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Abstract: Patients with degenerative diseases refer to feeling more pain during the 21 

night. However, it is unknown whether spinal nociception can be circadian and 22 

how is it controlled. We investigated whether the paw withdrawal threshold (PWT) 23 

could exhibit physiological circadian behavior as well as the contribution of the 24 

dopaminergic A11 nucleus and the spinal dopamine (DA) receptors (DRs) on the 25 

circadian PWT and the spinal clock gene transcription. Results revealed that control 26 

rats present a circadian PWT. Injecting 6-hydroxidopamine (6-OHDA) into the 27 

dopaminergic A11 nucleus reduced DA tissue content in the lumbar spinal cord, 28 

abolished the circadian PWT, induced allodynia, and reduced Period 1 and 2 (Per1 29 

and 2), retinoid-related orphan receptor α (Rorα), Cryptochrome 1 (Cry1), and 30 

brain and muscle aryl-hydrocarbon receptor nuclear translocator-like protein 31 

(Bmal) mRNA. Likewise, administration of D1-like and D2-like DR antagonists 32 

blunted circadian PWT, producing allodynia, and altered the clock genes mRNA. 33 

In contrast, administration of D1-like or D2-like DR agonists blocked 6-OHDA-34 

induced allodynia. This study shows that the spinal cord has physiological 35 

circadian PWT, which is modulated by the descending dopaminergic A11 through 36 

differential activation of the spinal DRs. Also, A11 nuclei and spinal DRs can 37 

regulate the clock gene transcription, which can likely modulate the circadian PWT. 38 

Keywords: Pain; spinal cord; dopaminergic receptors; clock gene; dopaminergic 39 

A11 nucleus; paw withdrawal threshold 40 
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1. Introduction 42 

Understanding nociception modulation is vital since chronic pain is a health 43 

problem around the world [1, 2]. Chronic pain is present in patients with diabetes 44 

[3, 4], cancer [5], and Parkinson ś disease [6], among others diseases. All these 45 

patients have desynchronization of circadian rhythms and refer to a differentia l 46 

intensity of pain throughout the day. Accordingly, there is evidence that mice and 47 

rats are slightly more sensitive to thermal stimuli during the afternoon/night than 48 

during the night/morning [7]. In contrast, other studies found that mice are more 49 

sensitive to a chemical stimulus (1% formalin test) during the night [8-10]. These 50 

facts suggest that the nociceptive process at the spinal cord could have a circadian 51 

rhythm. However, until now, it has been unknown if some nociceptive mechanism 52 

of the spinal cord has a circadian rhythm and how it is regulated. 53 

Nociception is a complex process integrated by the primary afferent fibers, 54 

dorsal horn of the spinal cord, ascending and descending supraspinal pathways, and 55 

higher brain centers [2, 11-13]. In recent years, there has been an increased interest 56 

in analyzing the descending modulatory pathways of nociception at the spinal cord, 57 

particularly noradrenergic, serotonergic, and dopaminergic fibers [2, 14-18]. To date, 58 

it is well known that several regions of the spinal cord receive dopaminergic input 59 

from the hypothalamic dopaminergic A11 nucleus [2, 18-22]. Moreover, D1- and D2-60 

like receptor families are present at the dorsal and ventral spinal cord [23]. Evidence 61 

indicates the participation of the A11 nuclei and the dopaminergic receptors (DRs) 62 

in nociception [20, 24-27]. There is also evidence supporting the participation of DRs 63 

on clock gene expression in retinal ganglion cells [28] and striatum primary cultures 64 

[29].  65 

The clock genes are a family of transcription factors that regulate molecular, 66 

cellular, and physiological circadian function [30-32]. Moreover, these genes have 67 

been shown in different tissues [33-35]. However, the studies about the function and 68 

control of the clock genes are reduced. Until now, it is known that the clock genes, 69 

such as Period (Per1, Per2, and Per3), brain and muscle aryl hydrocarbon receptor 70 

nuclear translocator-like protein (Bmal), and Cryptochrome 1 and 2 (Cry1 and Cry2) 71 

follow a circadian rhythm in control rats, but this rhythmicity is suppressed after 72 

nerve injury [36]. However, the involved mechanisms are unknown. 73 

This study used the evaluation of paw withdrawal threshold (PWT) using the 74 

von Frey hairs as a tool for the study of mechanisms of cutaneous stimulation-75 

induced sensory input [37-39], allowing us to evaluate spinal cord nociception. 76 

The purpose of this work was four-fold. The first aim was to demonstrate a circadian rhythm 77 
in the PWT in control rats. The second was to study the participation of descending 78 

dopaminergic A11 nuclei on the PWT. The next was to determine whether spinal DRs 79 
modulate circadian rhythm of the PWT in control rats and 6-hydroxydopamine (6-OHDA) 80 
into the A11 nucleus. Finally, we studied the participation of descending dopaminergic A11 81 

nuclei and spinal DRs on spinal clock gene transcription. 82 

2. Results 83 

2.1. Circadian rhythm of PWT in control rats 84 
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To determine a possible circadian rhythm in the PWT of control rats, we used 85 

two groups of animals. One group of control rats was maintained in light–dark 86 

cycles (LD; 12 h–12 h), and the other was maintained in continuous dark (DD) for 15 87 

days. This second group was necessary to determinate if the PWT has intrinsic 88 

circadian behavior. The evaluation of the PWT was carried out every 4 hours for 24 89 

hours in both groups (the experiment started at 8:00 AM and finished at the same 90 

time the next day). The temporally data were evaluated with Chronos-Fit software 91 

to determinate the rhythmic parameters. The rhythmic parameters to the sinusoida l 92 

curve were mesor (midline estimating statistic of rhythm), amplitude (amplitude of 93 

sinewave), acrophase (time of the maximum value of the sine wave), and period 94 

(first-period length 20 h–28 h). Results indicated that rats in the LD group had PWT 95 

values of about 8 g at 8:00 AM. Interestingly, this value increased to about 19 g at 96 

12:00 PM and after that decreased to reach the lowest level of PWT (about 7 g) at 97 

12:00 AM. PWT then returned to a level similar to that obtained 24 h before (8:00 98 

