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Summary. Caffeine is the most widely consumed substance in the world

which antagonizes adenosine effects. Adenosine acting through A1 recep-

tors inhibits glutamate release which binds to metabotropic glutamate

receptors (mGluRs). Recently, we have shown that maternal caffeine

intake during gestation causes down-regulation of A1 and metabotropic

glutamate receptors in the brain of both rat mothers and fetuses. In the

present work we provide evidence that caffeine also affects receptors in

hearts, causing a decrease in mGluRs from both maternal and fetal hearts.

A decrease in Gq=11 and PLC b1 proteins level was also observed in both

tissues. However, phospholipase C activity was only affected in fetal heart,

being significantly decreased. These results suggest an in vivo cross-talk

mechanism between adenosine and glutamate receptors in peripheral

tissues. Therefore, special attention should be paid to caffeine ingestion

during gestation.

Keywords: Heart – Metabotropic glutamate receptor – Caffeine –
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Introduction

Glutamate is the main excitatory neurotransmitter in the

CNS that at physiological concentrations mediates learning

and memory processes. However, at higher concentrations it

causes degeneration and neuronal death. Different actions

of glutamate are mediated by specific receptors classified

into ionotropic and metabotropic receptors. Ionotropic glu-

tamate receptors are ion channel classified on the basis of

the potency order of specific agonists into NMDA, kainic

and AMPA receptors. Metabotropic glutamate receptors are

G-protein coupled receptors classified into mGluR I, II and

III groups. mGlu I receptors are coupled to phospholipase C

stimulation through Gq=11 protein whereas mGlu II and III

receptors are coupled to adenylyl cyclase activity through

Gi=0 protein (Pin and Acher, 2002; Kew and Kemp, 2005).

The presence and localization of metabotropic gluta-

mate receptors in the rat heart have been described by

Gill and coworkers using immunohistochemistry (Gill

et al., 1999). Experimental data show that mGluR1a,

mGluR2=3 and mGluR5 are present in the rat heart and

their preferential localization includes nerve terminals,

ganglion cells, and elements of the conduction system.

This suggests that they play a role in the physiology of

the heart (Gill et al., 1999), although it is not clear what

the role is. However, glutamate has an important role in

cellular physiology, regulating energy metabolism, and its

uptake increases during hypoxic or ischemic conditions.

Moreover, it seems to be beneficial to this tissue, because

glutamate supplementation provides cardioprotection

during hypoxic or ischemic conditions (Pisarenko, 1996;

Arsenian, 1998; Us et al., 2001).

Caffeine is the stimulatory substance most widely con-

sumed in the world. It is present in coffee, tea and cola

beverages. At doses usually consumed by humans, the

caffeine effect is produced by antagonizing the adenosine

effect. Caffeine is metabolized by the liver in theophylline

and theobromine which also activate adenosine receptors

(Fredholm et al., 1999).

Adenosine is a nucleoside widely distributed in both the

central and peripheral nervous systems that acts through

G-protein coupled receptors which have been classified into

four types: A1, A2A, A2B and A3 receptors. A1 and A3 recep-

tors mediate inhibition of adenylyl cyclase activity through

Gi protein, whereas A2A and A2B receptors stimulate ade-

nylyl cyclase activity through Gs protein. As A1 and A2A



receptors have higher affinity with adenosine, these recep-

tors are blockaded by caffeine (Linden et al., 2001; Ralevic

and Burnstock, 2003). One of the effects of adenosine act-

ing through A1 receptors is the inhibition of glutamate re-

lease, thereby playing a role as a neuromodulator and neu-

roprotector (Dunwiddie and Masino, 2001).

We have previously described how caffeine or theo-

phylline chronically administered to pregnant rats during

gestation causes a down-regulation of adenosine A1

receptors in both maternal and fetal rat brain, related

to the observed increase in endogenous adenosine levels

(León et al., 2002). The caffeine or theophylline effect is

not only at the receptor level but at the post-receptor

level as well, affecting coupled Gi-protein and inhibiting

the functionality of adenosine A1 receptors through ade-

nylyl cyclase inhibition in mothers (León et al., 2005a).

Moreover, caffeine also causes a down-regulation of

mGluRs in maternal and fetal rat brain (León et al.,

2005b). Therefore, the aim of this work was to study

the effect of caffeine intake during pregnancy in

mGluRs present in both maternal and fetal rat heart.

