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Abstract

Morphine actions involve the dopamine (DA) D1 and D3 receptor systems (D1R and D3R), and
the responses to morphine change with age. We here explored in differently aged wild type (WT)
and D3R knockout mice (D3KO) the interactions of the D1R/D3R systems with morphine in vivo
at three different times of the animals’ lifespan (2 months, 1 year, and 2 years). We found that: 1)
thermal pain withdrawal reflexes follow an aging-associated phenotype, with relatively longer
latencies at 2 months and shorter latencies at 1 year, 2) over the same age range, a dysfunction of
the D3R subtype decreases reflex latencies more than aging alone, 3) morphine altered reflex
responses in a dose-dependent manner in WT animals and changed at its higher dose the
phenotype of the D3KO animals from a morphine-resistant state to a morphine-responsive state, 4)
block of D1R function had an aging-dependent effect on thermal withdrawal latencies in control
animals that, in old animals, was stronger than that of low-dose morphine. Lastly, 5) block of D1R
function in young D3KO animals mimicked the behavioral phenotype observed in the aged WT.
Our proof-of-concept data from the rodent animal model suggest that, with age, block of D1R
function may be considered as an alternative to the use of morphine, to modulate the response to
painful stimuli.
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Introduction

Pain is “the most common reason Americans access the health care system” (NIH, 2010),
and an estimated 15% of the US population suffer from a chronic pain condition (Von Korff
et al., 2005; Gironda et al., 2006; Gaskin and Richard, 2012). Opiate analgesics such as
morphine are the classical first line treatment for strong and persistent pain, but their
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effectiveness in long-term treatment is limited by the emergence of tolerance (i.e. (Colpaert,
2002; Taylor and Saper, 2004; DuPen et al., 2007; Bekhit, 2010; Joseph et al., 2010)). This
tolerance to the drug is thought to arise over time and involve a dysfunction of p-opioid
receptor (MOR)- and dopamine (DA) receptor-mediated second messenger pathways in the
brain (Suzuki et al., 2001; Schmidt et al., 2002; Fazli-Tabaei et al., 2006; Le Marec et al.,
2011). Further, there is evidence that DA affects the change of pain-related activity induced
by morphine (Zhang et al., 2012), and that morphine in turn has a prolonged effect on DA
neuron activities (Zhang et al., 2008). However, under this tenet the role of the spinal cord
remains entirely overlooked. Both MOR and DA receptors are present in the spinal cord
(Mansour et al., 1994, Ji et al., 1995; Ray and Wadhwa, 1999; Abbadie et al., 2001; Abbadie
et al., 2002; Ray and Wadhwa, 2004; Zhang et al., 2006; Zhao et al., 2007; Zhu et al., 2007,
2008; Barraud et al., 2010), and excitatory dopamine D1 receptors (D1Rs) can form hetero-
dimers with inhibitory D3 receptors (D3Rs) (Surmeier et al., 1996; Fiorentini et al., 2008;
Maggio et al., 2009; Missale et al., 2010; Cruz-Trujillo et al., 2013), with both playing a role
in opioid tolerance (Lin et al., 1996; Cook et al., 2000; Fazli-Tabaei et al., 2006).

Chronic pain becomes more prevalent with age (Saastamoinen et al., 2005), when up to 50—
60% of the population 70 years or older suffers from the symptoms (McCarthy et al., 2009),
possibly mediated in part by an decrease in pain thresholds and a decrease in pain tolerance
(Bicket and Mao, 2015), or as a result of pathological conditions that have developed over
time (Jones et al., 2016). In parallel with this aging-related increase in pain prevalence,
morphine treatment is often only poorly tolerated in the elderly (Abdulla et al., 2013), which
may be in part due to an age-related decline in kidney function that may make it more
difficult for older patients to eliminate opioids and their metabolites (Goldstein and
Morrison, 2005). Thus different treatment approaches and alternative options may be
required to improve treatment of chronic pain in the elderly.

In the rodent animal model, we have recently shown that normal (normative) aging is
associated with a strong increase of excitatory D1R expression levels in both striatum and
spinal cord, whereas inhibitory D3R levels remain stable (Keeler et al., 2016), suggesting an
upregulation of the overall excitability of the underlying neural circuits. We have further
shown that a dysfunction of the D3R in rodents is associated with a lack of responsiveness to
low levels of morphine both /i vivoand in the isolated spinal cord /in vitro (Brewer et al.,
2014).

