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Abstract

Opioids represent effective drugs for the relief of pain, yet chronic opioid use often leads to a state
of increased sensitivity to pain that is exacerbated during withdrawal. A sensitization of pain-
related negative affect has been hypothesized to closely interact with addiction mechanisms.
Neuroadaptive changes occur as a consequence of excessive opioid exposure, including a
recruitment of corticotropin-releasing factor (CRF) and norepinephrine (NE) brain stress systems.
To better understand the mechanisms underlying the transition to dependence, we determined the
effects of functional antagonism within these two systems on hyperalgesia-like behavior during
heroin withdrawal utilizing models of both acute and chronic dependence. We found that passive
or self-administered heroin produced a significant mechanical hypersensitivity. During acute
opioid dependence, systemic administration of the CRF1 receptor antagonist MPZP (20 mg/kg)
alleviated withdrawal-induced mechanical hypersensitivity. In contrast, several functional
adrenergic system antagonists (clonidine, prazosin, propranolol) failed to alter mechanical
hypersensitivity in this state. We then determined the effects of chronic MPZP or clonidine
treatment on extended access heroin self-administration and found that MPZP, but not clonidine,
attenuated escalation of heroin intake, whereas both drugs alleviated chronic dependence-
associated hyperalgesia. These findings suggest that an early potentiation of CRF signaling occurs
following opioid exposure that begins to drive both opioid-induced hyperalgesia and eventually
intake escalation.

“Corresponding author: Scott Edwards, PhD, Department of Physiology, LSU Health Sciences Center, 1901 Perdido Street, New
Orleans, LA 70112, Phone: +1 619-241-3380; Fax: +1 858-784-7405; sedwa5@Isuhsc.edu.

Author Contributions

PEP, JES, and LFV performed the behavioral experiments and analyzed the data. PEP, JES, LFV, GS, SE, and GFK were responsible
for the study concept, design, and interpretation of findings. PEP drafted the manuscript. JES, LFV, GS, SE, and GFK provided
critical revision of the manuscript. All authors critically reviewed the content and approved the final version for publication.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Park et al. Page 2

Keywords

acute dependence; addiction; adrenergic system; CRF; heroin self-administration; opioid-induced
hyperalgesia

Introduction

Drug addiction is a chronically relapsing disorder characterized by drug intake escalation
(Edwards and Koob, 2013) and the emergence of negative emotional states during
abstinence (Edwards and Koob, 2010). A negative emotional state is defined as a dysphoric-
like state accompanied by depression- and anxiety-like symptoms and is thought to
contribute to the compulsivity associated with dependence via the process of negative
reinforcement (Koob, 2008). A sensitization of negative affect associated with pain systems
(Ji etal., 2007) has also been hypothesized to be mediated by central reinforcement circuitry
and to closely interact with addiction mechanisms (Shurman et al., 2010; Egli et al., 2012).

Approximately one third of the adult population in the United States suffers from chronic
pain (Johannes et al., 2010). Many different formulations of opioids have been proven to be
effective in the treatment of a variety of chronic pain conditions, and opioids are one of the
best resources for short-term analgesia and improvement in quality of life (Fields, 2011).
Although only a small percentage of chronic pain patients using opioids become addicted
(Fishbain et al., 2008), abuse of and addiction to opioids in vulnerable populations continue
to be a major health concern. Chronic opioid exposure for the purpose of alleviating pain
often renders individuals more sensitive to nociception, a condition known as hyperalgesia
(Angst and Clark, 2006), which may be associated with the transition to dependence in
patients with abuse histories. Hyperalgesia is prevalent in former opioid addicts who are
maintained on methadone as a treatment of opioid dependence, suggesting that this
condition emerges with extended opioid use (Compton et al., 2001). Opioid exposure in
rodents leads to a spontaneous reduction in mechanical nociceptive thresholds (Laulin et al.,
1998) that is exacerbated after chronic treatment (Simonnet and Rivat, 2003), suggesting a
recruitment or sensitization of pro-nociceptive systems (Celerier et al., 2001). Given that
chronic pain is well known to cause emotional distress and produce a sustained negative
emotional state (King et al., 2009), opioid-induced hyperalgesia may constitute a condition
intimately associated with the progressive transition to drug dependence by facilitating
negative reinforcement processes. Characterizing pain responsiveness during both acute and
chronic opioid administration may extend our knowledge of the early processes promoting
negative reinforcement mechanisms associated with the gradual transition to addiction.

