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MITLER, M. M., H. B. COHEN, J. GRATTAN, J. DOMINIC, T. DEGUCHI, J. D. BARCHAS, W. C. DEMENT AND S. 
KESSLER. Sleep and serotonin in two strains o f  Mus musculus. PHARMAC. BIOCHEM. BEHAV. 1(5) 501-507 ,  
1973.-Two strains of Mus musculus, C57BL/10J and BALB/CJ, were studied in an attempt to check for any naturally 
occurring correlation between sleep and brain serotonin. The C57BL/10J compared with the BALB/CJ had more slow 
wave sleep throughout the day and particularly during hours of darkness. During peak sleep periods, C57BL/10J also 
had more REM sleep. At three different times of the day (1200, 1600, and 0400 hr) neurochemical assays were done 
on brain stem and cerebral cortex for tryptophan and serotonin levels and for trytophan hydroxylase activity. An 
inspection of the ordering of means for strains suggested that the greater amount of slow wave sleep for C57BL/10J 
was paralleled by higher brain stem and cortex tryptophan levels, higher cortex tryptophan hydroxylase activity, and 
higher cortex serotonin levels. An inspection of temporal trends across strain and time of day suggested that slow wave 
sleep may vary negatively with brain stem tryptophan hydroxylase activity, brain stem serotonin level, and cortex 
tryptophan level. While no simple sleep-serotonin relationship obtained, because of such trends the data were inter- 
preted as being generally consistent with the hypothesis of an active serotonergic sleep inducing mechanism in brain. 

Sleep Serotonin Mus musculus Brain biogenic amines 

R E C E N T L Y ,  there  has been  m u c h  in te res t  in the  role t ha t  
5 - h y d r o x y t r y p t a m i n e  ( s e r o t o n i n )  migh t  play in the  organi-  
za t ion  of  sleep and  wakefulness .  Jouve t  [9 ,10]  has pro- 
posed,  on  the  basis of  b ra in  lesion and  pharmaco log ica l  
s tudies ,  t ha t  several groups  of  neu r ons  in the  b ra in  s tem 
raphe  sys tem,  k n o w n  to  con ta in  exclusively s e ro ton in  [ 2 ] ,  
c o n s t i t u t e  an active s leep- inducing sys tem.  These  s tudies  
suggested t ha t  sleep r e d u c t i o n  varies d i rec t ly  wi th  the  
e x p e r i m e n t a l  r e d u c t i o n  of  b ra in  se ro ton in .  However ,  sub- 
s equen t  work  in our  l a b o r a t o r y  has cast some d o u b t  on  the  
genera l i ty  of  the  direct  re la t ion  b e t w e e n  sleep and  sero- 
ton in .  D e m e n t  et al. [5] and  D e m e n t ,  Mitler and Henr iksen  
[4]  have s h o w n  tha t  sleep in the  cat  is p r o f o u n d l y  reduced  
as an init ial  response  to  s e ro ton in  dep le t ion  by  chron ic  
p a r a c h l o r o p h e n y l a l a n i n e  t r e a t m e n t ,  bu t  t ha t  later,  while 
s e ro ton in  levels are still at t he i r  lowest  values,  sleep re tu rns  
to  as m u c h  as 70 pe rcen t  of con t ro l  values. 

We felt,  t he re fo re ,  t ha t  it would be useful  to  begin  
assessment  of  s e ro ton in ' s  role in sleep w i t h o u t  the  use of  
lesions or drugs by  compar ing  sleep in two  s t ra ins  of  Mus 
musculus having d i f ferences  in b ra in  se ro ton in .  Such  a 
genet ic  app roach  a t t e m p t s  to  re la te  behaviora l  d i f ferences  
to  e n d o g e n o u s  d i f ferences  in s e r o t o n i n  and avoids neuro -  
physiological  ope ra t ions  or drug admin i s t r a t ion .  Fur the r -  
more ,  since compar i sons  were in t raspeci f ic ,  ou r  data  were 
no t  subjec t  to  the  m a n y  diff icul t ies  involved in i n t e rp re t i ng  
cross-species compar i sons .  (See Hodos  and Campbel l  [7] 
for  a cri t ical  d iscussion of  cross-species approaches . )  

C 5 7 B L / 1 0  and  BALB/C strains  were selected for  s t u d y  
since earl ier  work  has shown  tha t  C 5 7 B L / 1 0  mice have 
lower  levels of  s e ro ton in  t han  do  BALB/C in bra in  s tem 
sect ions  [ 1 1,1 5] .  We now repor t  resul ts  of  sleep compar i -  
sons along wi th  ex tens ive  data  on  s e r o t o n i n  chemis t ry  in 
these  two  strains.  

~Portions of the data reported here were presented at the 1 l th  Annual Meeting of the Association for the Psychophysiological Study of 
Sleep, May 4 -7 ,  1972. Abstract reference: Mitler et al. [12]. 

