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Abstract

Caffeine is a potent psychostimulant that can have significant and widely variable effects on the 

activity of multiple neuronal pathways. The most pronounced caffeine-induced behavioral effect 

seen in rodents is to increase locomotor activity which has been linked to a dose-dependent 

inhibition of A1 and A2A receptors. The effects of caffeine at the level of the lumbar spinal central 

pattern generator (CPG) network for hindlimb locomotion are lacking. We assessed the effects of 

caffeine to the locomotor function of the spinal CPG network via extracellular ventral root 

recordings using the isolated neonatal mouse spinal cord preparation. Addition of caffeine and of 

an A1 receptor antagonist significantly decreased the cycle period accelerating the ongoing 

locomotor rhythm, while decreasing burst duration reversibly in most preparations suggesting the 

role of A1 receptors as the primary target of caffeine. Caffeine and an A1 receptor antagonist failed 

to stimulate ongoing locomotor activity in the absence of dopamine or in the presence of a D1 

receptor antagonist supporting A1/D1 receptor-dependent mechanism of action. The use of 

caffeine or an A1 receptor blocker failed to stimulate an ongoing locomotor rhythm in the presence 

of a blocker of the cAMP-dependent protein kinase (PKA) supporting the need of this intracellular 

pathway for the modulatory effects of caffeine to occur. These results support a stimulant effect of 

caffeine on the lumbar spinal network controlling hindlimb locomotion through the inhibition of 

A1 receptors and subsequent activation of D1 receptors via a PKA-dependent intracellular 

mechanism.
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Introduction

Caffeine is the most consumed psychoactive substance worldwide (Nehlig et al. 1992; 

Fredholm, 1999). It is considered a stimulant drug that can have significant and widely 

variable effects on the activity of neuronal pathways in the central and peripheral nervous 

system including the modulation of behaviors such as vigilance, attention, arousal, and 

locomotor activity (Fredholm et al. 1999; Griffiths et al. 2003; Ferré, 2008). Caffeine is a 

known inhibitor of the cAMP degrading enzyme cyclic nucleotide phosphodiesterase but its 

major neural action is as a nonselective blocker of adenosine receptors (specifically A1 and 

A2A receptors) both pre- and post-synaptically (Ferré, 2008; Ferré, 2010). Caffeine blocks 

the access of endogenous adenosine at these receptors, which in rodents is reflected by an 

increase in locomotor behavior (Ferré, 2008; Fredholm et al. 1999; Griffiths et al. 2003). 

Caffeine’s behavioral effects are dose-dependent, with low doses causing behavioral 

activation and high doses causing suppression (Ferré, 2008; Ferré, 2010).

In animal models, caffeine has been shown to cause motor sensitization by increasing motor 

activity to a stimulus that previously did not induce a motor response (Tronci et al. 2006; 

Hsu et al. 2009; Simola et al. 2009). Caffeine also induced conditioned place preference, 

which is a form of Pavlovian conditioning used to measure the motivational effects of 
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objects or experiences (Bedingfield et al. 1998; Patkina et al. 1998 Hsu et al. 2009). 

Additionally, the application of caffeine was shown to have an effect on cross-sensitization. 

These animals became sensitized to substances different from the ones they were already 

sensitized to during locomotion when exposed to nicotine and amphetamines (Celik et al. 

2006; Simola et al. 2006). Furthermore, a recent study demonstrated that caffeine and 

SCH58261, a selective adenosine A2A receptor antagonist, but not DPCPX, a selective A1 

eceptor antagonist, can induce reward and behavioral sensitization, which refers to a 

repeated exposure to a drug that enhances the motor-stimulant response to this drug (Hsu et 

al. 2009). Increased locomotor activity of a freely behaving rodent in the central region of an 

open field or a greater ratio to total locomotion is used as an indicator for evaluating 

anxiogenic or anxiolytic properties (Prut and Belzung, 2003). Caffeine has been shown to 

promote anxiogenic-like behavior in the light–dark preference test (Uchiyama et al., 2010). 

Additionally, caffeine was shown to increase locomotor activity in the open field (Kuribara 

et al., 1992; Nehlig et al., 1992; Haghgoo et al., 1995; Soares et al., 2009) in a bell-shaped 

dose-dependent manner. Caffeine exerts a stimulating effect on locomotor activity at low to 

moderate doses, but less stimulating and even depressive effects at higher doses (Mumford 

and Holtzman, 1991; El Yacoubi et al., 2000; Malec and Poleszak, 2006; Uchiyama et al., 

2010; Zhang et al. 2011).

Most of the studies assessing the effects of caffeine and/or adenosine receptor agonists and 

antagonists on locomotor behavior have been performed on freely behaving rodents using 

systemic administration of these drugs (e.g. intravenous or intraperitoneal injection). As 

previously mentioned, the modulatory effects of caffeine on locomotor behavior have been 

attributed to mostly its blockade of A1 and A2A receptors located in brain regions such as the 

hippocampus, cortex, and cerebellum, these containing high levels of A1 receptors (with 

relatively low expression in the basal ganglia), and the striatum, nucleus accumbens, and 

olfactory tubercle which contain high levels of A2A receptors (Xie et al. 2007). The highly 

interconnected nature of the locomotor-regulatory circuitry of the brain, which includes 

(among others) the dorsal striatum, thalamus, and (ultimately) cortex linked by means of the 

globus pallidus, has created much debate regarding which of the two adenosine receptors is 

the principal target for caffeine exerting its motor stimulatory effects (Ferré et al. 2008). The 

use of a more isolated neural network controlling a repetitive motor behavior led us to study 

effects of caffeine at the level of the central pattern generator (CPG) network for hindlimb 

locomotion, located within the ventromedial region at the lower thoracic and upper lumbar 

levels of the mammalian spinal cord (Kjaerulff et al. 1994; Kjaerulff and Kiehn 1996; Kiehn 

et al. 1996; Raastad et al. 1996; Tresch and Kiehn 1999; Butt et al. 2002; Butt and Kiehn 

2003). Thus this study was aimed at assessing the effects of caffeine and specific agonists 

and antagonists of adenosine receptors to locomotor output using the neonatal mouse 

isolated spinal cord preparation. A recent study by Witts et al looking at the modulatory 

effects of purinergic receptor activation on mammalian locomotor behavior showed that the 

application of adenosine led to a reduction in the frequency of locomotor activity recorded 

from ventral roots (Witts et al. 2012). This effect by adenosine was not present on slow 

rhythmic activity recorded upon blockade of all inhibitory transmission, suggesting that 

adenosine may act via the modulation of inhibitory transmission. Additionally, the 

application of the A1-specific antagonist cyclopentyl dipropylxanthine (DPCPX) but not 
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SCH58261, a A2A-receptor antagonist, led to an increase in the frequency of locomotor 

activity suggesting that purinergic neuromodulation of locomotor behavior could be acting 

through the blockade of A1 but not A2A receptors (Witts et al. 2012). The results prompted 

us to explore if caffeine can modulate locomotor behavior when applied directly to the 

isolated spinal cord of mice, and if so, is this effect through the antagonism of adenosine 

receptors as previously reported in the brain? (El Yacoubi et al., 2000; Malec and Poleszak, 

