the sham-treated female mice (n=11), there was no preference for the fenobam-paired chamber
over the DMSO-paired chamber on day 5 (Figure 30B; paired t-test, p=0.409). When day 5 data
was compared to day 1, we saw that SNI mice spent more time (day 5 minus day 1) in the
fenobam-paired chamber than the DMSO-paired chamber (Figure 30C; paired t-test, *p=0.012).
Conversely, sham treated mice showed no significant increase in the time spent in the fenobam-
paired chamber when compared to the DMSO-paired chamber (Figure 30D; paired t-test,

p=0.656).

Figure 30. Fenobam induces place preference in female SNI mice only. (A) SNI mice (n=10)
spent significantly more total time in the fenobam-paired chamber compared to vehicle-paired
chamber on post-conditioning day 5. (B) Sham mice (n=11) show no difference in the total
amount of time spent in fenobam and vehicle-paired chamber on post-conditioning day 5. (C)
SNI mice increase the amount of time they spend in the fenobam-paired chamber on day 5 (post-
conditioning) compared to baseline (day 1 pre-conditioning) while (D) sham mice show no such
difference. Paired t-test, *p<0.05, **p<0.01. DG — conducted experiment. NL, DG, BK —
designed experiment.
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aCPP with MPEP in Male Mice

In order to confirm that the preference induced by fenobam in the SNI mice was due to
antagonism of mGluR5 and not a confound of using DMSO as the vehicle, an additional set of
aCPP trials were performed using the prototypical mGIluRS antagonist MPEP with a saline
vehicle. We hypothesized that the same preference would be induced in the SNI mice, while not
affecting the sham control mice. In this experiment, the same aCPP assay was used, but MPEP
(30 mg/kg) and saline (0.9%) were substituted for fenobam and DMSO respectively on days 2-4
of testing. Analysis of the preference data on day 5 replicated the aCPP results that were
obtained with fenobam; male SNI mice (n=8) spent more time in the MPEP-paired chamber than
the saline-paired chamber on day 5 (Figure 31A; paired t-test, p=0.0372). For the sham mice
(n=8), no preference developed for the MPEP-paired chamber over the saline-paired chamber on
day 5 (Figure 31B; paired t-test, p=0.2344). In the same manner that was seen with the fenobam
data, when day 5 data was compared to day 1, we saw that SNI mice spent more time (day 5
minus day 1) in the MPEP-paired chamber than the saline-paired chamber (Figure 31C; paired t-
test, p=0.0065). Sham mice did not increase the time that they spent in the MPEP-paired

chamber when compared to the saline-paired chamber (Figure 31D, paired t-test, p=0.8092).
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Figure 31. MPEP induces place preference in male SNI mice only. (A) SNI mice (n=8) spent
significantly more total time in the MPEP-paired chamber compared to vehicle-paired chamber
on post-conditioning day 5. (B) Sham mice (n=8) show no difference in the total amount of time
spent in MPEP and vehicle-paired chamber on post-conditioning day 5. (C) SNI mice increase
the amount of time they spend in the MPEP-paired chamber on day 5 (post-conditioning)
compared to baseline (day 1 pre-conditioning) while (D) sham mice show no such difference.
Paired t-test, *p<0.05, **p<0.01. NL — conducted experiment. NL, BK — designed experiment.
aCPP with Morphine in Male Mice

Having demonstrated that fenobam induced preference in male and female mice with SNI
but not in sham-operated mice, we next examined the effect of morphine in the aCPP assay,
hypothesizing that all mice, regardless of surgery type, would show conditioned place preference
for the drug. This experiment is essentially a positive control for the self-reinforcing and

unwanted side-effect properties of morphine treatment. The same aCPP assay was used, but

morphine (10 mg/kg) and saline (0.9%) were substituted for fenobam and DMSO respectively on
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days 2-4 of testing. Different vehicle solvents were needed to dissolve morphine compared to

fenobam.
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Figure 32. Morphine induces place preference in all male mice. (A) SNI mice (n=9) spend
significantly more total time in the morphine-paired chamber compared to vehicle-paired
chamber on post-conditioning day 5. (B) Sham mice (n=15) showed a similar significant
preference. (C) SNI mice increase the amount of time they spent in the morphine-paired chamber
on day 5 (post-conditioning) compared to baseline (day 1 pre-conditioning) while (D) sham mice
showed a similar significant preference. Paired t-test, *p<0.05, **p<0.01. DG — conducted
experiment. NL, DG, BK — designed experiment.

We tested the effects of morphine in the aCPP assay in SNI and sham-operated mice. We
looked at the total time spent in both the vehicle-paired chamber and the morphine-paired
chamber on day 5, following three days of drug-pairing. Both SNI mice (n=9) (Figure 32A;
paired t-test, **p=0.002) and sham mice (n=15) (Figure 32B; paired t-test, **p=0.009) spent

more total time in the morphine-paired chamber than the vehicle-paired chamber on day 5. Next,

we compared the time spent in each of the chambers on day 5 and day 1. Both SNI and sham
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mice spent more time in the morphine-paired chamber on day 5 (compared to day 1), while
simultaneously decreasing the time spent in the saline-paired chamber (SNI Figure 32C, paired
t-test, **p=0.002; sham Figure 32D, paired t-test, *p=0.011). Overall, when using morphine,

preference was induced in both SNI and sham male mice.
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Figure 33. Morphine induces place preference in all female mice. (A) SNI mice (n=5) spend
significantly more total time in the morphine-paired chamber compared to vehicle-paired
chamber on post-conditioning day 5. (B) Sham mice (n=6) show a similar significant preference.
(C) SNI mice increase the amount of time they spent in the morphine-paired chamber on day 5
(post-conditioning) compared to baseline (day 1 pre-conditioning). (D) Sham mice show a
similar significant preference. Paired t-test, *p<0.05, **p<0.01, ***p<0.001. NL — conducted
experiment. NL, BK — designed experiment.

aCPP with Morphine in Female Mice
Having demonstrated that morphine can induce conditioned place preference in male
mice following three days of drug pairing, regardless of surgery treatment, next we tested the

effect of morphine in female SNI and sham-operated mice. Both SNI (n=5) (Figure 33A; paired
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t-test, **p=0.001) and sham (n=6) (Figure 33B; paired t-test, *p=0.014) mice spent more total
time in the morphine-paired chamber compared to the vehicle-paired chamber on day 5. We also
compared the total amount of time spent in each chamber on day 5 compared to day 1 for both
groups of mice. Again, similar to male mice, both SNI and sham female mice exhibited an
increase in the time spent in the morphine-paired chamber on day 5 compared to day 1, along
with a significant decrease in the time spent in the vehicle-paired chamber (SNI Figure 33C,
paired t-test, **p=0.001; sham Figure 33D, paired t-test, **p=0.001). Overall, these data
mirrored the results seen in males, with all mice spending more time in the side of the aCPP

apparatus paired with morphine, regardless of surgery treatment.

DISCUSSION

mGIluRS has recently emerged as a potentially important target in pre-clinical reflexive
and experimenter-induced pain assays and also may be a target for the development of new
analgesic drugs. This is the first study that has looked at the benefit of fenobam or any other
mGluRS antagonist in models of on-going chronic pain-like behavior, but since then, others have
replicated our results (Vincent et al., 2016). Here, for the first time, we show that mGIluRS
inhibition induces conditioned preference in animals with a chronic neuropathic injury.
Furthermore, we show that fenobam and MPEP do not induce preference in sham mice. These
data indicate that in the absence of pain-like injury, inhibition of mGIuRS is unlikely to have
reinforcing properties on its own, a desirable quality for potential therapeutics. The injury-
specific effects of fenobam and MPEP are in contrast to the non-specific effects of morphine

seen in our studies. Morphine induces CPP in all mice regardless of injury status.

161



Fenobam was first developed as an anxiolytic drug by McNeil Laboratories (Porter et al.,
2005). Initially, it was shown to be effective in animal models of anxiety (Pecknold et al., 1982).
In human clinical trials, it was nearly as effective as the anxiolytic diazepam (Pecknold et al.,
1982). Fenobam eventually entered Phase II outpatient trials, but additional development ceased
due to psychostimulant side-effects present at high doses (300 to 600 mg per patient) of the drug
(Friedmann et al., 1980). More recently, fenobam was found to act as an antagonist of mGIluR5
(Porter et al., 2005). With regards to specificity, fenobam is more selective for the mGIuRS5
receptor compared to MPEP since it has been shown that MPEP still has analgesic-like effects in
the formalin test when mGIluRS knock-out mice are used (Montana et al., 2009). Regardless,
data from the last 20 years suggests that mGIluRS5 plays an important role in the regulation of
pain (Chiechio and Nicoletti, 2012). Expression and activity of the receptor is implicated at
numerous levels of the pain neuroaxis (Zhu et al., 2005), including the periphery (Bhave et al.,
2001), the spinal cord (Jia et al., 1999) and the amygdala (Li and Neugebauer, 2004; Crock et al.,
2012a). Following the administration of intraperitoneally-delivered fenobam, the drug rapidly
moves into the brain and is metabolized within one hour in mice (Montana et al., 2009). While
the rapid break down of fenobam is not ideal from a pharmacokinetic perspective, modification
to its chemical structure could potentially lead to slower metabolism and extended effects.
Recently, it was shown that the mGIluRS antagonist (AZD9272) did not reduce pain in healthy
male controls (Kalliomaki et al., 2013). While this result is not supportive of mGIuRS in the
modulation of control models of human pain, it does not necessarily indicate that all mGIuRS
antagonists would be ineffective. AZD9272 is known to act centrally (Kalliomaki et al., 2013);

in our studies, fenobam may be acting both in the periphery and in the central nervous system,
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but this is unknown at this time. Future studies with peripherally restricted antagonists would be
of interest to limit any potential for central side-effects.