2This research was supported by NASA grant NGRO5020168 and by NIH Grants 13860 and 13259. Merrill M. Mitler is supported by NIH 
Training Grant MH 8304. Jack D. Barchas and William C. Dement hold NIMH Research Scientist Career Development Awards MH 24161 and 
MH 5804 respectively. Thanks are due to Jon Glick, Dave Orlean and Regan Asher, Pamela Angwin, Elizabeth Erdelyi and Humberto Garcia 
for invaluable technical assistance. We also wish to thank Dr. Jean Rensen for his advice and criticisms. 

3 Requests for reprints should be sent to Merrill M. Mitler, Sleep Laboratory, Department of Psychiatry, Stanford University School of 
Medicine, Stanford, California 94305. 
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Me th od 

Sleep Analyses 

Animals. Four C57BL/10J (C strain)and four BALB/CJ 
(B strain) male mice, supplied by Jackson Laboratories of 
Bar Harbor, Maine, were used. The mice were 70 120 days 
of age at the time of surgery. 

Surgery. Surgical implantation of recording leads was 
performed under pentobarbitol sodium anesthetic following 
the methods outlined by Mitler and Levine [ 13]. While still 
anesthetized, each mouse was placed in an individualized 
cage fashioned of two translucent plastic dishpans fitted 
top to top. The free end of a cable, permanently fixed to 
the skull, was plugged into a freely turning commutator  
which input to an eight-channel Model III electroencephalo- 
graph in another room. 

Recording procedure. Animals were housed individually 
and studied four at a time. Data for the entire C group were 
gathered first since no B mice were then available. However, 
all sleep data were gathered within an 11-week interval 
(3/29/71 to 6/10/71). Housing and recording conditions 
were identical for both strains. Individualized, translucent 
recording cages were placed in an isolated recording room 
having an 18-22  °C temperature range and a 12L 12D 
lighting schedule (light onset at 0700 hr). Ample food, 
water, and bedding material were provided so that the mice 
could be left unhandled and undisturbed for the entire 
13-day run. 

The first nine days were allowed for recovery from 
surgery, acclimation to the environment, and acceptable 
test recordings to be obtained. At 0800 hr on the tenth day 
after surgery, four days of continuous electroencephalo- 
graphic and electromyographic recording began. 

Scoring. Each day was divided into three eight-hour 
segments: 0 8 0 0 - 1 6 0 0  hr, 1600 2400 hr, and 2400 0800 
hr. Records were scored for the behavioral states of wake- 
fulness, slow-wave sleep (SWS), and REM sleep. Resolution 
was carried to the nearest three-second division with the 
restriction that only state changes lasting more than six sec 
would be scored. 

Neurochemical Analyses 

Animals. Seventy-two C and 72 B male mice (70 -120  
days of age) supplied by Jackson Laboratories of Bar 
Harbor, Maine, were used. All animals were housed individ- 
ually for at least three weeks and kept on the same 
12L 12D light schedule as that used in our sleep compari- 
sons. All studies were performed during a three-week period 
(9/21/72 to 10/7/72). 

Tryptophan levels. The brain stems (from anterior hypo- 
thalamus to medulla excluding cerebellum) and cortexes of 
eight C and eight B mice were removed and frozen on dry 
ice during each of the hours: 11:30 12:30, 19:30 20:30, 
and 3:30 4:30 of a single day. Thus, for each strain x 
eight-hour period x brain segment cell, we had eight 
samples. Tryptophan levels were later assayed flurometric- 
ally using the method of Denckla and Dewey [6].  

Tryptophan hydroxylase activity. Using the same dissec- 
tion procedures and sacrifice schedules, the in vitro activity 
of tryptophan hydroxylase was measured in the brain stems 
and cortexes of 24 C and 24 B mice using a modification of 
the method of Ichiyma and associates [3,8].  

Serotonin levels. The brain stems and cortexes of 24 C 
and 24 B mice were removed as above. Serotonin levels 

were flurometrically determined 
Barchas, Erdelyi and Angwin [ 1 ]. 
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using the method of 

RESULTS AND DISCUSSION 

Sleep Data 

Records showed no qualitative strain difference in elec- 
troencephalograms. 

The percents of each eight-hour period spent in quiet 
sleep and active sleep for each animal were analyzed with 
strain x recording day x eight-hour period analyses of 
variance with days and periods being treated as repeated 
measures. The effect of recording day was not significant 
for either dependent variable (F = 0.53 and 2.50, both 
d f=  3/18, both p>0.08 for quiet and active sleep respec- 
tively). Therefore data are collapsed across recording days. 
Entries have been transformed from the raw data to reflect 
percent of day instead of percent of period. 

