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Abstract

In many dorsolateral pontine neurons, auditory stimulation produces an initial excitation followed 

by a sustained inhibition. We now report that rapid eye movement (REM) sleep deprivation, for 

periods of from 22–48 h, reduced this auditory evoked inhibition of unit discharge. Inhibition 

returned to baseline levels after recovery REM sleep. Prior work indicates that the auditory evoked 

inhibition seen in noradrenergic cells in this region is partially mediated by norepinephrine. We 

hypothesize that the reduction in inhibition that we see is a consequence of either downregulation/

desensitization of norepinephrine receptors or reduced norepinephrine release resulting from REM 

sleep deprivation.
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More than 35 years after its discovery, the function(s) of rapid eye movement (REM) 

sleep remain unclear. We have hypothesized that an important function of REM sleep is to 

upregulate, or interrupt the downregulation of norepinephrine (NE) receptors occurring in 

waking20. This hypothesis is based on the following findings. Noradrenergic neurons of the 

locus coeruleus discharge continuously during both active and quiet waking states. The only 

time at which such activity is substantially reduced is in sleep, with a virtually complete 

cessation of activity occurring during REM sleep4,9,10,11,16. The continuous application of 

NE agonists has been shown to produce a downregulation/desensitization of NE receptors20. 

We have therefore hypothesized that the interruption of NE release in REM sleep is 

a mechanism for preventing this desensitization. This hypothesis predicts that synaptic 

responses utilizing NE will be attenuated by REM sleep deprivation.

Sensory stimulation has been shown to produce a phasic excitatory response followed by 

a long duration suppression of activity in dorsolateral pontine cells recorded in the cat and 

rat5,10,11,14,15. Two mechanisms have been found to be involved in the stimulation-evoked 

suppression of activity. One is a norepinephrine mediated collateral inhibition from locus 
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coeruleus cells1. The second is a calcium-mediated potassium conductance, not utilizing NE 

receptors3. Recent work has determined that both calcium and NE-mediated mechanisms 

contribute, in approximately equal amounts, to the inhibition following sensory stimulation7.

Therefore, our hypothesis would predict that loss of REM sleep, and consequent 

downregulation of NE receptors, will produce a reduction in the NE-mediated inhibition 

resulting from sensory stimulation. In the present study, we recorded from single units in 

the dorsolateral pons of the freely moving cat and determined their response to auditory 

stimulation. We then deprived the animal of REM sleep, while permitting non-REM sleep, 

for 22–68 h, and again observed the response of the same unit to auditory stimulation. We 

found that REM sleep deprivation reduced the stimulation evoked inhibition and that this 

inhibition returned after recovery sleep. To our knowledge, this is the first demonstration of 

an effect of sleep deprivation on neuronal responsiveness at the single unit level.

Three mongrel female cats served as subjects. They were habituated to the chamber and 

recording platforms and then implanted with electrodes for recording unit activity in the 

dorsolateral pons, as previously described13,19.

We were able to acquire extremely long duration single unit recordings by using flexible 

formvar insulated 32 µm microwires protruding 7 mm from the head-mounted microdrives, 

and by moving the drives at a very slow rate while searching for active units. Drives were 

advanced no more than 100 µm/day and were not moved at all for the duration of the 

experiment after single units were isolated. Once a unit with signal to noise ratio > 3/1 was 

discriminated, recording was performed for at least one hour to confirm the stability of the 

waveform. The cat was then transferred to a 30 × 35 cm control platform 27 cm above the 

surface of a 5 cm deep pool of water. The tank was placed in a well ventilated 55 × 58 × 85 

cm recording chamber, with a 15 × 40 cm glass window.

The unit signal, electroencephalogram (EEG), electromyogram (EMG), electro-oculogram 

(EOG), and lateral geniculate nucleus (LGN) ponto-geniculo-occipital (PGO) spikes, were 

recorded. The cats were fed once a day (between 12.00 and 13.00 h) throughout the study. 

After baseline recording on the 30 × 35 cm control platform was completed, the platform 

was replaced by a smaller 12 cm × 12 cm platform13,17,23 to deprive the animal of REM 

sleep while permitting non-REM sleep. The shallow pool of water serves to prevent the 

animal from sleeping on the chamber floor. Cats walk and play in the water. However, they 

climb back to the platform to sleep. While they can have slow wave sleep on the platform, 

the muscle relaxation that accompanies REM sleep causes them to extend their body over 

the edge of the platform and arouse. This is analogous to the case of a human sleeping in 

a chair without adequate head support. We have never seen a cat fall off the platform in 

waking or sleep. The large platform was returned to the chamber for recovery sleep13.