2006; Mumford and Holtzman, 1991; Uchiyama et al., 2010; Zhang et al. 2011). We report 

that addition of caffeine to the superfusate of an isolated lumbar spinal cord preparation, in 

the presence of a locomotor-like pattern induced by a combination of serotonin (5-TH), the 

glutamate analog n-methyl-d-aspartate (NMDA) and dopamine, had a stimulating effect by 

significantly decreasing the cycle period of the locomotor pattern, while decreasing 

motorneuron burst duration in most preparations in a reversible manner. Perfusion of an A1 

but not and A2A receptor blocker mimicked the effects of caffeine confirming previous 

results regarding the mode of action of caffeine at low doses. Addition of adenosine or an A1 

receptor agonist decreased the cycle period and burst duration reversibly in most 

preparations. Additionally, the use of caffeine or an A1 receptor antagonist failed to 

stimulate locomotor activity in the absence of dopamine in the superfusate, in the presence 

of a D1 but not a D2 receptor antagonist, and in the presence of a protein kinase A (PKA) 

inhibitor supporting an A1/D1/PKA-dependent mechanism through which caffeine 

stimulates locomotor activity in the neonatal mouse spinal cord.

Material and Methods

Experiments were performed using spinal cords of 0- to 3-day-old (P0–P3) ICR mice 

(Charles River, Wilmington, MA). The animal protocol was approved by the University of 

Puerto Rico Institutional Animal Care and Use Committee and was in accordance with 

National Institutes of Health guidelines. Animals were killed by rapid decapitation. The 

spinal cord was isolated by ventral laminectomy under ice-cold (4°C) oxygenated (95% 

O2-5% CO2) low-calcium Ringer solution (in mM: 128 NaCl, 4.7 KCl, 1.2 KH2PO4, 0.25 

CaCl2, 1.3 MgCl2, 3.25 MgSO4, 25 NaHCO3, and 22 D-glucose) or glycerol-based 

artificial cerebrospinal fluid (aCSF) composed of (in Mm): 222 Glycerol, 3.08 KCl, 

1.25MgSO4, KH2PPO4, 2.52 CaCl2, 25 NaCO3, and 11 D-glucose. The isolated spinal cord 

from segments C5 to S3 was removed and pinned ventral-side up and superfused with 

oxygenated normal Ringer solution (in nM) 118 NaCl, 4.69 KCl, 25.0 NaHCO3, 1.18 

KH2PO4, 1.25 MgSO4, 2.52 CaCl2, 11.0 D-glucose or normal aCSF composed of (in mM) 

111 NaCl, 3.08 KCl, 25 NaHCO3, 1.18 KH2PO4, 1.25 MgSO4, 2.52 CaCl2, and 11 D-

glucose.

Locomotor-like activity (termed fictive locomotion which is defined as occurring without 

overt movement) was evoked by perfusion with mouse Ringer solution containing a 

combination of 5-HT (9 μM), NMDA (6 μM) and dopamine (18 μM). Small-diameter 

suction electrodes were placed either: (1) on both L2 ventral roots to monitor alternating 

flexor activity in the motor pattern from the right and left sides, (2) in both L5 ventral roots 

to monitor alternating extensor activity or (3) in the L2 and L5 ventral roots to record 

alternating motor activity between flexor and extensor motorneuron pools as previously 

done (Kiehn and Kjaerulff 1996; Figure 1A). Ventral root recordings were band-pass-filtered 
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(100 Hz to 1 kHz) and recorded using an AC amplifier (Model 1600 from A-M systems). 

The locomotor rhythm was allowed to stabilize over 20 minutes, after which Caffeine or 

adenosine receptors agonists or antagonists were added to the bath. A washout was 

performed using the control mouse ringer solution containing the above mentioned 

concentrations of 5-HT, NMDA and dopamine.

Drugs

Serotonin (5-HT), N-methyl-d-aspartate (NMDA) and dopamine were purchased from 

Sigma and stocks and prepared in de-ionized water and later diluted in regular mouse ringer 

or normal aCSF. Caffeine, the A1 receptor antagonist DPCPX (8-cyclopentyl-1,3-

dipropylxanthine), the A2A receptor antagonist SCH58261 (5-amino-7-(β-phenylethyl)-2-(8-

furyl) pyrazolol [4,3-e] - 1,2,4 - triazolol [1,5-c] pyrimidine), adenosine, the A1 receptor 

agonist N-Cyclopentyladenosine (CPA), the A2A receptor agonist CGS21680, the D1 

receptor antagonist SCH23390 ((R)-(+)-7-Chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-

tetrahydro-1H-3-benzazepine hydrochloride) hydrochloride, the D2 receptor antagonist 

sulpiride ((S)-(−)-5-Aminosulfonyl-N-[(1-ethyl-2-pyrrolidinyl)methyl]-2-

methoxybenzamide), the cAMP-dependent protein kinase (PKA) inhibitor 14–22 amide 

myristoylated and the adenylyl cyclase activator Forskolin were purchased from Tocris (St. 

Louis, Missouri). Caffeine was prepared in de-ionized water and later dissolved in regular 

mouse ringer or normal aCSF whereas the adenosine and dopamine receptor agonists and 

antagonists were prepared as stock solutions in Dimethyl Sulphoxide (DMSO) or de-ionized 

water (depending on solubility) and later diluted in de-ionized water.

Data analysis

Locomotor-like activity was recorded in the intact spinal cord preparation during bath 

application of 5-HT, NMDA and dopamine. Clampfit 9.0 (Molecular Devices), Excel 

(Microsoft, Seattle, WA), and Spike 2 (Cambridge Electronic Design, Cambridge, UK) were 

used for data analysis. A cycle of motor nerve activity started at the onset of either an L2 or 

L5 ventral root burst and ended at the onset of the next L2 or L5 ventral root burst recorded 

from the same nerve; these onsets were determined by a custom-made program in Spike2 

(courtesy of Dr. Thomas Cleland, Cornell University) to detect when the rectified signal 

exceeded the average noise level between bursts by a preset amount (Figure 1B). 

Measurements of cycle period (defined as the interval between onset of burst n and burst n 

+ 1), burst duration (defined as time between onset of burst n and offset of burst n) and burst 

amplitude (measured from trough to crest) were determined by analysis of rectified and 

normalized L2 or L5 activity using Spike 2 software (Figure 1C). Averages of cycle period, 

burst duration and burst amplitude were determined from all locomotor bursts that occurred 

once a stable pattern of locomotor-like activity had been established (after a minimum of 

15–20 minutes of stable locomotor activity was recorded). Circular statistics (Zar, 1974) 

were used, together with a custom-made program made in MatLab (courtesy of Dr. Alex 

Kwan, Yale University) to determine the coupling strength between opposing L2 and L5 

ventral roots. Left or right L2 bursts occurring over a continuous 5 min interval were 

selected, and their phase values were calculated in reference to either the onsets of each left 

or right L5 burst, respectively (they were always located in the same side in order to have 

alternation). Phase values were determined by dividing the latency between the onset of the 
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first L2 burst and the following burst in L5 by the cycle period (time between the reference 

L2 burst and the next L2 burst). Locomotor steps in which the ispilateral L2 and L5 roots 

were completely out of phase (i.e., appropriate flexor-extensor alternation) had phase values 

of approximately 0.5. Those completely in phase (cobursting) had phase values of around 0. 