Slow-wave sleep. The C mice spent more time in SWS 
than did B mice (F = 13.25, d f  = 1/6, p<0.001). Both 
groups showed pronounced nocturnality as indicated by 
SWS difference among eight-hour periods ( F = 4 9 . 6 2 ,  
d f  = 2/12, p< 0.001 ). Cell contrasts, however, indicated that 
SWS differences were pronounced only for 1600 2400 hr 
and 2400 0800 hr. (For such contrasts the two-tailed crit- 
ical values for t~=0.025 and t~=0.01 were 2.23 and 2.76 
respectively computed from the formula of Winer [19, 
p. 324].  The t for 0800-1600  hr, 1600 2400 hr and 
2400 0800 hr were 0.05, p>0.05;  2.41, p<0.025;  and 
2.93, p<0.01,  respectively.) 

REM sleep. With respect to percent of time spent in 
REM sleep (Table 2), the strains did not differ significantly 
(F = 2.02, dr= 1/6, p>0.21).  Most REM sleep occurred 
during the period of greatest SWS, 0800-1600  hr, as 
reflected by the eight-hour period effect (F = 50.18, d r =  
2./12, p< 0.001 ). The strain x eight-hour period interaction 
only approached significance (F = 2.54, da' = 2/12, 
p<0.25).  However, in spite of the nonsignificant strain and 
strain x eight-hour period effects for percent REM sleep, 
we decided to contrast strains for 0800 1600 hr sepa- 
rately, since so little REM sleep occurred elsewhere. Such a 
contrast suggested that during these hours C mice had more 
REM sleep than did B mice (t = 2.56, p<0.025).  

It should be noted here that our results for C57BL/10J 
are similar to those reported by Valatx, Bugat and Jouvet 
[18] for the related strain C57BR/cd/Orl.  Daily SWS was 
43.9% (compared to our 44.63%) and daily REM sleep was 
5.7% (compared to our 4.82%). 

Another facet of the sleep differences is shown in Table 
3 which presents REM sleep as a percentage of total sleep 
(100 x percent REM sleep/percent REM sleep plus percent 
SWS). On this measure there was no overall strain effect 
(F< 1.0). The effect of eight-hour period was pronounced 
(F = 14.46, d r =  2/12, p<0.001). Most important, however, 
was the strong strain x eight-hour period interaction effect 
(F = 10.86, df= 2/12, p<0.001).  This interaction is a statis- 
tical manifestation of two clear strain differences. First, 
from Table 3 it is clear that the percent of total sleep spent 
in REM sleep was greatest for C animals during 0 8 0 0 - 1 6 0 0  
hr while for B animals the greatest value for this measure 
occurred during 1600-2400  hr. Second, it appears that the 
composition of C sleep has pronounced circadian variation 
while the composition of B sleep is relatively uniform 
throughout the day. 
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T A B L E  1 

MEAN (+_ S.D.) DAILY PERCENT OF SLOW WAVE SLEEP AS FUNCTIONS OF STRAIN AND 
8-HR PERIOD 

0800-1600  hr 1600-2400 hr 2400-0800  hr Overall 

C57BL/10J 19.77 -+ 0.72 10.53 -+ 2.33 14.32 ± 1.57 44.63 +- 3.35 

BALB/CJ 19.70 +- 1.56 6.89 +- 0.17 9.90 -+ 4.12 36.49 +- 3.05 

Fstrain 
F8-hr period 
Fstrain × 8-hr period 

t0800-1600  hr 
/1600-2400  hr 
t2400-0800 hr 

= 13 .25 ,df  = 1/6, p<0.001 
= 49.62, d f  = 2/12, p<0.001 
= 2 . 1 8 , a f = 2 / 1 2 , p  NS 
= < l , p  NS 
= 2.41, p<0.025 (computed from the formula of  Winer [ 19, p. 324 ] ) 
= 2.93, p<0.01 (computed from the formula of  Winer [19, p. 324] ) 

MEAN (-+ S.D.) DAILY 

T A B L E  2 

PERCENT OF REM SLEEP AS FUNCTIONS OF STRAIN AND 
8-HR PERIOD 

0800-1600  hr 1600-2400 hr 2400-0800  hr Overall 

C57BL/10J 2.96 -+ 0.63 0.89 +- 0.21 0.98 -+ 0.29 4.82 -+ 0.85 

BALB/CJ 2.15 -+ 0.68 0.91 -+ 0.36 0.81 -+ 0.21 3.87 -+ 1.04 

Fstrain 
F8-hr period 
Fstrain × 8-hr period 

t0800-1600  hr 
t1600-2400  hr 
/2400-0800  hr 

= 1.55, d f  = 1/6, p<NS 
= 56.49, d f  = 2/12, p<0.001 
= 1.95, d f  = 2/12, p<0.25 
= 2.56, p<0.025 (computed from the formula of Winer [ 19, p. 324 ] ) 
= < l , p  NS 
= < l , p  NS 