In a number of classic pain assays, both fenobam and MPEP have proven to reduce pain-
like behaviors (Osikowicz et al., 2008; Montana et al., 2009). However, classic inflammatory
reflexive or experimenter-evoked (e.g. mechanical von Frey) models of persistent or acute pain
to test novel analgesic compounds may be problematic. In particular, the predictive nature of
these assays for efficacy in human clinical trials has been called into question (Blackburn-
Munro, 2004). Recently, a number of groups have validated a modified version of the
conditioned place preference, aCPP, in the post hoc analysis of known human analgesic agents
(King et al., 2009; He et al., 2012; Woller et al., 2012). aCPP is an important new variation on
the classic conditioned place preference that has been used for over 30 years to study drugs of
abuse (Tzschentke, 1998). In the aCPP model, animals receive a nociceptive injury prior to
testing. Next, pairing with known or unknown analgesic agents occurs. Animals develop a
preference for the drug-paired chamber only if they receive relief from on-going or spontaneous
nociception or other negative stimulation (e.g. anxiety). Other groups have shown that both
mGluR1 antagonism via intra-VTA microinjections of the mGluR1 antagonist JNJ16259685 and
protein synthesis inhibitor cycloheximide significantly attenuated or blocked the acquisition of
cocaine-induced conditioned place preference (CPP) in rats (Yu et al., 2013a). Similarly, others
have found that mGIuRS antagonism with MPEP blocks morphine CPP in mice (Popik and
Wrobel, 2002) and meth-CPP in rats (Herrold et al., 2013). Here, we show for the first time that
systemic mGluRS5 inhibition with fenobam or MPEP induces aCPP only in the context of a
neuropathic injury, SNI. Both male and female SNI-operated mice developed a preference for

the chamber paired with the mGluRS5 antagonist. SNI mice spend a greater amount of time in the
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mGluRS antagonist-paired chamber, compared to the vehicle chamber on day 5. In addition to
this, there is also a significant increase in the time spent in the mGluRS antagonist chamber on
day 5 (post-conditioning) compared to the baseline day 1 (pre-conditioning). In contrast, male
and female sham-operated mice show no statistically significant differences in the amount of
time spent in the mGIuRS antagonist-paired chamber, when compared to the vehicle-paired
chamber. These data suggest that mGluRS antagonism is rewarding only in the context of SNI
and that the rewarding effect may be caused by analgesia. The failure of both fenobam and
MPEP to induce statistically significant preference in sham animals indicates that these drugs
have a low potential for rewarding or deleterious effects in the absence of injury. In addition,
this also highlights the value of aCPP as a screening paradigm. Avoiding agents that induce
preference in naive or sham-operated mice may reduce the chance of addiction in humans.

One additional aspect addressed in our studies is the fact that fenobam was able to
produce preference in both male and female mice. This is important because there are many
differences in pain condition prevalence between men and women (Munce and Stewart, 2007).
For example, fibromyalgia (Wolfe et al., 1995) and interstitial cystitis (Clemens et al., 2005)
have been found to be much more prevalent in women compared to men. Despite this, many
basic science studies only test male animals, neglecting the potential differences that could be
found with females (Beery and Zucker, 2011). It is important to include both groups in studies
in order to determine if the effects can be replicated in both men and women. Here, we failed to
find any sex differences with either fenobam or morphine aCPP. This suggests that mGIluRS5
antagonism with fenobam may be an effective strategy to broadly treat pain in both sexes.

Although the aCPP model represents an important step forward as a pain assay, it does

not distinguish between analgesic effects of a drug versus affective effects. For example, chronic
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pain is associated with comorbid depression and anxiety (Bair et al., 2003) and treatment with
psychotherapy (pharmacological or non-pharmacological) can be beneficial to some patients.
Mice (Fisher and Coderre, 1996; Mutso et al., 2012) and rats (Blackburn-Munro, 2004;
Gongalves et al., 2008) exhibit some comorbid depression/anxiety-like behavior with SNI. Thus,
from the aCPP assay, it is not entirely clear whether fenobam induces place preference because it
is reducing on-going pain or anxiety associated with SNI. Notably, mGIuRS antagonists like
fenobam are known to have anxiolytic-like effects in the Vogel conflict test, Geller-Seifter test,
conditioned emotional response, EOM and context freezing tests at the same dose tested in our
study (Porter et al., 2005; Jacob et al., 2009; Montana et al., 2011). Although we cannot
differentiate between these two hypotheses, from a clinical standpoint, it may be sufficient to get
relief from any negative stimulation, whether that stimulus is primarily nociceptive or primarily
anxiogenic stimulation.

As described above, human clinical trials for fenobam were stopped in part because of
observed psychostimulant effects at a dose that is much higher (300 — 600 mg per patient per
day) than what we used in the present study. In addition, mice exhibit hyperlocomotion to acute
treatment of 30 mg/kg fenobam (Montana et al., 2011). These data suggest that fenobam, and
mGluRS antagonists in general, may have unwanted stimulant effects that may or may not be
related to analgesic efficacy. In the present study, we find that the stimulatory and rewarding
effects of fenobam can be disassociated and that the stimulatory effects may be short term. In
the first two days of pairing, SNI and sham mice injected with fenobam traveled more than
animals injected with vehicle. These data show that all mice, irrespective of neuropathic injury,
respond to the stimulatory effects of fenobam. This is particularly interesting because on post-

conditioning day 5, the SNI mice only prefer to spend significantly more time in the fenobam-
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paired chamber. This time preference in SNI mice demonstrates that the rewarding effects of the
drug in the context of injury are separate from its locomotor effects. Of note, the locomotor
effects of fenobam are not seen on the last day of pairing, day 4. It is unclear whether this lack
of an effect is indicative of habituation to fenobam-induced hyperactivity and/or a phenomenon
associated with repeated testing habituation to the environment.

DMSO was chosen as the vehicle for fenobam because of fenobam’s limited solubility in
other solvents and the established use of DMSO in studies showing the analgesic effects of
fenobam (Montana et al., 2009; Montana et al., 2011; Crock et al., 2012b). The
pharmacokinetics of fenobam, which are important for demonstrating aCPP, were established in
mice with a DMSO vehicle (Montana et al., 2011). DMSO is known to have some analgesic
properties of its own and chronic administration of DMSO for 14 days has not been shown to
cause any liver or metabolic abnormalities nor any changes in sensory/motor behavior in mice
(Montana et al., 2011). The analgesic effects of fenobam are maintained with chronic pre-dosing
with fenobam or DMSO, suggesting that in this context DMSO is not masking or altering the
behavioral effects of fenobam. Nonetheless, due to the potential for side-effects of DMSO as a
vehicle, future studies may explore alternative vehicle options. Of note, fenobam does show
good oral bioavailability in powdered form for human studies (Kalliomaki et al., 2013). It is
possible that some element of the behavioral effects that we saw from fenobam were due to the
analgesic effects of DMSO, where animals received some type of on-going relief from SNI
injury from the vehicle. However, if this were the case, the effects were minimal and the relief
was not as rewarding as that induced by fenobam/MPEP. Otherwise, we would predict that the
animals would not develop preference for either chamber if both produced equally rewarding

effects.
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Finally, our results with the morphine aCPP show the benefit of aCPP as a screening tool
for addictive potential of analgesic compounds, allowing the researcher to separate euphoria-
inducing drugs (e.g. morphine) from non-euphoric drugs (e.g. fenobam). Morphine preference
has been demonstrated in naive rats and mice, as well as in mice with spinal cord injury (SCI)
(Reid et al., 1989; Vindenes et al., 2006; Woller et al., 2012). As far as we know, this is the first
report of the behavioral effects of morphine in SNI mice. Not surprisingly, all male and female
animals, regardless of injury, show preference for morphine. It is likely that there is an
interaction between the analgesic and euphoric effects of morphine. Our dose of morphine (10
mg/kg) has been shown to be analgesic (Mohammed et al., 2013b) and has also been shown to
induce preference in naive mice in the classic conditioned place preference assay (Mattioli et al.,
2012; Ruiu et al., 2013). This preference is likely developing in the sham animals through a
euphoria-like mechanism and in the SNI mice through both analgesic and euphoria-induced
positive reinforcement. Overall, data from our morphine experiments help demonstrate the
significant contrast of mGIuRS antagonists compared to mu opioid receptor agonists like
morphine. We show that mGluRS5 inhibition with fenobam does not induce preference in sham
animals at a dose that is analgesic (Montana et al., 2009) in injured mice.

