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Abstract

Abuse and addiction to prescription opioids such as oxycodone (a short-acting Mu opioid receptor
(MOP-r) agonist) in adolescence is a pressing public health issue. We have previously shown
differences in oxycodone self-administration behaviors between adolescent and adult C57BL/6J
mice and expression of striatal neurotransmitter receptor genes, in areas involved in reward. In this
study, we aimed to determine whether oxycodone self-administration differentially affects genes
regulating synaptic plasticity in the hippocampus of adolescent compared to adult mice, since the
hippocampus may be involved in learning aspects associated with chronic drug self administration.
Hippocampus was isolated for mRNA analysis from mice that had self administered oxycodone
(0.25 ma/kg/infusion) 2 h/day for 14 consecutive days or from yoked saline controls. Gene
expression was analyzed with real-time polymerase chain reaction (PCR) using a commercially
available “synaptic plasticity” PCR array containing 84 genes. We found that adolescent and adult
control mice significantly differed in the expression of several genes in the absence of oxycodone
exposure, including those coding for mitogen-activated protein kinase, calcium/calmodulin-
dependent protein kinase 11 gamma subunit, glutamate receptor, ionotropic AMPA2 and
metabotropic 5. Chronic oxycodone self administration increased proviral integration site 1 (PimI)
and thymoma viral proto-oncogene 1 mRNA levels compared to controls in both age groups. Both
Pim1 and cadherin 2 mRNAs showed a significant combined effect of Drug Condition and Age x
Drug Condition. Furthermore, the mRNA levels of both cadherin 2 and cAMP response element
modulators showed an experiment-wise significant difference between oxycodone and saline
control in adult but not in adolescent mice. Overall, this study demonstrates for the first time that
chronic oxycodone self-administration differentially alters synaptic plasticity gene expression in
the hippocampus of adolescent and adult mice.
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INTRODUCTION

Prescription opioid abuse poses a significant public health issue in the United States (Zosel
et al., 2013). This problem has escalated over the past two decades, especially among
adolescents (Compton and Volkow, 2006; Johnston et al., 2006; Johnston, 2009), of whom
thousands are hospitalized every year as a result of non-medical use of prescription opioids
(Zosel et al., 2013). This issue is particularly troublesome because little is known about how
the rapidly changing adolescent brain is affected by exposure to prescription opioids
(Compton and Volkow, 2006). As a result of the high degree of neuroplasticity during
adolescence (Carpenter-Hyland and Chandler, 2007), the neurobiological alterations that
adolescents experience in response to prescription opioids may be mechanistically different,
or may persist into adulthood, thus conferring on them a greater vulnerability to opioid
addiction upon subsequent abuse.

As drugs of abuse have been shown to engage the molecular mechanisms of learning and
memory by affecting synaptic plasticity (Berke and Hyman, 2000; Kauer and Malenka,
2007), understanding the effects of addictive drugs on brain regions involved in learning and
memory, such as the hippocampus (Billa et al., 2010) is crucial. The hippocampus has been
shown to be integral to the storage, consolidation, and retrieval of declarative, spatial, and
associative long-term memory (Hernandez-Rabaza et al., 2007), with long-term potentiation
(LTP) and long-term depression (LTD) as representative measures of these processes
(Caruana et al., 2012). Due to its role in learning and memory and through its efferent and
afferent neural connections with the reward system (Kenney and Gould, 2008; Garcia-Fuster
et al., 2011), the hippocampus is important to the response to addictive drugs. In particular,
the hippocampus has been shown to be involved in context-drug associations (Kenney and
Gould, 2008), reward-related response (Bao et al., 2007; Hernandez-Rabaza et al., 2007), as
well as drug craving (Volkow, 2004) and seeking behavior (Vorel et al., 2001; Belujon and
Grace, 2011), especially in the context of reinstatement and relapse to drugs of abuse
(Robbins and Everitt, 2002; Hernandez-Rabaza et al., 2007; Belujon and Grace, 2011).
Furthermore, due to its role in modulating the hypothalamic—pituitary-adrenal (HPA) axis,
the hippocampus plays a key role in stress-induced drug-seeking behavior (Garcia-Fuster et
al., 2011).

There have been studies showing that opiates, morphine in particular, alter gene expression
in several brain regions in adult rodents (Wang et al., 1999; Nestler, 2001; Rodriguez
Parkitna et al., 2004; Korostynski et al., 2006; Hassan et al., 2010). One such study, which
involved morphine-induced conditioned place preference, showed changes in the expression
of genes in the hippocampus involved in vesicular transport, neurotransmitter release, and
receptor trafficking (Marie-Claire et al., 2007). However, there are few studies detailing the
effects of prescription opioids on changes in gene expression in the adolescent brain (Ellgren
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et al., 2007). Furthermore, much of the research on the effects of drugs of abuse on the
adolescent hippocampus has focused on nicotine, alcohol, and cannabis. For example, one
study demonstrated that adolescent rats given alcohol showed more hippocampal changes in
protein expression relative to adolescent controls compared to adult rats given alcohol
(Hargreaves et al., 2009).

We recently reported that adolescent mice self-administered significantly less oxycodone
than adult mice (in the same mice described in the study presented here) (Mayer-Blackwell
et al., 2014). We hypothesized that there were differential neurobiological alterations in
brain regions associated with reward between adolescent and adult mice as a consequence of
oxycodone self-administration. In this study, we examined this hypothesis by measuring the
expression of genes involved in synaptic plasticity in the hippocampus. This study is in
agreement with our previous finding that adolescent mice that self-administered oxycodone
experienced different changes in gene expression of neurotransmitter receptors in the dorsal
striatum relative to controls than did adult mice that self-administered oxycodone (Mayer-
Blackwell et al., 2014).

EXPERIMENTAL PROCEDURES

Subjects

Male adolescent and adult (4 or 11 weeks old on arrival, respectively) C57BL/6J mice
(Jackson Laboratory, Bar Harbor, ME, USA) were housed in groups up to five with free
access to food and water in a light-(12:12-h light/dark cycle, light on at 7:00 pm and off at
7:00 am) and temperature-(25 °C) controlled room. Animal care and experimental
procedures were conducted according to the Guide for the Care and Use of Laboratory
Animals (Institute of Laboratory Animal Resources Commission on Life Sciences 1996).
The experimental protocols used were approved by the Institutional Animal Care and Use
Committee of The Rockefeller University.

