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Summary
Aim: The aim of this study was to examine the role of adenosine A1 receptors in the 
harmaline-induced tremor in rats using 5′-chloro-5′-deoxy-(±)-ENBA (5′Cl5′d-(±)-
ENBA), a brain-penetrant, potent, and selective adenosine A1 receptor agonist.
Methods: Harmaline was injected at a dose of 15 mg/kg ip and tremor was measured 
automatically in force-plate actimeters by an increased averaged power in the fre-
quency band of 9-15 Hz (AP2) and by tremor index (a difference in power between 
AP2 and averaged power in the frequency band of 0-8 Hz). The zif-268 mRNA expres-
sion was additionally analyzed by in situ hybridization in several brain structures.
Results: 5′Cl5′d-(±)-ENBA (0.05-0.5 mg/kg ip) dose dependently reduced the 
harmaline-induced tremor and this effect was reversed by 8-cyclopentyl-1,3-dipropyl
xanthine (DPCPX), a selective antagonist of adenosine A1 receptors (1 mg/kg ip). 
Harmaline increased the zif-268 mRNA expression in the inferior olive, cerebellar cor-
tex, ventroanterior/ventrolateral thalamic nuclei, and motor cortex. 5′Cl5′d-(±)-ENBA 
reversed these increases in all the above structures. DPCPX reduced the effect of 
5′Cl5′d-(±)-ENBA on zif-268 mRNA in the motor cortex.
Conclusion: This study suggests that adenosine A1 receptors may be a potential target 
for the treatment of essential tremor.
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1  | INTRODUCTION

Harmaline (a β-carboline derivative) is a natural agent of plant origin, 
which induces tremor in humans1 and is commonly used to model 
essential tremor (ET) in animals.2 Similar to ET,3 the harmaline-
induced tremor is postural and kinetic, and its peak frequency in rats 
is 10-12 Hz.2,4-9 It has been suggested that the harmaline-induced 
tremor is related to rhythmic firing of inferior olive neurons,2,10 ac-
tivation of the olivo-cerebellar glutamatergic climbing fibers,2 ele-
vation of glutamate release in the cerebellum,11,12 and an increase 
in complex spike discharges of Purkinje cells (PCs) of the cerebellar 
cortex.10 Moreover, harmaline induces oscillations in deep cerebel-
lar nuclei, medullary reticular formation, and spinal cord10,13,14 and 

activates c-Fos expression in the olivo-cerebellar system and in the 
basal ganglia.11,15,16

Besides phenomenological similarities between ET and the 
harmaline-induced tremor, their pharmacological treatments are also 
analogical.3,6,8,9 Moreover, a recent study has shown that, similar to its 
beneficial effect in ET,17 high-frequency stimulation of the ventrolat-
eral thalamic nucleus in mice (a region receiving glutamatergic projec-
tions from deep cerebellar nuclei18,19) reduced the harmaline-induced 
tremor.20 The latter result emphasizes importance of the cerebellotha-
lamic connectivity for both kinds of tremor.

Adenosine, a neuromodulatory nucleoside, is involved in a wide vari-
ety of physiological and pathological processes, and its G protein-coupled 
receptors (A1, A2A, A2B, and A3) are targets for therapeutic intervention 
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in several central and systemic disorders.21 With regard to tremor ther-
apy, A2A but not A1 receptor antagonists, such as DPCPX at doses which 
showed no in vivo occupancy of A2A receptors, reduced tremulous jaw 
movements (a model of parkinsonian tremor) induced by cholinolytics or 
dopamine antagonists in rodents22,23 and alleviated the resting tremor in 
parkinsonian patients.24 On the other hand, an intrathalamic infusion of 
an A1 receptor agonist decreased the harmaline-induced tremor in mice, 
and A1 receptors have been suggested to contribute to the therapeutic 
effect of the high-frequency stimulation in this model.20