Five ms, 3 kHz, 100–105 dB SPL tones were presented in blocks of 50, given in 

a randomized sequence at intervals of 15–30 s. Peristimulus interval histograms were 

calculated. Histograms were collected during quiet wakefulness22 in pre-deprivation, 

deprivation and recovery periods. Units which were lost prior to 22 h of deprivation were not 

used in our analyses. All other units with auditory response were studied. Three of the cells 
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(U19 [Unit 19 in our series],U21,U25) were first discriminated at the start of the deprivation 

procedure, and therefore did not have pre-deprivation data, but did have recovery data.

After the end of deprivation, and once the neuronal response to auditory stimulation had 

returned to the control level for at least 12–24 h, the effect of the α2 adrenergic agonist 

clonidine on auditory response was studied. Baseline histograms were collected, then 

clonidine (25 µg/kg) was injected i.p. and auditory response retested 30 min later.

The baseline prestimulus mean spikes per bin was calculated for each histogram for the 160 

ms preceding the stimulus. The period of discharge suppression (inhibition) was defined 

as follows: the bins after the stimulus having the minimum spike count were identified. 

Adjacent bins before and after the midpoint of these bins were included up to the point 

where the number of spikes per bin was 50% of the mean firing rate of the pre-stimulus 

period. The period thus defined for the first recorded baseline histogram was then employed 

in the analysis of subsequent histograms from that unit. For all the statistical analyses, values 

from at least 5 histograms in each condition were available.

Six cells (U19, U21, U22, U25, U27, U35), localized to the dorsolateral pontine reticular 

formation (Fig. 1), were each continuously recorded during a mean of 33 h of REM sleep 

deprivation and 53.7 h of recovery and pre-deprivation sleep. In baseline recordings, the 

discharge rates in these cells were 18.4 ± 15.7 in active waking, 8.7 ± 8.7 in quiet waking, 

8.8 ± 9.3 in slow wave sleep, and 22.3 ± 22.2 in REM sleep, thus it is unlikely that these 

cells were noradrenergic2,4,6,8,9,11.

Restriction to the small platform eliminated REM sleep and reduced stage 2 non-REM sleep. 

The REM sleep loss was largely made up during the first 14 h of the recovery period13.

Stimulation produced an inhibition of unit discharge with a latency of 37 ± 17.2 ms after 

auditory stimulus onset and a duration of 54 ± 40.4 ms. This inhibition (Fig. 2) was preceded 

by an increase in discharge rate with a mean latency of 12.4 ± 3.4 ms and 20.6 ± 8.6 ms 

duration in 4 of the cells. The other two cells showed inhibition of background discharge 

without a preceding facilitation. Auditory response was tested at the end of deprivation 

and at the end of the recovery period in all 6 cells, and also prior to deprivation in 3 of 

these cells. The inhibition was significantly smaller after REM sleep deprivation than after 

recovery sleep (P < 0.001, paired t5 = 6.57; Fig. 2, Fig. 3). The pre-deprivation and recovery 

data were not significantly different (Table I).

The change in inhibition was not due simply to restriction to the small platform during 

testing. The effect was present in cells recorded from cats moved to either large or small 

platforms for either the baseline or deprivation auditory stimulation tests, after deprivation 

on the small platform (Fig. 3). The effect could also not be attributed to small changes in 

EEG state during the test procedure. As illustrated in Fig. 4, the reduction of inhibition with 

deprivation could be seen if auditory stimulation was delivered during epochs with EEG 

synchrony or on a desynchronized background.

Since clonidine at doses of 2–4 µg/kg is known to dramatically reduce discharge in 

locus coeruleus neurons16, we hypothesized that clonidine administration would reduce 
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auditory evoked inhibition, as did REM sleep deprivation. Three cells with auditory induced 

inhibition were tested after clonidine administration. In each case, clonidine reduced the 

auditory induced inhibition (P < 0.001, paired t2 = 8.12; Fig. 5).