AM) (Fig. 1A). This experiment was repeated in two different laboratories in Mexico 99 

City, and the results were similar in the two laboratories. Further rhythm analysis of 100 

the time course of the PWT revealed a period of 28 h (n=13, F6.94=12.42, P<0.05), an 101 

acrophase at 14.92 h, an amplitude of 3.21 g, and a mesor of 9.87 g (Fig. 1A).  102 

The DD group of rats exhibited PWT values of about 5 g at 8:00 AM. PWT 103 

increased to about 10 g at 2:00 PM and after that decreased to reach the lowest level 104 

of PWT (about 4 g) at 4:00 AM. PWT then returned to a baseline similar (about 5 g) 105 

to that obtained 24 h before (at 8:00 AM). The rhythmic analysis of the time course 106 

of this group presented a period of 20 h (n=8, F9.55=43.14, P<0.05), an acrophase at 13 107 

h, an amplitude of 2.9 g, and a mesor of 5.8 g (Fig. 1B).  108 

Both the LD and DD groups presented rhythmic behavior, but the analysis of  109 

the measured rhythmic parameters between the groups revealed that the DD group 110 

had a reduction of the mesor (36.5%, F11.7=9.58, P=0.0004), acrophase (5.4%, 111 

F7.12=17.20, P=0.0285), and period (24%, F8.8=1.361, P<0.0001) with respect to the LD 112 

group of rats (Figs. 1 C-D). In contrast, the amplitude of the DD group was not 113 

different than that of the LD group (Figs. 1 C-D).  114 

 115 

 116 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 September 2020                   doi:10.20944/preprints202009.0188.v1

file:///C:/Users/soleil/AppData/Local/Temp/h%23_ENREF_68
https://doi.org/10.20944/preprints202009.0188.v1


Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW  4 of 22 

 

 117 
Figure 1. Time course of the paw withdrawal threshold (g). A) Light–Dark (LD) group, control rats maintained in light–118 
dark cycles (12 h–12 h, n=13); B) DarkDark (DD) group, control rats maintained in continuous darkness condition (for 15 119 
days, n=8); C) Mesor and amplitude rhythmic parameters of PWT of both LD and DD groups; D) Period and acrophase 120 
rhythmic parameters of PWT of both LD and DD groups. All rats were evaluated every 4 hours for 24 hours. Yellow and 121 
black bars represent the period of the day; continuous black bar represents constant darkness. The discontinuous line 122 
represents a sinusoid function. Data in all panels are presented as mean±SEM. In A and B, *P<0.05, ***P<0.001, by non-123 
parametric one-way repeated measures ANOVA (Friedman test) followed by Dunn’s test. In C and D, *P<0.05, ***P<0.001 124 
by Student’s t-test. 125 

 126 

To determine a possible circadian rhythm in a chronic pain model, we evaluated 127 

the PWT of formalin-treated rats. We used a group of rats injected with 1% formalin. 128 

Animals were tested for tactile allodynia 6 days after injection. The evaluation of the 129 

PWT was carried out every 4 hours for 24 hours (experiment started at 8:00 AM and 130 

finished at the same time the next day). This group of rats was maintained in light–131 

dark cycles (LD; 12 h–12 h). As expected, rats in the formalin-treated group 132 

demonstrated PWT values of about 4 g at 8:00 AM. This value increased to about 8 133 

g at 4:00 PM and after that diminished to reach the lowest level of PWT (about 4 g) 134 

at 4:00 AM. PWT then returned to a baseline of about 6 g (8:00 AM) (Suppl Fig. 1). 135 

Also, the rhythmic analysis of this group had a rhythm PWT with a period of 24 h 136 

(n=8, F6.94=198, P<0.05), an acrophase at 14 h, a PWT amplitude of 1.6 g, and a PWT 137 

mesor of 5.2 g (Suppl Fig. 1). 138 

2.2. Effect of 6-OHDA on PWT of control rats 139 
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To determine whether the dopaminergic A11 nuclei participate by maintaining 140 

circadian PWT in control rats, we used three groups of animals to evaluate PWT: 141 

one control group of rats and two A11 lesion groups that were bilaterally injected 142 

with 6-OHDA (10 nM/µl) or vehicle. Previously we standardized the coordinates of 143 

the hypothalamic A11 nucleus (AP -3.6 mm, ML ± 0.6 mm, VL -7.5 mm) [40] (Fig. 144 

2A). All groups were maintained in light–dark cycles (LD; 12 h–12 h). The evaluation 145 

of the PWT was carried out every 4 hours for 24 hour in all groups. 146 

As an internal control, we evaluated the depletion of dopaminergic neurons of 147 

the A11 nucleus 8 days after injection of 6-OHDA. The injection of 6-OHDA into the 148 

A11 nucleus reduced the percent of positive tyrosine hydrolase (TH; n=3, 48%, 149 

P<0.001), compared with the control group (Fig. 2B). Likewise, we used four groups 150 

of animals—1) control group, sacrificed at 10:00 AM (n=4), 2) A11 lesion group, 151 

bilaterally injected with 6-OHDA and sacrificed at 10:00 AM (n=4); 3) control group, 152 

sacrificed at 10:00 PM (n=4); and 4) A11 lesion group, bilaterally injected with 6-153 

OHDA and sacrificed at 10:00 PM (n=4)—to determinate whether administration of 154 

6-OHDA reduces tissue content of DA at the lumbar region of the spinal cord. 155 

Administration of 6-OHDA into the A11 nuclei of the control rats reduced DA tissue 156 

content in the lumbar section of the spinal cord at both day (41.6%, P<0.001) and 157 

night (33.9%, P<0.05) compared to their respective controls (Fig. 2C).  158 

Intrahypothalamic A11 nucleus injection of 6-OHDA but not vehicle (Suppl Fig. 159 

2) reduced PWT to allodynic values (about 5 g) after 8 days of the 6-OHDA injection 160 

at 12:00 and 4:00 PM (n=9, P<0.05), compared with the control group (Fig. 2D). 161 