The r values are a measure of the concentration of phase values around the mean value for 

alternation (0.5). An r value of 1 indicates all the phase values are 0.5, whereas an r value of 

0 indicates the phase values are distributed randomly.

Statistical comparisons between experimental conditions were made using one-way repeated 

measures ANOVA followed by a Fisher LSD post-hoc test if the data were normally 

distributed and had equal variance. Otherwise, the data were compared with a Mann-

Whitney rank sum test. Results were considered statistically significant at p < 0.05. Data are 

expressed as mean ± SD. Figures were compiled using Sigma Plot 10, Photoshop and Corel 

Draw.

Results

Effects of caffeine application on locomotor-related motorneuron output

We started by assessing the effects of physiologically relevant doses of caffeine on drug-

induced (5-HT/NMDA/DA) fictive locomotor behavior in the neonatal mouse lumbar spinal 

cord. Previous studies have demonstrated that physiologically relevant concentrations of 

caffeine are found between 50 to 100 micromoles per liter (Spyridopoulos et al. 2008; 

Fisone et al. 2004), thus based on these numbers we first assessed the effects of bath-applied 

caffeine on the locomotor pattern at concentrations ranging from 1μM to 100μM. We bath-

applied caffeine at concentrations of 1, 10, 50 and 100μM to isolated spinal cords of 

neonatal mice ranging from 0 to 3 days of age and monitored its effects on the phasing of the 

rhythmic motor pattern and potential modulatory effects on the speed of the drug-induced 

fictive locomotor rhythm by measuring changes in the cycle period. The application of 

caffeine at a concentration of 100μM disrupted ongoing locomotor activity in 7 of 8 

preparations within 10 minutes after its perfusion to the bath (Fig. 2A). The application of 

caffeine at concentrations of 1 (Fig. 2B1), 10 (Fig. 2B2) and 50μM (Fig. 2B3) did not disrupt 

locomotor activity, but it was caffeine applied at the concentration of 50μM which produce 

the most robust and reversible effect on the locomotor pattern (Fig. 2B3). After confirming 

that 50μM was the concentration which most reliably modulated locomotor behavior without 

disrupting the rhythm, we began characterizing the modulatory effects of applying 50μM 

caffeine to motor output. Application of caffeine (50μM; 20 minutes) led to no significant 

changes in the amplitude of bursts of locomotor-related activity recorded from ventral nerve 

roots although a consistent trend was seen to decrease the recorded burst amplitude (n = 7; p 
= 0.062; Fig. 3A1, B1). Application of caffeine caused a significant decrease in the duration 

of bursts of locomotor-related activity with a maximal effect at around 15 minutes after 

application (13.4 ± 5.5% reduction; n = 7; p < 0.05; Fig. 3A2, B2) before partially returning 

to control levels within 45 minutes of drug washout in most experiments. Additionally, 

application of caffeine caused a significant decrease in the cycle period between the 

recorded bursts thereby speeding up the locomotor rhythm with a maximal effect at around 

15 minutes after application (22 ± 6.4% reduction; n = 7; p < 0.05; Fig. 3A3, B3) before 
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partially returning to control levels within 60 minutes of drug washout in most experiments. 

As previously mentioned, no significant changes were seen in the actual phase relationship 

between the nerve recordings (mostly L2 and L5) suggesting that the modulatory effects of 

caffeine on motorneuron output are primarily at the pattern generating level of the CPG 

network responsible for transmitting the information to the motorneuron pools and not at the 

rhythm generating level which controls the operation of the pattern generating network 

(McCrea and Rybak, 2008).

Effects of selective adenosine receptor antagonists and agonists on locomotor output

The primary mechanism of caffeine action is antagonism of adenosine receptors (Nehlig, 

1992). To date, four adenosine receptors have been identified: the A1, A2A, A2B, and A3 

(Fredholm, 1999). Since the A1 and A2A receptors bind caffeine at low doses, but the A2B 

receptor only binds caffeine at high doses and the A3 is caffeine insensitive (Fredholm, 

1999), we wanted to assess if the effects of caffeine are through the antagonism of A1 and/or 

A2A receptors. We first used the selective A1 receptor antagonist DPCPX and applied it to 

the superfusate for a total of 20 minutes. Application of DPCPX (1μM) had very similar 

effects to those seen by caffeine. Application of DPCPX did not produce a significant 

change in burst amplitude (n = 5; Fig. 4A1, B1) but did have a significant decrease in burst 

duration (25 ± 4 % reduction; n = 5; p < 0.05; Fig. 4A2, B2) and cycle period (27.6 ± 12 % 

reduction; n = 4; p < 0.05; Fig. 4A3, B3). We additionally tested the effects of caffeine in the 

presence of DPCPX. The application of DPCPX produced a reduction in burst duration 

(18± 3.7 % reduction; n = 5; Fig. 5A2, B2) and cycle period (30 ± 5.8 % reduction; n = 5; p 
< 0.05; Fig. 5A3, B3) but the addition of caffeine (50μM) in the presence of DPCPX (1μM) 

did not produce any additional effects on burst duration (18 ± 2.6 % reduction; n = 5; p < 
0.05; Fig. A2, B2) or cycle period (27 ± 5.1 % reduction; n = 5; p < 0.05; Fig. 5A3, B3). In 

contrast, application of the A2A receptor antagonist SCH58261 (1μM) had not significant 

effects on either: burst amplitude, burst duration or cycle period on all preparations (n = 4; 

Fig. 6, all panels). In order to confirm that the concentration of DPCPX used was not 

maximal, which would not have allowed another substance to produce an additional effect, 

we conducted a dose-response analysis of the effects of DPCPX on the parameter of cycle 

period. A drug-induced locomotor pattern was elicited and the effect of DPCPX was tested 

before and during the addition of caffeine to the perfusate in order to choose the most 

appropriate concentration. Our analysis demonstrated that it was the use of DPCPX at a 

concentration of 1μM which produced the most significant effect and also occluded the 

effects of caffeine in a reversible manner. These results suggest that caffeine is producing its 

stimulating effects primarily through the blockade of A1 receptors (n=3 in each 

concentration; Fig. 5C).

