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Changes in pontine unit activity with REM sleep deprivation 
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Short term rapid eye movement (REM) sleep deprivation produced a decrease in waking &scharge rates of presumably noradrenerglc pontlne 
'REM sleep-off' cells and an increase in waking discharge rates of pontine 'REM sleep-on' cells. These changes can be viewed as a correlate 
of increased REM sleep pressure. Slowing of REM sleep-off cells in waking is hypothesized to counteract the functional effects of REM sleep 
loss on noradrenerglc receptor sensitlwty This slowing and the resulting reduction in noreplnephrlne release may contribute to the loss of 
vigdance seen with sleep deprivation. 

INTRODUCTION 

Rap id  eye m o v e m e n t  ( R E M )  sleep depr iva t ion  pro- 

duces  a n u m b e r  of  behav iora l  changes inc luding hyper-  

phagia ,  hypersexual i ty  9'1°'36, increased  aggressiveness 15, 

increased  activity levels 34, reduc t ion  of seizure thresh- 

old s, and  reversal  of  e n d o g e n o u s  depress ion  37. These  

changes  are para l le l led  by a l tera t ions  in evoked  re- 

sponses  18'27'35. R E M  sleep depr iva t ion  may  also p roduce  

shifts in receptor  sensit ivi ty L22'23'32. However ,  most  of 

these  changes  take  as long as 2 weeks to develop ,  

indica t ing  that  the bra in  is able  to compensa te  for the 

effects of shor t - t e rm R E M  sleep depr iva t ion .  Total  R E M  

sleep depr iva t ion  in rats is lethal  after 16-54 days 19. 

Desp i te  the large n u m b e r  of studies on the behaviora l  

effects of  R E M  sleep depr iva t ion ,  there  have not ,  to our  

knowledge ,  b e e n  any  studies  of n e u r o n a l  activtty dur ing  

sleep depr iva t ion .  The  chronic  microwire  t echn ique  ~4'31 is 

capable  of m a i n t a i n i n g  stable s ingle-uni t  recordings for 

per iods  of several  days. We have t aken  advantage  of  this 

ex t r ao rd ina ry  stabil i ty to s tudy n e u r o n a l  activity dur ing  

R E M  sleep depr iva t ion  using the p la t form depr iva t ion  

t echn ique  36. O u r  target  for these init ial  studies was the 

dorsola tera l  pons ,  an area  k n o w n  to be critically involved 

in gene ra t ing  R E M  sleep, and  to con ta in  neu rons  that  

select ively increase  or decrease  their  actwity dur ing  this 
state 29 

MATERIALS AND METHODS 

Three mongrel cats served as subjects Surgical and recording 
procedures were as described previously sx. 

Before surgery the cats were habituated to the experimental 
chamber and slept on a 'large' (30 × 35 cm) platform mounted 27 
cm above the surface of a 5 cm deep pool of water. They were also 
habituated to a 'small' (12 x 12 cm) platform for 6 h a day for at 
least two sessions spaced at 1-2 day intervals When a unit with 
signal/noise ratio > 3/1 was discriminated, it was recorded for at 
least 1 h to confirm the stability of the signal The cat was then 
transferred to the large control platform. The platforms were in a 
well ventilated 55 x 58 x 85 cm chamber Baseline recordings with 
the cat on the large platform were continued until at least 3 REM 
sleep episodes were obtained 

In order to classify cells into types on the basis of their sleep 
&scharge pattern during baseline recordings, the &scharge rate of 
neurons for 2 mln continuously during REM sleep and equal periods 
durmg the preceding non-REM sleep and quiet waking 33 periods 
was determined Unit discharge during 3-8 episodes of REM and 
non-REM sleep for each neuron were counted using a MINC 1123 
computer and compared by t-test A mean of 13 6 h of baseline data 
was collected for the determination of baseline sleep state distri- 
bution. 