Using behavioral and pharmacological approaches in wild type (WT) and dopamine D3
receptor knockout mice (D3KO) across their life span, we here demonstrate that a
dysfunction of the D3R is associated with a morphine-tolerant phenotype that can be rescued
by block of D1 receptor (D1R) function. We further show that young, 2 month-old D3KO
mimic the behavioral pain phenotype of aged, 2 year-old WT, and we present evidence that
block of D1R function may be an alternative to opioid treatment of pain with age. Together
with our recent findings on an altered D1R/D3R ratio with normal aging, these data suggest
that, with increasing age, the dopamine D1R/D3R system plays an important role in the
modulation of morphine responsiveness.
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All experimental procedures were approved by the East Carolina University Institutional
Animal Care and Use Committee and were fully compliant with the National Institutes of
Health guide for the care and use of Laboratory animals (NIH Publications No. 80-23). All
efforts were made to minimize the number of animals used. /n vivo behavioral testing was
performed on male dopamine D3 receptor knockout mice (D3KO; strain B6.129S4-
Drd3tm1dac/j (stock # 002958, Jackson Laboratory, Bar Harbor, ME)) and their appropriate
male wild-type (WT) controls (C57BL/6). WT animals were purchased at 2 months of age
and as retired breeders (~12 months of age). Young animals were kept in groups of 2—4
animals per cage and tested immediately. The older animals were kept separated to prevent
fighting and were tested at 1 year and 2 years of age. We did not keep track of the responses
of the individual animals over time. D3KO animals were bred and raised in-house. Prior to
the experiments, animals were housed in standard cages with food and water available ad
libitumwith a 12 hr light/dark cycle at room temperature of ~ 20° C.

Behavioral Assessments

Thermal withdrawal latencies (Hargreaves’ method) were obtained from WT and D3KO in
each cohort by using the IITC plantar analgesia meter (IITC Series 8, IITC Inc., Woodland
Hills, CA). Experiments were performed between 9 am and 1 pm, to minimize the potential
role of a circadian influence. The week before their first testing, animals were acclimated 4
to 5 times to the experimental room (maintained at 20-22° C and an average light intensity
of 50-100 lux) and the Hargreaves’ system, by placing them individually into the Plexiglas
cubicles for an average of 2 hours. Following this acclimation period, the effects of vehicle
injections (0.9% NaCl, i.p., ~ 90-120 pl per animal) were tested in week 1 of the
experimental setting. Animals were tested 5 times per session, with resting periods for each
individual animal between tests of 5 to 10 min. The light was positioned under the plantar
surface of the right hindlimb, and the thermal withdrawal latency reflex, defined as the time
between the onset of the high intensity light beam and the removal of the targeted foot from
the light path, was measured and recorded by the experimenter. The instrument was set to
provide a ceiling temperature of 50-52° C on the glass pane after ~ 10 s, and the stimulation
cut-off for each test was set to 30 s test duration, to prevent the possibility of a heat-induced
injury. Once initiated, recording sessions for all 5 trials lasted no longer than 60 to 90 min
for all animals tested that day. We subsequently compared all drug effects against the data
obtained after the respective vehicle injections in each animal cohort. After vehicle
assessments, drug treatments began the following week. Animals were injected with one of
the drugs (dopaminergics and/or morphine) and allowed to recover in the Hargreaves
cubicles at low-light conditions for 1 hr before testing. Each drug test was separated from
the next drug treatment by an at least 3-day recovery period, to minimize any potential drug
interactions possibly skewing the latency measurements. Animals were sacrificed at the end
of the testing paradigms.
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We used the following compounds to test their effects on thermal pain withdrawal latencies:
0.9 % NaCl (vehicle control (sham), inj. USP, Hospira, Lake Forest, IL); morphine
(Morphine sulfate salt pentahydrate, M8777, Sigma-Aldrich, St. Louis, MO) at 2 mg/kg, or
5 mg/kg; and the D1R antagonist, SCH 39166 (SCH 39166 hydrobromide, Tocris,
Minneapolis, MN) at 0.1 mg/kg. Both morphine doses and SCH 39166 were tested both
individually and in combinations of SCH 39166 + 2 mg/kg morphine, and SCH 39166 + 5
mg/kg morphine, respectively. All drugs were administered via intraperitoneal (i.p.)
injections and all treatments, including vehicle controls, were administered to all the mice in
each age-dependent cohort and genetic strain. Each age group of animals (WT and D3KO)
received multiple treatments, which in turn were spaced over subsequent weeks, to avoid the
possibility of a carry-over drug effect. We also tested reflex responses under sham conditions
prior and after the drug treatments and found no significant differences between these
recording sessions (data not shown).

Statistical Analysis

Results

Following the experiments, acquired data were transferred and stored in Excel format on a
dedicated 4 TB data storage server (Netgear ReadyNas NV*), then analyzed and plotted
offline with SigmaPlot (version 11, Systat, San Jose, CA). For statistical comparisons
between multiple age groups, we employed parametric or non-parametric comparisons as
appropriate (One-Way ANOVA or ANOVA on Ranks) with relevant post-hoc comparisons
(Holms-Sidak, Dunn’s); t-tests were used for comparison between paired sets of data
(treatment against respective control vehicle treatment). Significance levels were set at
p<0.05.