The results show that caffeine causes the down-regula-

tion of these receptors in maternal and fetal rat heart,

suggesting in vivo cross-talk between adenosine and

mGlu receptors.

Materials and methods

Materials

L-[3H]Glutamic acid (48.1 Ci=mmol) and phosphatidylinositol 4,5-

bisphosphate (myo-inositol-2-3H(N)) ([3H]PIP2) (8 Ci=mmol), were

obtained from PerkinElmer (Madrid, Spain). L-Glutamate, N-methyl-

D aspartic acid (NMDA), (RS)-a-Amino-3-hydroxy-5-methyl-4-isoxa-

zolepropionic acid (AMPA), kainate and DL-threo-b-hydroxyaspartic

acid (TBHA) came from Tocris Cookson (London, UK), and phospha-

tidylinositol 4,5-bisphosphate (tri-ammonium salt) was purchased from

Avanti Polar Lipids (Alabaster, AL). Anti-PLC b1 monoclonal anti-

body and anti-rat polyclonal antibodies against mGlu1 and Anti aGq=11

protein were from Upstate (Reactiva, Madrid, Spain). All other reagents

were of analytical grade.

Animals

Pregnant Wistar rats, kept on a 12 h light=12 h dark cycle (lights on at

7:00 am) and with free access to food and drinking water, were treated

with caffeine (1 g=l) in the drinking water from gestational day 2 (GD 2)

onwards during the entire gestational period. The day when sperm was

observed in the vaginal smear was designated day 1 of pregnancy. Control

pregnant rats received drug-free tap water. At the end of this period, rats

were killed and fetuses were delivered surgically. Maternal and fetal hearts

were then removed, frozen in liquid N2 and stored at �70 �C until experi-

ments were performed. Experiments were performed in groups of four

pregnant animals (two controls and two caffeine-treated). A total of twelve

animals were used. All experiments followed the European Community

regulations for the care and use of laboratory animals.

Rat heart membrane isolation

Membranes were isolated using the method described by Matherne et al.

(1997). Hearts from pregnant rats were homogenized in 10 vol of ice–cold

buffer (10 mM EDTA=10 mM HEPES=0.1 mM benzamidine, pH 7.4).

Homogenate was centrifuged at 48,000� g for 10 min. The pellet was

resuspended in 30 ml of buffer with 1 mM EDTA, centrifuged again

and washed twice more by resuspension=centrifugation. The final pellet

was resuspended in 1 vol of the appropriate buffer (50 mM Tris-HCl plus

10 mM MgCl2) for assays. Membrane suspensions were stored at �70 �C

until use. Protein was determined by the Lowry method using BSA for

standards.

L-[3H]Glutamate binding assays to plasma membranes

Metabotropic glutamate receptors in rat hearts were determined by binding

assays using L-[3H]Glutamate as radioligand as described previously

(Albasanz et al., 2002; León et al., 2005b). Briefly, 60 to 100mg of protein

was incubated for 60 min at 25 �C in the presence of 100mM a-amino-3-

hydroxy-5-methyl-isoxazole-4 propionic acid (AMPA), 100mM kainate,

and 100mM N-methyl-D-aspartic acid (NMDA), in order to block iono-

tropic glutamate binding, and different L-[3H]Glutamate concentrations

(40 nM–1500 nM) with 10 mM potassium phosphate buffer pH 7.4, in the

presence or absence of unlabeled L-glutamate, to obtain non-specific

binding. All assays were performed in the presence of 1 mM DL-threo-

b-hydroxyaspartic acid (THBA), an L-glutamate uptake inhibitor. After

incubation at 25 �C, free and bound ligands were separated by centrifuga-

tion for 10 min at 12,000 g in a Hettich Mikrolitter microfuge. Supernatant

was discharged and the pellet was washed with 1 ml of ice cold buffer.

After washing, 100ml of 0.01% SDS was added and radioactivity was

measured with 3 ml scintillation liquid in a LS1701 Beckman counter.

Immunodetection of mGluR1, �Gq=11 and the phospholipase C

�1 isoform

One hundred micrograms of protein was subjected to 7.5% polyacrilamide

gel electrophoresis in the presence of SDS. Western blotting was per-

formed as described earlier (León et al., 2005b). Immunodetection was

carried out by incubating the nitrocellulose membranes with specific

polyclonal antibody (anti-mGlu1 and anti-aGq=11) diluted 1:1000 and

isoenzyme-specific monoclonal antibody (anti-PLCb1) diluted 1:400.