Overall, mice with induced neuropathic injury develop a preference for fenobam or
MPEP after three days of pairing in the aCPP assay. Mice without SNI show no such preference.
Since fenobam and MPEP do not show any deleterious effects in these sham mice, these data
suggest that these drugs have no positive reinforcing effect in the absence of pain and induce
preference only when a chronic injury is present. Finally, the locomotor side effects of fenobam
are distinct from the analgesic effects of the drug. Our results demonstrate that fenobam and

more broadly mGluRS antagonists may have a promising future in the treatment of chronic pain.
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MATERIALS AND METHODS
Animals

All mouse procedures were reviewed and approved in accordance with National Institutes
of Health Guide for the Care and Use of Animals and the Institutional Animal Care and Use
Committee at Duquesne University (Protocol Number: 1201-02). All behavior experiments were
performed using C57B1/6J male or female mice. Mice were individually housed and maintained
on a 12-hour light/dark cycle (lights on 7:00 AM — 7:00 PM) with ad libitum access to food and
water. Mice were between 6.5 and 8 weeks old when behavioral experimentation took place.
All procedures were carried out during the light cycle. The mouse’s surgery type was blinded to
the experimenter prior to all behavioral testing.
Surgical Procedures

A 10:1 ketamine/xylazine mixture was injected intraperitoneally into the mice for
anesthesia (10 pL/g). Spared nerve injury (SNI) to the sciatic nerve was performed as described
previously (Decosterd and Woolf, 2000). M. biceps femoris muscle was found after cutting the
skin parallel to the femur bone. After the sciatic nerve was located underneath the muscle, a
suture thread was tied around tibial and common peroneal branches of the sciatic nerve, both of
which were ligated 2 cm distal to the suture. The sural branch of the sciatic nerve was not
manipulated. Sham surgeries followed the same procedure, without manipulation of any
branches of the sciatic nerve and without cutting the overlying muscle (only a skin incision).
Mice recovered on heating pads and were housed in individual cages for one week prior to aCPP
testing. Following all behavioral procedures, sham and SNI surgeries were verified post-hoc
with necropsy.

Drugs
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Fenobam (IN-(3-chlorophenyl)-N’-(4,5-dihydro- 1 -methyl-4-oxo-1H-imidazole-2-
yl)urea], Abcam Biochemicals, Fenobam, Cambridge UK) was dissolved in 100% dimethyl
sulfoxide (DMSO) on the first day of drug-pairing (day 2 of 5-day aCPP experiment) at a dose of
30 mg/kg (volume = 20 pL) and stored in the dark at room temperature between tests. Dosage
was determined from published dose response curves (Montana et al., 2009) and our own
preliminary data showing significant analgesic effects of fenobam in the spontaneous formalin
test (data not shown). DSMO was chosen as the vehicle due to its use with fenobam in other
pain and pharmacological studies (Montana et al., 2009; Montana et al., 2011; Crock et al.,
2012b) and fenobam’s lack of solubility in other solvents. MPEP ([2-Methyl-6-
(phenylethynyl)pyridine], Enzo Life Sciences, MPEP hydrochloride, New York USA) was
dissolved in 0.9% saline on the first day of drug-pairing (day 2 of 5-day aCPP experiment) at a
dose of 30 mg/kg (volume = 20 pL) and stored in the dark at room temperature between tests.
Dosage was determined from published dose response curves (Montana et al., 2009). Unlike
fenobam, MPEP can be dissolved in saline solution. Morphine (Sigma, morphine sulfate, USA)
was dissolved in 0.9 % saline solution on the first day of drug pairing (day 2 of the 5-day aCPP
experiment) at a dose of 10 mg/kg (volume = 100 pL) and stored in the dark at room temperature
between tests. The dose for morphine was determined from previous studies showing CPP for
morphine in naive mice (Mattioli et al., 2012; Ruiu et al., 2013).

Drug Administration

Fenobam solution was administered intraperitoneally (30 mg/kg) in a volume of 20 uL, 5
minutes prior to behavioral testing, when fenobam concentration in the brain is maximal
(Montana et al., 2009). The vehicle control for fenobam trials was 100 % DMSO (volume = 20

uL). MPEP solution was administered intraperitoneally (30 mg/kg) in a volume of 20 pL, 5
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minutes prior to behavioral testing as well. The vehicle control for MPEP trials was 0.9 % saline
solution (volume = 20 pL). Morphine was administered to mice subcutaneously (10 mg/kg) in a
volume of 100 pL, 5 minutes prior to behavioral testing. The vehicle control for the morphine
trials was 0.9 % saline (volume = 100 uL). In separate trials of 5-day aCPP tests (see below),
fenobam or morphine was given to mice once daily for three consecutive days (on days 2, 3, and
4 of aCPP).

Analgesic Conditioned Place Preference (aCPP)

The aCPP apparatus consisted of a three-compartment box made from Plexiglas. The
box consisted of two large outer chambers (26.75 cm x 27.5 cm) and one smaller middle
chamber (“neutral” chamber — 9 cm x 5 cm) that connected the two outer chambers. The two
large outer chambers differed only in the patterns on the wall (vertical, horizontal or diagonal
black and white stripes, all 2.675 cm thick), while the rest of the parameters remained identical
between chambers (white noise 60 dB, non-enrichment bedding). The neutral chamber in the
middle of the apparatus consisted of white walls with no bedding. Room B103G in the Bayer
Animal Care Facility was used for all aCPP experiments. Four aCPP boxes were used at the
same time, allowing testing of four animals at once. The four aCPP boxes were arranged with
each outer chamber alternating the patterning of the box next to it (to balance patterns vs side of
room and to limit preconditioning biases). The boxes were oriented parallel with the door so
there was not one outer chamber close to the door where experimenters entered and exited. A
blue curtain was also placed around the room to limit any preconditioning biases from things in
the behavior room. Non-enrichment bedding was placed in both of the outer boxes of the CPP

boxes, but not in the neutral chamber.
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On day 1 of aCPP testing, seven days following SNI/sham surgeries, the male or female
mice were placed in the neutral chamber and allowed to move freely between the three chambers
for 30 minutes. Mice were tracked by two overhead cameras (Logitec Webcam Pro 9000 and
Canon ZR420) using ANY-maze software (Stoelting Co., version 4.98). This program recorded
the time spent and distance traveled by each mouse in all three chambers on days 1 and 5 of
aCPP testing. Additionally, the distance traveled on days 2-4 for male mice treated with
fenobam was recorded. Day 1 established baseline results upon which the balancing of the
apparatus was assessed. In order to avoid preconditioning biases, we made the a priori decision
to exclude any mouse that had a difference of greater than 400 seconds in either of the two outer
chambers (vertical vs horizontal/diagonal) on day 1 (pre-conditioning) of aCPP testing. For
remaining animals that passed the exclusion test, on days 2, 3, and 4, drug or vehicle was
administered in two separate 30-minute sessions (one session in the morning and one in the
afternoon). During these trials, the neutral chamber was sectioned off and the mice only had
access to one of the large outer chambers (either horizontal or vertical/diagonal). In the morning
session, mice were injected with the vehicle control and placed in the vehicle-paired outer
chamber. Three hours later, in the afternoon trial, the same mice were injected with the
experimental drug (i.e. fenobam or morphine in vehicle) and placed in the drug-paired outer
chamber, opposite to the chamber used in the morning session. The chamber paired with the
drug was randomly assigned to mice such that some mice received the drug in a horizontal
chamber and others in a vertical/diagonal chamber. On day 5 (post-conditioning), mice were
again allowed to roam free between all three chambers for 30 minutes. These new times were
then compared to day 1 (pre-conditioning) testing times to see if and how the mouse’s preference

changed after three days of drug-pairing.
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Statistical Analysis

Graph Pad Prism version 5 for Mac OS X was used for all statistical analysis. All data
are presented as mean = SEM. Raw data can be obtained by contacting the corresponding
author.  Statistical significance was determined between groups using t-tests or ANOVA
followed by a post hoc test. The combined total distances were analyzed with an un-paired t-test
and days 2-4 distance data were analyzed with a two-way ANOVA followed by a Bonferroni
post-hoc test. When analyzing total time per chamber on day 5, a paired t-test was utilized. Day
5 — Day 1 time difference data was analyzed using a paired t-test. Statistical significance was

established at a 95% confidence interval (p<0.05).
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Section 2
Chapter 2
Characterization of a novel mu opioid drug formulation,

PolyMorphine, in several models of chronic pain
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The majority of the text contained within this chapter is adapted from the following publication:
Lax NC, Chen RX, Leep SR, Uhlrich KE, Kolber BJ. 2017. PolyMorphine provides extended
analgesic-like effects in mice with spared nerve injury. Molecular Pain. DOI:

10.1177/1744806917743479.