Aging-related changes in thermal withdrawal latencies

We first tested if aging alone led to any changes in thermal withdrawal latencies in WT or
D3KO animals that would mimic the trend of an increased sensitivity to pain with age
observed in the clinic. We found that, in WT animals (Figure 1A), withdrawal latencies to a
thermal stimulus decreased from 11.05 + 0.55 s at 2 months of age (n=8) to 8.45 + 0.24 s at
1 year (n=7), but then increased back to 10.51 £+ 0.15 s at 2 years (n=8). A One-Way
ANOVA coupled to a Holm-Sidak posthoc test revealed that the difference between 2
months and 1 year, and 1 year and 2 years was significant (p=0.002, power at p=0.05:
0.993). The decrease in thermal withdrawal latencies from 2 months to 1 year suggests an
increase in sensitivity in 1 year-old animals that, towards the end of the lifespan, returns to
values similar as in the 2 month-old animals.

In D3KO mice (Figure 1B), we observed that withdrawal latencies at 2 months of age (6.37
+ 0.22 s, n=5) were similar to those at 1 year of age (6.53 = 0.33 s, n=7), but, as in WT,
increased from 1 to 2 years (8.81 £ 0.52 s, n=7). A One-Way ANOVA coupled to a Holm-
Sidak posthoc test revealed that the difference between 2 months and 2 years, and 1 year and
2 years was significant (p<0.001, power: 0.982). T-test comparisons between age-matched
WT and D3KO cohorts revealed that, at each age, D3KO reacted consistently faster to the
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thermal stimuli than their WT counterparts, as indicated by the dotted / dashed lines between
Figure 1A and 1B (2 months: p=0.002, power: 1; 1 year: p<0.001, power: 0.993; 2 years:
p=0.009, power: 0.85). This confirms earlier findings obtained in young D3KO (Keeler et
al., 2012; Brewer et al., 2014) and suggests that D3KOs consistently have a lower threshold
for thermal pain over age-matched WT.

Effects of low and high dose of morphine on thermal withdrawal latencies

We next tested if morphine, a common treatment for chronic pain, had differential effects
with aging (Figure 2). We first used a low dose of 2 mg/kg (single i.p. injection) and tested
withdrawal latencies 1 hour after the injections. This low dose of morphine provides acute
analgesia in naive animals (Yu et al., 1997; Saghaei et al., 2012). All animals were naive to
morphine, i.e. had never been exposed to the drug before. We found that in WT, a single
low-dose morphine injection significantly increased withdrawal latencies at each age over its
respective vehicle control (Figure 2A). Specifically, at 2 months, latencies rose to 117

+ 4.01 % of control (n=8, p=0.017, t-test, power: 0.651), in 1 year-old animals latencies
were at 137 £ 7.03 % of control (n=7, p<0.001, t-test, power: 0.996), and in the 2 year-old
animals latencies were at 112.8 + 2.3 % of control (n=8, p=0.003, t-test, power: 0.993). We
did not detect any significant differences in the relative increase of withdrawal latencies
induced by the injection of 2 mg/kg morphine between the different age groups (p=0.099,
One-Way ANOVA).

In contrast, in D3KO, injection of 2 mg/kg morphine did not significantly alter thermal
withdrawal latencies, regardless of the age of the animals (Figure 2B). Specifically, at 2
months, latencies were at 115.13 + 10.73 % of control (n=5, p=0.26, t-test), at 1 year they
were at 98.87 £ 6.85 % (n=8, p=0.21, t-test), and at 2 years they were at 111.31 + 2.7 % of
control (n=7, p=0.11, t-test).

To test if the lack of responsiveness to low-dose morphine in D3KO across the life span
represents a morphine-tolerant phenotype, we repeated the experiment with 5mg/kg
morphine, a dose that also provides acute analgesia in naive animals (Bruins Slot et al.,
2002). At the higher dose of 5 mg/kg, the effects of morphine became more differentiated in
WT and D3KO. In WT (Figure 2C), withdrawal latencies in 2 month-old animals rose to
148.41 + 4.71 % of control (n=8), at 1 year they were at 176.03 + 6.58 % (n=7), and at 2
years they were at 140 £ 1.9 % (n=8). At each age, these increases were significantly
different over vehicle control (p<0.001, t-tests, power: 1, for all three comparisons,
respectively), and a One-Way ANOVA coupled to a Dunn’s Method posthoc test revealed
significant differences between 2 months and 1 year, and 1 year and 2 years (p=0.003,
power: 0.998), but not between 2 months and 2 years.

Similar to WT, and unlike to the low-dose effect of the drug, 5 mg/kg morphine was
effective in extending the withdrawal latencies in D3KO for each age group (Figure 2D). In
2 month-old animals, thermal withdrawal latencies rose to 182.87 + 6.8 % of control (n=5),
at 1 year they were at 115.42 £ 5.4 % (n=7), and at 2 years of age they were at 143.42

+ 6.5 % (n=5). At each age, withdrawal latencies were significantly increased over their
appropriate vehicle controls (p<0.001, power: 1, 1, 0.994, respectively). Furthermore, a One-
Way ANOVA revealed significant differences with age (p<0.001), with the Holm-Sidak
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comparisons reaching significance between all comparisons (2 months vs. 1 year vs. 2 years,
p<0.001, power: 1). Of note that, in D3KO, the strongest effect of the higher dose of
morphine was observed in the young, 2 month-old animal, unlike in WT, where morphine
had its biggest impact at 1 year of age, independent of the dose.

