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Abstract
Over 800,000 Americans abuse the psychomotor stimulant, methamphetamine, yet its abuse is
without an approved medication. Methamphetamine induces hypermotor activity, and sensitization
to this effect is suggested to represent aspects of the addiction process. Methamphetamine’s
regulation of 3'-5'-cyclic adenosine monophosphate (cAMP) levels may be partially responsible
for its behavioral effects, and compounds that inhibit phosphodiesterase (PDE), the enzyme that
degrades cAMP, can alter methamphetamine-induced behaviors. Methamphetamine also activates
glial cells and causes a subsequent increase in pro-inflammatory cytokine levels. Modulation of
glial cell activation is associated with changes in behavioral responses, and substances that oppose
inflammatory activity can attenuate drug-induced behaviors. Ibudilast (aka AV411; 3-
isobutyryl-2-isopropylpyrazolo-[1,5-a]pyridine), inhibits both PDE and glial pro-inflammatory
activity. Ibudilast’s amino analogue, AV1013, modulates similar glial targets but negligibly
inhibits PDE. The present study determined whether ibudilast and AV1013 would attenuate
methamphetamine-induced locomotor activity and its sensitization in C57BL/6J mice. Mice were
treated b.i.d. with ibudilast (1.8-13 mg/kg), AV1013 (10-56mg/kg) or their vehicles
intraperitoneally for 7 days, beginning 48 h before 5 days of daily 1-h locomotor activity tests.
Each test was initiated by either a methamphetamine (3 mg/kg) or a saline injection. Ibudilast
significantly (P<0.05) reduced the acute, chronic, and sensitization effects of methamphetamine's
locomotor activity without significantly affecting activity by itself. AV1013 had similar anti-
methamphetamine effects, suggesting that glial cell activity, by itself, can modulate
methamphetamine's effects and perhaps serve as a medication target for its abuse.
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1. Introduction
Methamphetamine is a psychomotor stimulant that increases activity and feelings of
euphoria, and can lead to drug-seeking and chronic abuse (Everitt and Robbins, 2005;
Peachey et al., 1976; Vanderschuren and Everitt, 2005; Winslow et al., 2007).
Methamphetamine abuse is associated with many untoward effects such as hallucinations,
pulmonary and cardiac problems, dental disease, and suppressed immunity (Hamamoto and
Rhodus, 2009; Hauer, 2010; Srisurapanont et al., 2003). Currently, there are no approved
pharmacotherapies for treating methamphetamine abuse, and conventional, receptor-
mediated approaches have not been successful (Karila et al., 2010). As such, a fuller
understanding of less conventional and less studied mechanisms mediating
methamphetamine's effects may lead to improved pharmacotherapeutic approaches.

Methamphetamine is well-known for its effects on the monoamine neurotransmitters,
dopamine, serotonin, and norepinephrine (Cho and Segal, 1994; Creese, 1983).
Methamphetamine impedes the uptake of these monoamines into the pre-synaptic neuron
while also reversing their transporter actions (Cho and Segal, 1994; Creese, 1983).
Methamphetamine-induced dopamine D1 and D2 receptor activation (Sonsalla et al., 1986)
results in alterations of cyclic adenosine 3’,5’-monophosphate (cAMP) levels via coupling
to adenylate cyclase (Kebabian et al., 1984). In addition, methamphetamine activates glial
cells (both astrocytes and microglia) (Caporaso et al., 2000; Hebert and O'Callaghan, 2000;
Iyo et al., 1995) to increase pro-inflammatory cytokine production and immune reaction
(Goncalves et al., 2008; Loftis et al., 2010; Nakajima et al., 2004; Yamaguchi et al., 1991).
Methamphetamine’s regulation of cAMP levels and induction of inflammation are thought
to be involved in its behavioral effects including hyperactivity, sensitization, and its
discriminative stimulus effects (Iyo et al., 1996b; Miguel-Hidalgo, 2009; Mori et al., 2000;
Niwa et al., 2007; Niwa et al., 2008; Yan et al., 2006; Yan et al., 2007), and substances that
oppose its cAMP modulation or inflammatory activity have been reported to attenuate
methamphetamine-induced behaviors (Iyo et al., 1996b; Niwa et al., 2007; Yan et al., 2006;
Zhang et al., 2006).

