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Caffeine acts through neuronal adenosine A,
receptors to prevent mood and memory dysfunction
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The consumption of caffeine (an adenosine receptor antagonist)
correlates inversely with depression and memory deterioration,
and adenosine A, receptor (AzaR) antagonists emerge as candi-
date therapeutic targets because they control aberrant synaptic
plasticity and afford neuroprotection. Therefore we tested the abil-
ity of A;4R to control the behavioral, electrophysiological, and neu-
rochemical modifications caused by chronic unpredictable stress
(CUS), which alters hippocampal circuits, dampens mood and mem-
ory performance, and enhances susceptibility to depression. CUS for
3 wk in adult mice induced anxiogenic and helpless-like behavior
and decreased memory performance. These behavioral changes
were accompanied by synaptic alterations, typified by a decrease
in synaptic plasticity and a reduced density of synaptic proteins
(synaptosomal-associated protein 25, syntaxin, and vesicular gluta-
mate transporter type 1), together with an increased density of
Ay4R in glutamatergic terminals in the hippocampus. Except for
anxiety, for which results were mixed, CUS-induced behavioral
and synaptic alterations were prevented by (i) caffeine (1 g/L in
the drinking water, starting 3 wk before and continued throughout
CUS); (i) the selective A aR antagonist KW6002 (3 mg/kg, p.o.)
(iii) global A,AR deletion; and (iv) selective A;4R deletion in fore-
brain neurons. Notably, A,AR blockade was not only prophylactic
but also therapeutically efficacious, because a 3-wk treatment with
the A,4R antagonist SCH58261 (0.1 mg/kg, i.p.) reversed the mood
and synaptic dysfunction caused by CUS. These results herald a
key role for synaptic AR in the control of chronic stress-induced
modifications and suggest AR as candidate targets to alleviate
the consequences of chronic stress on brain function.
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Repeated stress elicits neurochemical and morphological
changes that negatively affect brain functioning (1, 2). Thus,
repeated stress is a trigger or a risk factor for neuropsychiatric
disorders, namely depression, in both humans and animal models
(2, 3). Given the absence of effective therapeutic tools, novel
strategies to manage the impact of chronic stress are needed, and
analyzing particular lifestyles can provide important leads. Nota-
bly, caffeine consumption increases in stressful conditions (4) and
correlates inversely with the incidence of depression (5, 6) and the
risk of suicide (7, 8). However, the molecular targets operated by
caffeine to afford these beneficial effects have not been defined.

Caffeine is the most widely consumed psychoactive drug. The
only molecular targets for caffeine at nontoxic doses are the main
adenosine receptors in the brain, namely the inhibitory A; re-
ceptors (AR) and the facilitatory A, 4 receptors (AzaR) (9). AzaR
blockade affords robust protection against noxious brain conditions
(10), an effect that might result from the ability of neuronal A;AR
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to control aberrant plasticity (11, 12) and synaptotoxicity (13-15) or
from A;4R’s impact on astrocytes (16) or microglia (17). The
protection provided by A;aR blockade prompts the hypothesis that
AR antagonism may underlie the beneficial effects of caffeine
on chronic stress, in accordance with the role of synaptic (18, 19) or
glial dysfunction (20) in mood disorders. Thus, A;4R antagonists
prolonged escape behavior in two screening tests for antidepressant
activity (21-23) and prevented maternal separation-induced long-
term cognitive impact (12). We combined pharmacological and
tissue-selective A;aR transgenic mice (24, 25) to test if neuronal
AsAR controlled the modifications caused by chronic unpredictable
stress (CUS).

