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PHILLIS. J W . R A BARRACO. R E DELONG AND D O WASHINGTON Beha~u~ral chara¢tertstt¢s o[ ¢entlally 
admtmsteled adem~me analog~ PHARMACOL BIOCHEM BEHAV 24(2) 263-270. 1986--Mace were implanted wath 
chromc mdwelhng cannulae in the lateral cerebral ventracle A series of adenosine analogs and related compounds were 
injected into the lateral ventricle (ICVT) and their effects on spontaneous locomotor activity recorded All analogs 
produced dose-related decreases m locomotor activity 5'-N"-ethyl-carboxamldoadenosme (NECA) was the most potent 
compound tested, w~th a number of N"-substltuted analogs also being effective depressants of actavlty Caffeine. admmas- 
tered either mtracerebroventncularly or mtraper~toneally, antagomzed the depressant effects of the adenosine analogs 
3-1sobutyl-l-methylxanthme. administered ICVT. depressed locomotor activity However. after caffeine. IBMX ehcJted 
behavioral stlmulatmn Agents which anhlb~t the transport of adenosine (&pyndamole. ddazep, papavenne) depressed 
locomotor activity, as did erythro-9-(2-hydroxy-3-nonyl)adenme (EHNA). an inhibitor of adenosine deammase The effects 
of ddazep, papavenne and EHNA. but not of dlpyndamole, were antagomzed by caffeine These results further substan- 
tmte the notmn that endogenous adenosine as involved m the regulatmn of central nervous system excatabflaty 

Adenosine Intracerebroventncular mjecuon Purmes Methylxanthmes Caffeine Dflazep 
Papavenne Erythro-9-(2-hydroxy-3-nonyl)ademne 

EXPERIMENTS conducted dunng the past decade have 
done much to focus attention on adenosine and the adenine 
nucleotldes as potential transmitters or neuromodulators in 
the central nervous system (CNS) Although much of the 
evidence implicating adenosine and adenosine trlphosphate 
(ATP) in " 'punnerglc transmission" has been forthcoming 
from the penpheral autonomic nervous system [1, 2, 27], 
there has been considerable interest in the potential role of 
these compounds in the CNS Adenosine and ATP meet 
many of the crltena for consideration as putative transmit- 
ters, they are widely distributed In the nervous system to- 
gether with the enzymes for their synthes~s and degradatmn 
[51,64], and are released m vtvo in a calcium-dependent 
manner dunng neuronal actlvatmn [35, 59, 65, 72] 

Adenosine and ~ts analogs have potent inhibitory actmns 
on neuronal firing at many levels of the neural axis [50,51] In 
experiments with m vttro preparations, adenosine depressed 
the amplitude of monosynaptlc evoked responses [24.37.57. 
58.60] Purmerglc inhibition of transmitter release from cen- 
tral and peripheral nerve terminals has been demonstrated m 
a number of laboratories [30.51.64] Perhaps the best char- 
actenzed effect of adenosine is its capacity to modulate 
adenylate cyclase actlwty [41.67] A number of  laboratories 
have provided evidence for more than one membrane-asso- 
crated receptor involved in cychc adenosine 5'- 
monophosphate (cAMP) regulation A high affinity receptor 
(A~. R,) is inhibitory to adenylate cyclase, while a lower 
affimty receptor (A_.. R.0 is stlmulatory Responses at both 
sites can be competitively antagomzed by methylxanthlnes 

such as theophylhne or caffeine [21] Further, hgand binding 
studies on CNS tissues reveal a high affinity site that has 
tentatively been identified as the A, receptor [11] Overall, 
the brain contains amongst the highest concentration of 
adenosine receptor of any tissue examined [48] 

In contrast to the electrophyslologlcal and biochemical 
effects of  adenosine in the central nervous system, relatively 
little is known about the behavioral actions of adenosine and 
its analogs It IS known that adenosine has a marked effect on 
arousal levels Parenteral inJections of  adenosine and its 
analogs produce marked hypoactlvlty [18, 25, 62, 68], hyp- 
nogenlc activity [56], hypothermla [5, 68, 71], antlconvulsant 
actions [3, 25, 42], muscle relaxation [5], and antlnoclspons- 
lve effects [34,68] Parenteral inJections of adenosine and ItS 
analogs have also been shown to produce decreases in 
schedule-controlled operant behavior [15], and to suppress 
spontaneous and drug-induced food intake [14, 38, 71] 

A number of studies have shown that intracerebroven- 
trlcular administration of  purmes also produces similar ef- 
fects on arousal levels and other behavioral responses For 
example, adenosine and ATP inJected into the lateral ventri- 
cles of cats or rats produce muscular weakness, ataxla and 
sleepiness [12,28] Infusion of adenosine into the third ven- 
tricle or hypothalamus of  the fowl caused behavioral and 
electrocortlcal sleep [44] Adenosine also had hypnogenlc 
actlVlty when administered into the lateral ventricle of dogs 
and rats [31,69] Administration of adenosine analogs into 
the rat lateral cerebral ventricle reduced the intensity and 
duration of kindled seizures [8] Adenosine nucleotldes had a 
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FIG 1 The effect on locomotor activity of ICVT injections of 11 
adenosine analogs (@ @) N-et hylcarboxamldoadenoslne, 
O - -  - - O  N"-S-l-hydroxy-3-phenyl-2-propyladenoslne [] - - [ ]  
N"-3-pent yladenoslne, A- -  A N"-R- 1-phenyl-2-butyl- 
adenosine, • • N"-R- l-phenylethyladenosme, • - - •  
2-phenylamlnoadenoslne, x - - x  N"-R- phenyhsopropyl- 
adenosine, @-- - -  --@ N"-S- l-phenyl-2-butyladenosme, 
~ ) - - - -  © 2-chloradenosme, D--  - - D  N"-S-l-phenylethyl- 
adenosine, • • N~'-S-phenyhsopropyladenoslne) Values are 
expressed as percent of controls (mean_+S E M ) receiving saline 
ICVT 

h y p o t h e r m i c  ac t ion  w h e n  in jec ted  into the  cat an t e r io r  hypo-  
t h a l a m u s  [22] Cent ra l  admin i s t r a t i on  of  a d e n o s i n e  suppres -  
sed food and  wa te r  in take  by ra ts  [38], and  caused  dose-  
re la ted  dec rea se s  in pain pe rcep t ion  [32, 5 5 . 7 3 ]  The  com- 
pe t t t lve  b lockade  by  m e t h y l x a n t h l n e s  in these  s tudies  
sugges ts  tha t  the  effects  are med ia ted  by a d e n o s i n e  recep-  
tors  