The aim of this study was to examine the role of adenosine A1 
receptors in the harmaline-induced model of ET. To this aim, we used 
5′-chloro-5′-deoxy-(±)-ENBA (5′Cl5′d-(±)-ENBA), a brain-penetrant, 
potent, and selective adenosine A1 receptor agonist; the affinity of 
which for human A1 receptors (Ki=0.51 nmol/L) has been reported 
to be 2500-5300 times higher than for A2A, A2B, or A3 receptors.25-27 
Systemic injection of 5′Cl5′d-(±)-ENBA induced antinociception in the 
formalin model,25 reduced neuropathic pain,26 reduced locomotor ac-
tivity and L-DOPA-induced dyskinesia27 in mice, as well as influenced 
microglia physiology.28 In contrast to other A1 receptor agonists, pe-
ripheral side effects of 5′Cl5′d-(±)-ENBA were reported to be limited 
because at a dose of 0.5 mg/kg ip, it did not affect heart rate or sys-
tolic blood pressure in mice.26

In order to search for brain targets for potential tremorolytic ef-
fect of 5′Cl5′d-(±)-ENBA, we analyzed the zif-268 mRNA expression 
in different brain structures. Zif-268, similar to c-fos, belongs to the 
class of inducible immediate early genes (IEGs) that encode regula-
tory transcription factors and that have been implicated in various 
processes, including cell growth, differentiation, and apoptosis.29 The 
zif-268 mRNA and protein are constitutively expressed in several rat 
brain structures29,30 and can be rapidly induced by a variety of phys-
iological and pharmacological stimuli, including neurotransmitters 
(eg, glutamate), growth factors, seizures, ischemia, or cellular stress.29 
Therefore, it represents a sensitive neurochemical marker useful in the 
evaluation of neuronal responses.

2  | METHODS

2.1 | Animals

The experiments were carried out according to the EU Directive 
2010/63/EU for animal experiments and were approved by the local 
ethics committee at the Institute of Pharmacology. All efforts were 
made to minimize the number and suffering of animals used. Male 
Wistar rats (240-350 g) were kept under a 12-h/12-h light/dark cycle 
(the light on from 7 am to 7 pm) with free access to food and water. All 
experiments were carried out during the light period.

2.2 | Drugs

Harmaline hydrochloride dihydrate (Sigma-Aldrich, St Louis, MO, 
USA) was dissolved in redistilled water and administered as previously 
described6-8 at a dose of 15 mg/kg ip, immediately before tremor 
measurements, which lasted 60 minutes. 5′-Chloro-5′-deoxy-N6- 

(±)-(endo-norborn-2-yl)adenosine (5′Cl5′d-(±)-ENBA, Tocris Cookson 
Ltd., Bristol, UK) was dissolved in 0.5% DMSO in physiological saline 
and administered at doses of 0.01-0.5 mg/kg ip 30 minutes before 
harmaline. The doses of 5′Cl5′d-(±)-ENBA were chosen according to 
the lack of peripheral side effects, reported earlier in mice.26 8-Cycl
opentyl-1,3-dipropylxanthine, a selective antagonist of adenosine A1 
receptors (DPCPX, Tocris Cookson Ltd., Bristol, UK),31 was dissolved 
in 10% DMSO in physiological saline and administered at a dose of 
1 mg/kg ip 10 minutes before 5′Cl5′d-(±)-ENBA (40 minutes before 
harmaline). Physiological saline was used as the control for harmaline, 
0.5% DMSO for 5′Cl5′d-(±)-ENBA, and 10% DMSO for DPCPX.

2.3 | Force-plate actimeters (FPA) according to 
references6-8,32

Immediately after harmaline injections, rats were placed in the FPA. 
An animal was placed on a 44 cm×44 cm plate covered by a Plexiglas 
enclosure (33 cm high) and put into a ventilated sound-attenuating 
chamber. The FPA tracked the rat movements across a plate. Four 
force transducers below the corners of the plate recorded its posi-
tion on a Cartesian plane and measured the force exerted on the 
plate at each time point. Data were collected during time units of 
10.24 seconds (“frames”) with the sampling frequency of 100 points/s, 
and accompanying software analyzed specific behaviors of interest.

