory influence upon the 
deep cerebellar (and Deiters’) nuclei. Subsequent excitation by pontine reticular neurons (as 
during PGO spikes) has its effect only upon the unregulated deep cerebellar nuclei, thereby 
resulting in the limb jerks seen at the transition to paradoxical sleep. 

PGO spikes and the neuronal response to novel stimuli; indeed, auditory 
stimuli induce PGO spikes without jerks in normal cats (3). Thus lesions of 
the vermal and paravermal cerebellar cortices result in unregulated 
excitation of the fastigial and interposed nuclei, respectively, ultimately 
resulting in hyperreflexia in wakefulness and jerks during sleep. 

The crux of the matter is, however, whether or not PGO spikes exist in 
the albino rat. PGO spikes are thought of less and less as being restricted to 
the domain of sleep; indeed recent evidence points to their similarity to eye 
movement potentials during wakefulness (2, 6). Their association with 
behavioral alerting (3), an activity whose function is so crucial to the 
survival of the animal, argues strongly for the hypothesis that the brain 
stem neural activity underlying this phenomenon exists in all mammals 
exhibiting behavioral alerting and PS. As such, it would be quite 
remarkable for this activity to arise, de nova, in such animals as the cat 
without any related phenomena existing in other animals with complex 
behavioral repertoires. Our work as well as that of others (13,21,23) clearly 
shows that the pontine generator of PGO spikes exists in the albino rat. 
Activation of this pontine region causes unregulated excitation of the 
cerebellar nuclear cells and results in ajerk during sleep in the same manner 
as described for the cat. 

Although similarities in sleep behavior of cats and rats with cerebellar 
cortical lesions argue for the same basic phenomena existing in both 
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species, some differences are seen. Limb jerks occur at a rate of four per 
minute in the rat with a cerebellar cortical lesion, whereas in the cat they 
are seen at a rate of 30 per minute (26). We were baffled by this until Farber 
et al. (13), independent of and concurrent with the preliminary discussion 
of the data presented herein (29), reported that pontine spikes, recordable 
in the rat from “the area of the locus coeruleus,” occurred during the 
transition to PS at a rate comparable to the rate of limb jerks we found in the 
rat with a cerebellar cortical lesion. These results have since been 
confirmed and amplified (21, 23). This difference in the frequency of both 
spikes and jerks between the rat and the cat may indicate that the neuronal 
network which generates spontaneous PGO spikes is not identical in every 
detail in these two species. However, the fact that in both species, the 
frequency of limb jerks, a behavioral event, corresponds so well to that of 
the pontine spike, an electrophysiological event, implicates homologous 
brain stem neural activity underlying both events in both species. 

The specific topographic site of the lesion was closely correlated with the 
behavioral manifestation of the jerks. In both vermal and paravermal 
lesions, ablation of lobule V appeared to be crucial to the presence of the 
jerks. Lobule V primarily mediates forelimb coordination (22). The depth 
of the lesion was also an important factor, especially in the vermal lesions. 
Although the jerks were produced with extremely superficial damage to the 
paravermal cortex, only in animals in which the vermal lesions encroached 
upon the fastigial nucleus did the jerks appear. In the cat, such extensive 
vermal lesions are not required to produce the jerks (26). An explanation 
for this difference might be the fact that the rat, with its body virtually 
hugging the ground, is less debilitated by lesions of cortical regions 
regulating axial muscular activity than the relatively long-legged feline, and 
it is not until virtually all the Purkinje cells are ablated that the behavior 
manifests itself. 

Thus the present status of PGO spikes in the albino rat is as follows: 
pontine spikes have been recorded (13, 21, 23); the existence of lateral 
geniculate and occipital cortical spikes has not yet been demonstrated (7,8, 
15, 32); and we have demonstrated that cerebellar lesions confirm the 
existence of the pontine component of PGO spikes through behavioral 
changes. Recent work indicates that the PGO phenomenon is a more 
generalized one than workers have previously thought it to be. Although 
emphasis was originally placed on their occurrence in paradoxical sleep, 
they have been shown to occur spontaneously during slow-wave sleep in 
the cat (19), and quite recently in the rat pons (13, 21, 23); evidence is 
accumulating which suggests that they result from activation of a set of 
brain stem neurons associated with alerting, functional throughout all 
states of consciousness (2). As such, one might expect to find them in some 
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form in all mammals exhibiting PS. We suggest that the understanding of 
this phenomenon will become clearer as we begin to view it within the 
framework of the animal’s behavior as a whole, rather than as an isolated 
event occurring only during sleep. 
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