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KURUMAJI.  A , M TAKASHIMA. K OHI AND K TAKAHASHI Ctrt adtanfluctuattons m pam responsiveness and 
brain Met-enl~ephahn-hl, e tmmunorea~twtt~ m the rat PHARMACOL BIOCHEM BEHAV 29(3) 595-599, 1988--The 
24-hour patterns of pare responsiveness and brain Met-enkephahn-hke ,mmunoreactlvlty (MLI) were determined m male 
W,star rats housed under a 12-hour hght and dark cycle (hghts on from 0700 hr to 1900 hr) A clrcadmn rhythm was 
observed in latencles to hot plate test (55°C). showing the peak level near the onset of the dark phase (2000 hr) Pretreat- 
ment with naloxone (5 mg/kg, subcutaneously) decreased the highest latency (2000 hr), but did not change the lowest 
latency (1100 hr) In the mesohmb,c area and the stnatum, MLI had a negatwe correlation with the circadian fluctuation m 
pare sensitivity MLI at 2000 hr was reduced slgmficantly compared to that at 1100 hr m the basal gangha, the frontal cortex 
and the substantm nlgra These results suggest that the clrcadmn varmUon m hot plate latencles follows a circadian change 
m the acuv~ty of the endogenous oplmd peptldes system, and that Met-enkephahn may participate m the enhancement of 
the op~o~d system in the brain 

Hot plate test Met-enkephahn C,rcadmn rhythm Strmtum Mesohmb~c area 

IT has  been  d e m o n s t r a t e d  tha t  the  r e s p o n s i v e n e s s  of  mice to 
noc lcep t lve  s t imuli ,  m e a s u r e d  by  the  ho t  plate  test ,  shows  a 
c l r cadmn r h y t h m ,  and  tha t  t r e a t m e n t  wi th  na loxone  de- 
c reases  the  hot  p la te  l a t ency  dur ing  the  late hours  in a day  
w h e n  the la tenc les  are  na tura l ly  high [4] A rise m whole  
m o u s e  bra in  to ta l  oplold  levels ,  d e t e r m i n e d  by  mouse  vas  
defe rens  b loassay ,  was  o b s e r v e d  in mice  sacr i f iced m late 
a f t e r n o o n  c o m p a r e d  to ear ly  morn ing  [13] A r e c e p t o r  bind-  
ing s tudy  revea led  tha t  the  a m o u n t  of  specif ical ly b o u n d  (~rI) 
na loxone ,  an  an tagon i s t  of  oplo ld  pept lde ,  shows  a c i rcad ian  
va r ia t ion  in the  hgh t -da rk  cycle ,  wi th  a peak  nea r  the  onse t  of  
the  da rk  p h a s e  [ l l ]  Accord ing ly ,  it a s s u m e s  tha t  the  circa- 
dian r h y t h m  in pain  sens i t iv i ty  is med ia t ed  by  e n d o g e n o u s  
oplold  pep t ldes  H o w e v e r ,  it is no t  c lear  wh ich  opiold pep-  
t ide par t i c ipa tes  in the  c i rcad ian  va rmt ion  in pain  sens i t iv i ty  

M e t - e n k e p h a h n ,  one  of  the  e n d o g e n o u s  oplold pept ldes ,  
is be l i eved  to play a role as a n e u r o t r a n s m l t t e r  or  neuro-  
m o d u l a t o r  in the  cen t ra l  n e r v o u s  sys tem.  This  was  d e m o n -  
s t ra ted  by  its p r e s e n c e  and  u m q u e  d i s t r ibu t ion  In the  b ra in  
[7,8], its re lease  f rom n e r v e  t e rmina l s  fo l lowing depolar iza-  
t ion  [6], and  its role in the  modi f ica t ion  of  pain  pe rcep t ion  

[2] M o r e o v e r ,  X u a n  et al [14] r epo r t ed  tha t  the  lnjecUon of  
d - A l a - 2 - L e u - e n k e p h a h n ,  an  ana logue  of  enkepha l ln ,  into  the  
nuc leus  a c c u m b e n s  o f  the  rabb i t  p roduces  a s ignif icant  
an tmoc l cep t l on  