Given these observations, both PDE-inhibition and glial cell modulation are potential
mechanisms for reducing methamphetamine-induced behaviors. Ibudilast (aka, AV411; 3-
isobutyryl-2-isopropylpyrazolo[1,5-a]pyridine) is a non-selective PDE inhibitor, glial cell
modulator and anti-inflammatory agent (Gibson et al., 2006; Kishi et al., 2001). Ibudilast is
marketed in Japan to treat bronchial asthma and ischemic stroke (Kishi et al., 2001), and is
being clinically evaluated for treating neuropathic pain (Ledeboer et al., 2006) and opioid
dependency (Hutchinson et al., 2009). Because other inhibitors of PDE activity and glial
activation attenuate methamphetamine's effects (see above), and because we previously
reported ibudilast to attenuate stress- and prime-induced reinstatement of methamphetamine
drug-seeking in rats (Beardsley et al., 2010), we examined the ability of ibudilast to
attenuate the acute and chronic effects of methamphetamine-induced hyperactivity and
sensitization in mice. Additionally, we tested the amino analogue of ibudilast, AV1013,
which retains ibudilast’s ability to inhibit glial cell activation but has minimal PDE
inhibitory effects (Cho et al., 2010), to determine whether PDE inhibition was essential for
the initial effects we observed with ibudilast.

2. Materials and methods
2.1 Subjects

Male adult C57BL/6J mice were obtained at approximately 8 weeks of age (The Jackson
Laboratory, Bar Harbor, ME) and were allowed to acclimate to the vivarium for
approximately one week prior to commencement of testing. The mice were housed at a
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maximum of four per cage in an AAALAC-accredited animal facility with food (7012
Teklad LM-485 Mouse/Rat Sterilizable Diet, Harlan Laboratories, Inc., Indianapolis, IN)
and water available ad libitum under a 12-h/12-h light/dark cycle (lights illuminated from
0600-h to 1800-h) with all testing occurring during the light phase. All procedures were
carried out in accordance with the “Guide for the Care and Use of Laboratory Animals”
(Institute of Laboratory Animal Resources, National Academy Press, 1996) and were
approved by the Institutional Animal Care and Use Committee of Virginia Commonwealth
University.

2.2 Apparatus
Locomotor activity tests were conducted in eight commercially obtained, automated activity
monitoring devices each enclosed in sound- and light-attenuating chambers that recorded
distance travelled in cm in 10-min bins via computer-controlled circuitry (AccuScan
Instruments, Columbus OH). The interior of each device was divided into separate
20×20×30 cm arenas permitting the independent and simultaneous measurement of two
mice. Sixteen photobeam sensors per axis were spaced 2.5 cm apart along the walls of the
chamber and were used to detect movement.

2.3 Locomotor Activity Procedure
One hundred and twenty-eight mice were randomly assigned into 16 groups of eight mice
each. Eight groups were treated b.i.d. for 7 days with subcutaneous (s.c.) injections of either
0 (vehicle; VEH1), 1.8, 7.5, or 13 mg/kg ibudilast, with two groups of eight at each dose.
Eight other groups were similarly treated but with 0 (vehicle; VEH2), 10, 30, or 56 mg/kg
AV1013. Both ibudilast and AV1013 injections occurred twice daily separated
approximately 7 hours apart (0900-h and 1600-h). During the last five days of these seven-
day regimens (Days 3-7), the mice were given locomotor activity tests. Two, 1-h locomotor
activity sessions (Baseline and Test) were given on Days 1 and 5. Single locomotor activity
sessions were given on Days 2-4 to minimize the occurrence of extinction of any
conditioned locomotor activity effects in methamphetamine treated mice. On days when
locomotor activity sessions were administered (Days 3-7), morning ibudilast and AV1013
injections were given one hour prior to the first session. Immediately prior to Baseline and
Test sessions on Days 1 and 5, all mice were injected intraperitoneally (i.p.) with saline or 3
mg/kg methamphetamine, respectively. On Days 2-4, half of all mice in the ibudilast and
AV1013 groups received 3 mg/kg i.p. methamphetamine (METH) before all locomotor
activity sessions (IBUD+METH and AV1013+METH groups), while the other half received
saline injections (IBUD+SAL and AV1013+SAL groups). Thus, the mice were distributed
across groups as shown in Table 1 and treated as shown in Table 2.