Results

Validation of the CUS Model. Chronic stress is expected to cause
decreased weight gain, increased corticosterone levels, helpless-
like and anxiogenic-like behaviors, and decreased performance
in memory tests (2, 3). Accordingly, compared with control (i.e.,
nonstressed) mice, the mice exposed to the 3-wk CUS protocol
(Table S1) displayed (i) reduced weight gain (Fig. S1C); (ii) in-
creased corticosterone plasma levels (Fig. S24); (iii) no significant
modification in the number of crossings in an open-field task
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(Fig. S34), indicating the absence of altered locomotion that
might have confounded analysis in other behavioral tasks; (iv)
increased immobility time in the forced-swimming test (Fig. 14)
and in the tail-suspension test (Fig. 1B) indicative of a helpless-like
state; (v) reduced sucrose preference (Fig. 1C), indicative of an-
hedonia; (vi) reduced time spent in the open arms of an elevated-
plus maze (Fig. 1D), indicative of an anxiogenic state; (vii) de-
creased spatial reference memory, gauged by reduced time spent
in the novel arm of a modified Y-maze test (Fig. 1E) and by a
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Fig. 1. Mice subjected to CUS display the expected features of depressed
mice, which are largely prevented by the regular consumption of caffeine.
Male mice (10 wk old) were subjected to a 3-wk period of CUS (Table S1) and
were evaluated behaviorally 24 h after the last stressor. Compared with
nonstressed control mice (ctr, open bars), CUS-mice (checkered bars) dis-
played helpless-like behavior as evaluated by the forced-swimming (A) and
tail-suspension (B) tests, anhedonia as evaluated by a sucrose preference test
(C), anxiety-like behavior as evaluated by the elevated-plus maze test (D),
and impaired memory performance as evaluated by a modified Y maze test
(E) and an object-displacement test (Student’s t test comparing displaced vs.
nondisplaced object) (F). After mice were killed, the CA3 area of hippocampi
from CUS-subjected mice did not display overt neuronal damage, as gauged
by the preservation of cresyl violet staining (G, Top Row) and lack of Fluoro-
Jade C staining (G, Middle Row) or microgliosis as evaluated by CD11b
immunoreactivity (G, Bottom Row) but did display increased GFAP (H and /)
and decreased synaptophysin immunoreactivity (/ and K). Similar findings
were obtained in the hippocampal CA1 area. Western blot analysis of whole
hippocampal membranes confirmed the increase in GFAP density with CUS
(L) and the decrease of synaptic markers, namely SNAP25 (M) and syntaxin
(N). The administration of caffeine (1 g/L via the drinking water) to mice
beginning 3 wk before CUS and continuing until mice were killed did not
modify behavior or histology, except for increased anxiety in the elevated-
plus maze (D), but did prevent all CUS-induced behavioral and morpholog-
ical alterations. (Scale bars, 100 pm.) Data are shown as mean + SEM; n = 9-19
mice per group in the behavioral assays (A-F); n = 4-7 mice per group in the
morphological analysis; n =5 or 6 mice per group in the neurochemical analysis.
*P < 0.05 and *P < 0.05 using a two-way ANOVA followed by a Newman—Keuls
post hoc test, except when stated otherwise. ns, not significant.
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lower recognition index in an object-displacement test (Fig. 1F)
(n = 36-39 mice per group).

CUS caused no alteration in neuronal organization (deter-
mined by cresyl violet staining), no neuronal damage (shown by
the lack of FluoroJadeC staining), and no microgliosis (shown by
CD11 immunoreactivity) (Fig. 1G) but did cause increased
GFAP immunoreactivity (Fig. 1 H and I), which was confirmed
by Western blot analysis (Fig. 1L). Notably, CUS decreased the
immunoreactivity of synaptophysin, a synaptic marker, mainly in
the hippocampus (Fig. 1J and K), in accordance with the critical
impact of synaptic modifications in stress-induced behavioral
alterations (26, 27). This putative hippocampal synaptotoxicity
caused by CUS was confirmed further by Western blot analysis
(Fig. 1 M and N). Overall, these behavioral, biochemical, and
morphological alterations validate our CUS protocol.

Prophylactic Effect of Caffeine on Chronic Stress. Caffeine consump-
tion in drinking water (1 g/L for 6 wk; n = 18-19 mice per group)
did not alter behavioral, morphological, or biochemical parameters
in control mice (Fig. 1 and Figs. S1-S3), with the exception of the
time spent in the open arms of the elevated-plus maze (Fig. 1D),
which is suggestive of an anxiogenic effect. In contrast, caffeine
prevented the CUS-induced reduction in weight gain (Fig. S1C) and
the increase in corticosterone plasma levels (Fig. S24) and blunted
all other behavioral alterations caused by CUS, namely the in-
creased immobility in the forced-swimming (Fig. 14) and tail-
suspension tests (Fig. 1B), the anhedonic-like behavior (Fig. 1C),
the memory impairment in the modified Y maze (Fig. 1E) and
object-displacement tests (Fig. 1F), as well as the loss of synaptic
markers gauged by immunohistochemistry (Fig. 1 J and K) or
Western blot (Fig. 1 M and N).