Self-administration procedure

Catheter implantation—Following acclimation for 7 days, the mice were anesthetized
with a combination of xylazine (8.0 mg/kg i.p.) and ketamine (80 mg/kg i.p.). After shaving
and application of a 70% alcohol and iodine preparatory solution, incisions were made in the
midscapular region and anteromedial to the foreleg. A catheter of approximately 6 cm in
length (ID: 0.31 mm, OD: 0.64 mm) (Helix Medical, Inc., Carpinteria, CA, USA) was
passed subcutaneously from the dorsal to the ventral incision. A 22-gauge needle was
inserted into the jugular vein to guide the catheter into the vein. The catheter was tied to the
vein with surgical silk. Physiological saline was then flushed through the catheter to avoid
clotting and the catheter then capped with a stopper. Antibiotic ointment was applied to the
catheter exit wounds on the animal’s back and forearm. Mice were individually housed after
the surgery and were allowed 4 days of recovery (due to the limited period of adolescence in
the mouse (Adriani and Laviola, 2004; Spear, 2000) before being placed in operant test
chambers for the self-administration procedure.
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Operant conditioning chambers—The self-administration chamber, ENV-307W (21.6
cm x 17.8 cm x 12.7 cm, Med. Associates, St. Albans, VT, USA), was located inside a
larger sound attenuation chamber (Med. Associates). Each chamber contained a wall with
two small holes (0.9-cm diameter, 4.2 cm apart, 1.5 cm from the floor of the chamber). One
hole was defined as active, the other was inactive. When the photocell in the active hole was
triggered by a nose-poke, an infusion pump (Med. Associates) delivered an oxycodone
infusion of 20 ul/3 s from a 5-ml syringe. The syringe was connected by a swivel via Tygon
tubing. The infusion pump and syringe were outside the chamber. During infusion, a cue
light above the active hole was illuminated. Each injection was followed by a 20-s “time-
out” period during which poking responses were recorded but had no programed
consequences. All responses at the inactive hole were also recorded. Mice were tested during
the dark phase of the diurnal cycle (all experiments were performed between 8:00 am and
12:00 pm).

Oxycodone self-administration—A 2-h self-administration session was conducted
daily. Mice were weighed and heparinized saline solution (0.02 ml of 30 IU/ml) was used
daily to flush the catheter to maintain patency. During self-administration sessions, mice in
the oxycodone (Sigma, St. Louis, MO, USA) groups were placed in the self-administration
chamber and a nose-poke through the active hole led to an infusion of oxycodone (0.25
mg/kg/infusion) under an FR1 schedule for 14 days. Drug volume was controlled by a
computer to follow daily changes in body weight of individual animals. Mice in the control
groups received yoked saline infusions during all sessions (saline was infused in the control
mouse whenever the oxycodone mouse self-administered oxycodone). At the end of the
experiment, only data from mice that passed a catheter patency test (defined as loss of
muscle tone within a few seconds after administration of a short-acting anesthetic) with
injection of 30 pl of ketamine (5 mg/ml) (Fort Dodge, 1A) were included in the analysis of
data. See also Mayer-Blackwell et al. (2014).

RNA extraction

Mice were sacrificed within 1 h after the last self-administration session by decapitation
after brief exposure to CO»; the whole hippocampus from each mouse was dissected from
the brain and homogenized in Qiazol (Qiagen, Valencia, CA, USA). Total RNA was isolated
from homogenates of the hippocampus using the miRNeasy kit (Qiagen, Valencia, CA,
USA). The quality and quantity of RNA from each sample was determined using the Agilent
2100 bioanalyzer. Genomic DNA was removed from the isolated total RNA using RT2 HT
First Strand Kit (Qiagen, Valencia, CA, USA). Complementary DNA was then synthesized
from 500 ng of total RNA with the same Kkit.

Mouse synaptic plasticity RT2-Profiler™ polymerase chain reaction (PCR) array

The mouse synaptic plasticity RT2 Profiler™ PCR array (PAMM-126Z, Qiagen) profiles the
expression of 84 genes involved in synaptic plasticity and five housekeeping genes
(glyceraldehyde 3-phosphate dehydrogenase, Gapdh; hypoxanthine guanine phosphoribosyl
transferase 1, Hprt-1; Heat shock protein 90 alpha (cytosolic), class B member 1, Hsp90abl
and B-glucuronidase, Gusb; p-actin, Actb) by real-time PCR using the SYBR Green
detection method. The generated cDNA was diluted with an appropriate volume of
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instrument-specific reagent (2x SuperArray RT2 Real-Time™ SYBR Green PCR Master
Mix (PA-012) and ultra pure water) and 10 pl of this reaction mix was added to each well of
the PCR array. The real-time PCR reaction was performed in an ABI Prism 7900 HT
Sequence Detection System (Applied Biosystems, Foster City, CA, USA), applying the
following program: 2 min at 50 °C, 10 min at 95 °C and 40 cycles of 15 s at 95 °C and 1 min
at 60 °C. The ABI Prism 7900 HT Sequence Detection System was used to calculate the Ct
value for each well. Data were normalized to the mean of the five housekeeping genes (none
of which showed differences between oxycodone and yoked saline controls) and analyzed
by the comparative Ct-method (2-ACT). The complete list of genes assayed on the array is
shown in Table 6 and can also be found at the manufacturer’s website. (http://
www.sabioscience.com/rt_pcr_product/HTML/PAMM-126Z-4.html).

Statistical analysis

Differences in expression of genes were analyzed by a two-way analysis of variance (Age x
Drug Condition). “Age” would indicate a difference of mean measurements between
adolescents and adults; “Drug Condition” would indicate a difference between cases and
controls; and “Age x Drug Condition” would indicate a difference in the Age effect of the
two Drug Condition classes, or a difference in Drug Condition effect for the two Age
classes. As the main interest is on Drug Condition and Age x Drug Condition Interaction,
for each of the 84 genes, p-values for Drug Condition and Age x Drug Condition are
combined by the Fisher method, resulting in values shown in Table 4; this value indicates a
combined effect of Drug Condition and its interaction with Age, that is, a difference in Drug
Condition in the two Age groups.