PolyMorphine was prepared and provided by Renxun Chen (Rutgers University) and Kathryn
Uhlrich (Rutgers University). Figures 34 and 35 were prepared by Renxun Chen to show the
synthesis process of PolyMorphine. All behavioral testing was completed at Duquesne

University by Neil Lax with Sarah Leep assisting with formalin testing and scoring in Figure 37.
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ABSTRACT

Morphine is a well-characterized and effective analgesic commonly used to provide pain
relief to patients suffering from both acute and chronic pain conditions. Despite its widespread
use and effectiveness, one of the major drawbacks of morphine is its relatively short half-life of
approximately four hours. This short half-life often necessitates multiple administrations of the
drug each day, which may contribute to both dependence and tolerance to morphine. Here, we
tested the analgesic properties of a new polymer form of morphine known as PolyMorphine.
This polymer has monomeric units of morphine incorporated into a poly(anhydride-ester)
backbone that has been shown to hydrolyze into free morphine in vitro. Using an animal model
of chronic pain, the spared nerve injury surgery (SNI), we showed that PolyMorphine is able to
block SNI-induced hypersensitivity in mice for up to 24 hours post administration. Free
morphine was shown to only block SNI-induced hypersensitivity for up to two hours post
injection. PolyMorphine was also shown to act through the mu opioid receptor due to the ability
of naloxone (a mu opioid receptor antagonist) to block PolyMorphine-induced analgesia in SNI
animals pretreated with PolyMorphine. Additionally, we observed that PolyMorphine causes
similar locomotor and constipation side effects as free morphine. Finally, we investigated if
PolyMorphine had any effects in a non-evoked pain assay, conditioned place preference (CPP).
Pretreatment of SNI mice with PolyMorphine blocked the development of CPP for MPEP, a
short-lasting mGluRS5 antagonist with analgesic-like properties. Free morphine does not block
the development of preference for MPEP, suggesting that PolyMorphine has longer lasting
analgesic effects compared to free morphine. Together, these data show that PolyMorphine has
the potential to provide analgesia for significantly longer than free morphine while likely

working through the same receptor.
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INTRODUCTION

Morphine is one of the most commonly used and most well-known analgesics in both
humans and animals (Mohammed et al., 2013a). Morphine is an agonist of the mu opioid
receptor (MOR) and binds to this receptor 3.4 and 10 times stronger than the other opioid
receptor subtypes, the kappa and delta opioid receptors, respectively (Kilpatrick and Smith,
2005). With activation of the MOR, morphine inhibits neurotransmitter release by decreasing
calcium entry at presynaptic nerve endings and induces hyperpolarization in the post-synaptic
cell at a number of CNS sites and on primary afferent neurons (Chahl, 1996). These mechanisms
are believed to cause the analgesic effects of morphine. Yet, despite its success in blocking pain,
a major drawback to morphine use is its relatively short half-life of approximately four hours
(Sverrisdottir et al., 2015). In vivo, morphine is quickly distributed (Spector and Vesell, 1971)
and subsequently metabolized, mainly in the liver, into inactive morphine-3-glucaronide (M3G)
and the analgesic morphine-6-glucaronide (M6G) (Christrup, 1997). These metabolites are then
excreted via the kidneys (Yeh, 1975). This fast metabolism leads to the need for repeated
administration of morphine, can result in low compliance, and can contribute to the development
of tolerance and dependence over time (Akbarali et al., 2014). While several capsule forms
(King and Khabazian, 2003; Hagen et al., 2005; Ross and Hahn, 2008) have been developed to
circumvent some of these problems, these tablets often lead to abuse because they can be crushed
into a powder. Crushing these tablets causes a large amount of morphine to be available at once,
rather than slowly releasing the drug over time, leading to greater psychotropic effects and risk
for abuse. This is particularly concerning due to the ongoing opioid crisis in the United States.
Furthermore, these extended release tablets only modestly extend the analgesic effects of

morphine (Butler et al., 2011b; Katz et al., 2011; Setnik et al., 2013).
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Recently, our colleagues at Rutgers University developed a new formulation of
morphine, called PolyMorphine, that could circumvent these issues (Rosario-Melendez et al.,
2012). PolyMorphine is efficiently synthesized by chemically incorporating morphine in each
repeat unit through a poly(anhydride ester) backbone in a 3-step reaction (Rosario-Melendez et
al., 2012). PolyMorphine was shown to be analgesic for three days in naive mice using the tail-
flick assay, which is 20 times longer than free morphine (Rosario-Melendez et al., 2012). What
remained unclear is the extent to which PolyMorphine works as an analgesic in chronic pain
models, how long its effects may last in these other models, if it acts on the MOR in a manner
similar to free morphine, and what side effects may be associated with PolyMorphine treatment.
In this study, PolyMorphine was evaluated for prolonged analgesia potential in the spared nerve
injury (SNI) model of chronic pain (Decosterd and Woolf, 2000). The SNI model has been
shown to induce long-lasting hypersensitivity in the ipsilateral (injured) paw for up to nine weeks
post-surgery (Bourquin et al., 2006; Richner et al., 2011). Herein, this chronic pain model was
combined with several measures of pain-like behaviors including von Frey mechanosensory
testing and the conditioned place preference (CPP) assay.

Based on the previously shown extended analgesic effects of PolyMorphine, we
hypothesized that this polymer could block SNI-induced hypersensitivity as measured by von
Frey mechanosensory testing for up to three days post administration. We also hypothesized
that, if PolyMorphine works through activation of the MOR, then pretreatment with naloxone, a
MOR antagonist, would block the analgesic-like effects of PolyMorphine. Since the effects of
PolyMorphine are ultimately due to the release of free morphine monomers, we also predicted
that PolyMorphine would cause side effects similar to free morphine such as hyperactivity (Koek

et al., 2012; Koek, 2014) and constipation (Raehal et al., 2005). Finally, we hypothesized that the
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long-lasting analgesic effects of PolyMorphine would have the ability to block the development
of preference for a short-lasting analgesic in the analgesic CPP assay (Tzschentke, 1998; He et

al., 2012; Lax et al., 2014).

RESULTS
PolyMorphine Synthesis and Degradation into Free Morphine

Morphine diacid was synthesized via ring-opening reaction between glutaric anhydride
and morphine, followed by acetylation of the diacid and polymerization of the monomer by melt-
condensation (Figure 34). PolyMorphine was shown to hydrolytically degrade in vitro at
physiological conditions (37 °C and pH 7.4) to free morphine in the following stages: hydrolytic
cleavage of the anhydride bonds to morphine-diacid 3, followed by hydrolysis of the ester bonds

to yield free morphine (Figure 35).
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Figure 34. Synthesis of PolyMorphine (5). PolyMorphine 5 was synthesized from the reaction
of morphine 1 and glutaric anhydride 2 via ring-opening followed by acetylation of the diacid 3
and polymerization of the monomer 4 by melt-condensation. RC — conducted synthesis. RC,
KU, BK — designed experiment.
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Figure 35. Hydrolytic degradation of PolyMorphine 5. The anhydride linkages of polymer 5
are hydrolyzed first to generate diacid intermediates (3), which are then further hydrolyzed to the
final products, morphine (1) and adipic acid (7). RC — conducted synthesis. RC, KU, BK —
designed experiment.
PolyMorphine Blocks SNI-Induced Hypersensitivity

The ability of PolyMorphine to block SNI-induced mechanical hypersensitivity was
measured. Using von Frey testing to determine 50% withdrawal thresholds, a pretreatment of
PolyMorphine (n=8) reversed SNI-induced hypersensitivity for up to 24 hours post-injection
compared to vehicle-treated SNI animals (n=8). The reversal of SNI-induced hypersensitivity in
mice treated with regular morphine (n=8) was gone after 2 hours (Figure 36). These data

demonstrate a significant increase in PolyMorphine analgesia over time compared to free

morphine.
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Figure 36. PolyMorphine blocks SNI-induced hypersensitivity longer than free morphine.
SNI mice treated with 200 mg/kg of PolyMorphine (n=8) show reduced hypersensitivity
compared to control SNI mice (n=8) for up to 24 hours after administration. SNI mice treated
with 10 mg/kg of free morphine (n=8) show reduced hypersensitivity compared to control SNI
mice for only 2 hours after administration. 2-way ANOVA, overall main effect of treatment *P =
0.0153, overall main effect of time ***P < 0.0001, Bonferroni post-hoc tests compared to saline,
* P <0.05, *** P <0.0001. NL — conducted experiment. NL, BK — designed experiment.
Naloxone Blocks the Analgesic-like Effects of PolyMorphine