Moreover, intrahypothalamic injection of 6-OHDA abolished the circadian rhythm 162 

of PWT in the control rats (Fig. 2D). 163 

We also determined whether intrathecal (IT) injection (between the L4 and L5 164 

vertebrae) of 6-OHDA (10 nM/µl) in the lumbar spinal cord can alter the circadian 165 

PWT. We used two groups of rats: a) IT lesion group, with IT injection of 6-OHDA 166 

in the lumbar spinal cord; and b) A11 lesion + IT lesion group, with bilateral injection 167 

of 6-OHDA in A11 nucleus plus IT injection in the lumbar spinal cord. Both groups 168 

were maintained in light–dark cycles (LD; 12 h–12 h) and were evaluated for PWT 169 

15 days after administration of 6-OHDA. The evaluation of PWT was carried out 170 

every 4 hours for 24 hours in each group.  171 

The IT lesion and IT lesion + A11 lesion groups (Suppl Fig. 3), but not vehicle 172 

(Suppl Fig. 4), also diminished PWT to allodynic values (about 4 g) respect with the 173 

control group (n=11, P<0.05; n=5, P<0.05, respectively). 174 

 175 
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 176 
Figure 2. Effect of the administration bilateral of 6-OHDA (A11 lesion group) in the A11 nucleus. A) Localization of A11 177 
nucleus of the atlas of Paxinos and Watson (left panel) and tyrosine hydroxylase (TH) immunoreactivity in the A11 nucleus  178 
in control rats (n=3) and A11 lesion rats (n=3, right panel) 8 days after injection of 6-OHDA; B) Quantification of the % 179 
TH-positive cells of the A11 nucleus in both control (n=3) and A11 lesion (n =3) groups 8 days after injection of 6-OHDA; 180 
C) Quantification of the tissue content of dopamine in the lumbar spinal cord, in both control (n=4) and A11 lesion (n=4) 181 
groups 8 days after injection of 6-OHDA. The samples were collected at day (10:00 AM) and night (10:00 PM); D) Effect 182 
of the administration of 6-OHDA (A11 lesion group) on the normal circadian PWT behavior was evaluated in both control 183 
(n=13) and A11 lesion (n=11) groups. All groups of rats were maintained in light–dark cycles (12 h–12 h). The yellow and 184 
dark bars show the period of the day. Data are the mean±SEM. In B and C, *P<0.05, ***P<0.001 by Student’s t -test. In D, 185 
*P<0.05, by two-way ANOVA, followed by Dunnett’s test, compared with the control group each hour. 186 

 187 

2.3. Effect of intrathecal dopaminergic receptor antagonists on the circadian rhythm of the PWT in control 188 
rats 189 

To assess the participation of spinal DRs in the modulation of circadian PWT in 190 

control rats, we used six groups of rats: 1) control group, 2) SCH-23390 group (D1/D5 191 

receptor antagonist), 3) L-741,626 group (D2 receptor antagonist, 10 nM/5 µl), 4) GR-192 

103,691 (D3 receptor antagonist, 10 nM/5 µl), 5) L-745,870 (D4 receptor antagonist, 193 

10 nM/5 µl), and 6) vehicle group (injectable water, 5 µl). Animals (n=6, all groups) 194 

received a daily injection of each drug for three consecutive days; on the fourth day, 195 

the time course of PWT was evaluated every 4 hours for 24 hours (Fig. 3A). All drugs 196 

abolished the circadian rhythm (Figs. 3 B-E), as determined by the mean of all values 197 

of PWT in 24 hour of all antagonist groups. In support of this finding, the Cosinor 198 

model did not find a circadian rhythm. Moreover, all intrathecal DR antagonists 199 

reduced the PWT to values considered as tactile allodynia about 4 g (n=6, P>0.0001) 200 

compared to their respective control (Figs. 3 B-E) but was not affected the vehicle 201 
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group (Suppl. Fig. 4). Of note, the order of efficacy to induce tactile allodynia was 202 

D3>D1/D5=D4>D2 (Suppl. Fig. 5). 203 

 204 

 205 

Figure 3. Effect of the intrathecal injection of the dopaminergic receptor (DR) antagonists on circadian paw withdrawal 206 
threshold (g). A) Experimental protocol of intrathecal administration of each DR antagonist separately injected; B) Effect 207 
of the SCH-23390 (D1/D5 dopamine receptor antagonist); C) Effect of the L-741,626 (D2 dopamine receptor antagonist); 208 
D) Effect of the GR-103,691 (D3 dopamine receptor antagonist); E) Effect of the L-745,870 (D4 dopamine receptor 209 
antagonist). All rats were evaluated every 4 hours for 24 hours. Rats were maintained in light–dark cycles (12 h–12 h). The 210 
yellow and dark bars show the period of the day. Data are the mean±SEM of 6 independents experiments. *P<0.05, 211 
**P<0.001, ***P<0.0001, by two-way ANOVA, followed by Dunnett’s test, compared with control group each hour. 212 

 213 

2.4. Effect of intrathecal dopaminergic receptor agonists on 6-OHDA-induced tactile allodynia 214 
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Since the administration of 6-OHDA into the A11 nucleus induced tactile allodynia 215 

(8 days later) in control rats, we wished to understand the role of spinal DR in this 216 

effect. For this, we used the following groups: two control groups; one A11 lesion + 217 

SKF-38393 group, bilaterally injected with 6-OHDA (10 nM/µl) and, after 8 days, 218 

given one dose of SKF-38393 (D1 and D5 receptor agonist, 10 nM/5 µl); and one A11 219 

lesion + quinpirole group, bilaterally injected with 6-OHDA (10 nM/µl), after 8 days, 220 

given one dose of quinpirole (D2, D3, and D4 receptor agonist, 10 nM/5 µl). Each 221 

agonist was intrathecally administered between the L4 and L5 vertebral space of the 222 

rats (Fig. 4A). Intrathecal administration of SKF-38393 and quinpirole enhanced the 223 

