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WALKER, J.M., C.A. SANDMAN, G.G.  BERNTSON, R. MCGIVERN, D. H. COY AND A.J.  KASTIN. Endorphin 
analogs with potent and long-lasting analgesic effeets. PHARMAC. BIOCHEM. BEHAV. 7(6) 543-548, 1977. - The 
analgesic effects of intracerebroventricular administration of c~, 7, and ~3-endorphin and their D-Ala 2-analogs were 
examined in the rat using the tail-flick test. Analgesia was produced by all substances. The actions of D-Ala:~ and 
-t3-endorphin were considerably greater than the parent forms, whereas D-Ala2-7-endorphin was approximately 
equivalent to the parent compound. The marked analgesia was dose dependent and prolonged for all analogs. Since 
these effects were reversed by the opiate antagonist naloxone, it was concluded that opiate receptors mediate the 
action of these analogs. It is suggested that these analogs may be useful in behavioral tests when a longer duration of 
action is desirable. 

Endorphin Analgesia Pain Naloxone Opiate Peptide Enkephalin 

S H O R T L Y  after its ident i f icat ion in brain tissue, the opiate 
pentapept ide  meth ionine  enkephal in  [17] was shown to 
have analgesic effects  in vivo [1] .  This analgesia, however ,  
was weak and transient  and it became of increasing interest  
to develop more po ten t  and longer lasting analogs of  
enkephalin.  Our previous work [9 ,31] ,  together  with an 
independent  report  [26] ,  demons t ra ted  that  subst i tut ion of  
D-alanine in the Gly 2 posi t ion of  the molecule  results in an 
enkephal in analog with greatly increased po tency  both  in 
vivo and in vitro. 

The amino acid sequence of  meth ionine-enkephal in  is 
identical  to residues 61 65 of  the tMipotropin molecule  
(~-LPH). Other  opiate-l ike peptides,  a, 7, and ~-endorphin,  
were isolated f rom pi tui tary extracts  and also characterized 
as fragments of  the putat ive p roho rmone  ~-LPH [6, 11, 14, 
20, 211 corresponding to ~3-LPH61-76, ~3"LPH61-77, and 
¢~-LPH61 - 9 t ,  respectively.  Since the ~-LPH 6 t - 65 sequence 
is shared by Met-enkephalin and the pi tui tary endorphins ,  it 
seemed likely that the D-Ala:-analogs of  c~, 7, and 
~-endorphin would also show greater po tency  than their 
natural ly occurr ing parent  compounds .  Brit ton etal. [7] ,  
and Coy etal. [8] described enhanced effects  of  these and 
o ther  synthet ic  analogs in the mouse  vas deferens assay and 
in st imulat ing the release of  growth ho rmone  and prolactin.  
We now report  enhanced effects of  analogs of  c~, 7, and 
a-endorphin,  having D-alanine subst i tuted in the second 
amino acid posit ion,  in tests of  analgesia in the rat. 

METHOD 

Animals 

Male albino (Hol tzman)  rats, 9 0 - 1 2 0  days old were used 
in the present study. Rats were housed individually and fed 
ad lib th roughout  the exper iments .  

Drugs 

Peptides (a, 7, t~-endorphin and D-Ala 2-c~, D-AIa 2 -7, and 
D-Ala 2-¢~-endorphin), synthesized by solid phase methods  
[8] ,  were dissolved in Ringer's solut ion no more than three 
hours before  injections.  Since opioid peptides are essen- 
tially ineffect ive in producing analgesia after peripheral 
administrat ion,  all pept ides  were injected intracerebro-  
ventricularly (ICV) in 10 ~1 volumes over a period of  one 
minute.  Naloxone  [4 ] ,  supplied by Endo Laboratories,  was 
a d m i n i s t e r e d  subcutaneously  in physiological  saline 
(2 mg/cc).  