Tremor was analyzed using fast Fourier transform (FFT) on each 
frame of the experiment. Then, the resulting power spectra were log10-
transformed and averaged over two consecutive 180-frame series 
[two time periods of ca. 30-minute each (30.72 minutes)] to give the 
following parameters: AP1—averaged power in the frequency band 
I (0-8 Hz), AP2,—averaged power in the frequency band II (9-15 Hz; 
Figure 1A,B), and the tremor index defined as a difference in power 
between AP2 and AP1. The total distance traveled during two consec-
utive 180-frame series in millimeter was used as a measure of locomo-
tor activity. Because vibration noise causes the measured position of 
the animal to fluctuate, this parameter could be artificially increased.

To analyze the relationship between tremor and motility of rats, 
the distance in millimeter was further divided by 10 000 and the ratio 
AP2/distance was calculated.

2.4 | In situ hybridization of zif-268 mRNA

Quantitative in situ hybridization of zif-268 mRNA in rat brain structures 
was performed according to standard procedures used in our laboratory.7

Rats were decapitated 1 hour after harmaline injections. Coronal 
sections (10 μm) were thaw-mounted on gelatin-coated microscopic 
slides, postfixed in 4% paraformaldehyde, dehydrated, delipidated, re-
hydrated, air-dried, and processed for in situ hybridization.

A 45-mer synthetic oligonucleotide probe complementary to 
bases 3-47 of the zif-268 gene mRNA (GenBank accession number 
NM_012551.2, gi: 148747152) was labeled with [35S]dATP (1000 Ci/
mmol, Hartmann Analytic GmbH, Germany) by terminal deoxynucleo-
tidyl transferase enzyme (Thermo Fisher Scientific Inc., Walthan, MA, 
USA) to obtain a specific activity of about 5-6×105 cpm/μL.33

info:ddbj-embl-genbank/NM_012551.2
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The tissue sections were incubated in a hybridization buffer with 
the radiolabeled oligonucleotide (5×105 cpm per tissue section) for 
20 hours at 37°C in humidified chambers, washed (3×20 minutes in 
2×SSC at 42°C, 1×15 minutes in 1×SSC at a room temperature), de-
hydrated, air-dried, and exposed to a Kodak BioMax MR film (Sigma-
Aldrich) for 4 weeks at 4°C. The film was developed with a Dectol 
developer (Kodak; Sigma-Aldrich), fixed with a GBX fixer/replenisher 
(Kodak, Sigma-Aldrich), and dried.

Signal density [the mean optical density minus background (Q-BG) 
per unit area (pixel2)] was measured in the scanned images using Multi 
Gauge 3.0 program (Fujifilm Europe, GmbH, Warsaw, Poland). The mRNA 
expression was estimated in the motor cortex at four consecutive levels 
(level I: from A=1.68 to 0.96 mm; level II: from A=−0.72 to −1.20 mm; 
level III: from A=−1.44 to −2.28 mm; level IV: from A=−2.64 to −3.60 mm), 

ventroanterior/ventrolateral thalamic nuclei (VA/VL) at two different levels 
(level III: from A=−1.44 to −2.28 mm; level IV: from A=−2.64 to −3.60 mm), 
cerebellum (lobules 1-10) at levels from A=−10.08 to −13.68 mm, and in 
the inferior olive at levels from A=−13.08 to −13.68 mm from the bregma, 
according to the Paxinos and Watson stereotaxic atlas34).

2.5 | Statistics

Statistical analyses were carried out using the software Statistica v.10 
(StatSoft Inc., Tulsa, OK, USA). In the behavioral experiments, ANOVA 
for repeated measures was used followed by LSD post hoc test for 
individual comparisons. In situ hybridization data were analyzed by 
one-way ANOVA and LSD post hoc test.

3 | RESULTS

3.1 | The harmaline-induced behaviors in rats

As reported previously,6-8 harmaline induced generalized tremor of 
the whole body which started as early as a few minutes after its ad-
ministration and was manifested by an increase in power within the 
frequency band of 9-15 HZ (AP2), and in the tremor index (Figures 1, 
2 and 4). Moreover, a decrease in the power within the frequency band 
of 0-8 Hz (AP1) was noted within the first 30 minutes of measurement 
(Figures 1, 2 and 4).

