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Abstract

Stress and renewed contact with drug (a “slip™) have been linked to persisting relapse of
methamphetamine abuse. Human brain microglial activation has been linked with methamphetamine
abuse, and inhibitors of glial cell activation, certain phosphodiesterase (PDE) inhibitors, and glial
cell derived neurotrophic factor (GDNF) have been reported to modulate drug abuse effects. Our
objective was to determine whether the glial cell attenuator, 3-isobutyryl-2-isopropylpyrazolo-[1,5-
aJpyridine (AV411, ibudilast), a non-selective PDE inhibitor and promoter of GDNF, could reduce
stress- and methamphetamine prime-induced reinstatement of methamphetamine-seeking behavior.
Male Long-Evans hooded rats were trained to lever press reinforced with 0.1 mg/kg i.v.
methamphetamine infusion according to fixed-ratio 1 (FR1) reinforcement schedules during daily,
2-h experimental sessions. After performance had stabilized, lever pressing was extinguished for 12
consecutive sessions and doses of 0 (vehicle), 2.5 and 7.5 mg/kg AV411 were then administered
intraperitoneally b.i.d. on the last two days of extinction and then once on the testday to separate
groups of 12 rats. During testing, the rats were given 15 min of intermittent footshock or a 1 mg/kg
i.p. methamphetamine prime followed by a 2-h reinstatement test session. AV411 significantly
reduced response levels of footshock-induced (2.5 and 7.5 mg/kg) and prime-induced (7.5 mg/kg)
reinstatement of extinguished methamphetamine-maintained responding. AV411 has properties
consistent with the ability to attenuate relapse precipitated by stress and methamphetamine “slips”
during abstinence. These results thus reinforce interest in atypical neurobiological mechanisms which
could be exploited for developing novel medications for treating drug abuse disorders.
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1. Introduction

2. Material
2.1 Subjects

Glial cells (astrocytes, microglia and oligodendrocytes) constitute the majority of cells in the
central nervous system (CNS), with the remaining cells being neurons. The glia contain
receptors (e.g., Fumagalli et al., 2003; Khan et al., 2001; Kukley et al., 2001; Parpura et al.,
1994), secrete neurotransmitters, neurotrophic and neuroinflammatory factors (Benz et al.,
2004; Bezzi et al., 1998; Kang et al., 1998; Parpura et al., 1994; Watkins et al., 2007), control
clearance of neurotransmitters from synaptic clefts (Camacho and Massieu, 2006), and are
involved with synaptic plasticity (e.g., Ullian et al., 2004). Given these multiple modes of
controlling neurological functions, it is not surprising that glia and their secretions have been
reported to modulate the effects of drugs of abuse, or these drugs have been reported to
modulate glial function (e.g., Fantegrossi et al., 2004; LaVoie et al., 2004; Narita et al.,
2006; Song and Zhao, 2001; Suzuki et al., 2007; Thomas et al., 2004b; Watkins et al., 2005;
Watkins et al., 2007). Particularly provocative have been reports that glial cell line-derived
neurotrophic factor (GDNF), which glial cells release and for which they also serve as a target,
have been reported to block conditioned place preference (CPP) induced by methamphetamine
(Niwa etal., 2007¢) and cocaine (Messer et al., 2000), and sensitization to methamphetamine's
effects (Niwa et al., 2007c¢).

Phosphodiesterase (PDE) activity, which modulates CAMP levels within CNS cells including
glia, can also influence the effects of abused drugs. For instance, the selective inhibitor of PDE
4, rolipram, attenuates many of methamphetamine's effects, as well as the discriminative
stimulus and hyperlocomator effects of morphine (lyo et al., 1996; lyo et al., 1995; Mori et al.,
2000; Yan et al., 2006).