M a n y  of  the  behav io ra l  ef fects  of  a d e n o s i n e  ana logs  can  
be  mimicked  by  drugs  which  a l te r  e n d o g e n o u s  levels  of  b ra in  
a d e n o s i n e  F o r  ins t ance ,  a d e n o s i n e  up take  lnhlb l tors  can  
po t en t i a t e  the  seda t ive  effects  of  a d e n o s i n e  in mice  [19], and  
po ten t i a t e  the  a n t m o c l s p o n s l v e  effects  of  a d e n o s i n e  in mice 
[73] L ikewise ,  a d e n o s i n e  d e a m l n a s e  lnhlb l tors  such  as 2'-  
d e o x y c o f o r m y c l n  p roduce  seda t ive  and  hypno t i c  effects  m 
h u m a n s  [43] and  rats  [56], w he r ea s  e ry thro-9- (2-hydroxy-3-  
n o n y l ) a d e n m e  ( E H N A ) ,  a n o t h e r  adenos ine  d e a m m a s e  m- 
h lb t to r  was  s h o w n  to p roduce  a p ro found  dec rea se  in spon-  
t a n e o u s  m o t o r  act ivi ty  in mice and  rats  fol lowing paren te ra l  
a d m i n i s t r a t i o n  [471 

In th is  p a p e r  we descr ibe  the  behav io ra l  ef fects  of  
a d e n o s i n e  agonis t s ,  an t agon i s t s ,  and  p o t e n h a t o r s  of  
a d e n o s i n e  on  the  l o c o m o t o r  ac t iv i ty  of  mtce  Drugs  have  
b e e n  Injected into the  la teral  ce rebra l  ven t r ic le  ( ICVT)  to 
mit igate  the  h y p o t e n s l o n  as soc ia ted  with per iphera l ly-  
admin i s t e r ed  p u n n e s  The  use  o f  a s t anda rd ized  exper i -  
men ta l  pa rad igm made  it poss ib le  for  us to c o m p a r e  and  
cha rac t e r i z e  the  ac t ions  of  these  drugs  on  a specif ic ,  but  
un i fo rm,  type  of  behav io ra l  ac t iv i ty  Two pre l iminary  re- 
por t s  of  these  s tudies  have  a p p e a r e d  [7,17] 

METHOD 

Adul t  male  Swiss  W e b s t e r  mice (ICR strain,  Har lan  In- 
dus t r ies )  app rox ima te ly  10 weeks  old (35-40 g) were  im- 
p lan ted  wi th  p e r m a n e n t  indwel l ing s ta inless  steel  guide can-  
nulas  for  Inject ion into the  lateral  ven t r ic le  of  the  brain  The  

P H I L L I S ,  B A R R A C O ,  D E L O N G  A N D  W A S H I N G T O N  

T A B L E  1 

LOCOMOTOR DEPRESSANT POTENCIES OF ADENOSINE AND 
RELATED COMPOUNDS 

Compound 

Adenosine Analogs ID,,, (per mouse) 
N"-3-pentyladenosme 0 07 nmol 
N"-S - 1-hydroxy-3-phenyl-2- 37 pmol 

propyladenosme 
N~'-R-phenyhsopropyladenosme * 1 8 nmol 
N~-S-phenyllsopropyladenosme~ 20 2 nmol 
N"-R- l-phenylethyladenoslne 0 18 nmol 
N"-S-I-phenylethyladenosme 5 5 nmol 
N"-R-I-phenyl-2-butyladenosme 0 14 nmol 
N"-S-l-pheny[-2-butyladenosme 3 4 nmol 
Adenosine* 67 4 nmol 
2-chloroadenosme* 4 9 nmol 
5'-N-ethylcarboxamidoadenoslne* 22 pmol 
2-phenylammoadenosine l0 7 nmol 
3-1sobutyl-l-methylxanthlne* 27 0 nmol 

Transport Inhlbltors 
Papaverme* 26 5 nmol 
Dlpyridamole 79 nmol 
Dflazep 16 nmol 

Deamlnase Inhibitor 
Erylhro-9-(2-hydroxy-3-nonyl)adenme 240 nmol 

This table presents the doses of mtracerebroventr, cularly admmls- 
tered adenosmerglc hgands, and potentlators of adenosine required 
to elicit a 50% reduction m mouse locomotor activity 

*lD,,/s for these compounds were previously reported in [17] 

cannu lae  (26-gauge tubing cut  to a length of  10 mm and 
b lun ted  90 °) were  implan ted  s te reo tax lca l ly  unde r  sodium 
pen toba rb l t a l  a n e s t h e s i a  using as coord ina te s  AP 0 0 
(bregma) ,  ML,  _+0 8 mm,  and  DV,  - 2  2 mm from the  skull 
sur face ,  with  the skull surface  in the hor izon ta l  p lane [4] 
The  c a n n u l a e  were  held in place wi th  Fas tcu re  denta l  repai r  
mater ia l  (Kerr)  which  was a n c h o r e d  to two small  clips in- 
ser ted  th rough  the bone  A fine wire st l let te was inser ted  into 
the  cannu l a  to p reven t  clogging The  in jec tor  c annu l a  was a 
33-gauge tube ,  cut to a length of  10 2 ram.  and a t t ached  by a 
length of  PE 20 tubing  to a Hami l ton  syr inge All drugs  were  
in jected slowly,  in a 5 p.l vo lume of  artificial ce reb rosp lna l  
fluid, o v e r  a 30 sec per iod Con t ro l  an imals  r e cewed  5 /xl 
in jec t ions  of  artificial ce reb rosp lna l  fluid The  cor rec t  
p l a c e m e n t  of  the  cannu lae  was verif ied at the  end  of  each  
s tudy by s e c n o n l n g  the bra in  In some a m m a l s  5/xl  of  cres-  
yl violet  s tain was in jec ted  th rough  the guide cannula ,  af ter  
wh ich  the  animal  was sacr i f iced,  the brain  r e m o v e d  rapidly 
and sl iced The  p re sence  of  dye m the cerebra l  ven t r l cu la r  
sys t em was then  as sessed  visual ly Animals  in which  the 
c a n n u l a  p l acemen t s  was  misd i rec ted  were  exc luded  f rom the  
s tudy  

Animals  were  housed  6 per  cage in 1 8 x 2 4 x  15 cm poly- 
p ropy lene  cages  on a 12 hr/12 hr  light cycle  and a l lowed 
ready  access  to food and  wa te r  Af ter  surgery ,  the mice were  
a l lowed to r e cove r  and  adap t  to the i r  hous ing  for a m in imum 
of  5 days  After  drug admin i s t r a t ion ,  mice were  each  placed 
in one  of  six tes t ing c h a m b e r s  ( 1 8 x 2 4 ×  15 cm) and  the cham-  
bers  were  mon i to red  s imul t aneous ly  The  test  c h a m b e r s  



B E H A V I O R A L  E F F E C T S  O F  A D E N O S I N E  265 

T A B L E 2  

MEAN ± S E M PERCENT L O C O M O T O R  A C H V I T Y  OF SALINE CONTROLS~ (~WMOUSE) 

0 0032 0 01 0 032 0 l0 ! 0 3 2 5 6 l0 !7 8 32 100 

NECA 
NECA + 

Caffeine 
IBMX 
IBMX + 

Caffeine 
Adenosme 
Adenosme + 

Caffeine 

72 ± 8 30 ± 9* 15 ± 4* 2 ± 1" 
77 ± II 93 + 22t 60 + 14t 34 ± 8t 

84 ± 7 58 ± 23 17 ~ 5* 14 ± 3* 

81 ± 14 100 ~ 14t 127 ± 28t 249 ± 23t 

97 ± 18 65 ± 16 37 ± 8* 6 + 1" 
200 ± 23t 174 ± 32t 59 ± It  

Effects of ICVT rejections of NECA. IBMX and adenosine on spontaneous locomotor activity g~ven alone and m combination with a 
single mtrapentoneal reJection of caffeine (32 mg/kg) At this dose caffeine had no slgmficant effect on locomotor activity when given alone 
(mean_+ S E M percent of sahne controls = 94 ± 1 5) 

