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ABSTRACT

Drug overdose epidemic has worsened dramatically in the past 10 years. Opioid use disorder
(OUD) is one of the biggest contributors to this rise. OUD has been a national public health and
socioeconomic crisis. In 2017, the Center for Disease Control (CDC) has reported 47,600 opioid
overdose deaths in the US alone. This amounts to 68% of all deaths due to drug overdose.
Currently, 2.1 million Americans are suffering from OUD. The economic burden due to opioid
misuse treatment was 171.7 billion US dollars in the year 2009 in the U.S. The projected cost in
2020 will be 280.5 billion US dollars. In the last two decades, with the precipitous increase (400%)
in opioid prescription as painkiller, death due to opioid misuse has also doubled. This necessitates
an urgent need to develop alternative non-addictive drugs to treat chronic pain and also ways to
minimize opioid use and misuse. Of several factors (intrinsic and extrinsic) influencing opioid
addiction, genetic polymorphism plays a significant role in determining opioid addiction.
Therefore, a better understanding of the genetic polymorphisms involved in opioid addiction will
open up new avenues of opioid reversal treatments. In this study, having oxycodone as the
representative drug of opioid category and locomotor behavior as the response attribute in a mice
model, we looked at the expression level of 7 high priority candidate genes and identified 3 of
them as target genes as their expression significantly increased on oxycodone administration and

also induced locomotory behavior.

INTRODUCTION

Opioids are the most commonly used and effective analgesic treatment option for severe
chronic pain (Corder et al., 2018) which include both natural (morphine and codeine),

semisynthetic (oxycodone and hydrocodone) synthetic (fentanyl, methadone and tramadol) and



illegal morphine derivative (heroin) compounds that interact with opioid neuroreceptors(Strain,
2016). Opioid receptors (mu, delta, kappa and nociceptin) belong to a seven transmembrane
spanning G-protein coupled receptor superfamily activated both by the endogenous opioid proteins
(endorphins, enkephalin, dynorphin, nociception) and exogenous opioids. Endogenous synthesis
of opioids in the human body is involved in natural pain processing. Opioid receptors are also
documented in the peripheral organs including heart and lungs(Wittert et al., 1996). Discovery of
endogenous opioid peptides and receptors in parallel led to the synthesis of hyper-specific opioid
drugs that have both beneficial and detrimental effects on the society as a whole (Corder et al.,
2018). Exogenous opioids include both natural (morphine and codeine) and synthetics (fentanyl
and methadone)(Morland, 2019). Opioid receptors are distributed both in the central and
peripheral nervous systems. In the vertebrate brain, areas with high concentration of opioid
receptors include the amygdala, nucleus accumbens, caudate putamen, and the ventral tegmentum
area (Kalivas and Volkow, 2005). Opioid analgesics act on several cortical and subcortical sites
(between the ventral tegmental area and nucleus accumbens) in the brain to influence
dopaminergic neurotransmission and pain aversion (Hipdlito et al., 2015). Notoriously all forms
of opioids are known to induce tolerance, dependence and addiction(Satoh et al., 2000) and can
lead to death related to overdose/misuse(National Institutes of Health, 2018). Though people in
the US realized the dangers of opioids as early as in1914 (Herzberg et al., 2016), the problem of
opioid crisis has long been a societal issue that has not been addressed completely. It is estimated
that in the US, 90 deaths per day are from opioid overdose (Anon, 2017). The financial burden of
opioid overdose/misuse is huge. The economic burden due to opioid misuse treatment was 171.7
billion US dollars in the year 2009 in the U.S. The projected cost in 2020 will be 280.5 billion US

dollars (Morland, 2019).



There has been a large increase in both prescription and non-prescription opioid use over
the last decade. This has resulted in uncontrolled opioid overdose/abuse in the U.S. In addition,
semi-synthetic opioids like oxycodone act like gateway drugs(Grau et al., 2007). Misuse of opioids
ends up in heroin addiction among 80% of users. Oxycodone is a semi-synthetic opiate that is
derived from Thebaine, a chemical found in opium(Ruan et al., 2017). It is a prescription opioid
pain reliever that is the most commonly used in post-surgical pain management, pain related to
cancer and chronic pain. Oxycodone while binding to the opioid receptors in the central and
peripheral nervous systems to block pain signals also causes a burst of dopamine release resulting

in an addictive feeling of pleasure and euphoria (Weele et al., 2015).