Harmaline altered additionally locomotor activity of rats, mea-
sured by the total distance traveled. In agreement with our previous 
study,7,8 this drug reduced exploratory activity during the first 30 min-
utes after its injection but later (30-60 minutes) it increased motility of 
rats (Figures 2 and 4). This hyperactivity was characterized by episodic 
slow locomotor movements, general agitation, and sniffing and was 
accompanied by ataxia, balance disturbances, and tremor.

3.2 | The effect of 5′Cl5′d-(±)-ENBA on the 
harmaline-induced tremor

5′Cl5′d-(±)-ENBA (0.01-0.5 mg/kg ip) dose dependently alleviated 
the tremor induced by harmaline (Figures 1 and 2). A significant effect 
was demonstrated using ANOVA for repeated measures with regard 
to the tremor index or AP2 (treatment effect: F[3,33]=4.293-31.966, 
F[2,29]=21.266-27.445, F[2,28]=5.770-60.599, P=.000-.012). The 
LSD post hoc test revealed that 5′Cl5′d-(±)-ENBA reversed the 
harmaline-induced increases in these parameters at doses of 0.05-
0.5 mg/kg. In contrast, the lowest dose of 5′Cl5′d-(±)-ENBA (0.01 mg/
kg ip) was ineffective in this respect (Figures 1 and 2).

None of the doses of 5′Cl5′d-(±)-ENBA influenced AP1 lowered by 
harmaline (Figures 1 and 2).

3.3 | The effect of 5′Cl5′d-(±)-ENBA on 
locomotor activity

5′Cl5′d-(±)-ENBA influenced locomotor activity of rats (treatment 
effect: F[3,26]=3.834, F[1,14]=68.18, P=.000-.021). The LSD post 

F IGURE  1 The effect of 5′Cl5′d-(±)-ENBA (A and B) and DPCPX 
(B) on the power spectrum related to the harmaline-induced tremor. 
The power spectrum within a range of 0-25 Hz averaged over the 
whole measurement period (0-60 min) for all animals is shown. AP1, 
power in the 0-8 Hz band; AP2, power in the 9-15 Hz band; HARM, 
harmaline 15 mg/kg; 5′Cl-ENBA 0.01, 0.05, 0.1, and 0.5, 5′Cl5′d-
(±)-ENBA 0.01, 0.05, 0.1, and 0.5 mg/kg; DPCPX 1, DPCPX 1 mg/
kg. The number of rats in A: vehicle, n=19; HARM, n=22; 5′Cl-
ENBA 0.01+HARM, n=8; 5′Cl-ENBA 0.05+HARM, n=7; 5′Cl-ENBA 
0.1+HARM, n=8; 5′Cl-ENBA 0.5+HARM, n=12. The number of rats in 
B: vehicle, n=10; HARM, n=10; 5′Cl-ENBA 0.1+HARM, n=12; DPCPX 
1+HARM, n=6; DPCPX 1+5′Cl-ENBA 0.1+HARM, n=12
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hoc test revealed that this compound at all tested doses decreased 
the distance traveled (exploratory activity) during the first period 
of measurements (0-30 minutes) in control animals (Figure 3). Rats 
treated with 5′Cl5′d-(±)-ENBA at the highest dose (0.5 mg/kg) were 
strongly disturbed. Animals were lying flat and seemed to be flac-
cid and cooler. However, these symptoms gradually disappeared 
along with lowering of doses, and general appearance of rats treated 
with the lowest one (0.01 mg/kg) was normal. Moreover, 5′Cl5′d-
(±)-ENBA at higher doses (0.05, 0.1, and 0.5 mg/kg) deepened 
hypoactivity (0-30 minutes) and reversed hyperactivity (30-60 min-
utes) induced by harmaline, but the lowest dose was ineffective in 
this respect (ANOVA—treatment effect: 0.01 and 0.05 mg/kg—
F[3,33]=2.29, P=.097; 0.1 mg/kg—F[2,29]=8.39, P=.002; 0.5 mg/
kg—F[2,28]=27.045, P=.000; LSD significant effect for 0.05, 0.1, and 
0.5 mg/kg; Figure 2).

The AP2/distance ratio was also significantly lowered in rats 
treated jointly with 5′Cl5′d-(±)-ENBA (0.1 or 0.5 mg/kg) and har-
maline in comparison with harmaline alone (treatment effect: 
F[1,20]=5.308-8.385, P=.01-.032; Figure 2).