*Indicates mdwldual doses of drug alone differ from saline controls by p<0 01 
tlndlcates caffeine (IP) m combination with drug (ICVT) differs from drug alone by p<0  02 
~+Data m this table taken from [17] 

were  located in a dark compar tment  eqmpped  with a fan for 
venti lat ion and noise at tenuation L o c o m o t o r  ac twl ty  was 
measured  with a Stoel tmg 31410 Modular  Electronic  Actwl ty  
Momtor  with 6 sensors Each sensor  was act ivated by a 
umform,  low power ,  radlof requency field extending several  
inches above  the surface Sensi t ivi ty of  the sensors  was ad- 
jus ted to accumula te  counts  for gross movemen t  All sensors  
were  adjusted to equal  senslt lvlty with a pendulum Im- 
mediately following I C V T  Injections,  there was a 10-ram pre- 
test period, pnor  to the 30 mln test period for l ocomoto r  
act ivi ty L o c o m o t o r  ac t lwty  scores  were analyzed by the 
Kruskal-Walhs ranked one-way analysis of  var iance  and 
Mann-Whi tney post hoc one-tai led paired compar isons  

The drugs used in this study were 5 ' -N-e thy lcarboxaml-  
doadenos lne  (NECA) ,  R- and S-N~(phenyhsopro - 
pyl)adenoslne (R- and S-PIA) (gifts f rom Warner -Lamber t ) ,  
N~-3-pentyladenosme (3-PA), N~-S-l-hydroxy-3-phenyl-2 - 
propyladenoslne  (S-HPPA),  N~-R - and S- l -phenyle thyl -  
adenosine (R-PEA, S-PEA),  N6-R - and S- l -phenyl-2-butyl-  
adenos ine  (R-PBA,  S-PBA).  2 -pheny lamlnoadenos lne  (2- 
PAA) (gifts from Dr R A Olsson,  Univers i ty  o f  South 
Florida),  adenosine ,  2-chloroadenoslne (CADO),  papa- 
verme,  3-1sobutyl- l-methylxanthlne (IBMX) (Sigma), caf- 
feine (Eastman Kodak) ,  d lpyndamole  (C H Boehr lnger  
Sohn), ddazep (Asta-Werke) ,  erythro-9-(2-hydroxy-3- 
nonyl)adenlne ( E H N A )  (Burroughs Wel lcome and Co ) 

RESULTS 

Adenowne at:d Adenowne Analogs 

The effects o f  a series of  adenosine  analogs on locomotor  
act ivi ty (as percent  o f  saline controls)  at various doses  are 
shown in Fig 1, and the calculated molar  doses reqmred  to 
depress  act lvl ty  by fifty percent  (IDa,,) are given in Table 1 
Analyses  o f  var iance on each compound  indicated that all 
analogs produced highly significant dose-related decreases  in 
locomotor  act ivi ty  N E C A  was the most  potent  analog 
tested,  and many of  the N"-subst i tuted compounds  were  also 
compara t ive ly  potent  in depress ion o f  locomotor  act ivi ty  As 
httle as 0 5 nmoles/kg of  N E C A  is sufficient to reduce  loco- 
motor  act ivi ty  by fifty percent  At  higher dose levels,  loco- 

motor  act lvl ty  Is even  more  markedly  reduced and the 
ammals  general ly lie on their ventral  surface with the hmbs 
splayed They are howeve r  capable of  withdrawal  responses  
when the tall is pinched and demonst ra te  righting and 
corneal  reflexes 

In order  to demonst ra te  that these adenosine analogs 
were  exert ing their  behavioral  effects by act ivat ion of  an 
adenosine receptor ,  c a f f e i n e  w a s  u s e d  a s  a receptor  
antagomst  Caffeine was adminis tered in t rapentoneal ly  20 
mm before in t race rebroven tncu la r  reJections o f  adenosine or  
its analogs,  at a dose which had no effect on locomotor  ac- 
twlty when given alone (32 mg/kg, mean-+SEM for the cafo 
feme controls  was 94_+i 5%) Pret reatment  with caffeine 
slgmficantly an tagomzed the effects  of  N E C A  and adenosine  
on locomotor  activity at all depressant  doses,  es tabhshmg 
that these effects are mediated by a speof i c  adenosine recep-  
tor  (Table 2) A paradoxical  effect was observed  with caf- 
feine pre t rea tment  and adenosine ,  in that low doses  of  
adenosine (10/~g and 32 p~g) now stlmulated locomotor  ac- 
tivity (ADO + caffeine vs caffeine alone H(3)= 12 01) (Table 
2) In contrast ,  when mice were  given N E C A  with caffeine 
there were  no dose combinat ions  which produced stimula- 
tion 

lntra~ erebt oventrl~ ular Caffeine and IBMX 

Caffeine was injected In t racerebroventncular ly  at doses  
of  10 p.g, 32 p.g, 150 p~g and 320 p.g At  the lowest  dose (10 
p~g) caffeine reduced locomotor  act ivi ty  (p<0  05). but it had 
no significant effect on locomotor  act ivi ty  at the higher 
doses  At 150 tzg, the locomotor  scores of  the caffeine- 
t reated ammals  were  ~dentlcal to those of  the sahne controls  
Howeve r ,  when ICVT caffeine (150 /zg) was adminis tered 
prior to the reJection of  N E C A ,  the effects  of  the latter were  
significantly reduced,  H(4)= 15 96, p < 0  01 Pre t rea tment  
with 150 p~g caffeine comple te ly  antagonized the depressant  
effects of  0 01 ~g  N E C A  and reduced the effects  of  higher 
(0 032/zg,  0 01 tzg) doses 

I B M X  (5 6/~g, l0 0/~g, 17 8 ~g,  ICVT) produced sigmfi- 
cant dose-re la ted decreases  m locomotor  activity,  
H(4)=22 57, p < 0  001 I B M X  was 1000-fold less potent  than 
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FIG 2 The effect on locomotor activity of ICVT injections of d~- 
pyridamole (DIP), IP injection of 32 mg/kg caffeine (CAF), and DIP 
doses m combination with CAF Values are expressed as the percent 
of controls (mean_+S E M ) receiving saline IP and ICVT Individual 
s~gnlficance levels were determined by Mann-Whitney U one-tailed 
comparisons 10 /~g (p<005), 50 /zg (p<0001), and 100 /xg 
(p<0001) of DIP depressed locomotor activity relative to 
sahne/sahne controls, whereas DIP+CAF was not s~gnlficantly dif- 
ferent from DIP alone at any dose 
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FIG 3 The effect on locomotor achwty of ICVT injections of dl- 
lazep (DZP) and DZP doses m combination with 32 mg/kg of 
lntrapentoneally-admmzstered caffeine (CAF) Values are expressed 
as the percent of controls (mean_+S E M ) receiving sahne IP and 
ICVT Individual slgmficance levels were determined by Mann- 
Whitney U one-tailed comparisons 5 #g q~<0 01), 16p~g (p<0 001), 
and 50/zg q~<0 001 ) of DZP depressed locomotor actiwty relative to 
sahne/sahne controls (*), and CAF (antagonized this depression at 
16/xg q)<0 01) and 50/xg q)<0 05) of DZP (Q) 