Alterations of Adenosine Receptors upon Chronic Stress. We tested if
caffeine’s ability to prevent CUS-induced changes while having
little effect in nonstressed mice might be explained by CUS-
induced changes in A|R and AR density. CUS decreased the
AR antagonist [*H]8-cyclopentyl-1,3-dipropylxanthine ([*H]
DPCPX) binding, both in total membranes and in synaptosomal
membranes but not in gliosomal [i.e., astrocytic (16)] membranes
of the hippocampus (Fig. 24). In contrast, CUS enhanced the
AR antagonist [*H]S-amino-7-2-phenylethyl.-2-2-furyl-pyrazolo
[4,3-ex-1,2,4-triazolo-1,5]pyrimidine ([*H]SCHS58261) binding
in the synaptosomal membranes (which was 60.1 + 8.7% larger in
CUS-treated mice than in control mice; n = 6, P < 0.05) but not in
total or in gliosomal membranes of the hippocampus (Fig. 2B).

Double-labeling immunocytochemistry of individual nerve ter-
minals further revealed that CUS selectively increased the number
of hippocampal glutamatergic [vesicular glutamate transporter
1 (vGluT1)-positive] terminals (Fig. 2C) rather than the number
of GABAergic [vesicular GABA transporter (VGAT)-positive]
terminals (Fig. 2D) endowed with A,aR.

Neuronal AR Control the Burden of Chronic Stress. In accordance
with this CUS-induced enhancement of A,4R, the selective A;aR
antagonist KW6002 (3 mg/kg) mimicked the protection observed
with caffeine against CUS-induced alterations (n = 8-10 mice per
group) (Fig. 3). Thus, although KW6002 was devoid of effects in
nonstressed mice (Fig. 3), it prevented the CUS-induced reduction
in weight gain (Fig. S1D), the increase in corticosterone plasma
levels (Fig. S2B), and all other measured behavioral, morpholog-
ical, and neurochemical alterations caused by CUS (Fig. 3 A-E
and Fig. S4). KW6002 also prevented the CUS-induced decrease
in the density of a presynaptic glutamatergic marker, vGluT1 (Fig.
3F); this finding is compatible with the synaptic atrophy known to
occur in chronic stress (18, 19).

This prophylactic effect on pharmacological A,oR blockade was
mimicked by global genetic deletion of A;xR (n = 9-10 mice per
group). Thus, CUS did not change the behavior of global A,,R-KO
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Fig. 2. CUS alters the adenosine neuromodulation system in the hippo-
campus. Male mice (10 wk old) were subjected to a 3-wk period of CUS
(Table S1) and were killed for preparation of total, synaptosomal (i.e., from
synapses), and gliosomal (i.e., from astrocytes) membranes from the hippo-
campus. (A) The binding density of AR [evaluated with the AR antagonist
3H-DPCPX (10 nM)] was decreased in total and synaptosomal membranes and
was unaltered in gliosomal membranes of CUS-subjected mice (checkered
bars) compared with nonstressed mice (control; open bars). (B) In contrast,
there was a selective increase in the binding density of the A;aR antagonist
3H-SCH58261 in synaptosomal membranes from CUS-subjected mice, without
changes in its binding density in total or gliosomal membranes. (C and D)
Double-labeling immunocytochemical analysis of plated purified nerve ter-
minals confirmed that A,sR are located mostly in glutamatergic (immu-
nopositive for vGIuT1) rather than GABAergic (immunopositive for vGAT)
nerve terminals and showed that in CUS-exposed mice the number of glu-
tamatergic terminals was enhanced selectively (C), rather than GABAergic
terminals endowed with A;sR (D). Note that this immunocytochemistry
approach allows only the relative colocalization of epitopes to be quanti-
fied, irrespective of their absolute staining, which varies among groups
of plated nerve terminals. We previously validated the selectivity of
3H-SCH58261 and of the anti-A,4R antibodies used, which do not yield any
signal in tissue from A,AR-KO mice (47). Data are shown as mean + SEM of
5 or 6 mice per group; *P < 0.05 using an unpaired Student's t test.
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mice in the forced-swimming (Fig. 3G), elevated-plus maze
(Fig. 3H), or modified Y-maze tests (Fig. 3]) or the density of
synaptic proteins such as syntaxin (Fig. 3/) or synaptosomal-
associated protein 25 (SNAP-25) (Fig. 3K) in the hippocampus, in
contrast to the alterations found in wild-type littermates (Fig. 3).
In contrast to wild-type mice, A;AR-KO mice also failed to display
behavioral alterations in the tail suspension, splash, social recog-
nition, and object-displacement tests and in the levels of vGluT1
(Fig. S5). This CUS-induced loss of synaptic markers translated
into a synaptic dysfunction, typified by a reduction of long-term
potentiation (LTP) amplitude in CUS (16.2 + 2.8% over baseline,
n = 5) compared with nonstressed wild-type (control) mice (63.5 +
6.3% over baseline, n = 5) (Fig. 3L). As previously reported (11),
the acute blockade of A;AR with SCH58261 (50 nM) during LTP
induction decreased LTP amplitude in wild-type control mice (by
40.7 + 4.4% over baseline, n = 5; P < 0.05 vs. control) but in-
creased LTP amplitude in wild-type mice subjected to CUS (by
36.5 + 3.1% over baseline, n = 5 with SCH58261; P < 0.05
compared with 16.2 + 2.8% without SCH58261) (Fig. 3L). No-
tably, LTP amplitude was unchanged by CUS in global A;AR-KO
mice (Fig. 3M) and in mice drinking KW6002 (Fig. S4).