2.4 Drugs
(±)-Methamphetamine (National Institute on Drug Abuse, Rockville, MD) was prepared in
0.9% saline stock solutions sterilized by filtration through 0.2 μm filtration disks. Working
methamphetamine solutions were dissolved in sterile 0.9% saline and injected i.p. Ibudilast
(3-isobutyryl-2-isopropylpyrazolo[1,5-a]pyridine) and AV1013 ((R)-2-amino-1-(2-
isopropylpyrazolo[1,5-a]pyridin-3-yl)propan-1-one hydrochloride) were received as a gift
from MediciNova, Inc., San Diego, CA). Ibudilast was prepared in 35% polyethylene glycol
(PEG) in saline vehicle and administered s.c. (referred to below as "VEH1"). Doses of
AV1013 were administered s.c. and prepared in sterile 0.9% saline (referred to below as
"VEH2"), with the exception of the highest dose (56 mg/kg) that was solubilized in a 35%
PEG in saline vehicle (i.e., VEH1) because of its incomplete dissolution in 0.9% saline. All
injections were given in a volume equivalent to 10 ml/kg body weight.
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2.5 Data Analysis
Distance travelled (cm) was subjected to analysis by a mixed-model ANOVA (repeated
measures on Testday test and between comparisons on drug condition) for the chronically
administered methamphetamine and vehicle groups separately for each drug (i.e., 2 drugs ×
2 methamphetamine treatment conditions= 4 ANOVAs). Comparisons between ibudilast or
AV1013-treated mice to their respective vehicle condition were made using Bonferroni
Multiple Comparisons Tests. AD50 (CI) values for attenuating methamphetamine
hyperactivity by 50% relative to vehicle controls were estimated by first converting distance
travelled scores for each mouse to percent of its respective mean vehicle control,
logarithmically transforming dose, and using nonlinear regression assuming a normalized
response. All statistical tests were conducted using computer software (Prism 5d for
Macintosh, GraphPad Software, Inc., San Diego, CA), and all types of comparisons were
considered statistically significant if P<0.05.

3. Results
3.1 Ibudilast and Chronic Methamphetamine

Figure 1 shows the effects of ibudilast on chronic methamphetamine administration (upper
frame) and on chronic vehicle administration (lower frame). ANOVA results indicated that
drug [F(3,28)=7.093; p=0.0011] and time [F(6,168)=56.64; P<0.0001] and their interaction
[F(18,168)=2.479; p=0.0013] significantly affected activity. Methamphetamine induced a
significant increase in total distance travelled of over 2900 cm during the Testday 1 test
relative to Baseline 1 levels in the VEH1+METH group (t=3.735, df=7, P<0.05) (Figure 1,
upper frame; significance not indicated by asterisks). Methamphetamine also induced
increases in distance travelled during the Testday 1 test from Baseline 1 levels in the IBUD
+METH treated groups, but their levels were non-significantly different, and increases were
less than those of the VEH1+METH group. Distance travelled progressively increased in the
VEH1+METH group following each subsequent day of methamphetamine administration
and was significantly (t=4.325, df=7, P<0.01) greater during the Testday 5 test relative to the
Testday 1 test indicative of sensitization. Distance travelled on Testday 5 was significantly
greater relative to Testday 1 in the 1.8 IBUD+METH (t=6.316, df=7, P<0.0001) and 7.5
IBUD+METH (t=5.2000, df=7, P<0.0001) groups, but not the 13 IBUD+METH group,
indicating that 13 mg/kg ibudilast blocked the induction of sensitization. Ibudilast reduced
distance travelled during all test sessions following methamphetamine administration
relative to the VEH1+METH treatment group, and significantly so during Testday 2-5 tests
at 13 mg/kg ibudilast and during Testday 3 and 4 tests at 7.5 mg/kg ibudilast.

3.2 Ibudilast and Acute Methamphetamine
Distance travelled did not differ between the VEH1+SAL group and any of the ibudilast
groups following saline administration indicating ibudilast did not affect locomotor behavior
in mice without methamphetamine histories (Figure 1, lower frame). However, ibudilast
significantly reduced distance travelled following methamphetamine administration during
the Testday 5 test, relative to the VEH1+SAL group, at all doses of ibudilast (1.8 mg/kg
ibudilast: t=3.278, df=7, P<0.05; 7.5 mg/kg ibudilast: t=6.944, df=7, P<0.0001; 13 mg/kg
ibudilast: t=6.374, df=7, P<0.0001) indicating its ability to blunt the acute challenge by
methamphetamine.