Surgery 

At least one week before testing, ventr icular  cannulae 
were surgically implanted,  under  sodium pentobarbi ta l  
anesthesia, into the left  lateral ventricle of  each animal. 
Stereotaxic coordinates  (with lambda and bregma at the 
same dorso-ventral  level) were 1 mm poster ior  to bregma, 
1.5 mm lateral to the midline, and 4.1 mm below the skull 

1Please address reprint requests to J. Michael Walker, Department of Psychology, 202 Research Center, 1314 Kinnear Road, Columbus, 
Ohio 43212. 
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FIG. 1._Upper: Regression analysis as a function of Ringer's solution and 3 doses of D-Ala2~-endor - 
phin. (X magnitude ± SEM = 31.2 + 10.4, 50.3 ± 11.7, 135.6 + 23.8; ,X duration -+ SEM = 17.5 -+ 9.3, 
31.7 -+ 8.9, 135.6 + 23.8, for 50, 100 and 200pg respectively.) Lower: Mean tail flick latency before 

and after Ringer's solution, 200 pg-a-endorphin and 200 ~g D-AIa 2 -a-endorphin. 

surface.  Denta l  acryl ic  and stainless  steel h o o k s  were used 
to secure the  cannu la  to  the  skull. Cannulae  were con-  
s t ruc ted  f rom 22 ga stainless steel  h y p o d e r m i c  t u b i n g  
sha rpened  and  beveled at the tips. The 26 ga need le  of a 
microsyr inge  used for  in jec t ions  e x t e n d e d  1 m m  b e y o n d  
the  t ip of  the  cannula .  Cannulae  p l acemen t s  were verif ied 
his to logical ly  by  e x a m i n a t i o n  of  the  vent r ic les  for  the  
presence of  a m a r k e r  dye in jec ted  before  sacrifice. 

Apparatus 

Analgesia was measured  by  the  tail-flick test  of  D ' A m o u r  
and Smi th  [ 10] .  This widely used tes t  has the  advantages  of  
be ing  re la t ively  selective for  na rco t i cs  [ 1 2 ] ,  highly quan-  
t i ta t ive,  and  insensi t ive to  e x p e r i m e n t e r  bias. The appa ra tu s  
consis ted  of  an ad jus tab le  hea t  source which  can be 
d i rec ted  o n t o  the  ra t ' s  tail. The  app l ica t ion  of  power  to the  
heat  source  s tar ts  a solid s tate  l a t ency  t imer  which  in turn  is 
s topped  by  wi thd rawa l  of  the  tail a l lowing the  l ight  f rom 
the  hea t  source  to ac t ivate  a pho toce l l .  A digital  r eadou t ,  to  
t e n t h s  of  a second,  is p rov ided  for  the  l a t ency  to tail 
wi thdrawal ,  which  is the  index  of  pain sensi t ivi ty.  

Procedure 

Pre l iminary  e x p e r i m e n t s  were first c o n d u c t e d  to deter-  
mine the  app rop r i a t e  dosage levels of  the  pep t ides  to  be 
used in s tudies  c o m p a r i n g  po tenc ies  of  the  D-Ala 2-analogs 
and the  pa ren t  c o m p o u n d s .  These e x p e r i m e n t s  e x a m i n e d  
the dose-rela ted po tenc ies  of  the  e n d o r p h i n  analogs 
(D-Ala 2 -c~, -3, and  -~) in p r o d u c i n g  analgesia as measured  by  
the  tail-flick test .  Three  doses of  each c o m p o u n d  were 

selected based on  pi lo t  tests.  These doses were 50, 100 and 
2 0 0 ~ g  for  D-Ala~-c~ and -3,, and 0.1, 2 and 4 0 ~ g  for 
D-Ala s -~-endorphin .  Separate  groups  of  6 rats each were 
used to tes t  the  three  analogs. Each rat  received three  doses 
of  a given analog and two  Ringer ' s  con t ro l  tests  on  separate  
days. Tests were separa ted  by 24 hours  and the order  of 
dose level was c o u n t e r b a l a n c e d  across animals,  in each test  
the o u t p u t  of  the  heat  source was adjus ted  to ob ta in  
ta i l -wi thdrawal  la tencies  be tween  2.5 and 4 sec. Tail-flick 
la tencies  were t hen  measured  every 3 minu t e s  for a baseline 
per iod of  15 min.  The pep t ide  or con t ro l  so lu t ion  was then  
admin is te red ,  and  tes t ing  c o n t i n u e d ,  at 3 minu te  intervals 
(5 min  for  ~) for  a m i n i m u m  of one hr or unt i l  tail-flick 
la tencies  had r e tu rned  to wi th in  30% of  the i r  baseline 
values on  three  consecut ive  trials. 