AV411 (aka, ibudilast) (3-isobutyryl-2-isopropylpyrazolo-[1,5-a]pyridine) is a non-selective
PDE inhibitor preferentially targeting PDE's 3, 4, 10, and 11 (Gibson et al., 2006). AV411
modulates the activity of microglia and astroglia, suppressing the lypopolysaccharide (LPS)
and interferon-gamma (IFN-y) production of inflammatory tumor necrosis factor-alpha (TNF-
a), interleukins IL-1p and IL-6, and nitric oxide (NO), while increasing the productions of
nerve growth factor, GDNF, neurotrophin-4 and anti-inflammatory cytokine 1L-10
(Kawanokuchi et al., 2004; Mizuno et al., 2004; Suzumura et al., 1999). Administration of
AV411 attenuates several of morphine's effects including its activation of brain microglia and
astrocytes, and its induction of elevated dopamine levels, CPP, tolerance and dependence
(Hutchinson et al., 2007; Hutchinson et al., 2009; Ledeboer et al., 2007). Because AV411 does
share in these biochemical effects reported to modulate the pharmacology of methamphetamine
(e.g., lyoetal., 1996; lyo et al., 1995; Mori et al., 2000; Narita et al., 2006; Niwa et al.,
2007a; Yan et al., 2006; Yan et al., 2007), as well as its already reported ability to modulate
the effects of another drug of abuse, morphine (Hutchinson et al., 2007; Hutchinson et al.,
2009; Ledeboer et al., 2007), we tested whether AV411 could attenuate prime- and stress-
induced reinstatement of extinguished responding in rats previously reinforced with
methamphetamine.

and methods

Adult male Long-Evans hooded rats (Harlan, Indianapolis, IN) weighing 275-300 g at the start
of studies were acclimated to the vivarium for at least one week prior to catheter implantation.
When not in testing, rats were individually housed in standard plastic rodent cages in a
temperature-controlled (22° C), in an American Association of Animal Laboratory Care-
accredited facility in which they had ad libitum access to water. The rats were allowed ad
libitum rat chow for at least one week prior to commencement of training, after which they
were maintained at 320 g by controlled feedings. The rats were maintained on a reversed, 12
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hr/12 hr light-dark cycle (0600-1800 lights off) for the duration of the experiment and they
were trained and tested during the dark segment of this cycle.

Studies were approved by the Institutional Animal Care and Use Committee of the Virginia
Commonwealth University and conformed with NIH Guidelines for Care and Use of
Laboratory Animals.

2.1.1 Infusion assembly system—Catheters were constructed from polyurethane tubing
(Access Technologies, Skokie, IL; 0.044" outer diameter x 0.025” inner diameter). The
proximal 3.2 cm of the catheter was tapered by stretching following immersion in hot sesame
oil. The catheters were prepared with a retaining cuff approximately 3 cm from the proximal
end of the catheter. A second larger retaining cuff was positioned approximately 3.4 cm from
the proximal end of the catheter. Mid-scapula cannula/connectors were obtained from Plastics
One (Roanoke, VA). The cannula/connectors consisted of a threaded plastic post through which
passed an “L” shaped section of 22 gauge stainless steel needle tubing. The lower surface of
the plastic post was affixed to a 2 cm diameter disc of Dacron mesh. During sessions the
exposed threaded portion of the infusion cannula was connected to an infusion tether consisting
of a 35 cm length of 0.40 mm inner diameter polypropylene tubing encased within a 30 cm
stainless steel spring to prevent damage. The upper portion of the 0.40 polypropylene tubing
was connected to a fluid swivel (Lomir Biomedical, Inc, Quebec, Canada) that was, in turn,
attached via 0.40 polypropylene tubing to the infusion syringe.