We next wanted to validate the results obtained using blockers of the A1 and A2A receptors 

by using adenosine receptor agonists and test their effects on locomotor output. We began by 

using adenosine (100μM) as a broad non-selective receptor agonist and applied it to the 

superfusate for a total of 20 minutes. Application of adenosine failed to produce a significant 

change in burst amplitude (Fig. 7A1, B1; n = 4) but did have a significant increase in burst 

duration (19.8 ± 8.2 % increase; n = 4; p < 0.05; Fig. 7A2, B2) and cycle period (24.7 

± 6.8 % increase; n = 4; p < 0.05; Fig. 7A3, B3). Since adenosine binds to all adenosine 
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receptors, which could lead to non-specific effects, we wanted to test a more specific 

adenosine receptor agonist which is why we used the selective A1 receptor agonist N-

Cyclopentyladenosine (CPA). Application of CPA (1μM) had no significant effects on burst 

amplitude (Fig. 8A1, B1; n = 4) but did produce a notable increase in burst duration (18.3 

± 6.1 % increase; n = 4; p < 0.05; Fig. 8A2, B2) and cycle period in 4 of 5 preparations (45.5 

± 8.3 % increase; n = 5; p < 0.001; Fig. 8A3, B3) significantly slowing down rhythmic motor 

output in a reversible manner. The use of the selective A2A receptor agonist CGS21680 had 

no effects on any of the parameters measured (data not shown). In order to confirm that the 

concentration of CPA used was not maximal, which would not have allowed another 

substance to produce an additional effect, we conducted a dose-response analysis of the 

effects of CPA on cycle period of a drug-induced locomotor pattern before and after the 

addition of caffeine to the perfusate in order to choose the most appropriate concentration. 

Our analysis demonstrated that it was the use of CPA at a concentration of 1μM which 

produced a reversible effect which is statistically significant and occluded the effects of 

caffeine (partial wash; n = 3 in each concentration; Fig. 8C). These results further support 

our findings which suggest that caffeine stimulates locomotor behavior by decreasing burst 

duration and cycle period acting mostly through the inhibition of A1 receptors.

The role of dopamine receptors in the stimulating effects of caffeine

It has been shown that in brain areas such as the striatum dopamine D1 and adenosine A1 

receptors form functionally interacting heteromeric complexes which have been suggested to 

be the main targets responsible for the pshychostimulant effects of Caffeine (Ferré et al. 

1992; Ferré et al. 1997; Agnati et al. 2004, Ferré et al. 2008). Dopamine is not produced 

locally in the spinal cord being supplied by supraspinal centers such as the diencephalon 

where DA receptors and fibers projecting from the A11 region are present in the ventral horn 

of the adult spinal cord (Bjorklund and Skagerberg, 1979; Weil-Fugazza and Godefroy, 

1993; Yoshida and Tanaka, 1988; Holstege et al., 1996; Qu et al, 2006). Thus, we can assess 

the modulatory effects of caffeine in the absence of dopamine since it has been shown that 

dopamine acts mainly as an excitatory modulator of spinal locomotor circuits working 

mainly through D1 receptors (Maitra et al. 1993; Seth et al. 1993; Barriere et al. 2004; 

Madriaga et al. 2004; Han et al. 2007). We proceeded to elicit locomotor activity using 5-HT 

and NMDA only, which has been shown to elicit locomotor activity reliably in rodents (see 

Kiehn, 2006), and then added caffeine (50μM) to the superfusate. The addition on caffeine in 

the absence of dopamine failed to produce significant changes in burst amplitude (Fig. 9A1, 

B1; n = 6), burst duration (Fig. 9A2, B2; n = 6) or cycle period (Fig. 9A3, B3; n = 6) in all 

preparations tested. We then proceeded to test the A1 receptor antagonist DPCPX in the 

absence of dopamine and it also failed to produce significant changes in burst duration (Fig. 

9C2, D2; n = 6) and cycle period (Fig. 9C3, D3; n = 6) in all preparations but it did produce a 

significant non-reversible increase in burst amplitude after washout (33.2 ± 10% increase; n 
= 6; p < 0.05; Fig. 9C1, D1). These results suggest that the modulatory effects of caffeine on 

spinal motor circuits are dopamine-dependent. We then tested which specific dopamine 

receptor could be mediating these effects. We applied caffeine (50μM) in the presence of 

SCH23390, a specific D1 receptor antagonist, and it failed to produce significant changes in 

burst amplitude (Fig. 10A1, B1; n = 4), burst duration (Fig. 10A2, B2; n = 4), and cycle 

period (Fig. 10A2, B2; n = 4). In order to test for the possible involvement of the D2 receptor 
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in the modulatory effects of caffeine we used sulpiride, a D2 receptor antagonist, and added 

it to the perfusion followed by caffeine (50μM). To our surprise, the application of sulpiride 

(15–20μM) alone significantly decreased burst duration (13.4 ± 7.9 % decrease; p < 0.05, 
Fig. 10C2, D2; n = 4) and cycle period (18.3 ± 4..8 % decrease; p < 0.05, Fig. 10C3, D3; n = 
4) while having no significant effects on burst amplitude (Fig. 10C1, D1; n = 4) with no 

additional effects caused by the application of caffeine when added in the presence of 

sulpiride (Fig. 10, C and D panels). Although initially puzzling, it has been shown that 

dopamine has higher affinity for D2 versus D1 receptors in various areas in the central 

nervous system of mammals such as the striatum and nucleus accumbens (Marcellino et al. 

2012; Vanderschuren et al. 1999) as well as in other vertebrate systems such as the lamprey 

and Xenopus embryos (see Clemens et al. 2012). The blockade of D2 receptors could have 

allowed more dopamine to bind to the less sensitive D1 receptors thus activating this 

intracellular pathway which is supported by our data regarding the interaction of between A1 

and D1, but not A1 and D2, receptors as necessary for the modulatory effects of caffeine on 

locomotor activity to occur.

Cellular mechanisms underlying the neuromodulatory effects of caffeine

After establishing an interaction between A1 and D1 receptor subtypes as necessary for the 

neuromodulatory actions of caffeine on locomotor activity, we proceeded to test if these 

effects are mediated through intracellular second messenger mechanisms. We proceeded to 

use an inhibitor of the second messenger pathway related to protein kinase A (PKA) which 

has been related to adenosine receptor activity. Adenosine receptors are known to influence 

cyclic adenosine monophosphate (cAMP) levels, affecting the function of protein kinase A 

(PKA). We proceeded to use the PKA inhibitor, 14–22 amide, and tested if caffeine still 

produced its modulatory effects on the locomotor rhythm. After establishing a stable drug-

induced locomotor rhythm, we applied 14–22 amide (1μM) to the perfusate for 90 minutes 

prior to the application of caffeine to allow for the cellular internalization of the drug. The 

application of caffeine in the presence of 14–22 amide did not produce any significant 

effects on burst amplitude, duration or cycle period (Fig. 11A and B panels; n = 3). We 

wanted to confirm that the abolishment of the modulatory effects of effects on locomotor 

activity where actually through the inhibition of PKA activity. Since caffeine does not 

modulate locomotor activity in the absence of dopamine (Fig. 9) and we have shown that 

PKA activity is essential for the modulatory effects to occur, we proceeded to directly 

activate adenylyl cyclase with forskolin in the absence of dopamine to confirm that the 

modulatory effects of caffeine are through this second messenger pathway. We proceeded to 

apply caffeine in the absence of dopamine which did not produce any significant effects on 

any of the parameters measured (Fig. 11, C and D panels). Then, in the presence of caffeine, 

we applied forskolin (5–10μM) which produced a significant decrease in burst duration (16.2 