To determine if PolyMorphine works through the same molecular mechanism as free
morphine, a mu opioid receptor antagonist (naloxone) was used to potentially inhibit the
analgesic effects of PolyMorphine. First, we determined a dose of naloxone sufficient to block
free morphine effects using the spontaneous formalin test. Animals received a pretreatment of
either vehicle or morphine (10 mg/kg) IP and vehicle or naloxone (1 or 10 mg/kg) prior to
formalin injection. Using this assay, a dose of 10 mg/kg of naloxone was found to be effective in
fully blocking the analgesic effects of free morphine (Figure 37A). Once this dosage was

determined, the ability of this dose of naloxone to block the analgesic effects of PolyMorphine

was measured. Using von Frey testing to determine 50% withdrawal thresholds, pretreatments
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of naloxone prior to each experimental time point blocked the analgesic effects of PolyMorphine
in SNI animals with PolyMorphine (Figure 37B). Animals that received pretreatments of
vehicle showed the normal reversal of SNI-induced hypersensitivity of up to 24 hours post
PolyMorphine injection (Figure 37B). These data show that PolyMorphine likely works through

the mu opioid receptor.
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Figure 37. Naloxone blocks both free morphine and PolyMorphine-induced analgesia. (A)
Mice treated with 10 mg/kg of free morphine and 10 mg/kg of naloxone (n=6) show equal
amounts of pain-like behaviors compared to control mice (n=12). Mice treated with only 10
mg/kg of morphine (n=5) show significantly less pain-like behaviors compared to the control and
morphine/naloxone (10 mg/kg) groups. 1 mg/kg of naloxone (n=6) was not a sufficient dose to
block the analgesic effects of morphine. (B) SNI mice treated with 200 mg/kg of PolyMorphine
and 10 mg/kg of naloxone (n=6) prior to each post injection time point remained hypersensitivity
compared to control SNI mice (n=6) that received PolyMorphine with vehicle injections.
Formalin test - One-way ANOVA, overall main effect ***P = (0.0007, Bonferroni post-hoc tests,
* P <0.05, *** P <0.0001. von Frey test - 2-way ANOVA, overall main effect of treatment *P =
0.0211, overall main effect of time ***P < (0.0001, Bonferroni post-hoc tests, * P < 0.05, *** P <
0.0001. NL — conducted experiment. SL — formalin scoring. NL, BK — designed experiment.

PolyMorphine Causes Constipation and Increased Motor Activity
Next, the side effects of free morphine and PolyMorphine were compared. Animals were
pretreated with free morphine, PolyMorphine or vehicle and motor deficiencies, constipation,

hyperactivity, body weight, body temperature, and food/water consumed for up to three days

post-injection were measured. No differences were found between the groups in terms of body

181



weight, body temperature, or food/water consumed at any of the time points measured (Table 7).

Saline
Side Body Weight Body Temp Food Water
Effect
3 hr 23.50+0.74 g 34.2+0.70°C 1.35+0.38 g 1.30+0.14 g
1 Day 22.08+0.51g 33.8+0.57 °C 1.97+0.74 g 1.68+0.36¢g
2 Day 21.98+0.45¢g 34.0+0.43°C 0.65+0.15¢ 0.87+0.11g
3 Day 22.07+0.37g 34.0+0.14°C 0.62+0.16 g 0.97+0.20¢g
Morphine
Side Body Weight Body Temp Food Water
Effect
3 hr 23.57+0.69¢g 34.4 +0.46 °C 1.18+041g 1.42+0.33 g
1 Day 21.65+0.76 g 34.4+0.31°C 1.67+0.65¢g 200+0.51¢
2 Day 21.77+0.72g 33.5+0.46 °C 0.92+0.38 g 0.62+0.18 g
3 Day 21.88+0.63 g 34.6 £0.43°C 0.53+0.30¢g 1.07+0.12g
PolyMorphine

Side Body Weight Body Temp Food Water
Effect

3 hr 24.83+045¢9 33.9+0.73°C 1.13+0.37g 1.12+0.10g
1 Day 23.10+0.26 g 33.0+£0.54 °C 1.43+0.56 g 1.70+0.26 g
2 Day 22.53+0.31g9 33.9+0.53°C 045+0.12 ¢ 0.80+0.16 g
3 Day 22.78+0.26g 34.4 +0.37 °C 045+0.19¢ 1.35+0.35¢g

Table 7. Average body weight, body temperature, food and water consumption in animals
treated with morphine or PolyMorphine. No differences were found between any groups (n =
6 per group) in terms of body weight changes (Body weight, 2-Way ANOVA, overall effect of
drug. p = 0.2732; Body temp, 2-Way ANOVA, overall effect of drug, p = 0.4573; Food
consumed, 2-Way ANOVA, p =0.7213; Water consumed, 2-Way ANOVA, overall effect of
drug, p = 0.9594). Data shown as mean = SEM. NL — conducted experiment. NL, BK —
designed experiment.

For constipation, animals treated with both free morphine and PolyMorphine showed
constipation for the first three hours post injection (Figure 38A). This effect was not seen on
days 1-3 post-injection. Finally, hyperactivity was measured using the open field test. Animals
treated with free morphine showed hyperactivity at three hours post-injection, while no
hyperactivity was observed with PolyMorphine at this time point (Figure 38B). However, by

one day post-injection, PolyMorphine pretreated animals now showed hyperactivity whereas free

morphine pretreated animals did not. Overall, these data show that PolyMorphine has some of
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the same side effects as free morphine with subtle but potentially important differences.
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Figure 38. PolyMorphine and free morphine induce constipation and hyperactivity. (A)
Mice treated with 200 mg/kg of PolyMorphine (n=6) or 10 mg/kg of free morphine (n=8) show
constipation effects at three hours post injection compared to control animals (n=6), with no
effects one to three days post injection. (B) Mice treated with 200 mg/kg of PolyMorphine (n=6)
show hyperactivity at one day post injection with no effects 3 hours or 2-3 days post injection
compared to vehicle treated animals (n=6). Mice treated with 10 mg/kg of free morphine (n=8)
show hyperactivity at 3 hours post injection with no effects 1-3 days post injection compared to
vehicle treated animals. Constipation - 2-way ANOVA, overall main effect of treatment *P =
0.0385, overall main effect of time ***P < 0.0001, Bonferroni post-hoc tests compared to
vehicle, ** P <0.01. Hyperactivity - 2-way ANOVA, overall main effect of treatment P =
0.1275, overall main effect of time ***P < 0.0001, Bonferroni post-hoc tests compared to
vehicle, * P <0.05, *** P <0.0001. NL — conducted experiment. NL, BK — designed
experiment.

PolyMorphine Blocks the Development of Preference for MPEP in the Analgesic CPP Assay

For spontaneous pain-like behaviors, the analgesic CPP assay was used. As described
above in Section 2 Chapter 1, typically in the analgesic CPP assay, a short-lasting analgesic (e.g.
fenobam) is repeatedly paired with a physical space to induce a conditioned preference response
in a mouse with on-going spontaneous pain (Tzschentke, 1998; Lax et al., 2014). If a drug lasts

longer than ~30 minutes then this assay cannot be used in the traditional manner since the effects

of the drug will last outside of the 30 minute pairing in the chamber. As PolyMorphine is
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hypothesized to have an analgesic effect lasting multiple days, PolyMorphine could not be used
as the normal pairing drug during the pairing days. Instead, animals were given a pretreatment
of the PolyMorphine to determine if pretreatment blocked the preference-inducing effect of a
short-lasting analgesic, the mGIuRS antagonist MPEP. As described above in Section 2 Chapter
2, short lasting MPEP pairing induces preference in SNI-treated mice but sham mice (Figure
31). The theory is that an animal that is already receiving analgesia from a long-lasting drug like
PolyMorphine will not receive any additional benefit from a short-lasting analgesic like MPEP.
Thus, PolyMorphine pre-treatment is predicted to block MPEP-induced CPP. Pretreatment
(given the evening of Day 1 of CPP testing, after baseline) with PolyMorphine was compared to
pretreatment with free morphine or vehicle (saline). Unlike PolyMorphine, neither free
morphine nor vehicle pretreatment were hypothesized to block MPEP CPP in SNI mice. As
predicted, pretreatments with saline caused SNI mice to develop normal MPEP-induced CPP
(Figure 39A); SNI mice pretreated with regular morphine also developed MPEP-induced CPP
(Figure 39B). In contrast, pretreatment with PolyMorphine blocked MPEP-induced CPP in SNI
mice (Figure 39C). Overall, these results support the hypothesis that PolyMorphine causes

analgesic-like behavioral effects in both reflexive and spontaneous pain-like behavior assays.
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Figure 39. PolyMorphine blocks MPEP-induced CPP in male SNI mice. (A) SNI Mice
pretreated with vehicle (n=8) develop normal preference for the MPEP-paired chamber. (B) SNI
mice pretreated with 10 mg/kg of free morphine (n=8) also develop preference for the MPEP-
paired chamber. (C) SNI mice pretreated with PolyMorphine (n=8) do not develop preference for
the MPEP-paired chamber. Paired t-tests,* P < 0.05. NL — conducted experiment. NL, BK —
designed experiment.
DISCUSSION