2.1.2 Surgical procedure—Following acclimation to the laboratory environment,
indwelling venous catheters were implanted into the right external jugular vein. Surgical
anesthesia was induced with a combination of 50 mg/kg ketamine (KetaThesia, Butler Animal
Health Supply, Dublin, OH) and 8.7 mg/kg xylazine (X-Ject E, Butler Animal Health Supply,
Dublin, OH). Rats were additionally administered 8 mg/kg oral enrofloxacin (Baytril, Bio-
Serv, Frenchtown, NJ) for three days post-surgery. The ventral neck area and back of the rat
were shaved and wiped with povidone-iodine, 7.5% (Betadine, Purdue Products L.P.,
Stamford, CT) and isopropyl alcohol. The rat was placed ventral side down on the surgical
table and a 3 cm incision was made 1 cm lateral from mid-scapula. A second 0.5 cm incision
was then made mid-scapula. The rat was then placed dorsal side down on the operating table
and a 2.5 cm incision was made longitudinally through the skin above the jugular area. The
underlying fascia was bluntly dissected and the right external jugular vein isolated and ligated.
A small cut was made into the vein using an iris scissors and the catheter was introduced into
the vein and inserted up to the level of the larger retaining cuff. The vein encircling the catheter
between the two cuffs was then tied with silk suture. A second suture was then used to anchor
the catheter to surrounding fascia. The distal end of the catheter was passed subcutaneously
and attached to the cannula/connector that was then inserted subcutaneously through the larger
incision. The upper post portion of the connector/cannula exited through the smaller mid-
scapula incision. All incisions were then sprayed with a gentamicin sulfate/betamethasone
valerate topical antibiotic (Betagen, Med-Pharmex, Inc., Pomona, CA) and the incisions were
closed with Michel wound clips.

Rats were allowed to recover from surgery for at least 5 days before self-administration training
began. Periodically throughout training, methohexital (1.5 mg/kg) or ketamine (5 mg/kg)
(KetaThesia, Butler Animal Health Supply, Dublin, OH) was infused through the catheters to
determine patency as inferred when immediate anesthesia was induced. Between sessions the
catheters were flushed and filled with 0.1 ml of a 25% glycerol (Acros, New Jersey)/75% sterile
saline locking solution containing: 250 units/ml heparin (Abraxis Pharmaceutical Products,
Schaumburg, IL) and 250 mg/ml ticarcillin/9 mg/ml clavulanic acid (Timentin,
GlaxoSmithKline, Research Triangle Park, NC). If during the experiment a catheter was
determined to be in-patent, the left external jugular was then catheterized and the rat was
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returned to testing. During extinction and reinstatement testing, infusions through catheters did
not occur, and these catheter maintenance procedures were not employed.

2.2 Apparatus

Commercially-obtained test chambers equipped with two retractable levers, a 5-w house light,
and a Sonalert® tone generator (MED Associates, Inc., St. Albans, VT) were used. Positioned
above each lever was a white cue light. The grid floors of the chambers were connected to a
shock-generating device that was able to deliver 0.63 mA-scrambled foot-shock. A syringe
pump (Model PHS-100; MED Associates, Inc., St. Albans, VT) when activated, delivered a
6-sec, 0.2 ml infusion. Recording of lever presses and activation of lights, shockers, pumps,
and Sonalerts were accomplished by a microcomputer, interface, and associated software
(MED-PC® IV, MED Associates, Inc., St. Albans, VT).

2.3 Self-administration and extinction procedures

Methamphetamine self-administration training sessions were conducted five days per week
(M-F) for 2 h daily. Each response (fixed ratio 1, FR1) on the right-side lever resulted in
delivery of a 0.1 mg/kg methamphetamine infusion (0.2 ml/6 sec) followed by a 14-s timeout
period. At the start of an infusion the house light was extinguished, the Sonalert® was sounded,
and the cue lights above each lever flashed at 3 Hz. The Sonalert® and cue lights remained
activated during the 6 s infusion. Twenty seconds following the onset of the infusion the house
light was re-illuminated, and the opportunity to self-administer methamphetamine was again
made available (i.e., each methamphetamine infusion initiated a 20 s period during which lever
presses were recorded but were without scheduled consequences and further infusions could
not be obtained). Active (right-side) lever presses during the infusions as well as all inactive
(left-side) lever presses were recorded but were without scheduled consequences.