After washing, blots were incubated with horseradish peroxidase-coupled

goat anti-rabbit or -mouse IgG diluted 1:3000. Antigen was visualized

using the ECL chemiluminescent detection kit from Amersham and spe-

cific bands were quantified by scanning densitometry in a GS-690 imaging

densitometer from Bio-Rad (Madrid, Spain).

RT-PCR analysis

Total RNA was isolated by guanidium thiocyanate=phenol=chloroform

extraction following the method of Chomczynski and Sacchi (1987).

RT-PCR assays were performed as described previously (León et al.,

2002, 2005b) using the primers 50-AAA TCT ACA GCA ATG CTG

GCG A-30 and 50-CTT CGA TGA CTT CAT CTC TGT-30 for mGluR1,

50-CGG CAA GTC TGT GTC ATG GT-30 and 50-CAG GGT GGA AGA

GCT TTG TC-30 for mGluR1a, 50-TGA AAG AAG ATG TAC GAG GGA

GTG-30 and 50-TTT CTT GGA GCG GAA GGA AGA AG-30 for

mGluR5, 50-GAG AAC CGA ATG GAG GAG AGC AA-30 and 50-GTC

CAC GAA CAT CTT CAG GAT GAA-30 for aGq=11 and 50-TTT TCG

GCA GAC CGG AAG CGA-30 and 50-TGC TGT TGG GCT CGT ACT

TCT-30 for PLCb1. PCR products were analyzed by electrophoresis in 2%

agarose gels and stained with ethidium bromide. The PCR product sizes

expected for mGluR1, mGluR1a, mGluR5 aGq=11 and PLCb1 were 206,

930, 385, 212 and 315 bp, respectively. In all cases, amplification of a

fragment corresponding to the b-actin sequence was carried out in parallel
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using the same cDNA samples in order to correct possible variations in the

amount of cDNA used for the process. The primers used for b-actin were

50-GGT ATG GAA TCC TGT CGC ATC CAT GAA A-30 and 50-GTG

TAA AAC GCA GCT CAG TAA CAG TCC G-30. The size of the PCR

product for the b-actin was 320 bp. Bands corresponding to PCR products

were quantified by densitometry in a BioRad GS-690 densitometer using

MultiAnalyst 1.0 software from Bio-Rad (Madrid, Spain).

Phospholipase C assay

Phospholipase C activity in plasma membranes was assayed in the pres-

ence of exogenous [3H]PIP2 as described earlier (Albasanz et al., 2002;

León et al., 2005b). [3H]PIP2 was dried under an N2 stream, dissolved in

2 mM sodium deoxicholate, 50 mM Tris-HCl pH 6.5 and sonicated using

an Ultrasonic Processor UP 200 S. Phospholipase C assay was carried out

for 10 min at 37 �C, incubating [3H]PIP2 (17000 dpm) with or without

20mg of plasma membrane protein in 100ml of buffer (100 mM NaCl,

1 mM sodium deoxicholate, 1 mM EGTA, 25mM Cl2Ca, 40 mM ClLi and

50 mM Tris-HCl pH 6.8) The incubation was terminated by adding 360ml

of chloroform=methanol=HCl (1:2:0.2 v=v) and putting the tubes on ice.

After the addition of 120ml 2 M KCl and 160ml of chloroform, the tubes

were centrifuged for 5 min at 3,500 g. Upper aqueous phase (250ml)

containing [3H]inositol phosphates was mixed with 3.5 ml of scintillation

liquid.

Results

Pregnant rats were treated daily with caffeine (1 g=l) in

the drinking water. The water intake was measured daily

in the control- and caffeine-treated groups. Caffeine in-

take was 83.2 � 5.3 mg=kg day whereas the tap water

intake of the control group was 84.41 � 5.5 ml=kg day.

Caffeine did not significantly alter the weight of mothers

at the end of the gestational period (data not shown).

The daily caffeine consumption average was in a dose

range previously reported (Johansson et al., 1993, 1997;

Svenningsson et al., 1999; León et al., 2002, 2004). If we

assume that there is approximately 80–180 mg caffeine in

a cup of coffee, caffeine intake in our study could corre-

spond to one cup of coffee.