REM sleep deprivation decreased or abolished the auditory induced inhibition of unit 

discharge. Recovery REM sleep restored this inhibition to baseline levels. Since these cells 

were not of the ‘REM sleep-off’ type, it is unlikely that they were noradrenergic2,4,6,8,9,11. 

They were, however, intermixed with REM sleep-off cells that we were studying at the 

same time13. The recorded cells may be cholinergic or may have any of a number of other 

transmitters that are concentrated in this region12,18,21,24. We emphasize that all dorsolateral 

pontine cells we encountered that showed the auditory induced inhibition, had a reduction 

of this inhibition with REM sleep deprivation. We hypothesize that the auditory evoked 

inhibition seen in these cells is mediated by collaterals of neighboring NE cells, as is the 

case with auditory evoked inhibition in norepinephrine-containing cells. Our evidence that 

clonidine reduces the auditory stimulus induced inhibition seen in these cells is consistent 

with the hypothesis that this inhibition is mediated, at least in part, by norepinephrine7.

The reduction of inhibition that we have seen demonstrates an effect of REM sleep 

deprivation on sensory response at the single unit level. We have previously reported a 

reduction in discharge of NE containing REM sleep-off cells with REM sleep deprivation13. 

These findings are both consistent with our hypothesis that REM sleep serves to maintain 

the sensitivity of NE receptors. Thus, we interpret the reduction in the waking discharge of 

NE-containing cells with REM sleep deprivation as a protective response, that evolved to 

slow the progressive reduction of NE receptor sensitivity resulting from sleep loss. In this 

context, the reduction of auditory-induced inhibition that we see in the present study can be 

seen to be a result of a reduced NE release. Alternatively, the reduced inhibition could be a 

result of a reduction of NE receptor sensitivity caused by the REM sleep deprivation. Further 

work would be necessary to distinguish between these alternatives, which are not mutually 

exclusive. It is also possible that other transmitters are involved in the loss of the auditory 

evoked inhibition of unit activity that we have observed after REM sleep deprivation.
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Fig. 1. 
Distribution of recorded cells within the dorsolateral pons. Cells are plotted on sagittal 

section, 2.9 mm lateral to midline. Laterality of recorded cells ranged between 2 and 3.5 

mm from midline. CAE indicates position of locus coeruleus; IC, inferior colliculus; SC, 

superior colliculus.
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Fig. 2. 
Oscilloscope tracing of 5 superimposed sweeps showing auditory evoked excitation 

followed by inhibition. REM sleep deprivation produces a reduction in inhibition, which 

is restored with recovery sleep. Stimulus artifact indicates onset of auditory stimulus.
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Fig. 3. 
Poststimulus interval histograms of unit discharge to auditory stimulation with deprivation 

and recovery. Figure illustrates the reduction of inhibition in U27 with REM sleep 

deprivation, and the persistence of this effect with variations in firing rate and with both 

small platform (SP) and large platform (LP) testing. In the top 3 panels, the unit was tested 

on the small platform prior to REM sleep deprivation, after REM sleep deprivation and after 

recovery. In the middle series, all tests were done on the large platform. In the bottom series 

the first two tests were performed on the small platform and the third on the large platform.
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Fig. 4. 
Independence of auditory evoked inhibition from variations in the EEG. Inhibition was 

present prior to REM sleep deprivation in both drowsy (synchronized) and desynchronized 

states22 prior to deprivation, but was absent in both conditions after deprivation.
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Fig. 5. 
Clonidine reduced auditory evoked inhibition of unit discharge.
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TABLE I
Changes in inhibition with REM sleep deprivation

Ratio of prestimulus spikes per bin to spikes per bin during period of inhibition. Inhibition ratio was lower 

after deprivation than in baseline and recovery conditions. Duration of baseline, deprivation, and recovery 

conditions is given in parentheses.

Unit number Baseline Deprivation Recovery

19 1.6 (22 h) 2.4 (50 h)

21 1.9 (22 h) 3.8 (50 h)

22 3.2 (20 h) 1.5 (24 h) 2.4 (22 h)

25 1.4 (23 h) 3.0 (22 h)

27 2.3 (3 h) 1.3 (40 h) 2.4 (30 h)

35 1.7 (24 h) 1.1 (68h) 2.0 (101 h)

Mean 2.4 (15.7 h) 1.5 (33 h) 2.7 (45.8 h)
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