3.3 AV1013 and Chronic Methamphetamine
Figure 2 shows the effects of AV1013 on chronic methamphetamine administration (upper
frame) and on chronic vehicle administration (lower frame). ANOVA indicated a significant
effect of drug [F(4,34)=5.947; p=0.0010], time [F(6,204)=92.28; P<0.0001, and their
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interaction [F(24,204)=2.282; p=0.0010]. Methamphetamine induced a significant increase
in total distance travelled during the Testday 1 test relative to Baseline 1 levels in the
VEH1+METH group (t=4.341, df=7, P<0.001). Methamphetamine induced a non-
significant mean increase in total distance travelled in the VEH2+METH group during the
Testday 1 test relative to Baseline 1 levels, which further increased to significant levels
during Testday 2 tests (t=4.530, df=7, P<0.001) (Figure 2, upper frame). Methamphetamine
induced increases in total distance travelled by all AV1013 treatment groups during the
Testday 1 test relative to Baseline 1 levels; however, these were non-significant increases
and were always less than respective control vehicle groups. Total distance travelled
generally increased in all groups following each subsequent day of methamphetamine
administration and were significantly greater during the Testday 5 test relative to the
Testday 1 test in all chronically-treated methamphetamine groups (VEH2+METH: t=4.181,
df=7, P<0.001; VEH1+METH: t=5.027, df=7, P<0.001, 10 AV1013+METH: t=5.618, df=7,
P<0.001; 30 AV1013+METH: t=8.095, df=7, P<0.001, 56 AV1013+METH: t=4.154, df=7,
P<0.001). Total distance travelled was significantly reduced following 56 mg/kg AV1013
administrations relative to its vehicle control group (VEH1+METH) following
methamphetamine treatment on all days. (Testday 1: t=3.357, df=7, P<0.01; Testday 2:
t=3.681, df=7, P<0.01; Testday 3: t=5.089, df=7, P<0.001; Testday 4: t=5.434, df=7,
P<0.001;Testday5:t=4.009, df=7, P<0.01).

3.4 AV1013 and Acute Methamphetamine
Total distance travelled did not differ between the VEH2+SAL group and either the 10
AV1013+SAL or 30 AV1013+SAL groups during all test sessions that were preceded by
saline administration, indicating that AV1013 did not affect locomotor behavior on its own
(Figure 2, lower frame). Similarly, distance travelled did not differ between the VEH1+SAL
and 56 AV1013+SAL group indicating 56 mg/kg AV1013 did not affect locomotor behavior
in mice without a methamphetamine history. However, following methamphetamine
challenge during Testday 5 tests, 30 mg/kg AV1013 significantly reduced levels of total
distance travelled relative to its vehicle control group, VEH2+SAL (t=4.683, df=7,
P<0.001), as did 56 mg/kg AV1013 relative to its vehicle control group, VEH1+SAL
(t=4.900, df=7, P<0.001).

3.5 Ibudilast vs. AV1013
The AD50 (CI) for ibudilast to reduce the hyperactivity effects of acute methamphetamine
challenge on Testday 1 was 7.146 (3.763-13.57) mg/kg for groups to be chronically-treated
with methamphetamine. By Testday 5 the AD50(CI) increased to 23.23 (9.660-55.86) mg/kg
in these groups. In groups whose first exposure to methamphetamine was on Testday 5, but
which had received chronic ibudilast up to Testday 5, the AD50 (CI) was 7.092
(3.420-14.71) mg/kg. This AD50 value was non-significantly different from that on Testday
1 in the chronically treated methamphetamine group (i.e., vs. 7.146 mg/kg).

AV1013 attenuated methamphetamine's effects with an AD50(CI) of 43.88 (19.40-99.27)
mg/kg on Testday 1 that increased to 201.2 (51.49-786.0) mg/kg on Testday 5 in the
chronically treated methamphetamine groups. In groups whose first exposure to
methamphetamine was on Testday 5 but which had received chronic AV1013 up to Testday
5 the AD50 (CI) was 48.13 (19.05-121.7) mg/kg. This AD50 value was non-significantly
different from that on Testday 1 in the chronically treated methamphetamine group (i.e., vs.
43.88 mg/kg).

When compared to each other, ibudilast produced significantly lower AD50 values than
AV1013 on both Testday 1 [F(1,61)=11.32; p=0.0013] and on Testday 5 [F(1,61)=6.978;
p=0.0105] in groups chronically-treated with methamphetamine, as well when comparing
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groups chronically-treated with saline and challenged for the first time on Testday 5
[F(1,62)=10.90; p=0.0016].

4. Discussion
Ibudilast dose-dependently reduced both chronically and acutely administered
methamphetamine-induced locomotor activity. Chronic treatment with methamphetamine
provided evidence of sensitization as subsequent administrations elicited greater increases in
distance travelled. The highest dose of ibudilast (13 mg/kg) tested significantly attenuated
these methamphetamine-induced sensitization effects. Ibudilast’s analogue, AV1013, which
lacks its potency for inhibiting PDE, but retains its ability to suppress activated glial activity,
similarly dose-dependently attenuated methamphetamine’s chronic and acute locomotor
activity effects, but was ~6-9 fold less potent in doing so. These later observations suggest
that the ability to modulate glial activity is sufficient to attenuate methamphetamine’s
locomotor activity effects, although PDE inhibition likely can additionally contribute if
present.