Effect of caffeine on mGluRs from both maternal

and fetal heart

Firstly, the effect of caffeine intake was analyzed in

plasma membranes from mothers’ heart by radioligand

binding assays using L-[3H]Glutamate as radioligand

and under conditions in which binding to ionotropic glu-

tamate receptors was blocked. As can be observed in

Fig. 1, caffeine intake causes a significant decrease in

total mGluRs numbers, without significant alteration of

the receptor affinity. The same analysis showed a signifi-

cant and similar decrease in total mGluRs in fetus heart

from caffeine-treated mothers (Fig. 2). Again, these

changes were not associated with variations in the recep-

tor affinity.

Fig. 1. Saturation curves of L-[3H]Glutamate binding to plasma mem-

branes from maternal heart. 100mg of plasma membranes from control

and caffeine-treated pregnant rat heart were incubated with different

concentrations of L-[3H]Glutamate, as described in Materials and meth-

ods, after pretreatment with 0.04% Triton X-100, in order to remove

endogenous glutamate. Total receptor numbers (Bmax) and receptor

affinity (KD) were determined by Scatchard analysis of saturation curves.

Data are mean � SEM of number of experiments in parentheses, each

one performed using different membrane isolations. *p<0.05 signifi-

cantly different from control values

Fig. 2. Saturation curves of L-[3H]Glutamate binding to plasma mem-

branes from fetal heart. Binding of L-[3H]Glutamate to fetal heart plas-

ma membranes from control and caffeine-treated rats was performed as

described in Materials and methods and in the legend of Fig. 1. Kinetic

parameters are shown in Table inset and were determined by Scatchard

analysis. Data are mean � SEM of number of experiments in parenthe-

ses, each one performed using different membrane isolations. *p<0.05

significantly different from control values
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MGluR1 and mGluR5 subtypes of group I mGluRs have

been immunohistochemically detected in rat heart (Gill

et al., 1999). In order to determine whether changes

observed in mGluRs were due to mGluI group, we mea-

sured the steady-state level of mGluR1 and mGluR5 sub-

types in both maternal and fetal heart by Western-blotting

assays using specific anti-mGluR1 and mGluR5 antibod-

ies. As can be seen in Fig. 3, the immunodetection of

mGluR1 and mGluR5 subtypes did not show significant

variations in heart plasma membranes from rats treated

with caffeine. With respect to fetal heart, mGluR1 im-

munodetection was lower in the caffeine-treated group

(Fig. 4).

The possibility that chronic caffeine could down-regu-

late mGluR1 by decreased mGluR1 gene transcription was

analyzed by reverse transcription polymerase chain reac-

tion (RT-PCR) following total RNA isolation from control

and treated heart, using specific primers corresponding

to this receptor and b-actin, which was used as control.

Caffeine intake did not produce significant changes in

mGluR1 nor in mGluR5 mRNAs levels present in both

maternal (Fig. 3) and fetal heart (Fig. 4). These results

point to a post-transcriptional mechanism as being

responsible for the down-regulation of mGluR1 in fetal

heart.

Effect of caffeine on Gq=11 protein from both

maternal and fetal heart

To investigate whether chronic caffeine intake affected

Gq=11 protein level, we performed Western-blotting assays

using a specific antibody against a subunit of this protein.

These experiments were carried out using membranes

from both maternal and fetal heart. The densitometric

analysis of the band specifically recognized by the anti-

body in maternal heart showed a significant decrease in

membranes from caffeine-treated versus control mothers

Fig. 3. A, C Immunodetection of mGluR1 and mGluR5 in plasma mem-

branes from maternal heart. 100mg of plasma membranes from control

and caffeine-treated rat heart were subjected to SDS=PAGE, transferred

electrophoretically to nitrocellulose membrane and incubated with spe-

cific anti-mGluR1 and mGluR5 polyclonal antibodies, as described in

Materials and methods. Data, expressed as percentage of control values,

are mean � SEM of at least three experiments performed using different

membranes isolations. B, D mGluR1 and mGluR5 expression detected by

RT-PCR. RT-PCR assays were performed using specific oligonucleotides

to mGluR1 and mGluR5 subtypes as described in Materials and methods.

The histograms show the ratio between amplification of mGluR1 or

mGluR5 and amplification of b-actin using the same RNA samples. Data

are mean � SEM of at least three experiments performed with different

RNA isolations. Inset shows representative experiments

Fig. 4. A Immunodetection of mGluR1 in plasma membranes from fetal

heart. 100mg of plasma membranes of fetus heart from control and

caffeine-treated mothers was subjected to SDS=PAGE, transferred elec-

trophoretically to nitrocellulose membrane and incubated with specific

anti-mGluR1 polyclonal antibody, as described in Materials and methods.