Together, these data suggest that morphine exerts a dose-dependent effect in WT, and that it
can recruit at the higher dose a modulatory effect in a D3KO animal, even if the animals are
non-responsive to morphine at the lower dose.

Differential effects of D1 receptor block on thermal withdrawal latencies

We recently reported that D3KO show an increased D1R protein expression in the spinal
cord (Brewer et al., 2014) and that D1R protein levels increase with age in WT (Keeler et
al., 2016). We, therefore, tested if blocking D1R function using a single i.p. injection of the
D1R antagonist, SCH 39166 (0.1 mg/kg) would modify thermal pain withdrawal latencies
differently with aging (Figure 3). We found that, in WT (Figure 3A), withdrawal latencies
were not altered in 2 month-old animals (100.93 + 4.63 % of control, p=0.89, n=8), but they
increased significantly over their respective vehicle controls in 1 year and 2 year old animals
t0 117.49 + 3.4 % (p=0.015, t-test, n=7, power: 0.953) and 129.1 + 7.5 % (p=0.014, t-test,
n=8, power: 0.964). A One-Way ANOVA analysis coupled to Holm-Sidak multiple
comparisons further revealed that the results from 2 month- and 2 year-old animals were
significantly different to each other (p=0.005, power: 0.836).

Conversely, in D3KO (Figure 3B), we found that application of SCH 39166 had a very
strong effect at 2 months of age, when it significantly increased withdrawal latencies to
158.13 £ 3.6 % of control (p<0.001, n=5, power: 1). However, the D1R antagonist had no
effect over the age-matched vehicle controls at 1 or 2 years of age (1 year: 96.05 £ 5.09 %,
p=0.59, n=8; 2 years: 109.79 + 5.76 %, p=0.28, n=5). The One-Way ANOVA analysis
coupled to Holm-Sidak multiple comparisons further revealed that the data of 2 month-old
animals were significantly different from those in 1 year- and 2 year-old animals (p<0.001,
power: 1), while there was no difference between 1 and 2 years. These data show that
blocking of D1R function has differential, aging-associated effects on thermal pain
withdrawal latencies in WT and D3KO.

Differential effects of combined morphine treatment and D1 receptor block on thermal
withdrawal latencies

Since morphine and D3R actions are mediated via inhibitory G/second messenger
pathways, while excitatory Gs pathways control D1R actions, we next addressed the
question of whether blocking D1R function in the presence of low or high morphine doses
would strengthen the opioid-induced lengthening of the withdrawal response (Figure 4). We
found that, in WT animals, the combined treatment of low morphine (2 mg/kg) and SCH
39166 (0.1 mg/kg) led to an aging-associated increase in thermal withdrawal latencies from
125 + 3.5 % of control at 2 months (p<0.001, t-test, power: 0.973, n=8), to 138.02 + 4.44 %
at 1 year (p<0.001, t-test, power: 1, n=7), to 165.34 + 9.3 % at 2 years (p<0.001, t-test,
power: 1, n=7, Figure 4A); and a One-Way ANOVA revealed significant differences between
2 month- and 2 year-old animals (p=0.004, power: 0.978). Note that the low-morphine /
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D1R block combination increased the withdrawal latencies in the 2 year-old animals more
than each of the individual treatments alone (cf. Figure 2A, Figure 4A). In contrast, in
D3KO (Figure 4B), the same combination treatment led to an opposing effect with age; we
observed a strong and significant increase of withdrawal latencies in the 2 month-old
animals, but no effect in the older cohorts. Specifically, latencies at 2 months were 135.25
+ 6.7 % of control (p=0.005, t-test, power: 0.903, n=5), at 1 year they were at 109.89

+ 3.38 % (p=0.12, n=8), and at 2 years they were at 101.47 £+ 3.9 % (p=0.87, n=4). The
differences between 2 months and 1 year, and 2 months and 2 years were significant
(p<0.001, One-Way ANOVA, power: 0.979).

Increasing morphine to 5 mg/kg in the presence of the D1R antagonist modified thermal
withdrawal responses in an aging-related manner in both WT and D3KO. In WT (Figure
4C), the high morphine/SCH 39166 treatments had no significant effect on withdrawal
latencies at 2 months (111.83 + 2.5 % of control, p=0.1, t-test, n=8), but increased
significantly to 163.32 + 3.8 % at 1 year (p<0.001, power: 1, n=7), and 131.15+ 6.2 % at 2
years (p<0.001, power: 0.999, n=7). The increase in latencies at 1 year and the subsequent
decrease at 2 years was similar to the effects after high morphine alone (cf. Fig. 2C); all 3
age groups were significantly different from one another (p<0.001, One-ANOVA with
Holm-Sidak multiple comparisons, power: 1). Unlike in WT, combining high morphine with
the D1R antagonist led in D3KO to a significant increase in withdrawal latencies at 2
months of 177 £ 8.4 % over control (p<0.001, power: 1, n=5), at 1 year of 158.1 + 2.9 %
(p<0.001, power: 1, n=8), and at 2 years of 134.2 + 6.3 % (p=0.005, power: 0.899, n=4,
Figure 4D). The effects at 2 months and 2 years were significantly different from each other
(p=0.005, ANOVA on Ranks with Dunn’s comparison, power: 1). Together, these data
suggest a possible interaction between block of D1R function and morphine that has its
strongest effects for low doses of morphine in aged WT and young D3KO, and for the
higher dose in 1 year-old WT and again young 2 month-old D3KO.