T A B L E  3 

MEAN (+S.D.) PERCENT OF TOTAL SLEEP SPENT IN REM SLEEP AS FUNCTIONS OF 
STRAIN AND 8-HR PERIOD 

0800-1600  hr 1600-2400 hr 2400-0800  hr Overall 

C57BL/10J 13.14 -+ 2.54 8.09 +- 1.74 6.27 +- 1.27 9.17 -+ 1.55 

BALB/CJ 9.71 +- 2.75 11.58 +- 4.43 8.27 -+ 2.00 9.86 -+ 2.91 

Fstrain 
F8-hr period 
Fstrain X 8-hr period 

= 0 .175 ,d r  = 1 / 6 , p  NS 
= 14.46 ,df  = 2 /12,p<0.001 
= 10.86, d f  = 2/12, p<0.001 



504 M I T L E R  ET AL 

Sleep cycle length. We also e x a m i n e d  sleep cycle l eng th  
dur ing  0800  1600 hr.  The  cycle was def ined  as the  m e a n  
d u r a t i o n  f rom one  REM sleep per iod  offset  to  the  nex t  
REM sleep per iod  offset ,  regardless of  wha t  or h o w  m a n y  
o t h e r  s ta tes  in te rvened .  The  s t ra ins  did no t  d i f fe r  signifi- 
can t ly  on  this  measure  (16.7 + 5.29 m i n  vs. 12.79 + 4 .00  
min  for  C and B mice respect ively ,  F = 1.35, d r =  1/6, 
p > 0 . 2 5 ) .  There fore ,  the  m e a n  of  14.78 ± 5.56 min  is our  
bes t  e s t ima te  of sleep cycle l eng th  in Mus rnusculus. 

Our sleep da ta  thus  show tha t  C mice have more  daily 
SWS t h a n  B mice (44 .63% vs. 36 .49%)  and  t h a t  this  differ-  
ence  is p r o b a b l y  no t  a t t r i b u t a b l e  to  d i f fe rences  in sleep 
cycle length .  Our  f indings  also suggest t ha t  while daily REM 
sleep did no t  d i f fer  s igni f icant ly  b e t w e e n  s t rains  (4 .82% vs. 
3 .87% for C and  B, respect ively) ,  C mice  did show signifi- 
cant ly  more  REM sleep dur ing  the  e igh t -hour  per iod  of  
greates t  to ta l  sleep (2 .96% vs. 2.15%). F u r t h e r m o r e ,  the  
data  ind ica te  tha t  the  pe rcen t  of  to ta l  sleep spen t  in REM 
sleep is greates t  dur ing  the  per iod of  greates t  to t a l  sleep and  
varies in a clear d iurna l  fashion only  for  C mice. For  B mice  
this  variable  peaks dur ing  the  eight  hours  wi th  least sleep 
and shows less p r o n o u n c e d  d iurnal  per iodic i ty .  

Neurochemical Da ta 

In a p re l imina ry  s tudy  [12]  we f o u n d  t ha t  C mice  did 
no t  d i f fer  f rom B mice  in b ra in  s tem levels of  s e r o t o n i n  
(0 .930  ± 0 .32 ug/g vs. 0 .965 -+ 0.12 ~g/g, t< 1.0). Fu r the r -  
more ,  we f o u n d  t ha t  C mice had  h igher  s e r o t o n i n  levels in 
c o r t e x  t h a n  d i d  B m i c e  ( 0 . 5 0 4  _+ 0 . 0 6  tag/g vs. 
0 .408  ± 0.03 ug/g,  t = 7.12,  dr= 55, p < 0 . 0 0 5 ) .  Act iv i ty  of  
t r y p t o p h a n  hyd roxy l a s e ,  a crucial  e n z y m a t i c  s tep in the  
b iosyn thes i s  of  s e r o t o n i n  f rom t r y p t o p h a n ,  was lower  in C 
mice t han  in B mice for  b ra in  s t em samples  (3 .36 + 0.52 
n m o l e s / g / h r  vs. 4 .10  ± 0.77 nm o l e s / g / h r ,  t = 2.70,  dr= 22, 
p < 0 . 0 1 )  and h igher  t h a n  B mice  for  co r t ex  samples  
( 1 . 0 4  + 0.21 n m o l e s / g / h r  vs. 0 . 6 4 5  0.13 n m o l e s / g / h r ,  
t = 2.93, d f  = 16, p < 0 . 0 1 ) .  

Those  p re l iminary  n e u r o c h e m i c a l  da ta  were ga the red  
dur ing  0800  1600 hr  in animals  on  a l ight schedule  ident ica l  

to  tha t  used in the  sleep s tudy.  With such  data ,  we could 
see no  s imple re la t ionsh ip  b e t w e e n  sleep and se ro ton in .  
However ,  the  facts  tha t  we neu rochemica l l y  sampled  dur ing  
on ly  a few hours  of  the  day and tha t  there  were no  s t ra in  
d i f fe rences  in SWS t ime dur ing  t ha t  sampled  segment  could 
expla in  why  no clear s l eep-se ro ton in  re la t ionsh ip  was t hen  
no ted .  The  more  deta i led  data  r epo r t ed  here  deal wi th  th ree  
d i f f e ren t  po in t s  in the  s e r o t o n i n  b i o s y n t h e t i c  p a t h w a y  
beg inn ing  wi th  t r y p t o p h a n  and  end ing  wi th  s e r o t o n i n  and  
tap th ree  i m p o r t a n t  t imes since the  data  were ga thered  
f rom animals  killed dur ing  the  60 min  su r round ing  each 
m i d p o i n t  of  the  th ree  e igh t -hour  per iods  used in our  sleep 
analyses.  