Data, expressed as percentage of control values, are mean � SEM of at

least three experiments performed using different membrane isolations.

B mGluR1 expression detected by RT-PCR. RT-PCR assays were per-

formed using specific oligonucleotides to mGluR1 subtype as described

in Materials and methods. The histograms show the ratio between am-

plification of mGluR1 and amplification of b-actin using the same RNA

samples. Data are mean � SEM of at least three experiments performed

with different RNA isolations. Inset shows representative experiments.

*p<0.05 significantly different from control values
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Fig. 6. A Immunodetection of aGq=11 in fetal heart by Western-blot.

Nitrocellulose membranes with controls and caffeine-treated samples

were incubated with anti-aGq=11 antisera. Data, expressed as percentage

of control values, are mean � SEM of four experiments performed using

different membrane isolations. Inset shows aGq=11 bands corresponding

to a representative experiment. *p<0.05 significantly different from

control. B Detection mRNA encoding alpha subunit of Gq=11 protein

by RT-PCR. RT-PCR assays were performed using RNA isolated from

control and caffeine-treated rat heart and oligonucleotides specific to

aGq=11. Results are expressed as the ratio between amplification of

aGq=11 and amplification of b-actin mRNAs. Data are mean � SEM of

three experiments performed with different RNA isolations. Inset shows

the amplification of mRNA encoding aGq=11 protein of a representative

experiment

Fig. 5. A Immunodetection of aGq=11 in maternal heart by Western-

blot. Nitrocellulose membranes with controls and caffeine-treated

samples were tested with anti-aGq=11 antisera, as described in Materi-

als and methods. Data, expressed as percentage of control values, are

mean � SEM of four experiments performed using different mem-

brane isolations. Inset shows aGq=11 bands corresponding to a repre-

sentative experiment. *p<0.05 significantly different from control.

B Detection mRNA encoding alpha subunit of Gq=11 protein by

RT-PCR. RT-PCR assays were performed using RNA isolated from

control and caffeine-treated rat heart and oligonucleotides specific to

aGq=11. Results are expressed as the ratio between amplification of

aGq=11 and amplification of b-actin mRNAs. Data are mean � SEM of

three experiments performed with different RNA isolations. Inset

shows the amplification of mRNA encoding aGq=11 protein of a

representative experiment

Fig. 7. A Immunoblotting analysis of PLCb1 in membranes from ma-

ternal heart. One hundred micrograms of membranes from control and

caffeine treated rat heart was tested with anti-PLCb1 antisera. Data,

expressed as percentage of control values, are mean � SEM of four

experiments performed using different membrane isolations. Inset

shows PLCb1 bands corresponding to a representative experiment.

*p<0.05 significantly different from control value. B Analysis of the

expression of PLCb1 in maternal heart by RT-PCR. RT-PCR assays

were performed using 5 mg of total RNA isolated from control and

caffeine-treated rat heart and oligonucleotides specific to PLCb1. Data

show the ratio between amplification of PLCb1 and amplification of

b-actin mRNAs using the same RNA samples. Data are mean � SEM

of three experiments performed with different RNA isolations. Inset

shows the amplification of mRNA encoding PLCb1 protein of a repre-

sentative experiment

Fig. 8. A Immunoblotting analysis of PLCb1 in membranes from fetal

heart. One hundred micrograms of membranes from control and

caffeine-treated rat heart was tested with anti-PLCb1 antisera. Data,

expressed as percentage of control values, are mean � SEM of four

experiments performed using different membrane isolations. Inset shows

PLCb1 bands corresponding to a representative experiment. *p<0.05

significantly different from control value. B Analysis of the expression

of PLCb1 in maternal heart by RT-PCR. RT-PCR assays were performed

using 5 mg of total RNA isolated from control and caffeine-treated rat

heart and oligonucleotides specific to PLCb1. Data show the ratio be-

tween amplification of PLCb1 and amplification of b-actin mRNAs using

the same RNA samples. Data are mean � SEM of three experiments

performed with different RNA isolations. Inset shows the amplification

of mRNA encoding PLCb1 protein of a representative experiment
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(Fig. 5A). Similar results were observed when assays

were performed with membranes from fetus heart

(Fig. 6A).