Given the prominent changes in synaptic proteins and synaptic
function paralleling the CUS-induced behavioral changes, together
with the changes in the A;AR density mainly in glutamatergic
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terminals, we hypothesized that neuronal A;AR plays a pivotal
role in the emergence of CUS-induced changes. Thus, we tested
the impact of CUS on calcium/calmodulin-dependent protein
kinase II-a (CaMKII-a) gene promoter-driven forebrain A;aR
knockout (hereafter, fb-A;,R-KO) mice (n = 7-9 mice per
group), in which we previously had shown neuronal A;5R to
be eliminated in the forebrain and A, R-mediated control of
glutamatergic synapses to be blunted (24, 25). The behavior of
fb-A;AR-KO mice was similar to that of wild-type mice under
control conditions (Fig. 4); however, they did not display behavioral
alterations in mood (Fig. 4 A and B) and memory tests (Fig. 4 D-F
and Fig. S6) after CUS. CUS in these mice also failed to modify the
density of synaptic proteins such as syntaxin (Fig. S6), SNAP-25
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Fig. 3. The pharmacological or genetic blockade of A,AR prevents CUS-
induced behavioral, neurochemical, and electrophysiological alterations in the
hippocampus. Male mice (10 wk old) were subjected to a 3-wk period of CUS
(Table S1) before behavioral evaluation 24 h after the last stressor. In CUS-
subjected mice (checkered bars), as compared with vehicle-treated mice (A-F)
(open bars) or wild-type mice (G-M) (open bars and symbols), the consumption
of the A,4R antagonist KW6002 (3 mg/kg, through the drinking water, starting
3 d before CUS until mice were killed) (A—F), or the genetic elimination of A;AR
in global A;aR-KO mice (G-M), prevented the CUS-induced helpless-like be-
havior evaluated in the forced-swimming test (A and G), the anxiety-like be-
havior evaluated in the elevated-plus maze test (B and H), the impaired
memory performance evaluated in a modified Y maze test (C and /), and the
decreases in synaptic markers such as syntaxin (D and J), SNAP-25 (E and K),
and markers of glutamatergic terminals (vGIuT1) (F) in hippocampal nerve
terminals. Additionally, A;aR blockade with the antagonist SCH58261 (SCH,
50 nM) prevented the CUS-induced depression of LTP [triggered by a high-
frequency stimulation train at time 0 in Schaffer fibers (collateral synapses of
CA1 pyramidal cells)] of hippocampal slices from wild-type mice (L) and CUS
failed to modify LTP in A;AR-KO mice (M) (Student’s t test). Data are shown
as mean + SEM; n = 8-10 mice per group in the behavioral assays (A-C and
G-I); n =5 or 6 mice per group in the neurochemical analyses (D-F, J, and K);
and n =5 or 6 mice per group in the electrophysiological analyses (L and M).
*P < 0.05 using a two-way ANOVA followed by a Newman-Keuls post hoc
test, except when stated otherwise; ns, nonsignificant.
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Fig. 4. The selective deletion of neuronal A;aR prevents CUS-induced be-
havioral, neurochemical, and electrophysiological alterations in the hippo-
campus. Male mice (10 wk old) were subjected to a 3-wk period of CUS
(Table S1) before behavioral evaluation 24 h after the last stressor. In con-
trast with the impact of CUS in wild-type mice (checkered bars and filled
symbols; control: open bars and symbols), in fb-A;AR-KO mice (in which
neuronal A4R is eliminated selectively in the forebrain and AsR-mediated
control of glutamatergic synapses is blunted) CUS failed to trigger helpless-
like behavior in the forced-swimming test (A), anhedonia-like behavior in
the splash test (B), anxiety-like behavior in the elevated-plus maze test (C),
impaired social interaction and social interaction memory (Student'’s t test
comparing first vs. second presentation of the foreign mouse) (D), or im-
paired memory performance in a modified Y maze (E). (F) Additionally, in a
spatial reference memory version of the Morris water maze test, both the
acquisition (days 1-5) and the retention of the location of the hidden plat-
form (day 6) were diminished by CUS in wild-type mice but not in fb-
A;AR-KO mice. Also in contrast with the deleterious effects of CUS, which
decreased the density of synaptic markers such as syntaxin (G) and vGIuT1
(H) in hippocampal nerve terminals in wild-type mice, CUS did not affect the
density of either of these synaptic markers (G and H) or the amplitude of LTP
() in fbA;AR-KO mice. Data are shown as mean + SEM; n = 7-9 mice per
group in the behavioral assays (A-F); n = 5 mice per group in the neuro-
chemical analysis (G and H) and in the electrophysiological analysis (/). *P <
0.05 using a two-way ANOVA followed by a Newman-Keuls post hoc test,
with repeated measures for the Morris water maze test. ns, nonsignificant.