Blocking / reducing D1 receptor function alters morphine responsiveness in aged WT and
young D3KO

Lastly, we compared the effects of a block of D1R function on thermal withdrawal latencies
alone with those obtained with low or high doses of morphine (Figure 5). The original
datasets for theses analyses stem from the experiments presented in Figures 2 and 3. In WT
(Figure 5A), SCH 39166 induced a linear aging-related increase in thermal withdrawal
latencies (2 months: 100.93 + 4.6 %; 1 year: 117.48 + 3.4 %,; 2 years: 129.1 £ 7.5 %, black
bars). In contrast, both low (2 mg/kg) and high (5 mg/kg) morphine showed an increase in
withdrawal latencies from 2 months to 1 year that was followed by a decrease at 2 years (2
mg/kg: 2 months: 117.4 £ 4 %; 1 year: 137.1 + 7 %; 2 years: 112.8 + 2.3 %; 5 mg/kg: 2
months: 148.1 + 4.7 %; 1 year: 176 £6.6 %; 2 years: 140.7 £1.9 %). Specifically, in 2
month-old and 1 year-old WT, the effect of 5 mg/kg morphine was significantly different
from both the 2 mg/kg morphine and the SCH 39166 treatments, and there was also a
significant difference between SCH and low morphine (for both comparisons: p<0.001,
ANOVA on Ranks, power: 1). At 2 years, morphine treatments remained significantly
different only from each other (p<0.01, ANOVA on Ranks).
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However, we also observed a significant increase in the effectiveness of SCH 39166 from 2
months to 2 years (p=0.005, One-Way ANOVA, power: 0.836), Moreover, at 2 years, SCH
39166 was significantly more effective than low dose (2 mg/kg) morphine (p=0.047, t-test,
power: 0.431) and there was no significant difference between treatments with SCH 39166
and high (5 mg/kg) morphine (p=0.054, t-test). These analyses suggest that, in aged WT,
blocking D1R function has a stronger outcome on thermal pain withdrawal latencies than the
use of low morphine, and that it is as effective as high morphine.

In D3KO (Figure 5B), the effects of SCH 39166 alone were mixed when compared to low
and high morphine. At 2 months, treatment with SCH 39166 led to an increase to 158

+ 3.6 % of vehicle control, which was significantly higher than that induced by 2 mg/kg
morphine (115.1 + 10.7 %), but also significantly less than that caused by 5 mg/kg morphine
(p<0.001, One-Way ANOVA, power: 0.999). At 1 year of age, neither SCH 39166 nor low
morphine alone had any significant effect on thermal withdrawal latencies, while high
morphine led to a slight but significant increase in withdrawal latencies (p=0.036, One-Way
ANOVA, power: 0.503). The effects for SCH 39166 and 2 mg/kg morphine remained similar
at 2 years of age (SCH: 109.8 = 5.8 %, 2 mg/kg: 111.3 + 2.7 %), while high morphine
increasing its efficiency to 143 £ 6.5 % (p<0.001, One-Way ANOVA, power: 0.994).
Together, these data indicate that block of D1R function can have, in young 2 month-old
D3KO, a similar strong effect on thermal pain withdrawal latencies as observed in aged 2
year-old WT.

Discussion

The role of normal aging on withdrawal latencies

Normal healthy physiological aging is associated with a gradual decline in sensory
processing and motor functions (Rossini et al., 2007). We observed that withdrawal latencies
of untreated WT animals decreased significantly from 2 months to 1 year of age, suggesting
a heightened sensitivity to the thermal pain stimulus at the 1-year stage, whereas latencies
remained similar in D3KO. However, at 2 years of age, both WT and D3KO latency
responses increased again, and in WT, to levels close to those observed in the young animals
(cf. Figure 1). We speculate that the decrease in WT withdrawal latencies from 2 months to
1 year is a result of the gradual change in sensory nerve conduction velocities, which peak in
mice at about 1 year of age (Verdu et al., 2000). In contrast, nerve conduction velocities
(both: sensory and motor) start to drop at about 20 months of age (Walsh et al., 2015), which
may underlie the increase in withdrawal latencies observed at 2 years of age over that of 1
year-old animals.