Level of mRNA coding aGq=11 was also studied by

RT-PCR. Results obtained after analyzing the correspond-

ing band showed that caffeine intake did not modify

the mRNA level, either in mothers (Fig. 5B) or fetuses

(Fig. 6B), again suggesting the involvement of post-

transcriptional modifications in the down-regulation of

aGq=11 protein detected after caffeine treatment.

Effect of caffeine on phospholipase C from both

maternal and fetal heart

After investigating the components mGluR1 and aGq=11 of

Group I-mGluR transduction pathway, we decided to

complete the study analyzing the effect of caffeine intake

on phosphoinositide-specific PLC, the main effector sys-

tem coupled to Group I mGluRs. Firstly, we analyzed the

PLCb1 isoform by Western-blotting using a specific anti-

body that recognizes this protein, which migrates as

150 kDa peptides on SDS polyacrilamide gels. Densito-

metric analysis of the immunoblots showed that chronic

treatment of pregnant rats with caffeine significantly

reduced the intensity of PLCb1 immunoreactivity in

maternal (Fig. 7A) and fetal heart membranes (Fig. 8A).

The reduction in PLCb1 protein content clearly contrasted

with the absence of variations in the steady-state level of

PLCb1 mRNA transcript in both analyzed tissues (Figs. 7B

and 8B).

To determine whether variations observed in PLCb1

and Gq=11 protein levels were associated with alteration

of the enzyme activity, we evaluated the effect of chronic

caffeine treatment on basal PLC activity in membranes

from mothers’ heart, using [3H]PIP2 as an exogenous sub-

strate. No significant difference was detected (Fig. 9A),

although a significant variation in basal and GTP-stimu-

lated PLC activity was observed in fetuses from caffeine-

treated mothers (Fig. 9B). Finally, we assayed the func-

tional consequences of variation observed in different

components of mGluR=PLC pathway by determination

of phospholipase C activity stimulated with L-Glutamate

and Quisqualate. When we performed these assays we did

not detect any significant differences in mothers’ heart

(Fig. 10). However, an important and significant decrease

in the stimulatory effect exhibited by Glutamate and

Quisqualate in the presence and absence of GTP

Fig. 9. Phospholipase C activity in plasma membranes from maternal and fetal heart. PLC activity was measured as described in Materials and

methods using [3H]PIP2 as exogenous substrate. Sixty-eighty micrograms of membranes was incubated in basal conditions and in the presence of

100mM GTPgS (GTP). Data are mean � SEM of four experiments performed in duplicate using different plasma membrane isolations from mothers

(A) or fetuses (B). *p<0.05 significantly different from respective control values

Fig. 10. Metabotropic glutamate receptor=phospholipase C activity cou-

pling in plasma membranes from maternal heart. PLC activity was

measured in the presence of 100mM Glutamate (Glu) or 100mM Quis-

qualate (Quis) with or without 100mM GTPgS (GTP) using [3H]PIP2 as

exogenous substrate as described in Materials and methods. Data are

mean � SEM of four experiments performed in duplicate using different

plasma membrane isolations from maternal heart
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was observed in fetal heart from caffeine-treated mothers

(Fig. 11).

Discussion

We have previously described how caffeine consumption

during gestation causes the down-regulation of adenosine

A1 receptors in both maternal and fetal brain (León et al.,

2002) and inhibits A1 receptor function in the maternal rat

brain (León et al., 2005a). Moreover, caffeine also affects

metabotropic glutamate receptors, causing a down-regula-

tion of these receptors in brain from both mothers and fe-

tuses (León et al., 2005b). In the present paper we have pro-

vided evidence that maternal caffeine intake during preg-

nancy also causes a significant decrease in mGluRs present

in hearts from mothers and their pups, associated with the

loss of receptor functionality only in the immature heart.

Caffeine is the most widely-consumed psychoactive

substance in the world (more than 80% of the population)

due to its presence in coffee, tea and caffeinated soft

drinks (including ‘‘energy’’ drinks). For most people,

the first exposure to caffeine is in utero, because most

women consume caffeine while pregnant and caffeine

readily crosses the placenta (Dumas et al., 1982). There

is considerable evidence concerning the widespread use of

caffeine during pregnancy (Nawrot et al., 2003). Follow-

ing oral ingestion, caffeine is rapidly absorbed from the

gastrointestinal tract into the bloodstream and exerts cen-

tral and peripheral actions. In this sense, chronic coffee

consumption exerts a detrimental effect on aortic stiffness

and wave reflections, having been reported as a car-

diovascular risk factor in women and men (Hartley

et al., 2004; James, 2004; James and Gregg, 2004;

Vlachopoulos et al., 2005). Furthermore, caffeine has

been described as inducing arrhythmias related to changes

in cellular calcium homeostasis (Balasubramaniam et al.,

2005). Moreover, caffeine brings about an increase in

blood pressure (Dunwiddie and Masino, 2001); an exten-

sive study has shown that each increase of 1 mmHg in

population blood pressure is associated with 3.5%

increased mortality from coronary heart disease and 5%

from stroke (Prospective Studies Collaboration, 2002).