(Fig. 4G), vGluT1 (Fig. 4H), in contrast to the effect of CUS in wild-
type mice (Fig. 4 G and H). Accordingly, hippocampal LTP am-
plitude in fb-A;AR-KO mice (50.9 + 5.0% over baseline, n = 6)
was not affected by either SCH58261 (41.4 + 4.3% over base-
line, n = 5) or CUS (Fig. 4I).

AsAR manipulations did not affect ambulation in the open-
field test (Fig. S3).

Therapeutic Effect of A;5R Antagonists in Reversing Chronic Stress-
Induced Deficits. The impact of CUS on the behavioral, neuro-
chemical, and electrophysiological measures was stable for at least
3 wk after completion of the CUS protocol (Fig. 5), allowing us to
test whether treatment with an A;4R antagonist after the CUS
protocol reversed the CUS-induced modifications (n = 9-10 mice
per group). After the 3-wk CUS protocol, mice showed increased
immobility in the forced-swimming test (Fig. 54), decreased time
spent in the open arm of an elevated-plus maze (Fig. 5B), and
decreased time spent in the novel arm of a modified Y maze (Fig.
5C). At 6 wk, these alterations were maintained in mice subjected
to CUS that were injected daily with vehicle (Fig. 5 A-C). In
contrast, in mice sub{'ected to CUS and then treated with
SCH58261 (0.1 mg-kg™"-d™") for 3 wk, the altered behavior in the
forced-swimming (Fig. 54), elevated-plus maze (Fig. 5B), and
modified Y maze (Fig. 5C) tests reverted to values similar to
nonstressed mice. At the end of this 6-wk protocol, mice subjected
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to CUS displayed reduced hippocampal density of syntaxin (Fig.
5D), SNAP-25 (-21.15 + 4.67% compared with nonstressed mice;
n = 7-9), and vGluT1 (Fig. 5E) and lower amplitude of hippo-
campal LTP (Fig. 5F). Notably, in stressed mice that were treated
for 3 wk with SCH58261 (Fig. 5 D-F), these changes also reverted
to values similar to those in nonstressed mice. SCH58261 treat-
ment per se did not cause behavioral or neurochemical alterations
in nonstressed mice (Fig. 5).