N E C A  (Table 1) When ICVT IBMX was administered after 
pretreatment with lntrapentoneal caffeine (32 mg/kg), a 
stimulant effect on locomotor activity became evxdent 
(IBMX + caffeine vs caffeine alone H(4)= 19 4 5 , p < 0  001) 
When IBMX (10 p~g) and adenosine (22 /zg) were adminis- 
tered m combmanon mtracerebroventrlcularly, locomotor 
depression was not observed Rather, some stimulation be- 
came apparent (Table 2) In this situation, therefore, IBMX 
appears to exhlbtt antagonistic activity slmdar to that ob- 
served with caffeine 

Studies with Inhtbttors of  Adenosine Upta/xe 

The effects of adenosine transport mhlbltors (papavenne, 
d~pyridamole, ddazep) on locomotor actlwty were meas- 
ured Papaverme produced a dose-related decrease in activ- 
Ity, H(4)=22 87, p < 0  001, and had an IDa,. of 26 5 nmol 
When an ICVT combination of 10/xg of papaverme and 22 
/zg of adenosine were given, their effects were additive, 
producing a depression of locomotor activity s~mdar m 
magmtude to 32 gg of either papaverme or adenosine given 
alone The depressant effects of papavenne were antago- 
razed by caffeine (papaverine + caffeine vs caffeine alone, 
H(3)=15 29, p < 0  01) 

The effect of dlpyndamole, a potent inhibitor of 
adenosine uptake [52,53] on locomotor activity at various 
doses is shown m Fig 2 Intracerebroventrlcularly adminis- 
tered dtpyndamole slgmficantly depressed movement at 
doses of l0/xg, 50/xg and 100/zg (ID-,o=79 nmol) In order to 
determine whether dlpyrldamole's effects were a result of 
the potentmtlon of endogenously released adenosine, caf- 
feine (32 mg/kg) was administered lntrapentoneally 20 mln 
prior to the ICVT dlpyndamole As shown in Fig 2, caffeine 
faded to antagomze the effects of dlpyndamole 

Dllazep is another potent inhibitor of adenosine uptake 
[52,53] Dllazep (5 0 /xg, 16 /zg, 50 /~g, ICVT) significantly 

Inhibited locomotor activity (Fig 3) with an ID-.,, of 16 nmol 
Caffeine significantly antagonized the depressant effects of 
the two higher doses of ddazep q~<0 001) 

Inhibition o[ Adenosine Deamtna se 

EHNA IS a potent mhibltor of adenosine deammase [61] 
Th~s substance slgmficantly inhibited locomotor activity 
(ID~.=240 nmol) at doses of 56 ~g, 100/zg, 178/zg and 320 tzg 
ICVT (Fig 4) Caffeine (32 mg/kg, IP) slgmficantly antago- 
nized the locomotor depressant effects of the three h~gher 
doses of EHNA 

D I S C U S S I O N  

In the present study we have confirmed and extended our 
earlier observations [7,17] that lntracerebroventncularly 
administered adenosine analogs exert a potent depressant 
action on mouse locomotor activity It has been known for 
many years [23.68] that adenosine and its derivatives can 
produce marked hypoactlvlty when administered periph- 
erally, but these compounds also have multiple effects on 
cardiovascular function For example, adenosine analogs 
have direct negative actions on the heart which are blocked 
by the methylxanthlnes [13] and, when administered to rats 
intravenously or lntraperqtoneally, these compounds exert 
potent hypotenslve actions [53,68] It is therefore conceiva- 
ble that the central effects of these compounds are secondary 
to their peripheral, cardiovascular, actions [50,53] In an at- 
tempt to ehmlnate this problem as a consideration in the 
interpretation of behaworal data, the present experiments 
were conducted using lntracerebroventrlcularly-admln- 
istered drugs In a previous study on rats, we had demon- 
strated that the threshold dose for a hypotenslve act=on of 
lntracerebroventricularly administered NECA was 100-fold 
higher than the dose required to lnh~b~t locomotor activity 
The dose of R-PIA necessary to elicit a significant reducnon 
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FIG 4 The effect on locomotor act~vlty of ICVT mject~ons oferyth- 
ro-9-(2-hydroxy-3-nonyl)adenme (EHNA), IP rejection of 32 mg/kg 
caffeine (CAF). and EHNA doses m combination wnh CAF Values 
are expressed as the percent of controls (mean_+S E M ) receiving 
sahne IP and ICVT Individual significance levels were determined 
by Mann-Whitney U one-tailed comparisons the four highest doses 
of EHNA depressed locomotor act]wty (all p<0 001) relative to 
sahne/sahne controls (*), and CAF antagomzed this depression at 
100 p~g q~<0 05). 178 p~g (p<0 001). and 320 ~g (p<0 001) of EHNA 
(O), although CAF lowered acuwty relahve to sahne/sahne controls 
m this experiment (p<0 05) 

m blood pressure was 10-fold hagher than that for depressaon 
of  Iocomohon [6] These results showed that the hypoactave 
and hypotensave effects of adenosine analogs can be das- 
SOClated by using an mtracerebroventncular route of admln- 
~strataon 

A series of adenosine denvataves have been tested m the 
present experiments NECA was the most potent of these A 
number of N"-substltuted compounds were also very effec- 
tive depressants of locomotor achvaty The R-dmstereomers 
of PIA. PEA and PBA were 10-30 times more potent than 
the S-dmstereomers 2-Phenylamlnoadenosme and 2-CADO 
were also potent mhabJtoa s of locomotor actlwty Adenosine. 
itself, was consaderably less active, but thas estimate was un- 
doubtedly influenced by tissue uptake and metabohsm 

The order of agonlst potency can be used to characterize 
receptor types If the agents mediate their effects via the same 
receptors The samllanty of the dose response curves illus- 
trated m Fag 1 suggests that this was, indeed, the case Both 
A,/R, and A./R,-receptors are competmvely antagomzed by 
methylxanthmes [11.40] In the absence of specafic 
antagonists for these receptor subtypes, at cannot be conclu- 
sively estabhshed that the agomsts anteract solely wnh eather 
A~/R, or A,/R, receptors m the brain However.  antagomsm 
by the methylxanthlnes does mdacate that the effects ob- 
served were medmted vm an adenosine (P0 receptor and not 
vm other purlne sensmve sates (P_,-receptors or mtracellular 
P sate) [20] 

The structure-actavaty relataonshlps observed m these ex- 
periments are difficult to reconcde wath the classac 
AT/R, A JR, receptor profiles The very hagh potency of 
NECA as suggestave of an A JR,  receptor, but this conclusion 
as not supported by the greater than would be antaclpated 
actavlty of many of the N"-A~/R~ hgands Data from the R~ 
receptor on dog coronary arteries indicates that 
2-phenylamlnoadenoslne an A_, hgand should have been 
considerably more effective than R-PIA [49] Still, the 10- 

fold potency difference between the R- and S-dlastereomers 
of  PIA is more Indicative of an A_JR.. rather than an A,/R, 
receptor [11,40] It is difficult, therefore, to reach any defi- 
nite conclusion about the classification of the receptor type 
revolved in mediating these behaviorally depressant effects 
Our observation that NECA was the most potent analog 
tested is consistent with the results obtained in other behav- 
ioral studies in which penpherally admlmstered NECA was a 
more potent depressant of schedule-controlled responding 
that R-PIA [16,39] 

