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Adenosine Ay, receptor mediates arousal effect of caffeine in mice
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Abstract

Caffeine is a component of tea, coffee and cola, and widely consumed in the world. Caffeine induces wakefulness
and antagonizes the depressant effects of adenosine with similar affinities for A, receptors (A;Rs) and A, receptors
(A24Rs) at low doses in human and rodents, both of these 2 receptors have been proposed to be involved in sleep-wake
regulation. However, what receptor mediated the arousal effect of caffeine remains controversial. Here we report that
caffeine at dose of 15 mg kg™ increased wakefulness after an intraperitoneal injection at 9 a. m. in both A;R wild-type
and its knockout mice. In contfast, caffeine increased wakefulness only in A,,R wild-type mice, but not at all in A;aR
knockout mice. These results clearly indicate that caffeine-induced wakefulness is mediated by adenosine Az,R.

Keywords: Adenosine A, receptor; caffeine; knockout mice; sleep-wake regulation; DARPP-32 phosphorylation.

Introduction

. Adenosine is an inhibitory neuromodulator involved in sleep-wake regulation’. There are 4 subtypes of adenosine
receptors, A;, Asa, Agp, and Aj;, expressed in the central nervous system?. Several lines of evidence indicate that both A,
receptor (AjR) and A, receptor (AzsR) subtype are involved in mediating the sleep-inducing effect of adenosine®”’.
Caffeine has the effect opposite to that of adenosine on sleep; i.e., it promotes wakefulness. In doses consumed by
humans, it binds to A;R and A;,R with similar affinities as a receptor antagonist’. As the pharmacological tools used to
determine the receptor involved show limited selectivity and/or incomplete blockade, we decided to use A;R and A;pR
knockout (KO) mice to elucidate which receptor is involved in caffeine-induced wakefulness. Here, we administered
caffeine to A;R, Az4R KO and wild-type (WT) mice and found that blockade of Ay,R of caffeine attributed to its arousal
effect, with an increase in DARPP-32 (dopamine- and cyclic AMP-regulated phosphoprotein of relative molecular mass
32,000) at Thr 75.

Material and Methods

Mice and Chemicals. A24R and A;R KO mice were generated by Chen’s*® and Fredholm’s® laboratories, respectively.
Male A;R KO, A,,R KO and WT mice of the inbred C57BL/6 strain, weighing 23-27 g (11-13 weeks old), were
maintained at Oriental Bioservice Ltd (Kyoto, Japan) and used for the experiments. Caffeine (Sigma) was dissolved in PBS
and intraperitoneally injected in mice at 9 a.m.

Electroencephalogram (EEG) and Electromyogram (EMG) Recordings. Under pentobarbital anesthesia (50 mg kg™,
ip.), mice were implanted with EEG and EMG electrodes for polysomnographic recordings as previously described”®.
Baseline recordings were taken in each animal for 24 h, beginning at 8 am., which served as the control for the same
animal. Vehicles were injected at 9 a.m. in the baseline day. On the next day, Caffeine (15 mg kg ™) was injected in mice at

9 am. The vigilance states were automatically classified off-line by 10-s epochs into 3 stages of wake, rapid eye movement
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(REM) and non-REM sleep by SLEEPSIGN, according to the standard criteria ®°

Determination of phosphoThr75-DARPP-32. Male WT and KO mice for A|R and A,,R were ip. injected with
vehicle or caffeine and killed 15 min later. The heads of the animals were immediately immersed with liquid nitrogen for
six seconds. The dorsal parts of the striata rapidly (20 s) were dissected out on an ice-cold surface, sonicated in 750ml of
1% sodium dodecylsulphate and boiled for 10 min. Equal amounts of protein were separated and quantified for
phospho-DARPP-32 bands as decribed’®.

Statistical Analysis. See each figure legend. In all cases, P < 0.05 was taken as the level of significance.

Results and Discussion
To explore adenosine receptors involved in arousal effect induced by caffeine, firstly, we determined the effect of

caffeine on sleep architecture in A;R knockout (KO) mice during the light period, the majority of time is spent sleeping.
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Figure 1 Time-course changes in caffeine 15 mg kg™ treatment group in WT (a), A;R KO (b) and A,,R KO (c)
mice. Each circle represents the hourly mean + s.e.m. of wakefulness, NREM or REM sleep. Open and closed
circles stand for the baseline and experimental day profiles, respectively. The arrows indicate the injection time at
9 am. The long horizontal open and filled bars on the x-axes indicate the 12 hr light and dark periods,
respectively. Asterisk, P <0.05; double asterisk, P <0.01 by the paired rtest.