Morphine and other mu opioid agonists have a long history in being used to treat both
acute and chronic pain conditions. There is an active push in the United States to prepare
compounds that could avoid the negative side effects and short half-lives of most opioids. A
majority of the newer treatments using morphine have specifically focused on trying to

circumvent the problem of rapid metabolism of the compound by focusing on extended-release

formulations of the drug (Nicholson, 2008). Here, for the first time, we show the extended
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analgesic-like effects of a polymer form of morphine, PolyMorphine, in a preclinical model of
chronic pain combined with behavioral testing in mice. Using von Frey mechanosensory testing,
PolyMorphine was able to block SNI-induced hypersensitivity for up to 24 hours post
administration. This effect is in contrast to the short-lived one of free morphine, wherein the
SNI-induced hypersensitivity is suppressed by morphine for only two hours post administration.
Mechanistically, naloxone antagonism of MOR receptor blocked the analgesic-like effects of
PolyMorphine in SNI animals. Additionally, PolyMorphine caused comparable side effects of
free morphine, such as constipation and hyperactivity. Finally, in a non-evoked behavioral pain
test, the analgesic conditioned place preference (aCPP) assay, PolyMorphine blocked the effects
of the short-term analgesic MPEP. This is again in contrast to free morphine wherein normal
MPEP-induced CPP developed with free morphine pretreatment.

The use of opioids to treat pain has substantially increased over the past few years,
especially in the treatment of non-cancer pain (Chou et al., 2009). This increase in use has
coincided with the development of extended release forms of morphine that allow patients to be
administered the compounds less frequently. Some of the more commonly used formulations
that are available are Embeda®, which contains pellets of morphine sulfate with sequestered
naltrexone (Badalamenti et al., 2012) and Kadian®, which contains polymer coated morphine
sulfate pellets (Nicholson, 2008). Morphine has also been incorporated into nanogels
(Hassanzadeh et al., 2016) and liposomes (Smith et al., 2003) in order to increase the duration of
its analgesic effects. The main difference between these formulations and PolyMorphine is that
in these compounds, free morphine is sequestered in a polymer coating whereas in
PolyMorphine, free morphine is directly incorporated into a polymer form. Despite these

differences in design, Embeda®, Kadian®, and Polymorphine have all been found to release free
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morphine over time (Johnson et al., 2011). Other approaches have also been taken that attempt to
limit abuse liability by slowing the rate at which compounds cross the blood-brain barrier (BBB)
instead of extending the release of drugs over time. One notable example is NKTR-181, a
compound that contains a five-ring morphine-like scaffold bonded to a short-chain poly(ethylene
glycol) (Gongalves et al.; Miyazaki et al., 2017). This functional group has previously been
shown to reduce oral bioavailability and transmission rate across the BBB (Corsetti and Tack,
2015; Bui et al., 2016). Through this mechanism, NKTR-181 provides analgesia in humans and
is currently in Phase III clinical trials. However, this type of formulation only circumvents
potential abuse problems and does not extend the analgesic effects of the compound for longer
than free opioids. Other attempts, such as polymer formulations to extend analgesia and prevent
abuse, have tried using a polyurethane backbone, but these formulations are problematic because
they lead to poor bioavailability due to their inability to degrade in vivo (Mahkam and Sharifi-
Sanjani, 2003). The poly(anhydride-ester) backbone used in PolyMorphine can circumvent
many of the problems associated with other extended release morphine formulations and has
already been used to make polymer formulations of NSAIDs (Schmeltzer et al., 2013),
antiseptics (Schmeltzer and Uhrich, 2006) and antioxidants (Anastasiou and Uhrich, 2003). This
specific polymer-type formulation may be the key behind extending analgesia without the worry
of abuse.

Additionally, our results show that PolyMorphine has the potential to be effective in
providing extended analgesia in animal models. Original testing with PolyMorphine using the
tail-flick assay showed that the drug provided extended analgesic relief in mice, for up to three
days (20 times longer than free morphine) (Rosario-Melendez et al., 2012). While these results

were promising, the tests were only done in naive mice and only in one “experimenter-induced”
) y
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pain assay. Our results expand upon these data, showing that PolyMorphine is effective in a
classic model of chronic neuropathic pain, SNI, providing similar reduction in mechanical
hypersensitivity compared to free morphine initially along with extended relief up to 24 hours
after delivery. These extended analgesic results are similar to those obtained in other rodent
studies that looked at liposome-encapsulated morphine in vivo. Liposome-encapsulated
morphine was shown to block the hypersensitivity associated with male rats that had spinal nerve
ligation (SNL) in thermal sensory testing (Smith et al., 2003) and extend analgesic-like effects in
naive animals using the tail-flick test (Grant et al., 1994). Other extended release formulas of
morphine, however, such as those produced using nanogels, only resulted in the extension of
analgesic effects for approximately one hour longer than that of free morphine when tested using
the hot-plate test in naive mice (Hassanzadeh et al., 2016). Similarly, NKTR-181, the five-ring
morphine-like scaffold bonded to a short-chain PEG produced analgesic-like effects for only up
to four hours post administration in the hot-plate test in mice, this being similar to the effects of
free opioids (Miyazaki et al., 2017).

In addition to this 24-hour block in hypersensitivity with PolyMorphine administration,
we also showed that PolyMorphine is effective in altering spontaneous pain-like behaviors. In
the classic aCPP assay, animals receive a pain-inducing injury prior to testing. Following injury,
animals are conditioned to learn the effects of a short-lasting analgesic agent. If animals receive
relief from their ongoing nociception, they will develop a preference for the drug-paired
chamber. We had previously shown that three days of pairing with MPEP, an mGluR5
antagonist, alone induces preference in SNI but not sham-operated mice (Lax et al., 2014). In
our experiments here, we used a pretreatment injection to determine if the extended analgesic

effects of PolyMorphine could block the short-lasting analgesic effects of MPEP, such that
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animals do not develop preference for the MPEP-paired chamber. The MPEP results from
vehicle-pretreated mice were consistent with our previous data with MPEP in SNI mice(Lax et
al., 2014), wherein MPEP induced CPP. In a similar matter, pretreatment with free morphine
also resulted in mice developing a preference for MPEP. This is because the short-term effects
of the morphine wear off before the pairing with MPEP occurs (e.g. approximately 20 hours after
morphine administration). Conversely, animals pre-treated with PolyMorphine did not develop
any preference for the MPEP-paired chamber. This suggests that unlike free morphine,
PolyMorphine provided relief from the animal’s ongoing nociception, such that when MPEP was
administered, the animals did not receive any additional relief during the three days of pairing.
These aCPP results, which suggest PolyMorphine induces analgesic-like effects over a three-day
time period are in slight contrast to our von Frey data that show the effects of PolyMorphine
wearing off by the 2-day time point. One possible reason for this difference could be the
fundamentally different types of pain that are being measured in each assay (i.e. experimenter-
induced pain measured with von Frey testing compared to spontaneous non-evoked pain
measured with aCPP). Our data suggest that PolyMorphine is able to provide continuous
ongoing relief to injured animals with spontaneous non-evoked pain for a significantly longer
period of time. The lack of preference for MPEP in the PolyMorphine pretreatment group also
shows that there is no additive effect of the two drugs. This observation is in contrast to studies
that have shown that coadministration of mGluR5 antagonists and acute MOR agonists can
generate enhanced effects (Kozela et al., 2003; Smeester et al., 2014). If there had been some
type of additive effects where animals received greater relief from the combined effects of MPEP
and PolyMorphine, we would have predicted preference to still develop after PolyMorphine pre-

treatment.
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Our results with both the experimenter-induced and spontaneous pain-like behavior
assays suggest that PolyMorphine has the potential to work significantly better than other slow-
release morphine formulations. This compound could be very useful for the treatment of chronic
pain conditions that require frequent administration of analgesics. It could also be considered for
those who need an effective analgesic for post-operative pain, while reducing the number of
administrations.  Further investigation with PolyMorphine is required to determine if its
extended analgesic-like effects are observed when using female animals since all of the testing
done thus far has focused on males. However, since female animals are known to respond to
morphine similar to males (Lax et al., 2014), we expect PolyMorphine to work in females as
well. Additional work investigating the potential addictive nature of PolyMorphine will also
need to be completed. To our knowledge, no studies have investigated the self-administration
rates of polymers of opioids. However, since the morphine is sequestered into a polymer that
slowly releases free morphine, animals would not be predicted to self-administer. In humans,
there is some abuse potential as the polymer could be used to derive free morphine in the black
market. The requirement for the drug to be injected in a clinical setting would make it much
more difficult for the drug to be abused compared to many current opioids distributed in pill
form.