Opioid addiction has been linked to neuroadaptation and dysregulation of brain stress
systems (Edwards et al., 2009; Koob, 2008), including those regulated by corticotropin-
releasing factor (CRF) and norepinephrine (NE) within the extended amygdala (Heinrichs et
al., 1995; Koob and Le Moal, 2008). Extracellular CRF in the extended amygdala is
increased during acute withdrawal from opioids, and CRF receptor antagonists block
excessive heroin intake associated with dependence (Greenwell et al., 2009; Weiss et al.,
2001). Importantly, CRF; receptor antagonism dose-dependently alleviates mechanical
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hypersensitivity exhibited by opioid-dependent rats (Edwards et al., 2012; McNally and
AKkil, 2002). Similarly, NE in the extended amygdala and locus coeruleus increases during
acute withdrawal from drugs of abuse, and hyperactivity of brain NE accompanied by
increased CRF signaling has been implicated in mechanisms of opioid withdrawal in the
extended amygdala (Aston-Jones et al., 1999; Maldonado, 1997; Smith and Aston-Jones,
2008). Interestingly, intrathecal clonidine (a presynaptic alpha-2-adrenoceptor agonist) has
been shown to reverse mechanical hyperalgesia and reduce heroin intake only in spinal
nerve-injured rats (Martin et al., 2007). To further investigate the interactive role of
nociception and brain stress systems during opioid withdrawal (Shurman et al., 2010), the
current study examined the effects of CRF and adrenergic signaling on pain- and addiction-
like behaviors utilizing models of acute and chronic opioid dependence. We report here that
a potentiation of CRF signaling resulting from heroin exposure comes to drive both
hyperalgesia and compulsive heroin intake.

Materials and Methods

Animals

Male Wistar rats (n = 79) weighing between 200 — 300 g were housed in groups of two to
three per cage, and maintained on a 12-h light/dark cycle (lights on at 0800) with free access
to food and water. The animals were allowed to acclimate to these conditions for at least 7
days in our animal facilities before behavioral testing. Animals were regularly handled for
one week prior to surgery or any behavioral testing. All procedures adhered to the National
Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved
by the Institutional Animal Care and Use Committee of The Scripps Research Institute.

Mechanical Sensitivity Testing

This test was conducted as previously reported (Edwards et al., 2012). Up to eight rats were
placed in individual plastic compartments (26 x 11 x 20 cm) with stainless steel mesh floors
for 30 minutes until the rats’ grooming and exploratory behaviors ceased. To assess the
presence of mechanical hypersensitivity, the mid-plantar area of each hind paw was
perpendicularly stimulated with calibrated nylon von Frey filaments (Weinstein-Semmes
algesiometer forces) for 5 seconds using the up-down method starting with the 28.84 g
force. A brisk withdrawal of the paw (often followed by a sustained retraction and/or
licking, possibly indicative of supraspinal organization) is considered a positive response,
but paw withdrawals due to locomotion or weight shifting were not counted. For
quantitative assessment, the 50% probability withdrawal threshold, or paw withdrawal
threshold (PWT), was calculated as previously described (Chaplan et al., 1994). Baseline
mechanical nociceptive thresholds were similar to those reported for the ages of rats
employed in this study (Ririe and Eisenach, 2006). Paw withdrawal thresholds were
measured 10-12 h following the previous heroin self-administration session (i.e., just prior
to subsequent sessions). For the prophylactic drug regimen study (eight-hour self-
administration sessions), this corresponded to approximately 18-20 h after the final
prophylactic drug treatment.
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Heroin (3,6-diacetylmorphine) was provided by the National Institute on Drug Abuse and
was dissolved in 0.9% sterile saline and injected subcutaneously (SC). Clonidine
hydrochloride (presynaptic alpha-2-adrenoceptor agonist) was purchased from Sigma-
Aldrich and dissolved in 0.9% saline and injected SC in a volume of 1 ml/kg body weight.
Prazosin hydrochloride (alpha-1-adrenoceptor antagonist) and propranolol hydrochloride
were purchased from Sigma-Aldrich and dissolved in 0.9% saline and injected
intraperitoneally (IP) in a volume of 1 ml/kg body weight. The CRF 1 receptor antagonist
MPZP was prepared for systemic administration as described (Richardson et al., 2008).
Animals were administered MPZP in a volume of 2 ml/kg 20% HBC (hydroxypropyl-beta-
cyclodextrin, SC). For the chronic prophylactic administration studies, the vehicle-treated
rats were given repeated SC injections of 2 ml 20% HBC vehicle/kg body weight.