3.4 | Reversal of inhibitory effects of 5′ 
Cl5′d-(±)-ENBA in the harmaline-treated rats 
by DPCPX

In the next experiment, where the influence of DPCPX on 5′Cl5′d-(±)-
ENBA effects in the harmaline model was tested (Figure 4), ANOVA 
for repeated measures revealed significant treatment effects with 

regard to tremor index, AP2, AP1, and distance (treatment effect: 
F[3,38]=5.30-16.58, P=.0000-.0043). The LSD post hoc test confirmed 
the inhibitory influence of 5′Cl5′d-(±)-ENBA at the dose of 0.1 mg/kg 
ip on the harmaline-elevated AP2 and tremor index (Figure 4; for power 
spectrum, see Figure 1B). Moreover, it revealed that pretreatment of 
rats with DPCPX (1 mg/kg ip) reversed these 5′Cl5′d-(±)-ENBA ef-
fects (Figure 4; for power spectrum, see Figure 1B). Furthermore, 
5′Cl5′d-(±)-ENBA at the above dose deepened the harmaline-induced 
hypomotility (in the first period of measurement—0-30 minutes) and 
reversed hyperactivity in the second period (30-60 minutes). Both 

F IGURE  3 The effect of 5′Cl5′d-(±)-ENBA (0.01-0.5 mg/kg) 
on the distance traveled. The number of animals: vehicle, n=9-10; 
5′Cl-ENBA 0.01, n=8; 5′Cl-ENBA 0.05, n=6; 5′Cl-ENBA 0.1, n=6; 
5′Cl-ENBA 0.5, n=7. Statistics: ANOVA for repeated measures+LSD 
post hoc test. *P<.05, ***P<.001 vs vehicle. For further details, see 
Figures 1 and 2

F IGURE  2 The effect of 5′Cl5′d-(±)-ENBA (0.01-0.5 mg/kg) on the harmaline-induced tremor and its influence on the distance traveled. 
Tremor index is defined as the difference between AP2 and AP1. The data are shown as the means±SEM. The number of animals: vehicle, 
n=9-10; HARM, n=10-12; 5′Cl-ENBA 0.01+HARM, n=8; 5′Cl-ENBA 0.05+HARM, n=7; 5′Cl-ENBA 0.1+HARM, n=12; 5′Cl-ENBA 0.5+HARM, 
n=12. Statistics: ANOVA for repeated measures+LSD post hoc test. *P<.05, **P<.01, ***P<.001 vs vehicle. #P<.05, ##P<.01, ###P<.001 vs HARM; 
^P=.066 vs HARM. For further details, see Figure 1
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these 5′Cl5′d-(±)-ENBA effects were abolished by DPCPX (1 mg/kg 
ip; Figure 4).

DPCPX (1 mg/kg ip) given alone 40 minutes before harmaline in-
fluenced none of the behaviors induced by the latter agent (Figure 1B; 
data concerning motility are not shown).

3.5 | The inhibitory effect of 5′Cl5′d-(±)-ENBA 
on the harmaline-induced zif-268 mRNA expression in 
brain structures; a differential influence of DPCPX

Harmaline increased the zif-268 mRNA expression in the inferior 
olive, cerebellum, VA/VL, and motor cortex (one-way ANOVA, treat-
ment effect: F[5,89]-F[5,92]=2.99-22.384, P=.000-.015; F[5,41]-
F[5,43]=2.8195-9.4712, P=.0000-.0273; LSD significant effect; 
Figures 5 and 6 and S1).

5′Cl5′d-(±)-ENBA (0.1 mg/kg) which per se did not influence the 
zif-268 mRNA expression significantly reversed the harmaline-evoked 
effect in all examined structures except for the level IV of VA/VL and 
motor cortex, and lobules 1, 7, 8, 9 of the cerebellum. In the lobules 2 
and 5, a nonsignificant trend (P=.065-.069) was observed, respectively 
(Figures 6 and S1).

