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Abstract: Several types of sensory perception have circadian rhythms. The spinal cord can be
considered a center for controlling circadian rhythms by changing clock gene expression. However,
to date, it is not known if mechanonociception itself has a circadian rhythm. The hypothalamic
A11 area represents the primary source of dopamine (DA) in the spinal cord and has been found
to be involved in clock gene expression and circadian rhythmicity. Here, we investigate if the paw
withdrawal threshold (PWT) has a circadian rhythm, as well as the role of the dopaminergic A1l
nucleus, DA, and DA receptors (DR) in the PWT circadian rhythm and if they modify clock gene
expression in the lumbar spinal cord. Naive rats showed a circadian rhythm of the PWT of almost
24 h, beginning during the night-day interphase and peaking at 14.63 h. Similarly, DA and DOPAC’s
spinal contents increased at dusk and reached their maximum contents at noon. The injection of 6-
hydroxydopamine (6-OHDA) into the A1l nucleus completely abolished the circadian rhythm of the
PWT, reduced DA tissue content in the lumbar spinal cord, and induced tactile allodynia. Likewise,
the repeated intrathecal administration of D1-like and D2-like DA receptor antagonists blunted the
circadian rhythm of PWT. 6-OHDA reduced the expression of Clock and Per1 and increased Per2 gene
expression during the day. In contrast, 6-OHDA diminished Clock, Bmal, Per1, Per2, Per3, Cry1, and
Cry2 at night. The repeated intrathecal administration of the D1-like antagonist (SCH-23390) reduced
clock genes throughout the day (Clock and Per2) and throughout the night (Clock, Per2 and Cry1),
whereas it increased Bmal and Per1 throughout the day. In contrast, the intrathecal injection of the D2
receptor antagonists (L-741,626) increased the clock genes Bmal, Per2, and Per3 and decreased Per1
throughout the day. This study provides evidence that the circadian rhythm of the PWT results from
the descending dopaminergic modulation of spinal clock genes induced by the differential activation
of spinal DR.

Keywords: dopaminergic A1l nucleus; paw withdrawal threshold; lumbar spinal cord; clock gene;
circadian rhythms; mechanonociception; D1 receptor; D2 receptor
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1. Introduction

The spinal cord has been considered the center that controls peripheral functions’
rhythmicity. Spinal injury disrupts several circadian rhythms through changes in clock
genes’ expression, indicating their role in the circadian process [1,2]. Some forms of sensory
perception, such as thermal and chemical, have a circadian rthythm [3-5]. Importantly,
changes in the expression of clock genes in the lumbar spinal medulla produce mechanical
hypersensitivity, relating the clock genes’ activity with sensory function [1]. However, to
date, it is not known if mechanonociception itself has circadian rhythmicity.

On the other hand, dopamine (DA) and its receptors (mainly D2-like) regulate clock
gene expression in retinal ganglion cells and striatum primary cultures, and, as a con-
sequence, the function is controlled by such genes [6-10]. It is well known that sev-
eral spinal cord regions receive dopaminergic input from the hypothalamic dopaminer-
gic All nucleus [11-15], which appears to be responsible for activating DA receptors
(DR) [13,16]. Moreover, the D1- and D2-like receptor families are expressed in the dorsal
spinal cord [13,17,18]. Additionally, hypothalamic A1l has been related to the regulation
of pain [11,19], measured through tactile hypersensitivity [20,21]. It has been shown that
extracellular DA tone and tyrosine hydroxylase expression have circadian rhythms [22-24].
Thus, it is possible that in normal conditions, mechanonociception in the spinal cord has cir-
cadian rhythmicity and DA from the A1l area modulates such sensitivity through DR and
changes in clock gene expression. This study used the evaluation of the paw withdrawal
threshold (PWT), using the Von Frey hairs as a tool to study the mechanisms of cutaneous
stimulation-induced sensory input [25-27]. This work aimed to show circadian rhythm in
the PWT in normal rats, the role of the A1l area, DA and its receptors’ modulation of the
circadian rhythmicity of the PWT, and possible changes in the expression of lumbar spinal
clock gene transcription. We found that circadian rhythmicity in rats’ PWT is disrupted
by the 6-OHDA lesion of the A1l area, and by the intrathecal DA D1-like and D2 receptor
blockade in non-lesioned rats and modification of clock gene expression. Additionally,
the content of diurnal DA and DOPAC increases during dusk. These data indicate the
physiological role of DA and the A11 area in regulating mechanical-sensitivity rhythmicity
in normal conditions.

2. Materials and Methods
2.1. Animals

Male Wistar rats (210 to 230 g) were obtained from our breeding facilities (CINVES-
TAV). The animals were maintained in suitable animal rooms under controlled temperature
conditions (22 £ 3 °C) and a light-dark cycle (12 h-12 h, light onset at 8:00 a.m.). Food
and water were provided ad libitum. After habituation for 2 weeks, the animals were used
for the experimental procedures. For A1l lesions, the animals were anesthetized using
a mixture of ketamine and xylazine (50/10 mg/kg). The lesion of the dopaminergic A11
neurons was induced via bilateral injection of 6-OHDA (10 ug solved in 1 pL of 0.02%
ascorbic acid), stereotaxically administered in the hypothalamic A11 area at coordinates
of AP-3.6, ML + 0.06 VL-7.5, according to the atlas of Paxinos and Watson [28]. Thirty
minutes earlier, the rats were injected with imipramine (10 mg/kg, i.p.) to protect the
noradrenergic fibers [29]. In the control group for 6-OHDA lesions, the animals received
an injection of saline. The animals lesioned in this way were tested for PWT, and another
group was used for DA and DOPAC determinations or intrathecal DA agonist adminis-
tration two weeks after surgery. All experimental procedures were conducted according
to the current Mexican legislation (NOM-062-ZO0O-1999, SAGARPA), the Guide for the
Care and Use of Laboratory Animals (NIH), and the Guidelines on Ethical Standards for
Investigation of Experimental Pain in Animals [30]. Our local Ethics Committee approved
these experiments (Protocol 0146-15, Coinvested, Mexico City, Mexico). Efforts were made
to minimize the number of animals used and their suffering.
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2.2. Experimental Groups and PWT Measurement

The paw withdrawal threshold (PWT) was determined as previously described [25].
Briefly, the rats were placed in cages with a mesh grid floor and allowed to acclimate for at
least 30 min before experimentation. Subsequently, Von Frey filaments (Stoelting, Wood
Dale, IL, USA) were used to determine the threshold of removal of the hind limb (50% paw
withdrawal threshold) using the up-and-down method [25,26]. The PWT was evaluated
in several groups of rats: (1) a control group (n = 12 rats) maintained in a light-dark (LD)
cycle (12 h—-12 h, light onset at 8:00 a.m.) (Figure 1A); (2) a control group in which 4 rats
returned to their cages and were evaluated one month later (Figure 2A); (3) a dark—-dark
(DD) group (n = 8) of rats maintained in constant darkness for 15 days to determine whether
the PWT could be an intrinsic circadian behavior (the evaluation of the PWT in darkness
was performed by using red light, which is invisible to rodents and does not affect the
circadian experimental results [31]) (Figure 1C); (4) from the DD group, 4 rats were returned
to their cages, placed in the LD condition, and evaluated one month later (Figure 1D); (5) a
group (n = 10 rats) in a shifted light-dark (SLD) cycle (12 h-12 h, light onset at 8:00 a.m.,
Figure 1E); (6) an A1l lesion group (n = 8) with bilateral administration of 6-OHDA into
the dopaminergic A1l nucleus (Figure 3D); (7) an SCH-23390 group (n = 5) of normal rats
treated with the DR1/DR5 antagonist intrathecally (Figure 4A); (8) an L-741,626 group
(n = 5) treated with the DR2 antagonist intrathecally (Figure 4B); (9) a vehicle (n = 10)
intrathecally injected group (Figure 4A,B); and (10) an A11 vehicle (n = 7) injected group
(Figure 3D).
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Figure 1. PWT circadian rhythm in male Wistar rats. (A) The time course of paw withdrawal
threshold (g) in naive rats in a light-dark cycle (light from 8:00 a.m. to 8:00 p.m. and dark from
8:00 p.m. to 8:00 a.m.) (LD, 12 h-12 h, n = 12). (B) Evaluation of PWT in four rats from the LD group one
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month later (LD one month, 12 h-12 h, n = 4). (C) The time course of PWT in naive rats was
maintained in a continuous dark cycle (DD, 24 h, n = 8). (D) Evaluation of PWT in four rats from the
DD group two weeks after restoring the LD cycle (DDR, 12 h light-12 h dark, n = 4). (E) The time
course of PWT in rats in which LD cycle was shifted by 2 h (light from 10:00 a.m. to 10:00 p.m. and
dark from 10:00 p.m. to 10:00 a.m.) (LDS, 12 h x 12 h, n = 10). Points represent the PWT values in
g (mean £+ SEM) determined at that time; continuous lines indicate the best sinewave fitted values,
and the dotted lines represent the confidence interval. Yellow bars indicate light exposure, and black
bars indicate the night. (F-I) The best-fitted values of the period, mesor, amplitude, and acrophase as
mean + SEM. * p < 0.05, ** p < 0.01, **** p < 0.0001, and ns = no significant differences with respect to
LD group. Data were analyzed using one-way ANOVA followed by the Fisher test.
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Figure 2. Circadian rhythms of DA, DOPAC, and turnover in the lumbar spinal cord region. (A) The
temporal course of the lumbar spinal cord region. (B) The temporal course of the primary DA
metabolite DOPAC in the lumbar region. (C) The temporal course of DA turnover in the lumbar
spinal cord (expressed as the ratio of the DA/DOPAC contents). Determinations were obtained
from four rats at each point. Data are expressed as mean + SEM. Continuous lines indicate the
best sinewave fitted values, and the dotted lines are the confidence intervals. Yellow bars indicate
light exposure, and black bars represent the night. (D) The mean £ SEM of the best-fitted values of
acrophase and period from (A-C), compared with the values obtained from the temporal course of
the PWT control group (Figure 1A). * p < 0.05 and ns = no significant differences among indicated
comparisons. Data were analyzed using one-way ANOVA followed by the Fisher test.

The PWT tests started with a filament of 2 g in the middle of a series of 20 filaments
with different rigidity or hardness levels, which was changed according to the animal’s
response. The 50% withdrawal threshold was determined according to the following
formula: 50% threshold (g) = (10X + k1) /10,000, where Xf is the value of the last von Frey
filament used (in logarithmic units); k is the correction factor based on the response patterns
of a calibration table and the tabulated value based on the design of positive and negative
responses; and § denotes the average differences between stimuli in logarithmic units. The
presence of allodynia occurs when the 50% withdrawal threshold of the limb is <4 g [25].
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Figure 3. 6-OHDA lesion of the All area decreases DA content in the lumbar spinal cord region
and abolishes PWT rhythms and values. (A) Schematic diagram of the location of the A1l area in
the midbrain and two representative microphotographs from a control (normal) and a subject with
6-OHDA bilaterally injected into the A1l area. (B) TH-positive cells in the A1l area are expressed as
the change in percentage of lesioned rats from the control rats (n = 3 rats each group). (C) Change in
lumbar spinal content of DA, expressed as the change in percentage of lesioned rats from the control
rats determined at 10:00 AM and 10:00 PM in a different set of animals (n = 5 rats in each group).
*p <0.05, ** p <0.01, ** p < 0.001 compared to control in unpaired t-test. (D) The effect of A1l area
lesion on the temporal course of PWT expressed in g (mean = SEM). Rats were maintained in an LD
12 h-12 h cycle. Black points represent data from 7 rats with the vehicle injected into A11, and red
points represent 8 rats injected with 6-OHDA. The continuous line indicates the best sinewave fitted
values, and the dotted lines are the confidence intervals. Yellow bars indicate light exposure, and
black bars represent the night. * p < 0.05, ** p < 0.01, *** p < 0.001 compared to the vehicle value. Data
were analyzed using two-way ANOVA followed by Fisher test.