Opioid use disorder (OUD) is defined in the diagnostic and statistical manual V(DSM-V)
of mental disorders (Anon, 2013) as a problematic pattern of opioid use leading to clinically
significant impairment or distress (Live et al., 2019). Opioid dependence and addiction are
manifestations of brain changes (structural and functional) that result from chronic opioid
abuse(leong and Yuan, 2017). Defining a generalized treatment option to opioid addiction has
been a riddle since individuals are differently susceptible to opioids (Dunn et al., 2019).
Understanding the mechanisms underlying the individual differences in addiction like behavior is
the key to develop personalized pharmacotherapy (George and Koob, 2017). The individual
difference in addiction is the result of interaction of environmental influences as well as genetic
predispositions that were different before the first use of opioids. These individual differences
result in enhanced incidents of addiction in some individuals compared to others. Therefore,
determining the association of genetic markers will help understand opioid addiction and improve

identification of individuals at high risk of developing opioid addiction(Mistry et al., 2014).



Hence, in the present study having oxycodone as the representative drug of opioid category
and locomotor behavior as the response attribute in a mice model, I looked at the expression level
of 7 high priority candidate genes and identified 3 of them as target genes of future exploration for
their expression significantly increased on oxycodone administration and also resulted in enhanced

locomotory behavior.

Understanding genetic link to addiction not only help proper treatment but also extend our
knowledge on genetic variability behind opioid risk. Recent research has shown that genetic
factors contribute to opioid addiction. Family and twin studies and individual gene studies are
routinely involved addiction research. Familial OUD is investigated in families and their relatives
with proband of opioid addiction (Merikangas et al., 1998) . Twin studies have shown that the
liability for opioid addiction risk is genetic in origin (Tsuang et al., 1998; Kendler et al., 2003).
Candidate gene studies have also identified several putative genes of substance abuse. To mention
a few, dopamine receptors, opioid receptors, BDNF (brain derived neurotropic factor) and
neurotropic factors (Bond et al., 1998; Dalley et al., 2007; Cui et al., 2011; Jia et al., 2011).
Screening for more candidate genes with single nucleotide polymorphism that are involved in

OUD will serve the objective defined in the beginning of the paragraph.

MATERIALS AND METHODS

Mice strains, B6J and B6NJ were used in the present study. A total of 160 mice comprising
both sexes were used. Oxycodone used in the present study was purchased from Sigma-aldrich
(St. Louis, MO). Mice were administered intraperitoneally with a dose of 1.25 mg/kg body weight

oxycodone. Same volume of saline was administered to the control mice through the same route.



Isogenic sub-strains provide a simplified system that can be used in the identification of
individual contributions of genes to phenotypic traits. These isogenic sub-strains were developed
through mating closely related sub-strains (C57B1/6J and B6NJ), and then by crossing the resulting
F1 progeny. This resulted in a reduced complexity F2 generation. The resulting F2 generation was
backcrossed which resulted in the F2 recombinant strain. In the present study the substrains of

C57B1/J6 and B6NJ mice were used.

Oxycodone exposure leads to various behavioral changes, and one of them includes age
and dose dependent influence on locomotion(Rowe, 2008). The two mice B6J (6J) and B6NJ (NJ)
mice were tested to observe any difference in their selected phenotypic (locomotion) behavior by
using the multistage addiction assessment protocol (MAAP). The acute (locomotor, analgesia)
addiction assessment was followed. The mice were given 1.25 mg/kg of oxycodone
intraperitoneally. Control cohort were administered with equal volume of saline by the same route.
One day after the drug administration, the locomotion behavior was tested in open field tracked by
video recording. Total distance travelled per hour was digitally recorded. Testing were carried out
using open field locomotor chamber equipped with laser photo beams and the acquired data were

analyzed using Graphpad prism statistics software. P <0.05 was considered statistically significant.

