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The relationship between ponto-geniculo-occipital (PGO) waves and motor activity during waking and non-rapid eye movement (non-REM) sleep 
stages was studied in cats treated with the serotonin synthesis inhibitor p-chlorophenylalanine (PCPA). PGO waves appeared in waking after daily 
treatment with PCPA. The magnitude of the acoustic startle elicited in the absence of prior PGO waves was increased (by a mean of 555%) by the 
PCPA treatment as compared to that of the prc-drug level When startle-eliciting stimuli were presented shortly after the occurrence of the PGO 
wave, the response amplitude was further enhanced as compared to that of the baseline startle. The effect was maximal 50 ms following the peak of 
the PGO wave (average 192% of the baseline level), with return to the baseline startle level within 200 ms. A similar effect could also be seen with 
waking eye-movement potentials (EMPs) in drug-naive animals. Over half of the spontaneous PGO waves were found to be preceded or followed by 
discrete head-body movements. After PCPA, the amplitude of auditory-evoked LGN PGO waves increased during quiet waking (QW) while those 
in non-REM and REM sleep states did not change. It was concluded that serotonergic systems produce a tonic suppression of startle response and 
PGO amplitude in waking. PGO spikes in waking are associated with a phasic facilitation of the sensorimotor mechanisms involved in startle. 
INTRODUCTION 

PGO waves are high amplitude potentials that originate 
in the pons and propagate to lateral geniculate nucleus 
(LGN), cochlear nucleus, auditory and occipital cortices, 
and other brain regions during the transition from non-
rapid-eye-movement (non-REM) sleep to REM sleep and 
throughout the REM sleep period18,19. The physiological 
function of these waves is obscure. A close association of 
PGO waves with phasic muscle pauses and motoneuron 
hyperpolarization during the transition from non-REM to 
REM sleep11,25, as well as reduced monosynaptic spinal 
reflexes17 and enhancement of motoneuron inhibition15 
during REM sleep, has been demonstrated. PGO waves, 
on the other hand, are also associated with general arousal. 
PGO waves can be elicited by external, notably novel, 
stimuli, e.g., auditory, somatic, and olfactory, during 
waking and non-REM sleep16,25. It has thus been 
hypothesized by Morrison and his colleagues16 that PGO 
waves may represent an alerting response to internal or 
external events. 

If PGO waves are associated with motoneuron inhibi- 

tion in waking as they are in REM sleep, or with an 
attenuation of sensory inputs, it would be expected that 
reflexes would be suppressed when elicited during the 
occurrence of the PGO waves. If, on the other hand, PGO 
waves are associated with general arousal of the nervous 
system, sensorimotor processes may be facilitated. In order 
to determine the effect of PGO waves on sensorimotor 
responses during waking and non-REM sleep, animals 
were treated daily with PCPA to deplete the brain 
serotonin level and thus 'release' spontaneous PGO waves 
into waking and non-REM sleep7,8,13. We examined the 
effect of spontaneous PGO waves on the motor response to 
startle-eliciting auditory stimuli. We also examined the 
relationship of spontaneous PGO waves with head-body 
movements. 

In a previous study25 we determined the change in 
amplitude of auditory-evoked PGO wave as a function of 
sleep-waking state. The evoked PGO amplitude increased 
monotonically from active waking (AW) to quiet waking 
(QW) and reached its maximum during the transition from 
non-REM to REM sleep. We hypothesized then that the 
increase of the PGO amplitude is 
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due to the reduction in neuronal activity in the raphe 
nucleus and locus coeruleus in non-REM and REM sleep 
periods. If this is the case, serotonin depletion would be 
expected to change the pattern of state-dependent PGO 
response to auditory stimulation. 

MATERIALS AND METHODS 

Seven adult cats were used. They were chronically implanted with 
conventional electrodes for elcctroencephalography (EEG), elec-
trooculogram (EOG) and neck electromyogram (EMG) for sleep 
recording as described previously24,25. PGO waves were measured 
with bipolar electrodes in LGN. Four cats received no drug. Three 
received daily treatment of PCPA methyl ester HCL (125 mg/ 
kg/day, i.p.. Sigma) for 6 days. Startle tests were taken for these 3 
cats before and after PCPA treatments. Pre-drug baseline startle 
amplitude was taken 1 week before the PCPA treatment, and 
consisted of 12 trials with the startle-eliciting stimulus alone presented 
1-2 min apart during OW and non-REM sleep. Post-drug tests were 
done between day 4 and day 6, 1 h after PCPA injection, 

 

when spontaneous PGO waves occurred during waking and non-
REM sleep. 