Recent reports demonstrating that hpophdlc substances. 
such as R-PIA, are rapidly accumulated by cells [26,54] 
suggest that caution be applied to any comparisons of  the 
potency of such agents with NECA Although R-PIA as 
non-metabolizable and apparently not transported by the 
adenosine transporter, it is able to eqmhbrate rapidly across 
the plasma membrane wathout carrier mediation consastent 
wath Its hpophlllcaty, and accumulates concentratavely m 
cells due to partitioning into membrane hplds and binding to 
mtracellular components In contrast. NECA as not accumu- 
lated by mdlvadual cells [26] The consequences of thas ac- 
cumulation are hkely to be varied and could include a lag- 
phase before the agent reaches its maximal levels in the 
plasma membrane, concentrataons an the plasma membrane 
an excess of those an the surrounding medium, and un- 
anticipated effects on mtracellular receptors and enzymes A 
recent report that nanomolar concentrataons of R-PIA can 
stimulate a low K,. cyclic AMP phosphodlesterase in rat 
brain [45] may offer an alternative explanataon for some of 
the effects of this agonlst on brain cyclic AMP levels 

Evadence for a neuromodulatory role of adenosine in the 
CNS was sought from experiments wnh mhlbators of 
adenosine transport and adenosine deammase The actaon of 
adenosine appears to be terminated by ats removal from the 
synaptac cleft by actave neuronal uptake coupled to an 
mtracellular enzyme, adenosine klnase, or by deamlnataon to 
mosme vm the enzyme adenosine deamlnase [51] Prevaous 
studaes have demonstrated that the transport mh~bators m- 
trobenzylthlolnosme and mtrobenzylthloguanosme (admlms- 
tered IP) can potentmte the sedatave effects of 
mtraperltoneally-admlmstered adenosine [19] However.  m- 
trobenzylthlolnoslne dad not have a sedative actaon of ~ts own 
at doses of up to 60 mg/kg 

In the present experiments we have admlmstered two po- 
tent transport lnhlbltors [52.53] directly into the lateral cere- 
bral ventricle Dlpyndamole and dllazep both inhibited lo- 
comotor actavlty, but only the effects of ddazep were antag- 
omzed by caffeine The effects of dlpyrldamole were there- 
fore hkely due to some other aspect of ats pharmacologacal 
actavaty, such as the inhibition ofphosphodaesterase [46] and 
not a consequence of ats potentmtaon of extracellular levels 
of adenosine The third transport mhabltor tested in thas 
series was papavenne, a drug wath recognized sedatave 
propertaes [63] Papaverlne also lnhlbned locomotor actlvaty 
and. lake dllazep, ats effects were antagomzed by caffeine 

A decrease in spontaneous locomotor act~wty of mice and 
rats following the parenteral admmastrataon of EHNA has 
previously been reported [47] Th~s compound competahvely 
mhabats adenosine deammase act~vaty m brain homogenates 
wath a K, of approxamately 75 nM [61] EHNA mhabated 
locomotor acUvaty and ~ts effects were antagonized by caf- 
feine, confirming that endogenous adenosine was revolved 

CNS stlmulahon in animals due to methylxanthme adman- 
zstrahon has been repeatedly demonstrated using spontane- 
ous locomotor actavaty measurement [I0. 33, 62. 66] In a 
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repor t  tha t  eva lua ted  ten m e t h y l x a n t h m e s  for  the i r  locomo-  
tor  ac twt ty  effects  and  thew affinit ies for  a d e n o s i n e  recep-  
tors ,  a c lea r  r e l a t ionsh ip  was  found  b e t w e e n  r e c e p t o r  aff imty 
and  s t imula t ion  of  l o c o m o t o r  ac t iv i ty  [62] The  h igher  the  
aff ini ty,  the  l ower  the  s t imulan t  dose  Bo th  caffe ine and  
t h e o p h y l h n e  were  able  to r eve r se  the  r educ t ion  m l o c o m o t o r  
ac t iv i ty  caused  by  the  pe r iphe ra l  admin i s t r a t i on  of  R-PIA At  
low doses  (1-2 mg/kg) caffe ine  was  o b s e r v e d  to dec rea se  
l o c o m o t o r  ac t lwty ,  a f lndmg which  may  be  c o m p a r a b l e  to 
our  o b s e r v a t i o n  that  10/xg of  ca f feme ICVT reduced  locomo-  
to r  ac t iv i ty  m mice ,  w h e r e a s  larger  doses  did not  have  such  
an  effect  Our  f indmg tha t  caf feme r eve r sed  the d e p r e s s a n t  
ac t ion  of  low doses  of  a d e n o s m e  m t o  l o c o m o t o r  s t l m u l a h o n  
also f inds a paral lel  m the  e a r h e r  r epor t  [62] tha t ,  w h e n  ad- 
min i s t e red  wt th  low doses  of  R-PIA,  caffe ine p roduces  a 
m a r k e d  s t imula t ion  In con t ras t ,  m the  p r e s en t  s tudy,  w h e n  
mice  were  g w e n  N E C A  with caf feme,  there  were  no  dose  
c o m b i n a t i o n s  which  p roduced  s t imula t ion  This  might  
sugges t  the  p r e s e n c e  of  a h e t e r o g e n e o u s  popu la t ion  of  recep-  
tors  m e d t a t m g  the  b e h a v i o r a l  ef fects  of  a d e n o s m e ,  some of  
w h i c h  p r o d u c e  seda t ion  w h d e  o the r s  cause  s t imula t ion  At 
low c o n c e n t r a t i o n s ,  a d e n o s m e  and  R-PIA  m ay  have  a h igher  
aff ini ty for  the  r e c e p t o r  which  p r o d u c e s  only  s t imula t ion  
E v i d e n c e  for  th~s c o n c e p t  is f o r t hcom i ng  f rom a n o t h e r  s tudy  
[36] tn wh ich  it was  d e m o n s t r a t e d  tha t  low doses  of  R-PIA 
a u g m e n t e d  l o c o m o t o r  ac t iv i ty  Caffe ine  may  com pe te  more  
ef fec t ively  w~th a d e n o s m e  and  R-PIA at the  r ecep to r  sub type  
r e spons ib l e  for  a d e n o s l n e ' s  d e p r e s s a n t  effects ,  thus  uncove r -  
mg ac t ions  at the  s t imulan t  r e c e p t o r  It ~s t e m p t m g  to 
speculate  that  the lower  affinity recep tor  ~s eqmvalen t  to the 
A , / R ,  r ecep to r ,  t h ro ugh  which  a d e n o s i n e  s t imula tes  cychc  
a d e n o s i n e  3 ' , 5 ' - m o n o p h o s p h a t e  fo rma t ion  and  that  the  
h igher  aff imty r ecep to r  ~s ~dentlcal to the inh ib i to ry  s~te 
a s soc ia t ed  w~th adeny la t e  cyc lase  Such  an  m t e r p r e t a t l o n  
could  expla in  the  f adure  o f  caffe ine  to r eve r se  the  l o c o m o t o r  
d e p r e s s a n t  ac t ions  of  N E C A  into s t~mulatmn Indeed ,  