± 6.1 % decrease; p < 0.05, Fig. 11 C2, D2; n = 3) and cycle period (25.4 ± 7.5 % decrease; p 
< 0.05, Fig. 11 C3, D3; n = 3) while not producing significant effects on burst amplitude 

(Fig. 11 C1, D1; n = 3). These results suggest that the modulatory effects of caffeine require 

the inhibition of the A1 receptor which allows the sustained activation of the D1 receptor 

leading to a PKA-dependent stimulation of locomotor activity.
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Discussion

Our findings support a novel cellular mechanism by which caffeine stimulates locomotor 

activity in the mammalian spinal cord. Pharmacological characterization of these effect 

using caffeine and other adenosine receptor antagonists (and agonists) suggest that the 

cellular mechanism of action depends on previously described functional interactions 

between adenosine A1 and dopamine D1 receptors (See Ferré et al. 1996a,b). These A1/D1-

specific effects have been mainly localized to striatal and nucleus accumbens D1 receptor-

expressing GABAergic neurons (Wong et al. 1999; Yabuuchi et al. 2006; O’Neill et al. 

2007). Our current results indicate that the same type of interactions exist in the lumbar 

spinal cord of mammals. Additionally, our findings support the blockade of principally A1 

receptors in the spinal cord as accounting for the motor-stimulating effects in the neonatal 

mouse spinal cord. These results contrasts with previous studies that support mainly the 

blockade of the A2A or both A1 and A2A receptors as the primary mechanisms mediating 

motor activation in mammals (Svenningsson et al. 1997; Popoli et al. 1998; El Yacoubi et al. 

2000; Chen et al. 2001; Kuzmin et al. 2006; Lerner et al. 2010; Tozzi et al. 2012). We now 

discuss our current findings and provide possible functional implications as well as 

comparisons to previous studies in other CNS regions and other animal model systems.

First, we found that the application of caffeine to an ongoing drug-induced (5HT/

NMDA/DA) locomotor rhythm induced a decrease in the cycle period (increase in frequency 

of locomotor-related activity) and in the burst duration of motorneuron output without 

disrupting the phasing of the locomotor rhythm. We found that caffeine at a concentration of 

50μM had the most reproducible and reversible effects on locomotor behavior without 

disrupting the actual rhythm (figure 2). We did see more robust effects at concentrations of 

100μM or above in some preparations but this effect eventually ceased locomotor-like 

activity within 10 minutes of bath perfusion in over 70% of these preparations (data not 

shown). The cessation of locomotor activity at higher concentrations of caffeine raises the 

possibility that caffeine can have an “inverted U shape” dose dependent-effect in the spinal 

locomotor function similar to reported effects of systemic application of this drug producing 

an increase in locomotor activity in freely behaving animals (Kuribara et al., 1992; Nehlig et 

al., 1992; Haghgoo et al., 1995; Soares et al., 2009). These studies suggested that caffeine 

exerts a stimulating effect on locomotor activity at low to moderate doses, but less 

stimulating and even depressive effects at higher doses (Mumford and Holtzman, 1991; El 

Yacoubi et al., 2000; Malec and Poleszak, 2006; Uchiyama et al., 2010; Zhang et al. 2011).

The effects induced by caffeine in the neonatal mouse spinal cord were similar to those seen 

in studies looking at the effects of the activation of group I metabotropic glutamate receptors 

on locomotor activity in mice (Igawaki and Miles, 2011), and the activation of endogenous 

metabotropic glutamate receptors (Krieger et al. 1998), the application of nitric oxide 

(Kyriakatos et al. 2009), low concentrations of dopamine (McPherson and Kemnitz, 1994) 

and acetylcholine (Quinlan et al. 2004) to the spinal cord of lampreys. The decrease in the 

cycle period and burst duration with no consistent changes in burst amplitude of the 

locomotor pattern suggests that caffeine modulates the activity of component neurons of the 

spinal CPG network involved in the generation of the locomotor rhythm (Griener et al. 2013; 

Dougherty et al. 2013). The application of caffeine had no effects on the amplitude of bursts 
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of locomotor-related motorneuron output recorded from ventral roots. Thus caffeine does 

not appear to recruit new motoneurons to participate in the locomotor rhythm but apparently 

raises the excitability of motoneurons which were already active during locomotion. 

Caffeine has been shown to modulate the excitability and calcium transients of neonatal rat 

hypoglossal motoneurons in vitro (Donato et al. 2003).

It is known that throughout the mammalian brain, caffeine acts as a broadly acting 

antagonist of adenosine receptors (Ferré et al. 1992; Ferré 2008, 2010). We found that the 

application of an A1 receptor antagonist (DPCPX) mimicked the effects of caffeine on 

fictive locomotor behavior while the application of an A2A receptor antagonist (SCH58261) 

failed to produce any significant effects on any of the parameters measured. These results 

contrast with previous studies which supported the blockade of A2A receptors as a primary 

mechanism leading to motor activation such as the use of a A2A receptor knockout mouse 

were the application of caffeine dose-dependently decreased locomotion (El Yacoubi et al. 

2000), an arousal behavioural test were rats injected with caffeine and SCH58261 were 

found to significantly increase locomotion and rearing behaviors, whereas DPCPX did not 

alter locomotion and reduced rearing (Svenningsson et al. 1997a) and a study were mice 

bilaterally injected via cannulae into the nucleus accumbens with CGS 21680, a potent and 

selective agonist at striatal adenosine A2A receptors, elicited pronounced dose-related 

reductions in locomotor activity whereas similar bilateral dosages of CPA, a selective 

agonist at adenosine A1 receptors, did not significantly affect locomotor activity (Barraco et 

al. 1994), among others. Although these experiments support A2A receptors as a primary 

target for caffeine and other adenosine receptor antagonists leading to motor activation, 

more recent studies support the A1 receptor, as well as A2A receptors, as a key target for the 

motor activating effects caused by caffeine and other A1 receptor antagonists. The 

administration of DPCPX increased motility and locomotion in freely behaving C57BL/6J 

mice (Kuzmin et al. 2006). However, the effects were not as strong as when administering 

caffeine, but when a combination of both DPCPX and SCH58261 were used, its effects 

mimicked those seen by the administration of caffeine (Kuzmin et al. 2006). Also, a study 

looking at the counteraction of the motor-depressant effects of the selective A1 receptor 

agonist CPA and the A2A receptor agonist CGS 21680 by caffeine, the selective A1 receptor 

antagonist CPT, and the A2A receptor antagonist MSX-3 showed that caffeine counteracted 

motor depression induced by CPA and CGS 21680 at doses that produced motor activation 

(Karcz-Kubicha et al. 2003). However, caffeine was less effective than CPT at counteracting 

CPA and even less effective than MSX-3 at counteracting CGS 21680. On the other hand, 

when administered alone in habituated animals, caffeine produced stronger motor activation 

than CPT or MSX-3. An additive effect on motor activation was obtained when CPT and 