2.3. Determination of DA Content in the Lumbar Spinal Cord of Rats

Twenty-four normal rats were sorted into six groups (n = 4 animals per group). Each
group was randomly selected for sacrifice by cervical dislocation at 06:00, 10:00, 14:00,
18:00, 22:00, and 2:00 h, an then they were subsequently decapitated, and their spinal cords
removed via negative pressure injection of saline applied using a 20 mL syringe through the
vertebral central canal at the spinal sacral level (52-53) to obtain the lumbar segment. Each
segment was homogenized in 0.1 N perchloric acid (200 puL per sample) and centrifuged
at 3000 rpm for 3 min. The pellets were washed and resuspended in 1 N NaOH, and the
amount of total protein in each sample was determined using the Bradford method and
processed according to Quiroz et al. [32]. The supernatant was analyzed via electrochemical
detection using a high-pressure liquid chromatography (HPLC) system [33]. The DA and
DOPAC contents were quantified in the control and 6-OHDA-treated rats in the lumbar
spinal cord. For DA separation, 25 uL of the sample was injected into a C18 column (particle
size 2.7 um, 4.6 mm wide, and 100 mm long; SUPELCO Analytical from Sigma-Aldrich
Co. (St. Louis, MO, USA) using a mobile phase (monochloroacetic acid 100, EDTA 0.507,
1-octane sulfonic acid 0.767 (in mM), and acetonitrile 4.5%; pH NaOH adjusted to 3.2),
coupled with electrochemical detection, with a cell potential setting of 0.382 mV. The flow
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rate was set at 0.9 mL/min and the total run time was 10 min. This method measured the
concentration of DA and DOPAC in samples from the lumbar. The data are expressed in
pg/mg protein and were determined in eight saline-injected and eight 6-OHDA-lesioned
rats for the determination of DA and DOPAC contents, to evaluate the effect of the lesion
in the lumbar region (Figure 3).
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Figure 4. D1-like and D2 receptors regulate the rhythm of PWT and their values. The upper diagram
shows the experimental design. (A) The effect of D1-like receptor blockade, with SCH23390 (3.24
ug) intrathecally administered in the lumbar spinal cord, on PWT temporal course (n = 5 rats).
(B) The effect of D2 receptor blockade, with L741,626 (3.40 ug) intrathecally administered in the
lumbar spinal cord, on PWT temporal course (n = 5 rats). Black points and curves represent data
from rats intrathecally treated with the vehicle (n = 10 rats). The continuous line indicates the best
sinewave fitted values, and the dotted lines are the confidence intervals. Yellow and black bars
indicate light exposure and night, respectively. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001
with respect to the vehicle value. Data were analyzed using two-way ANOVA followed by Fisher
test. (C—F) represent the best-fitted values of the period, amplitude, acrophase, and mesor for the
curves of SCH-23390 and L714,626 from (A,B), compared with values of the PWT course from rats
treated with the vehicle. * p < 0.05, ** p < 0.001, *** p < 0.001, **** p < 0.0001 and ns = no significant
differences among groups. Data were analyzed using two-way ANOVA followed by Fisher test.

2.4. Determination of TH in the A11 Nucleus

Each animal was anesthetized and perfused with phosphate-buffered saline (PBS) and
a 4% paraformaldehyde solution. Then, the brain was collected and stored in 30% sterile
phosphate-buffered sucrose for one day. These samples were sliced using a cryostat (30 um)
and collected free-floating in PBS. Tissue sections were blocked for 2 h in 0.1% Tween-PBS
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containing 1% bovine serum albumin (BSA) and incubated overnight at 4 °C with an
anti-tyrosine hydroxylase antibody (1:500, Abcam, Boston, MA, USA). After washing in
0.1% Tween-PBS, the sections were incubated for 2 h with an anti-sheep IgG-conjugated
Alexa 599 antibody (1:500, Abcam, Boston, MA, USA). The cells were observed using a
Leica microscope (Leica Microsystem, Mannheim, Germany).

2.5. Retrotranscription

According to the manufacturer-suggested protocol, total RNA was extracted from the
rat lumbosacral spinal cord region using Trizol reagent (Invitrogen Corporation, Carlsbad,
CA, USA). RNA was quantified using spectrophotometry at 260 nm and analyzed using 1%
agarose gel electrophoresis. cDNA was obtained from 5 pg of total RNA using a SuperScript
III reverse transcriptase kit (1 uL, Catalog 18080093, Invitrogen, Carlsbad, CA), Oligo dT
50 uM (1 pL), dNTP mix 10 mM (1 puL), and 13 pL molecular biology-grade water. The
retrotranscription conditions were denaturation at 70 °C for 10 min, hybridization at 42 °C
for 5 min, the synthesis of cDNA at 55 °C for 50 min, and then, 70 °C for 15 min, and the
removal of RNA at 37 °C for 20 min. Finally, RNase H (1 uL, Invitrogen, Carlsbad, CA,
USA) was added, and the samples were incubated at 37 °C for 20 min.

2.6. Real-Time PCR Assay

cDNA was used to amplify each gene using TagMan probes (Thermo Fisher Scientific,
Waltham, MA, USA). The amplification reactions contained 0.25 pL of the respective Tag-
Man probes: (3-actin (Rn00667869_m1), Cry1 (Rn01503063_m1), Cry2 (Rn01485701_m1), Per1
(Rn01496757_m1), Per2 (Rn01427704_m1), Per3 (Rn00709499_m1), Bmal (Rn00577590_m1),
Clock (Rn00573120_m1); 2.5 uL of Master Mix (TagMan Universal Master Mix II, Life Tech-
nologies, Carlsbad, CA, USA); and 2.25 pL of cDNA to a final volume of 5 pL. The qPCR
conditions were: 10 min for denaturation at 9 °C, followed by 45 cycles of amplification
for 15 s at 95 °C and 1 min at 60 °C. Rat -actin was used as an internal control and for
normalization. The amplification assays were conducted using a 7900HT Fast Real-Time
PCR System (Applied Biosystems, Foster City, CA, USA). The 2-A8ACT method was used to
calculate the relative transcript levels, expressed as the fold change for gene expression [34].

2.7. Drugs

6-Hydroxydopamine hydrochloride (6-OHDA), (£)-3-[4-(4-Chlorophenyl)-4-
hydroxypiperidinylJmethylindole (L741,626), imipramine hydrochloride, and R(+)-7-chloro-
8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine hydrochloride (SCH-
23390), were obtained from Sigma-Aldrich (St. Louis, MO, USA). 6-OHDA was dissolved
in 0.02% ascorbic acid. Imipramine, SCH-23390, and L-741,626 were dissolved in saline. A
stock solution of L741,626 (680 ug solved in 1 mL of saline) and SCH-23390 (648 ug solved
in 1 mL of saline) was used. After dissolving the drugs, they were diluted with normal
saline 1000 times before administration. The final dose of L741,626 was 3.4 ug, and of
SCH-23390 was 3.24 ug contained in 5 pL, which was intrathecally administered. All drugs
were prepared on the day of the experiment. According to the previously reported method,
the drugs were intrathecally injected via direct puncture using a 30-gauge needle [35].

2.8. Circadian Analysis

The time-course data are expressed as the mean =+ standard error. These data were
analyzed using the Friedman test, followed by Dunn’s test. The data were then examined
via rhythm analysis using the Chronos-Fit software v1.0 [36]. This software includes a
linear analysis (data such as the mean, standard deviation, and area under the curve) and
rhythm analysis, including a partial Fourier analysis and a stepwise regression technique.
While conventional partial Fourier analysis always consists of all harmonics in the fitted
model, ‘rhythm analysis’ fits each harmonic separately and checks significance using the
F-test. The most significant harmonic is then included in the model if it improves the
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existing model significantly (in the example below, at level p < 0.05). Fitting of the partial
Fourier series is accomplished using the following equation:

f(t) = mesor + Z;:l (amplitudei x cos(t — acrophase;) x 2}:)
where mesor = the midline estimating statistic of rhythm, i = the counter for the harmonics,
S = the number of included harmonics, amplitude = the amplitude of the sinewave, t = time,
acrophase = acrophase (time of the maximum of the sinewave), and p = the entire period
length (usually 24-28 h). The fitted curves and corresponding parameters (mesor, amplitudes,
and acrophases) are given for each data set [37]. Additionally, we performed data analysis
using a sine wave with nonzero-baseline non-linear regression included in GraphPad Prism
version 9.4.0, and compared with those parameters obtained with Chronos-Fit, found a
close similarity. The graphs show the best-fitted graph and confidence interval obtained
using Prism software.

2.9. Statistical Analysis

The PWT values, best-fitted circadian rhythms parameters, DA and DOPAC contents,
and clock gene fold change are expressed as the mean =+ standard error. Statistical compar-
isons among three groups were analyzed using one-way ANOVA, followed by the Fisher
test, whereas an unpaired Student’s t-test was performed to compare the two groups. A
one-sample t-test was performed to compare clock gene expression to the expected value.
A p-value less than 0.05 was considered significant.

3. Results
3.1. Circadian Rhythmicity of Paw Withdrawal Threshold

First, we determined the possible circadian rhythm in the PWT in normal rats main-
tained in constant light—dark cycles (LD, light-dark; 12 h-12 h). The evaluation of the PWT
was carried out every 4 h for 24 h (the experiment started at 8:00 AM and finished at the
same time the next day). The rhythmic parameters of the best-fitted curve were the mesor,
amplitude, acrophase, and period (first-period length of 20-28 h). The results indicated that
rats in the LD group (Figure 1A, n = 12 rats) had PWT values of about 5.97 &+ 0.34 g at the
beginning of the experiment (8:00 h). This value increased to about 15.92 + 1.06 g at noon
h (four hours later), and after that, it decreased to 5.36 £ 0.45 g at 4:00 h in the morning.
Further rhythm analysis of the time course of the PWT revealed a period of 23.65 + 0.36 h,
an acrophase at 14.63 £ 0.33 h, an amplitude of 4.81 £ 0.48 g, and a mesor of 10.49 4+ 0.45 g.
The mean adjusted Sx.y values from each rat were 2.23 + 0.34 and R? 0.82 + 0.03. The
mean period value obtained was not statistically different from the 24 h theoretical mean
(t=1.057, df = 11, p = 0.313, one-sample t-test). A sample of four rats was evaluated one
more time one month later to see if they had similar values of PWT throughout the day
as before. The rats (Figure 1B, n = 4 rats) had PWT values of about 5.84 + 0.64 g at the
beginning of the experiment (8:00 h). This value increased to about 14.69 + 1.44 g at noon
(4 h later), and after that, it decreased to 7.10 &£ 0.76 g at 4:00 h in the morning. These values
were very similar to the initial group evaluated. Rhythm analysis indicated no significant
differences in sine-wave curve parameters between the groups, as seen in Figure 1EL

To determine if circadian PWT is an intrinsic rhythm from the original group, we
conditioned a group of rats to a dark—dark (DD) cycle (n = 8, Figure 1C). The DD group
of rats exhibited PWT values of about 4.83 & 0.50 g at 8:00 AM. The PWT increased to
8.90 £ 1.07 g at noon and reached a maximum at 16:00 h at 9.87 & 1.16 g. After that, they
decreased to obtain the lowest level of PWT of 4.10 & 0.52 g at 4:00 h. The rhythmic analysis
of the time course of this group presented a period of 22.38 £ 0.94 h, an acrophase at
14.06 £ 0.52 h, an amplitude of 3.03 & 0.25 g, and a mesor of 5.98 £ 0.25 g (Figure 1C). The
mean adjusted Sx.y values from each rat were 2.79 + 0.37 and R? 0.81 + 0.042. The LD
(Figure 1A) and DD groups (Figure 1C) presented rhythmic behavior. Still, the analysis
of the measured rhythmic parameters between the groups revealed that the DD group
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had a reduction in the amplitude (amplitude LD =4.81 £ 048 g vs. DD =3.03 £0.25 g,
mean difference = 1.78, p = 0.0289, n = 12 vs. n = 8§, ANOVA followed by Fisher test), and
in the mesor (mesor LD = 10.49 4 0.45 g vs. DD = 5.989 + 0.25 g, mean difference = 4.5,
p <0.0001, n =12 vs. n = 8, ANOVA followed by Fisher test) compared to the LD group of
rats (Figure 1G,H). In contrast, the DD group’s acrophase and period were not different
from those of the LD group (Figure 1E]).