Discussion

This study shows that caffeine prevents the behavioral, neuro-
chemical, and electrophysiological alterations caused by chronic
stress in a manner mimicked by the pharmacological or genetic
blockade of adenosine A,oR. We also show that neuronal A,AR
plays a critical role in controlling the burden of chronic stress in
adult mice and also has the ability to reverse the maladaptive
changes caused by repeated stress. These findings in a model of
CUS that caused a constellation of behavioral changes compara-
ble to these observed in stressed or depressed individuals (28, 29)
confirm the previously reported inverse relationship between
caffeine consumption and the incidence of depression (5, 6) or
suicide (7, 8) and suggest that A,4R has a pivotal role in con-
trolling mood disorders. However, the role of A;AR in anxiety

A

Cus SCH

et
@ 2505 ctr-SCH # # #

- [~
[ cus *

,E 200FE cus-scH *3

5150

100]

z

o

E

G

c

o
= a
2 . - . o
£ ” I]l] ” ” B HE) ”
E E o

baseline 3 weeks 6weeks *
D 125 * * E 125
& 'S 100 x O 1000
£E -E
£5 14 - =6 79
g8 g 58
€% 5 2 3% ¥
DR 25 5 8 24
7]

vehicle

o
o

[e] S
non-stressed 0O scH CUS+SCH

non-stressed cus

SYNIAXiN s - S
a-tubulin -

ekl
<10 0 10 20 30 40 50 60
TIME (min)

VGIUT1 | == — —

L N T e ————

Fig. 5. Blockade of adenosine AR reverses CUS-induced alterations. Male
mice (10 wk old) were behaviorally evaluated (baseline). Then mice were
randomized into two groups. One group (checkered bars) was subjected to a
3-wk period of CUS (Table S1). The mice in the control group (ctr) were
handled daily. All mice were behaviorally evaluated after 3 wk. Finally, half
of the mice in each group were i.p. injected daily with saline (bars filled with
white), and the other half were injected with the A,4R antagonist SCH58261
(SCH, 0.1 mg-kg™"-d™", gray-outlined bars). All mice were behaviorally eval-
uated again at 6 wk and then were killed for neurochemical and electro-
physiological analysis. Compared with nonstressed (control) mice (noncheckered
bars), the mice subjected to CUS (checkered bars) displayed increased
immobility in the forced-swimming test [F; 36 = 182.0, P < 0.0001] (A),
decreased time in the open arms of the elevated-plus maze test [F( 3¢ =
77.14, P < 0.0001] (B), and decreased time spent in the novel arm of a
modified Y maze test [Fy,36) = 77.14, P < 0.0001] (C), both at the end of the
CUS protocol (3 wk) and 3 wk later (6 wk). As shown in A-C, SCH58261
treatment did not affect the behavior of control mice (noncheckered bars)
but reversed the CUS-induced alterations in helpless behavior [F(; 35 = 77.14,
P < 0.0001] (A), anxiety [F(2,36) = 21.35, P < 0.0001] (B), and spatial reference
memory [F> 36 = 14.88, P = 0.0005] (C) to the level of control (noncheckered
bars). SCH58261 treatment also reversed the CUS-induced reduction in the
density of the synaptic markers syntaxin [CUS F, 16 = 4.62; SCH58261 F(1,16) =
10.54; interaction F 16 = 18.30] (D) and VGIUT1 [CUS F1 16, = 11.60; SCH58261
Fa.1e) = 6.25; interaction F(116) = 4.54] (E) in hippocampal nerve terminal
membranes and reversed the CUS-induced decrease in the amplitude of LTP in
hippocampal slices [CUS F(4,16) = 49.89; SCH58261 F(1,16) = 16.74; interaction
F1,16) = 29.56] (F). Data are shown as mean + SEM. n = 9 or 10 mice per
group in the behavioral assays (A-C); n = 5 mice per group in the neurochemical
analysis (D and E) and in the electrophysiological analysis (F). *P < 0.05, *P < 0.05
using a repeated ANOVA followed by a Newman-Keuls post hoc test.
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still remains unclear (30), as shown by the inconsistent effects of
the different A;4R manipulations.