Self-administration training continued until three criteria had been met: 1) at least 12 self-
administration sessions had occurred; 2) at least 15 methamphetamine infusions had occurred
during each of the last four sessions; and, 3) at least 125 lifetime methamphetamine infusions
had been obtained, after which extinction training began. Subsequently, twelve, two-hour daily
(Mon-Sun) extinction sessions were conducted. During extinction sessions, methamphetamine
infusions were not delivered. Other conditions during extinction were identical to those during
self-administration. That is, during extinction sessions both levers were extended, the
houselight was activated, and Sonalert and cue lamp activations occurred as a result of
responding according to FR1 schedules. For rats scheduled for stress-reinstatement testing,
each extinction session was also preceded by a 15-minute period in the operant chamber during
which levers were retracted and the house light was not illuminated to parallel the 15-min
footshock period during the reinstatement test sessions. For rats scheduled for prime-
reinstatement testing, an injection of saline (the vehicle for methamphetamine prime) was
administered i.p. 30 min pre-session before the last four extinction sessions to habituate the
rats to eventual prime injections. AV411 or its vehicle was administered on the last two days
of extinction, 60 min pre-session and again at approximately 1600 hrs depending upon the
eventual test condition for a rat. Rats were considered to be eligible for reinstatement testing
provided that the overall mean number of active-lever presses during the last 3 sessions of
extinction was lower than the overall mean number of active-lever presses during the first 3
sessions of extinction. Rats that did not meet this extinction criterion were excluded from
subsequent testing. Six rats failed to meet this criterion during stress-induced reinstatement
testing, and two did so during prime-reinstatement testing.

2.3.1 Testing the effectiveness of AV411 in preventing footshock-induced

reinstatement—Reinstatement testing followed extinction training. Conditions during
reinstatement testing were identical to those during extinction except that 15 min of intermittent
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footshock (administered at 0.63 mA, with a 0.5s activation time and an average inter-activation
interval of 40s) was administered immediately prior to the start of the test session. Rats were
administered a dose of AV411 or its vehicle i.p. 60 min prior to the start of the two-hour test
session (45 min prior to the start of footshock administration). Twelve rats were assigned to
each of three reinstatement test conditions: 1) footshock + AV411 vehicle; 2) footshock + 2.5
mg/kg AV411; and 3) footshock + 7.5 mg/kg AV411. Doses of 2.5 and 7.5 mg/kg were selected
and were administered i.p. in the indicated regimen because these doses produce blood levels
in the rat following i.p. administration which bracket clinically-relevant Cp,3x and AUC levels
(Rolan et al., 2008; Rolan et al., 2009).

2.3.2 Testing the effectiveness of AV411 in preventing prime-induced
reinstatement—Reinstatement testing followed extinction training. Conditions during
reinstatement testing were identical to those during self-administration conditions except that
1 mg/kg i.p. methamphetamine was administered 30 min pre-session (i.e., methamphetamine
prime), AV411 test doses or vehicle were administered 60 min pre-session, and
methamphetamine self-administered infusions did not occur. Doses of 0 (vehicle), 2.5 and 7.5
ma/kg i.p. of AV411 were tested using separate groups of 12 rats each.

(+)-Methamphetamine hydrochloride (#M8750; Sigma-Aldrich, Inc., St. Louis, MO) was
prepared in sterile 0.9% saline. Methamphetamine stock solutions were sterilized by filtration
through 0.2 um filtration disks. Heparin (5 units/ml) was additionally added to
methamphetamine and saline infusates. AV411 (molecular weight=230.31) was supplied by
the National Institute on Drug Abuse (Rockville, MD) and was dissolved in a 35% PEGA400,
10% Cremophor RH40 aqueous vehicle. AV411 was administered i.p. in 1 ml/kg body weight
volume.