Mechanistically, we demonstrated that PolyMorphine most likely works through the
same pathway as free morphine. Since PolyMorphine was previously shown to generate free
morphine in vivo (Rosario-Melendez et al., 2012), it was expected that the free morphine
generated would also work through MOR activation. We were able to reverse PolyMorphine-
induced analgesia with a pre-treatment of the drug naloxone. Naloxone is a relatively selective

antagonist of the mu opioid receptor and has been extremely valuable for investigating the opioid
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actions of compounds preclinically. Naloxone has nine times greater affinity for mu compared
to the kappa opioid receptor and 60 times greater affinity for mu compared to the delta opioid
receptor (Codd et al., 1995). Unlike other selective antagonists (such as B-FNA and norBNI)
whose actions can last for weeks after the elimination of the drug, naloxone acts as a simple
competitive antagonist, whose effects are much shorter and reversible (Pasternak and Pan, 2013).
Thus, our results show that PolyMorphine, just like free morphine, likely works through MOR
activation.

Finally, PolyMorphine was shown to have a comparable side effect profile to free
morphine. With the doses of PolyMorphine (200 mg/kg) and free morphine (10 mg/kg) used, no
motor deficiencies, ataxia or hypothermia were observed. This result is not surprising however,
since this dose of morphine may be too low to observe these particular effects (Koek et al.,
2012). It also suggests that when PolyMorphine is metabolized into free morphine in vivo, the
amount of free morphine in the animal’s bloodstream remains at or below the amount when free
morphine is administered at the rate of 10 mg/kg. However, further testing of blood
concentrations of free morphine in animals treated with PolyMorphine would be needed to
confirm this hypothesis. Other side effects of morphine and related compounds include opioid-
induced constipation (Wheeler et al., 2002; Raehal et al., 2005) due to the presence of the MOR
in the colon. Both PolyMorphine and free morphine treated animals develop this acute side
effect three hours after administration. Similarly, opioids are known to stimulate motor activity
(Koek et al., 2012; Koek, 2014). Hyperactivity was seen at different times post administration
between free morphine (3 hrs) and PolyMorphine (24 hrs). This lack of increase in the
magnitude of side effects, with an extension in analgesic-like properties has been shown in other

animal models with liposome deliveries of morphine (Kim et al., 1996; Yaksh et al., 1999).
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While these side effects of hyperactivity and constipation would be a downside to the use of
PolyMorphine, these are not outside the normal scope of expected effects, and the fact that it
could reduce the frequency of administration outweigh these drawbacks.

The varying times at which each of the different side effects are seen may provide some
insight into how PolyMorphine is distributed and metabolized after injection. Our data suggest
that when PolyMorphine is first administered, some of the first free morphine generated in the
bloodstream from polymer breakdown remains in the periphery and immediately binds with the
MORs in the GI tract (Pappagallo, 2001) causing constipation. The delay in locomotor
hyperactivity with PolyMorphine shows that there may not be enough free morphine present in
the CNS until 24 hours after injection to stimulate the dopaminergic locomotor system (Johnson
and North, 1992). This could be a drawback of this drug if it were to be used clinically since it
would partially be needed in the CNS to induce its effects. However, on the other hand,
PolyMorphine induces both acute (2 and 4 hour) and extended (24 hour) analgesic effects. This
data suggests that enough free morphine is cleaved off the polymer quickly and for an extended
period of time, where it can act at analgesic targets in the periphery and CNS. With regular
morphine, since no breakdown of a polymer is needed to generate free morphine, sufficient drug
is immediately available to induce analgesia and all of the side effects immediately after
administration, and none of the effects persist longer than three hours after injection. These data
suggest the potential for slightly altered release kinetics of PolyMorphine after injection on side-
effect profiles.

Overall, mice that receive an injection of PolyMorphine have a reversal of SNI-induced
hypersensitivity for up to 24 hours post administration and this effect is blocked by naloxone.

PolyMorphine also has a similar side effect profile to free opioids. Lastly, SNI animals do not
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develop preference for the short-term analgesic MPEP when given a PolyMorphine pretreatment,
presumably because of PolyMorphine’s long-lasting effects. These effects are in contrast to
those of free morphine, whose effects are no longer observed after a couple of hours. Our results
demonstrate that the poly(anhydride-ester) backbone in the synthesis of an extended-release
morphine may have a promising future in the treatment of chronic pain conditions. A valuable
goal is to find an opioid that can be administered in the clinic and last for weeks or longer to treat
persistent acute pain (e.g., following major trauma), thus preventing the need for distribution and
potential abuse. While PolyMorphine does not yet achieve this level of efficacy, future

formulations may represent a step in the right direction for battling the current opioid epidemic.

MATERIALS AND METHODS

PolyMorphine: The polymer was prepared according to previously published procedures
(Rosario-Melendez et al., 2012). Briefly, Morphine (1 in Figure 33, 1.00 g, 1 eq) was dissolved
in anhydrous pyridine under argon and stirred for 5 minutes. Glutaric anhydride (2, 3.97 g, 10
eq) was slowly added manually. The reaction mixture was heated to 60 °C and stirred overnight.
Pyridine was azeotropically removed using toluene. The brown paste obtained was washed 10 x
50 mL with DCM to remove the excess glutaric acid. The final product was dried under vacuum
at room temperature. Morphine-based diacid (3, 0.18 g) was acetylated by reacting with an
excess of acetic anhydride (36 mL, Fisher, Fair Lawn, NJ). The reaction mixture was stirred
overnight at room temperature. The excess acetic anhydride was removed under reduced
pressure. Yield: 0.16 g (89 %), orange paste. Morphine-based monomer (4, 1.00 g) was
polymerized by melt-condensation polymerization at 170 °C, under constant vacuum (< 2

mmHg), and constant stirring (100 rpm) using an overhead mechanical stirrer (T-line laboratory
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stirrer, Talboys Engineering Corp., Montrose, PA). Polymerization continued until the mixture
solidified (~ 30 minutes). The product was cooled to room temperature and dissolved in DCM (2
mL). The polymer was precipitated dropwise over excess diethyl ether (50 mL) and isolated by
vacuum filtration. The product was dried under vacuum at room temperature overnight. Yield:
0.70 g (70 %), tan solid.

Animals: All mouse protocols were in accordance with National Institutes of Health
guidelines and approved by the Animal Care and Use Committee of Duquesne University
(Pittsburgh, PA). All behavioral experiments were performed on male C57B1/6J mice. All mice
were 8 — 10 weeks old when surgery and behavioral experimentation took place. Animals were
individually housed after SNI surgery and kept on a 12-hour light/dark cycle from 7:00AM —
7:00PM with ad libitum access to both food and water. Experiments were conducted during the
light cycle and performed by an experimenter who was blinded to treatment and surgery type.

Surgery: Spared nerve injury (SNI) was performed as previously described (Decosterd
and Woolf, 2000). Mice were anesthetized with a 10:1 mixture of ketamine/xylazine at a dose of
10 [JL/g. The hair overlying the sciatic nerve was shaved and a 1 cm incision was made parallel
to the nerve. The sciatic nerve of the left hind paw was exposed and two of the three branches
(tibial and common peroneal) were ligated. The third branch of the sciatic nerve, the sural
branch, was not manipulated. Mice were allowed to recover on heating pads following surgery
and a 2% lidocaine cream was placed over the suture on the skin for acute pain relief.

Drugs: Free morphine (Morphine sulfate, Sigma) and PolyMorphine were separately
dissolved in a 5 % Cremophor EL saline solution at a dose of 10 mg/kg and 200 mg/kg,
respectively. Dosages of these compounds were determined based on previously published

results (Rosario-Melendez et al., 2012; Lax et al., 2014). Naloxone (Naloxone hydrochloride
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dihydrate, Sigma) was dissolved in 0.9% saline at a dose of 1 or 10 mg/kg. These doses were
based on previous publications (Cendan et al., 2005; Gupta et al., 2013). 2-Methyl-6-
(phenylethynyl)pyridine hydrochloride (MPEP hydrochloride, Enzo Life Sciences) was
dissolved in 0.9 % saline on the first day of drug pairing (day 2 of CPP) at a dosage rate of 30
mg/kg. The dose of MPEP was determined using previously published CPP results with MPEP
in the SNI model (see Section 2 Chapter 1 above) (Lax et al., 2014).