Next, a small group of animals (n = 4, Figure 1D) from the DD group returned to the
normal LD cycle for 30 days and was tested for the PWT (Figure 1D LDR). The initial value
was 4.21 & 0.03, and the maximum value of 14.52 & 2.16 values were very similar to the LD
control group (5.81 & 0.38 and 15.49 £ 1.46, respectively). The rhythmic analysis of the time
course of this group presented a period of 24.5 +-2.06 h and acrophase at 13.46 4= 0.09 h, an
amplitude of 4.62 & 0.33 g, and a mesor of 8.62 &= 0.58 g. The mean adjusted Sx.y values
from each rat were 2.52 + 0.76 and R? 0.84 4 0.063. The rhythmic parameters were like
those of the control LD group, indicating recovery via the shift in the LD cycle (Figure 1F-I).

Finally, we challenged the rhythmicity of the PWT by shifting the clock time by
two hours (LDS, Figure 1E). The light started at 10 h and the experiment at 8 AM, and it
finished at the same time the next day. This group (n = 10 rats) had a PWT of 6.96 + 0.69 g
at the beginning of the experiment at 8 AM, which increased to 16.40 + 1.73 g 16 h later,
and decreased to reach the level of 9.69 + 0.64 g at 4 h the morning. Further rhythm
analysis of the time course of the PWT revealed a period of 23.78 & 0.35 h, an acrophase
at 16.55 4= 0.46 h, an amplitude of 4.39 £ 0.76 g, and a mesor of 10.9 4= 0.74 g. The mean
adjusted Sx.y values from each rat were 2.24 + 0.39 and R? 0.82 4 0.041. The adjusted
period value was not statistically different for a 24 h theoretical mean (t = 1.617, df =9,
p = 0.5523, one-sample t-test). Additionally, as it can be seen in Figure 1F-I, from the
four values from the rhythmic parameters from the rhythm analysis, only acrophase in
the LDS group was statistically different from that of the control LD group (acrophase
LD =14.63 £ 0.33 vs. LDS = 16.55 & 0.46, mean difference = —1.926, p = 0.0014, n = 12,
ANOVA followed by Fisher’s test) indicating that the shifted group retained its rhythmic
behavior despite the experimental maneuver.

3.2. Circadian Rhythmicity of Lumbar DA and DOPAC Content and Turnover

To understand the role of DA in maintaining the rhythmicity of PWT in the spinal cord,
first, we analyzed if the DA and DOPAC contents and DA turnover in the spinal lumbar
have fluctuations throughout the day. As shown in Figure 2A, the lumbar DA content had
a daily peak of 52.87 & 7.24 pg/mg protein at 18:00 h, increasing from 13.95 + 1.53 pg/mg
protein at 6:00 h. The rhythmic analysis of the time course of this group presented an
amplitude of 16 £+ 1.79 g, a period of 22.54 £ 2.04 h, a mesor of 27.92 & 0.95, and an
acrophase at 17 £ 0.55 h. The mean adjusted Sx.y values from each rat were 5.35 & 1.10
and R? 0.78 £ 0.10. The period value was not statistically different for the theoretical
value of 24 (t = 0.7129, df = 3, p = 0.5273, ns, n = 4, one-sample t-test). In the same way,
but with different time courses, the main DA metabolite DOPAC also had daily changes
(Figure 2B). The main peak was 22.92 £ 3.96 pg/mg protein at 10:00 h, increasing from
1.75 & 0.17 pg/mg protein at 6:00 AM (Figure 2B). The rhythmic analysis of the time course
of this group presented an amplitude of 8.93 + 1.09 g, a period of 23.50 & 2.36 h, a mesor of
9.11 & 1.33, and an acrophase at 12.31 £ 0.34 h. The mean adjusted Sx.y values from each
rat were 6.69 & 1.60 and R? 0.77 + 0.085. The period value was not statistically different
to the theoretical value of 24 (t = 0.2116, df = 3, p = 0.846, ns, n = 4, one-sample t-test).
The time course of DA turnover, determined as the relationship between metabolite and
neurotransmitter, had a similar feature following the DOPAC course. The main peak was
0.741 £ 0.126 at 10:00 h, increasing from 0.128 + 0.014 at 6:00 AM (Figure 2C). The rhythmic
analysis of the time course of this group presented an amplitude of 0.27 £ 0.038, a period
of 22.75 £ 1.70 h, a mesor of 0.211 % 0.30, and an acrophase at 11.43 = 0.20 h. The mean
adjusted Sx.y values from each rat were 0.23 & 0.07 and R? 0.71 = 0.31. The period value
was not statistically different for the theoretical value of 24 (t = 0.7346, df = 3, p = 0.515,
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ns, n = 4, one-sample t-test). The DA and DOPAC spinal cord content and turnover had
rhythmicity in the lumbar spinal cord (Figures in panel D). Interestingly, the acrophase
from the PWT of the LD control group, at 14.56 = 0.40 h (Figure 1A,I), was closer to the
DOPAC acrophase (12.31 £ 0.34) and turnover acrophase (11.43 £ 0.20) than that of the
DA acrophase (17 & 0.55).

3.3. Effect of 6-OHDA Lesion of A11 on Paw Withdrawal Threshold

The dopaminergic A11 area has been indicated as the main source of DA in the spinal
cord [11-15]. In this study, we analyzed if the 6-OHDA lesion of A1l modifies lumbar
DA content and if it changes PWT circadian rhythmicity. First, we evaluated the loss of
TH dopaminergic neurons of the A1l nucleus eight days after the injection of 6-OHDA.
In Figure 3A, a schematic drawing of the location of the A1l area is shown, followed by
two microphotographs of TH staining in this area—one on the control side and the other
on the A1l area lesioned side. The reduction in the TH-positive elements as a percentage
of control was 48 £ 5% (t = 9.09, df = 4, p = 0.008, n = 3 lesioned rats) compared with
the control group (Figure 3B) correlated with the loss of DA content in the lumbar region.
We measured the effect of lesions in separated animals at 8:00 and 18:00 h (Figure 3C) to
evaluate changes in DA concentration during the low and maximum levels according to the
rhythmic data (Figure 2A). During the day, the DA content decreased by 42 + 6% compared
to the control values (t = 6.746, df = 8, p = 0.0001, n = 5 animals), and in the same fashion,
during the night, the DA content decreased by 46 4 9% with respect to the control (t = 5.09,
df =8, p = 0.275, n = 5 animals).

The impact of the A1l area lesion with 6-OHDA on PWT was analyzed. We used
two groups of animals to evaluate the PWT: one group of rats with an A1l lesion bilater-
ally injected with 6-OHDA (10 nM/uL) and the other injected with the vehicle solution
(Figure 3D). Both groups were maintained in LD cycles (12 h-12 h). The evaluation of
the PWT was carried out every 4 h for 24 h in all groups. Rats in the intrahypothalamic
saline-injected group (Figure 3D, n = 10 rats) had PWT values of about 8.42 + 3.18 g at the
beginning of the experiment (8:00 h). This value increased to about 17.68 = 3.18 gat 12h (4 h
later), and after that, it decreased to 4.07 £ 0.03 g at 4:00 h in the morning. Further rhythm
analysis of the time course of the PWT revealed a period of 23.50 & 0.80 h, an acrophase at
13.97 £ 0.41 h, an amplitude of 5.82 £ 0.50 g, and a mesor of 9.72 + 0.72 g. The mean ad-
justed Sx.y values from each rat were 4.06 & 0.95 and R? 0.82 + 0.05. The rhythmicity values
from the saline group did not differ statistically when compared with the LD control group
(see Figure 1D, LD period = 23.78 vs. vehicle = 23.50 & 0.80, t = 0.352, df = 14, p = 0.727; LD
acrophase = 14.56 + 0.40 vs. vehicle = 13.97 £ 0.41, t = 0.0.966, df = 14, p = 0.3501; ampli-
tude LD group = 5.04 & 0.55 vs. vehicle = 5.82 £ 0.50, t = 0.925, df = 14, p = 0.357; mesor
LD group =10.95 £ 0.40 vs. vehicle =9.72 + 0.72, t = 1.59, df = 14, p = 0.1322, unpaired
Student’s t-test). The mean period value obtained was not statistically different for the
24 h theoretical mean (t = 0.61, df = 5, p = 0.566, one-sample t-test). In contrast, the intrahy-
pothalamic A1l nucleus injection of 6-OHDA produced a severe decrement in the PWT
threshold after eight days of the 6-OHDA injection at 12:00 and 4:00 PM compared with the
control vehicle group at 8, 12, 16, and 20 h (Figure 3D, red points vs. black points and line).
Moreover, the intrahypothalamic injection of 6-OHDA abolished the circadian rhythm of
the PWT since all PWT values remained low along the clock time cycle (Figure 2D red
points), and the data could not be adjusted to a sinewave with enough goodness. The mean
adjusted Sx.y values from each rat were 13.91 + 5.33 and R? 0.48 + 0.13.

3.4. Intrathecal DA Receptor Antagonist Changes PWT Rhythmicity

To assess the role of spinal DR in the modulation of the circadian PWT in naive rats,
we studied the effect of the intrathecal injection of D1-like (SCH-23390, 3.24 nug) and D2
(L-741,626 3.4 ng) antagonists in two groups of rats, while control groups received the
vehicle solution for drugs. The animals received a daily injection of each drug for three
consecutive days; on the fourth day, the time course of the PWT was evaluated every
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4 h for 24 h as previously described. In the control group, the vehicle for drugs was
administered (see upper panel Figure 4). The vehicle group had a PWT value of about
7.55 £ 0.65 g at the beginning of the experiment (8:00 h). This value increased to about
18.80 £ 1.16 g at noon (4 h later), and after that, it decreased to 7.74 £ 1.01 g at the end
of the experiment (4:00 h in the morning). The rhythmicity of this control group was
similar to the DL control group (Figure 1A) since their adjusted parameters to the sinewave
curve were not statistically different (DL group period = 23.78 £ 0.35 vs. vehicle intrathecal
group =22.18 £ 0.87, t = 1.728, df = 18, p = 0.10; DL amplitude = 5.04 & 0.55 vs. vehicle in-
trathecal group = 5.56 &+ 0.31, t = 0.8069, df = 18 p = 0.403; DL group mesor = 10.95 £ 0.40 vs.
vehicle intrathecal group =10.85 =+ 0.75,t=0.1105, df = 18, p = 0.91; DL group
acrophase = 14.56 £+ 0.40 vs. 13.28 £ 0.73, t = 1.52, df = 18, p = 0.149). The mean adjusted
Sx.y values from each rat were 5.16 & 0.72 and R? 0.83 = 0.03.

The effect of the D1-like antagonist SCH-23390 (10 nM /5 pL) was studied in five ani-
mals and compared with the intrathecal vehicle group (Figure 4A). The drug administration
significantly decreased the PWT values during the light phase at 8, 12, and 16 h (values).
An unexpected finding was the large change in rhythmicity produced by the antagonist
since all sinewave parameters were modified. The amplitude decreased in the control from
5.56 £ 0.31 g to 2.24 £ 1.10 g (mean difference = 4.26, p < 0.001, Figure 4D), in the mesor
from 10.85 £ 0.75 to 5.07 & 0.62 g (mean difference = 5.77, p < 0.001, Figure 4F), in the
acrophase from 13.28 + 0.73 to 6.90 & 1.19 h (mean difference = 6.37, p < 0.001, Figure 4E),
and in the period from 21.8 & 0.68 to 14.52 &+ 1.07 h (mean difference = 5.95, p < 0.001,
n =10, ANOVA followed by Tukey, Figure 4C). This draws attention to the fact that that
the fall in the period is almost half the control group (Figure 4C). However, unlike for the
A1l1 lesion (Figure 3D), sinewave adjustment was possible (the mean adjusted Sx.y values
from each rat were 1.62 £ 0.43 and R2 0.79 =+ 0.06). On the other hand, the L-741,626 group
(D2 receptor antagonist (10 nM/5 pL)) had decreased PWT values at most of the hours
measured except at 20 h (Figure 4B). Unlike the D1 antagonist, the D2 antagonist only
modified significant values related to the PWT, such as amplitude and mesor, but retained
rhythmicity. The amplitude decreased in the control from 5.56 & 0.31 to 2.59 £ 0.53 g (mean
difference = 2.97, p < 0.001, Figure 4D) and in the mesor from 10.85 £ 0.75t0 5.30 £ 0.61 g
(mean difference = 5.54, p < 0.001, Figure 4F).