A correction for multiple testing is the Bonferroni method. Here, we use the number of
genes, 7= 84, as the correction factor. While three tests were carried out for each gene, the
Bonferroni correction is known to be conservative and assumes independent genes. As
expression levels for different genes are correlated (for all individuals, the average absolute
value of the correlation coefficient over all pairs of genes is equal to 0.27), the correction
factor may thus be appropriate; a corrected significance threshold is given by 0.05/84 ~
0.0006; any p-value equal to 0.0006 or smaller was therefore considered experiment-wise
significant at the 5% level.

To obtain an accurate picture of p-values corrected for multiple testing, permutation analysis
was carried out with a version of our sumstat program (http://lab.rockefeller.edu/ott/
programs). In each of the two age groups, a £test was carried out for each of the 84 genes. ~-
values were estimated in 100,000 randomization samples. Results are shown in Table 5.
“p0Stat” is an uncorrected p-value while “pStat” refers to p-values corrected for testing 84
genes. We refer to point-wise significance as being represented by a nominal p-value of 0.05
or less, and experiment-wise significance as a corrected p-value of 0.05 or less.
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RESULTS

Gene expression differing between adolescent and adult mice

A two-way ANOVA, Age x Drug Condition, found that there were thirteen genes showing a
point-wise significant main effect of Age, see Table 1. Only the four genes showing
experiment-wise significance are detailed below. Only the results of individual analysis of
variance for each of these genes are shown in the Fig. 1.

Mitogen-activated protein kinase 1 (Mapk1)—The effect of age and oxycodone self-
administration on MapkI mRNA expression in the hippocampus is shown in Fig. 1A. A two-
way ANOVA showed a significant main effect of Age, ~(1, 19) = 22.80, p< 0.0002, and
Drug Condition, F~ (1, 19) = 8.34, p< 0.01, without significant interaction. There were lower
MapkI mRNA levels in adolescent mice than in the adult mice. The mRNA levels of Mapkl
were higher in mice that had self-administered oxycodone compared with those of the yoked
saline controls.

Calcium/calmodulin-dependent protein kinase Il gamma (Camk2g)—The effect
of age on CamkZ2g mRNA expression in the hippocampus is shown in Fig. 1B. A two-way
ANOVA showed that there was a significant main effect of Age, F(1, 19) = 20.02, p<
0.0005. There were significantly lower levels of Camk2g mRNA in the adolescent mice than
in the adult mice.

Glutamate receptor, ionotropic AMPA2 (Gria2)—The effect of age on GriaZ mRNA
expression in the hippocampus is shown in Fig. 1C. A two-way ANOVA showed that there
was a significant main effect of Age, (1, 19) = 20.06, p < 0.0005. The levels of Gria2
mRNA in the adolescent mice were lower than those of the adult mice.

Glutamate receptor, metabotropic 5 (Grm5)—The effect of age on Grm5 mRNA
expression in the hippocampus is shown in Fig. 1D. A two-way ANOVA showed there was a
significant main effect of Age, (1, 19) = 17.71, p< 0.0005. There were significantly lower
levels of Grm5mRNA in adolescent mice than in adult mice.

Gene expression differing between oxycodone groups and yoked saline controls

Two-way ANOVAs showed that there were fifteen genes showing a point-wise significant
main effect of Drug Condition, see Table 2. Only the two genes with experiment-wise
significant differences are detailed below. Only the results of individual analysis of variance
for each of these genes are shown in the Fig. 2.

Proviral integration site 1 (Pim1)—The effect of oxycodone self-administration on
Pim1I mRNA levels in the hippocampus is shown in Fig. 2A. A two-way ANOVA showed a
significant main effect of Drug Condition, (1, 19) = 22.65, p=0.0001. There were higher
levels of PimI mRNA in the hippocampus of mice that self-administered oxycodone
compared to those of yoked-saline controls.

Thymoma viral proto-oncogene 1 (Aktl)—The effect of oxycodone self-
administration on Akt mRNA levels in the hippocampus is shown in Fig. 2B. A two-way
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ANOVA revealed a significant main effect of Drug Condition, ~(1, 19) = 38.98, p = 0.0005.
Mice that had self-administered oxycodone had higher levels of AkzZ MRNA than those of
the yoked-saline controls.

Gene expression showing a significant of Age x Drug Condition Interaction

Two-way ANOVASs showed that there were six genes showing a point-wise significant Age x
Drug Condition Interaction, with no genes showing experiment-wise significance, see Table
3.

Gene expression showing a significant combined effect of Drug Condition and Age x Drug
Condition Interaction

Two-way ANOVAS showed that there were twenty-two genes showing a point-wise
significant combined effect of Drug Condition and Age x Drug Condition Interaction, see
Table 4. Only the two genes with experiment-wise significant differences are detailed below.

Cadherin 2 (Cdh2)—The effect of oxycodone self-administration on Cah2 mRNA levels
in the hippocampus following 14-day oxycodone self-administration or yoked saline in
adolescent and adult mice is shown in Fig. 2C. Two-way ANOVAs, Age x Drug Condition,
showed a significant main effect of Age, ~(1, 19) = 6.21, p< 0.05, a significant main effect
of Drug Condition, ~(1, 19) = 15.74, p< 0.001, and a significant Age x Drug Condition
Interaction, ~(1, 19) = 9.72, p< 0.01. The Fisher method showed that there was a
significant combined Drug Condition and Age x Drug Condition effect, p < 0.0001. There
were higher levels of Cadh2mRNA in the hippocampus of mice that self-administered
oxycodone compared to those of yoked-saline controls. The interaction effect was seen as an
increase in mean value from adolescent to adult for oxycodone self-administering mice but a
decrease in mean value from adolescent to adult in yoked saline controls.

Proviral integration site 1 (Pim1)—The effect of oxycodone self-administration on
PimI mRNA levels is presented in Fig. 2A. The Fisher method showed that there was a
significant combined main effect of Drug Condition and Age x Drug Condition Interaction,
p<0.001. Self administration led to higher levels of Pim1 mRNA in the hippocampus of
adolescent and adult mice compared to those of yoked-saline controls.