In the p r e s e n t  s tudy ,  we e x a m i n e d  24-hour  pa t t e rns  of  
l a tenc les  to ho t  plate  t es t  and  b ra in  M e t - e n k e p h a h n - h k e  lm- 
munoreac t l v l t y  (MLI)  in the  ra t  in o rde r  to clarify the  role of  
M e t - e n k e p h a h n  in the  c i rcad ian  r h y t h m  in hot  plate  la ten-  
cles 

METHOD 

Ammals 

Male Wls t a r  ra ts  (220-300 g) were  p u r c h a s e d  f rom San-  
kyo L a b o  Serv ice  Corpo ra t i on  (Japan)  and  h o u s e d  4 pe r  cage 
u n d e r  con t ro l led  cond i t ions  (24_+1°C t e m p e r a t u r e  and  50% 
humidi ty)  wi th  a 12 12 l ight-dark cycle (l ights on  at  0700 hr) 
and  free acces s  to  food  and  wa te r  They  were  used  in the  
fol lowing e x p e r i m e n t s  a f te r  a c c h m a t i s a t i o n  to the  env i ron-  
men t  for  two weeks  
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Hot Plate Te~t 

To study a 24-hour pattern of pain sensitivity, eight 
ammals were tested for hot plate latencies at 3-hour Intervals 
according to the method of  Frederickson et al [4], following 
five days of handhng and succeeding two days of adaption to 
the apparatus A metal plate (10×23 cm) was electrically 
heated and thermostatically controlled at a temperature of 
55°C A transparent acrylic resin box (40 cm high and open at 
the top) served to confine the rat to a defined area of the hot 
plate The t~me in seconds from contact with the plate until a 
paw hck or an escape jump was recorded as a hot plate 
latency In each sampling session, one latency was taken 
from one animal Dunng the dark period, a dim red light was 
turned on dunng the test 

Naloxone hydrochlonde (Sigma) dissolved in physiolog- 
Ical saline was g~ven subcutaneously to rats at a dose of 5 
mg/kg, 15 minutes prior to the test Control animals were 
treated with an equal volume of the vehicle 

Measurement o f  MLI 

Following one week of handling, animals were decapi- 
tated at 3-hour intervals over a 24-hour period In the dark 
phase, a dim red hght was turned on durmg the procedure 
The brains were qmckly removed in the cold. and stored at 
-80°C until biochemical analysis The following areas of the 
brain were dissected out or punched out from senal frozen 
coronal slices (600 txm) using a mIcroknffe or stainless steel 
tube (1 5 or 2 0 mm I d ) as previously described [8] The 
following co-ordinates (atlas of  Paxmos and Watson [12]) 
were used (+ anterior or - posterior to bregma mm) frontal 
cortex +4 2 - +2 4, mesollmbic area +2 7 - +0 9. striatum 
+ 1 7 - - 0  7, thalamus - 1 8 - - 3  2, amygdalold nuclei and 
piriform cortex - 2  3 - - 4  1, substantla nigra - 5  3 - - 4  7 

The radlolmmunoassay procedure and antibody specific- 
ity for Met-enkephalin were described in the previous paper 
[8] Brain tissues were heated 90°C in 1 N acetic acid contain- 
mg 20 mM hydrochloride for 15 minutes, sonlcated and cen- 
trifuged 8,800xg at 4°C for 30 minutes The supernatant fired 
was then neutralised with sodium hydroxide and radlolm- 
munoassayed for Met-enkephalin Anti-Met-enkephahn 
antiserum was produced in rabbits which were immunised 
with Met-enkephalin conjugated to bovine thyroglobuhn 
using 1-ethyl-3-dimethylamlnopropyl carbodiimide The 
antiserum so obtained showed no cross-reaction with Leu- 
enkephalln, c~-, /3-. y-endorphln, /3-hpotropm or c~-neo- 
endorphin Standard or brain extract was incubated 
with antiserum diluted 2,000-fold and trltlated Met- 
enkephahn (20,000 cpm, 39 3 Cl/mmol, New England Nu- 
clear) m 0 5 ml of  0 05 M phosphate buffer (pH 7 4) con- 
raining 0 25% bovine serum albumin and 0 5% 2-mer- 
captoethanol The incubation was carried out at 4°C for 
2 days The trltlated Met-enkephalln bound to the antibody 
was separated from the free tntlated Met-enkephalin by add- 
ing 0 5 ml of 1% charcoal slurry containing 0 5% dextran, and 
the radioactivity of an aliquot of the supernatant fluid was 
measured in a liquid scintillation spectrometer Under our 
conditions, the minimum detection limit was 0 03 pmoles of 
Met-enkephahn The serial dilution of the extract in each 
brain region yielded a displacement parallel w~th that of  au- 
thentic standards MLI in the pooled extract from the 
strmtum, analysed by high performance liquid chromatogra- 
phy, coeluted with authentic Met-enkephalin 