The test chamber and the generation of auditory stimuli were as 
previously described25. Briefly, startle-eliciting stimuli, clicks or 
noise pulses of 115 dB (re 20/iN/cm2, SPL† scale), were presented to 
the animal at 0, 50, 100, 200, or 400 ms after the negative peak of a 
spontaneous PGO wave, or randomly free of association with the 
PGO wave (more than 600 ms from any PGO wave). PGO waves 
were detected by a window discriminator (SA Instrumentation, CA) 
set for the minimum amplitude of the initial negative deflection. 
Stimuli were presented once every 1-2 min, following a Latin-square 
design. A total of 60 trials were presented, 12 trials in each interval 
condition. Startle responses were measured with a head-mounted 
accelerometer (Model 8628A50, Kistler Instrument Co.. Amherst, 
NY). The signal output from the accelerometer was amplified, full-
wave rectified, averaged over trials, and integrated over 200 ms after 
the stimulus onset using an IBM PC/XT equipped with CED 1401 
signal averaging package (Cambridge Electronic Design Ltd., 
Cambridge, U.K.) .  The integrated voltage was taken as the startle 
amplitude. Startle tests were done during OW and non-REM sleep 
only. The number of trials presented during QW and non-REM sleep 
was kept the same across conditions within each animal. 

Fig, 1. A: spontaneously occurring PGO waves facilitated the 
subsequently elicited startle response. The facilitation was maximal at 
50 ms following the peak of the PGO wave (* P < 0.05, N-K, 
compared to the control level). The baseline startle amplitude, with 
no immediate preceding PGO wave, was also increased (555%) by 
PCPA treatment as compared to the pre-drug level (Square) (++ P < 
0.004, t-test). Note that the pre-drug baseline startle level is shown 
here as a percentage of the post-drug level. B: eye-movement 
potentials also tended to facilitate startle response, and the temporal 
relationship of facilitation was similar to that produced by PGO 
waves (* P < 0.05. Bonferroni t-test). 

 
Fig. 2. Spontaneously occurring PGO waves were often accompanied 
by discrete head-body movements resembling orienting reflexes and 
measurable by the accelerometer. This is the average of the PGO 
waves and the accelerometer output of head-body movements of a 
PCPA-treated cat over 300 randomly selected trials during QW and 
non-REM sleep states. Auditory stimuli were not presented in this 
experiment. The magnitude of head-body movements peaked right 
after the PGO wave, and the lead time of head-body movements over 
the PGO wave tended to be greater in waking than in non-REM 
sleep. 
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To study the relationship of PGO waves with the startle response in 
drug-naive cats, the 4 cats that had spontaneous EMPs during waking 
and non-REM sleep were utilized. Procedures for startle tests were 
the same as those for the PCPA-treated cats. 

The relationship between PGO waves and spontaneous head-body 
movements after PCPA treatment was also studied in separate trials. 
Neck EMG level and head-body movements as recorded on the head-
mounted accelerometer were averaged with respect to spontaneous 
PGO waves during OW and non-REM sleep periods. The temporal 
relationships of PGO waves with discrete head-body movements 
were measured trial by trial. 

State-dependent relationships of the evoked PGO response were 
studied before and after PCPA treatment. Animals were presented 
with auditory stimuli (115 db) every 1-2 min  during natural waking 
and sleep states. Evoked PGO responses were recorded and averaged 
off-line with equal numbers of trials in active waking (AW), QW, 
non-REM and REM sleep episodes. 

For the analysis of the data, the average startle responses or the 
evoked PGO amplitudes for all conditions were summed for each 
animal and the score from each condition was then expressed as a 
proportion (per cent) of that total. This normalizing procedure 
removed individual differences in overall reactivity so that each 
animal's performance was weighted equally in the analysis. Absolute 
startle amplitudes were used for comparing pre- and post-drug startle 
responses. 

RESULTS 

Daily PCPA treatment released waking PGO waves of 
comparable amplitude to those occurring during transition 
and REM sleep by day 3-day 4. Non-REM and REM sleep 
episodes began to reappear after day 4 following an initial 
insomnia. When a startle-eliciting stimulus was delivered 
following a spontaneous PGO wave, the amplitude of the 
startle response was enhanced. As shown in Fig. 1, this 
effect was maximal at 50 ms (average of 192% of the 
control level) after the peak of the PGO spike. Startle 
amplitude returned to the baseline levels when elicited 200 
ms or more after the peak of the PGO wave. Analysis of 
variance with repeated measures for the 3 PCPA-treated 
animals revealed that there was a significant PGO-stimulus 
interval effect, F5,10 = 4.04, P < 0.03. Post-hoc analysis 
revealed that the response amplitude at a 50-ms interval 
was significantly larger than those of the control trials, trials 
with 200-ms interval, or trials with 400-ms interval (all P < 
0.05, 

 
Fig. 3. The amplitude of the auditory-evoked PGO wave was normally greatest in non-REM sleep and the transition to REM sleep, smaller during 
OW, and smallest during REM sleep and active waking. This relationship changed after PCPA treatment. A is the average of the auditory-evoked 
PGO responses of a cat before and after PCPA treatments. B compares the average evoked PGO spike amplitude over 3 cats before and after 
PCPA treatments. The evoked PGO amplitude during QW increased 63% over the pre-drug level (** P < 0.002, simple main effect ANOVA), 
while those in other states did not change significantly. 
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Newman-Keuls). There was no difference among the 
control, the 100-ms, the 200-ms, and the 400-ms trials. 