Significant differences in gene expression by permutation analysis

Permutation analysis showed only two genes with experiment-wise significance between the
oxycodone and saline controls in the adult mice, whereas none of the genes examined from
adolescent mice showed experiment-wise significant difference in expression (see Table 5).
In the adult groups, CdhZ mRNA levels were significantly higher in the oxycodone self-
administering group than in saline controls, p < 0.05 (Fig. 3A). In addition, CAMP
responsive element modulator (Crem) mRNA levels were significantly higher in the
oxycodone self-administering mice than in yoked saline control, p < 0.05 (Fig. 3B).

Correlation between the amount of oxycodone self administered and Crem mRNA levels

To quantify the relationship between the amounts of oxycodone self administered and
alteration in mRNA levels following 14-days of oxycodone self administration, we
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examined the correlation between the levels of mMRNA of each gene showing changes in
response to oxycodone self administration and the amount of oxycodone self administered
across all sessions or during the last session by each mouse. We found that there was a
significant positive correlation between the amounts of oxycodone self-administered during
the last self administration session and Crem mRNA levels, r=0.960, p< 0.01 in the adult
mice (Fig. 4A). There was also a significant positive correlation between the total amounts
of oxycodone self-administered and Crem mRNA levels, r=0.8985, p < 0.05 across the
adult mice examined (Fig. 4B). No significant correlations were found in any other genes
examined in this study (data not shown).

DISCUSSION

In the current study, we found that oxycodone self-administration significantly altered a
number of genes involved in synaptic plasticity in the hippocampus of both the adolescent
and adult mice. These genes included proviral integration site 1 and thymoma viral proto-
oncogene 1, which showed experiment-wise significance between the oxycodone and saline
groups. Proviral integration site 1 kinase is a short-lived serine/threonine kinase. Pim1
belongs to Ca2+/Calmodulin-dependent protein kinase family. Pim kinases are highly
expressed in various tumors and enhance cell proliferation, survival (Muraski et al., 2007)
and attenuate apoptosis (Shirogane et al., 1999). Thymoma viral proto-oncogene 1 is also a
serine-threonine protein kinase. Akt is a critical mediator of growth factor-induced neuronal
survival. The Akt pathway plays a critical role in mediating signal transduction in cell
proliferation, differentiation and survival (e.g., Shao et al., 2010; Wang et al., 2012).

Mu opioid receptor (MOP-r) agonists such as morphine and heroin have been shown to
cause structural plasticity in the hippocampus. Decrease in neurogenesis by 42% in the adult
rat hippocampal granule cell layer was found following chronic administration of the MOP-r
agonist morphine. A similar effect was also found in rats after chronic self-administration of
heroin (Eisch et al., 2000). In a separate study, repeated morphine treatment led to a
significant reduction of cellular proliferation in morphine-dependent animals, which
rebounded after 1-week withdrawal and returned to normal after 2-week withdrawal (Kahn
et al., 2005). Further, it was found that chronic morphine administration decreased
neurogenesis by inhibiting dividing cells and progenitor cell progression to a more mature
neuronal stage in the adult hippocampal subgranular zone (Arguello et al., 2008). Similar to
the action of morphine, oxycodone is a short acting MOP-r agonist. Although there have
been no reports of inhibition of neurogenesis by oxycodone, we speculate that oxycodone
self-administration could also lead to decreased neurogenesis in the hippocampus. Thus,
increases in both Pim1and AktZ kinases found in the mice that had self administered
oxycodone for 14 days may be a compensatory response to inhibition of neurogenesis in the
hippocampus induced by long-term oxycodone exposure.

MOP-r agonists have also been shown to modulate hippocampal functional plasticity. One
study found that morphine dependence (i.e. after chronic morphine administration)
attenuated the induction of LTP in rat hippocampal slices (Salmanzadeh et al., 2003).
Another study demonstrated that while chronic morphine and heroin treatment reduced LTP
in the rat hippocampus during withdrawal, this reduction in LTP could be reversed by re-
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exposure to the opiates (Pu et al., 2002). However, in a more recent study, heroin and
morphine were shown to differentially alter hippocampal LTP since re-exposure to morphine
restored reduced LTP during withdrawal in heroin-dependent rats, while heroin could not
restore reduced LTP during withdrawal in morphine-dependent rats (Bao et al., 2007). This
study demonstrates the importance of conducting experiments using other specific opiates,
such as oxycodone, as they may have diverging effects on synaptic plasticity.

Mitogen-activated protein kinase and calcium/calmodulin-dependent protein kinase 1l are
critical for synaptic plasticity and memory formation. One study found that levels of Mapk,
Camkll a and Akt increased 24 h after inhibitory avoidance training in the rat hippocampus
(Bekinschtein et al., 2010). Another study showed that phosphorylation levels of Mapk1/2,
alpha subunit of CaMKII and Akt rapidly increased during early LTP at Schaffer collateral-
CAL1 mouse hippocampal synapses (Racaniello et al., 2009). Such increases in proteins
kinases suggest that these kinases are closely involved in memory consolidation. In the
present study, the expression of a number of genes was found to differ between the adult and
adolescent hippocampus in the absence of oxycodone exposure, among them, Mapk1,
Camkll g, GriaZ and Grm5 show experiment-wise significant differences. The significantly
higher levels of expressions, especially in Mapk and Camkl/g, in adult hippocampus
compared to adolescent hippocampus are important. Anatomically, neurocircuitries involved
in learning and memory may not be as well developed within the adolescent hippocampus as
in the adult. In addition, Mapkl and Camkllg, key elements for regulating synaptic plasticity
and memory consolidation, are significantly lower in the adolescent hippocampus compared
to those of the adult. These may, in part, determine more solid memory in adults than in
adolescents.

Cadherin 2 (Cadh2) is a calcium-dependent adhesion transmembrane protein. The cadherin
superfamily plays important roles in cell adhesion and forms adherent junctions to bind cells
within tissues together. N-cadherin is abundantly expressed in migrating cells in the
subventricular zone of the hippocampus and plays important roles in forming cell clusters
and in regulating cell differentiation in this region (Yagita et al., 2009). One study found that
persistence of coordinated LTP and dendritic spine enlargement at mature hippocampal CA1
synapses requires N-cadherin (Bozdagi et al., 2010). In another study, it was found that
hippocampal N-cadherin mediated memory consolidation, at least in part, via cytoskeletal
Mapk signaling (Schrick et al., 2007). The current study found that adult mice that self
administered oxycodone had significantly higher Cah2 mRNA levels compared to yoked
saline control; which was not found in adolescent mice. The increases in Cah2gene
expression may be closely associated with oxycodone self administration-related memory in
the adult hippocampus. The lack of response of Cadh2 mRNA found in the adolescent
hippocampus might be related to lower intake of oxycodone by adolescent compared with
the adult mice (Mayer-Blackwell et al., 2014).