2.5 Data Analysis

3. Results

Initially, reinstatement testday data were analyzed using the Grubbs test for outliers (Extreme
Studentized Deviate) and a rat's data were excluded from subsequent analyses if P<0.05 for
its results (GraphPad QuickCalcs Web site:
http://www.graphpad.com/quickcalcs/Grubbsl.cfm, accessed April 2008). Numbers of active-
lever presses (i.e., the right-side lever, the presses of which were previously-reinforced with
methamphetamine) in the vehicle-treated group were compared to those of each AV411 dosage
group using Dunnett's one-tailed post-tests (Prism 5 for Macintosh, GraphPad Software, Inc.,
San Diego, CA and (Sheskin, 2007)). Numbers of active-lever presses occurring during the
last session of self-administration and during the last-session of extinction amongst groups
within the prime and stress reinstatement conditions were compared using an ANOVA (Prism
5 for Macintosh, GraphPad Software, Inc., San Diego, CA). If results with the ANOVA were
found significant (P<0.05), comparisons between all groups were conducted using Tukey-
Kramer tests (Prism 5 for Macintosh, GraphPad Software, Inc., San Diego, CA). A paired, one-
tailed t-test was conducted comparing levels of active-lever presses during the last extinction
session with those during the reinstatement test session of the vehicle groups to determine if
the methamphetamine prime and stress conditions used were capable of reinstating responding.
All types of comparisons were considered statistically significant if P<0.05.

3.1 Stress Reinstatement Tests

Grubb's Test analyses identified one rat in the 7.5 mg/kg AV411 stress-reinstatement group as
an outlier (z= 2.93) and its data were excluded from subsequent analyses. The mean numbers
(£S.E.M.) of active lever presses during the last day of self-administration for the vehicle, 2.5
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mg/kg AV411 and 7.5 mg/kg AV411 groups were 47.00 (x7.65), 48.00 (+5.39) and 54.17
(7.85), respectively, and were non-significantly differentamongst one another, indicating that
the rats had been trained to self-administer methamphetamine to similar levels prior to
extinction training [F(2,32)=0.0356; P=0.5275]. Mean (£S.E.M.) active lever presses during
the last session of extinction were 20.08 (£3.10), 17.75 (£3.39) and 12.45 (+2.54) in the vehicle,
2.5mg/kg and 7.5 mg/kg AV411 test groups, respectively. The numbers of active lever presses
during the last day of extinction, were not significantly different [F(2,33)=1.591; P=0.2194]
amongst the test groups. Mean (+S.E.M.) number of active lever presses during the last session
of extinction emitted by the vehicle treatment group was 20.08 (+3.10), and increased to 33.67
(£6.43) during the reinstatement test session which was a statistically significant increase
(t=1.851, df=11, P=0.0456) indicating that footshock was able to effectively reinstate
responding under the present conditions (see Fig. 1A).

Fig. 1A shows mean numbers of active lever presses emitted during the reinstatement test
session for each of the test groups. Pretreatment with 2.5 (q=2.401) and 7.5 mg/kg (q=2.645)
AV411 significantly reduced (P<0.05, one-tailed comparisons) footshock-induced
reinstatement relative to vehicle pretreatment (VEH). Inactive-lever presses (Fig. 1B) were
uniformly low for all test groups and nonsignificantly different [F(2,32)=0.836; P=0.4428]
during the reinstatement test session from one another.

3.2 Prime Reinstatement Tests

The mean numbers (£S.E.M.) of active lever presses during the last day of self-administration
for the vehicle, 2.5 mg/kg AV411 and 7.5 mg/kg AV411 groups were 46.92 (£3.15), 64.83
(+10.73) and 58.33 (x15.61), respectively, and were non-significantly different amongst one
another, indicating that the rats had been trained to self-administer methamphetamine to similar
levels prior to extinction training [F(2,33)=0.6691; P=0.5190]. Mean (£S.E.M.) active lever
presses during the last session of extinction were 27.08 (£4.67) 20.92 (£5.57) and 18.67
(x13.05), in the vehicle, 2.5 and 7.5 mg/kg AV411 test groups, respectively. The numbers of
active lever presses during the last session of extinction, were not significantly different [F
(2,33)=0.8500; P=0.4366] amongst the test groups. Mean (xS.E.M.) number of active lever
presses during the last session of extinction emitted by the vehicle treatment group was 27.08
(24.67), and increased to 159.1 (+31.19) during the reinstatement test session which was a
statistically significant increase (t=4.36, df=11, P=0.0006) indicating methamphetamine
primes were able to effectively reinstate responding under the present conditions (see Fig. 2A).