3.5. A11 Lesions and D1-like and D2 Receptor Antagonist Change Spinal Cord Clock
Gene Expression

We evaluated the effect of the A1l lesion and D1 and D2 intrathecal receptor antag-
onists to investigate if DA regulates clock gene expression as changes are induced in the
PWT rhythms. Eight days after the 6-OHDA injection, and after 4 days of D1-like and
D2 /D3 receptor blockade, the rats were sacrificed, their lumbar spinal cords extracted,
and the expression of several spinal clock genes determined. The results indicated that
the 6-OHDA A11 lesion induced a decrement in Clock and Per1 gene expression and an
increment in Per2 expression during the day (Clock: 0.72 + 0.16, t = 3.447, p = 0.041, Per1:
0.52 £ 0.05, t = 0.614, p = 0.0087; Per2: 2.25 + 0.195, t = 6.421, p = 0.0077, n = 4 animals,
one-sample t-test); the rest of the clock genes evaluated did not show significant differences.
Contrariwise, the lesion induced a decrement in Clock, Bmal, Per1, Per2, Per3, Cry1, and
Cry2 in the night (Clock: 0.47 £+ 0.11, t = 4.73, p = 0.0179; Bmal: 0.37 + 0.07, t = 8.33,
p = 0.0036; Perl: 0.525 £ 0.047, t = 9.92, p = 0.0022; Per2: 0.30 £ 0.040, t = 17.15, p = 0.004;
Per3: 0.57 £+ 0.047, t = 4.49, p = 0.0206; Cry1: 0.35 £ 0.064, t = 10.07, p = 0.0021; Cry2:
0.40 £ 0.08, t = 7.348, p = 0.0052, n = 4, one-sample t-test, Figure 5A).
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Figure 5. Dopaminergic modulation of expression of clock genes in the lumbar spinal cord. (A) The
effect of A11 area with 6-OHDA on Clock, Bmal, Per1, Per2, Per3, Cry1, and Cry2 expression, determined
using RTPCR in the lumbar spinal cord, at 10:00 AM (yellow bar) and 10:00 PM (black bar). (B,C) The
effect of intrathecally administered D1-like antagonist SCH23390 and D2 antagonist L741,626 in naive
rats for four days in the same clock genes. Data are expressed as the fold change 224t mean + SEM,
n=4in (A-C). *p < 0.05, ** p < 0.01, and *** p < 0.001 with respect to theoretical mean 1, one-sample
t-test.
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The D1-like receptor blockade induced variable changes in the expression of clock
genes, as seen in Figure 5B. Clock and Per2 decreased during the day and night, and Cry2
only during the day (Clock during the day: 0.466 = 0.088, t = 6.047, p = 0.0263; Clock at night:
0.2667 £ 0.55 t = 0.11, p = 0.0082; Per2 during the day: 0.50 £ 0.13, t = 3.77, p = 0.063; Per2
at night: 0.55 &+ 0.07, t =5.71, p = 0.029; Cry2 during the day: 0.5 & 0.13, t = 8.66, p = 0.013).
Additionally, during the day and night, increments in the expression were observed in Bmal
(day: 1.30 £ 0.057, t = 5.196, p = 0.0351; night: 1.50 & 0.09, t = 5.77, p = 0.028) and Per1 (day:
1.29 £ 0.006, t = 44, p = 0.0005; night: 1.38 & 0.03, t = 11, p = 0.008). Finally, a decrement in
Cryl was only observed at night (0.50 £ 0.1, t = 5.00, p = 0.0377). The D2 receptor antagonist
increased the expression of Bmal, Per2, and Per3 during the day and night (Figure 5C).
The increment in the expression of Bmal at night was much higher than during the day
(during the day: 2.0 £ 0.20, t = 5.00, p = 0.0377; at night: 4.56 £ 0.63, t = 5.608, p = 0.030 with
respect to one, n = 3, one-sample f-test). On the other hand, increments in Per2 and Per3
were very similar for both determinations (Per2, day: 2 £ 0.115, t = 8.66, p = 0.0131 and
night: 2.33 4 0.29 t = 4.50, p = 0.0460 with respect to one; Per3, day: 2.033 & 0.20, t = 5.096,
p = 0.0364 and night: 2.367 + 0.272, t = 5.09, p = 0.0376, n = 3 vs. one; one-sample t-test).
Decrements were only found in Perl for both determinations during the day (0.48 £ 0.10,
t =4.42, p = 0.05) and night (0.50 £ 0.056, t = 5.06, p = 0.03).

4. Discussion

This study reveals the physiological rhythmic properties of the PWT of the spinal cord.
Additionally, we demonstrate that the dopaminergic A11 nuclei modulate the PWT rhythm
through the activity of the spinal D1-like and D2 receptors, and that A1l and spinal DR
modulate clock gene transcription in the spinal cord.

4.1. Rhythmicity of PWT in Normal Rats

Our results showed a circadian rhythm in the PWT of male Wistar naive rats (Figure 1A).
The daily changes in PWT had the characteristics of a circadian rhythm: a near-24 h period
with defined acrophase, amplitude, and mesor values. This was an authentic rhythm since it
was constant over time, as shown by the determination of very similar values of the period,
mesor amplitude, and acrophase one month later (Figure 1B,F-I). Some notable features of
circadian rthythm apply to PWT rhythmicity [38]. First, it persisted even in the continuous
darkness condition (Figure 1C) since no changes in the period or acrophase occurred
(Figure 1EI); however, the amplitude and mesor decreased (Figure 1G,H). These decrements
indicate that the PWT values are also determined by light exposure and controlled by the
suprachiasmatic nucleus (SCN) [39]. Second, although continuous darkness did not modify
the acrophase, shifting light onset increased it, indicating a phase dependence of the
circadian rhythm (Figure 1I). Third, after the reinstallation of light (after the continuous
darkness exposure period), the rhythmic parameters (period and acrophase) remained
near the control values (Figure 4F]). Significantly, the amplitude and mesor recovered,
reinforcing that light determines the threshold values. Changes observed during the four
experimental conditions of the PWT daily changes strengthen the assumption that the PWT
threshold has a circadian rhythm. Additionally, these findings indicate that circadian PWT
behavior is inherent in the spinal cord since rats evaluated a month after that had the same
rhythmic parameters. In addition, it could be proposed that the circadian rhythm of the
PWT is subjected to the SCN'’s influence since light shifting modifies SCN activity [40] and
changes the acrophase value, and the reinstallation of light after a DD period maintains
rhythmicity. This is a logical result because the organization of the biological systems in
mammalian rhythms is mainly controlled by the SCN [39], and the peripheral clock genes
outside the SCN have intrinsic activity; thus, they can independently maintain circadian
activities [1,9,41].

Rodents” motor activity has a circadian rhythm, with higher activity in the dark phase
and minor in the light [2]. We found that rats are more sensitive to mechanical stimulation
(lower PWT values) when they are more active than during the day when they are less
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active. This can sound paradoxical, but it could be expected if it is assumed that there is
a positive relationship between activity and high values of PWT. This is expected since
a correlation between activity and high values of PWT seems feasible. Hypersensitivity
during the night phase or around it has been observed in other modalities of perceptions,
particularly those related to pain; for example, thermal stimulation in the hot-plate test
elicits more sensible responses during the last hours of the night and first of the day
(4:30-11:30 h) [3]. Our experimental data indicate that higher values of PWT occur between
4:00 and 8:00, probably until 10:00 h. Likewise, others have reported more sensitivity to
thermal or chemical (1% formalin) stimuli in mice during the night [4,42,43]. Interestingly,
in the tail-flick test, pain sensitivity in C57BL/6 mice is higher at night, contrasting with
Swiss mice, which are the opposite [4]. In another report, ICR mice (Charles River Japan)
had no evident mechanonociception rhythmicity measured in control conditions with von
Frey filaments; however, after sciatic nerve ligature, PWT rhythmicity became evident with
higher values from dawn to noon (16 to 21 h) [44,45]. Although some of this evidence
came from mouse species, it reinforces the idea that genetic factors and environmental
and pathophysiological conditions are determinants of mechanonociception sensitivity
and rhythmicity.

Our results show that PWT values vary between 5 and 12 g. Interestingly, despite
having healthy rats, the PWT threshold reached values near those considered in a neuro-
pathic condition < 4 g [25]. Central and peripheral neuropathic pain has allodynia and
hyperalgesia as its hallmarks [46]. Hyperalgesia is an exacerbated response to increased
pain from a nociceptive stimulus, and allodynia is defined as the pain perception of a
nonpainful stimulus [47]. It has been demonstrated that rat and mouse neuropathic pain
models have rhythms with increased sensitivity during the day [45,48], unlike what was
observed in our experimental condition. Thus, we conclude that the rats used in this study
have mechanical hypersensitivity without allodynia with a circadian rhythm, but showed
no neuropathic pain condition. We conclude this because: first, our rats had lower values of
PWT in response to a mechanical stimulus but not at levels considered neuropathic, at least
in the normal condition [25]; second, our rats did not have a neuropathic pain condition
since they are healthy; and third, the PWT rhythmicity determined in our rats is contrary to
the PWT rhythmicity shown in neuropathic pain rodents [45].

4.2. Dopaminergic Dependence of PWT Rhythms and Their Threshold

It has been shown that the content of DA in different brain structures (retina, olfactory
bulb, midbrain, striatum, and hypothalamus, among others) has circadian rhythmicity.
Herein, DA content exhibits a peak during the day [49-54]; in contrast, changes in extracel-
lular DA concentration measured using microdialysis, particularly in the striatum, occur
at night [55-60]. Such differences between the content and extracellular content could
result from the activity of transporters [58] or DA utilization [61]. Since we cannot tech-
nically measure extracellular DA using microdialysis in the lumbar region, we measured
DA and its principal metabolite DOPAC to obtain an idea of a possible correlation of the
daily changes in DA and DOPAC contents with the changes in PWT in the lumbar region
(Figure 2). In our experimental conditions, as reported, DA content had a circadian rhythm,
with an acrophase at 17:00 h. This peak partially agrees with DA content reports in other
SNC areas and our previous report on the spinal cord [24], but does not correlate with the
rhythms of the PWT since acrophase is significantly higher (Figure 2D). Thus, it seems
that DA and DOPAC contents had a circadian rhythm that was out of phase concerning
the PWT rhythm. Nevertheless, DA turnover, evaluated as the ratio of DOPAC/DA, had
values of the acrophase, which were not different from the PWT acrophase (Figure 2D).
These turnover values have similar rhythmicity to those determinations reported upon
inhibition of TH in the Wistar rat brain, whose peaks occur between 12:30 and 16:30 h
during the day [61] and DOPAC/DA and whose ratios have higher values during the
day in the olfactory bulb [51]. Unfortunately, we cannot properly evaluate the correlation
of turnover and PWT rhythmic data by statistical means since the determination of DA
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and DOPAC contents was measured at different times. However, we think that the cor-
respondence of the rhythmicity of both parameters strongly suggests that the high PWT
values correlate with a higher DA turnover. The high turnover values near 12 h (Figure 2C),
in correspondence with the higher PWT values (Figure 1A), indicate a lack of acrophase
differences (Figure 2D) and are in line with the antinociceptive effect of DA [16,19]. There is
strong evidence of a descending dopaminergic pathway to the lumbar spinal cord from the
A11 area [11-15]. Thus, as expected, selective 6-OHDA injections in the A1l area decrease
TH-positive elements (Figure 3A,B [62]) and significantly reduce the DA content in the
lumbar spinal cord (Figure 3C [63]).