Acute Heroin Dependence Model

Acute opioid dependence models are designed to reveal early behavioral neuroadaptations
associated with the initiation and progression of dependence symptomatology (Azar et al.,
2003; Liu and Schulteis, 2004; Schulteis et al., 1999; Zhang and Schulteis, 2008). To model
acute heroin dependence, animals were injected (SC) daily with 1.25 mg/kg heroin. This
dose was previously shown to induce mechanical hyperalgesia during heroin withdrawal
(Laulin et al., 1998) that progressively increases after repeated, intermittent heroin injections
(Celerier et al., 2001). Control animals received repeated injections of saline on equivalent
schedules.

Heroin Self-Administration

The surgery and self-administration procedures have been reported in detail previously
(Vendruscolo et al., 2011). Briefly, rats were anesthetized with isoflurane (2%) and chronic
intravenous catheters were placed in the jugular vein. Rats were allowed to recover for 7
days before behavioral testing. Rats were trained to lever press for heroin (60 pg/kg/
infusion) 1 h per day, on a fixed-ratio (FR) 1 schedule, 5 days per week. Drug infusion was
paired with a cue light (above the active lever) for 20 s signaling a time-out period. Presses
during the time-out period were recorded but no drug was delivered. Once stable lever press
responding was achieved, the rats were split in two groups matched for responding
(baseline): short-access (1 h session: ShA) or long-access (12 h session: LgA), to test
mechanical sensitivity and intake. For the prophylactic drug regimen study (Figure 4), rats
were split into three pretreatment groups with 8 h long-access sessions. During all self-
administration sessions, rats were allowed to nose-poke for food (45 mg pellets, Bio-Serve)
on an FR 3 schedule, and water under an FR 1 schedule.

Pharmacological Testing

All pretreatment times and doses were derived from published studies (see discussion). For
the acute dependence studies, rats were injected with heroin or saline 24 h prior to testing,
and then pretreated with drugs or vehicles at different time points. Clonidine (10, 50 pg/kg)
or MPZP (20 mg/kg) was given 60 min prior to paw withdrawal testing. Prazosin (2 mg/kg)
or propranolol (10 mg/kg) was given 30 min prior to paw withdrawal testing. For the self-
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administration study, vehicle (20% HBC), clonidine (10 pg/kg), or MPZP (20 mg/kg) was
injected SC immediately prior to each self-administration session.

Statistical Analysis

Results

All data are expressed as means and standard errors of the mean (SEM). Data were analyzed
using a one-way analysis of variance (ANOVA) with group (repeated saline, repeated
heroin) as a between-subjects factor or using a repeated-measure two-way ANOVA with
group as a between-subjects factor and treatment (clonidine, MPZP, prazosin, or propranolol
vs. vehicle) or time as within-subjects factors. Student’s t-tests were used to analyze paw
withdrawal thresholds in heroin self-administering animals following chronic vehicle vs.
drug (clonidine or MPZP) treatment. Fisher’s Least Significant Difference (LSD) tests or
Dunnett’s tests were used for post hoc comparisons when appropriate. All statistical
analyses were performed with Prism 6.0 or Statistica 10, and p-values less than 0.05 were
considered statistically significant.

Acute heroin dependence induces mechanical hypersensitivity

Figure 1A shows the development of mechanical hypersensitivity following a series of
intermittent heroin injections (1.25 mg/kg, SC). Rats were tested 1, 3, and 6 h after heroin
injections on day 1 and day 5, in addition to 24 h after daily heroin administration for five
days. Comparing the heroin-treated rats between day 1 and day 5, the ANOVA revealed an
overall group effect (F(y, 14) = 19.09, p < 0.001) as well as a time effect (F(3 42) =51.2, p <
0.0001). Thus, heroin produced a significant modification of paw withdrawal thresholds that
shifted downward over days, indicative of a sensitization of pronociceptive systems
(Celerier et al., 2001). Figure 1B depicts the lowering of paw withdrawal thresholds over
several days of repeated heroin administration. One-way ANOVA revealed a day effect for
heroin (F(4, 24y = 5.03, p < 0.005). Post hoc comparisons showed a significant difference on
day 4 and 5 compared to day 1 (p < 0.05). No effect was seen for the vehicle group (F (4, 28)
=1.15,p=0.35).