The baseline startle amplitude was also increased signifi-
cantly by PCPA treatment as compared to that before the 
drug (Fig. 1). The startle amplitude of the 3 PCPA-treated 
cats increased by 319%, 712%, and 1252% (average 555%) of 
the pre-drug startle level (t2 = 15.1, P < 0.004). 

Four drug-naive animals had spontaneous EMPs during 
waking and non-REM sleep. These EMPs were similar in 
waveform, but smaller in amplitude, to the PGO waves 
that occur during REM sleep or after PCPA treatments. 
These EMPs also tended to enhance acoustic startle 
response, as shown in Fig. IB, and the time-course of 
effect was similar to that for the PGO waves, maximal at 
50 ms following the peak (P < 0.05, Bonferroni t-test). The 
effect was, however, more variable both within and 
between animals than that produced by the PGO waves in 
the PCPA-treated animals. 

Spontaneous PGO waves in the PCPA-treated animals 
were often associated with minute head-body movements 
resembling orienting responses. More than half of the time 
the individual PGO waves were preceded or followed by 
discrete head-body movements within 600 ms of the PGO 
wave in the 3 PCPA-treated animals examined. Among 
trials with PGO associated movements, head-body 
movements preceded the onset of PGO waves 62% of the 
time and coincided with or followed the PGO waves 38% 
of the time. The interval between the head-body 
movement and the PGO wave onset, however, varied 
from trial to trial and across states. Figure 2 shows the 
averaged PGO wave and the accelerometer output of head-
body movement of one of the PCPA-treated cats during 
quiet waking and non-REM sleep. Of those trials in which 
the movement onset preceded the PGO wave, the average 
lead time was 140.0, 147.9, and 152.8 ms for the 3 animals. 
The lead time of the head-body movement over the PGO 
spike decreased during non-REM sleep to 75.6 and 97.0 ms, 
respectively for the latter 2 animals which were observed in 
sleep. 

The state-dependent amplitude function of auditory 
evoked PGO spikes changed after PCPA treatments. As 
shown in Fig. 3, the PGO spike amplitude before PCPA 
treatment increased from AW to QW and to non-REM, 
and peaked during the transition from non-REM sleep to 
REM sleep. Following PCPA, the amplitude of the evoked 
PGO spike did not change relative to baseline in AW, 
non-REM or REM sleep. The evoked PGO response 
during QW, however, increased 63% over the pre-drug 
level. The repeated measures ANOVA of drug treatment 
by state revealed a significant main effect of state (F3 6 = 
9.7, P < 0.01), and a significant interaction between drug 
treatment and state (F3,6 = 5.9, P < 0.04). Tests for simple 
main effects further showed that the PGO spike amplitude 

was enhanced by PCPA only in QW (F1,6 = 31, P < 0.002). 

DISCUSSION " 

The possibility that the PGO wave is an indication of 
arousal of the organism, during which time sensorimotor 
responses may be facilitated, was tested in the present 
study, using the acoustic startle response. Following PCPA 
treatments, the animals showed spontaneous PGO spikes 
during waking and non-REM sleep, as well as during REM 
sleep, as has been reported7,8,13. These spontaneously 
occurring PGO waves facilitated the acoustic startle 
response, with maximal facilitation at 50 ms after the peak 
of the PGO wave. Startle responses were similarly 
facilitated by the eye-movement potentials in drug-naive 
cats, suggesting a common arousing function of the 
spontaneous PGO waves (EMPs) and the PGO waves 
released by the serotonin depletion. 

PCPA alone also potentiated the baseline startle ampli-
tude by 300-1250% during periods without PGO activity. 
Tonic facilitating effects of serotonin depletion on startle 
response have also been reported in the rat1,3,4,9,10,12,23. The present 
results demonstrate for the first time in cats the facilitating 
effects of PCPA on the acoustic startle response. 

PCPA has been shown to be a specific depletor of brain 
serotonin with little effect on other brain amines14. Brain-
stem serotonin level in the cat has been shown to be 
depleted by about 90% following 3-6 days of PCPA 
administration8. The PCPA effects on startle and PGO 
waves which we report here are consistent with evidence 
for the involvement of serotonin in these phenomena4, 

8,10,12,13,23 The tonic facilitation of startle after PCPA 
treatments is very likely to be due to its blocking of a tonic 
'inhibitory' effect. Serotonin, when infused into the lateral 
ventricle in rats, has been shown to suppress the acoustic 
startle5. This effect is likely to be mediated via an action 
on descending non-serotonergic brainstem motor control 
systems19. 

There was a close temporal relationship between head-
body movements and the occurrence of PGO spikes. These 
movements were maximal right after the peak of the PGO 
wave (Fig. 2). The somatic motor activity that we found 
preceding and following the spontaneous PGO spike has 
not been previously described. It indicates that the PGO 
spike is not the trigger of this motor arousal, but rather 
marks the middle of a period of phasically enhanced motor 
activity. Thus, both the motor and the PGO activity are 
likely to have a common underlying trigger. The PGO-
associated motor activation may explain our finding that 
the maximum facilitating effect of PGO waves on the 
startle response occurred 50 ms after the PGO peak. Thus 
the same mechanisms that produce a generalized 
facilitation of 