Two main functions have been attributed to the A1l area’s descending innervation to
the spinal cord. One is related to motor locomotion, and the other to pain perception. DA
contributes to locomotor activity modulating the activity of CPG networks [64]. DA and D1-
like receptor activation is enough to promote locomotor activity in rats [65]. Additionally,
D2 receptors can decrease the efficacy of recurrent collateral feedback from motoneurons
affecting CPG circuits. DA can potentiate network activity while simultaneously reducing
the gain of recurrent excitatory feedback loops from motoneurons onto the network [66]. In
fact, the optogenetic stimulation of A11 vGAT and vGluT2 dopaminergic neurons initiates
and modulates locomotion. DA, through D1/D5 receptors, enhance stability, whereas
D2, D3, and D4 slow the rhythm [67,68]. On this basis, one could expect that the A1l
lesion decreases locomotor activity; however, the 6-OHDA lesion induced an increment
in locomotor activity, particularly in the traveled distance [63]. Thus, changes in PWT
values cannot be related to immobility or, most probably, to the activity of DR differentially
distributed across the transverse spinal cord. D2-like receptors are distributed mainly in
lamina I-III of the dorsal horn, where they mediate antinociceptive effects, and D1-like
receptors are most strongly expressed in the ventral horn where motor circuits reside [17].
However, the D2-mediated inhibition of primary afferents and postsynaptic neurons in the
substantia gelatinosa indicates that the anti-nociceptive effect occurs at the dorsal horn,
which could activate motor circuits to promote motor function [69].

An interesting finding in our research is the notable effect exerted by the A1l lesion
on PWT rhythmicity and values, as shown in Figure 3D, all day long. PWT values move
to tactile allodynia, and no rhythmic parameters can be adjusted. These findings indicate
the dopaminergic regulation of PWT circadian rhythm and, as expected, its value in the
A1l area. The principle of PWT rhythmicity and the modulation of its sensitivity by the
dopaminergic neurons of the A1l area are undoubtedly related to its function as a sensory
system that selectively responds to mechanosensitive and visual stimulation [70], whose
projections to the spinal cord are modulated by DR mechanoreceptive afferents [21]. Recent
data indicate a differential role of dorsal horn neurons in the generation of allodynia.
Calretinin (CR) neurons in the lamina II inner convey mechanical allodynia induced by
inflammatory injuries, while protein kinase C gamma (PKCy) neurons at the lamina II/I1I
border convey mechanical allodynia induced by neuropathic injuries. Cholecystokinin
(CCK) neurons located deeper within the dorsal horn (laminae III-IV) are key for both types
of injury [71]. Although the A1l area lesion is not a proper spinal cord injury, the lack of
DA possibly determines the modification of one of these circuits. If we consider that DA
denervation can be taken as a spinal injury due to the decrement of dopaminergic axons
onto mechanonociceptive neurons, then the PKCy neurons are an excellent candidate to
study the action of DA in these neurons.

The literature data also indicate that tonic dopaminergic activity has an antinociceptive
role in the lumbar spinal cord and in other areas [16] or other pain modalities such as
trigeminal analgesia [72] and migraine [14] related to the A1l area. Interestingly, a 6-OHDA
lesion of the A1l area has been proposed as a Restless Legs Syndrome (RLS) model [62],
an entity with circadian rhythms in its symptomatology [73] and in which there is a
prominent role of DA [74,75]. Patients with this disease suffer an unpleasant component
attributed to dysfunction of the intrinsic antinociceptive mechanism [76]. In addition, RLS
patients show mechanical hyperalgesia but not allodynia [76]; thus, our data could suggest
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that tactile hyperalgesia after the A1l lesion could result from the dysfunction of DA
action on the projection areas of A11 dopaminergic neurons. In summary, dopaminergic
All-area neurons projecting to the spinal cord modulate the threshold and rhythmicity
of mechanonociception.

4.3. Role of D1-like and D2 Receptors on PWT Values and Its Rhythmicity

In this study, we analyzed the effect of the lumbar blockade of D1-like and D2 receptors
to determine if the A1l lesion effect is due to a loss of function in the DR. Although both
receptors decreased PWT values near allodynia, they turned openly allodynic at some time
points of the day (Figure 4). Still, the effect was different concerning the PWT circadian
rhythm. D2 blockade decreased the values of amplitude and mesor but retained the period
and acrophase values. In contrast, the D1-like receptor blockade had a lower amplitude,
mesor, period, and acrophase than previous normal conditions.

Significant evidence supports the expression, particularly in the dorsal horn of the
spinal cord, of the D1-like and D2 receptors [17]. The low PWT values observed after the
intrathecal administration of SCH-23390, a D1-like antagonist, suggest the modulation
of PWT at two levels—one at the PWT value and the other at the circadian rhythm level.
According to our data, D1-like receptors seem to have an anti-mechanical hypersensitivity
or anti-hyperalgesic role in this typical condition. Some electrophysiological and behavioral
evidence favors a pro-hypersensitivity and -hyperalgesia role of D1 receptors in the spinal
cord. D1-like receptors produce LTP on C fibers through cAMP, which could contribute to
hyperalgesia via an intense noxious stimulatory stimulus [77]. In line with the hyperalgesic
role, lumbar D5 receptors induced mechanical hypersensitivity [78,79]. However, it should
be considered that this effect occurs in models in which pain priming was previously
induced, suggesting a role in pain development and maintenance. On the other hand,
DA via D1 receptors depresses slow ventral root potential [80] by acting on interneurons;
accordingly, it could be expected to have an analgesic effect. Thus, the action of D1-
like receptors in pain seems complex and probably happens in the same way with the
modulation of mechanonociception. More research is necessary to clarify their role in both
entities properly.

Several studies indicate an analgesic role of D2 receptors in the spinal cord, particularly
in mechanonociception [81]. For example, the D2 receptor agonist, iontophoretically
applied, prevents an inhibitory response to nociceptive stimuli in spinothalamic, spino-
mesencephalic, and spino-cervical neurons [19], and also inhibits substantia gelatinosa
neurons [69]. Moreover, the D2-like receptor agonist quinpirole intrathecally increases
PWT in normal rats, indicating an antimechanonociceptive effect in normal rats [82]. Thus,
contrary to the D1-like receptor, the D2 receptor has a modulatory anti-hypersensitive
mechanonociception role in line with antinociceptive action. As L 745,626 mainly has an
effect on D2 and D3 receptors that have been involved in pain perception, the relative
contribution to the rhythmicity and threshold of mechanonociception of subtypes of the
D2-like receptor should be explored. Recent evidence indicates that D4 receptors in primary
Ad and C fibers decrease EPSC inhibition of the proprioceptive signal [83]; thus, D4R also
needs to be explored. Interestingly, the D2-like decrement in high-voltage Ca?* currents in
DGR neurons is mediated by D4 receptors [84].

Interestingly, a recent study showed that in a neuropathic pain model, the blockade of
D1 and D2 receptors (separately) inhibits the D1-D2R dimer complex, producing mechani-
cal hypersensitivity [85]. Despite the implication of neuropathic pain, this fact suggests a
synergistic role of D1 and D2 receptors in altered mechanonociception during pain. Thus,
such synergistic action may occur in normal conditions. Additionally, in the pineal gland,
variations in D4 and adrenergic receptor heteromerization modulate circadian variations in
melatonin synthesis and release [86]. Thus, it is possible that circadian variations in D1-D2
receptor dimerization modulate PWT rhythms. The A11 6-OHDA lesion seems to reflect
changes in PWT values via the lack of activity of D1 and D2 receptors.
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Our results show that the lesion of dopaminergic A1l neurons modifies the tran-
scription profile of several spinal clock genes, including the primary genes that regulate
circadian rhythms—Clock, Bmal, Per1, Per2, Per3, Cryl, and Cry2—especially during the
night phase when PWT values are lower (Figure 1A). These results suggest that the integrity
of the A1l neurons is not only needed to preserve the expression of the spinal clock genes,
but also, in turn, to maintain the circadian rhythm parameters of mechanonociception. The
intracerebroventricular injection of 6-OHDA in rats disrupts Per2 expression (blunted) in
the rat forebrain [87]. Similarly, in intrastriatal 6-OHDA-treated rats and an MPTP mouse
model lesioned in the substantia nigra, altered expression of the circadian rhythms of Clock,
Bmal, Per, and Cry were reported in the SCN and striatum [88,89]. These data indicate that
in several brain areas, the loss of DA action modifies the expression and rhythms of clock
genes; thus, this is the same with respect to the spinal cord and its dopaminergic innervation
from the A11 area. These effects of DA on clock gene expression can be related to altered
mechanonociception in RLS [75]. Similarly, clock gene alteration in Parkinson’s disease,
produced by the loss of DA, might contribute to the development in the symptomatology
of the condition via altered circadian rhythms [90].

In the SCN [91], D1 receptor activation affects clock genes differently. It increases
Per2 and Clock and decreases Perl and Bmal during the day; at night, it increases Per2 and
reduces Per1, Clock, and Bmal. 1t is expected that the blockade of D1 receptors produces
opposite effects. In the lumbar region, we found that the D1-like antagonist, during the day,
decreases Per2, Clock, and Cry2 and increases Perl and Bmal, whereas at night, it decreases
Per2, Clock, and Cry1 and increases Bmal and Per1. This is almost a mirror image concerning
the SCN, except for the Clock gene, but it indicates that the D1 receptor modulation of clock
gene expression occurs similarly to in the SCN. In the SCN, the changes in these clock
genes are related to motor activity [91]; in the lumbar region, the D1 receptor modulation
of gene expression in the lumbar region is associated with PWT rhythm and its value. In
our data, the altered expression observed in Clock, Bmal, and Per1 could be related to the
shortness of the period and acrophase since the effect was not observed with the D2 receptor
blockade, where no changes in Clock were found. There, the rhythmic parameters period
and acrophase were maintained. Thus, the D1 receptor, through regulation of this clock
gene, determines the period of the rhythmic oscillation of PWT, whereas the regulation of
the mechanoreceptive afferent signals the PWT values.

In the case of D2 receptors, a decrease in Clock, Perl, and increments in Per2 in the
striatum have been reported [6,7]. On the other hand, D2 receptors increase Bmal, Clock, and
Per1 expression in the retina [8]; thus, changes in clock genes due to D2 receptors depend
on the studied region. Considering that the blockade of D2 receptors should produce the
opposite of activation, we can propose that D2 receptors decrease Bmal, Per2, and Per3 and
increase Per1 throughout the day. D2 receptor signaling enhances the transcriptional activity
of the Clock-Bmal complex via MAPK in the retina, which induces Perl transcription
by relieving the Cryl repression of Clock [8]. Thus, in our experimental conditions, the
D2 receptor blockade could decrease the transcriptional activity of the complex and the
expression of Per1. Similarly, in the striatum, endogenous DA via daily activation of D2
receptors regulates Per2 expression at night [7], indicating that D2 receptors modulate clock
Per gene expression. Morioka et al. [1] showed that the downregulation of the Per] gene
in the spinal dorsal horn in astrocytes and neurons leads to mechanical hyperalgesia via
JNK and CCL2 production. In our study, the D2 receptor blockade produces a decrement
in the expression of Perl. Thus, mechanical hyperalgesia, shown by the low values of PWT
after the D2 blockade, could be caused by the change in Perl expression and its effects
on JNK signaling. Additionally, the lack of changes in Clock gene expression could be
related to the maintenance of the period and acrophase. More research is necessary to
establish the precise relationship between DR activity and functional changes. Moreover,
since changes in clock gene activity modify dopaminergic transmission [10], there is a
reciprocal regulation of both systems, which should be considered. Thus, DR modulates
PWT rhythmic activity throughout the modulation of clock gene expression.
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5. Conclusions

Our study showed a circadian rhythm in the mechanonociception modulated by
DA D1 and D2 receptors, activated by dopaminergic afferents from the A11 nuclei. This
regulation could be relevant for RLS.