PWT (n=6, P<0.05 and n=6, P<0.05, respectively) abolished with the administration 224 

of 6-OHDA (n=6, P<0.05 and n=6, P<0.05, respectively), therefore SKF-38393 and 225 

quinpirole indicated antiallodynic effect (Figs. 4 B-C). 226 

 227 

 228 
Figure 4. Effect of the intrathecal injection of the dopaminergic receptor (DR) agonists on 6-OHDA-induced tactile 229 
allodynia in rats. A) Experimental protocol of intrathecal administration of each DR agonist separately injected in the A11 230 
lesioned rats; B) Effect of the SKF-38393 (D1/D5 dopamine receptor agonist); C) Effect of the quinpirole (D2, D3, and D4 231 
dopamine receptor agonist). All rats were maintained in light–dark cycles (12 h–12 h). Data are presented as mean±SEM of 232 
6 independent experiments. *P<0.05, **P<0.005, by one-way ANOVA, followed by the Tukey test. 233 
 234 

2.5. Effect of 6-OHDA on the spinal clock genes 235 

To evaluate whether 6-OHDA (10 nM/µl) injected into the A11 nucleus modulates 236 

the clock gene transcription in the spinal cord, rats were killed 8 days (at 10:00 AM 237 

and 10:00 PM) after 6-OHDA injection to harvest the lumbar spinal cord. The results 238 

indicated that 6-OHDA reduced Per1 and retinoid-related orphan receptor β (Rorβ) 239 

transcript levels during the day (54%, P<0.0001, and 23%, P=0.041, respectively) 240 

compared with the respective control. In contrast, 6-OHDA diminished Bmal (68%; 241 

P<0.0001), Rorα (70%, P<0.0001), Per1 (50%, P<0.0001), Per2 (50%, P=0.018), and Cry1 242 

(58%, P<0.0001) mRNA levels at night (Fig. 5). 243 
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 244 
Figure 5. Effect of the intrathecal injection of 6-OHDA in the A11 nucleus on clock gene transcription of the lumbar spinal 245 
cord. Rats were maintained in light–dark cycles (12 h–12 h). The black discontinuous line represents the basal transcription 246 
for each gene in control conditions. The samples were collected from the lumbosacral spinal cord at day (10:00 AM) and 247 
night (10:00 PM). Data are presented as mean±SEM of 6 independent  experiments. *P<0.05, by Student’s t-test. 248 

 249 
2.6. Effect of dopaminerg ic receptor antagonists on spinal clock genes in control rats 250 

To determine the role of DA receptors on clock gene transcription in the lumbar 251 

spinal cord of control rats, we intrathecally injected individual specific 252 

dopaminergic antagonists (one daily injection for consecutive three days); then, on 253 

the fourth day, the control and with antagonist groups of animals were killed at 10:00 254 

AM and other control and with-antagonist groups at 10:00 PM to obtain the lumbar 255 

spinal cord (Fig. 6A). Intrathecal administration of SCH-23390 (D1 and D5 receptor 256 

antagonist, 10 nM/5 µl) enhanced Bmal (25%, P=0.0082) and reduced Rorα (67%, 257 

P=0.00027) mRNA level at day (Fig. 6B). In contrast, it decreased Bmal (60%, 258 

P=0.0080), Rorα (70%, P=0.00075) and Cry2 (50%, P=0.0018) mRNA level and 259 

enhanced Rorβ (180%, P<0.0001) mRNA level expression at night (Fig. 6B). Spinal 260 

injection of L-741,626 (D2 receptor antagonist, 10 nM/5 µl) increased Bmal (100%, 261 

P=0.00012), Rorα (103%, P=0.0045), Rorβ (150%, P=0.0067), and Per2 (86%, P=0.0008) 262 

transcription at day (Fig. 6C). Moreover, it increased Bmal (500%, P<0.0001), Rorα 263 

(286%, P=0.00064), Rorβ (340%, P<0.001), Per2 (130%, P=0.0002), and Per3 (120%, 264 

P=0.002) at night (Fig. 6C). Intrathecal administration of GR-103,691 (D3 receptor 265 

antagonist, 10 nM/5 µl) increased Bmal (13%, P=0.0049) and decreased Rorα (40%, 266 

P=0.0089) and Per2 (33%, P=0.02) transcripts at day; it also decreased Rorα (73%, 267 

P=0.00017) mRNA transcription at night (Fig. 6D). Finally, the spinal administration 268 

of L-745,870 (DR4 receptor antagonist, 10 nM/5 µl) only increased Rorβ (62%, 269 

P=0.0024) transcript at day. Moreover, it increased Bmal (160%, P=0.0001), Rorβ 270 

(250%, P=0.0022), and Per3 (82%, P=0.021) mRNA levels and decreased Per1 (40%, 271 

P=0.0089) at night (Fig. 6E). 272 
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 273 

 274 

Figure 6. Effect of the intrathecal injection of dopaminergic receptor (DR) antagonists on clock gene transcription of the 275 
lumbar spinal cord. A) Experimental protocol of intrathecal administration of each DR antagonist separately injected; B) 276 
Effect of the SCH-23390 (D1/D5 dopamine receptor antagonist); C) Effect of the L-741,626 (D2 dopamine receptor 277 
antagonist); D) Effect of the GR-103,691 (D3 dopamine receptor antagonist); and E) Effect of the L-745,870 (D4 dopamine 278 
receptor antagonist). Rats were maintained in light–dark cycles (12 h–12 h). The black discontinuous line represents the 279 
basal transcription for each gene in control conditions. The samples were collected from the lumbar spinal cord at day (10:00 280 
AM) and night (10:00 PM). Data are presented as mean±SEM of 4 independent experiments. *P<0.05, by Student’s t -test. 281 

3. Discussion 282 

This study reveals the physiological rhythmic properties of the circadian pain 283 

behavior of the spinal cord. We demonstrated that the dopaminergic A11 nuclei 284 

modulated the physiological circadian PWT behavior through the differentia l 285 
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activity of the spinal DRs, and significantly, the A11 nuclei and spinal DRs have 286 

modulated the clock gene transcription at the spinal cord. Our data suggest that the 287 

spinal clock genes could be responsible for the circadian PWT. 288 

 289 

3.1. Time course of PWT in control and formalin-treated rats 290 

Our results reveal the existence of a circadian rhythm in PWT behavior. We 291 

found that rats are more sensitive to mechanical stimuli during the night and less 292 

sensitive during the day. Our data partially agree with a pioneer study revealing 293 

that mice are more sensitive to thermal stimuli during the night and morning (4:30 294 