DPCPX reversed the antagonistic effect of 5′Cl5′d-(±)-ENBA on 
the harmaline-induced increase in zif-268 mRNA expression in the 
motor cortex (level I and II) and enhanced per se the effect of harma-
line in this structure (levels I-III). No influence of DPCPX on zif-268 
mRNA in any other brain regions was observed (Figures 6 and S1).

4  | DISCUSSION

The present study showed that 5′Cl5′d-(±)-ENBA, a potent and selec-
tive agonist of adenosine A1 receptors administered systemically in 

rats, strongly and dose dependently reduced the tremor induced by 
harmaline. This effect was evidenced by reversal of the harmaline-
induced increase in two tremor parameters: AP2 and the tremor 
index. Dependence of this tremorolytic effect of 5′Cl5′d-(±)-ENBA 
on adenosine A1 receptors was proven by demonstration that it was 
abolished by DPCPX, a selective antagonist of these receptors.31 
However, DPCPX administered alone did not influence the harmaline-
induced tremor which indicated the lack of a modulating effect of en-
dogenous adenosine on this disturbance. These results suggest that 
adenosine A1 receptors may be a new target for ET therapy.

Our present study additionally revealed that, like other agonists 
of A1 receptors35 and its effects in mice,25,27 5′Cl5′d-(±)-ENBA in all 
tested doses decreased exploratory locomotor activity of rats mea-
sured as a distance traveled. Moreover, in higher doses it deepened 
the hypomotility and reversed hyperactivity induced by harmaline in 
the first (0-30 minutes) and second (30-60 minutes) periods after the 
latter agent injection, respectively. These effects of 5′Cl5′d-(±)-ENBA 
were abolished by DPCPX which supported the contribution of ade-
nosine A1 receptors.

It is well known that the tremor evoked by harmaline is action de-
pendent.2 Therefore, as 5′Cl5′d-(±)-ENBA induced parallel decreases 
in tremor and motility in the harmaline-treated rats, the former effect 
was likely to be secondary to its sedative properties. In the present 
study, however, we tested the hypothesis that these decreases were 
partly independent. To this aim, we calculated a ratio of AP2 (a param-
eter indicating the tremor intensity) to distance (a parameter reflecting 
motility). We have already applied the same method to propranolol 
(a drug well known to be efficient in treating essential tremor in hu-
mans3) and found that this drug decreased AP2/distance ratio in the 
harmaline-treated animals which indicated its markedly stronger trem-
orolytic than sedative effect,8 which was in line with its clinical effi-
ciency.3 In the present study, although 5′Cl5′d-(±)-ENBA at a low dose 

F IGURE  4 Reversal of the inhibitory 
effects of 5′Cl5′d-(±)-ENBA (0.1 mg/
kg) on the harmaline-induced tremor 
and hyperactivity by DPCPX (1 mg/kg). 
The number of animals: vehicle, n=10; 
HARM, n=10; 5′Cl-ENBA 0.1+HARM, 
n=12; DPCPX 1+5′Cl-ENBA 0.1+HARM, 
n=12. Statistics: ANOVA for repeated 
measures+LSD post hoc test. *P<.05, 
**P<.01, ***P<.001 vs vehicle; #P<.05, 
##P<.01, ###P<.001 vs HARM, ^P=.065 
vs HARM; &P<.05, &&&P<.001 vs 5′Cl-
ENBA 0.1+HARM. For further details, see 
Figures 1 and 2
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(0.05 mg/kg) did not change the AP2/distance ratio in the harmaline-
treated rats, which reflected its parallel influence on tremor and mo-
tility, at higher doses (0.1-0.5 mg) this drug lowered it significantly. 

Therefore, it seems that, at least at higher doses of 5′Cl5′d-(±)-ENBA, 
a certain independence of the mechanisms involved in its antitremor 
and antikinetic actions may be expected.