Author Contributions: Conceptualization, C.P--L., J.A.G.-B. and B.F.-G.; methodology, C.P-L.,R.D.-L,,
V.G.-S.,, M.R.-S,, E.B.Z. and G.C.V.-C,; software, L.R.-S.; validation, C.P--L., B.E-G. and J.A.G.-B.; for-
mal analysis, C.P-L. and M.L.-L.; investigation, C.P.-L.; resources, B.E-G.; data curation, L.R.-S.
and B.F.-G.; writing—original draft preparation, C.P.-L.; writing—review and editing, L.R.-S., L].-E.,
V.G.-5,, J.A.G.-B. and B.F.--G,; visualization, C.P-L.; supervision, B.F-G. and ].A.G.-B.; project adminis-
tration, J].A.G.-B.; funding acquisition J.A.G.-B. All authors have read and agreed to the published
version of the manuscript.

Funding: ISSSTE funded the APC with grant number RPI-033.2015 and institutional funding of
CINVESTAV to FGB.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data are available from the corresponding author upon reason-
able request.

Acknowledgments: The authors would like to acknowledge Samuel Gabriel Horta Mendoza (Head
of the Hospital Regional “Primero de Octubre”) for providing the necessary laboratory facilities for
the study, and Guadalupe C. Vidal Cantu for her assistance in the mechanical allodynia experiments.
Celia Pifia-Leyva and Manuel Lara-Lozano were recipients of scholarships from CONACYT (Mexico).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

Morioka, N.; Saeki, M.; Sugimoto, T.; Higuchi, T.; Zhang, EF.; Nakamura, Y.; Hisaoka-Nakashima, K.; Nakata, Y. Downregulation
of the spinal dorsal horn clock gene Perl expression leads to mechanical hypersensitivity via c5jun N-terminal kinase and CCL2
production in mice. Mol. Cell. Neurosci. 2016, 72, 72-83. [CrossRef]

Gaudet, A.D.; Fonken, L.K.; Ayala, M.T.; Bateman, E.M.; Schleicher, W.E.; Smith, E.J.; D’Angelo, H.M.; Maier, S.F.; Watkins, L.R.
Spinal Cord Injury in Rats Disrupts the Circadian System. eNeuro 2018, 5, ENEURO.0328-18.2018. [CrossRef]

Frederickson, R.C.A.; Burgis, V.; Edwards, ].D. Hyperalgesia Induced by Naloxone Follows Diurnal Rhythm in Responsivity to
Painful Stimuli. Science 1977, 198, 756-758. [CrossRef]

Castellano, C.; Puglisi-Allegra, S.; Renzi, P; Oliverio, A. Genetic differences in daily rhythms of pain sensitivity in mice.
Pharmacol. Biochem. Behav. 1985, 23, 91-92. [CrossRef]

Brewer, K.L.; Baran, C.A.; Whitfield, B.R.; Jensen, A.M.; Clemens, S. Dopamine D3 receptor dysfunction prevents anti-nociceptive
effects of morphine in the spinal cord. Front. Neural Circuits 2014, 8, 62. [CrossRef]

Imbesi, M.; Yildiz, S.; Arslan, A.D.; Sharma, R.; Manev, H.; Uz, T. Dopamine receptor-mediated regulation of neuronal “clock”
gene expression. Neuroscience 2009, 158, 537-544. [CrossRef]

Hood, S.; Cassidy, P.; Cossette, M.-P.; Weigl, Y.; Verwey, M.; Robinson, B.; Stewart, J.; Amir, S. Endogenous Dopamine Regulates
the Rhythm of Expression of the Clock Protein PER2 in the Rat Dorsal Striatum via Daily Activation of D2 Dopamine Receptors.
J. Neurosci. 2010, 30, 14046-14058. [CrossRef]

Yujnovsky, I.; Hirayama, J.; Doi, M.; Borrelli, E.; Sassone-Corsi, P. Signaling mediated by the dopamine D2 receptor potentiates
circadian regulation by CLOCK:BMALL. Proc. Natl. Acad. Sci. USA 2006, 103, 6386—6391. [CrossRef]

Pozdeyev, N.; Tosini, G.; Li, L.; Ali, E; Rozov, S.; Lee, R.H.; Iuvone, PM. Dopamine modulates diurnal and circadian rhythms of
protein phosphorylation in photoreceptor cells of mouse retina. Eur. J. Neurosci. 2008, 27, 2691-2700. [CrossRef]

Verwey, M.; Dhir, S.; Amir, S. Circadian influences on dopamine circuits of the brain: Regulation of striatal rhythms of clock gene
expression and implications for psychopathology and disease. F1000Research 2016, 5, 2062. [CrossRef]

Puopolo, M. The hypothalamic-spinal dopaminergic system: A target for pain modulation. Neural Regen. Res. 2019, 14, 925-930.
[CrossRef] [PubMed]

Pappas, S.S.; Behrouz, B.; Janis, K.L.; Goudreau, J.L.; Lookingland, K.J. Lack of D2 receptor mediated regulation of dopamine
synthesis in A11 diencephalospinal neurons in male and female mice. Brain Res. 2008, 1214, 1-10. [CrossRef] [PubMed]
Barraud, Q.; Obeid, I.; Aubert, I; Barriére, G.; Contamin, H.; McGuire, S.; Ravenscroft, P.; Porras, G.; Tison, E; Bézard, E.; et al.
Neuroanatomical Study of the A1l Diencephalospinal Pathway in the Non-Human Primate. PLoS ONE 2010, 5, €13306. [CrossRef]


http://doi.org/10.1016/j.mcn.2016.01.007
http://doi.org/10.1523/ENEURO.0328-18.2018
http://doi.org/10.1126/science.561998
http://doi.org/10.1016/0091-3057(85)90135-2
http://doi.org/10.3389/fncir.2014.00062
http://doi.org/10.1016/j.neuroscience.2008.10.044
http://doi.org/10.1523/JNEUROSCI.2128-10.2010
http://doi.org/10.1073/pnas.0510691103
http://doi.org/10.1111/j.1460-9568.2008.06224.x
http://doi.org/10.12688/f1000research.9180.1
http://doi.org/10.4103/1673-5374.250567
http://www.ncbi.nlm.nih.gov/pubmed/30761995
http://doi.org/10.1016/j.brainres.2008.03.010
http://www.ncbi.nlm.nih.gov/pubmed/18462709
http://doi.org/10.1371/journal.pone.0013306

Life 2022, 12, 1411 19 of 21

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.
26.
27.
28.
29.
30.
31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

Charbit, A.R.; Akerman, S.; Holland, P.; Goadsby, P.J. Neurons of the Dopaminergic/Calcitonin Gene-Related Peptide A11 Cell
Group Modulate Neuronal Firing in the Trigeminocervical Complex: An Electrophysiological and Immunohistochemical Study.
J. Neurosci. 2009, 29, 12532-12541. [CrossRef]

Koblinger, K.; Fuzesi, T.; Ejdrygiewicz, J.; Krajacic, A.; Bains, J.S.; Whelan, PJ. Characterization of A11 Neurons Projecting to the
Spinal Cord of Mice. PLoS ONE 2014, 9, €109636. [CrossRef] [PubMed]

Taniguchi, W.; Nakatsuka, T.; Miyazaki, N.; Yamada, H.; Takeda, D.; Fujita, T.; Kumamoto, E.; Yoshida, M. In vivo patch-clamp
analysis of dopaminergic antinociceptive actions on substantia gelatinosa neurons in the spinal cord. Pain 2011, 152, 95-105.
[CrossRef] [PubMed]

Zhu, H.; Clemens, S.; Sawchuk, M.; Hochman, S. Expression and distribution of all dopamine receptor subtypes (D1-D5) in
the mouse lumbar spinal cord: A real-time polymerase chain reaction and non-autoradiographic in situ hybridization study.
Neuroscience 2007, 149, 885-897. [CrossRef]

Ozawa, H.; Yamaguchi, T.; Hamaguchi, S.; Yamaguchi, S.; Ueda, S. Three Types of A11 Neurons Project to the Rat Spinal Cord.
Neurochem. Res. 2017, 42, 2142-2153. [CrossRef]

Fleetwood-Walker, S.M.; Hope, PJ.; Mitchell, R. Antinociceptive actions of descending dopaminergic tracts on cat and rat dorsal
horn somatosensory neurones. J. Physiol. 1988, 399, 335-348. [CrossRef]

Kim, R.; Reed, M.C. A mathematical model of circadian rhythms and dopamine. Theor. Biol. Med Model. 2021, 18, 8. [CrossRef]
Li, C; Liu, S.; Lu, X,; Tao, F. Role of Descending Dopaminergic Pathways in Pain Modulation. Curr. Neuropharmacol. 2019, 17,
1176-1182. [CrossRef] [PubMed]

Clemens, S.; Sawchuk, M.; Hochman, S. Reversal of the circadian expression of tyrosine-hydroxylase but not nitric oxide synthase
levels in the spinal cord of dopamine D3 receptor knockout mice. Neuroscience 2005, 133, 353-357. [CrossRef] [PubMed]

Cahill, A.L.; Ehret, C.E Circadian Variations in the Activity of Tyrosine Hydroxylase, Tyrosine Aminotransferase, and Tryptophan
Hydroxylase: Relationship to Catecholamine Metabolism. J. Neurochem. 1981, 37, 1109-1115. [CrossRef] [PubMed]
Jiménez-Zarate, B.S.; Pifia-Leyva, C.; Rodriguez-Sdnchez, M.; Floran-Garduifio, B.; Jiménez-Zamudio, L.A.; Jiménez-Estrada, I.
Day-Night Variations in the Concentration of Neurotransmitters in the Rat Lumbar Spinal Cord. J. Circadian Rhythm. 2021, 19, 9.
[CrossRef]

Chaplan, S.R.; Bach, EW.,; Pogrel, ] W.; Chung, ].M.; Yaksh, T.L. Quantitative assessment of tactile allodynia in the rat paw.
J. Neurosci. Methods 1994, 53, 55-63. [CrossRef]

Bonin, R.P; Bories, C.; De Koninck, Y. A Simplified Up-Down Method (SUDO) for Measuring Mechanical Nociception in Rodents
Using von Frey Filaments. Mol. Pain 2014, 10, 26. [CrossRef]

Lolignier, S.; Eijkelkamp, N.; Wood, J.N. Mechanical allodynia. Pflugers Arch. 2015, 467, 133-139. [CrossRef]

Paxinos, G.; Watson, C. The Rat Brain in Stereotaxic Coordinates: Hard Cover Edition; Elsevier: Amsterdam, The Netherlands, 2006.
Slattery, D.; Hudson, A.; Nutt, D. Invited review: The evolution of antidepressant mechanisms. Fundam. Clin. Pharmacol. 2004, 18,
1-21. [CrossRef]

Zimmermann, M. Ethical guidelines for investigations of experimental pain in conscious animals. Pain 1983, 16, 109-110.
[CrossRef]

Niklaus, S.; Albertini, S.; Schnitzer, T.K.; Denk, N. Challenging a Myth and Misconception: Red-Light Vision in Rats. Animals
2020, 10, 422. [CrossRef]

Quiréz-Gonzalez, S.; Escartin-Pérez, R.E.; Paz-Bermudez, F.; Segura-Alegria, B.; Reyes-Legorreta, C.; Guadarrama-Olmos, ].C.;
Floran-Gardufio, B.; Jiménez-Estrada, I. Endogenous Content and Release of [3H]-GABA and [3H]-Glutamate in the Spinal Cord
of Chronically Undernourished Rat. Neurochem. Res. 2013, 38, 23-31. [CrossRef]

Rodriguez-Sanchez, M.; Escartin-Pérez, R.E.; Leyva-Gomez, G.; Avalos-Fuentes, J.A.; Paz-Bermudez, FJ.; Loya-Lépez, S.I;
Aceves, ].; Erlij, D.; Cortés, H.; Floran, B. Blockade of Intranigral and Systemic D3 Receptors Stimulates Motor Activity in the Rat
Promoting a Reciprocal Interaction among Glutamate, Dopamine, and GABA. Biomolecules 2019, 9, 511. [CrossRef]

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(—Delta Delta
C(T)) Method. Methods 2001, 25, 402-408. [CrossRef]

Mestre, C.; Pélissier, T.; Fialip, J.; Wilcox, G.; Eschalier, A. A method to perform direct transcutaneous intrathecal injection in rats.
J. Pharmacol. Toxicol. Methods 1994, 32, 197-200. [CrossRef]

Paul, T.; Lemmer, B. Disturbance of Circadian Rhythms in Analgosedated Intensive Care Unit Patients with and without
Craniocerebral Injury. Chronobiol. Int. 2007, 24, 45-61. [CrossRef]

Rodriguez-Sosa, L.; Calderén-Rosete, G.; Calvillo, M.E.; Guevara, J.; Flores, G. Dopaminergic modulation of the caudal photore-
ceptor in crayfish. Synapse 2011, 65, 497-504. [CrossRef]

Vitaterna, M.H.; Takahashi, ].S.; Turek, EW. Overview of Circadian Rhythms. Alcohol Res. Health ]. Natl. Inst. Alcohol Abus. Alcohol.
2001, 25, 85-93.