AM–11:30 AM) than during afternoon and night (3:30 PM–4:30 AM) [7]. In our 295 

conditions, control rats displayed a lower threshold to mechanical stimuli during 296 

the night period (8:00 PM–8:00 AM). Differences from the previous study may be 297 

due to the different protocols, environmental conditions, rodent species, and stimuli. 298 

However, in both studies, the higher sensitivity to thermal or mechanical stimuli 299 

was found around 4:00–8:00 AM. Likewise, others have reported more sensitivity to 300 

thermal or chemical (1% formalin) stimuli in mice during the night [9, 41, 42]. In 301 

support of this, the synaptic excitability of the hypothalamus is higher during the 302 

night than during the day [43]. Moreover, clinical studies have found that patients 303 

with osteoarthritis [44], diabetic [3] and postherpetic neuropathy [4] or Parkinson’s 304 

[6] report more pain during the night.  305 

It is important to note that in the animals under conditions of constant darkness, 306 

a circadian rhythm of the PWT was observed but with different rhythmic 307 

parameters, a finding that indicates that the circadian PWT behavior is inherent at 308 

the spinal cord. However, there is a dependency on the suprachiasmatic nucleus 309 

(SCN) (about 40%). This is a logical result because the organization of the biological 310 

systems in mammalians is mainly controlled by the SCN, which controls the 311 

peripheral clock gene present outside the SCN [31]. It has been shown that the 312 

peripheral clock gene have intrinsic activity; thus they are capable of independent ly 313 

controlling circadian activities [36, 45]. 314 

Further, our results indicate the permanence of a circadian rhythm in the 315 

formalin-treated rats. We found a response reduced circadian rhythm in the long -316 

lasting mechanical hypersensitivity induced by formalin injected in rats. To our 317 

knowledge, this is the first report on the circadian rhythm in this model of pain. This 318 

result is consistent with a previous study finding that 1% formalin injection in mice 319 

induces higher acute (1 h) licking and flinching behaviors in the first and second 320 

phases of the test during the dark period (7:00–10:00 PM) [10]. Another study 321 

founded circadian expression response to intraplantar formalin injection, which was 322 

reduced through deletion on the clock gene [36]. Thus, data suggest that normal 323 

mechanical sensitivity follows a circadian rhythm that could be altered by 324 

conditions such as acute nociception and long-lasting hypersensitivity induced by 325 

formalin. Therefore, this circadian function may be regulated by intrinsic circadian 326 

components. Our data show that the spinal cord has a robust circadian rhythm of 327 

nociception-related behaviors. 328 
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 329 

3.2. Effects of 6-OHDA on PWT of control rats 330 

Administration of 6-OHDA into the A11 nucleus abolished the circadian rhythm 331 

of the PWT in control rats and reduced PWT to values that indicate tactile allodynia. 332 

Moreover, lesion of the dopaminergic A11 neurons provoked a diminished tissue 333 

content of DA in the lumbar spinal cord.  334 

These results suggest that spinal DA coming from the A11 nucleus modulates 335 

the circadian rhythm of the PWT. Since the lesion to the A11 nucleus leads to tactile 336 

allodynia, data implies that spinal DA plays a tonic anti-nociceptive role at the spinal 337 

cord. The reduction of spinal DA in our study is consistent with previous research 338 

demonstrating that lesion of the A11 nucleus decreases DA and DR1, DR2, and DR3 339 

proteins at the spinal cord [46]. Taken together, data suggest that the A11 nucleus 340 

supplies DA to the spinal cord, which in turn activates DA receptors in the lumbar 341 

spinal cord, which maintains a tonic antinociceptive effect. 342 

Our data agree with previous observations that damage to the A11 nucleus 343 

induces nociception in restless leg syndrome [47] and migraines [20]. Also, there is 344 

evidence that exogenous DA, administered into the substantia gelatinosa, displays 345 

inhibitory effects on noxious and innocuous stimuli to the skin, which was mimicked 346 

by a selective D2-like receptor agonist, quinpirole, and by electrical stimulation of 347 

the A11 nucleus [22]. Our data also suggest that DA participates in antinociception 348 

and the maintenance of the circadian rhythm of the PWT of control animals. 349 

However, the cellular and molecular mechanisms of this participation remain 350 

mostly unknown and prompted our current investigation about the role of DA 351 

receptors in the circadian PWT. 352 

 353 
3.3. Effect of spinal dopaminerg ic receptor on the circadian PWT in control rats and 6-OHDA-induced tactile 354 
allodynia 355 

All specific DR antagonists induced tactile allodynia and abolished circadian 356 

rhythm of PWT in control rats. The efficacy order of the DR antagonists to induce 357 

tactile allodynia was D3>(D1/D5)=D4>D2. On the other hand, intrathecal 358 

administration of the D2-like receptor agonist quinpirole partially reversed 6-359 

OHDA-induced tactile allodynia. These data imply that activation of spinal D2, D3, 360 

and D4 receptors participate in the quinpirole-induced antiallodynic effect in 361 

lesioned rats. Further, our results suggest that activation of spinal D2-like receptors 362 

leads to antinociception; this is an expected result considering that lesion of the A11 363 

nucleus leads to tactile allodynia. These results confirm that spinal DA has a tonic 364 

antiallodynic role, which is disrupted by the lesion of the A11 nucleus or differentia l 365 

inhibition of the spinal DRs.  366 

In support of this, several studies using pharmacological tools have reported 367 

that spinal DA, acting on D2-like receptors, diminishes formalin-, capsaicin-, 368 

thermal stimulation, and carrageenan-induced nociception [11, 26, 48-50]. Also, 369 

electrophysiological studies have revealed that DA application into the spinal cord 370 

induces hyperpolarization of substantia gelatinosa neurons [35]. Also, spinal DA 371 
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inhibits the excitatory postsynaptic currents evoked in lamina I or IV-V projection 372 

neuron [50, 51]. Thus, data indicate that spinal DA, through D2-like receptors, is 373 

responsible for the antinociceptive effect in control animals. 374 

Surprisingly, administration of the D1-like receptor agonist SKF-39383 also 375 

reversed 6-OHDA-induced tactile allodynia in rats. These data suggest that 376 

activation of spinal D1 and D5 receptors participates in the antiallodynic effect. Since 377 

these are stimulatory receptors, activation of D1-like receptors should lead to a 378 

pronociceptive effect [12, 25]. However, there is evidence that spinal activation of 379 