After the control recording was completed, the large platform was 
replaced, m the same chamber, by the small platform, where the cat 
was able to stand, turn and sit Though the cat could go into 
non-REM sleep on the small platform, it was unable to assume the 
side-down posture required for REM sleep During the deprivation 
procedure the cat was fed once a day during a 30 min period 
between 12.00 and 13 00 h For feeding, the cat was removed from 
the platform and given one can (160 g) of moist Kal Kan cat food 
and water ad lib The cat was under constant observation during the 
feeding period to be sure that no sleep occurred In two cases, 
polygraph recording was carried out during the feeding period to 
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confirm the absence of sleep. The deprivation period lasted a mean 
of 28.8 h. At the end of deprivation, the smaller platform was 
replaced by the larger one used during the baseline recording, for 
the sleep recovery period, which lasted a mean of 32.4 h. 

Stability of unit waveforms was assessed by oscilloscopic moni- 
toring of the waveform at least once every 15 min, throughout the 
studies. The unit waveforms were periodically photographed for 
comparison with the initially observed waveform. Unit potentials 
from cells used in the study either showed no change or gradual 
change in signal-to-noise ratio throughout the experiment. Cells 
with abrupt changes in signal to noise ratio or waveshape were 
dropped from the study. The pattern of change in discharge rate 
with sleep state, the waveshape, and the behavioral correlates of 
discharge 31, were in every case the same after recovery from 
deprivation as they were during the baseline The duration of the 
recovery observation period was equal to the duration of the 
deprivation period, except for those cases in which the unit 
recording was lost. Once a unit was studied in the deprivation 
paradigm, a period of at least 7 days was allowed for recovery before 
any new unit was studied in the same cat. 

Sleep states were scored, using the Ursin-Sterman critena 33. 
Scoring epochs were 60 s long. Four 1 h periods were independently 
scored by two investigators and interscorer reliability was 91% (97% 
for REM sleep, 97% for waking, 82% for slow wave sleep 1 (SWS1) 
and 74% for SWS2). To determine the effect of the REM sleep 
deprivation procedure on waking finng rate, unit firing rates from 
the last h of the predeprivation (baseline) condition, last h of 
depnvation and last h of the recovery period were counted. In each 
1 h period, the first 5 episodes of quiet waking 33 were scored for unit 
discharge rate (average total duration of quiet waking samples in 
each 1 h period = 17.5 min) The significance of differences was 
determined with the BMDP statistical package. A y = log(x + 0.5) 
transformation was made to reduce skewness and increase variance 
homogeneity between cells and cell types A repeated measure, 
two-way analysis of variance (module 2V) was then used to 
determine the significance of observed changes. 

Recording sites were labelled with iron deposition by passing a 15 
/~A current for 5 s at the bottom of each m~crowlre track. Cats were 
sacrificed with an overdose of sodium pentobarbital, perfused with 
saline and 10% formalin and the brains were histologically analyzed 
with standard techniques. 

RESULTS 

Effects o f  p lat form on sleep 

Conf inement  to the small p la t form comple te ly  elimi- 

na ted  R E M  sleep (Table I). The  small p la t form restric- 

t ion also reduced  the total  t ime in n o n - R E M  sleep,  with 

the most  marked  effects on SWS2. While  R E M  sleep is 

always accompanied  by a comple te  loss of  muscle tone,  
the  nuchal  muscles are of ten atonic in SWS229'31,33. Thus 

this a tonia ,  which would be impossible to maintain on the 

small  p la t form,  could account for the reduct ion in SWS2 
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along with R E M  sleep. Previous studies of the p la t form 

depr ivat ion technique in cats have not  separa te ly  scored 

for SWS1 and SWS227,36. The  hand  awakening technique 

for human R E M  sleep depr ivat ion ,  is known to reduce 

n o n - R E M  sleep t ime as. Thus while R E M  sleep depriva-  

t ion techniques produce  a d i spropor t iona te  reduct ion in 

R E M  sleep,  n o n - R E M  sleep stages are  also al tered.  

Since R E M  sleep-off  ceils show great ly reduced  activity 

levels during R E M  sleep and the immedia te ly  preceding 

SWS2 state 5'17, our  depr ivat ion  condit ions great ly re- 

duced both of  the states during which locus coeruleus 

cells are inactive. R E M  sleep-on cells s tart  discharging in 

SWS2 pr ior  to R E M  sleep onset  28, and therefore  this 

per iod  of accelerat ion was also e l imina ted  by the depri-  

vation.  Total  t ime in R E M  sleep and SWS2, and 

propor t ion  of  s leep devoted  to R E M  sleep and SWS2 

increased to above  basel ine levels during the recovery 

per iod  (Table I). 