Protein was assayed according to the method of Lowry et 
al [9] 
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FIG 1 A circadian rhythm In pmn sensitivity in the rat The hot 
plate test was used to evaluate the pain responsiveness The results 
were expressed as mean with S E M of data obtained from eight 
animals Lights were off during the time period marked by the 
hatched bars *p<0 05, **p<0 01 as compared to 1100 hr of day 

Stattstl~ al Analysis 

Results were expressed as mean with S E.M Data from 
the hot plate test were analysed by one-way ANOVA and 
followed by multiple comparison test (Duncan's method) 
MLI data were analysed using two-way ANOVA (region × 
time of day) and two-tailed Student's t-test Correlation 
coefficients of linear regression were calculated according to 
the method of  least squares 

RESULTS 

Hot Plate Te~t 

Hot plate latencles were found to vary significantly over 
the 24-hour sampling period, F(7,56)=4 26, p < 0  001 The 
latencles were low during the early part of the light phase, 
began to rise 6 hours before the dark onset, and fell during 
the last 5 hours of the dark phase (Fig 1) 

Effects of  pretreatment with naloxone on the hot plate 
la tenoes are shown in Fig 2 The latency at 2000 hr was 
decreased by the admimstratlon of naloxone (p <0.01), whde 
the effect of naloxone was not found at 1100 hr The 
naloxone-reduced latency at 2000 hr did not differ from the 
latency at 1100 hr In either the saline-treated rats or the 
naloxone-treated ones The diurnal difference between 2000 
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FIG 2 The effect of naloxone on pam sensttw~ty in the rat 
Naloxone (5 mg/kg, SC) was rejected 15 minutes before the hot plate 
test Each column indicates the mean with S E M for the number of 
animals shown in the columns S sahne, N naloxone, 11 1100 hr of 
day, 20 2000 hr of day *p<0 05, **p<0 01 as compared to the 
sahne-treated rats at 2000 hr of day 
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T i m e  o f  D a y  

FIG 3 A clrcadmn varmtlon in Met-enkephahn-hke lmmunoreac- 
tlVlty m the mesollmblc area and the strlatum Results are expressed 
as mean with S E M of data obtained from 6 or 7 animals Lights 
were off during the time period marked by the hatched bars 
*p<0 05, **p<0 01 as compared to 1100 hr of day (two-taded Stu- 
dent's t-test) 

hr and 1100 hr m the salme-treated animals was statistically 
slgmficant (p<0 05) 

M L I  

Circadian variations in MLI are shown in Fig. 3. A two- 
way (region x time of day) analysis of  variance (ANOVA) 
yielded a slgmficant effect of  region, F(1,95)=474 52, 
p <0 01, and effect of time, F(7,95)=2 71, p <0 05, but not of 
interaction between time and reglon, F(7,95)=0.42 Dunng 
the hght-dark cycle, MLI showed a circadian variation m the 
mesohmblc area as well as the strlatum, with a nadir between 
1700 hr and 2300 hr. The changes in MLI in both areas were 
found to be parallel (r=0 822, p < 0  02) 

The MLI content at 2000 hr was lower than that of MLI in 
1100 hr in the frontal cortex and the substantla nlgra, but not 
in the thalamus or the amygdalold nuclei and plrlform cortex 
(Table 1). 