However, as several authors have suggested, it is not clear

that this risk is from caffeine consumption, especially as

habitual moderate coffee intake has been associated with

beneficial effects on cardiovascular health (Sudano et al.,

2005).

The main mechanism of caffeine’s action is antagonism

of the potent endogenous neuromodulator adenosine

(Smits et al., 1987; Dunwiddie and Masino, 2001). The

antagonism is mediated by blocking of its regulatory

actions mainly through adenosine A1 and A2A receptors,

which modulate blood pressure and heart rate (Schindler

et al., 2005). Adenosine has been shown to be a cardio-

protective substance in both in vitro and in vivo systems,

and it prevents mitochondrial oxidant damage in rat

cardiomyocytes (Xu et al., 2005). Adenosine is mainly

released from the heart when the oxygen supply is insuf-

ficient for the oxygen requirement such as during ische-

mia, hypoxia and other times of enhanced oxygen

consumption. Conversely, adenosine release is decreased

when excess oxygen is supplied by overperfusion. Endo-

genous adenosine protects against vascular dysfunction

via A1 receptors while intrinsic A2A activation apparently

worsens contractile dysfunction (Flood et al., 2002).

Adenosine concentrations are low during resting con-

ditions but may be raised substantially in hypoxia, ische-

mia and increased mechanical or biochemical work and

after administration of drugs that inhibit its uptake, such

as dipyridamole (Fredholm and Sollevi, 1986). It has been

noted that plasma adenosine concentrations increase in

chronic heart failure, and the extent of increases in ade-

nosine levels correlated well with the severity of heart

failure (Funaya et al., 1997). Moreover, the increase in

plasma adenosine levels may attenuate the severity of

chronic heart failure (Kitakaze et al., 1998), suggest-

ing that this increase is an endogenous compensatory

mechanism for heart failure. The mechanism underlying

this increase could be related to activation of ecto-50-

nucleotidase, an enzyme responsible for production of

Fig. 11. Metabotropic glutamate receptor=phospholipase C activity cou-

pling in plasma membranes from fetal heart. PLC activity was measured

in the presence of 100mM Glutamate (Glu) or 100mM Quisqualate

(Quis) with or without 100mM GTPgS (GTP) using [3H]PIP2 as exog-

enous substrate as described in Materials and methods. Data are

mean � SEM of four experiments performed in duplicate using different

plasma membrane isolations from fetal heart. *p<0.05 significantly

different from control value
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adenosine which is activated by endogenous norepinephr-

ine increases due to the progressive severity of chronic

heart failure (Kitakaze et al., 1994, 1995).

We have previously shown that caffeine significantly

increased plasma adenosine levels in mothers (León

et al., 2005), in agreement with previous reports (Conlay

et al., 1997; Andresen et al., 1999). This could suggest

that increased adenosine levels after caffeine treatment

may be beneficial to protect hearts from the harmful

effects of caffeine. However, caffeine consumption by

mothers during pregnancy causes a significant loss of

adenosine A1 receptors from mothers’ brain (León et al.,

2002) associated with an increased functionality of the

receptor mediated by adenylyl cyclase activity inhibition

(León et al., 2005) produced by overexposure to increased

endogenous adenosine levels. In the same manner

increased levels of adenosine could affect adenosine A1

receptors in the heart. Along these lines, it has been sug-

gested that the blockade of the cellular uptake of adeno-

sine, or indirect enhancement of its release and subse-

quent activation of adenosine A1 receptors, may be

responsible for the inhibitory effect of antidepressants

on glutamate and aspartate release (Golembiowska and

Dziubina, 2001). In agreement with this, in a previous

study rats were given two weeks of drinking water con-

taining caffeine in doses similar to those in our study, and

changes in resting heart rate and blood pressure were

observed concurrent with changes in adenosine A1 recep-

tor function (While and Nguyen, 2002).