Undér baseline conditions, the amounts and circadian profiles of sleep and wakefulness were identical between A;R
KO and wild-type (WT) mice (Fig. 1a, b), consistent with previous report'’. When caffeine was intraperitoneally (i.p.)
given to WT mice at a dose of 15 mg kg™, which would correspond to an intake of approximately about 3-4 cups of
coffee in human?, it significant increased wakefulness during the first, second and third hour after injection by 1.7, 3.8
and 1.5 fold (Fig. 14), respectively, when the wakefulness was compared with that of the baseline day. This enhancement
of wakefulness was concomitant with decreases in NREM and REM sleep. Caffeine (15 mg kg™) decreased the NREM
sleep by 100%, 97% and 31%, and reduced REM sleep by 100%, 100% and 52%, respectively, during the first, second
and third hour after inj ection. Like WT mice, A;R KO mice displayed similar changes in sleep-wake stages after
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administration of caffeine (Fig. 1b). These data clearly indicated that adenosine AR is not involved in arousal effect of
caffeine.

To investigate the role of Az,R in the arousal effect of caffeine, we employed A;4R KO mice’. When caffeine (15
mg kg™") was injected into the A;,R KO mice, the KO mice did not exhibit any significant change in time spent in wake,
NREM and REM sleep after caffeine administration (Fig. 1¢). These results clearly indicate that adenosine A;,R plays
a crucial role in caffeine-induced wakefulness.

Since the stimulatory effects of caffeine has been reported to be associated with an increase in the state of
phosphorylation of DARPP-32 (dopamine- and cyclic AMP-regulated phosphoprotein of relative molecular mass 32,000)
at Thr 75 (Ref '°). We quantified the level of the phospho-DARPP-32 after treatment with caffeine in A;R, A;,R KO
mice and their WT mice to further clarify importance of adenosine receptor subtype in the signal transduction pathway of
caffeine. Administration of caffeine (7.5 mg kg ™) produced an increase in Thr 75 phosphorylation in A;R KO, AR and
AzaR WT mice by 1.7-, 1.5- and 1.7-fold, respectively, but not in A24R KO mice, as compared with corresponding
vehicle control (Fig. 2), suggesting that caffeine-induced increase in Thr 75 phosphorylation depends on the action on
AzaR. However, the roles of phosphorylation of Thr 75 of DARPP-32 in sleep-wake regulation need further investigation.

1213 In striatopallidal neurons, activation of AzaR

We previously reported that activation of A;aR induces sleep in rats
stimulates the cAMP/ protein kinase A (PKA) pathway 1 and blockade of A,4R results in the decease in PKA activity. It
was recently demonstrated that phospho-Thr 75-DARPP-32 is an effective inhibitor of PKA 13, therefore, the
caffeine-induced increase in the state of phosphorylation of Thr 75 would further lower PKA activity, thereby providing a

positive feedback amplification mechanism for shutting down A,,R-stimulated PKA signaling pathway.
AR A2AR
" Thr75-D-32 EXTEGR) BRAem o e
DARPP-32 BE%S) BT pums RS

ok O Controf

*& ok [ Caffeine

g

2

0

Thr7s - DARPP-32
(% of controf)

WT = KO

) KO

Figure 2 Effect of caffeine on DARPP-32 phosphorylation at thr 75 in WT and KO mice for A;R and AjsR.
Mice were treated i.p. with caffeine (7.5 mg kg™") and decapitated 15 min after injection. The striatal levels of
phospho-Thr 75-DARPP-32 were determined as described in Methods. Upper panels show representative image
of immunoblot; lower panels show summary of data expressed as means + s.em. (n = 6 - 8). The amount of

phosphorylated DARPP-32 is expressed as a percentage of that determined after vehicle administration. Double
asterisk, P < 0.01 versus vehicle-injected WT mice, Student’s t-test.

In the striatum, AR are highly expressed postsynaptically by a large population of medium-sized spiny neurons '’

and the cells expressing A;AR represent about 50% of all DARPP-32-containing neurons '°. These cells play a critical
role in the functioning of the basal ganglia, a group of nuclei involved in the control of voluntary movements, as well as

in motivational, emotional and cognitive aspects of motor behavior.
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In conclusion, low doses of caffeine exhibited a striking wake-promoting effect in A;R KO mice, but not in A,,R KO

mice, clearly indicating that the wake-promoting effect of caffeine requires functioning A,,R.

References

1. Porkka-Heiskanen, T., Strecker, R. E., Thakkar, M., Bjorkum, A. A, Greene, R. W, & McCarley, R. W. Adenosine: a
mediator of the sleep-inducing effects of prolonged wakefulness. Science 276, 1265-8. (1997).

2. Fredholm, B. B., AP, I J., Jacobson, K. A., Klotz, K. N. & Linden, J. Intemational Union of Pharmacology. XXV.
Nomenclature and classification of adenosine receptors. Pharmacol. Rev. 53, 527-52 (2001).

3. Fredholm, B. B., Battig, K., Holmen, J., Nehlig, A. & Zvartau, E. E. Actions of caffeine in the brain with special reference to
factors that confribute to its widespread use. Pharmacol Rev. 51, 83-133. (1999).