F r e d h o l m  et al [29] were  unab le  to d e m o n s t r a t e  an inhibi-  
tory  effect  o f  N E C A  on the  accumula t ion  of  cychc  AMP,  
whds t  R-PIA inh ib i ted  the accumula t i on  of  cychc  A M P  at 
low c o n c e n t r a t i o n s ,  but  was  s t imula t ive  at h~gher concen t ra -  
t ions  Final ly ,  the poss~bdlty tha t  the  lower  affinity r ecep to r  
could  m e d m t e  behav io ra l  dep res s ion  w a  e leva ted  levels  of  
cycl ic  A M P  is also suppor t ed  by f indings  tha t  a var ie ty  of  
p h o s p h o d l e s t e r a s e  mhlb l to r s  p roduce  b e h a w o r a l  dep re s s ion  
m mice  [70] 

S o m e w h a t  paradoxica l  f indings were  seen with I B M X  
This  m e t h y l x a n t h l n e  has  seda t ive  effects  on m~ce, e v e n  
though  it is a po ten t  a d e n o s i n e  r ecep to r  an t agoms t  ([62], 
p r e sen t  o b s e r v a t i o n s )  Its fadure  to s t imula te  l o c o m o t o r  ac- 
t ivity d~rectly may  reflect  a n o t h e r  act~wty, pe rhaps  re la ted to 
mh~b~tlon of  a d e n o s i n e  up take  [52] or p h o s p h o d l e s t e r a s e  in- 
h ib i t ion  [9] In te res t ing ly ,  caffe ine was able to r eve r se  the  
d e p r e s s a n t  effects  of  I B M X  into a behav io ra l  s t imula t ion  
I B M X  was  ~tself able  to a n t a g o m z e  the  l o c o m o t o r  d e p r e s s a n t  
ac t ions  of  adenos ine ,  w~th some s t imulan t  ac t lwty  becoming  
a p p a r e n t  In any  case,  ~t ~s ev iden t  tha t  I B M X  exer t s  com- 
plex effects  on  cent ra l  punnerg~c sys t ems  

In s u m m a r y ,  cen t ra l  a d e n o s i n e  sys t ems  a p p e a r  to play an  
~mportant  role m regula t ing brain  exc~tablhty Adenos ine  re- 
cep tors  can  be a c h v a t e d  by a var ie ty  of  agomsts ,  as well as 
by c o m p o u n d s  which  b lock  adenos ine  up take  sys tems  or  
a d e n o s i n e  deamlnase  and  thus  e leva te  e n d o g e n o u s  levels  of  
a d e n o s i n e  A d e n o s i n e  r ecep to r  ac t~vahon ~s an tagon ized  by 
the  d~etary m e t h y l x a n t h m e s  and  this  effect  can  accoun t  for 
the  cent ra l  s t imulan t  ac t ion of  these  c o m p o u n d s  

ACKNOWLEDGEMENTS 

We are grateful to Drs V L Coffin H J Altman and J A 
Taylor for assistance with some of the experiments reported The 
research was supported by NIH Grant RR-08167-OX and the 
Biomedical Research Support Grant 

REFERENCES 

1 Akasu, T and K Koketsu Effect of adenosine tnphosphate on 
the sensitivity of the nlcotlmc acetylchohne-receptor in the 
bullfrog sympathetic ganghon cell Br I Pharma~ ol 84. 525-531, 
1985 

2 Akasu, T ,  P Shlnmck-Gallagher and J P Gallagher 
Adenosine mediates a slow hyperpolarlzlng synaptlc potentml in 
autonomic neurones Nature 311: 62-65, 1984 

3 Albertson, T E ,  L J Stark, R M Joy and J F Bowyer 
Ammophylhne and kindled seizures Exp Neurol 81. 703-713, 
1983 

4 Altman, H J and D Quartermam Facilitation of memory re- 
trieval by centrally administered catecholamlne stimulating 
agents Behav Brain Re+ 7: 51-63, 1983 

5 Baird-Lambert, J ,  J F Marwood, L P Davies and K M 
Taylor l-Methyhsoguanoslne an orally active manne natural 
product with skeletal muscle and cardiovascular effects Lt[e 
~;~l 26: 106%1077, 1980 

6 Barraco, R A ,  A K Aggarwal, J W Phdhs, M A Moron and 
P H Wu Dissociation of the locomotor and hypotenslve ef- 
fects of adenosine analogs in the rat Neuro~(l Lett 48: 13%144, 
1984 

7 Barraco, R A ,  V L Coffin, H J Altman and J W Phllhs 
Central effects of adenosine analogs on locomotor activity in 
mice and antagomsm of caffeine Brain Res 272 392-395, 1983 

8 Barraco, R A , T  H Swanson, J W Phdhsand R F Berman 
Antlconvulsant effects of adenosine analogues on amygdalold- 
kindled seizures in rats Neuro~tt Lett 46: 317-322, 1984 

9 Beavo J A , N  L Rogers, O B Crofford J G Hardman E 
W Sutherland and E V Newman Effects of xanthme derlva- 
twes on hpolysls and on adenosine 3',5'-monophosphate phos- 
phodlesterase activity Mol Phapma¢ o/6" 597-603, 1970 

10 Bolssler, J R and P Simon Action de la caffeine sur la motlhte 
spontanee de la sourls Arc h lnt Phutmu(odxn Thct 158" 212- 
221 1965 

I 1 Bruns, R F J W Daly and S H Snyder Adenosine receptors 
m brain membranes binding of N"-cyclohexyl [~H] adenosine 
and 1,3-dlethyl-8- [~H]phenylxanthlne Pto~ Natl A( ad S( t UAA 
77" 5547-5551, 1980 

12 Buday, P V ,  C J Carr and T S Mlya A pharmacologic 
study of some nucleosldes and nucleotldes I Pharnl P/arnta( ol 
13: 290-299. 1961 

13 Burnstock, G Purlnerglc receptors in the heart (it~ Rcs 46 
Suppl 1, 1-175, 1-182, 1980 

14 Capogrossl, M C ,  A Francendese and M Dlglrolamo Sup- 
presslon of food retake by adenosine and lnosme Am I (Iltl 
Nutr 32. 1762-1768, 1979 

15 Coffin, V L and J M Carney Behavioral pharmacology of 
adenosine analogs In Phx ~tolog~ and PJlatma( olo~,,x o/ 
Adetlowne Derlt'atl~eS. edited by J W Daly Y Kuroda, J W 
Phdhs, H Slmlzuand M Ul New York Raven Press, 1983, pp 
267-274 

16 Coffin, V L and R D Spealman Behavioral and cardiovascu- 
lar effects of some adenosine analogs in Cynomolgus monkeys 
Fed Pro~ 44" 723, 1985 