Fig. 2A shows mean numbers of active lever presses emitted during the reinstatement testday
for each of the test groups. Pretreatment with AV411 resulted in dose-dependent decreases in
active lever-presses, and were significantly lower (P<0.05, one-tailed comparison) in the 7.5
mg/kg treatment group (q=2.111) relative to the vehicle-treatment group. Inactive-lever presses
(Fig. 1B) were uniformly low for all test groups and non-significantly different [F(2,33)=0.061;
P=0.9406] from one another.

4. Discussion

The footshock conditions used in this study effectively reinstated responding previously
reinforced with methamphetamine in vehicle-treated rats. To our knowledge, there has only
been one other published report in which footshock has been used to reinstate responding
previously reinforced with methamphetamine, and that was by Shepard and colleagues
(Shepard et al., 2004). The conditions used in that study were different in many ways compared
to the present study, although the strain of rat (Long-Evans hooded), self-administered
methamphetamine dose (0.1 mg/kg/injection) and shock intensity (one shock intensity tested
in the Shepard study was 0.6 mA) were similar.
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The methamphetamine priming conditions used in the present study also effectively reinstated
responding and were similar to those we have previously reported (Shelton and Beardsley,
2008). The observations that the vehicle-treated rats in both the footshock and prime conditions
emitted significantly more lever presses on the testday relative to their corresponding last day
of extinction indicates that the experimental conditions used were appropriate for evaluating
treatments which could reduce levels of reinstatement. When AV411 was tested it reduced
levels of stress-induced reinstatement at 2.5 and 7.5 mg/kg, and of prime-induced reinstatement
at 7.5 mg/kg. This is the first report of a drug attenuating stress-induced methamphetamine
responding, and adds to the few other published studies which have found a drug effective in
attenuating methamphetamine-prime induced reinstatement (e.g., Anggadiredja et al., 2004;
Davidson et al., 2007; Hiranita et al., 2004; Hiranita et al., 2006; Moffett and Goeders, 2007;
Qi et al., 2009).