F IGURE  6 Reversal of the harmaline-induced zif-268 mRNA expression by 5′Cl5′d-(±)-ENBA (0.1 mg/kg); influence of DPCPX (1 mg/kg) (Q-
BG)/pixel2—the mean optical density minus background per unit area. The number of animals: vehicle, n=6-8; HARM, n=9-10; 5′Cl-ENBA 0.1, 
n=5-6; 5′Cl-ENBA 0.1+HARM, n=9-10; DPCPX 1+HARM, n=5-6; DPCPX 1+5′Cl-ENBA 0.1+HARM, n=9-10. Statistics: one-way ANOVA+LSD 
post hoc test. *P<.05, **P<.01, ***P<.001 vs vehicle; #P<.05, ##P<.01, ###P<.001 vs HARM; &&P<.01, &&&P<.001 vs 5′Cl-ENBA 0.1+HARM. For 
further details, see Figures 1, 2, and 5

F IGURE  5 Representative 
autoradiograms showing zif-268 mRNA 
expression in frontal sections of the level 
I of the motor cortex (A), level III of the 
motor cortex and VA/VL (B), and lobules 
6-10 of the cerebellum and inferior olive 
(C). Outlines show the regions studied. 
ctx, cortex; HARM, harmaline 15 mg/kg; 
IO, inferior olive; lob 6-10, lobules 6-10 
of the cerebellum; VA/VL, ventroanterior/
ventrolateral nuclei of the thalamus
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Adenosine via A1 receptors reduces the excitatory synaptic trans-
mission, glutamate release, and spontaneous neuronal activity in dif-
ferent brain structures.20,36-39 Such mechanism may be responsible 
for A1 receptor-induced inhibition of the harmaline-induced tremor 
as the role of an increased glutamatergic transmission in this phenom-
enon has been suggested. In fact, synchronous activation of gluta-
matergic olivo-cerebellar climbing fibers and an increase in glutamate 
release in the cerebellum,2,11,12 which trigger complex spikes in the 
PCs and oscillations in deep cerebellar nuclei, are generally accepted 
to be the primary cause of tremor induced by this agent. Furthermore, 
this phenomenon was inhibited by NMDA and AMPA receptor 
antagonists.4,5,9

In agreement with the above glutamatergic mechanisms, we found 
that harmaline evoked zif-268 mRNA expression, which is a marker of 
increased neuronal activity,29,30 in the inferior olive, cerebellar cortex, 
VA/VL nuclei of the thalamus, and the motor cortex. The increase in 
zif-268 expression in the inferior olive and cerebellar cortex was simi-
lar to that of c-Fos, reported earlier in these regions,11,15,16 and was in 
line with the aforementioned activation of the olivocerebellar climbing 
fibers.2,11,12 Similarly, it may be supposed that the harmaline-induced 
increase in zif-268 mRNA expression in the motor nuclei of the thala-
mus and the motor cortex resulted from activation of the cerebellotha-
lamic18,19 and thalamocortical40 glutamatergic projections conveying 
neuronal impulses from the cerebellum.

The present study showed additionally that 5′Cl5′d-(±)-ENBA re-
versed the harmaline-increased zif-268 expression in all the above 
structures. As adenosine A1 receptors are located in all these regions, 
with high levels in the cerebellar cortex, thalamus, and the cerebral 
cortex,41,42 their inhibitory influence on neuronal activity may be sup-
posed to contribute to the tremorolytic action of 5′Cl5′d-(±)-ENBA. 
The above hypothesis is supported by the study by Bekar and co-
workers20 showing that adenosine or another A1 receptor agonist 
CCPA administered directly into the ventrolateral region of the thal-
amus decreased the harmaline-induced tremor in mice. Moreover, as 
far as the cerebellum is concerned, adenosine via A1 receptors re-
duced excitatory postsynaptic currents (EPSCs) in the PCs induced 
by the stimulation of climbing fibers,37,38 as well as their spontaneous 
firing.36,43

The motor cortex in humans is a part of oscillatory network active 
in ET.44 The present study showing the harmaline-induced increase 
in zif-268 expression in this structure and its reversal by 5′Cl5′d-(±)-
ENBA may suggest that cortical adenosine A1 receptors are involved 
in tremorolytic effect of the latter compound. This suggestion was fur-
ther supported by a parallel antagonism, by DPCPX, of both inhibitory 
effects of 5′Cl5′d-(±)-ENBA on the harmaline-evoked tremor and cor-
tical zif-268 expression. However, in contrast to ET,44 harmaline has 
not been reported to induce oscillatory neuronal activity in the motor 
cortex in mice.45 Therefore, a putative involvement of cortical A1 re-
ceptors in the harmaline model may be related rather to its modulatory 
influence on the activity of the olivo-cerebellar system executed by a 
disynaptic cerebrocerebellar projection.46,47