Paw withdrawal thresholds decrease as heroin intake escalates

Figure 2 represents the development of hyperalgesia during heroin self-administration.
Heroin intake data (A) show that LgA rats increase the number of heroin infusions while the
ShA rats maintain a low, stable number of infusions. Average daily intake in LgA rats over
the fourteen sessions was 2.62 mg/kg/day versus 0.37 mg/kg/day in ShA rats. The ANOVA
revealed a group x session interaction: F (13 130) = 2.12, p < 0.05). Dunnett’s post-hoc
analysis showed a significant escalation of intake in the LgA group over the entire session
starting on day 11 (p < 0.05) until day 14 (p < 0.01) compared to day 1. LgA animals did not
escalate intake in the first hour of the session as previously described (Ahmed, Walker, and
Koob, 2000). One potential explanation for this discrepancy is that food reinforcement was
concurrently available in our operant protocol, which may attenuate intake escalation
(Lenoir and Ahmed, 2008; Ahmed et al., 2013). We tracked mechanical sensitivity in
parallel with heroin intake escalation (B). Paw withdrawal thresholds were measured 10-12
h following the previous heroin self-administration session (i.e., just prior to subsequent
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sessions). The ANOVA revealed an overall group effect between ShA and LgA (F(y, 11) =
4.86, p < 0.05) and a day effect (F(s, 55 = 7.55, p < 0.0001). On day 1, both ShA and LgA
rats tended to show a decrease in paw withdrawal thresholds. After day 1, however,
thresholds for ShA rats become stable, whereas those for LgA rats continue to decrease. By
day 14, the thresholds for ShA rats significantly differ from those of LgA rats (p < 0.005).

MPZP reverses acute heroin dependence-induced mechanical hypersensitivity

Figure 3A represents the effects of MPZP on heroin-induced decreases in paw withdrawal
thresholds. MPZP significantly alleviated the hyperalgesia during acute dependence. The
ANOVA revealed a treatment xgroup interaction (F(1, 14) = 6.13, p < 0.05). Post-hoc
analysis revealed that the heroin-vehicle group differed from the heroin-MPZP group (p <
0.05) and that the heroin-vehicle group was different from the saline-vehicle group (p <
0.0001). Figure 3B shows the effect of clonidine at two different doses on paw withdrawal
thresholds during acute heroin dependence. The ANOVA revealed only a main heroin effect
in the context of clonidine at doses of 10 g (F(q, 14) = 16.82, p < 0.005) or 50 pg (F(1, 14) =
42.00, p < 0.0001). Figure 3C shows that prazosin also did not reverse the lowered paw
withdrawal thresholds during acute heroin dependence (main effect of heroin: F(y 14y =
13.89, p < 0.005). Finally, Figure 3D shows the effect of propranolol on paw withdrawal
thresholds during acute dependence. Although there seems to be a slight reversal of the
heroin-lowered thresholds, the ANOVA revealed that only the factor of heroin exposure
significantly lowered thresholds (F(y, 12) = 17.65, p < 0.005).

MPZP attenuates escalation of heroin self-administration and hyperalgesia

Rats were trained to lever press for heroin and split into three groups (n = 6) according to the
first long access (eight-hour) session intake (baseline session). A pretreatment of vehicle,
MPZP, or clonidine was given prior to each self-administration treatment session for a total
of 14 treatment sessions. Paw withdrawal thresholds were measured 10-12 h following the
last heroin self-administration session (approximately 18-20 h after the last drug treatment).
Figure 4A represents the percent change in heroin intake for rats treated with MPZP or
vehicle. The ANOVA revealed an interaction between group and day (F(13, 130) = 2.63, p <
0.005). Post-hoc analyses indicated that vehicle-treated rats exhibited a significant increase
in heroin intake compared to MPZP-treated rats on days 12, 13, and 14 (p < 0.05). This
effect was not present in the first hour of heroin intake (Figure 4B). Rats treated chronically
with MPZP also displayed significantly higher paw withdrawal thresholds (t1g = 2.642, p <
0.05; Figure 4C). Figure 4D-E shows the comparison between the same vehicle group and
the chronic clonidine group. No significant differences were observed in heroin intake over
the entire session, although a trend for decreased heroin intake during the first hour of self-
administration was observed (main effect of group, F(1 10) = 3.59, p= 0.09). Despite similar
levels of heroin intake, animals treated chronically with clonidine displayed significantly
higher paw withdrawal thresholds (t1g = 5.232, p < 0.001; Figure 4F).