Effects o f  R E M  sleep deprivation on discharge rate 

Sixteen cells were each held  for an average of  74.8 h of 

cont inuous recording during which t ime R E M  sleep was 

depr ived for an average of 28.8 h (Table II) .  Dur ing  this 

per iod  an exper imente r  was cont inuously present  to 

moni tor  unit waveshape.  Cells which could not  be held 

for at least 48 h continuously,  or  which showed changes 

in unit  waveform as descr ibed above ,  were  d ropped  from 

the study. For  purposes  of da ta  analysis,  cells were 

divided into 3 groups on the basis of their  basel ine 

discharge pat terns ,  ' R E M  sleep-off '  (n = 5), ' R E M  

sleep-on '  (n = 3), and ' o the r '  (n = 8) cell types. R E M  

sleep-off  cells were def ined as those  with significantly 

(p < 0.05, t-test) lower rates in R E M  sleep than in both 

n o n - R E M  sleep and active waking 33. Two of  the 3 tes ted 

R E M  sleep-off  cells s topped  firing during the scruff 

immobi l i ty  reflex, as descr ibed by Reiner  26. R E M  sleep- 

on cells were def ined as those with significantly higher 

discharge rates in R E M  sleep than in both  n o n - R E M  

sleep and active waking. Al l  cells not  meet ing  the cri teria 

for R E M  sleep-on or  R E M  sleep-off  cells were classified 

as 'o ther ' .  The  most common  pa t te rn  seen in the 'o ther '  

cells was e levated  activity during both waking and R E M  

sleep when compared  to n o n - R E M  sleep. Reco rded  cells 

TABLE I 

Sleep state changes during deprivation and recovery in REM sleep-off 
cells in % total urne 

%Awake %Sleep %SWS1%SWS2 %REM Hours 

Baseline 41.3 58.7 27.2 17.0 14 6 6.8 
Deprivation 78 7 21.3 17.8 3.5 0 0 20.4 
Recovery 47.2 52.8 16 4 18.6 17.8 14.0 

TABLE II 

Duranon of studies m hours 

n Baseline Depnvanon Recovery 

REM sleep-off cells 5 6.8 20.4 14.0 
REM sleep-on cells 3 15.7 41 7 39.0 
Other cells 8 17.0 26.4 41.4 
Overall 16 13.6 28.8 32.4 
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Fig. 1 Effect of REM sleep deprivation on waking discharge rates 
of 'REM sleep-off' cells. Each tracing shows the rate changes seen 
in a single unit during baseline, REM sleep deprivation and 
recovery. Deprivation reduced discharge rate m all recorded cells, 
with return towards baseline levels with recovery sleep. 

were distributed throughout the dorsolateral pons be- 
tween P1 and P5, L1.5 and L3.0, H0 and H-5. REM 

sleep-on and -off cells were both located in the locus 
coeruleus and in the subcoeruleus region, as previously 
described2,5,16,17, 28. 

Two-way ANOVA revealed no significant difference 

between waking discharge rate in baseline, deprivation 

and recovery periods when considering all cell types. 
There was also no significant difference between baseline 
and recovery periods for any single cell type. However, 

there was a significant interaction between cell type and 
the change induced by deprivation (p < 0.002, two-way 

repeated measure ANOVA, deprivation vs baseline + 
recovery/2 x cell type). This effect was due to opposite 

directions of change in REM sleep-off and REM sleep-on 
cells. Fig. 1 shows the response of REM sleep-off cells to 

REM sleep deprivation. Waking discharge rate was 

reduced during deprivation in all 5 cells. Rates returned 
towards baseline levels in all 3 cells that could be 
recorded after recovery sleep. The opposite pattern was 
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Fig. 2. Effect of REM sleep depnvauon on waking d~scharge rates 
of 'REM sleep-on' cells Deprivation increased discharge rate in all 
recorded cells. After recovery sleep, waking discharge levels 
decreased m two cells, but continued to increase in third 

100 O. 

OTHER CELLS 

a 
z 
o 

u3 

,y, 

CD 

9 

100-  

10 
BASIZLINE DEPRI~/ATION RECOVERY 

Fig. 3 Effect of REM sleep deprivation on waking discharge rates 
m 'other' cell types. No consistent pattern was seen in th~s group. 

seen in two of the 3 REM sleep-on cells (Fig. 2). The 

third REM sleep-on cell did not show a return to baseline 
levels by the end of the recovery period. We were unable 

to find any variable that distinguished this cell from the 
cells whose waking discharge rates returned towards 
baseline levels after recovery sleep. As a group, the 

'other' cell types showed no consistent change in dis- 
charge rate with deprivation (Fig. 3). 