AV411 is a non-selective PDE inhibitor, it attenuates the activation of microglia and astroglia,
and increases the production of various anti-inflammatory and nerve growth factors including
IL-10 and GDNF (Kawanokuchi et al., 2004; Mizuno et al., 2004; Suzumura et al., 1999). Each
of these mechanisms has been reported to individually attenuate some of the effects of drugs
of abuse, including methamphetamine's. For instance, in mice the PDE4 inhibitor, rolipram,
reduced the level of CPP induced by cocaine and morphine when it was coadministered with
these drugs (Thompson et al., 2004), and suppressed methamphetamine- and morphine-
induced hyperlocomotion (Mori et al., 2000). In rats, rolipram dose-dependently inhibited
locomotor hyperactivity and rearing induced by methamphetamine (lyo et al., 1995), reduced
behavioral sensitization to methamphetamine (lyo et al., 1996), and attenuated the
discriminative stimulus effects of methamphetamine and morphine (Yan et al., 2006). The
attenuation of glial activity has also been separately identified as a modulator of the drugs
abuse, although inhibition of PDE and attenuation of the activation of microglia and astroglia
may be intimately linked. Particular attention has been focused in this regard on
methamphetamine's effects, which induces microglial activation (e.g., Escubedo et al., 1998;
Guilarte et al., 2003; LaVoie et al., 2004; Pubill et al., 2003; Pubill et al., 2002; Thomas et al.,
2004a; Thomas et al., 2004b). For instance, the inhibitor of microglial activation, minocycline,
a tetracycline-type antibiotic, has been reported to attenuate locomotion and striatal
extracellular dopamine levels, and to reduce striatal dopamine transporter levels induced by
methamphetamine (Zhang et al., 2006), and to ameliorate the methamphetamine-induced
impairment of recognition memory and the development of methamphetamine-induced
behavioral sensitization (Mizoguchi et al., 2008). In addition, the methylxanthine-type PDE
inhibitor and glial-cell modulator, propentofylline, was reported to reduce the level of CPP
induced by both methamphetamine and morphine (Narita et al., 2006). Another effect of
AV411 noted above, that of increasing the production of anti-inflammatory and nerve growth
factors like 1L10 or GDNF, respectively, has also been identified to reduce the effects of drugs
of abuse. For example, Leu-lle, a hydrophobic dipeptide which induces GDNF synthesis (Nitta
et al., 2004), attenuates the expression of methamphetamine- and morphine-induced CPP and
its behavioral sensitization (Niwa et al., 2007b; Niwa et al., 2007c). Importantly, Yan and
colleagues (Yan et al., 2007) observed that partial reduction in the expression of GDNF
(through the use of GDNF (+/-) vs wild-type mice) potentiated methamphetamine self-
administration, enhanced the motivation to self-administer methamphetamine as determine by
break points using progressive ratio schedules, increased vulnerability to drug-primed
reinstatement, and prolonged cue-induced reinstatement of extinguished methamphetamine-
seeking behavior (Yan et al., 2007). Administration of GDNF into the ventral tegmental area
of rats reduced levels of preference induced by cocaine in a CPP procedure, and blocked
morphine-induced increases of tyrosine hydroxylase (Messer etal., 2000). Several other studies
have reported that GDNF ameliorates methamphetamine-induced neurotoxicity and its
reduction exacerbates it (e.g., Boger et al., 2007; Cass, 1996; Cass et al., 2000; Cass et al.,
2006; Cass et al., 1999; Melega et al., 2000).
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Thus, any of AV411's multimodal means of neuroregulation (e.g., its ability to inhibit PDE, to
attenuate the activation of glia, or to increase the production of GDNF), or their combination,
could be mechanisms through which it reduced both footshock- and prime-induced
methamphetamine reinstatement in the present study. Other than these neuropharmacological
mechanisms, it is unlikely that other known actions of AV411 could have mediated the
observed effects. AV411 has been shown to be relatively inactive against a broad range of
receptor systems. No significant activity (inhibition or stimulation) was demonstrated by
AV411 when tested at 10 uM (2.3 pg/ml) against various (human) target families, including
dopamine (D1, Dys, D3, D4.2), opioid (3, «, 1), sigma (o1, 62), serotonin (5-HT1a, 5-HT3),
and cannabinoid receptors (CB1, CB2), and the dopamine and serotonin transporters (DAT,
SERT) (Ledeboer et al., 2007). In a separate study, receptor binding of AV411 was evaluated
in rat glioma C6 cells expressing the p- or -opioid receptor, and Chinese hamster ovary cells
expressing the k- receptor. AV411 had no affinity at the p, 3, or k-opioid receptors (all K;
values >10 uM). At least given our current understanding of AV411's neuropharmacology, it
appears it blunted footshock- and prime-induced reinstatement in the present study because of
its ability to inhibit PDE, produce GDNF, or to modulate glial functioning, or some
combination of these effects.