Dopamine modulation of withdrawal latencies with aging

Aging is also associated with a decrease in DA levels (Haycock et al., 2003), and a reduction
in the expression levels of inhibitory G/coupled D2 receptors (Mesco et al., 1991; Valerio et
al., 1994), but not D3 receptors (Valerio et al., 1994). In contrast, we have recently shown
that, with age, expression levels of excitatory and Gs-coupled D1 receptors significantly
increases in both striatum and spinal cord at 1 and 2 years (Keeler et al., 2016), suggesting
an overall gradual disinhibition of the DA system in these areas with age.
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Both D1 and D3 receptors are widely expressed throughout the spinal gray matter of the
lumbar spinal cord, including in putative motoneurons (Zhu et al., 2007), and DA can up- or
downregulate cellular and network functions in a dose-dependent manner (Missale et al.,
1998; Thirumalai and Cline, 2008; Clemens et al., 2012). Moreover, modeling studies of
mammalian dopamine neurons suggest that tonic versus burst firing can result in differences
in the relative occupancies of the different receptor subtypes (Dreyer et al., 2010; Kishore
and McLean, 2015). D3R and D1R can display functional interactions that are based on
different hetero-dimer (Fiorentini et al., 2008; Marcellino et al., 2008; Cruz-Truijillo et al.,
2013) or hetero-tetramer configurations (Guitart et al., 2014). In the hetero-tetrameric
model, D1R and D3R co-activation can lead to both antagonistic and synergistic interactions
at the level of adenylyl-cyclase and MAPK activation, respectively (Guitart et al., 2014).
Experimental evidence supports the idea that D1R-D3R antagonistic interactions play an
important role at the spinal cord level [67], while synergistic interactions might be more
involved at the striatal level [63]. For example, activation of D1R tends to increase the
excitability or the performance of neural networks that underlie or control fictive locomotion
in different animal models (Han and Whelan, 2009; Clemens et al., 2012), while activation
of the D3R pathway reduces overall motor excitability (Sharples et al., 2015). As D1R and
D3R can co-localize or form heterodimers and -tetramers (Marcellino et al., 2008; Guitart et
al., 2014; Ferre, 2015), thus oppositely regulating cAMP/PKA-mediated second messenger
pathways, it is conceivable that the age-associated increase in D1 but not D3 receptor
expression levels (Keeler et al., 2016) might be a contributing factor to the decrease in
withdrawal latencies at 1 year, which then is buffered in 2-year old animals by a sharp
decrease in nerve conduction velocities (Walsh et al., 2015).

Opioid modulation of withdrawal latencies with aging

We previously reported that a dysfunction of D3R alone prevented the modulation of
thermal pain behavior by morphine, provided that morphine was applied at low doses (2
mg/kg) only (Brewer et al., 2014). In the same study we also found that D1R protein
expression levels were increased in the spinal cord of D3KO animals, and we proposed a
model whereby the upregulation of the D1R, in the absence of the D3R, could drive the
beta-arrestin-dependent internalization of the p-opioid receptor (MOR) (Brewer et al., 2014).
A critical point we add to those findings here is that D3R dysfunction does not completely
block morphine actions. At the higher dose of 5 mg/kg, morphine was able to increase
thermal withdrawal latencies in D3KO, and this increase was most pronounced in the 2-
months old D3KO animals (cf. Figure 2), but present across all ages tested. As D1R protein
expression levels are relatively low in young animals (Keeler et al., 2016), it is conceivable
that the high dose of morphine can recruit the low amount of un-phosphorylated MORs
(Brewer et al., 2014) to exert its inhibitory actions. It is also conceivable that with an
increase in age, morphine pharmacokinetics or metabolism may change as well, however, we
did not test for these possibilities in the present study. Our data do indicate that that the
young naive D3KO mouse may provide a morphine-tolerant phenotype and serve as a model
to better understand the role of the DA system in opioid tolerance, while comparing the
mechanisms underlying low- and high-dose effects in these animals.
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D1 receptor modulation of withdrawal latencies with aging

D1R expression is not only increased in the spinal cord of young D3KO animals, its
expression levels also increase in WT with normal aging (Keeler et al., 2016). Since D1R
pathways are G/~coupled and promote excitatory actions, we therefore tested if blocking
D1R function can modify thermal withdrawal latencies. Contrary to our expectations, we
found that blocking D1R function was most effective in the 2 year-old WT, but had no effect
in the 2 month-old animals (cf. Figure 3A). In contrast, the effects of the D1R antagonist
were only significant in the young D3KO, but not in the older cohorts (cf. Figure 3B). We
speculate that the reason for this could depend on the conformation configurations between
D1R and D3Rs; if the receptors are facultative but not obligatory heterodimers or —tetramers
(Guitart et al., 2014), an increase in D1R protein expression with age would lead to an
increase of D1R monomers. This then could serve as the preferred target of the D1R
antagonist, thereby leading to the increase in thermal withdrawal latencies and thus the
decrease in thermal pain sensitivity. Notably, these data highlight again that the young
D3KO mouse mimics a behavioral phenotype observed in the aged WT, underlying its
potential role in deciphering aging-related changes in a young animal model.