Discussion

In accordance with previous reports, we found a significant mechanical hypersensitivity
associated with both acute heroin dependence and heroin intake escalation. In contrast,
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hyperalgesia was not observed in animals self-administering a limited amount of heroin
(0.37 mg/kg/day average). The CRF4 receptor antagonist MPZP alleviated mechanical
hypersensitivity in the acute dependence model, further confirming the role of this drug
class in alleviating hyperalgesia resulting from either injury (Ji and Neugebauer, 2007) or
repeated exposure to opioids (Edwards et al., 2012; McNally and Akil, 2002).

In contrast to CRF{R antagonism, a variety of drugs systemically blocking adrenergic
neurotransmission did not significantly alter paw withdrawal threshold reductions associated
with acute heroin dependence. This represents a significant dissociation from the observed
anti-hyperalgesic effects of adrenoceptor blockade (at equivalent doses) across multiple pain
models. For example, systemic administration of prazosin (2 mg/kg) alleviates subcutaneous
hindpaw bee venom-induced mechanical hyperalgesia (Chen et al., 2010), while even lower
doses are effective against cold allodynia in a neuropathic pain model (Kim et al., 2005).
Chronic administration of a lower dose (0.3 mg/kg) of prazosin delays the development of
both streptozotocin- and vincristine-induced hyperalgesia, models of diabetic and toxic
neuropathy, respectively (Bujalska et al., 2008). Similarly, doses of propranolol identical to
or lower than that employed here (i.e., 1-10 mg/kg) alleviate pain hypersensitivity following
catechol-O-methyltransferase inhibition (Nackley et al., 2007) or intraplantar endotoxin
administration (Safieh-Garabedian et al., 2002). Our data showed a trend for a reversal of
acute heroin-induced mechanical hypersensitivity following administration of 10 mg/kg
propranolol. Possible effects with higher doses might be due to unspecific binding and side
effects rather than specific blockade of beta-receptors. The expression of chronic opioid-
induced hyperalgesia has been tied to beta-2-adrenergic receptor activity (Liang et al.,
2006), and this receptor has also been linked to opioid tolerance and chronic dependence
(Liang et al., 2007), suggesting that potentiation of this system may occur in response to
repeated opioid exposure. In addition, it was recently found that hyperalgesia induced by
termination of remifentanil exposure in humans was attenuated by concurrent propranolol
exposure (Chu et al., 2012), suggesting that ongoing beta-adrenoceptor blockade during
opioid exposure may be more effective in reducing the resultant hyperalgesia.

Alpha-2-adrenergic agonists such as clonidine possess valuable analgesic activity, reduce
postoperative opioid consumption (Blaudszun et al., 2012), but also display a narrow
therapeutic window and can produce significant side effects (Martin and Eisenach, 2001).
Thermal- or capsaicin-induced pain relief occurs following intrathecal, but not intravenous,
clonidine administration in humans (Eisenach et al., 1998). Interestingly, in rats, spinal
clonidine administration also produces a conditioned place preference (a model of reward)
only in animals experiencing pain (Davoody et al., 2011; He et al., 2012; King et al., 2009).
For the present study, we administered relatively low clonidine doses below the presumptive
analgesic dose range. Indeed, neither the doses of clonidine nor any dose of the other
compounds examined increased paw withdrawal thresholds in vehicle-treated animals,
which likely represents an absence of analgesic or motor-disruptive effects typically
observed following acute administration of opioid analgesics (e.g., Stowe et al., 2011).
Instead, clonidine appears to regulate opioid withdrawal-related behaviors at the doses tested
(10-50 pg/kg). For example, clonidine (50 pg/kg) reduces naloxone-precipitated physical
withdrawal symptoms after chronic morphine exposure (Tierney et al., 1988). Clonidine
administered at 10-40 pg/kg also blocks stress-induced reinstatement to heroin-seeking
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behavior (Shaham et al., 2000). However, this range of dosing failed to alleviate acute
heroin dependence-induced hyperalgesia, suggesting that potentiation of noradrenergic
signaling may occur only after extensive or excessive opioid exposure to regulate pain-
related behaviors (see below).