Based on  the  resul ts  of  the  dose-response  tests  descr ibed 
above,  a dosage level of  each e n d o r p h i n  p roduc ing  reliable 
analgesia was selected for f u r t he r  tes t ing  (c~ and "r-endor- 
ph in  = 200 ~g; ~ -endorph in  = 10 ~g). Separate  groups of  10 
rats each were used to compared  e n d o r p h i n  analogs to the i r  
parent  c o m p o u n d s .  In order  to insure appropr i a t e  cannula  
p lacements ,  each  an imal  was given a p re l iminary  test  with  
20 ~g m o r p h i n e  ICV. Only those  animals  who showed an 
analgesic response  to this  t r e a t m e n t  were used for endor-  
ph in  tests. At  least 4 days af te r  screening wi th  morph ine ,  
each an imal  of  a given group received five tests,  one with 
the  pa ren t  e n d o r p h i n ,  one with the  D-Ala2-analog,  and 
three  wi th  con t ro l  admin i s t r a t i on  of the vehicle alone.  All 
tests were separa ted  by 24 hours ;  the  order  of drug 
admin i s t r a t i on  was c o u n t e r b a l a n c e d  with vehicle in jec t ions  
occurr ing  on  the  first, third,  and f i f th  tests,  and e n d o r p h i n s  
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on the second and fourth.  Individual  testing sessions for 
analgesia were conduc ted  as described above. 

After  comple t ion  of  dose-response studies, two animals 
were given addi t ional  tests in order  to assess the role of  
opiate receptors  in analgesia p roduced  by the analogs. The 
opiate antagonist  na loxone  (2 mg/kg)  was administered,  
subcutaneously,  af ter  an analgesic response to the pept ide  
t rea tment  (200 tag of  D-Ala s-c~ and -% 40 tag of  D-Ala s-5) 
was observed. Tail-flick tests were then repeated unti l  
responses had returned to normal.  

Data Ana lys i s  

As in a previous report  [31 ] ,  dose-response data were 
reduced to give an est imate o f  the magni tude and durat ion 
of analgesia. For  each animal,  the durat ion was compu ted  
as the number  of  minutes  be tween  tests showing a 30% 
increase in latency over baseline mean. The magni tude of  
effect  was taken as the mean la tency during this interval. 
Linear regression was per formed  by the me thod  of  least 
squares on each measure to give an es t imate  of  dose-related 
changes in the effect .  

Exper iments  designed to compare  analogs with parent  
compounds  were subjected to repeated measures analysis of  
variance, the effect iveness of  each compound  tested by 
separate analyses over blocks of  trials with the first block 
consisting of  baseline measures. Since these analyses did not  
include data over the entire period of  the effect ,  a separate 
t-test was used to compare  the durat ion of  act ion of  each 
analog to that of  its parent.  

RESULTS 

D-A la ~ -~-en dorph in  

Figure 1 (upper  panel) shows the increasing analgesic 
effect  with increasing doses of  D-Ala=-c~-endorphin. As 
indicated,  both  the magni tude  and durat ion o f  the effect  
increased in a dose-related fashion; regression analysis 
showed a significant linear c o m p o n e n t  (r = .77, p<0 .001 ,  
for magni tude  and r = .45, p<0 .025  for durat ion).  The 
results of  the compar ison  of  ~-endorphin  with D-AlaS-c~ - 
endorphin  are shown in the lower  panel  of  Fig. 1. Both 
substances produced  statistically reliable increases in tail- 
flick latencies (c~: 3,24, F = 3.05, p < 0 . 0 5 ;  D-Ala2-c~: 3,27, 
F = 3.78, p = 0.02) whereas the Ringer 's  vehicle had no 
significant effect .  The apparent  greater po tency  of  the 
analog was highly significant (1,9,F = 14.95, p < 0 . 0 0 5 )  as 
was its durat ion of  act ion ( d r  = 9, t = 1.86, p<0 .05) .  It thus 
appears that  subst i tut ion of  D-alanine in the Gly = posit ion 
of  c~-endorphin dramatical ly enhances  its po tency  in vivo. 
Moreover the effect  of  the analog was blocked by the 
opiate antagonist  naloxone.  Two animals who showed large 
increases in tail-flick latency after 200tag of  D-AlaS-c~ - 
endorphin  re turned to baseline response levels short ly after 
inject ion of  the na loxone  (X latency after  D-Ala s-c~ = 8.1 
sec, 10 min after  na loxone  = 2.6 sec). 