A major advance provided by this study is the finding that neu-
ronal A;4R controls behavioral dysfunction upon CUS, as demon-
strated by the elimination of CUS-induced changes in fb-A;4R-KO
mice (24, 25). This result excludes a major participation by peripheral
adenosine receptors (22) and does not support a prominent role for
glial A;4R in controlling CUS-induced alterations, as occurs in ani-
mal models of Parkinson’s disease (25) or upon treatment with Li-
popolysaccharide (17). However, the data are compatible with A;oR
having a key role in glutamatergic terminals defining the synaptic
dysfunction underlying the behavioral alterations associated with
repeated stress (26, 27). In accordance with the synaptic atrophy
observed in different models of chronic stress (18, 19), CUS led to
alterations in synaptic markers and synaptic function in the hip-
pocampus, a brain region known to play a pivotal role in the
maladaptive changes upon chronic stress (2, 3). Furthermore, A,AR
are located most abundantly in hippocampal nerve endings, and
AsaR are selectively engaged to control synaptic plasticity (11).
Additionally, noxious brain conditions trigger A;4R up-regulation,
which is most evident in synapses (14, 31, 32), particularly in glu-
tamatergic synapses (11, 31), as now shown also under CUS. This
AR up-regulation is accompanied by an A;4R gain of function
(reviewed in ref. 33) that leads to synaptic dysfunction, as dem-
onstrated by the ability of A;4R antagonists to prevent synaptic
plasticity dysfunction with aging (11) and maternal separation
(12) and by the loss of synaptic markers in different noxious brain
conditions (14, 15, 31), namely upon repeated restraint stress
(32). How enhanced A,4R function triggers synaptic dysfunction
remains to be determined, given our current ignorance of the
transducing systems operated by these pleiotropic A;sR (34, 35).
This unanswered question has significant importance, because the
mechanism seems to be common to the A, ,R-mediated control of
memory and of mood dysfunction.

Overall, this robust ability of A;4R to control CUS-induced
alterations provides a rationale explaining the ability of caffeine
to attenuate the burden of CUS. The prevention of different
alterations caused by repeated stress by regular (not acute) caf-
feine consumption had been noted previously by others (36-38)
and is in tight agreement with the inverse correlation between
caffeine intake and the incidence of depression (5, 6). Given that
caffeine intake increases in stressed individuals (4), it is tempting
to speculate that this increased intake may be a prophylactic
antistress measure to normalize mood-related behavioral changes
by normalizing synaptic functions via A;oR blockade. The
present results also show that the selective antagonism of AyaR
offers a therapeutic benefit in stressed rats similar to the re-
version of memory impairment in aged rodents (39). Thus we
prompt the suggestion that the up-regulated A,,R might be an
effective target to correct brain disorders that involve a synaptic
dysfunction, as now observed for the maladaptive responses to
chronic stress.

Materials and Methods

Animals. Male C57BL/6 mice (10-12 wk old) were obtained from Charles
River. Global A,AR-KO and fb-A;sR-KO mice, both in the C57BL/6 back-
ground (24), were raised based on mating of heterozygotes. Mice were
handled according to European Union guidelines, as approved by the CNC
Ethical Committee for Animal Research (ORBEA-78/2013).

CUS and Administration of Drugs. Prophylactic studies with caffeine or
KW6002 were done using previously validated doses (14, 40). Mice were
divided into two groups: a drug-free group drinking water or vehicle and a
treated group drinking either 1 g/L caffeine (Sigma), starting 3 wk before
CUS, or KW6002 (istradefylline; 3 mg/kg, dissolved in 0.5% nitrocellulose),
synthesized as described previously (41), starting 4 d before CUS. At the end
of treatments, blood samples were collected at 9:00 AM, and the plasma
concentrations of caffeine and corticosterone were determined by HPLC (31)
and RIA (MP Biomedicals), respectively. Half the animals in each group were
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subjected to a CUS protocol (42) for 21 d (Table S1). Control (i.e., non-
stressed) and stressed mice were housed individually and were submitted to
behavioral tests 24 h after the last stressor.

In therapeutic studies, mice first were characterized behaviorally, then
were subjected to the 3-wk CUS protocol, and were characterized behav-
iorally again. They then were randomized into two groups. One group was
treated daily with saline, and the other group was treated with a validated
selective dose of the A,AR antagonist SCH58261 (0.1 mg/kg, i.p.) for 3 wk (15)
before the final behavioral characterization. Then all mice were killed by
decapitation after halothane-induced deep anesthesia.