D1-like receptors by low concentrations of DA depresses ventral root potential, 380 

which is a C fiber-evoked polysynaptic response and believed to reflect nociception 381 

[25]. Thus, more experiments are needed to further understand the role of D1-like 382 

receptors in this process. 383 

There is little evidence concerning the functionality of D1-like receptors in the 384 

spinal cord. Galbavy and collaborators demonstrated that the activation of DR1/DR5 385 

could inhibit sodium current and reduce the number of action potentials in response 386 

to stimulus in the dorsal root ganglia. They suggest that these events can serve to 387 

adjust the sensitivity of nociceptors to noxious stimuli [52].  388 

Our results suggest that mainly spinal D2-like and, to a lesser extent, D1-like 389 

receptors modulate the circadian rhythm of the PWT in control rats. To our 390 

knowledge, this is the first report regarding the involvement of spinal DRs in the 391 

maintenance of circadian rhythm of PWT behavior.  392 

There is evidence showing the participation of DA and the DR2-like in the 393 

modulation of circadian activities. Pozdeyev et al. revealed that the DA and DR4 394 

regulate circadian rhythm of the protein phosphorylation state in photoreceptor 395 

cells [45], and Smit et al. demonstrated a dopaminergic regulation through DR2 of 396 

the circadian food anticipatory activity rhythms in rats [53].  397 

Furthermore, there is evidence that the DA transporter may be responsible for 398 

the circadian rhythm, as the DA release is lower during the dark phase in wild type 399 

but not in DA transporter KO mice [51]. Moreover, it has been reported that spinal 400 

TH also follows a circadian rhythm [47]. Since TH is the rate-limiting enzyme for the 401 

production of DA, it is tempting to suggest that the circadian rhythm of PWT is due 402 

to the circadian rhythm of TH or DA transporter. However, further studies are 403 

needed to examine these possibilities. 404 

 405 
3.4. Effect of 6-OHDA and dopaminergic receptor antagonists on the spinal clock genes 406 

Our results indicate that lesions on dopaminergic A11 neurons modify the 407 

transcription profile of several spinal clock genes, including Cry1, Per1, Per 2, Bmal, 408 

Rorα, and Rorβ genes. These results suggest that the integrity of the A11 neurons is 409 

needed to preserve the expression of the spinal clock genes, which in turn could 410 

maintain the physiological circadian rhythm of the PWT. Our data are consistent 411 

with a previous study demonstrating that nerve injury leads to the downregulat ion 412 

of Per1, Per2, and Cry1 mRNA in the spinal dorsal horn of mice and knockdown of 413 

Per1 expression induced phosphorylation of c-jun N-terminal kinase (JNK), and the 414 
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upregulation of chemokine CCL2 in the lumbar spinal dorsal horn [36]. It is known 415 

that these mechanisms are associated with chronic pain. Accordingly, expression of 416 

Per1, Per2, and Cry1 mRNA displays a circadian rhythm. These genes are enhanced 417 

in the early evening, whereas Bmal1 mRNA reaches its maximal expression at 418 

midnight [54]. Furthermore, exogenous DA increases Per1 expression in cultured rat 419 

spinal astrocytes, while a mix of serotonin, glutamate, and DA enhances Per1 and 420 

Bmal1 expression [55]. Our data suggest that the 6-OHDA-induced reduction of 421 

several clock genes plays an essential role in the circadian rhythm of PWT, which 422 

leads to tactile allodynia during the night. 423 

Having found that the depletion of DA in the spinal cord disrupts the normal 424 

rhythm of PWT, leads to nociception, and reduces several clock genes, we 425 

investigated whether blockade of either D1- or D2-like DA receptors has an effect on 426 

clock gene expression at the spinal cord. Our results indicate a differential role of 427 

D1- and D2-like receptors in the clock gene expression. SCH-23390 decreased Bmal, 428 

Rorα, and Cry1 mRNA expression at night. In contrast, L-741,626 and L-745,870 429 

increased Bmal, Rorα, Rorβ, Cry1, Per1, and Per2 mRNA expression at night. GR-430 

103,691 decreased Rorα mRNA expression both at day and at night. To the best of 431 

our knowledge, this is the first report about the effect of DA receptor antagonists on 432 

the mRNA expression of clock genes at the spinal cord of control rats. Our results 433 

agree with a previous observation that activation of D1- and D2-like receptors exerts 434 

a stimulatory and inhibitory effect, respectively, on the expression of Clock and Per1 435 

genes [29]. According to these observations, we proposed that D1-like receptors 436 

participate in the up-regulation of some clock genes, while D2-like receptors could 437 

be participating in the downregulation of other clock genes in the lumbar spinal cord 438 

of the rat. 439 

4. Conclusion 440 

This study provides evidence that the PWT has a physiological circadian rhythm, 441 

which is regulated by the descending dopaminergic A11 nucleus and by differentia l 442 

activation of spinal DA receptors. Furthermore, the descending dopaminergic A11 443 

nucleus and the differential activation of spinal DA receptors modulate the spinal 444 

clock gene transcription. Therefore, our results suggest that the processing of 445 

nociception at the spinal cord can have a circadian rhythm and that this rhythm 446 

could be regulated by the spinal clock genes. Our data could help to understand the 447 

exacerbated pain described by patients during the night and elucidate new 448 

therapeutic strategies. 449 

 450 
 451 

5. Materials and methods 452 

5.1. Experimental animals 453 

Male Wistar rats (210 to 230 g) were obtained from our breeding facilities 454 

(Cinvestav). Animals were maintained in suitable animal rooms with controlled 455 
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temperature conditions (22 ± 3°C) and a light–dark cycle (12 h–12 h, light onset at 7:00 456 