MSX-3 were co-administered. Altogether, these results suggest that the motor-activating 

effects of acutely administered caffeine in rats involve the central blockade of both A1 and 

A2A receptors (Karcz-Kubicha et al. 2003). Additionally, another study comparing the motor 

effects induced by caffeine with those induced by selective A1 and A2A receptor antagonists 

in rats showed that the pattern of behavioral activation induced by caffeine was better 

mimicked by CPT (A1 receptor antagonist) than by MSX-3 (A2A receptor antagonist). Co-

administration of CPT and MSX-3 gave different results depending on the dose and the type 

of behavioral response. CPA was more effective at decreasing the activating effects of 
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caffeine and CPT than those of CGS 21680 (A2A receptor agonist). On the other hand, CGS 

21680 was more effective at decreasing the activating effects of MSX-3 than those of 

caffeine or CPT. Factor analysis revealed a complex three-dimensional behavioral profile for 

caffeine that was similar to the profile for CPT and was different from the profile for 

MSX-3. These results suggested a predominant role for A1 receptors in the motor-activating 

effects of acutely administered caffeine (Antoniou et al. 2005).

Consistent with a primary role for A1 receptors in adenosine-receptor mediated modulation, 

significant expression of A1 receptors has been reported throughout the rodent spinal cord, 

including in the ventral horn (Deuchars et al. 2001). A recent study showed that the 

application of either ATP or adenosine to isolated spinal cords of mice led to a reduction in 

the frequency of locomotor activity (Witts et al. 2012). They also showed that an A1 receptor 

antagonist (cyclopentyl Dipropylxanthine), but not an A2A receptor antagonist (SCH58261), 

caused an increase in locomotor burst frequency. These findings correlate with our results 

supporting that endogenously derived adenosine activates primarily A1 receptors during 

locomotor network activity. Additionally, Witts et al. demonstrated that in the presence of 

blockers of inhibitory neurotransmission, adenosine showed no effects on locomotor 

frequency suggesting that adenosine may act via the modulation of inhibitory transmission 

(Witts et al. 2012). The role of A1 receptors within the spinal cord as mediators of inhibitory 

neurotransmission correlates with previous studies that have shown coupling between A1 

receptors and inihibitory G proteins within cells (Fredholm et al. 1999). These findings and 

our own results suggest a modulatory role of caffeine acting through the inhibition of A1 

receptors. This interaction could lead to a reduction of the inhibitory control exerted by the 

adenosine system which produces an increase in excitatory drive translating into a faster 

locomotor rhythm.

We then assessed the source of this inhibitory control by the adenosine system focusing on 

the possible interaction with dopamine receptors. Our findings established that in the 

absence of dopamine in the locomotor-inducing “cocktail” of excitatory neurotransmitters 

(thus only using 5-HT and NMDA as activators of the lumbar CPG network), the application 

of caffeine or the A1 receptor blocker DPCPX failed to produce any significant effects on 

the locomotor pattern. We then explored further the role of specific dopamine receptors on 

these actions and found that the application of a specific D1 receptor blocker (SCH23390) 

abolished the reduction of burst duration and cycle period in the locomotor pattern produced 

by the application of caffeine. Futhermore, the use of a specific blocker of D2 receptors 

(sulpiride) mimicked the modulatory effects of caffeine which was confirmed by the 

subsequent application of caffeine in the presence of sulpiride showing no additional 

“stimulating” effects on locomotor-like activity. Previous studies have shown compelling 

evidence regarding the role of adenosine receptors as regulators of dopaminergic and/or of 

dopamine receptor-mediated neurotransmission. Studies in the rat strioentopenduncular 

pathway showed that dopamine D1 receptor-mediated facilitation of GABAergic 

neurotransmission is modulation by adenosine A1 receptor-mediated mechanisms thus 

supporting the strioentopeduncular neurons as an important loci for adenosine-dopamine 

interactions in the brain (Ferré et al. 1996). Additionally, studies in nucleus accumbens 

neurons using whole-cell patch-clamp recordings have shown that activation of postsynaptic 

D1 receptors enhanced the synaptic activation of NMDA receptors in nucleus accumbens 
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neurons, thereby promoting a trans-synaptic feedback inhibition of glutamatergic synaptic 

transmission via release of adenosine binding primarily to A1 receptors (Harvey and Lacey, 

1997). Additional studies showed that the application of caffeine mediated the induction of 

c-fos, zif-268 and arc expression through A1 receptors in the striatum and that these effects 

were abolished when a lesion of the nigrostriatal pathway was induced or when they applied 

the D1 antagonist SCH23390 to striatonigral neurons but not to striatopallidal neurons thus 

supporting the role of adenosine acting at the A1 receptor as potentially influential on a 

broad range of neuronal functions in the striatum (Le Moine et al. 1997).

Other studies looking into the interaction of A1 and D1 receptors mediating motor behaviors 

also support our current findings. A study looking at motor behavior in rodents showed that 

the systemic administration of the adenosine A1 antagonist 8-cyclopentyl-1,3-

dimethylxanthine (8-CPT) significantly potentiated the motor activating properties of the 

systemically administered dopamine D1 agonist SKF 38393, but not the D2 agonist 

quinpirole, in both reserpinized mice and unilaterally 6-hydroxy-dopamine-lesioned rats 

thus supporting an antagonistic interaction between adenosine A1 and dopamine D1 

receptors mediating the motor activating effects of adenosine antagonists, like caffeine 

(Popoli et al. 1996). Another study supported the presence of an inhibitory A1/D1 receptor 

interaction through the regulation of GABA release in the substantia nigra pars reticulata as 

the use of the A1 agonist CCPA and the D1 antagonist SCH3390 produced ipsilateral turning 

whereas the A1 antagonist DPCPX caused contralateral turning via unilateral intranigral 

injections into rats challenged with systemic methamphetamine. These results supported 

other experiments which established that the inhibition exerted by A1 receptors on 

GABAergic striatonigral transmission were due exclusively to blockade of the facilitation 

resulting from activation of D1 receptors (Florán et al. 2012). A more recent study 

demonstrated that adenosine A1 receptor stimulation reduces D1 receptor-mediated 

GABAergic transmission from striato-nigral terminals and attenuates L-DOPA-induced 

dyskinesia in dopamine-denervated mice (Mango et al. 2014). Although these previous 

findings are our own results do not discard a role of the striatal A1-D1 receptor interactions, 

they establish a direct connection between spinal cord A1-D1 antagonistic interactions and 

caffeine-induced hindlimb locomotion in mammals.