D-A la s -y -endorphin  

D-Ala 2-y-endorphin produced dose dependent  analgesic 
effects as shown in Fig. 2 (upper  panel). Both the durat ion 
and magnitude increased linearly to a significant degree 
with increasing doses (magni tude:  r = .70, p < 0 . 0 0 1 ;  
durat ion:  r = .82, p<0 .001) .  Fur the rmore ,  repeated mea- 
sures analysis of  variance revealed that  a l though Ringer 's  
solution had no effect ,  both  :¢ and D-Ala2-~-endorphin 

produced reliable increases in tail-flick la tency ('r: 4,36, F = 
4 . 1 1 , p < 0 . 0 1 ;  D-Ala2-y: 4,36, F =  4.23, p<0 .01) .  As shown 
in the lower  panel of  Fig. 2, the analog was very similar to 
the parent  c o m p o u n d  in its effects. Al though analysis of  
variance suggested that  the two compounds  did not  differ 
significantly, it appears that the analog may be longer 
lasting since the mean durat ion of  its effect  (86 rain) was 
considerably greater than that of  the naturally occurring 
parent (58.2 rain). 

As with D-AlaS-a-endorphin,  na loxone  comple te ly  re- 
versed the effects  of  D-AlaS-y-endorphin.  Tail-flick la- 
tencies o f  two rats, elevated by inject ion of  200 tag of the 
analog, re turned to normal  within 10 minutes  after in- 
jec t ion  of  na loxone  (X latency after  D-Ala ~ = 8.5 sec; 10 
min after na loxone  = 2.76 see). 

D-A la s -¢-endorph in 

As with the o ther  endorphin  analogs, D-AlaS-t>endor - 
phin produced a marked analgesia which was an increasing 
funct ion of  its dose. A significant linear effect  of  dose was 
indicated by regression analysis for both magnitude (r = 
.69, p < 0 . 0 0 1 )  and durat ion (r = .52, p < 0 . 0 0 5 )  of  effect .  
The 40 #g dose was part icularly powerful ,  in some cases 
producing analgesia that  lasted over 9 hours. (See Fig. 3, 
upper  panel.)  

In view of  the ex t reme effects  of  high doses of  
D-Ala2-t>endorphin, a more modera te  dose of  10 tag was 
chosen for compar ison with its naturally occurr ing parent  
compound .  Again, the control  inject ions had no effect  on 
tail-flick la tency;  however ,  as shown in Fig. 3 ( lower panel), 
both t3-endorphin and its D-Ala s-analog produced signifi- 
cant increases over baseline (ANOVA;  ~: 6,54, F = 2.41, 
p < 0 . 0 5 ;  D-Ala s -t3: 6,54, F = 7.76, p<0 .001) .  Moreover ,  the 
overall effect  of  D-Ala2-C~-endorphin was found to be 
significantly greater than that of  the parent compound  
(ANOVA;  1,9, F = 7.19, p<0 .025) .  The greater po tency  of  
the D-Ala2-analog was especially apparent  in its greater 
durat ion of  action. The mean durat ion of  analgesia was 
45.1 min for ~-endorphin and 176.5 rain for the analog (t = 
2.67, p = 0.012). 

The results of  na loxone  adminis t ra t ion again indicated 
that the actions of  D-AlaS-¢-endorphin are media ted  
through opiate receptors.  The opiate-antagonist  na loxone  
comple te ly  reversed the analgesia induced by 40 tag of  this 
po ten t  analog. The mean latency of  tail withdrawal after  
D-Ala 2 -¢~-endorphin was 10.0 sec which re turned to 3.2 sec 
10 rain after  naloxone inject ion,  a value approximate ly  that  
of  the pre-drug baseline. 

Behavioral  Observat ions  

The analgesia produced as a result of  the endorphins  and 
their  analogs in the present s tudy was generally accom- 
panied by other  behavioral  changes as well. As we pre- 
viously observed with D-Ala~-Met-enkephalin [31] ,  short 
bursts of  course t remors  of ten occurred short ly after 
injections. With c~- and ~,-endorphin and their  analogs, 
t remors were often observed within 30 sec after inject ion 
inject ion,  whereas with ~ and D-Ala=-~-endorphin, 5 15 
minutes  usually elapsed before such t remors  were observed. 
In addit ion,  animals of ten showed signs of  hyperact ivi ty  
and hypersensi t ivi ty to touch for transient periods occur- 
ring irregularly throughout  the testing session. At higher 
doses of  O-endorphin and the analogs, seminal emission and 
the straub tail phenomenon  were occasionally observed. 
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DISCUSSION 