QTL analysis allows to link complex phenotype to specific regions of chromosomes.
Expression QTL (eQTL) is a locus that explains a fraction of the genetic variance of a gene
expression phenotype(Nica and Dermitzakis, 2013). eQTL mapping using genome wide
association study (GWAS) allows the identification of novel gene loci (Nica and Dermitzakis,

2013). The objective of this process is to identify the action, interaction, number and precise



location of the regions (Miles, C. & Wayne, 2008). Genetic mapping helps to isolate genomic
region containing the causal variants in reduced complexity cross(Bryant et al., 2018) obtained as
explained earlier. eQTL analysis combined with the fine mapping of the reduced complexity cross
resulted in the following candidate genes as high priority genes. The 9 high priority genes are
Nuf2, Pcp4ll, Nesrn, Atpla2, Kenj9, Igsf9, Cadm3, and Aim2. In present report we analyzed only

seven genes excluding Nuf2 and Nesrn.

Replication, transcription and translation is the central dogma of molecular biology.
Translation generates the phenotypic variability by the expression of proteins that the genes coded
for. Western blot analysis was used in the present study to determine the protein expression level
in the striatal tissues of mice substrains. Routine Western blot analysis procedure with slight
modification as explained in our previous publication was followed in the present study
(Anandakumar et al., 2018). Total protein was extracted from the striatal tissue of brains from the
substrains using SDS buffer. Equal amount of protein (10pug/lane) were loaded. After separation
on denaturing gel, the proteins were probed with corresponding primary antibodies and labelled
with HRP conjugated secondary antibodies. Protein bands were visualized using ECL reagent.
Antibody against beta actin was used to normalize loading control. Protein expression level was
expressed in arbitrary units determined as a ratio to the beta actin expression level. The intensity

of the protein was measured through NIH imageJ software.

RESULTS

B6J and BONIJ cross and QTL analysis. Schematic showing the crosses between substrains

is given in figure 1. The parental strains were crossed to create F1 individuals which were then



crossed among themselves to produce F2 and crossed to one of the parent lines to create backcross
progeny. Influence of oxycodone on locomotor behavior of mice strains is depicted in figure 2.2.
Control cohort treated with saline did not show any effect in locomotor behavior of both 6J and
NJ substrains. Oxycodone at 1.25 mg/kg dose significantly decreased locomotor activity(m/h) of

NJ substrain compared with 6J substrain.

In the present study, we have estimated the protein expression level of ATP1a2, KCNJ9,
AIM2, PCP411, RGS7, CADM3 and IGSF8 and the results are depicted in figures 3-9 respectively.
ATP1a2 protein expression was significantly increased in the NJ substrain after the administration
of oxycodone. On the other hand, KCNJ9 protein expression was significantly increased in the 6J
substrain. AIM2 protein expression was significantly decreased in 6J substrain compared with NJ
substrain. PCP411 did not show any significant difference in expression level between the
substrains. RGS7 and CADM3 also did not show significant difference in the protein expression

levels.

ATPIla?2 gene is involved in fine motor control in addition to focal epilepsy, hemiplegia,
problems in cognition and behavior (Ueda et al., 2018). The gene on chromosome 1923 encodes
the a2 subunit of the sodium-potassium adenosine triphosphatase (Na'/K* ATPase) pump.
ATPla?2 gene is involved in the maintenance of sodium and potassium ion gradients across the
synaptic cleft and controls the glutamate reuptake by the glial cells(Rose et al., 2009). In the
present study, we have found significantly increased expression of the gene in the NJ substrain

compared with the 6J substrain on oxycodone administration. The data are presented in figure 3.