Kwon, I; Choe, HK.; Son, G.H.; Kim, K. Mammalian Molecular Clocks. Exp. Neurobiol. 2011, 20, 18-28. [CrossRef] [PubMed]
Meijer, J.; Watanabe, K.; Détari, L.; Schaap, J. Circadian rhythm in light response in suprachiasmatic nucleus neurons of freely
moving rats. Brain Res. 1996, 741, 352-355. [CrossRef]

Granados-Fuentes, D.; Prolo, L.M.; Abraham, U.; Herzog, E. The Suprachiasmatic Nucleus Entrains, But Does Not Sustain,
Circadian Rhythmicity in the Olfactory Bulb. J. Neurosci. 2004, 24, 615-619. [CrossRef]


http://doi.org/10.1523/JNEUROSCI.2887-09.2009
http://doi.org/10.1371/journal.pone.0109636
http://www.ncbi.nlm.nih.gov/pubmed/25343491
http://doi.org/10.1016/j.pain.2010.09.034
http://www.ncbi.nlm.nih.gov/pubmed/21050660
http://doi.org/10.1016/j.neuroscience.2007.07.052
http://doi.org/10.1007/s11064-017-2219-7
http://doi.org/10.1113/jphysiol.1988.sp017084
http://doi.org/10.1186/s12976-021-00139-w
http://doi.org/10.2174/1570159X17666190430102531
http://www.ncbi.nlm.nih.gov/pubmed/31182003
http://doi.org/10.1016/j.neuroscience.2005.03.002
http://www.ncbi.nlm.nih.gov/pubmed/15878801
http://doi.org/10.1111/j.1471-4159.1981.tb04660.x
http://www.ncbi.nlm.nih.gov/pubmed/6117601
http://doi.org/10.5334/jcr.215
http://doi.org/10.1016/0165-0270(94)90144-9
http://doi.org/10.1186/1744-8069-10-26
http://doi.org/10.1007/s00424-014-1532-0
http://doi.org/10.1111/j.1472-8206.2004.00195.x
http://doi.org/10.1016/0304-3959(83)90201-4
http://doi.org/10.3390/ani10030422
http://doi.org/10.1007/s11064-012-0881-3
http://doi.org/10.3390/biom9100511
http://doi.org/10.1006/meth.2001.1262
http://doi.org/10.1016/1056-8719(94)90087-6
http://doi.org/10.1080/07420520601142569
http://doi.org/10.1002/syn.20866
http://doi.org/10.5607/en.2011.20.1.18
http://www.ncbi.nlm.nih.gov/pubmed/22110358
http://doi.org/10.1016/S0006-8993(96)01091-8
http://doi.org/10.1523/JNEUROSCI.4002-03.2004

Life 2022, 12, 1411 20 of 21

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Kubynin, A.N.; Ignatov Iu, D. Study of chronobiological parameters of pain sensitivity in rats and mice. Biull. Eksp. Biol. Med.
1995, 119, 537-540. [CrossRef] [PubMed]

Rosenfeld, J.P; Rice, P.E. Diurnal rhythms in nociceptive thresholds of rats. Physiol. Behav. 1979, 23, 419-420. [CrossRef]
Kusunose, N.; Koyanagi, S.; Hamamura, K.; Matsunaga, N.; Yoshida, M.; Uchida, T.; Tsuda, M.; Inoue, K.; Ohdo, S. Molecular
Basis for the Dosing Time-Dependency of Anti-Allodynic Effects of Gabapentin in a Mouse Model of Neuropathic Pain. Mol. Pain
2010, 6, 83. [CrossRef] [PubMed]

Koyanagi, S.; Kusunose, N.; Taniguchi, M.; Akamine, T.; Kanado, Y.; Ozono, Y.; Masuda, T.; Kohro, Y.; Matsunaga, N.;
Tsuda, M.; et al. Glucocorticoid regulation of ATP release from spinal astrocytes underlies diurnal exacerbation of neuropathic
mechanical allodynia. Nat. Commun. 2016, 7, 13102. [CrossRef]

Woolf, C.J.; Mannion, R.J. Neuropathic pain: Aetiology, symptoms, mechanisms, and management. Lancet 1999, 353, 1959-1964.
[CrossRef]

Burish, M.].; Chen, Z.; Yoo, S.-H. Emerging relevance of circadian rhythms in headaches and neuropathic pain. Acta Physiol. 2019,
225, e13161. [CrossRef]

Xia, T.; Cui, Y; Qian, Y.; Chu, S.; Song, J.; Gu, X.; Ma, Z. Regulation of the NR2B-CREB-CRTC1 Signaling Pathway Contributes to
Circadian Pain in Murine Model of Chronic Constriction Injury. Anesth. Analg. 2016, 122, 542-552. [CrossRef]

Wirz-Justice, A.; Da Prada, M.; Remé, C. Circadian rhythm in rat retinal dopamine. Neurosci. Lett. 1984, 45, 21-25. [CrossRef]
Doyle, S.E.; Mclvor, W.E.; Menaker, M. Circadian rhythmicity in dopamine content of mammalian retina: Role of the photorecep-
tors. J. Neurochem. 2002, 83, 211-219. [CrossRef]

Corthell, ].; Stathopoulos, A.; Watson, C.; Bertram, R.; Trombley, P. Olfactory bulb monoamine concentrations vary with time of
day. Neuroscience 2013, 247, 234-241. [CrossRef]

Sellix, M.; Egli, M.; Poletini, M.; McKee, D.T.; Bosworth, M.D.; Fitch, C.A.; Freeman, M.E. Anatomical and functional charac-
terization of clock gene expression in neuroendocrine dopaminergic neurons. Am. J. Physiol. Integr. Comp. Physiol. 2006, 290,
R1309-R1323. [CrossRef] [PubMed]

Khaldy, H.; Ledn, J.; Escames, G.; Bikjdaouene, L.; Garcia, J.J.; Acufia-Castroviejo, D. Circadian Rhythms of Dopamine and
Dihydroxyphenyl Acetic Acid in the Mouse Striatum: Effects of Pinealectomy and of Melatonin Treatment. Neuroendocrinology
2002, 75, 201-208. [CrossRef] [PubMed]

Schade, R.; Vick, K.; Sohr, R; Ott, T.; Pfister, C.; Bellach, J.; Mattes, A.; Lemmer, B. Correlative circadian rhythms of cholecystokinin
and dopamine content in nucleus accumbens and striatum of rat brain. Behav. Brain Res. 1993, 59, 211-214. [CrossRef]

Paulson, P.E.; Robinson, T.E. Relationship between circadian changes in spontaneous motor activity and dorsal versus ventral
striatal dopamine neurotransmission assessed with on-line microdialysis. Behav. Neurosci. 1994, 108, 624-635. [CrossRef]

Smith, M.D.; Shearer, M.G.; Srivastava, S.; Scott, R.; Courtney, ].M. Quantitative evaluation of the growth of established cell lines
on the surface of collagen, collagen composite and reconstituted basement membrane. Urol. Res. 1992, 20, 285-288. [CrossRef]
[PubMed]

Castafieda, T.R.; de Prado, B.M.; Prieto, D.; Mora, F. Circadian rhythms of dopamine, glutamate and GABA in the striatum and
nucleus accumbens of the awake rat: Modulation by light. J. Pineal Res. 2004, 36, 177-185. [CrossRef]

Ferris, M.].; Espaiia, R.A.; Locke, J.L.; Konstantopoulos, ].K.; Rose, ].H.; Chen, R.; Jones, S.R. Dopamine transporters govern
diurnal variation in extracellular dopamine tone. Proc. Natl. Acad. Sci. USA 2014, 111, E2751-E2759. [CrossRef]

O’Neill, R; Fillenz, M. Simultaneous monitoring of dopamine release in rat frontal cortex, nucleus accumbens and striatum:
Effect of drugs, circadian changes and correlations with motor activity. Neuroscience 1985, 16, 49-55. [CrossRef]

Bhaskaran, D.; Radha, E. Circadian variations in the monoamine levels and monoamine oxidase activity in different regions of
the rat brain as a function of age. Exp. Gerontol. 1984, 19, 153-170. [CrossRef]

Lemmer, B.; Berger, T. Diurnal rhythm in the central dopamine turnover in the rat. Naunyn-Schmiedebergs Arch. Exp. Pathol.
Pharmakol. 1978, 303, 257-261. [CrossRef]

Ondo, W.G; He, Y,; Bs, S.R.; Le, W. Clinical correlates of 6-hydroxydopamine injections into A11 dopaminergic neurons in rats: A
possible model for restless legs syndrome? Mov. Disord. 2000, 15, 154-158. [CrossRef]

Zhao, H.; Zhu, W,; Pan, T; Xie, W.; Zhang, A.; Ondo, W.G.; Le, W. Spinal cord dopamine receptor expression and function in mice
with 6-OHDA lesion of the A1l nucleus and dietary iron deprivation. J. Neurosci. Res. 2007, 85, 1065-1076. [CrossRef] [PubMed]
Sharma, S.; Kim, L.H.; Whelan, PJ. Towards a connectome of descending commands controlling locomotion. Curr. Opin. Physiol.
2019, 8, 70-75. [CrossRef]

Sharples, S.; Koblinger, K.; Humphreys, ]. M.; Whelan, PJ. Dopamine: A parallel pathway for the modulation of spinal locomotor
networks. Front. Neural Circuits 2014, 8, 55. [CrossRef] [PubMed]

Humphreys, ].M.; Whelan, P.J. Dopamine exerts activation-dependent modulation of spinal locomotor circuits in the neonatal
mouse. J. Neurophysiol. 2012, 108, 3370-3381. [CrossRef]

Clemens, S.; Belin-Rauscent, A.; Simmers, J.; Combes, D. Opposing modulatory effects of D1- and D2-like receptor activation on a
spinal central pattern generator. J. Neurophysiol. 2012, 107, 2250-2259. [CrossRef]

Koblinger, K.; Jean-Xavier, C.; Sharma, S.; Fiizesi, T.; Young, L.; Eaton, S.E.A.; Kwok, C.H.T.; Bains, ].S.; Whelan, P.J. Optogenetic
Activation of A1l Region Increases Motor Activity. Front. Neural Circuits 2018, 12, 86. [CrossRef]

Tamae, A.; Nakatsuka, T.; Koga, K.; Kato, G.; Furue, H.; Katafuchi, T.; Yoshimura, M. Direct inhibition of substantia gelatinosa
neurones in the rat spinal cord by activation of dopamine D2-like receptors. J. Physiol. 2005, 568, 243-253. [CrossRef]


http://doi.org/10.1007/BF02543447
http://www.ncbi.nlm.nih.gov/pubmed/7579255
http://doi.org/10.1016/0031-9384(79)90391-3
http://doi.org/10.1186/1744-8069-6-83
http://www.ncbi.nlm.nih.gov/pubmed/21108841
http://doi.org/10.1038/ncomms13102
http://doi.org/10.1016/S0140-6736(99)01307-0
http://doi.org/10.1111/apha.13161
http://doi.org/10.1213/ANE.0000000000000991
http://doi.org/10.1016/0304-3940(84)90323-9
http://doi.org/10.1046/j.1471-4159.2002.01149.x
http://doi.org/10.1016/j.neuroscience.2013.05.040
http://doi.org/10.1152/ajpregu.00555.2005
http://www.ncbi.nlm.nih.gov/pubmed/16373438
http://doi.org/10.1159/000048238
http://www.ncbi.nlm.nih.gov/pubmed/11914592
http://doi.org/10.1016/0166-4328(93)90168-P
http://doi.org/10.1037/0735-7044.108.3.624
http://doi.org/10.1007/BF00300260
http://www.ncbi.nlm.nih.gov/pubmed/1509635
http://doi.org/10.1046/j.1600-079X.2003.00114.x
http://doi.org/10.1073/pnas.1407935111
http://doi.org/10.1016/0306-4522(85)90046-6
http://doi.org/10.1016/0531-5565(84)90034-2
http://doi.org/10.1007/BF00498052
http://doi.org/10.1002/1531-8257(200001)15:1&lt;154::AID-MDS1025&gt;3.0.CO;2-Q
http://doi.org/10.1002/jnr.21207
http://www.ncbi.nlm.nih.gov/pubmed/17342757
http://doi.org/10.1016/j.cophys.2018.12.005
http://doi.org/10.3389/fncir.2014.00055
http://www.ncbi.nlm.nih.gov/pubmed/24982614
http://doi.org/10.1152/jn.00482.2012
http://doi.org/10.1152/jn.00366.2011
http://doi.org/10.3389/fncir.2018.00086
http://doi.org/10.1113/jphysiol.2005.091843

Life 2022, 12, 1411 21 of 21

70.