During development A1 adenosine receptors are espe-

cially important; they are among the earliest receptors

expressed in the embryonic brain and heart. Additionally,

in the developing heart, the adenosinergic system is the

dominant regulator of fetal cardiac function, and A1R

activation inhibits cardiac cell division, leading to cardiac

hypoplasia. In the forming central nervous system, A1R

activation potently inhibits the development of axons and

can lead to leukomalacia. These recent data suggest that

adenosine is an important modulator of mammalian devel-

opment (Rivkees et al., 2001).

In brain, adenosine acting through A1 receptor activa-

tion inhibits glutamate release (Dunwiddie and Masino,

2001). Therefore, it is possible that loss of A1R detected

after chronic gestational treatment with caffeine or the-

ophylline (León et al., 2002) in maternal and fetal brain

and the decreased A1R function in the maternal brain

(León et al., 2005) may modify the A1-mediated inhibi-

tion of glutamate release (Dunwiddie and Masino, 2001).

At any rate, the antagonism of adenosine A1R produced

by short-term exposure to caffeine as well as the down-

regulation of this receptor after chronic caffeine or theo-

phylline treatment could result in a loss of A1R respon-

siveness, which at the presynaptic level would produce an

increase in glutamate release that would in turn bring

about the down-regulation of mGluRs. In addition, it

has been shown that caffeine induces glutamate release

in the shell of the nucleus accumbens mediated by aden-

osine A1 receptor blockade (Solinas et al., 2002). In this

sense, the down-regulation of mGluR reported here could

be a response to the receptor overstimulation produced by

an excessive glutamate release. In agreement with our

results, it has been shown that there is a down-regulation

of mGluR1 in C6 glioma cells (Albasanz et al., 2002a) and

mGluR5 in astrocytes (Balazs et al., 1997) after prolonged

treatment with mGluR agonists. Moreover, rats treated

with adenosine A1 receptor agonists show an up-regula-

tion of metabotropic glutamate receptors (Albasanz et al.,

2002b). A similar mechanism could also mediate the

effects of caffeine in heart. On the other hand, a molecular

interaction between metabotropic glutamate receptor type

1a and the adenosine A1 receptor has been reported, sug-

gesting that both receptors may form part of a signaling

complex in vivo. MGluR1a and adenosine A1 receptors

show a high degree of co-localization in neurons from

rat cerebelum and from rat cortex, forming functional

heteromers. Moreover, activation of mGluR1 and A1 in

the same neuron results in synergism (Ciruela et al.,

2001). Therefore, down-regulation of glutamate receptors

after caffeine intake could also be related to the meta-

botropic glutamate and adenosine A1 receptor–receptor

interaction.

The immunodetection of mGluR1 carried out in this

study has shown that this receptor subtype contributes to

the mGluR down-regulation detected by kinetic experi-

ments in both maternal and fetal heart. However, after

comparing the results obtained in radioligand binding

and Western-blotting assays, we cannot rule out the reg-

ulation of other mGluR subtypes after treatment. Addi-

tionally, the lack of variation in mGluR1 and the splicing

variant mGluR1a mRNA level in both tissues points to a

post-transcriptional mechanism as being responsible for

the down-regulation. In support of this hypothesis, it has

been demonstrated that there is endocytosis of mGluRs

through clathrin-coated vesicles following agonist expo-

sure (Mundell et al., 2001; Albasanz et al., 2002a).

The presence of glutamate receptors and their effector

system in the heart has been demonstrated using immu-

nochemical and molecular techniques (Gill et al., 1998,

2000; Hansen et al., 1995; Renard and Poggioli, 1990).

Although their role is still unknown, the mGluRs may be
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involved in the mediation of excitatory effects in the

heart, as in the brain (Mueller et al., 2003). Furthermore,

Glutamate appears to be cardioprotective (King et al.,

2003; Danbolt, 2001). Moreover, in the myocardium, stim-

ulation of the generation of the two second messengers,

IP3 and DG, by receptors such as a-adrenoceptors is an

important mechanism in the mediation of positive ino-

tropic effects (Terzic et al., 1993). Therefore, the down-

regulation of different components of mGluR I=PLC path-

way in maternal and fetal heart and the loss of receptor

responsiveness in fetuses can alter the physiological func-

tion of heart, especially in this fetal tissue. Results pre-

sented herein suggest that caffeine consumption during

gestation should be restricted.
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