KCNJ9 gene (a member of KCNJ genes) regulate the Kir2.xK™ channel (Szuts et al., 2013).
Several members of the KCNJ gene family encoding inward rectifying K+ channels have been
identified. They play role in K+ homeostasis and contribute to the resting state membrane potential
and K+ recycling across the membrane. More than 90 different genes (including
KCNK, KCNJ, KCNQ, KCNE, and SLO gene families)have been found to control K+ channel
activity in human genome (Hamilton and Devor, 2012). QTL mapping in mouse identified KCN.J9
as a genetic factor responsible for variation associated with analgesic effect of opioids(Smith et
al., 2008). In the present study, we have determined significantly increased expression of KCNJ9

protein in the 6J substrain compared to NJ strain and the data are depicted in figure 4.

Absent in melanoma 2 (AIM2) gene belong to the IFN-inducible HIN-200 domain
containing protein family (Chen et al., 2006). It is a tumor suppressor and also play role in
inflammasome to fight against pathogen invasion (Chen et al., 2017). AIM2 has also been involved
in spatial memory, long-term potentiation and synaptic morphology (Chen et al., 2019). However,
no previous reports are available on the differential expression level of AIM2 and opioid addiction
phenotype. In the present study, we have determined significantly increased expression of AIM2

protein in NJ substrain compared with 6J and the data are given in figure 5.

PCP411 gene encodes a polypeptide with significant sequence similarity to purkinje cell
protein (PCP) 4 and is expressed only in the central nervous system(Bulfone et al., 2004). PCP411
is associated with activity-dependent survival of the olfactory sensory neurons in mice to tune their

olfactory sense to the environmental odor (Fischl et al., 2014). We have found no significant



difference in the expression level of this gene with respect to exogenous opioid administration to

NJ and 6J substrains of mice. The data are given in figure 6.

Regulators of G protein signaling (RGS) gene is associated with G-protein coupled
receptor signaling cascade and widely distributed in the nervous system. However, its
physiological role has been only poorly understood. RGS7 is present in dendrites and involved in
mGIluR6/Go/TRPM1 pathway(Shim et al., 2012). In the present report we found insignificant
difference in the protein expression level between the two substrains of mice studied and the results

are depicted in figure 7.

Axonal cell adhesion molecules belong to CADM3 gene family. Adhesion molecules are
involved in axon schwann cell interaction and play vital role in the propagation of action potentials
by saltatory conduction (Salzer et al., 2008). CADMs promote axo-glial interactions through
CADM3 and other CADM associations (Kuschner, 2017). There was no significant difference in
the CADM3 expression level between NJ and 6] strains under opioid administration. The data are

given in figure 8.

IGSF8 belongs to immunoglobulin superfamily proteins. The function of /GSF§ in the
nervous system is not well understood. It has been documented in axon outgrowth and navigation
(Maness and Schachner, 2007). In the present study, we have not found any significant difference
in the expression level of IGSF§ protein between the substrains, NJ and 6J and the data are given

in figure 9.



DISCUSSION

Opioids, including the prescription drug oxycodone are in general addictive substances.
Opioid abuse has now reached epidemic proportion(Atluri et al., 2014). Though it has been
generally accepted that addiction is a heritable trait, the genetic component determining OUD has
not yet been dissected out (Kirkpatrick and Bryant, 2015). C57BL/6 inbred mouse substrains show
differences in addiction-relevant locomotor behavior to opioids. In the present study, we have
shown BO6NJ substrain to have significantly decreased locomotor activity in response to oxycodone
when compared to B6J substrain (figure 1). Difference in behavioral phenotype making it possible

to map the underlying genetic factors (Kumar et al., 2013).

In the present study, we have selected the locomotion behavior as the phenotypic trait to
test against the influence of exogenously administered oxycodone (1.25mg/kg) in two substrains
(NJ and 6J) of C57BL mouse line. When compared with the locomotion activity of control group
the 6J substrain showed significantly increased locomotor response than NJ substrain (figure 2.2).
Based on the differential response to the same dose of oxycodone between the two substrains we
sought to determine the expression level of some of the high priority genes determined by eQTL
analysis. The following 9 genes were identified as high priority genes to OUD. However, due to
time constraint only 7 of them were quantitative analyzed for their protein expression level using
Western blot analysis. The following are the high priority genes selected for this study: ATPla2,
AIM?2, KCNJ9, PCP4l1, CADM3, RGS7, IGSFS8, NUF2 and NCSRN. Except NUF2 and NCSRN,
expression level of other proteins was determined. The NJ substrain showed significant increase
in the protein expression of ATPal2 and AIM2 proteins, while the 6J substrain showed significant

increase in the expression of KCNJ9 protein. There was no significant difference in the expression



level of PCP4l1, RGS7, CADM3 and IGSF8 proteins between the substrains on oxycodone

administration.