D1 receptor and opioid interactions with aging

As both D1R-mediated and MOR-mediated pathways modulate adenylate cyclase and
consequently cAMP-dependent signaling cascades, we sought to address if a combination of
D1R block and MOR activation might have synergistic effects in controlling thermal pain
withdrawal latencies (cf. Figure 4). In WT, such a synergistic effect was only evident with
the low dose of morphine and SCH 39266 in the 2 year-old animals, while in D3KO, we
observed such a synergistic action between SCH 39166 and morphine only at 5 mg/kg in the
1 year-old animals. More intriguingly however, blocking D1R function led to a loss of the
dose-dependent effect of morphine in 2 month- and 2 year-old WT, but not D3KO (cf.
Figure 4). This suggests that a combination treatment of low-dose morphine with D1R block
can have a stronger effect on thermal withdrawal latencies then a high dose. This outcome
was particularly obvious when we compared the individual effects of D1R block with those
of low and high dose of morphine in the 2 year-old WT animals (cf. Figure 5). With age, the
modulatory actions of the D1R block became more efficient than those of low morphine, and
they were at 2 years of age as successful in increasing thermal withdrawal latencies as high
morphine.

Block of D1R receptor function with SCH 39166 in the clinic — promises and pitfalls

Several studies have shown that the D1R antagonist used in our study, SCH 39166, also
known as ecopipam, is well tolerated in the clinic (Gilbert et al., 2014), and studies on the
effectiveness of this compound in humans point to its effectiveness in treating Tourette’s
syndrome in juveniles (Chipkin, 2014) or self-injurious behavior in Lesch-Nyhan disease
(Khasnavis et al., 2016b; Khasnavis et al., 2016a). These data support the idea that a block
or a reduction of D1R function might reduce increased excitability. Furthermore, earlier
studies point to an attenuating effect of ecopipam of the euphoric and stimulating effects of
cocaine, while at the same time reducing the desire to take cocaine (Romach et al., 1999). In
contrast, chronic use of the D1R antagonist may lead to increased cocaine self-
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administration and hence may not be a useful approach for the treatment of cocaine abuse
(Haney et al., 2001). Our data in the aging rodent were obtained under acute testing
conditions and, while highlighting possible interactions between D1R, D3R, and MOR
pathways in this model, will have to undergo in future studies additional testing under both
chronic conditions and in animal models of chronic pain.

The caveat of using the D3KO mouse model

It is tempting to speculate that the 2 month-old D3KO mouse may provide a model to assess
the mechanisms of altered dopamine / morphine receptor interactions in 2 year-old WT
animals, but this concept must be taken with caution. The D3KO used in this study is an
unconditional knockout (Accili et al., 1996), hence any of the changes to the behavior we
observed in the D3KO may potentially also stem from alterations to D1/D3 heterodimer or —
tetramer configurations (Moreno et al., 2011; Guitart et al., 2014), including in organ
systems other than the neural sensorimotor pathways we assessed in this study (Asico et al.,
1998; Johnson et al., 2013). However, we have observed an increase in D1R protein
expression levels in the spinal cord in both D3KO (Brewer et al., 2014) and aged wild type
animals (Keeler et al., 2016), suggesting that the fundamental pieces are in place at the
spinal reflex circuitry level to mediate the behavioral changes we reported. However, the
lack of a D1R-mediated effect in older (1 yr and 2yrs) D3KO suggest that additional
mechanisms might be involved. Therefore, future experiments will have to test, both /n vivo
and in the isolated spinal cord /n vitro, WT animals with intact D1R and D3R components
and configurations in combination with different selective D1R and D3R agonists and
antagonists at the different aging stages against D3KO.

Conclusions

These data suggest that thermal pain withdrawal reflexes can be modulated in an aging-
dependent manner by both morphine and D1R block, and that with increasing age, block of
D1R function can be a successful surrogate for morphine treatment. Furthermore, the side-
by-side comparison of these drugs in D3KO manifests that young (2 month-old) animals
show the same qualitative phenotypical response as the 2 year-old WT, indicating that the
young D3KO animal model to deconstruct the mechanisms of opiate responsiveness that
may also emerge with normal aging.
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Highlights
Pain withdrawal reflexes are age-dependent and dopamine D3 receptor-mediated

Block of dopamine D1 receptor in young D3KO animals mimics aged wild-type
controls

In old animals, dopamine D1 receptor block can mimic analgesic effects of
morphine
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Aging-dependent pain withdrawal reflexes
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Figure 1.
Aging-associated changes in thermal pain withdrawal latencies after vehicle injection. A.

Wild-type animals. Normal aging is associated with a decrease in withdrawal latencies from
2 months (black bar) to 1 year of age (white bar), which then increases again at 2 years of
age (grey bar). B. D3KO animals. Young (2 months, black bars) and middle-aged (1 year,
white bar) animals do not differ in their thermal withdrawal latencies, but as in WT, there is
an increase in withdrawal latencies at 2 years of age (grey bar). Dashed / dotted lines in B
refer to average values of the corresponding age groups in A. Abbreviations: 2 mo: 2
months; 1 yr: 1 year; 2 yrs: 2 years, WT: wild-type; D3KO: D3 receptor knockout. *:
denotes significant difference between groups.
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Morphine-mediated pain withdrawal reflexes with age
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Figure 2.