AM). Food and water were provided ad libitum. Animals were anesthetized using a 457 

mixture of ketamine and xylazine (50 mg/kg–10 mg/kg). Lesion of the dopaminergic 458 

A11 neurons was induced by the bilateral injection of the 6-OHDA (10 µg/µl) toxin in 459 

rats previously (30 min earlier) injected with imipramine (10 mg/kg, i.p.) to protect 460 

noradrenergic fibers [56]. All experimental procedures were conducted according to 461 

the current Mexican legislation (NOM-062-ZOO-1999, SAGARPA), the Guide for the 462 

Care and Use of Laboratory Animals (NIH), and the Guidelines on Ethical Standards 463 

for Investigation of Experimental Pain in Animals [57]. These experiments were 464 

approved by our local Ethics Committee (Protocol 0146-15, Cinvestav, Mexico City, 465 

Mexico). Efforts were made to minimize the number of animals used and their 466 

suffering. 467 

5.2. Paw withdrawal threshold  468 

Paw withdrawal threshold (PWT) was determined as previously described [38]. 469 

Briefly, rats were placed in cages with a mesh grid floor and allowed to acclimate for 470 

at least 30 min before experimentation. Von Frey filaments (Stoelting, Wood Dale, IL) 471 

were then used to determine the 50% paw withdrawal threshold [37, 38]. The PWT 472 

was evaluated in 1) a control group (n = 13) maintained in a light–dark (LD) cycle (12 473 

h–12 h, light onset at 7:00 AM), 2) a darkness (DD) group (n = 8) of rats maintained in 474 

constant darkness for 15 days to determine whether PWT could be an intrinsic 475 

circadian behavior, 3) a formalin group (n = 8), as a model of chronic nociception, 4) 476 

an A11 lesion group (n = 9), with bilateral administration of 6-OHDA into the 477 

dopaminergic A11 nucleus, 5) a SCH-23390 group (n = 6), DR antagonist to DR1/DR5, 478 

6) an L-741,626 group (n = 6), DR antagonist to DR2, 7) a GR-103,691 group (n = 6), DR 479 

antagonist to DR3, 8) an L-745,870 group (n = 6), DR antagonist to DR4, 9) an A11 480 

lesion + SKF-38393 group (n = 6), bilateral administration of 6-OHDA into the 481 

dopaminergic A11 nucleus plus DR agonist to DR1/DR5, and 10) an A11 lesion + 482 

quinpirole group (n = 6), with bilateral administration of 6-OHDA into the 483 

dopaminergic A11 nucleus plus DR agonist to DR2, DR3, and DR4. 484 

5.3. Formalin-induced long-lasting allodynia 485 

Rats were briefly immobilized to obtain open access to the hind limbs. Animals 486 

then received a subcutaneous injection of formalin (1%, 50 µl) into the dorsal surface 487 

on the right hind paw with a 30-gauge needle. The nociceptive hypersensitivity 488 

induced by formalin was tested 6 days after the injection. Previous studies have 489 

demonstrated that allodynia is fully established at this time [58]. 490 

5.4. Determination of DA content in the lumbar spinal cord of rats 491 

DA content was quantified with a high-pressure liquid chromatography (HPLC) 492 

system with electrochemical detection (ECD, Intro Antec Leyden) in both control 493 

and 6-OHDA-treated rats in A11 nuclei in rats. The samples were obtained from the 494 

lumbar spinal cord and processed, according to Quiroz et al. [59]. The separation of 495 

DA was achieved with a C18 column (4 x 3.0 mm, Phenomenex) using the mobile 496 
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phase: 100 mM disodium hydrogen phosphate, 20% methanol, 3.5% acetonitrile, pH 497 

6.7, adjusted with phosphoric acid. 498 

5.5. Determination of TH in the A11 nucleus 499 

Each animal was anesthetized and perfused with phosphate-buffered saline 500 

(PBS) and 4% paraformaldehyde solution; then, the brain was collected in 30% sterile 501 

phosphate-buffered sucrose for one day. These samples were sliced with a cryostat 502 

(30 µm) and collected free-floating in PBS. Tissue sections were blocked for 2 h in 503 

0.1% Tween-PBS containing 1% bovine serum albumin (BSA) and incubated 504 

overnight at 4°C with anti-tyrosine hydroxylase antibody (1:500, Abcam, USA). 505 

After washing in 0.1% Tween-PBS, sections were incubated for 2 h with an anti-506 

sheep IgG-conjugated Alexa 599 antibody (1:500, Abcam, USA). The sections were 507 

observed using a Leica microscope (Leica Microsystem, Mannheim, Germany). 508 

5.6. Retrotranscription 509 

Total RNA was extracted from the rat lumbosacral spinal cord region by using 510 

Trizol reagent (Invitrogen Corporation, Carlsbad, CA) according to the 511 

manufacturer-suggested protocol, quantified by spectrophotometry at 260 nm, and 512 

analyzed by 1% agarose gel electrophoresis. cDNA was obtained from 5 µg of total 513 

RNA using 1 µl of SuperScript III reverse transcriptase kit (Catalog 18080093, 514 

Invitrogen; Carlsbad, CA), 1 µl of Oligo dT 50 µM, 1 µl of dNTP mix 10 mM, and 515 

molecular biology grade water to 13 µl. Retrotranscription conditions were 516 

denaturation at 70°C for 10 min, hybridization at 42°C for 5 min, synthesis of cDNA 517 

at 55°C for 50 min and then 70°C for 15 min, and removal of RNA at 37°C for 20 min. 518 

Finally, 1 µl of RNase H (Invitrogen, Carlsbad, CA) was added, and samples were 519 

incubated at 37°C for 20 min. 520 

5.7. Real-time PCR assay 521 

cDNA was used to amplify each gene using TaqMan probes (Thermo Fisher 522 

Scientific, Waltham, MA). The amplification reactions contained 0.25 µl of the 523 

respective TaqMan probe: β-actin (Rn00667869_m1), Cry1 (Rn01503063_m1), Per1 524 

(Rn01496757_m1), Per2 (Rn01427704_m1), Per3 (Rn00709499_m1), Bmal 525 

(Rn00577590_m1), Rorα (Rn01173769_m1), and Rorβ (Rn01451215_m1); 2.5 µl of 526 

Master Mix (TaqMan Universal Master Mix, Life Technologies, Carlsbad, CA); and 527 