Surprisingly, in contrast to the motor cortex, DPCPX did not antag-
onize the 5′Cl5′d-(±)-ENBA effect on the harmaline-induced increase 

in zif-268 mRNA expression in the inferior olive, cerebellum, and 
thalamus. As DPCPX has already been shown to inhibit, like an adenos-
ine A1 receptor agonist, the enhanced release of glutamate in rats,39 
a similar antiglutamatergic effect of this compound might contribute 
to the loss of its antagonistic properties vs 5′Cl5′d-(±)-ENBA in the 
above case. Although the mechanisms underlying such situation are 
unknown, they may involve complex interactions between adenosine 
receptors in conditions of enhanced level of endogenous adenosine. 
In fact, harmaline has been reported to activate 5′-nucleotidase (an in-
tracellular enzyme which hydrolyzes 5′-AMP to adenosine),48 suggest-
ing an increase in adenosine level and release. Adenosine A1 receptors 
form heteromers with A2A or A2B receptors and with other purinergic 
receptors, for example, P2Y1 and others, which alters responses me-
diated by constituent receptors, their sensitivity to endogenous ad-
enosine, ligand binding, and may induce their cross-antagonism.49-53 
As some of adenosine heteromers, for example, A1 with A2A, and A2B 
receptors are localized on glutamatergic terminals,53,54 their activation 
by enhanced endogenous adenosine may mask the antagonistic effect 
of DPCPX on adenosine A1 receptor in some brain regions where zif-
268 was analyzed.

The question arises, why in spite of reversing of tremorolytic effect 
of 5′Cl5′d-(±)-ENBA, DPCPX did not antagonize the inhibitory effect 
of this agonist on zif-268 mRNA in brain structures known to be in-
volved in the harmaline-induced tremor: inferior olive, cerebellum, and 
VA/VL nuclei of the thalamus.2,10,20 It should be stressed, however, 
that zif-268 expression measured in the present study was a resultant 
of activity of all neurons in rather wide brain areas. It is highly probable 
that these regions contain not only neurons involved in tremor-related 
networks, but also other nonrelated ones.

Several agonists of adenosine A1 receptors have been developed 
as candidates for antiarrhythmic drugs because of their negative 
dromo- and chronotropic properties in humans.55 These compounds 
slow down the heart rate and decrease systolic blood pressure in 
animals,56,57 which may be regarded as their side effects when used 
for other than cardiovascular indications. 5′Cl5′d-(±)-ENBA has been 
proposed to be superior to other A1 receptor agonists because when 
administered in mice at the dose of 0.5 mg/kg ip, which inhibited 
mechanical and thermal allodynia, it neither induced cardiovascu-
lar effects nor disturbed motor coordination.26 In the present study, 
5′Cl5′d-(±)-ENBA reduced the harmaline-induced tremor of rats at 
doses ranging from 0.05 to 0.5 mg/kg. However, we noticed that the 
highest dose of this compound strongly depressed motor behavior of 
rats, which did not seem to result solely from its strong sedative effect. 
Moreover, although we did not measure body temperature of rats, we 
noted by palpation a slight hypothermia induced by this dose which 
was in agreement with a recent study in mice.58 Appearance of these 
disturbances of 5′Cl5′d-(±)-ENBA in rats which were not described 
(with the exception for the above hypothermia) in mice26 may suggest 
species differences in metabolism of this drug. However, lower doses 
of 5′Cl5′d-(±)-ENBA were safer and induced only mild behavioral dis-
turbances per se in rats which seems to be promising for future poten-
tial therapeutic use of adenosine A1 receptor agonists as tremorolytic 
drugs.
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Summing up, the present study suggests that adenosine A1 re-
ceptors may be a potential therapeutic target for the treatment of ET. 
However, as activation of these receptors induces several unwanted 
effects, namely sedation, cardiovascular depression, and hypothermia, 
clinical use of their agonists may be limited.
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