During the two days immediately prior to the reinstatement testday, AV411 or its vehicle was
administered. Multiple administrations of AV411 were given because a minimum period of
time (2.5 d) was perceived for it to obtain steady state drug levels in various tissue
compartments and to enable minimally sufficient glial attenuation which, in other preclinical
procedures had correlated with the onset of efficacy (Hutchinson et al., 2009; Ledeboer et al.,
2007; Ledeboer et al., 2006). On the day immediately preceding the reinstatement testday,
active lever presses were nonsignificantly lower in AV411 treated prime and footshock groups,
relative to respective vehicle groups. Several variables could have been responsible for these
declining rates during extinction with increasing AV411 dose. For instance, AV411 may have
been ameliorating effects of methamphetamine abstinence which was supporting continued
drug-seeking. Consistent with this possibility are reports that AV411 (Hutchinson et al.,
2009; Ledebhoer et al., 2007), as well as drugs which overlap its pharmacology (Hamdy et al.,
2001; Mamiyaetal., 2001), can attenuate withdrawal effects of the opiates. Another possibility
is that AV411 nonspecifically suppressed responding. If this were so, it would be likely that
pressing of the inactive lever would have also been systematically suppressed with increasing
dose, and which would be evident on the day of extinction preceding the testday, but this was
not the case (It is interesting to note, however, that a dose-related trend associated with levels
of inactive lever pressing was observed on the testday when footshock or methamphetamine
primes had been administered; see Figs. 1B and 2B). In other studies, AV411 was reported to
produce slight transient sedation and decreased reactivity to touch in the Irwin test at i.p. doses
>7.5 mg/kg for durations under 1 h (Ledeboer et al., 2006), and to reduce rates of lever pressing
by rats previously reinforced with food delivery (R. L. Vann, personnel communication). It is
important to note that AV411 plasma exposures associated with the dose regimens utilized in
these rat studies were at or below those recently reported in clinical trials wherein AV411 was
well-tolerated without sedating or related CNS side effects (Johnson et al., unpublished data
and Rolan et al., 2008). Overall, the nature of the results lend support to a specific
pharmacological action of AV411 to attenuate footshock- or prime-induced methamphetamine
relapse, although the exact mechanism(s) are unknown at present.

The present report is the first to describe data in which AV411 was able to modulate effects of
methamphetamine or the repercussions of its use. There have been several complimentary
reports, of AV411's ability to modulate the effects of the opiates. Concurrent administration
of AV411 with morphine augments its analgesic effects and attenuates the development of
tolerance and dependence (Hutchinson et al., 2009; Ledeboer et al., 2007) as well as reduces
morphine conditioned place preference (Hutchinson et al., 2007). AV411 also is able to
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attenuate spontaneous morphine withdrawal once dependence had been established
(Hutchinson et al., 2009). Because of the multiple ways AV411 can modulate the analgesic,
reinforcing and physical dependence effects of the opiates, it is being clinically examined for
therapeutic applications in treating neuropathic pain and in the treatment of opiate-dependent
patients (Anonymous, 2009).

5. Conclusions

In the current studies, AV411 was shown to effectively attenuate stress-induced and prime-
induced reinstatement of extinguished responding previously reinforced with
methamphetamine. These results are consistent with a growing literature which indicates that
PDE inhibitors and glial cell modulators, including those which increase GDNF levels, can
modulate the effects of the drugs of abuse. In tandem with recent studies with opioids, the
current results reinforce interest in under-recognized neurobiological mechanisms which could
be exploited for developing novel medications for treating drug abuse disorders.
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Fig. 1.

Upper panel, “A”: Mean number of active lever presses during the footshock-induced
reinstatement test session as a function of AV411 dose. Brackets through the bars indicate
+S.E.M. “VEH” = results of the vehicle-treatment group. Dashed horizontal lines indicate the
range of the means of active lever presses across dosage groups occurring during the last session
of extinction. Asterisks (*) indicate significantly different (P<0.05) from vehicle. Lower panel,
“B””: Mean number of inactive lever presses during the footshock-induced reinstatement test
session as a function of AV411 dose. Other details as in the upper panel.
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Fig. 2.

Upper panel, “A’: Mean number of active lever presses during the methamphetamine-prime
reinstatement test session as a function of AV411 dose. Brackets through the bars indicate
+S.E.M. “VEH” = results of the vehicle-treatment group. Dashed horizontal lines indicate the
range of the means of active lever presses across test groups occurring during the last session
of extinction. Asterisk (*) indicates significantly different from vehicle (P<0.05). Lower panel,
“B””: Mean number of inactive lever presses during the methamphetamine-prime reinstatement
test session as a function of AV411 dose. Other details as in the upper panel.
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