DISCUSSION 

We have found that REM sleep deprivation alters 
waking firing rates in pontine REM sleep-on and REM 

sleep-off cells, while having no consistent effect on other 
cell types. In any sleep deprivation experiment, the issue 
of stress as a cause of the observed effects arises. In the 

present study, we have taken the approach of using a 
short period of REM sleep deprivation to minimize 

stress. We have also used a large platform control that 
produced minimal REM sleep deprivation, while provid- 
ing a comparable behavioral environment. Recovery and 

baseline REM sleep occurred on the large platform, 
showing that the changes observed during deprivation 
were not secondary to platform restriction. Nevertheless, 
one could still argue that the small platform was more 

stressful than the large platform and that this accounts for 
the altered umt activity rates. However, the rate changes 
we observed in REM sleep-off units were not consistent 
with such an explanation. A number of studies have 
shown that stress tends to increase firing in REM 
sleep-off neurons, and to also increase norepinephrine 
(NE) release 2"3"4"5"11"12"17. REM sleep-off cells in the 

dorsolateral pons are thought to be predominantly 
noradrenerglc cells of the locus coeruleus complex 5' 
16,17,25 In the present study we find that REM sleep 

deprivation produced a decrease in unit firing, the 
opposite of the change predicted by a stress explanation. 

The discharge rates during basehne and deprivation 



conditions were taken during desynchronized EEG con- 
ditions, utilizing the usual scoring criteria 33. Thus the 
altered discharge rate could not result from increased 
sampling at times when the EEG was synchronized in the 
REM sleep deprivation condition. Nevertheless, one 
could view the REM sleep-off unit activity change as a 
result of a more subtle 'state' change during deprivation. 
That is, sleepiness could be hypothesized to produce a 
slowing of discharge in REM sleep-off cells without 
observable change in the EEG,  in addition to the 
previously reported intrusion of 'microsleep' episodes 
accompanied by EEG changes 13. Subtle changes in the 
EEG might be observable using power spectral analysis 
or other techniques. Conversely, one could view the 
altered activity in REM sleep-off cells as a cause of a 
subtle state change. There is ample evidence that NE 
release by the locus coeruleus is critically involved in the 
regulation of states of alertness 3'5'17. The present data do 
not allow us to choose between these two alternatives. 
Indeed, since the locus coeruleus is in active interaction 
with adjacent cells of the cholinergic pontine nuclei in the 
regulation of level of arousal 4'6'7'2°'21, it is not likely that 

the cause/effect distinction is useful in this case. In any 
event, the present results demonstrate that diminished 
activity in REM sleep-off cells and increased activity in 
REM sleep-on cells is a correlate of REM sleep depri- 
vation. 

One of the key early observations after the discovery 
of REM sleep was that REM sleep deprivation produced 
increased REM sleep 'pressure' that was manifest in 
more frequent attempts to enter REM sleep and a large 
REM sleep rebound when the deprived subject was left 
undisturbed 9'24"36. The changes in unit activity that we 
report here can best be seen as a correlate of this 
increased REM sleep pressure. Thus, REM sleep-off 
cells are by definition those cells which decrease rate, and 
REM sleep-on cells those which increase rate, in REM 
sleep. We have found that during REM sleep depriva- 
tion, both cell types show rate changes in the direction of 
their normal rate changes during REM sleep. These 
changes can be seen as either a cause or as a result of the 
greater REM sleep pressure that develops during depri- 
vation, as well as being a correlate of changes in arousal 
brought about by sleep deprivation. 

Although we are seeing a shift in activity towards the 
REM sleep pattern in the REM sleep-on and REM 
sleep-off cell groups, we must emphasize that these 
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