2.25 µl of cDNA in a final volume of 5 µl. The qPCR conditions were: 10 min for 528 

denaturation at 9°C, followed by 45 cycles of amplification of 15 s at 95°C and 1 min 529 

at 60°C. Rat β-actin was used as an internal control and for normalization. The 530 

amplification assays were made using a 7900HT Fast Real-Time PCR System 531 

(Applied Biosystems, Foster City, CA). The 2−ΔΔCT method was used to calculate the 532 

relative transcript levels expressed as fold change for gene expression. 533 

5.8. Drugs 534 

6-Hydroxydopamine hydrochloride (6-OHDA), imipramine hydrochloride, 535 

R(+)-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine 536 
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hydrochloride (SCH-23390), (±)-3-[4-(4-chlorophenyl) -4-537 

hydroxypiperidinyl]methylindole (L-741,626), 4′-acetyl-N-[4-[4-(2-methoxyphenyl)-538 

1-piperazinyl]butyl]-[1,1′-biphenyl]-4-carboxamide (GR-103,691), (±)-1-phenyl-539 

2,3,4,5-tetrahydro-(1H)-3-benzazepine-7,8-diol hydrochloride (SKF-38393) and 540 

trans-(–)-(4aR)-4,4a,5,6,7,8,8a,9-octahydro-5-propyl-1H-pyrazolo[3,4-g]quinoline 541 

monohydrochloride ([–]-quinpirole monohydrochloride) were obtained from 542 

Sigma-Aldrich (St. Louis, MO). 3-(4-[4-chlorophenyl]piperazin-1-yl)-methyl-1H-543 

pyrrolo[2,3-b]pyridine trihydrochloride (L-745,870) was purchased from Tocris 544 

Bioscience (Bio-Techne Corporation, Minneapolis, MN). 6-OHDA was dissolved in 545 

0.02% ascorbic acid. Imipramine, SCH-23390, SKF-3839, and L-745,870 were 546 

dissolved in injectable water. L-741,626 and GR-103,691 were dissolved in dimethyl 547 

sulfoxide (DMSO). All drugs were prepared on the day of the experiment. Drugs 548 

were intrathecally injected by direct puncture using a 30-gauge needle according to 549 

a reported method [60]. 550 

The dopaminergic drugs mentioned above were selected based on relevant 551 

receptor selectivity and efficacy. These included: (i) selective D1 (pKi 6.2-6.8) and D5 552 

(pKi 7) receptor agonist SKF-38393 [61, 62], and D2 (pKi 7.7), D3 (pKi 7.3-7.8), and 553 

D4 (pKi 7.5) agonist quinpirole [63-65]; (ii) selective D1 (pKi 7.4-9.5) and D5 (pKi 7.5-554 

9.5) receptor antagonist SCH-2339 [61, 62], D2 (pKi 7.9-8.5) receptor antagonist L-555 

741,62625 [66], D3 (Ki 0.3 nM) receptor antagonist GR-103,69 [47], and D4 (pKi 9.4) 556 

receptor antagonist L-745,870 [66]. 557 

5.9. Circadian analysis 558 

The time-course data were expressed as the mean ± standard error. These data 559 

were analyzed by the Friedman test, followed by Dunn’s test. The data were then 560 

examined by the rhythm analysis using the Chronos-Fit software v1.0. This software 561 

includes a linear analysis and rhythm analysis, which calculate the parameters of the 562 

sine curve with the partial Fourier series. The corresponding parameters are mesor 563 

(midline estimating statistic of rhythm), amplitude (amplitude of sinewave), 564 

acrophase (time of the maximum value of the sine wave), and period (first-period 565 

length 20 h–28 h) [67, 68]. 566 

5.10. Statistical analysis 567 

The values are expressed as the mean ± standard error. Unpaired Student ś t-568 

test was performed for comparison between two groups. Statistical comparisons 569 

among three or more groups were analyzed by one- or two-way ANOVA followed 570 

by Dunnett ś or Tukey’s test. A p-value less than 0.05 was considered significant. 571 
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Abbreviations 586 

ANOVA Analysis of Variance 

Bmal brain and muscle  aryl hydrocarbon receptor nuclear translocator-like protein 

Cry1 Cryptochrome circadian regulator 1 

DA Dopamine  

DRs Dopaminergic Receptors 

D1 Dopamine Receptor D1 

D2 Dopamine Receptor D2 

D3 Dopamine Receptor D3 

D4 Dopamine Receptor D4 

D5 Dopamine Receptor D5 

GABA γ-Aminobutyric Acid 

GR-103,691 4′-Acetyl-N-[4-[4-(2-methoxyphenyl)-1-piperazinyl]butyl]-[1,1′-biphenyl]-4-carboxamide 

L-745,870 3-(4-[4-Chlorophenyl]piperazin-1-yl)-methyl-1H-pyrrolo[2,3-b]pyridine trihydrochloride  

L-741,626 3-[[4-(4-Chlorophenyl)-4-hydroxypiperidin-l-yl]methyl-1H-indole  

NPAS neuronal PAS domain protein 2 

Per1 Period circadian regulator 1 

Per2 Period circadian regulator 2 

Per3 Period circadian regulator 3 

PWT Paw Withdrawal Threshold 

Rorα Retinoid-Related Orphan Receptor alpha  

Rorβ Retinoid-Related Orphan Receptor beta 

SCH23390 (R)-(+)-7-Chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine 

hydrochloride  

SG Substantia Gelatinosa 

SKF38393 (±)-1-Phenyl-2,3,4,5-tetrahydro-(1H)-3-benzazepine-7,8-diol hydrobromide  

TH Tyrosine Hydroxylase 

WT Wild Type 

6-OHDA 6-Hydroxydopamine  
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