The potential involvement of second messenger systems in the neuromodulatory actions of 

caffeine on locomotor activity were then assessed. The use of an inhibitor (14–22 amide) of 

phosphate kinase A activity (PKA) onto the spinal cord of rodents was able to abolish the 

modulatory effects of caffeine on locomotor activity. Furthermore, the use of forskolin 

which is an activator of adenylyl cyclase, a producer of cAMP and upstream effector of 

PKA, in the absence of dopamine (known to not be produced locally in the spinal cord but 

being supplied supraspinally as previously stated) mimicked the effects of caffeine by 

significantly decreasing burst duration and cycle period in all preparations tested. The 

relation between activity of the A1 receptor and PKA-dependent signaling has been 

previously shown. It is known that the adenosine A1 receptor is a G-protein alpha-i and G-

protein alpha-15 coupled receptor (Liu and Wong, 2004). When the G-protein alpha-i 

pathway is activated through A1 receptor binding, it inhibits activity of several adenylyl 

cyclase isoforms which leads to the decrease of cAMP levels and attenuation of cAMP 

responsive element binding protein 1 (CREB1) phosphorylation by PKA and other cAMP-

Acevedo et al. Page 13

Neuropharmacology. Author manuscript; available in PMC 2016 May 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



dependent mechanisms (Defer et al. 2000). Studies looking at purinergic modulation of 

spontaneous GABAergic miniature inhibitory postsynaptic currents in mechanically 

dissociated immature rat hippocampal CA1 and rat tuberomammillary nucleus neurons 

showed that the activation of A1 receptors decreased GABAergic transmission through 

presynaptic inhibition via a cAMP- and PKA-dependent pathway (Jeong et al. 2003; Yum et 

al. 2008). Another study investigating the effects of the dopamine D1 receptor activation on 

excitatory neurotransmission in post-ischemic striatal neurons found that D1 receptor 

activation pre-synaptically depressed excitatory synaptic transmission in striatal neurons 

after ischemia through activation of PKA and A1 receptors as shown by using specific 

blockers of PKA and A1 receptors (Zhang et al. 2008). These studies could support a 

possible cellular mechanism of action in which the application of adenosine or an A1 

receptor agonist (CPA) binds to A1 receptors located within the lumbar spinal cord they 

could depress locomotor activity by reducing PKA signaling through a G-protein alpha-i-

dependent pathway. But this potential mechanism of action was negated when in the absence 

of dopamine the use of caffeine or the A1 receptor antagonist DPCPX failed to modulate 

locomotor activity then pointing toward an interaction with dopamine neurotransmission. D1 

receptors enhance the currents evoked by NMDA agonists (Cepeda et al., 1993; Harvey and 

Lacey, 1997; Hernandez-Lopez et al., 1997; Cepeda and Levine, 1998) and this effect is 

mediated through a PKA-dependent pathway (Colwell and Levine, 1995; Blank et al., 1997). 

The relationship between D1 receptor activation and PKA signaling has been shown to be 

important in many fundamental processes such as learning (see Beninger and Miller, 1998), 

functional modification of glutamate receptor channels (see Hatt, 1999), dopaminergic 

control of synaptic plasticity (see Centonze et al. 2001; Wolf et al. 2003) and dendritic spine 

remodeling in normal and pathophysiological conditions (see Penzes et al. 2011), among 

others.

Taken together, our current findings support the role of caffeine as a stimulant of the spinal 

CPG network for hindlimb locomotion through a previously uncharacterized novel cellular 

mechanism (Cowley and Schmidt 1997; Kremer and Lev-Tov 1997; Kjaerulff and Kiehn 

1996). This effect is mediated through the blockade of A1 receptors leading to enhanced D1 

receptor signaling which enhances locomotor activity through a PKA-dependent second 

messenger mechanism (Figure 12).
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Highlights

• We used the neonatal mouse spinal cord to study the effects of caffeine.

• We examined changes in fictive locomotor activity focusing on bursting activity.

• Caffeine stimulated locomotion through blockade of A1 receptors.

• The effects of caffeine were found to depend on the activation of D1 receptors.

• Caffeine stimulation of locomotion is dependent on PKA intracellular signaling.
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Figure 1. Experimental setup
A: Suction recording electrodes were placed to monitor motor activity from ventral root 

nerve before, during and after perfussion of drugs. B: Extracellular recordings from rL2, and 

lL2 ventral roots after application of 6μM NMDA and 9μM 5-HT and 18μM dopamine 

(DA), showing locomotor-like activity characterized by left–right alternation in a P2 spinal 

cord. Raw (upper two traces) and rectified (lower two traces) recordings are shown. C: 

Representative segment of a rectified and smoothed trace from an actual control ventral root 

recording showing the locomotor-related parameters and how there were measured.

Acevedo et al. Page 22

Neuropharmacology. Author manuscript; available in PMC 2016 May 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Effects of different concentrations of caffeine on locomotor behavior
A: Circular plots showing the effects of increasing concentrations of caffeine (1, 10, 50 and 

100μM) to the phasing between rL2 and lL2 or rL2 and rL5 ventral roots (Note: cycles of 

motor burst activity located at 0.5 are considered in alternation while 0 is considered 

synchronous activity). Cycles of activity located outside the inner circle have a correlation 

coefficient (r value) which is significant with the type of locomotor-like activity to which it 

is related (alternation/synchronization). Concentrations of caffeine up to 50μM did not 

disrupt ongoing drug-induced locomotor behavior in most preparations (7/8). B panels: 

Time-course plots showing the effects of the application increasing concentrations of 

caffeine (1, 10 and 50μM) on locomotor cycle period. Each point represents 1 minute worth 

of recording. Comparing concentrations that did not disrupt ongoing locomotor behavior, 

application of 50μM consistently and reversibly decreased cycle period in most preparations 

(7/8).
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Figure 3. Effects of caffeine on locomotor-related output parameters
A panels: raw (top), rectified and integrated (bottom) traces showing the effects of caffeine 

on pharmacologically induced (9μM 5-HT, 6μM NMDA, 18μM dopamine) locomotor 

activity recorded from the lumbar ventral roots of an isolated neonatal mouse spinal cord 

preparation. B panels: time-course plots showing a decrease in locomotor burst amplitude 

(B1) which is not statistically significant and a decrease in motor burst duration (B2) and 

cycle period (B3) which was statistically significant (50μM, 20 minutes; n = 7). Each point 

represents 1 minute worth of recording. C: pooled data, averaged of 5 minutes worth of 

recordings in each condition, showing a significant decrease in burst duration and cycle 

period after the application of caffeine (n = 7). *Significantly different from control.
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Figure 4. Effects of DPCPX, an A1 receptor antagonist, on locomotor-related output parameters
A: time-course plots showing a decrease in locomotor burst amplitude which is not 

statistically significant and a significant decrease in motor burst duration and cycle period 

(1μM, 20 minutes; n = 5). Each point represents 1 minute worth of recording. B: pooled 

data, averaged of 5 minutes worth of recordings in each condition, showing a significant 

decrease in burst duration and cycle period after the application of DPCPX (n = 5). 