The  data  for  t r y p t o p h a n  levels, t r y p t o p h a n  h y d r o x y l a s e  
act iv i ty ,  and s e ro ton in  levels were ana lyzed  by  s t ra in  x 
e igh t -hour  per iod  x brain  segment  analyses of  var iance.  

Table  4 summar izes  our  f indings  for  t r y p t o p h a n  levels 
by  s t rain,  e igh t -hour  per iod and  bra in  segment .  These  data  
show no s t ra in  or e igh t -hour  per iod  effects.  Brain  s tem level 
o f  t r y p t o p h a n  was clearly grea te r  t h a n  c o r t e x  level 
(F  = 503 .43 ,  d r =  1/4, p < 0 . 0 0 1  ). There  was a suggest ion of  
a s t r a i n x  b ra in  segment  i n t e r ac t i on  ( F = 3 . 1 8 ,  d r = l / 1 4 ,  
p < 0 . 1 ) ,  and fu r t he r  con t ras t s  disclosed t ha t  C mice  had  
sl ightly h igher  t r y p t o p h a n  levels in b ra in  s tem t h a n  did B 
mice (r =1.85,  d r = 4 6 ,  p < 0 . 1 0 ) .  F r o m  Table  4 it is clear 
t ha t  this  s t ra in  d i f fe rence  was due to values in the  
1600 2400  and 2 4 0 0 - 0 8 0 0  periods.  

Table  5 presen ts  data  for  t r y p t o p h a n  h y d r o x y l a s e  activ- 
i ty.  There  was on ly  a sl ight s t ra in  ef fec t  (F = 3.36,  
dr= 1/14,  p < 0 . 1 )  ind ica t ing  tha t  C mice  t e n d e d  to have 
lower  e n z y m e  activities.  There  was no  e igh t -hour  per iod 
effect .  Across groups,  t r y p t o p h a n  hyd roxy l a se  act iv i ty  was 
sharply  h igher  for  b ra in  s tem than  for  cor tex  (F = 618 .80 ,  
d r =  1/14,  p < 0 . 0 0 1 ) .  In te res t ing ly  there  was a s ignif icant  
s t ra in  x bra in  segment  i n t e r ac t i on  (F = 25 .83 ,  d r =  1/14,  
p < 0 . 0 0 1 )  which  derives f rom the  C group ' s  having  lower  
act iv i ty  measures  in b ra in  s tem (t  = 5.52, dr= 46,  p < 0 . 0 0 1 )  
and higher  ac t iv i ty  measures  in co r t ex  ( t  = 9.01,  d r = 4 6 ,  
p < 0 . 0 0 1 ) .  

T A B L E  4 

MEAN (+ S.D.) TRYPTOPHAN LEVEL (#G/G) AS FUNCTIONS OF STRAIN, BRAIN SEGMENT, AND MIDPOINT OF 8-HR PERIOD 

0800 1600 hr 1600 2400 hr 2400-0800 hr Overall 

C57BL/10J Brain Stem 1.63 -+0.106 Brain Stem 1.73 -+0.193 Brain Stem 1.68 -+ 0.135 Brain Stem 1.680+ 0.149 

Cortex 0 .762±0.145 Cortex 0 .916+0.211 Cortex 0 .922+0.163  Cortex 0 .867+0.184 

BALB/CJ Brain Stem 1.60 -+ 0.228 Brain Stem 1.59 -+ 0.168 Brain Stem 1.55 + 0.283 Brain Stem 1.581 ± 0.221 

Cortex 0.765-+0.123 Cortex 0 .873+0.224 Cortex 0 .785+0.166 Cortex 0.808-+0.175 

Fstrain = 3.97, dr= 1/14,p<0.1 
F8-hr period = 2.00, df =2/21,p NS 
Fbrainsegment = 503.43 ,df  = 1/14,p<0.001 
FstrainX 8-hr period = <1 d f  = 2 / 2 1 , p  NS 
Fstrain X brain segment = 3.18, df = 1/14,p<0.1 

toverall brain stem = 1.82, df =46, p<0.10 
toverallcortex = 1.14, dr=46, p NS 
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TABLE 5 

MEAN (-+ S.D.) TRYPTOPHAN HYDROXYLASE ACTIVITY (NMOLES/G/HR) AS FUNCTIONS OF STRAIN, BRAIN SEGMENT AND 
MIDPOINT OF 8-HR PERIOD 

0800-1600 hr 1600-2400 hr 2400-0800 hr Overall 

C57BL/10J Brain Stem 3.48 ,+ 0.403 Brain Stem 3.50 -+ 0.290 Brain Stem 3.16 ,+ 0.769 Brain Stem 3.38 +_ 0.529 