Drug Administration: Morphine and PolyMorphine were both administered
intraperitoneally (10 mg/kg and 200 mg/kg, respectively) in a volume of 100 uL. The vehicle
control for both morphine and PolyMorphine was 5% Cremophor EL saline in a volume of 100
pL. In the naloxone experiments, naloxone (1 or 10 mg/kg) was administered subcutaneously in
a volume of 10 [1L/g. The vehicle control for naloxone was 0.9% saline in a volume of 10 puL/g.
In the CPP experiments, MPEP (30 mg/kg) was administered intraperitoneally in a volume of 20
pL 5 minutes prior to behavioral testing. The vehicle control for MPEP was 0.9% saline in a
volume of 20 pL. In von Frey testing, morphine, PolyMorphine, or vehicle was injected once
following von Frey testing completed one week after surgery. In the naloxone von Frey
experiment, PolyMorphine was injected once following von Frey testing one-week post-SNI and
naloxone was administered two hours prior to the beginning of each time point measured. In the
formalin test, naloxone (or saline) and morphine (10 mg/kg or saline) were administered 20
minutes before the injection of formalin (4% in a volume of 10 pL). Spontaneous behavior
(described below) was then analyzed for 60 minutes. For the side effect experiments, morphine,
PolyMorphine, or vehicle was injected once immediately prior to starting testing. In the CPP
test, morphine, PolyMorphine or vehicle was injected in the evening on day one of CPP (several

hours after baseline Day One times were measured). MPEP and vehicle were given to mice once
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a day for three consecutive days (on days 2, 3 and 4 of CPP, see below).

Behavioral Testing: For mechanosensory studies with von Frey filaments, mice
underwent baseline testing to determine 50% withdrawal thresholds using the up/down method
(Dixon, 1980; Chaplan et al., 1994). Animals were placed in Plexiglas boxes on a wire mesh
surface for two hours prior to testing. Withdrawals were defined as a full lifting of the foot off of
the wire-mesh surface when a filament was applied to the lateral edge of the paw (area
innervated by the sural branch of sciatic nerve). Filaments ranging from 0.20 mN — 25.1 mN
(0.02 — 2.56 g) were used to determine the 50% withdrawal thresholds. After baseline testing,
mice underwent SNI. One week after the surgery, mice were subjected to von Frey testing again
to observe withdrawal thresholds. All animals were then given an injection of PolyMorphine
(200 mg/kg), free morphine (10 mg/kg) or vehicle. von Frey testing was performed at 2 and 4
hours, as well as 1, 2, 3, 4 and 7 days after injection (corresponding to days 7, 8, 9, 10, and 14
days after surgery). This same procedure was repeated for the mechanosensory testing with
PolyMorphine (200 mg/kg) and naloxone (10 mg/kg) studies, with naloxone or vehicle injections
occurring two hours before each von Frey time point.

For spontaneous formalin behavior, animals were placed in Plexiglas boxes on a clear
Plexiglas surface for two hours prior to testing. A detailed description of this assay can be found
in Section 1, Chapter 1. After drug and formalin administration (see above), spontaneous pain-
like behaviors were recorded with a web-camera from beneath the animals for 60 minutes and
scored offline. Pain-like behaviors were defined as the animal lifting, flinching or biting the
injected paw.

For side effect behaviors, animals were injected with PolyMorphine (200 mg/kg), free

morphine (10 mg/kg) or vehicle and individually housed for three hours post-injection. During
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the three-hour time period, animals were subjected to sensory motor battery tests (platform test,
ledge test, pole test and 60/90/inverted screen tests (Kolber et al., 2010b) at 30 minutes and two
hours post-injection. Also at the two hour time point, animals were placed in an open field box to
measure total distance traveled in a 10 minute time period. Activity was monitored with an
overhead web-camera (Logitec Webcam Pro 9000) using AnyMaze software (Stoelting Co.,
version 4.98). Total food and water consumed after injection, at the end of the three hour time
point were also measured. Finally, body temperature (rectal) and total fecal boli deposited over
the three hour time period were also measured. On days one to three post-injection, mice
underwent sensory motor battery and open field again; food and water consumed and body
temperature/fecal boli were also measured over these days as described for the injection day.

For spontaneous pain-like behavior, the analgesic conditioned place preference (aCPP)
assay was used as previously described (De Felice et al., 2013; Lax et al., 2014). A more
detailed description of this assay and room setup can be found in Section 2, Chapter 1. Mice first
underwent SNI surgery. One week after the surgery, mice were subjected to the 5-day aCPP
assay, with the addition of a pretreatment that allowed for the testing of long-lasting analgesic
compounds. In the aCPP assay, positive reinforcement is used to detect non-evoked spontaneous
pain where animals learn to associate a visual cue with the positive effects of a drug (Tzschentke,
1998). The assay uses a box with three different chambers: two outer chambers that differ only in
the visual patterns on the wall (horizontal versus vertical black and white stripes) and a small
neutral chamber connecting the two outer chambers. On the first day of the aCPP experiment
(known as Day One or “pre-conditioning”), the mice are placed in the neutral chamber and
allowed to roam free between all three chambers for 30 minutes. No drugs are given to the mice

during this time. The total time that the animals spend in each chamber is recorded with an
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overhead camera. Six hours following baseline testing on day one animals are given a
pretreatment injection (100 [1L) of PolyMorphine (200 mg/kg), free morphine (10 mg/kg) or
vehicle. On the next three days of the experiment (Days 2 — 4 or conditioning days), the mice
receive a control vehicle injection (20 [JL of saline) in the morning and are restricted to one of
the outer chambers for 30 minutes. In the afternoon, the mice then receive an injection of the
short-term analgesic drug (20 [JL of 30 mg/kg MPEP) and are placed in the opposite outer
chamber for 30 minutes. Finally, on the last day of the experiment (Day 5 or post-conditioning),
the mice are placed with no injection in the neutral chamber and allowed to roam free across the
entire apparatus for 30 minutes, this exposure being a repeat of the testing from Day One. The
total time spent in each chamber is recorded using two overhead web-cameras (Logitec Webcam
Pro 9000 and Canon ZR420) and AnyMaze software. Total times recorded on Day One are
compared to those of Day 5 to measure if a preference for the chambers developed. All
behavioral testing was done blinded to treatment and surgery.

Statistical Analysis: Prism (version 6.0, GraphPad) was used for all behavioral analysis.
All data are shown as mean + SEM. Statistical significance was determined using t-tests or 2-
way ANOVA followed by a post-hoc test. When analyzing von Frey, open field and
constipation data, withdrawal thresholds, distance traveled and total fecal boli deposited were
analyzed using a 2-way ANOVA followed by Bonferroni post-hoc tests, respectively. When
analyzing formalin data, total amount of time exhibiting pain-like behaviors was analyzed using
a one-way ANOVA followed by a Bonferroni post-hoc test. When analyzing time difference
data from the CPP assay, a paired t-test was used. Statistical significance was determined with a

95% confidence interval (p < 0.05).
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CONCLUSION
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This dissertation examined the role of both serotonergic and non-serotonergic GPCRs in
depression, pain and anxiety. Specifically, novel ligands derived from marine cyanobacteria and
novel/repurposed drugs provided sources of ligands for targeting GPCRs of interest. Screening
techniques were used to show that compounds produced by organisms in their natural
environment could selectively target both the 5-HT2cR and 5-HT7Rs. Additionally, these
extracts were successfully used to alter behaviors related to pain, depression, and anxiety. In
some cases, these changes seen with the extracts were therapeutically relevant, since decreases in
depression and anxiety were found following extract administration. Through on-going structure
elucidation efforts, we hope to soon find what the specific compounds are that are inducing these
effects. Once they are identified, someday they could be used to treat MDD in humans or
alleviate anxiety. Moreover, even if these identified compounds are never used to treat humans,
they could still be valuable tools to probe further into the basic biology behind the receptors, as
was shown by looking into how they worked in animal models involving induced comorbid pain
and depression.

Furthermore, this dissertation also showed how drugs like fenobam could be repurposed
from their original use. Originally made for treating anxiety, fenobam was later discovered to be
a selective ligand for the GPCR mGIluR5 and was used here to show the critical role that
mGluRS plays in spontaneous pain-like behavior using the CPP paradigm. This drug was never
pursued further for treating anxiety since it did not work any better than other anxiolytics
available at that time. Now, with the discovery of its role in treating chronic pain with no
addictive effect in animals without injury, it could become a viable treatment for chronic pain
conditions in humans such as fibromyalgia, diabetic neuropathy, arthritis and low back pain

among others, without the worry for abuse. Finally, the work with PolyMorphine demonstrated
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how a century’s old drug could be transformed into a novel drug for targeting a well-known
GPCR related to pain. This polymer form of morphine was shown to be an effective drug, with
longer lasting analgesic-like effects in both experimenter-evoked and spontaneous pain models
compared to traditional morphine, without the possible abuse associated with other slow-release
opioids. This polymer could be used to treat pain conditions in humans and could be a viable
alternative to many of the opioids that are used to treat post-operative pain or pain in terminal
conditions like cancer, decreasing the need for constant injections and with a decrease in the
possible abuse of the drug. This is very relevant in the age of the current on-going opioid
epidemic.

Overall, this work highlighted the importance of utilizing natural and novel sources of
ligands in drug discovery and biology. Hopefully this dissertation will provide a basis for future
studies that will ultimately lead to the development of novel therapeutics for those suffering from

pain, depression and anxiety.
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