*Significantly different from control.
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Figure 5. Effects of DPCPX, an A1 receptor antagonist, and caffeine on locomotor-related output 
parameters
A: time-course plots not showing an effect on locomotor burst amplitude and a significant 

decrease in motor burst duration and cycle period after the application of DPCPX however 

caffeine did not exert any additional effects on any of the parameters measured (50μM 

caffeine; 1μM DPCPX; 20 minutes; n = 5). Each point represents 1 minute worth of 

recording. B: pooled data, average of 5 minutes worth of recordings in each condition, 

showing a significant decrease in burst duration and cycle period after the application of 

DPCPX but no additional effects after the application of caffeine in the presence of DPCPX 

(n = 5). C: Dose-response analysis of the effects of DPCPX on cycle period before and after 

the addition of caffeine showing that a concentration of DPCPX of 1μM produced the most 

significant effect while occluding the effects of caffeine in a reversible manner (n = 3 in each 

concentration). *Significantly different from control; #Significantly different from DPCPX.
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Figure 6. Effects of SCH58261, an A2A adenosine receptor antagonist, on locomotor-related 
output parameters
A: time-course plots showing no effects on either locomotor burst amplitude, motor burst 

duration and cycle period after the application of SCH58261 (1μM, 20 minutes; n = 5). Each 

point represents 1 minute worth of recording. B: pooled data, averaged of 5 minutes worth of 

recordings in each condition, showing no effects on either locomotor burst amplitude, motor 

burst duration and cycle period after the application of SCH58261 (1μM, 20 minutes; n = 5). 

*Significantly different from control.
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Figure 7. Effects of adenosine, a broad spectrum adenosine receptor agonist, on locomotor-
related output parameters
A: time-course plots showing no significant effects on locomotor burst amplitude and a 

significant increase in motor burst duration and cycle period after the application of 

adenosine (100μM, 20 minutes; n = 4). Each point represents 1 minute worth of recording. 

B: pooled data, average of 5 minutes worth of recordings in each condition, showing a 

significant increase in burst duration and cycle period after the application of adenosine (n = 

4). *Significantly different from control.
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Figure 8. Effects of CPA, a specific A1 adenosine receptor agonist, on locomotor-related output 
parameters
A: time-course plots showing no effect in locomotor burst amplitude and a significant 

increase in motor burst duration and cycle period after the application of CPA (1μM; 20 

minutes; n = 4). Each point represents 1 minute worth of recording. B: pooled data, average 

of 5 minutes worth of recordings in each condition, showing a significant increase in burst 

duration and cycle period after the application of CPA (n = 4). *Significantly different from 

control. C: Dose-response analysis of the effects of CPA on cycle period before and after the 

addition of caffeine showing that a concentration of CPA of 1μM produced the most 

significant effect while occluding the effects of caffeine in a reversible manner (n = 3 in each 

concentration). * Significantly different from control; # Significantly different from CPA; + 

Significantly different from CPA + caffeine.
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Figure 9. Effects of caffeine and DPCPX in the absence of dopamine on locomotor-related output 
parameters
A: time-course plots from a locomotor rhythm elicited with 5-HT and NMDA in the absence 

of dopamine showing no effects in locomotor burst amplitude, burst duration or cycle period 

after the application of caffeine (50μM; 20 minutes; n = 4). Each point represents 1 minute 

worth of recording. B: pooled data, average of 5 minutes worth of recordings in each 

condition, showing no significant effects on any of the parameters measured after the 

application of caffeine in the absence of dopamine (n = 4). C: time-course plots from a 

locomotor rhythm elicited with 5-HT and NMDA in the absence of dopamine showing no 

effects in locomotor burst amplitude, burst duration or cycle period after the application of 

the A1 adenosine receptor antagonist DPCPX (1μM; 20 minutes; n = 4). Each point 

represents 1 minute worth of recording. D: pooled data, average of 5 minutes worth of 

recording in each condition, showing no significant effects on any of the parameters 

measured after the application of DPCPX in
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Figure 10. Effects of caffeine in the presence of SCH23390, a specific D1 receptor antagonist and 
sulpiride, a specific D2 receptor antagonist, on locomotor-related output parameters
A: time-course plots showing no effect in locomotor burst amplitude, burst duration and 

cycle period after the application of caffeine (50μM; 20 minutes; n = 4) in the presence of 

SCH23390. Each point represents 1 minute worth of recording. B: pooled data, average of 5 

minutes worth of recordings in each condition, showing no significant effects on burst 

amplitude, burst duration and cycle period after the application of caffeine in the presence of 

SCH23390 (n = 4). C: time-course plots showing no effect in locomotor burst amplitude, 

while producing a statistically significant decrease in burst duration and cycle period after 

the application of sulpiride with not additional effects produced by the application of 

caffeine (50μM; 20 minutes; n = 4) in the presence of sulpiride. Each point represents 1 

minute worth of recording. Each point represents 1 minute worth of recording. D: pooled 

data, average of 5 minutes worth of recordings in each condition, showing a significant 

decrease in burst duration and cycle period with no significant effects on burst amplitude 

after the application of sulpiride with no additional effects produced by the subsequent 

application of caffeine in the presence of sulpiride (n = 4).* Significantly different from 

control.
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Figure 11. Effects of caffeine in the presence of 14–22 amide, a specific phosphate kinase A 
(PKA) inhibitor, and of forskolin, a specific activator of the protein adenylyl cyclase, on 
locomotor-related output parameters
A: time-course plots showing no effect in locomotor burst amplitude, burst duration and 

cycle period after the application of caffeine (50μM; 20 minutes; n = 4) in the presence of 

14–22 amide (1μM). Each point represents 1 minute worth of recording. B: pooled data, 

average of 5 minutes worth of recording in each condition, showing no significant effects on 

burst amplitude, burst duration and cycle period after the application of caffeine in the 

presence of 14–22 amide (n = 4). C: time-course plots showing no effect in locomotor burst 

amplitude, while producing a statistically significant decrease in burst duration and cycle 

period after the application of caffeine (50μM; 20 minutes; n = 4) in the absence of dopmine 

from the locomotor-activating cocktail of drugs (5-HT and NMDA only) with significant 

effects on burst duration and cycle period by the application of forskolin (5–10μM; 20 

minutes; n = 4) in the presence of caffeine. Each point represents 1 minute worth of 

recording. Each point represents 1 minute worth of recording. D: pooled data, average of 5 

minutes worth of recording in each condition, showing a significant decrease in burst 

duration and cycle period with no significant effects on burst amplitude after the application 

of forskolin with no additional effects produced by the previous application of caffeine in the 

absence of dopamine in the perfusate (n = 4).* Significantly different from control.

Acevedo et al. Page 32

Neuropharmacology. Author manuscript; available in PMC 2016 May 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 12. Proposed cellular mechanisms mediating the modulation of locomotor activity 
through the activation or inhibition of the A1 adenosine receptor in the mammalian spinal cord
A: The binding of adenosine to the spinal A1 adenosine receptor coupled to a Gi protein 

inhibits D1 dopamine receptor activity and of adenylyl cyclase lowering the levels of cAMP 

and thus decreasing the activity of PKA leading to a depression of locomotor activity. B: 

The binding of caffeine to the A1 adenosine receptor leads to inhibition of adenosine 

signaling which no longer suppress the activity of the D1 receptor leading to the activation of 

adenylyl cyclase through its coupling to a GS protein increasing the levels of intracellular 

cAMP which augments PKA-dependent activity leading to the stimulatory effects of 

caffeine on locomotor activity.
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