71.

72.

73.
74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Reinig, S.; Driever, W.; Arrenberg, A.B. The Descending Diencephalic Dopamine System Is Tuned to Sensory Stimuli. Curr. Biol.
2017, 27, 318-333. [CrossRef]

Peirs, C.; Williams, S.-P.G.; Zhao, X.; Arokiaraj, C.M.; Ferreira, D.W.; Noh, M.-C.; Smith, K.M.; Halder, P.; Corrigan, K.A;
Gedeon, ].Y,; et al. Mechanical Allodynia Circuitry in the Dorsal Horn Is Defined by the Nature of the Injury. Neuron 2020, 109,
73-90.e7. [CrossRef]

Abdallah, K.; Monconduit, L.; Artola, A.; Luccarini, P.; Dallel, R. GABA Aergic inhibition or dopamine denervation of the A11
hypothalamic nucleus induces trigeminal analgesia. Pain 2015, 156, 644-655. [CrossRef] [PubMed]

Baier, P.; Trenkwalder, C. Circadian variation in restless legs syndrome. Sleep Med. 2007, 8, 645-650. [CrossRef] [PubMed]
Garcia-Borreguero, D.; Larrosa, O.; Granizo, J.J.; De La Llave, Y.; Hening, W.A. Circadian variation in neuroendocrine response to
L-dopa in patients with restless legs syndrome. Sleep 2004, 27, 669—-673. [CrossRef] [PubMed]

Clemens, S.; Rye, D.; Hochman, S. Restless legs syndrome: Revisiting the dopamine hypothesis from the spinal cord perspective.
Neurology 2006, 67, 125-130. [CrossRef]

Stiasny-Kolster, K.; Magerl, W.; Oertel, W.H.; Moller, J.C.; Treede, R.-D. Static mechanical hyperalgesia without dynamic tactile
allodynia in patients with restless legs syndrome. Brain 2004, 127, 773-782. [CrossRef]

Yang, HW.; Zhou, L.J.; Hu, N.W,; Xin, W.J.; Liu, X.G. Activation of spinal d1/d5 receptors induces late-phase LTP of C-fiber-
evoked field potentials in rat spinal dorsal horn. J. Neurophysiol. 2005, 94, 961-967. [CrossRef]

Kim, J.Y.V; Tillu, D.V,; Quinn, T.L.; Mejia, G.L.; Shy, A.; Asiedu, M.N.; Murad, E.; Schumann, A.P,; Totsch, S.K.; Sorge, R.E.; et al.
Spinal dopaminergic projections control the transition to pathological pain plasticity via a D1/D5-mediated mechanism. J. Neurosci.
2015, 35, 6307-6317. [CrossRef]

Megat, S.; Shiers, S.; Moy, ].K.; Barragan-Iglesias, P.; Pradhan, G.; Seal, R.P,; Dussor, G.; Price, T.]. A Critical Role for Dopamine D5
Receptors in Pain Chronicity in Male Mice. J. Neurosci. 2018, 38, 379-397. [CrossRef]

Kawamoto, K.; Otsuguro, K.; Ishizuka, M.; Ito, S. Inhibitory effects of dopamine on spinal synaptic transmission via dopamine
D1-like receptors in neonatal rats. J. Cereb. Blood Flow Metab. 2011, 166, 788-800. [CrossRef]

Almanza, A.; Simén-Arceo, K.; Coffeen, U.; Fuentes-Garcia, R.; Contreras, B.; Pellicer, F.; Mercado, F. A D2-like receptor family
agonist produces analgesia in mechanonociception but not in thermonociception at the spinal cord level in rats. Pharmacol. Biochem.
Behav. 2015, 137, 119-125. [CrossRef]

Mercado-Reyes, J.; Almanza, A.; Segura-Chama, P,; Pellicer, F.; Mercado, F. D2-like receptor agonist synergizes the p-opioid
agonist spinal antinociception in nociceptive, inflammatory and neuropathic models of pain in the rat. Eur. J. Pharmacol. 2019,
853, 56-64. [CrossRef] [PubMed]

Lu, Y,; Doroshenko, M.; Lauzadis, J.; Kanjiya, M.P,; Rebecchi, M.].; Kaczocha, M.; Puopolo, M. Presynaptic Inhibition of Primary
Nociceptive Signals to Dorsal Horn Lamina I Neurons by Dopamine. J. Neurosci. 2018, 38, 8809-8821. [CrossRef] [PubMed]
Segura-Chama, P; Luis, E.; Almanza, A.; Pellicer, F.; Herndndez-Cruz, A.; Mercado, F. Modulation of intracellular calcium
concentration by D2-like DA receptor agonists in non-peptidergic DRG neurons is mediated mainly by D4 receptor activation.
Neurosci. Lett. 2020, 736, 135267. [CrossRef] [PubMed]

Bao, Y.-N.; Dai, W.-L.; Fan, J.-F; Ma, B.; Li, S.-S.; Zhao, W.-L.; Yu, B.-Y,; Liu, J.-H. The dopamine D1-D2DR complex in the rat
spinal cord promotes neuropathic pain by increasing neuronal excitability after chronic constriction injury. Exp. Mol. Med. 2021,
53, 235-249. [CrossRef]

Gonzélez, S.; Moreno-Delgado, D.; Moreno, E.; Pérez-Capote, K.; Franco, R.; Mallol, J.; Cortés, A.; Casado, V.; Lluis, C,;
Ortiz, J.; et al. Circadian-Related Heteromerization of Adrenergic and Dopamine D4 Receptors Modulates Melatonin Synthesis
and Release in the Pineal Gland. PLoS Biol. 2012, 10, e1001347. [CrossRef]

Gravotta, L.; Gavrila, A.M.; Hood, S.; Amir, S. Global Depletion of Dopamine Using Intracerebroventricular 6-Hydroxydopamine
Injection Disrupts Normal Circadian Wheel-Running Patterns and PERIOD2 Expression in the Rat Forebrain. J. Mol. Neurosci.
2011, 45, 162-171. [CrossRef]

Hayashi, A.; Matsunaga, N.; Okazaki, H.; Kakimoto, K.; Kimura, Y.; Azuma, H.; Ikeda, E.; Shiba, T.; Yamato, M,
Yamada, K.-I; et al. A Disruption Mechanism of the Molecular Clock in a MPTP Mouse Model of Parkinson’s Disease.
NeuroMol. Med. 2013, 15, 238-251. [CrossRef]

Li, S.Y.; Wang, Y.L.; Liu, WW.,; Lyu, D.].; Wang, E; Mao, C.J.; Yang, Y.-P; Hu, L.-E; Liu, C.-F. Long-term Levodopa Treatment
Accelerates the Circadian Rhythm Dysfunction in a 6-hydroxydopamine Rat Model of Parkinson’s Disease. Chin. Med. ]. 2017,
130, 1085-1092. [CrossRef]

Shkodina, A.D.; Tan, S.C.; Hasan, M.M.; Abdelgawad, M.; Chopra, H.; Bilal, M.; Boiko, D.I; Tarianyk, K.A.; Alexiou, A. Roles of
clock genes in the pathogenesis of Parkinson’s disease. Ageing Res. Rev. 2021, 74, 101554. [CrossRef]

Mesgar, S.; Jameie, S.B.; Aliaghaei, A.; Parvardeh, S.; Torabi, A.; Haghparast, A. Dopamine D1 Receptor-Mediated Regulation
of Perl, Per2, CLOCK, and BMAL1 Expression in the Suprachiasmatic Nucleus in Adult Male Rats. J. Mol. Neurosci. 2022, 72,
618-625. [CrossRef]


http://doi.org/10.1016/j.cub.2016.11.059
http://doi.org/10.1016/j.neuron.2020.10.027
http://doi.org/10.1097/j.pain.0000000000000091
http://www.ncbi.nlm.nih.gov/pubmed/25790455
http://doi.org/10.1016/j.sleep.2006.10.011
http://www.ncbi.nlm.nih.gov/pubmed/17383937
http://doi.org/10.1093/sleep/27.4.669
http://www.ncbi.nlm.nih.gov/pubmed/15283001
http://doi.org/10.1212/01.wnl.0000223316.53428.c9
http://doi.org/10.1093/brain/awh079
http://doi.org/10.1152/jn.01324.2004
http://doi.org/10.1523/JNEUROSCI.3481-14.2015
http://doi.org/10.1523/JNEUROSCI.2110-17.2017
http://doi.org/10.1111/j.1476-5381.2011.01815.x
http://doi.org/10.1016/j.pbb.2015.08.013
http://doi.org/10.1016/j.ejphar.2019.03.020
http://www.ncbi.nlm.nih.gov/pubmed/30876975
http://doi.org/10.1523/JNEUROSCI.0323-18.2018
http://www.ncbi.nlm.nih.gov/pubmed/30143577
http://doi.org/10.1016/j.neulet.2020.135267
http://www.ncbi.nlm.nih.gov/pubmed/32717335
http://doi.org/10.1038/s12276-021-00563-5
http://doi.org/10.1371/journal.pbio.1001347
http://doi.org/10.1007/s12031-011-9520-8
http://doi.org/10.1007/s12017-012-8214-x
http://doi.org/10.4103/0366-6999.204920
http://doi.org/10.1016/j.arr.2021.101554
http://doi.org/10.1007/s12031-021-01923-6

	Introduction 
	Materials and Methods 
	Animals 
	Experimental Groups and PWT Measurement 
	Determination of DA Content in the Lumbar Spinal Cord of Rats 
	Determination of TH in the A11 Nucleus 
	Retrotranscription 
	Real-Time PCR Assay 
	Drugs 
	Circadian Analysis 
	Statistical Analysis 

	Results 
	Circadian Rhythmicity of Paw Withdrawal Threshold 
	Circadian Rhythmicity of Lumbar DA and DOPAC Content and Turnover 
	Effect of 6-OHDA Lesion of A11 on Paw Withdrawal Threshold 
	Intrathecal DA Receptor Antagonist Changes PWT Rhythmicity 
	A11 Lesions and D1-like and D2 Receptor Antagonist Change Spinal Cord Clock Gene Expression 

	Discussion 
	Rhythmicity of PWT in Normal Rats 
	Dopaminergic Dependence of PWT Rhythms and Their Threshold 
	Role of D1-like and D2 Receptors on PWT Values and Its Rhythmicity 

	Conclusions 
	References