Crem encodes cAMP-responsive element modulator, binding to the cAMP responsive
element, regulating transcription factors. This regulation is an important mechanism
mediating the brain’s adaptation to changing environments. One study found that
intracranial self stimulation upregulated the expression of synaptic plasticity-related genes
including Crem in the rat hippocampus (Kadar et al., 2013). Other studies showed that the
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inducible cAMP early repressor (icer), encoded by Crem, plays an important role in the
regulation of long-term plasticity underlying learning and memory (for review, see
Borlikova and Endo, 2009). Our finding that Crermn mRNA levels significantly differed
between oxycodone and saline controls only in adult but not in adolescent mice suggests that
Crem may play an important role in the higher intake of oxycodone found in the adult mice
(Mayer-Blackwell et al., 2014). This is supported by the positive correlation between the
amount of oxycodone self administered and levels of Crem mRNA found in the adult mice,
but not in the adolescent mice.

Both striatum and hippocampus are brain regions playing crucial and complementary roles
in learning. Striatum (especially dorsal) is known to regulate reward and habitual learning
(e.g., Ito et al., 2002; Porrino et al., 2007; Belin and Everitt, 2008) whereas the hippocampus
may be related to drug self-administration associated learning and memory (including
contextual learning). The positive correlation between the amount of oxycodone self
administered and striatal Maoa mRNA levels found in our earlier study in the same mice
(Mayer-Blackwell et al., 2014) suggests that oxycodone self administration induced increase
in striatal Maoa mRNA levels may be mechanistically related to increases in striatal
dopamine levels as a result of oxycodone exposure (Zhang et al., 2009). It is interesting that
more neurotransmitter genes showed significant changes in the striatum in adolescents
compared to adults, but fewer hippocampal synaptic plasticity genes were altered in
response to oxycodone self administration. Such a finding may suggest that adolescent
synaptic plasticity genes in the hippocampus are either less responsive to oxycodone self
administration or that adolescent hippocampus needs to undergo maturation in order to
respond to oxycodone self administration.

One caveat in the present study is that our main control groups (yoked saline) do not directly
assess whether the observed effects are due simply to oxycodone exposure, learning
components of the acquisition/performance of the behavioral assay, or a combination of
both. Thus it cannot be presently determined if the observed effects, and their differences in
adolescents and adults, are due to specific interactions between oxycodone exposure and
hippocampal-mediated learning components.

CONCLUSION

The current study led to the first identification of differences in gene expression in the
hippocampus in adolescent versus adult mice as a result of chronic self-administration of
oxycodone. Our results demonstrate different transcription profiles of specific targets
involved in neuroplasticity (such as, Cadh2and Crem), between adolescents and adults,
providing initial avenues for future system-wide functional and mechanistic analyses.
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Fig. 1.
Ef%ect of Age on Mapkl1 (A), Camk2g (B), Gria 2(C) and Grm5 (D) mRNA expression in
the hippocampus of mice that had self administrated oxycodone and yoked controls. There
were significantly lower MapkZ mRNA levels in adolescent mice than in the adult mice, p<
0.0002. Also, the mRNA levels of Mapk1 were higher in mice that had self-administered
oxycodone compared with those of the yoked saline controls (1A) (= SEM), p< 0.01. There
were significantly lower levels of CamkZg mRNA levels in the adolescent mice than in the
adult mice (p < 0.0005) (1B) (£SEM). The levels of GriaZ (p< 0.0005) and Grm5 (p <
0.0006) mRNA in the adolescent mice were significantly lower than those of the adult mice
(1C and 1D, respectively) (x SEM).
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Effect of oxycodone self administration on Pim1 (A), Akt1 (B) and Cdh2 (C) mRNA
expression in the hippocampus. Oxycodone self administration significantly affected Pim1
in the mouse hippocampus. PimI mRNA levels increased in mice that had self administered
oxycondone for 14 consecutive days in both adolescent and adult groups (2A) (x SEM).
Oxycodone self administration also affected AkzZ gene expression. Hippocampal AktI
MRNA levels significantly increased in both adolescent and adult mice that had self
administered oxycodone compared to yoked saline controls (2B) (+ SEM). The effect of
oxycodone self-administration on Cah2 mRNA levels in the hippocampus is shown in Fig.
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2C (= SEM). There were higher levels of Cah2mRNA in the hippocampus of mice that self-
administered oxycodone compared to those of yoked-saline controls. The interaction effect
was seen as an increase in mean value from adolescent to adult for oxycodone self
administered mice but a decrease in mean value from adolescent to adult in yoked saline
controls.
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Fig. 3.

Effects of oxycodone on gene expression in the adult and adolescent mice are shown in
Figure 3. In the adult groups, Cah2 mRNA levels were significantly higher in oxycodone
self administered group than saline controls, p < 0.05 (Fig. 3A) (= SEM). Crem mRNA
levels were also significantly higher in the oxycodone self administered mice than in yoked

saline control, p< 0.05 (Fig. 3B) (= SEM).
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Correlation between the amount of oxycodone self administered and Crem mRNA levels.
There was a significant positive correlation between Crem mRNA levels and the amounts of
oxycodone self-administered in the last oxycodone self-administration session (A). There
was also a significant positive correlation between Crem mRNA levels and the total amounts

of oxycodone self-administered (B).
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Genes showing a significant main effect of Age

Page 19

Genesymbol  Protein Pvalue mRNA expression levelsin adults (A) vs.
adolescents (a)
Mapk1 Mitogen-activated protein kinase 1 0.0001 A>a
Camk2g Calcium/calmodulin-dependent protein kinase Il gamma 0.0003 A>a
Gria2 Glutamate receptor, ionotropic, AMPA2 (alpha 2) 0.0003 A>a
Grmb Glutamate receptor, metabotropic 5 0.0005 A>a
Gria3 Glutamate receptor, ionotropic, AMPA3 (alpha 3) 0.0011 A>a
Grin2d Glutamate receptor, ionotropic, NMDA2D (epsilon 4) 0.0016 A<a
Prkgl Protein kinase, cGMP-dependent, type | 0.0025 A>a
Adcyl Adenylate cyclase 1 0.0044 A>a
Adam10 A disintegrin and metallopeptidase domain 10 0.0044 A>a
Adcy8 Adenylate cyclase 8 0.0049 A>a
Crem CAMP responsive element modulator 0.0055 A>a
Gnail Guanine nucleotide binding protein (G protein), alpha inhibiting 1 0.007 A>a
Camk2a Calcium/calmodulin-dependent protein kinase Il alpha 0.0071 A>a
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Genes showing a significant main effect of Drug Condition