Cortex 1.26 -+ 0.172 Cortex 1.16 -+ 0.171 Cortex 1.08 ,+ 0.187 Cortex 1.17 ,+ 0.186 

BALB/CJ Brain Stem 4.26 +-0.617 Brain Stem 4.43 -+0.642 Brain Stem 4.26 ,+ 0.759 Brain Stem 4.32 ,+ 0.650 

Cortex 0.673 +- 0.146 Cortex 0.730 ,+ 0.249 Cortex 0.694 ,+ 0.131 Cortex 0.699 ,+ 0.176 

Fstrain = 3.36, dr= 1/14,p<0.1 
FS.hrperiod = <1 df=2/21,p NS 
Fbrain segment = 618.80, df = 1/14, p<0.001 
Fstrain X 8-hr period = <1 dr= 2/21,p NS 
Fstrain X brain segment = 25.83, dr= 1/14,p<0.001 

toverall brain stem = 5.49, dr= 46, p<0.001 
toverall cortex = 9.01, dr= 46, p<0.001 

TABLE 6 

MEAN (-+ S.D.) SEROTONIN LEVEL (#G/G) AS FUNCTIONS OF STRAIN, BRAIN SEGMENT AND MIDPOINT OF 8-HR PERIOD 

0800-1600 hr 1600-2400 hr 2400-0800 hr Overall 

C57BL/IOJ Brain Stem 1.01 -+ 0.138 Brain Stem 1.00 _+ 0.230 Brain Stem 0.991 -+ 0.137 Brain Stem 1.00 ,+ 0.166 

Cortex 0.509 ,+ 0.056 Cortex 0.499 ,+ 0.052 Cortex 0.515 ,+ 0.074 Cortex 0.508 ,+ 0.059 

BALB/CJ Brain Stem 0.983 -+ 0.111 Brain Stem 1.03 -+ 0.194 Brain Stem 1.02 -+ 0.136 Brain Stem 1.00 -+ 0.145 

Cortex 0.421 +- 0.074 Cortex 0.425 -+ 0.058 Cortex 0.427 -+ 0.051 Cortex 0.424 _+ 0.055 

Fstrain = 2.36, df=l/14,p NS 
Fg.hrperio d = <1 df=2/21,p NS 
Fbrain segment = 578.10, df = 1/14, p<0.001 
Fstrain× 8-hrperiod = <1 df=2/21,p NS 
Fstrain × brain segment = 3.67, df = 1/14,p<0.1 

toveraU cortex = 5.11, dr= 46, p<0.00l 

Table 6 presents  se ro ton in  levels. Analysis disclosed no  
strain or e ight-hour  per iod effects .  As wi th  values for 
t r y p t o p h a n  level and t r y p t o p h a n  hydroxy lase  activity,  
brain s tem se ro ton in  levels were higher than  cor t ex  levels 
(F = 578.10,  df  = 1/14, p<0 .001 ) .  There was no strain × 
e ight-hour  per iod in terac t ion .  However ,  the strain x brain 
segment  in te rac t ion  approached  significance (F = 3.67,  df  = 
1/14, p<0.1  ) due to  C mice 's  clearly higher  se ro ton in  levels 
in cor tex  (t = 5.11, dr= 46, p < 0 . 0 0 1 ) .  

The present  s tudies conf i rm and ex tend  our  prel iminary 
findings. As before ,  we found  no strain di f ferences  in brain 
s tem sero ton in  levels, but  clearly higher  cort ical  se ro ton in  
levels in C than in B mice.  The data also conf i rm our  previ- 
ous findings tha t  t r y p t o p h a n  hydroxy lase  activity was 

lower  for C than  for B mice in brain s tem,  but  higher for  C 
than  for  B mice in cor tex.  

The present  a t t empts  to examine  se ro ton in  b iochemis t ry  
at three d i f ferent  points  in the day have no t  disclosed 
significant diurnal variation in t r y p t o p h a n  level, t r y p t o p h a n  
hydroxylase  activity or se ro ton in  level on an across-strain 
basis. One exp lana t ion  for such a lack of  diurnal variability 
may be that  too  few time points  were sampled.  However,  
our data on se ro ton in ' s  amino acid subst ra te ,  t r y p t o p h a n ,  
do not  parallel f indings for o ther  c o m p o u n d s  in the b iosyn-  
thet ic  pa thway .  Data suggest that  C have clearly higher 
t r y p t o p h a n  levels than do B especially in brain s tem,  bu t  
only during the 1 6 0 0 - 2 4 0 0  and 2 4 0 0 - 0 8 0 0  hr  periods.  
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COMBINED RESULTS AND DISCUSSION 

The  hypo thes i s  t ha t  sleep is con t ro l l ed  by  some cen t ra l  
se ro tonerg ic  m e c h a n i s m  was this  research ' s  c o n c e p t u a l  
s ta r t ing  poin t .  There fo re ,  on ly  n e u r o c h e m i c a l  associa t ions  
wi th  SWS data  will be cons idered  here.  It is obvious  t h a t  no  
simple s leep-se ro ton in  re la t ionsh ip  was f o u n d ,  howeve r  cer- 
ta in  n o t e w o r t h y  t r ends  may  be seen. 