4. Chen, J. F., Huang, Z., Ma, 1., Zhu, J., Moratalla, R., Standaert, D., Moskowitz, M. A., Fink, J. S. & Schwarzschild, M. A.
A(2A) adenosine receptor deficiency attenuates brain injury induced by transient focal ischemia in mice. J. Neurosci. 19,
9192-200 (1999).

5. Yu, L., Huang, Z., Mariani, J., Wang, Y., Moskowitz, M. & Chen, J. F. Selective inactivation or reconstitution of adenosine
Ay, receptors in bone marrow cells reveals their significant contribution to the development of ischemic brain injury. Nat. Med.
10, 1081-7 (2004).

6. Johansson, B., Halldner, L., Dunwiddie, T. V., Masino, S. A., Poelchen, W., Gimenez-Llort, L., Escorihuela, R. M.,

Femandez-Teruel, A., Wiesenfeld-Hallin, Z., Xu, X. I., Hardemark, A ., Betsholtz, C., Herlenius, E. & Fredholm, B. B.
Hyperalgesia, anxiety, and decreased hypoxic neuroprotection in mice lacking the adenosine A1 receptor. Proc. Natl. Acad,
Sci, USA 98, 9407-12 (2001).

7. Mizoguchi, A., Eguchi, N., Kimura, K., Kiyohara, Y., Qu, W. M., Huang, Z. L., Mochizuki, T., Lazarus, M., Kobayashi, T.,
Kaneko, T., Narumiya, S., Urade, Y. & Hayaishi, O. Dominant localization of prostaglandin D receptors on arachnoid
trabecular cells in mouse basal forebrain and their involvement in the regulation of non-rapid eye movement sleep. Proc. Nat!
Acad. Sci. USA 98, 11674-9 (2001).

8. Huang, Z. L., Qu, W. M,, Li, W. D., Mochizuki, T., Eguchi, N., Watanabe, T., Urade, Y. & Hayaishi, O. Arousal effect of
orexin A depends on activation of the histaminergic system. Proc. Natl Acad. Sci. USA 98, 9965-70 (2001).
9, Huang, Z. L., Mochizuki, T., Qu, W. M., Hong, Z. Y., Watanabe, T., Urade, Y. & Hayaishi, O. Altered sleep-wake

characteristics and lack of arousal response to Hj receptor antagonist in histamine H, receptor knockout mice. Proc Natl Acad
Sci USA 103, 4687-92 (2006).

10. Lindskog, M., Svenningsson, P., Pozzi, L., Kim, Y., Fienberg, A. A, Bibb, J. A., Fredholm, B. B., Naim, A. C., Greengard, P.
& Fisone, G. Involvement of DARPP-32 phosphorylation in the stimulant action of caffeine. Nature 418, 774-8 (2002).

11. Stenberg, D., Litonius, E., Halldner, L., Johansson, B., Fredholm, B. B. & Porkka-Heiskanen, T. Sleep and its homeostatic
regulation in mice lacking the adenosine A1 receptor. J. Sleep Res. 12,283-90 (2003).

12. Satoh, S., Matsumura, H., Suzuki, F. & Hayaishi, O. Promotion of sleep mediated by the Aj,-adenosine receptor and possible
involvement of this receptor in the sleep induced by prostaglandin D2 in rats. Proc. Natl Acad. Sci. USA 93, 5980-4. (1996).

13. Hong, Z. Y., Huang, Z. L., Qu, W. M., Eguchi, N., Urade, Y. & Hayaishi, O. An adenosine A, receptor agonist induces sleep
by increasing GABA release in the tuberomammillary nucleus to inhibit histaminergic systems in rats. J. Neurochem. 92,
1542-9 (2005).

14. Nairn, A. C., Svenningsson, P., Nishi, A., Fisone, G., Girault, J. A. & Greengard, P. The role of DARPP-32 in the actions of
drugs of abuse. Neuropharmacology 47 Suppl 1, 14-23 (2004).

15. Bibb, J. A,, Snyder, G. L., Nishi, A., Yan, Z., Meijer, L., Fienberg, A. A., Tsai, L. H., Kwon, Y. T., Girault, J. A., Czemik, A.
J., Huganir, R. L., Hemmings, H. C., Jr., Naim;, A. C. & Greengard, P. Phosphorylation of DARPP-32 by CdkS modulates
dopamine signalling in neurons. Nature 402, 669-71 (1999). .

16. Svenningsson, P., Le Moine, C., Aubert, 1., Burbaud, P., Fredholm, B. B. & Bloch, B. Cellular distribution of adenosine Ajs
receptor mRNA in the primate striatum. J. Comp. Neurol. 399, 229-40 (1998).

17. DeMet, E. M. & Chicz-DeMet, A. Localization of adenosine A2A-receptors in rat brain with [3H])ZM-241385. Naumyn
Schmiedebergs Arch. Pharmacol. 366,478-81 (2002).

(Mar 12, 2006)