Table 2

Genesymbol  Protein Pvalue Direction of change
Pim1 Proviral integration site 1 0.0001 1
Aktl Thymoma viral proto-oncogene 1 0.0005 1
Cebpd CCAAT/enhancer binding protein (C/EBP), delta 0.0008 1
Cdh2 Cadherin 2 0.0008 1
Jun Jun oncogene 0.0014 1*
Arc Activity-regulated cytoskeletal-associated protein 0.002 1
Junb Jun-B oncogene 0.0032 1
Adcyl Adenylate cyclase 1 0.0036 1
Nos1 Nitric oxide synthase 1, neuronal 0.0036 1
Plcgl Phospholipase C, gamma 1 0.0048 1
Timpl Tissue inhibitor of metalloproteinase 1 0.0054 1
Tnf Tumor necrosis factor 0.0065 1
Mapk1 Mitogen-activated protein kinase 1 0.0094 1
Ppplrlda Protein phosphatase 1, regulatory (inhibitor) subunit 14A  0.0095 |
Ntf5 Neurotrophin 5 0.0097 |
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Table 3

Gene expression showing a significant effect of Age x Drug Condition Interaction

Genesymbol  Protein P value
Ppplca Protein phosphatase 1, catalytic subunit, alpha isoform 0.0048
Cdh2 Cadherin 2 0.0057
Rgs2 Regulator of G-protein signaling 2 0.0170
Crem CAMP-responsive element modulator 0.0211
Ppp2ca Protein phosphatase 2 (formerly 2A), catalytic subunit, alpha isoform 0.0255
Nfkbl Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1, p105  0.0456
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Genes showing significant combined effect of Drug Condition and Age x Drug Condition Interaction

Table 4

Genesymbol  Protein P value
Cdh2 Cadherin 2 0.0001
Pim1 Proviral integration site 1 0.0005
Aktl Thymoma viral proto-oncogene 1 0.0028
Nos1 Nitric oxide synthase 1, neuronal 0.0033
Cebpd CCAAT/enhancer binding protein (C/EBP), delta 0.005
Sirtl Sirtuin 1 (silent mating type information regulation 2, homolog) 1 (S. cerevisiae)  0.0075
Tnf Tumor necrosis factor 0.0078
Jun Jun oncogene 0.0088
Arc Activity regulated cytoskeletal-associated protein 0.0113
Timpl Tissue inhibitor of metalloproteinase 1 0.0116
Ppplrlda Protein phosphatase 1, regulatory (inhibitor) subunit 14A 0.0119
Nfkbl Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1, p105 0.0128
Junb Jun-B oncogene 0.0177
Ntf5 Neurotrophin 5 0.0194
Ppplca Protein phosphatase 1, catalytic subunit, alpha isoform 0.021
Plcgl Phospholipase C, gamma 1 0.0225
Adcyl Adenylate cyclase 1 0.0231
Srf Serum response factor 0.0283
Crem CAMP responsive element modulator 0.0285
Reln Reelin 0.03
Mapkl Mitogen-activated protein kinase 1 0.0397
Grial Glutamate receptor, ionotropic, AMPAL (alpha 1) 0.044

Neuroscience. Author manuscript; available in PMC 2018 March 13.

Page 22



Page 23

ZHANG et al.

Author Manuscript

G 9lqeL

Author Manuscript

0000'T 28T8'0 92220 0000T 9TLTO TSSY'T yeuo
0000T €0/v'0 OT¥.'0 0000T S82Z0 128CT gelo
0000'T ¥6¥8'0 906T'0 0000T ¥.¥20 68SC'T Zeuo
0000'T 95060 8€89'0 09,0 8EE00 TH8Y'Z TeHo
0000T ¥20v'0 €958'0 0000T 8YS0 €829°0 Treuo
0000'T 9850 €G95°0 0000'T €.¥80 0E6T0  GelgeD
0000T 68020 V¥9ET 0000T 9¥96°0 6500 so4
0000T 9FYE0 Lc96'0 0000'T 2E69°0  096€0 2qua3
0000T 06270 00E8'0 60TLO GEEO0 ¥T8GT 7163
0000T G0SZ0 €.TZT 0000T 96v¥'0 928L°0 €13
0000T 06T90 L6050 0000'T €/G6°0 80900 2ib3
0000T TTPL0 08LK0 29560 ¥8L00 2v20T 1463
0000'T 1G99S0 /6990 0000'T 9€9T'0 C9VS'T vbla
€6V0'0 02000 /0TS 0000'T T80S0 20890 waig
0000T VOTE0 ¥..0T ¥./86'0 2S00 6SE8'T 10210
0000T 9960 60¥00 0000T 29950 SG8G°0 TUD
VSES0 00200 L/66C 88590 TLZ00 €.69T pdgaD
LT26'0 66900 ¥2ST'C 88860 9EV0'0  ¥0O8'T qdgeD
79600 02000 €2.€'S 0000T 6.0 OT.S0 2upd
T22€0 L0TO0 8S6V'E 0000T 620v'0 8780  Boiwed
0000'T L¥T0 9TYST 8IV6'0 68600 800TZ  EIWED
0000'T T8S50 0T6S0 0000T T808'0 €65SC0 jupg
05080 TTVO0 €8YP'Z 18/90 TT200 TZEYC auy
0T€S0 ¥.T00 TC00€ 20YS0 86100 798 ™V
0000'T 9/T90 2G2S0 0000T 06920 €620 ghopy
TET90 29200 ¥698C 8I¥6'0 9000 200T'C Thopy
0000'T 2v9T'0 2TZST 0000T 9G/¢0 6T6TT  OTWeEpY
reisd jeisod  les-l jeisd  jeisod s
SHNpY SJURISA|0PY w9

Author Manuscript

sisAjeue uoneinwlad Aq uolssaldxa auss)

Author Manuscript

Neuroscience. Author manuscript; available in PMC 2018 March 13.