Previous studies have found that functional noradrenergic receptor blockade reduces both
anxiety-like behavior (Park et al., 2013) and heroin intake in dependent rats for the first hour
of extended access in animals where escalation of intake had already been established
(Greenwell et al., 2009). Both CRF and NE increase in the extended amygdala during drug
withdrawal (Maldonado, 1997; Weiss et al., 2001) and activation of both of these brain
stress systems is thought to mediate the negative emotional states that manifest during
opioid withdrawal. It is thought that a CRF-NE feed forward brain stress system exists
where CRF from the extended amygdala activates brainstem NE activity and, in turn, NE
activates forebrain CRF activity (Koob, 1999). The effects of CRF during opioid withdrawal
seem consistent throughout different behavioral measures as the CRF1R antagonist MPZP
blocks withdrawal-potentiated startle (Park et al., 2013). In addition, adrenergic blockers
have been shown to decrease acute opioid dependence-potentiated startle in rats (Harris and
Gewirtz, 2004; Park et al., 2013; Rothwell et al., 2009). These results suggest a significant
dissociation between pain- and anxiety-like behaviors during acute dependence, along with
differences in the neuropharmacological mechanisms that mediate these states. Our results
also appear to suggest unique roles for adrenergic receptor signaling across different pain
models (i.e., injury vs. drug-induced hyperalgesia), and further comparative exploration in
these areas is warranted.

Chronic, prophylactic administration of MPZP (20 mg/kg) attenuated escalation of heroin
self-administration, indicating a possible link between CRF and early neuroadaptive
mechanisms associated with the eventual transition to heroin addiction. For this experiment
we employed eight-hour heroin self-administration sessions that were expected to produce a
more modest escalation of heroin intake compared to twelve-hour sessions (Vendruscolo et
al., 2011). CRF¢R antagonist-mediated decreases in heroin intake in LgA rats are thought to
occur due to the attenuation of negative reinforcement processes that accompany LgA
heroin intake (Chen et al., 2006; Greenwell et al., 2009; Kenny et al., 2006; Koob et al.,
2004). In contrast, chronic treatment with clonidine (10 ug/kg) failed to alter heroin intake
over the eight-hour sessions, although there was a trend for a reduction in intake during the
first hour of self-administration in accord with clonidine’s half-life (Conway and Jarrott,
1980). Future studies will determine the effects of clonidine administration over the entire
course of the heroin self-administration session. Not surprisingly, animals treated
chronically with MPZP (who self-administered less heroin) exhibited higher paw
withdrawal thresholds, indicative of an absence of hyperalgesia. These data confirm and
extend previous findings from our lab and others demonstrating that CRF{R blockade
reduces opioid withdrawal-induced hyperalgesia and attenuates heroin intake post-escalation
(Edwards et al., 2012; Greenwell et al., 2009; McNally and Akil, 2002). In contrast, CRF1R
antagonism does not affect food or water intake (Greenwell et al., 2009). It is noteworthy
that animals receiving chronic clonidine treatments fail to display hyperalgesia (Figure 4F)
despite self-administering similar amounts of heroin as chronic vehicle-treated animals over
the entire session (Figure 4D). These latter results suggest that a recruitment of
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noradrenergic signaling evolves with extensive heroin exposure to drive hyperalgesia,
possibly via synergistic interactions with potentiated CRF signaling in the CeA (Ji and
Neugebauer, 2007; Koob, 1999).