ATPla2 gene is involved in fine motor control in addition to focal epilepsy, hemiplegia,
problems in cognition and behavior (Ueda et al., 2018). The gene on chromosome 1923 encodes
the a2 subunit of the sodium-potassium adenosine triphosphatase (Na'/K* ATPase) pump.
ATPla?2 gene is involved in the maintenance of sodium and potassium ion gradients across the
synaptic cleft and controls the glutamate reuptake by the glial cells(Rose et al., 2009). In the
present study, we have found significantly increased expression of the gene in the NJ substrain
compared with the 6J substrain on oxycodone administration. Heterozygous ATP1A2 mice has
been reported to be hypoactive when compared to wild type(Moseley et al., 2003). However, in
the present study, the 6J substrain which showed hyperactivity to oxycodone administration
expressed significantly lesser amount of ATPal2 protein when compared with NJ substrain which
showed significantly lesser locomotor activity than 6J substrain (figure 1). However, both the
strains were hyperactive to oxycodone when compared with saline control. In addition, we have
not tested the difference in locomotor phenotype between wild type and NJ and 6] substrains in
the present study. The increased ATPAI2 expression and decreased response to oxycodone
(measured in terms of hypoactivity) shown by NJ substrain may denote its potential role in

developing OUD(Gritz et al., 2016).

Absent in melanoma 2 (AIM2) gene belong to the IFN-inducible HIN-200 domain
containing protein family (Chen et al., 2006). It is a tumor suppressor and also play role in

inflammasome to fight against pathogen invasion (Chen et al., 2017). AIM2 has also been involved



in spatial memory, long-term potentiation and synaptic morphology(Chen et al., 2019). However,
no previous reports are available on the differential expression level of AIM2 and opioid addiction
phenotype. In the present study, we have determined significantly increased expression of AIM2

protein in NJ substrain compared with 6J.

AIM?2 gene is a cytosolic innate immune repressor that controls cell proliferation(Sharma
et al., 2019). AIM2-like receptors are of importance to the immune system. However, they have
been identified as contributing factors to several non-infectious neurological disorders, including
alcoholism(Crews et al., 2017). In this study, it was shown that a greater expression of AIM2
makes NJ mice more responsive to oxycodone measured in terms of increased locomotor activity
compared with 6J substrain. This shows that AIM2 gene and AIM2-like receptors may also play a

role in OUD, however, the statement needs further corroborative investigation.

KCNJ9 gene (a member of KCNJ genes) regulate the Kir2.xK™ channel (Szuts et al., 2013).
Several members of the KCNJ gene family encoding inward rectifying K+ channels have been
identified. They play role in K+ homeostasis and contribute to the resting state membrane potential
and K+ recycling across the membrane. More than 90 different genes (including
KCNK, KCNJ, KCNQ, KCNE, and SLO gene families)have been found to control K+ channel
activity in human genome (Hamilton and Devor, 2012). QTL mapping in mouse identified KCN.J9
as a genetic factor responsible for variation associated with analgesic effect of opioids(Smith et
al., 2008). In the present study, we have determined significantly increased expression of KCNJ9
protein in the 6J substrain compared to NJ strain (figure 4). Previous study showed KCNJ9Y
knockout mice exhibit higher locomotion under the influence of alcohol compared to wildtype.

The results of this study are in corroboration with the previous findings. B6NJ mice expressed



lower levels of KCNJ9 and were more impacted by the oxycodone than its counterpart B6J. In this
study, it was shown that a lower expression of this gene, KCNJ9, makes B6NJ mice more

suspectable to oxycodone induced locomotor behaviors.