Correlation Coefficient 

The hot plate latencles over the 24-hour period were 
found to have a negative correlation with MLI not only in the 
mesohmbic area ( r = - 0  817, p < 0  02, Fig. 4) but also m the 
stnatum ( r=-0 .787 ,  p<0.05) 

DISCUSSION 

We demonstrated that the hot plate latencles over a 24- 
hour period show a clrcadmn rhythm, and that treatment 
with naloxone ls effective at the time of the highest latency, 
but not the lowest latency These results indicate that the 
elevation of latencles depends on the activity of the 
endogenous oplo~d peptldes system As the rhythm of hot 
plate latencles under constant darkness was found to be the 
same as that under the hght-dark cycle (data not shown), the 
latency to the hot plate test exhibited an endogenous rhythm 
Supporting our findings, Fredenckson et al. reported that 
the responsiveness of mice to noclcept~ve stimuli, using the 
hot plate tests, shows a circadian rhythm, and that pretreat- 
ment with naloxone (3 mg/kg, SC) slgmficantly reduced the 
hot plate latencles dunng the late hours (1530 hr to 0430 hr) 
when the latencles are naturally high [4] Other reports have 
also assumed that naloxone would be expected to have 
hyperalgeslc effects only when the oplo~d system is activated 
[3,101 

Our results concerning the concentration of MLI m the 
d~screte brain areas were m agreement with the report by 
Hong et al [7], indicating that the MLI content was high in 
the basal gangha, whereas it was moderate m the thalamus 
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T A B L E  1 

DIURNAL DIFFERENCE BETWEEN 1100 HOUR AND 2000 HOUR IN 
BRAIN MET-ENKEPHALIN-LIKE IMMUNOREACTIVITY 

Met-Enkephahn-Lke ImmunoreactJvlty 
(pmol/mg prot ) 

1100 hr 2000 hr 

Frontal cortex 0 47 _+ 0 04 0 34 _+ 0 02 p < 0  02 
Thalamus 1 15 _+ 0 06 1 07 _+ 0 07 N S 
Amygdalold I 61 _+ 0 18 1 51 _+ 0 08 N S 

Nuclei and 
Preform 
Cortex 

Substantm mgra 0 81 _+ 0 02 0 56 _+ 0 05 p < 0  01 

Results were expressed as mean with S E M of data obtained 
from 6 or 7 ammals Statlshcal stgmficance was determined by two- 
taded Student's t-test 

and  the  amygda la  and  low in the  co r t ex  and  the  subs t an t l a  
n lgra  

In the  m e s o h m b l c  a rea  and  the s t r la tum,  M L I  s h o w e d  a 
c i rcad ian  f luc tua t ton  wi th  m l m m u m  con t en t  b e t w e e n  1700 hr  
and  2300 hr  The  c o n c e n t r a t i o n  of  M L I  at  2000 hr  was  found  
to be  s ignif icant ly  lower  t han  at 1100 hr  in the  fol lowing areas  
of  the  bra in  the  basa l  ganglia,  the  f ronta l  co r t ex  and  the  
subs t an t l a  n lgra  T h e r e  m ay  be  two fac tors  giving rise to the  
change  in the  b ra in  M L I  c o n t e n t  One  fac to r  is the  ut i l izat ion 
o f  M e t - e n k e p h a h n ,  a n o t h e r  ~s syn thes i s  and  s torage  The  
c i rcad ian  var ia t ion  in M L I  in the  basa l  gangl ia  was found  to 
be  a mi r ro r  image of  tha t  of  pain r e s p o n s i v e n e s s ,  hav ing  a 
high co r re la t ion  coeff ic ient  At  the t ime of  day w h e n  the  
bra in  M L I  con t en t  was  lowest ,  the  hot  plate  l a tenc les  were  at 
the i r  h ighes t  levels  and  the act iv i ty  of  the  oplold pep t ldes  
s y s t e m  was e n h a n c e d  as sugges ted  by  the  resul t s  of  na loxone  
admin i s t r a t ion  In v iew of  the  rapid deg rada t ion  of  Met-  
e n k e p h a h n  in synap t l c  clefts ,  it is l ikely tha t  an  inc rease  m 
the  re lease  of  the  pept lde  resu l ted  in the  dec rea se  in bra in  
M L I  con t en t  and  a c t w a t e d  the  neurona l  ac t tv l ty  w h e n  the  
la tenc les  were  high Thxs poss ib i l i ty  is suppo r t ed  by  B a y o n  
et al who  r epo r t ed  tha t  in VlVO s p o n t a n e o u s  re lease  of  Leu-  
e n k e p h a h n  in the  g lobus  pa lhdus  in the  rat  inc reases  b e t w e e n  
n o o n  and  even ing  by  100% [l]  