The observed effects of clonidine also accord with a multi-system view of opioid addiction
whereby altered central negative reinforcement mechanisms may continue to drive
compulsive drug seeking despite an apparent alleviation of physical withdrawal symptoms
(Schulteis and Koob, 1996; Self and Nestler, 1998). Moreover, as a pathological extension
of hyperalgesia along the neuraxis, a greater interaction of supraspinal pain and
reinforcement circuitry to produce pain-induced emotional dysregulation (termed
hyperkatifeia) may be necessary to drive opioid intake escalation (Ji et al., 2007; Shurman et
al., 2010). In this regard, our data suggest that blockade of CRF¢R signaling would be an
effective and comprehensive therapeutic strategy aimed at this critical association of pain
and motivational processes underlying opioid addiction (Weiss et al., 2001; Edwards and
Koob, 2010).
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Figure 1.
(A) Mechanical sensitivity responsiveness following single vs. repeated heroin exposure.

Rats were administered heroin (1.25 mg/kg, SC, n = 8) for five days and tested for paw
withdrawal thresholds 1, 3, and 6 h post-heroin injection on day 1 and day 5. The magnitude
of the increase in threshold at 1 h is lessened on day 5, while the thresholds at 0 h and 6 h
are below day 1, indicating hyperalgesia. These neuroadaptations are hypothesized by
Simonnet and colleagues to reflect a sensitization of pronociceptive systems (Celerier et al.,
2001). Asterisks indicate a significant group effect (*** p < 001) between acute vs. chronic
heroin-treated groups. (B) Paw withdrawal thresholds of heroin-treated rats continue to
decrease over five days. On days 4 and 5, thresholds are significantly lower compared to
baseline (* p < 0.05).
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Figure 2.
Gradual development of mechanical hyperalgesia across heroin self-administration history.

Paw withdrawal thresholds were measured in heroin self-administering rats over the
escalation period just prior to subsequent self-administration sessions. As long-access
(Heroin LgA 12h, n = 8) rats increase their heroin intake across subsequent twelve-hour
sessions (A), thresholds continue to decrease over time (B). Heroin intake for LgA rats
increased significantly over the entire session (but not in the first hour, Heroin LgA 1h)
compared to baseline on days 11-14 (* p < 0.05, ** p < 0.01), and paw withdrawal
thresholds were different from short-access (Heroin ShA, n =5) rats on day 14 (** p <
0.01). Paw withdrawal thresholds of ShA rats do not decrease significantly compared to
baseline, and their heroin intake remains relatively constant (averaging 0.37 mg/kg/day).
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Figure 3.
CRF4R antagonism, but not functional adrenergic receptor antagonism, reverses heroin

withdrawal-induced mechanical hypersensitivity during acute dependence. For all tests,
heroin-treated rats (n = 7-8/group) showed significantly lower paw withdrawal thresholds
compared to saline-treated rats (** p < 0.005). (A) MPZP treatment significantly raised
thresholds, indicating an alleviation of mechanical hypersensitivity (* p < 0.05). (B-D)
Neither clonidine (10 pg/kg, 50 ug/kg, SC), prazosin (2mg/kg, IP), nor propranolol (10
mg/kg, IP) alleviated the acute heroin dependence-induced mechanical hypersensitivity.
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Figure 4.
Chronic CRF4R antagonism prevents escalation of heroin self-administration and resultant

hyperalgesia. Rats were trained to lever press for heroin and split into three groups (n = 6
each) receiving repeated treatments of vehicle, MPZP, or clonidine prior to each eight-hour
self-administration session. Heroin intake is expressed as percent change from chronic
vehicle-treated animals on treatment day one. Paw withdrawal thresholds were measured
10-12 h following the last heroin self-administration session (approximately 18-20 h after
the last drug treatment). Over 14 treatment sessions, vehicle-treated rats displayed a gradual
increase in heroin intake over the entire session that significantly diverged from the chronic
MPZP-treated rats by the end of the training (A-B). A significant difference between
vehicle and MPZP groups was present on days 12, 13, and 14. (* p < 0.05). Animals treated
chronically with MPZP also displayed higher paw withdrawal thresholds, reflecting an
absence of heroin-induced hyperalgesia (C). In comparison, heroin self-administering
animals treated chronically with clonidine did not display a significant difference in intake
from the vehicle group across the entire eight-hour session (D) but did exhibit a trend (p =
0.09) for decreased heroin intake over the first hour of self-administration (E). Despite
similar heroin intake levels between groups, clonidine-treated animals exhibited higher paw
withdrawal thresholds (F), suggesting a reduction of heroin-induced hyperalgesia in this
group relative to animals receiving chronic vehicle treatments.
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