There  are at  least  two sys temat i c  app roaches  for  examin-  
ing c o m b i n e d  sleep and n e u r o c h e m i c a l  da ta ,  a s tat ic  s t ra in  
compar i son  app roach  and a d y n a m i c  co r re la t ion  approach .  
Bo th  approaches  involve regarding s t ra in  and s t ra in  × eight-  
h o u r  per iod  means  for  SWS and for  the n e u r o c h e m i c a l  
measures  as single observa t ions ,  rank  order ing  t hem,  and 
t hen  asking ques t ions  a b o u t  j o i n t  t rends .  Such p rocedures ,  
while  p o s t  h o c  in na tu re ,  are useful  in assessing re la t ion-  
ships which  may  guide fu tu re  work.  

Firs t  s t ra ins  were c o m p a r e d  by  col lapsing across t ime of  
day. Using this  s tat ic  app roach  we s imply  cons idered  order-  
ing of  means  for  quie t  sleep and the  n e u r o c h e m i c a l  vari- 
ables and  made  s t ra in  compar i sons .  Over all t ime per iods ,  
the  C g roup  had  h igher  SWS percen tages  and h igher  t r y p t o -  
phan  levels in b o t h  bra in  s tem and cor t ex  t h a n  did the  B 
group,  thus  suggest ing a direct  re la t ionship  b e t w e e n  SWS 
and t r y p t o p h a n  level. F u r t h e r m o r e ,  i n spec t ion  of  data  for  
the  three  t ime per iods  disclosed tha t  C c o m p a r e d  wi th  B 
mice had more  SWS and h igher  t r y p t o p h a n  levels b o t h  in 
b ra in  s tem and  in cor tex  on ly  dur ing  the  1600 2400  and 
2400  0800  h o u r  per iods ;  du r ing  the  0 8 0 0  1600 h o u r  
per iod ,  s t ra in  d i f fe rences  on  these  measures  were min imal .  
There  was also a d i rec t  assoc ia t ion  b e t w e e n  SWS and cor t ex  
t r y p t o p h a n  hyd roxy l a s e  act ivi ty  ; b ra in  s tem act ivi ty  values,  
however ,  appeared  to be  o rdered  inversely wi th  respect  to 
SWS percentages .  For  s e ro ton in  level, the  d i rec t  re la t ion-  
ship also holds  in co r t ex  da ta ;  s t ra in  means  for  b ra in  s tem 
se ro ton in  levels are identical .  

Thus,  in four  of  six cases ( the  two  excep t ions  be ing  bra in  

s tem measures  of  t r y p t o p h a n  hydroxy lase  act iv i ty  and sero- 
t on in  level) rank  order  s t ra in  compar i sons  indica ted  tha t  
sleep t ime was d i rec t ly  associated wi th  se ro ton in - re la ted  
n e u r o c h e m i c a l  variables.  Resta t ing,  on a s tat ic  s t ra in  com- 
par ison basis, SWS t imes  are paral leled by  h igher  b ra in  s tem 
and cor tex  t r y p t o p h a n  levels, h igher  co r t ex  t r y p t o p h a n  
hyd roxy l a se  act iv i ty ,  and h igher  cor tex  se ro ton in  levels. 
These four  t rends  are cons i s ten t  wi th  Jouve t ' s  s leep-sero tonin  
hypo thes i s .  The posi t ive s l e e p - t r y p t o p h a n  re la t ionsh ip  is of  
pa r t i cu la r  in te res t  in l ight  o f  the  recen t  work by  Tag l i amonte  
e t  al. [16 ,17]  which  raise the  possibi l i ty  t ha t  t r y p t o p h a n  
level may  vary d i rec t ly  wi th  s e ro ton in  me tabo l i sm.  It is of  
in te res t  t ha t  three  of  these four  direct  s l eep-neurochemica l  
re la t ions  derive f rom cor tex ,  while  b o t h  incons is tenc ies  
derive f rom bra in  s tem data.  Such incons is tenc ies  may  
mean  t ha t  se ro tonerg ic  te rminals  i m p o r t a n t  for electro-  
physiological  SWS lie in cor tex .  There fore ,  s ta t ica l ly  
speaking,  while  s e ro ton in  related measures  have higher  
abso lu te  values in brain  s tem,  the  smaller  values o f  co r t ex  
samples  may  be more  re levant  to SWS. 