The  in jec t ion  of  d - A l a - 2 - M e t - e n k e p h a h n ,  an  ana logue  of  
M e t - e n k e p h a h n ,  into  the  c a u d a t e - p u t a m e n  changed  the 
m o t o r  func t ion ,  e g ,  lps lvers lve  r o t a h o n  b e h a v i o r  and  
bodi ly  a s y m m e t r y  [5] X u a n  et al has  r ecen t ly  r epor t ed  tha t  
M e t - e n k e p h a h n  plays  an  i m p o r t a n t  role in the an t lnoc lcep-  
tIon in the  nuc leus  a c c u m b e n s  of  the  rabbi t ,  in te rac t ing  wi th  
the  se ro tonerg ic  n e u r o n  [14] The  phys io logica l  and  b e h a v -  
Ioral r e s p o n s e s  to the  hot  plate  test ,  such  as noc lcep t lon  of  
hea t  s t imuli  and  a paw hck  or  an  e scape  j u m p ,  seem to be  
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FIG 4 The correlation between hot plate latenoes and Met- 
enkephahn-hke lmmunoreactlv~ty m the mesohmb~c area over a 
24-hour period A correlahon coefficient of hnear regression was 
calculated according to the method of least squares ( r = - 0  817, 
Y = - 2 3 X  + 125, p < 0 0 2  N=8) 

in f luenced  by the e n k e p h a h n e r g l c  neu rona l  ac t iv i ty  in the  
basal  gangha  

Our  f indings  s eem to be  con t r ad i c t ed  by  those  of  W e s c h e  
and  F rede r l ckson .  who  r epo r t ed  tha t  an  increase  in whole  
bra in  total  oplold levels ,  d e t e r m i n e d  by mouse  vas  defe rens  
b loassay ,  is o b s e r v e d  in mice  scar l f iced m late a f t e rnoon  
(when  they  are leas t  r e spons ive  to pain) c o m p a r e d  to ear ly 
morn ing  (when  they  are mos t  r e spons ive  to pain) H o w e v e r ,  
they  could not  find any  e leva t ion  in the  levels  of  Met-  and 
L e u - e n k e p h a h n  m e a s u r e d  by  r a d l o i m m u n o a s s a y  [13] This  
d i s c r epancy  m~ght be due to the di f ferent  k ind of  species ,  or  
the m e t h o d  of  sample  p repa ra t i on  or  the  specif ici ty  of  the  
a n t i s e r u m  for  the M e t - e n k e p h a h n  assay  We d i s sec ted  out  
each  rat  bra in  a rea  by  the  prec ise  p rocedu re  desc r ibed  in the  
m e t h o d  sec t ion ,  whe rea s  they  used the  whole  mouse  bra in  
for  the b ioas say  and  the  r a d l o l m m u n o a s s a y s  Conce rn ing  the  
specif ici ty  of  a n t i s e r u m  for  Me t - enkepha l in ,  we conf i rmed  it 
wi th  high p e r f o r m a n c e  liquid c h r o m a t o g r a p h y  M L I  In the  
poo led  ex t rac t  f rom the  s t r l a tum coe lu ted  with au then t i c  
M e t - e n k e p h a h n  

In conc lus ion ,  the p re sen t  pape r  ind ica tes  tha t  the  change  
in the n e u r o n a l  ac t iv i ty  of  b ra in  M e t - e n k e p h a h n  may  play an 
i m p o r t a n t  role m the  c i rcad ian  r h y t h m  m pain sens i t iv i ty  of  
the  rat  It will be n e c e s s a r y  to d e t e r m i n e  bra in  regions  in 
which  the pept lde  regula tes  the c i rcad ian  var ia t ion  in pain 
th re sho ld  
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