CONCLUSION

The two substrains NJ and 6J showed differential response to the same dose of oxycodone
measured in terms of locomotor behavior. Both the two substrains were responsive to oxycodone
when compared with the saline administered control cohort. However, NJ substrain showed
significantly lesser locomotor response in relation to 6J substrain. NJ substrain showed increased
expression of ATP1A2 and AIM2 protein level while 6J showed increased expression of KCNJ9
protein. Both the two strains did not show any difference in the protein expression pattern with

respect to PCP4L1, RGS7, CADM3 and IGSFS proteins.

FUTURE DIRECTIONS

Future studies will be focused to study the basal and opioid-induced endogenous opioid
levels which will serve as an index of neurochemical mechanisms underlying the differential
behavioral phenotype. Further, the downstream signaling mechanisms of the gene product studied
in the present report will be worth exploring. For example, even though, we did not find difference
in the expression level of RGS7, we have not explored other associated proteins like G5 which
is involved in the stabilization of RGS7. Also, the other two high priority genes NUF2 and NCSRN

will also be focused in our future studies.
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Table 1. High priority Genes. Results of eQTL analysis was performed on genes in distal
chromosome 1 to identify the high priority genes. High priority genes are shown within the red

box and highlighted in blue.

FIGURE LEGEND

Figure 1. B6J and B6NJ cross and QTL analysis. A) Schematic showing the crosses between
substrains. B). The parental strains were crossed to create F1 individuals which were then crossed

among themselves to produce F2 and crossed to one of the parent lines to create backcross progeny.

Figure 2. Influence of oxycodone on locomotor behavior of mice strains. Control cohort treated
with saline did not show any effect in locomotor behavior of both 6J and NJ substrains. Oxycodone
at 1.25 mg/kg dose significantly decreased locomotor activity(m/h) of NJ substrain compared with

6J substrain.

Figure 3. Protein expression level of ATP1a2. Equal quantity of striatal protein from NJ and 6J
strains was loaded on to 12 wells as indicated in the figure. Intensity of the protein bands were
measured with NIH ImageJ software. NJ substrain showed significantly (P = 0.0001) increased

expression of ATP1a2 protein compared to 6J substrain.

Figure 4. Protein expression level of KCNJ9. Equal quantity of striatal protein from NJ and 6J
strains was loaded on to 12 wells as indicated in the figure. Intensity of the protein bands were
measured with NIH Imagel] software. 6] substrain showed significantly (P = 0.04) increased

expression of KCNJ9 protein compared to NJ substrain.



Figure S. Protein expression level of AIM2. Equal quantity of striatal protein from NJ and 6J
strains was loaded on to 12 wells as indicated in the figure. Intensity of the protein bands were
measured with NIH Imagel software. NJ substrain showed significantly (P = 0.003) increased

expression of AIM2 protein compared to 6J substrain.

Figure 6. Protein expression level of PCP411. Equal quantity of striatal protein from NJ and 6J
strains was loaded on to 12 wells as indicated in the figure. Intensity of the protein bands were
measured with NIH ImageJ software. There was no significant difference in the protein expression

level between the substrains (P = 0.181).

Figure 7. Protein expression level of RGST. Equal quantity of striatal protein from NJ and 6J
strains was loaded on to 12 wells as indicated in the figure. Intensity of the protein bands were
measured with NIH ImageJ software. There was no significant difference in the protein expression

level between the substrains (P = 0.088).

Figure 8. Protein expression level of CADM3. Equal quantity of striatal protein from NJ and 6J
strains was loaded on to 12 wells as indicated in the figure. Intensity of the protein bands were
measured with NIH ImageJ software. There was no significant difference in the protein expression

level between the substrains (P = 0.162).

Figure 9. Protein expression level of IGSF8. Equal quantity of striatal protein from NJ and 6J

strains was loaded on to 12 wells as indicated in the figure. Intensity of the protein bands were



measured with NIH Imagel software. There was no significant difference in the protein expression

level between the substrains (P = 0.329).
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Figure 3
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Figure 4
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Figure S
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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