Behavioral Tests. Locomotor and exploratory behavior was monitored using
an open-field apparatus (14). Evaluation of anxiety was carried out using the
elevated-plus maze, and the helpless-like behavior was evaluated in the tail-
suspension and forced-swimming tests (43). Anhedonic-like behavior was
evaluated with the sucrose (1.2%) preference test (44) by measuring the in-
take of sucrose solution versus water intake at the end of a 16-h test period
(12-h dark phase plus 4-h light phase) or with the splash test by measuring
grooming bouts (head washing and nose/face and body grooming) over
5 min after a 10% sucrose solution was squirted on the dorsal coat (45).
Social recognition memory was evaluated as previously described (39), and
spatial memory was evaluated using an object-displacement test (40), a
reference memory version of the Morris water maze (46), and a two-trials
Y-maze test in which mice first explored the maze for 8 min while one arm
was blocked and explored it again 2 h later for 8 min with all three arms
accessible (14). Behavioral experiments were conducted between 10:00 AM
and 5:00 PM in a sound-attenuated room under low-intensity light and
were monitored by two researchers who were unaware of phenotypes or
drug treatments.

Western Blot Analysis in Hippocampal Membranes. Western blot analyses of
total membranes [to evaluate the astrocytic marker GFAP (1:10,000; Sigma)]
or Percoll-purified synaptosomal membranes [to probe synaptic markers,
using antibodies against syntaxin (1:5,000; Sigma), SNAP-25 (1:5,000; Sigma),
and vGIuT1 (1:5,000; Chemicon)] were performed as described previously
(14, 31). Membranes then were reprobed with a-tubulin (1:10,000; Sigma) as
a loading control.

Membrane-Binding Assays. The density of AR and A,aR was estimated
by radioligand-binding assays using supramaximal concentrations of the
AR antagonist [PHIDPCPX (10 nM; DuPont NEN) or the AAR antagonist
[H]SCH58261 (6 nM; provided by E. Ongini, Schering-Plough, Milan, Italy), as
described previously (31, 32). Specific binding was determined by the sub-
traction of nonspecific binding measured in the presence of 3 pM XAC
(Tocris), a mixed A1R/A;R antagonist.

Immunocytochemistry of Purified Nerve Terminals. Inmunocytochemistry of
purified nerve terminals was performed as previously described (31) by
double labeling with goat anti-A;aR (1:200; Santa Cruz Biotechnology) to-
gether with either guinea pig anti-vGAT (1:1,000; Calbiochem) or guinea pig
anti-vGIuT1 (1:1,000; Chemicon) followed by incubation with Alexa Fluor-
labeled secondary antibodies (1:2,000; Molecular Probes). The preparations
were examined under a Zeiss Z2 microscope, and each coverslip was ana-
lyzed by counting an average of 500 elements (31).

Mouse Brain Histochemistry. Neuronal morphology was assessed using cresyl
violet staining of Nissl bodies, and neuronal degeneration was evaluated by
FluoroJade-C staining in 20-um brain sections (14, 32). Immunohistochemical
analysis of microglia (CD11-b staining; 1:500; Serotec), astrocytes (GFAP
staining; 1:1,000; Sigma), or nerve terminals (synaptophysin staining; 1:200;
Sigma) was done as previously described (17, 31).

Electrophysiological Analysis of Synaptic Plasticity. Electrophysiological re-
cordings of synaptic plasticity were performed in 400-um hippocampal slices,
as described previously (11). Briefly, a bipolar electrode was placed onto
Schaffer fibers, and the evoked field excitatory postsynaptic potentials
(fEPSP) were recorded through an extracellular microelectrode (4 M NaCl;
1-2 MQ resistance) placed in the CA1 stratum radiatum. LTP was induced
with a high-frequency stimulation train (100 pulses at 100 Hz, over a 0.066-Hz
basal stimulation) and was quantified as the percentage change between the
fEPSP slopes 60 min after and 10 min before the train.

Statistics. Results are given as mean + SEM of n animals, and significance was
considered at P < 0.05 using Student’s t test for comparison between two
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groups or two-way ANOVA followed by a Newman-Keuls post hoc test for
comparison of multiple groups (Table S2).
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