B E H A V I O R A L  E F F E C T S  O F  A D E N O S I N E  269 

17 Coffm, V L , J  A Taylor,  J W Phllhs, H J A l t m a n a n d R  A 
Barraco Behavioral  interaction of  adenosine and methylxan-  
throes on central  purmerglc  sy s t ems  Neuroscl Lett 47: 91-98, 
1984 

18 Crawley.  J N , J Patel and P J Marangos  Behavioral  charac- 
terization of  two long-lasting adenosine  analogs Sedative prop- 
ertles and interaction with dmzepam Ll)e Sol 29: 2623-2630, 
1981 

19 Crawley,  J N , J Patel and P J Marangos  Adenos ine  uptake 
mh~bltors potentiate the sedat ive effects of  adenosine Neurostl  
Lett 36 16%174, 1983 

20 Daly, J W Adenos ine  receptors  Targets  for future drugs I 
Med ( h e m  25: 197-207. 1982 

21 Daly, J W , R F B r u n s a n d  S H Snyder  Adenos ine  receptors  
m the central nervous  sys tem relationship to the central act ions 
of me thy lxan thmes  Lt[e S~t 28. 2083-2097, 1981 

22 Dascombe ,  M J and A S Mdton The  effects o f  cyclic 
adenosine  3 ' . 5 ' -monophospha te  and other  adenine nucleotldes 
on body temperature  J Phv~tol (Lond) 250: 143-160, 1975 

23 Drury,  A N and A Szent-Gyorgyl  The physiological activity 
of  adenine compounds  with especial reference to their action 
upon the mammal ian  heart  I Phv~lol (Loud) 68 213-237. 1928 

24 Dunwlddle,  T V and B J Hoffer Adenine  nucleot ldes  and 
synaptlc  t ransmiss ion in the tn vitro rat h lppocampus  Br I 
Phatma~ ol 69: 59--68, 1980 

25 Dunwlddle.  T V and T Worth  Sedative and ant .convuls ive  
effects of  adenosine analogs m mouse  and rat J Phatmat ol L~p 
TI, et 220: 70-76, 1982 

26 Ehmger .  B and M T R Perez Au t o rad l og raphyo fnuc l eos lde  
uptake into the retina Neuro~ hem hit 6" 36%381. 1984 

27 Fedan,  J S , G K Hogaboom.  J P O 'Donne l l , J  Colby and D 
P Westfall Contr ibution by purmes  to the neurogemc response  
of  the vas deferens of  the guinea pig Lut J Pharma(ol  69: 
41-53, 1981 

28 Feldberg W and S L Sherwood Injections o f  drugs into the 
lateral ventricle o f  the cat J Phv,lol (Lond) 123. 148-167, 1954 

29 Fredholm,  B B , B Jonzon  and K Llnds t rom Adenos ine  up- 
take medmted  Increases and decreases  m cyclic A M P  m hlp- 
pocampal  shces  treated with Forskohn At ta Ph~ ~to/3¢ and  ! 17: 
461-463, 1983 

30 Fredholm,  B B and P Hedqvls t  Modulat ion of  neurotrans-  
m~sslon by purme nucleot~des and nucleosldes  Bio~ hem Phar- 
ma~ol 29" 1635-1643, 1980 

31 Hauhca .  1 , L Ababel .  D Br~msteanu  and F Topohceanu  
Preliminary data on the possible hypnogemc  role of  adenosine  / 
Neurothem 21. 1019-1020 1973 

32 Hauhca ,  I .  C Nemtu ,  G H Petrescu.  M Frasln,  S S la tmeanu 
and C Nacu  The influence of  adenosine upon thermoalgeslc  
sens luvl ty  Phvstolo~,te 21: 167-172, 1984 

33 Hlrsh,  K Central nervous  sys tem pharmacology  of  the dietary 
me thy l -xan thmes  In Meth~l~anthme Beverages and Food~ 
( ]letlltStlx ( OllSllmplltm rind Health ~Het ts edited by G A 
Spiller New York A R Liss l n c ,  1984. pp 235-301 

34 Holmgren.  M , T Hednar ,  G Yordberg and T Mellstrand 
AntlnOclceptlve effects m the rat of  an adenosine  analogue,  N"- 
phenyhsopropy ladenos lne  I Pharm Pharma~ ol 35. 67%680, 
1983 

35 Jhamandas ,  K and A Dumbrdle  Regional release o f  [~H] 
adenosine  derivatives from rat brain Ill vii o effect o f  exci ta tory 
amino acids,  opiate agomsts ,  and benzodlazepmes  ( t i l t  J 
Ph~ stol Pharma~ ol 58. 1262-1278, 1980 

36 Kat lms,  J J , Z Annau  and S H Snyder  Interact ions m the 
behavioral effects of  methylxanthlnes  and adenosine derivatives 
J Phtltmao( I L~p Tiler 227. 167-173, 1983 

37 Kuroda.  Y , M Salto and K Kobayash l  Concomitant  changes  
m cyclic AMP level and pos tsynapt lc  potentials of  olfactory 
cortex slices induced by adenosine  derivatives Brain Res 109: 
196-201. 1976 

38 Levlne.  A S and J E Morley Effect of  mt r aven tncu la r  
adenosine on food intake in rats Phatmat ol Bzot hem Behav 19: 
23-26. 1983 

39 Logan,  L and J M Carney  A n t a g o m s m  of  the behavioral  
effects o f  L -phenyhsop ropy ladenosme  (L-PIA) by caffeine and 
its me taboh tes  Pharmacol Bto~hem Behav 21: 375-379, 1984 

40 Londos ,  C , J Wol f f and  D M F Cooper  A c t l o n o f a d e n o s m e  
on adenylate  cycleas In Ph~lologt~ al and Regulatory Fum 
tum~ o f  Adenosine and Ademne Nu~leotlde~, edited by H P 
Baer and G I Drummond  New York Raven Press,  1979, pp 
271-281 

41 Londos ,  C , J Wol f fand  D M F Cooper  Adenos ine  receptors  
and adenylate  cyclase interactions In Regulatory Full( ttotts o[ 
Adenosine, edited by R M Berne,  T W Rail and R Rublo 
Boston M Nijhoff, 1983, pp 17-32 

42 Maitre, M . L Cleslelskl, A Lehmann ,  E K e m p f a n d  P Man- 
del Protective effect of  adenosine and mcotmamlde  against  
audlogemc seizure Bloc hem Pharmat ol 23. 2807-2816, 1974 

43 Major, P P ,  R P Agarwal and D W Kufe Deoxycofo rmycm 
neurological toxicity (an t  et (hemother  Pharma~ o/ 5" 193- 
196, 1981 

44 Marley, E and G Nistlco Effects o f  ca t echo lammes  and 
adenosine derivat ives g~ven into the brain of  fowls Br J Phar- 
mat ol Chemother 46: 61%636. 1972 

45 Mazanacour t ,  P De and Y Gmdlcelh N6-Phenyhsopro - 
py ladenosme  st imulates m normal  and inhibits m adrenalec- 
tomlzed rats the low Km cyclic AMP phosphodles te rase  m the 
brain B t a m R e s  300" 211-217, 1984 