Page 24

ZHANG et al.

0000T GEBE'0 L6680 <CIS60 20900 EEVOT TepIN
0000T 6G89°0 GG/¥'0 0000T 8TV6'0  GSG80°0 ZxadN
¥¥92’0 02000 0Z89'€ 0000T 87620 600TT TSON
0000T 0,980 8S6T0 88660 ¥ZET0 ¥.T9T 1ON
0000T ¥/9€0 96960 0000T #9890 0.2¥0 16N
0000T 2/9T0 6TIEY'T 0000T €008°0 8T.Y0  QIUN
T96.°0 ¥6E00 ¥69¥'Z 0000'T 8OE60  6+80°0 TOUN
0000T ¥S99°0 6VEY'0 0000T 0850 €99G50  TWeoN
0000T 06ST0 ¥ZvST 0000T #0280 G6LTO edwiN
9T¥8'0 9700 LT6ET TS66'0 TOTTO S9ZLT Tide
6,660 TOYT'0 6029T 0000T 6EV60 #5070 0TI
76860 2EL00 SLELT 0000T SOLKO  €L9L°0 LTI
v¥86'0 YCIT0 TE8LT 0S5C0 CTT00  T6V'E qung
9T¥8'0 88¥0'0 T88EZ ¥60S0 €9T00 25262 unp
0000T ¥9/9°0 ¥92v'0 0000T 61680 GITTO equul
¥286'0 820T'0 GBE8'T 0000'T 28950 68650 461
0000T 6850 6VSS0 OTL60 20800 0GG6'T  TISWOH
0000T 6680 /8210 0000T 60TE0 6620°T L)
09660 8EFT'0  92€9T 0000T SELSO  LVTLO w9
0000T 86TL0 220v0 TS660 ¥EBO'D €8ZLT swio
0000T G6LE0 89660 0000T /8560 60V00 pwio
0000T S009°0 GTYS0 0000T 2860 LT80°0 ewin
0000T 66920 8¥6T'T 0000T G6EZ0 +T0ZT [AL)
0000T 09220 2€SE0 0000T ¥9¥S0 2290 Twio
0000T 9€650 ¥909°0 G096'0 87,00 LTB6T Tduo
0000T /G920 95620 G¢66'0 60TT0 92Z8LT pzulo
LTy6'0 08900 6€90C 0000T 0E6T0 6BTLET ozul9
0000T 99T8'0 €0¥Z0 0000'T €087°0 TBSLO qzuno
0000T ¢P.T'0 08LF'T 0000T 28220 86827 eZULD
0000T 2T2L0 8v9E0 90V6'0 0SS00 +ETTT Tulo
risd  jeispd sl leisd  resod  jesq)
S SIUSISI[OPY ElED)

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Neuroscience. Author manuscript; available in PMC 2018 March 13.



Page 25

ZHANG et al.

‘sisAJeue uoneInwJad U1 souedIUBIS asIM-luaWLIRdXa SeedIpUI anfeA pjog

0000T TT.F0 0220 9660 <COET0 ¥.EQT  beuymx
¥982°0 02000 L009'€ 0000T Z80E0 €6T0°T JuL
G8y.°0 E€PE0'0 8SSST  6E66'0 LSTTO  ¥8WLT TdwiL
0000T T6L50 9TZS0 <9560 6000 SL007C oduAs
€8/8'0 2500 €S0€Z 0000T 29910 T¥ov'T HS
L6620 ¥ZT00 [8SSE 0000T T20L0 €6LED THIS
0000T €928°0 €02Z0 0000T ¥ETBO LS¥ZO gauy
v166'0 8EZT0 TYILT G2S6'0 LEL00 08€0°C zsby
79260 85500 S82T'Z 0000T 8.0 6VOE0 upRy
8EV6'0  L0L00 G8¥0'Z 0000T 6ZEE0  0L20T |9y
0000T TS96'0 /900 0000T LELGO 89550 egqey
9680 ¢S¢00 /S8y 0000T Z.STO  S9ZST T011d
0000T 8.0€0 G/80T 0000T 29520 ¥W.TT 20d
0000T ¥00S0 €690 0000T 6060 92010 eoYd
0000T TST60 LEYT'O 0000T 2€ESY'0 €2080  eogddd
7996'0 8060°0 0S86'T 0000T 8E0Z0 909€'T  edgddd
0000T 0£€20 T99ZT TSE9'0 86100 G/69C erTiTddd
0000T GOE€Z0 086ZT 0000T 6F.E0 88160  09Tddd
7€8L°0 T6E0'0 G86Y'Z 26S6'0 0200 2ee6'T  edrddd
8950 2SF00 2ZYEST G096'0 0600 €686'T 16014
90€9'0 ¥.T000 TEEBZ 0000T OFOLO  €S0V0 teld
GEET'0 02000 6.6Z% LT.90 O0EL00 29T Twid
0000T EYOE0 ¥SPO'T 0000'T 20290  0E0S0 Id
0000T G020 66VE'T 0000T 8190 ST6V0 8upad
70£8'0 ¢BE0'0 L66EC 0000T [BEG'O T¥8O0 DN
0000T £/2€0 G9/0°T 62/20 V8000 €00V'E SHN
¥166'0 <¢92T'0 €80LT 6€66'0 OSTTO GSSLT EAN
reisd  jeisod sl jeisd  esod  jesq)
ST SIUSIS3 0P a9

Author Manuscript

Author Manuscript Author Manuscript Author Manuscript

Neuroscience. Author manuscript; available in PMC 2018 March 13.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

ZHANG et al.