The results of  the present exper iments  documen t  the 
analgesic proper t ies  of  the natural ly occurr ing pi tui tary 
endorphins,  a,  T, and &endorphin  [18] .  Al though some 
o ther  investigators have failed to find analgesia after central  
adminis t ra t ion of  a and 7-endorphin  [3 ,18] ,  our results 
clearly indicate that  they  do have reliable effects  in the 
tail-flick test. The present exper iments  were not  designed to 
directly compare  po tency  among these natural ly occurr ing 
substances,  however ,  it was obvious that  ~-endorphin is the 
most po t en t  fo l lowed by y and then a. 

These exper iments  fur ther  demons t ra te  the increased 
potency  of  synthet ic  endorphin  analogs having D-alanine 
subst i tuted in the Gly 2 posit ion,  ex tending  and conf i rming  
recent reports  showing increased po tency  of  D-Ala 2-endor- 
phin analogs in o ther  systems [7, 8, 30, 31] .  All three 
analogs produced  dramatic and prolonged analgesic effects.  
Moreover,  the analgesia we observed did not  appear to be a 
secondary consequence  of  the o ther  effects  of  these 
compounds  since analgesia could be observed in the absence 
of o ther  behavioral  effects. Since the first five residues of  
the endorphin  sequences are identical  to those of  Met- 
enkephalin,  this work stands as a logical extension of  
research showing enhanced act ivi ty of  D-Ala 2-Met- 
enkephal in [9, 26, 31] .  As in the case of  meth ionine-  
enkephal in,  it is possible that a ~-type 1I bend [5, 19, 27] is 
stabilized by the D-amino acid. Studies of endorphin  

analogs in vitro p rompted  Brit ton e t a l .  [7] to argue for 
greater resistance to enzymat ic  destruct ion as well as 
greater binding affinity as the cause of  the increased 
activity of  these analogs in the vas deferens assay. Our 
results suppor t  the view that these factors may account  for 
the enhanced po tency  of  the D-Ala 2 -endorphin analogs. 

Lord e t  al. [23] have suggested that the binding charac- 
teristics of  D-Ala~-Met-enkephalin to various classes of  
opiate receptors  are essentially indistinguishable from those 
of  the natural ly occurr ing parent. It is, therefore,  becoming 
increasingly reasonable to use this analog in behavioral 
exper iments  where a longer durat ion of  action is necessary. 
It seems likely that  a similar relat ionship will hold for the 
analogs in the present study. If so, the applicat ion of the 
D-Ala ~-analogs as a research tool is particularly suitable for 
c~-endorphin whose actions are ex t remely  weak in tests of 
analgesia. 

While there is some evidence suggesting a great deal of 
similarity be tween the D-Ala2-analogs and parent  com- 
pounds, o ther  observations from this s tudy suggest some 
differences in act ion be tween  the enkephalins and endor- 
phins. For  example,  in exper iments  with fi-endorphin and 
its D-Ala~-analog, low doses of ten produced powerful  
analgesia with few o ther  p ronounced  behavioral  changes. In 
contrast ,  animals treated with D-Ala 2 -Met-enkephalin rarely 
showed analgesia wi thout  an accompanying  state of nearly 
total  immobi l i ty ;  lower doses of ten produced varying 
degrees of  hyperact iv i ty  and hypersensi t ivi ty but with little 
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analgesia [31 ]. It is clear, therefore ,  that  in t raventr icular  
inject ion of  these various opiate-like pep t ides  produce  the 
same classes of  behavioral  effects  but  possibly in d i f ferent  
propor t ions .  The neurological  basis for this observat ion is 
unclear since dose level, rate of  degradat ion  [13, 15, 16],  
access to r ecep to r  popula t ions ,  and varying aff ini ty  to 
di f ferent  classes of  opiate  receptors  [ 24,25] may  in teract  in 
producing the final behavioral  ou t come .  The observat ions  
of  d i f ferent  ef fec ts  of  the opiate-like pept ides  lend suppor t  
to the  idea that  these substances  may have d i f ferent  
funct ional  roles. Not only  have previous observat ions  led to 

this conclus ion [ 29] but  the dis t inct  anatomical  di f ferences  
in localization be tween  the enkephal ins  and endorph ins  
[2,28] provide a neurological  basis for d i f ferent  act ions of  
these substances.  
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