Effects of low and high doses of morphine on thermal pain withdrawal latencies in
differently aged WT and D3KO. Displayed data represent changes in withdrawal latency
compared to respective control vehicle injections, with dashed lines representing relative
vehicle control levels. A. Effects of low morphine (2 mg/kg) in WT. Treatment with low
morphine significantly increased thermal withdrawal latencies at all ages, and there was no
significant difference between age groups. B. Effects of low morphine (2 mg/kg) in D3KO.
Treatment with low morphine had no significant effect at all age, and there was no
significant difference between the groups. C. Effects of high morphine (5 mg/kg) in WT.
Treatment with high morphine significantly increased thermal withdrawal latencies at all
ages, and this effect was significantly increased at 1 year of age over the effects at 2 months
and 2 years of age. D. Effects of high morphine (5 mg/kg) in D3KO. Similar to WT,
treatment with high morphine significantly increased thermal withdrawal latencies at all
ages, but this effect was significantly increased at 2 months of age over the effects at 1 year
and 2 years of age. Abbreviations and colors as in Figure 1. *: denotes significant difference
between groups; #: denotes significant difference from vehicle control (dashed line).
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Figure 3.
Effects of the D1R antagonist, SCH 39166, on thermal pain withdrawal latencies in

differently aged WT and D3KO. Displayed data represent changes in withdrawal latency
compared to respective control vehicle injections, with dashed lines representing relative
vehicle control levels. A. WT animals. The D3R antagonist SCH 39166 had no modulatory
effect in 2 month-old animals, but increased withdrawal latencies significantly at 1 year and
2 years. The difference between 2 months and 2 years is significant. B. D3KO animals.
Unlike WT, SCH 39166 strongly and significantly increased thermal pain withdrawal
latencies in 2 month-old animals, but had no effect at 1 year or 2 years. The difference
between 2 months and 1 year, and 2 months and 2 years is significant. Abbreviations as in
Figure 1. *: denotes significant difference between groups; #: denotes significant difference
from vehicle control (dashed line).
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Figure 4.
Effects of combinatory treatments of the dopamine D1R antagonist, SCH 39166, and low (2

mg/kg) or high (5 mg/kg) morphine on thermal pain withdrawal latencies in differently aged
WT and D3KO. Displayed data represent changes in withdrawal latency compared to
respective control vehicle injections, with dashed lines representing relative vehicle control
levels. A. WT animals, SCH 39166 + low morphine. The combination of SCH 39166 and
low morphine was effective across all ages in significantly increasing withdrawal latencies
over the respective controls, and the increase at 2 years of age was significantly enhanced
over the data at 2 months. B. D3KO animals, SCH 39166 + low morphine. In D3KO, the
combination of SCH 39166 and low morphine was effective only at 2 months, but not at 1
year or 2 years. The increase at 2 months of age was significantly enhanced over the data at
both 1 year and 2 years. C. WT animals, SCH 39166 + high morphine. Similar to the
combination of SCH 39166 and low morphine, SCH 39166 + high morphine was effective
across all ages in significantly increasing withdrawal latencies over the respective controls.
Further, the increase at 1 year was significantly enhanced over that at 2 years, which in turn
was larger than that at 2 months. D. D3KO animals, SCH 39166 + high morphine. In D3KO,
the combination of SCH 39166 and high morphine was effective across all ages in
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significantly increasing withdrawal latencies over the respective controls, and there was a
significant difference between 2 months, 1 year, and 2 years. Abbreviations as in Figure 1. *:
denotes significant difference between groups; #: denotes significant difference from vehicle
control (dashed line).
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low / high morphine vs SCH 39166 alone
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Figure 5.

Cgmparison of treatments of SCH 39166 versus low or high doses of morphine. Displayed
data represent changes in withdrawal latency compared to respective control vehicle
injections, with dashed lines representing relative vehicle control levels. A. WT animals.
Treatment with low (white bars) or high dose of morphine (grey bars) had a significantly
larger effect over SCH 39166 (black bars) at 2 months and at 1 year, but at 2 years of age,
SCH 39166 was more effective than low morphine, and as effective as high morphine. B.
D3KO animals. Treatment with high morphine (gray bars) had at every age the strongest
effect on withdrawal latencies, and at 1 year and 2 years, the effects of SCH 39166 (black
bars) or low morphine (white bars) were not different from each other, and neither
significantly altered withdrawal latencies. In contrast, at 2 months, SCH 39166 was highly
effective, and significantly more so than low morphine. Note that the data from the 2 month-
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old D3KO mirrored those of the 2 year-old WT group. Abbreviations as in Figure 1. *:
denotes significant difference between groups; n.s.: not significant.
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