The  d y n a m i c  a p p r o a c h  involves cor re la t ion  of  sleep and 
n e u r o c h e m i c a l  means  over  s t ra in  and t ime  of  day.  Table 7 
presen ts  the  rank  order  co r re l a t ion  ma t r ix  for m e a n  pe rcen t  
SWS and means  for t r y p t o p h a n  level, t r y p t o p h a n  h y d r o x y -  
lase act ivi ty ,  and s e r o t o n i n  level. We wish to emphas ize  tha t  
these cor re la t ions  are no t  m e a n t  to be s ta t is t ical  analyses.  
They  serve on ly  as tools  for  organiz ing our  discussion of the  
compl ica ted  s leep-sero tonin  t r ends  a m o n g  s t ra in  and t ime 
of  day.  Each cor re la t ion  derives f rom six pairs of  n u m b e r s  
t a k e n  f rom stra in  × e igh t -hour  per iod  cells. Thus,  the  cor- 
re la t ion  b e t w e e n  SWS and bra in  s tem t r y p t o p h a n  level 
(Row 1, C o l u m n  2) was c o m p u t e d  by  pair ing r anks  of  cell 
means  in Table  I and bra in  s tem ceil means  in Table  4. 

With  an N of  six, none  of  the  cor re la t ions  wi th  SWS 
(Row 1 ) are s ta t is t ical ly  s ignif icant  (r~0.0 s = 0 .829)  How- 
ever, the  mos t  n o t e w o r t h y  cor re la t ions  wi th  SWS are the  

T A B L E  7 

RANK ORDER CORRELATION MATRIX FOR PERCENT SWS AND THE SIX NEURO- 
CHEMICAL MEASURES 

PSW BTL BTA BSL CTL CTA CSL 

PSW 1.000 0.429 0.543 0.657 0.486 0.314 0.657 

BTL 1.000 -0.657 0.543 0.429 0.657 0.829 

BTA 1.000 0.371 -0.257 0.657 -0.829 

BSL 1.000 0.086 0.143 -0.543 

CTL 1.000 0.343 0.257 

CTA 1.000 0.657 

CSL J .000 

Coefficients were computed from all pairs of the six strain X eight-hour periods means taken from 
Tables 1, 4, 5, and 6. The variable codes are as follows: PSW = percent slow-wave sleep, BTL = brain 
stem tryptophan level, BTA = brain stem tryptophan hydroxylase activity, BSL = brain stem serotonin 
level, CTL = cortex tryptophan level, CTA = cortex tryptophan hydroxylase activity, and CSL = 
cortex serotonin level. 
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negative ones for brain stem t ryp tophan  hydroxylase  activ- 
ity ( - 0 . 5 4 3 ) ,  brain s tem serotonin  levels ( - 0 . 6 5 7 )  which 
approached significance, and cor tex  t ryp tophan  level 
( - 0 . 4 8 5 ) .  Note  that  such inverse relationships are not  
inconsistent  with the direct relationships observed with the 
static approach.  The static approach indicated that ,  in four  
of  six cases, strain differences in sleep were direct ly paral- 
leled by strain differences in serotonin-related neuro-  
chemical  variables. The inverse relationships suggested by 
the dynamic  approach indicate that ,  for  example,  whether  
there is much  or  l i t t le overall brain stem t ryp tophan  
hydroxylase  activity,  when sleep t ime is higher, t ryp tophan  
hydroxylase  activity is lower. Fur ther ,  while differences in 
cell means for the neurochemical  variables may be small, on 
a rank order  basis the dynamic  approach could be taking 
account  of  small but  relevant changes over  t ime. In light of  
what is known about  the relative magni tudes  of  storage and 
funct ional  pools of  putat ive neurotransmit ters ,  small 
changes in neurochemical  measures may be very impor tan t  
indeed. 

In summary,  then,  if we accept  these correlat ions as 
indicative of  dynamic  sleep-serotonin trends, they  suggest 
that  during peak sleep t imes serotonin p roduc t ion  is at a 

low ( t ryp tophan  hydroxylase  activity down)  and serotonin 
ut i l izat ion is at a high (serotonin level down).  Such condi- 
t ions would be expected  f rom a sleep inducing neuronal  
complex  whose impulse traffic increases during sleep. Thus, 
the dynamic  approach also yields results which are consis- 
tent  with the no t ion  of  an active serotonergic  sleep- 
inducing mechanism. Fur ther ,  such relationships are consis- 
tent  wi th  the observations of  Sinha et  al. [14] .  These 
workers killed cats during ei ther  wakefulness,  SWS, or REM 
sleep. Assays on several brain stem areas disclosed reduced 
serotonin levels in animals killed during SWS compared  
with those killed during wakefulness. 

Finally,  our  data suggest that  the relat ionship be tween  
sleep and serotonin formulated f rom lesion and drug experi-  
menta t ion ,  may also be seen in cross-strain observat ional  
studies. In future cross-strain studies, larger and more  fre- 
quent  samplings can yield an addit ional  advantage over 
manipulat ive studies. More data points  will allow the use of  
mult ivariate  statistical techniques  in examining the inter- 
relat ionships among sleep and neurochemica l  variables. 
Such statistical techniques  may ul t imately  allow sleep 
parameters to be predicted.  
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