46 McElroy,  F A and R B Philip Relative potencies o f  dl- 
pyndamole  and related agents  as mhlbl tors  of  cyclic nucleotlde 
phosphodles te rases  possible explanat ion of  mechan i sm of  in- 
hibition of  platelet function Lt[e 5~t 17: 147%1494, 1975 

47 Mendelson,  W B ,  A Kuruvdla .  T Wathngton,  K Goehl,  
S M Paul and P Skolmck Sedative and electroencephalo-  
graphic act ions of erythro-9-(2-hydroxy-3- nonyl) -adenme 
(EHNA)  Relat ionship to inhibition of  brain adenosine de- 
amlnase  P ~  t hopharma~ ologx (Berhn) 79. 126-129. 1983 

48 Murphy,  K K M and S H Snyder  Heterogenei ty  of  
adenosine A, receptor  binding m brain t~ssues Mol Phatmat ol 
22" 250-257. 1982 

49 Olsson,  R A Structure of  the coronary artery adenosine  recep- 
tor I rends Pharmat ol 5 ~ I 5:113-116,  1984 

50 Phillis, J W ,  J P Eds t rom,  G K Kostopoulos  and J R 
Ktrkpatrlck Effects of  adenosine  and adenine nucleottdes on 
synaptlc  t ransmiss ion  m the cerebral cortex (at2 ] Phv~to[ 
Pharmat ol 57" 128% 1312, 1979 

51 Phillis, J W and P H Wu The role of  adenosine and its 
nucleotldes m central synaptlc  t ramlsslon Pro~.r Neurobtol 16" 
187-239, 1981 

52 Phillis J W and P H Wu The effect of  various centrally 
active drugs on adenosine uptake by the central nervous  sys- 
tem ( o m p  Bto~hem Phvslol 72C" 17%187, 1982 

53 Phillis, J W and P H Wu Roles of  adenosine and adenine 
nucleot ldes  m the CNS In Ph~ stologv and Pharma~ ologv o f  
Adenosine Dertvattl es, edited by J W Daly, Y Kuroda ,  J W 
Phdhs.  H Shlmlzu and M UI New York Raven Press,  1983. 
pp 21%236 

54 Plagemann,  P G W and R M Wohlhueter  Inhibition of  the 
t ransport  of  adenosine,  other  nucleosldes and hypoxa n th m e  m 
Novlkoff  rat hepa toma cells by me thy lxan thmes ,  papavenne ,  
N"-cyclohexyladenoslne  and N( ' -phenyhsopropyladenosme 
Btot hem Pharmac ol 33 1783-1788, 1984 

55 Post,  C Antlnoclcept lve effects in mice after mtrathecal  reJec- 
tion of  5 ' -N-ethylcarboxam~de adenosine  Neurostl  Lett 51: 
325-330, 1984 

56 Radulovackl ,  M , R M Virus,  M Djunclc-Nedelson and R D 
Green Hypnot ic  effects o f d e o x y c o f o r m y c m  m rats Brain Re~ 
271 392-395, 1983 

57 Reddmgton ,  M ,  K S Lee,  P Schuber t  and G W Kreutzberg  
Biochemical  and physiological character izat ion of  adenosine re- 
ceptors  m rat brain In CNS Re~eptora--From Moletular 
Pharmat ology to Behavu)r. edited by P Mandel and F V De- 
Feudls  New York Raven Press,  1983, pp 465-476 

58 Schofield, C N Depress ion of  evoked potentials m brain slices 
by adenosine  compounds  Br J Pharma~ ol 63: 239-244, 1978 



270 P H I L L I S ,  B A R R A C O ,  D E L O N G  A N D  W A S H I N G T O N  

59 Schuber t ,  P ,  K Lee,  M West ,  S Deadwyler  and G Lynch  
St imula t ion-dependent  release of  3H-adenosine derivat ives from 
central  axon terminals  to target neurons  Nature  260" 541-542, 
' 976 

60 Schuber t ,  P and U Mitzdorf  Analys is  and quanti tat ive evalu- 
ation of  the depress ive  effect of  adenosine  on evoked potentmls 
m hlppocampal  shces  Brain Re~ 172. 186-190, 1979 

61 Skolmck,  P ,  Y Nimltkl tpalsan,  L S t a l v e y a n d J  Daly Inhibi- 
tion of  brain adenosine  d e a m m a s e  by 2-deoxycoformycm and 
erythro-9-(2-hydroxy-3-nonyl)adenlne J Neuro~hem 30" 157% 
1582, 1978 

62 Snyder ,  S H , J  J Kat lms ,  Z Annau ,  R F B r u n s a n d J  W 
Daly Adenos ine  receptors  and behavioral  act ions of  methyl-  
xan thmes  Pro~ Nat  A~ad 3~: USA 78. 3260-3264, 1981 

63 Sohs-Cohen ,  S and T S Gi thens  Pharma~otherapeutu  
Materm Med:~ a and Drug A~ tton New York Appleton and 
Co , 1928, p 1683 

64 Stone,  T W Physiological roles for adenosine  and adenosine  
5 ' - t nphospha te  m the ne rvous  sys tem Nettros~ten~ e 6: 523- 
555, 1981 

65 Sulakhe,  P V and J W Phdhs  The release of ~H-adenosme 
and ~ts derivatives from cat s e n s o n m o t o r  cortex Lt[e S(t  17" 
551-555, 1975 

66 Thl thapanda ,  A ,  H M Mahng and J R Gdlette Effects of  
caffeine and theophylhne  on activity of  rats in relation to brain 
xan thme  concent ra t ions  Pro( 5o~ E~p Bud Med  139: 582-586, 
1972 

67 Van Calker,  D , M Muller and B Hamprech t  Adenos ine  regu- 
lates via two d~fferent types  of  receptors,  the accumulat ion of  
cychc AMP in cultured brain cells I Neuro~hem 33. 999-1005, 
1979 

68 Vapaatalo,  H , D Onken,  P J Neuvonen  and E Wes te rman  
Stereospec~fic~ty m some central and c~rculatory effects o f  
phenyhsopropy ladenosme  (PIA) Arznetmtttelf i~r~h 25: 407- 
410, 1975 

69 Virus,  R M , M Djunclc-Nedelson ,  M Radulovackl  and R D 
Green  The effects of  adenosine and 2 ' -deoxycoformycnn m 
sleep and wakefulness  m rats Neuropharma~olog~ 22" 1401- 
1404, 1983 

70 Wachtel ,  H Potentml ant idepressant  act lwty of rohpram and 
other  selective cychc 3 ' , 5 ' -monophospha te  phosphod~esterase 
mhlbltors  Neuropharma~ ologv 22: 267-272, 1983 

71 Wager-Srdar ,  S ,  A S L e v l n e a n d  J E Morley Food retake 
oplold/purme interactions Pharma¢ ol Bto~ hem Beha~ 21" 
33-38, 1984 

72 Wu,  P H and J W Phllhs Distribution and release of 
adenosine  tnphospha te  m rat brain Neuro¢ hem Re~ 3. 563-571, 
1978 

73 Yarbrough,  G G and J C McGuff in-Chneschmldt  In vl~o 
behavioral  a s se s smen t  of  central nervous  sys tem purmerglc re- 
ceptors  L u r J P h a r m a ~ o 1 7 6  137-144, 1981 