Table 6

Symbol and description of the 84 synaptic plasticity genes in the array used in the current study

Position  Symbol Description

A01 Adam10 A disintegrin and metallopeptidase domain 10

A02 Adcyl Adenylate cyclase 1

A03 Adcy8 Adenylate cyclase 8

A04 Aktl Thymoma viral proto-oncogene 1

A05 Arc Activity regulated cytoskeletal-associated protein

A06 Bdnf Brain derived neurotrophic factor

A07 Camk2a  Calcium/calmodulin-dependent protein kinase Il alpha
A08 Camk2g  Calcium/calmodulin-dependent protein kinase 11 gamma
A09 Cdh2 Cadherin 2

A10 Cebpb CCAAT/enhancer binding protein (C/EBP), beta

All Cebpd CCAAT/enhancer binding protein (C/EBP), delta

Al2 Cnrl Cannabinoid receptor 1 (brain)

BO1 Crebl CAMP responsive element binding protein 1

B02 Crem CAMP responsive element modulator

B03 Dlg4 Disks, large homolog 4 (Drosophila)

B04 Egrl Early growth response 1

B05 Egr2 Early growth response 2

B06 Egr3 Early growth response 3

BO7 Egrd Early growth response 4

B08 Ephb2 Eph receptor B2

B09 Fos FBJ osteosarcoma oncogene

B10 Gabrab Gamma-aminobutyric acid (GABA) A receptor, subunit alpha 5
B11 Gnail Guanine nucleotide binding protein (G protein), alpha inhibiting 1
B12 Grial Glutamate receptor, ionotropic, AMPAL (alpha 1)
co1 Gria2 Glutamate receptor, ionotropic, AMPA2 (alpha 2)
C02 Gria3 Glutamate receptor, ionotropic, AMPAZ3 (alpha 3)
Cco3 Griad Glutamate receptor, ionotropic, AMPA4 (alpha 4)
Co4 Grinl Glutamate receptor, ionotropic, NMDAL (zeta 1)

CO05 Grin2a Glutamate receptor, ionotropic, NMDA2A (epsilon 1)
CO06 Grin2b Glutamate receptor, ionotropic, NMDAZ2B (epsilon 2)
co7 Grin2c Glutamate receptor, ionotropic, NMDAZ2C (epsilon 3)
Co08 Grin2d Glutamate receptor, ionotropic, NMDA2D (epsilon 4)
C09 Gripl Glutamate receptor interacting protein 1

C10 Grml Glutamate receptor, metabotropic 1

Cl1 Grm2 Glutamate receptor, metabotropic 2

C12 Grm3 Glutamate receptor, metabotropic 3

D01 Grm4 Glutamate receptor, metabotropic 4

D02 Grm5 Glutamate receptor, metabotropic 5

D03 Grm7 Glutamate receptor, metabotropic 7
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Position  Symbol Description
D04 Grm8 Glutamate receptor, metabotropic 8
D05 Homerl Homer homolog 1 (Drosophila)
D06 lgfl Insulin-like growth factor 1
D07 Inhba Inhibin beta-A
D08 Jun Jun oncogene
D09 Junb Jun-B oncogene
D10 Kifl7 Kinesin family member 17
D11 KIf10 Kruppel-like factor 10
D12 Mapkl Mitogen-activated protein kinase 1
EO1 Mmp9 Matrix metallopeptidase 9
E02 Ncaml Neural cell adhesion molecule 1
EO3 Nfkbl Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1, p105
E04 Nfkbib Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, beta
E05 Ngf Nerve growth factor
E06 Ngfr Nerve growth factor receptor (TNFR superfamily, member 16)
EO7 Nos1 Nitric oxide synthase 1, neuronal
E08 Nptx2 Neuronal pentraxin 2
E09 Nr4al Nuclear receptor subfamily 4, group A, member 1
E10 Ntf3 Neurotrophin 3
E1l Ntf5 Neurotrophin 5
E12 Ntrk2 Neurotrophic tyrosine kinase, receptor, type 2
Fo1 Pcdh8 Protocadherin 8
F02 Pickl Protein interacting with C kinase 1
FO3 Pim1 Proviral integration site 1
F04 Plat Plasminogen activator, tissue
FO05 Plcgl Phospholipase C, gamma 1
FO6 Ppplca Protein phosphatase 1, catalytic subunit, alpha isoform
FO7 Ppplcc Protein phosphatase 1, catalytic subunit, gamma isoform
FO08 Ppplrld4a Protein phosphatase 1, regulatory (inhibitor) subunit 14A
F09 Ppp2ca Protein phosphatase 2 (formerly 2A), catalytic subunit, alpha isoform
F10 Ppp3ca Protein phosphatase 3, catalytic subunit, alpha isoform
F11 Prkca Protein kinase C, alpha
F12 Prkcc Protein kinase C, gamma
G01 Prkgl Protein kinase, cGMP-dependent, type |
G02 Rab3a RAB3A, member RAS oncogene family
G03 Rela V-rel reticuloendotheliosis viral oncogene homolog A (avian)
Go4 Reln Reelin
G05 Rgs2 Regulator of G-protein signaling 2
G06 Rheb Ras homolog enriched in brain
G07 Sirtl Sirtuin 1 (silent mating type information regulation 2, homolog) 1 (S. cerevisiae)
G08 Srf Serum response factor
G09 Synpo Synaptopodin
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Position  Symbol

Description

G10 Timpl
G11 Tnf
G12 Ywhaq

Tissue inhibitor of metalloproteinase 1
Tumor necrosis factor

Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, theta polypeptide

Neuroscience. Author manuscript; available in PMC 2018 March 13.

Page 28



	Abstract
	INTRODUCTION
	EXPERIMENTAL PROCEDURES
	Subjects
	Self-administration procedure
	Catheter implantation
	Operant conditioning chambers
	Oxycodone self-administration

	RNA extraction
	Mouse synaptic plasticity RT2-Profiler™ polymerase chain reaction (PCR) array
	Statistical analysis

	RESULTS
	Gene expression differing between adolescent and adult mice
	Mitogen-activated protein kinase 1 (Mapk1)
	Calcium/calmodulin-dependent protein kinase II gamma (Camk2g)
	Glutamate receptor, ionotropic AMPA2 (Gria2)
	Glutamate receptor, metabotropic 5 (Grm5)

	Gene expression differing between oxycodone groups and yoked saline controls
	Proviral integration site 1 (Pim1)
	Thymoma viral proto-oncogene 1 (Akt1)

	Gene expression showing a significant of Age × Drug Condition Interaction
	Gene expression showing a significant combined effect of Drug Condition and Age × Drug Condition Interaction
	Cadherin 2 (Cdh2)
	Proviral integration site 1 (Pim1)

	Significant differences in gene expression by permutation analysis
	Correlation between the amount of oxycodone self administered and Crem mRNA levels

	DISCUSSION
	CONCLUSION
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5
	Table 6