Ibudilast is a non-selective PDE inhibitor (Gibson et al., 2006; Kishi et al., 2001), glial cell
modulator and anti-inflammatory agent (Mizuno et al., 2004; Suzumura et al., 1999), and an
inhibitor of macrophage migration inhibitory factor (Cho et al., 2010). As such, its effects
could be a result of any or a combination of all these mechanisms. Some of these effects
have already been reported to reduce methamphetamine activity (see below). It is unlikely
ibudilast’s effects on methamphetamine are a result of directly affecting conventional
mechanisms, for it doesn't have effective activity at ~100 other radioligand binding and
enzyme targets (Ledeboer et al., 2006).

PDE inhibition, by itself, significantly reduces some methamphetamine behaviors. PDE
inhibitors, such as rolipram and nefiracetam, attenuate methamphetamine-induced
locomotor activity, sensitization, and the discriminative stimulus effects of
methamphetamine (Iyo et al., 1996a; Iyo et al., 1996b; Iyo et al., 1995; Mori et al., 2000;
Yan et al., 2004; Yan et al., 2006). Phosphodiesterase degrades cAMP (Beavo, 1995), and
PDE inhibitors, like ibudilast, will increase cAMP levels. Alterations in cAMP levels would
likely alter the transduction of receptor signaling dependent upon it, such as with the
dopamine D1 and D2 receptors (Kebabian et al., 1984), through which methamphetamine
exerts its locomotor and sensitization effects (Kelly et al., 2008).

Methamphetamine increases levels of cytokines and inflammatory factors, such as tumor
necrosis factor (TNFα), interleukin 6 (IL-6), interleukin 1β (IL-1β) mRNA levels, monocyte
chemo-attractant protein 1 (MCP-1), and cellular adhesion molecule (ICAM-1) (Goncalves
et al., 2008; Nakajima et al., 2004; Yamaguchi et al., 1991). Attenuation of glial cell
activation and pro-inflammatory signaling, and up-regulation of neuro-protective factors,
activities of both ibudilast and AV1013, have also been reported to attenuate some of
methamphetamine's effects. For example, induction of GDNF inhibits methamphetamine-
induced locomotor sensitization (Niwa et al., 2007). Conversely, reducing GDNF levels
potentiates methamphetamine self-administration and reinstatement vulnerability (Yan et al.,
2007). Additionally, indomethacin and minocycline, two anti-inflammatory drugs, prevent
glial activation (Goncalves et al., 2010) and attenuate methamphetamine hyperlocomotion
and sensitization in mice (Zhang et al., 2006). Ibudilast’s anti-inflammatory action reduces
glial activation by suppressing TNFα, IL-6, IL-1β, MCP-1, and nitric oxide (NO), while also
increasing production of GDNF (Mizuno et al., 2004; Suzumura et al., 1999). Although
AV1013 lacks the efficacy of PDE inhibition of ibudilast, it has similar glial cell modulatory
activity (Cho et al., 2010). Both ibudilast and AV1013 reduce methamphetamine-induced
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locomotor behavior, suggesting that AV1013’s modulation of glial cell activation is
sufficient to attenuate methamphetamine effects.

How attenuation of glial cell activation and neuroinflammatory activity translates into
modulating methamphetamine's behavioral effects is unknown. One proposed mechanism
involves the ability of glial cells to regulate neurotransmission and synaptic strength by
affecting the cell surface delivery and retention of glutamatergic NMDA and AMPA
receptors (Eroglu and Barres, 2010). Interestingly, an up-regulation of TNFα, elicited from
activated astrocytes, increases AMPA receptor expression on the cell surface and increases
NMDA and AMPA receptor-mediated synaptic currents (Beattie et al., 2002; Stellwagen
and Malenka, 2006) that improves synaptic efficacy. Conversely, blockade of TNFα has the
opposite effect (Beattie et al., 2002). Therefore, methamphetamine-induced increases in
TNFα could indirectly increase the concentration of AMPA receptors and their activation. In
contrast, ibudilast and AV1013’s attenuation of TNFα levels would inhibit delivery of these
receptors preventing signaling and synaptic change. Excessive activation of both AMPA and
metabotropic glutamate receptors may play a role in behavioral sensitization and in the
rewarding properties of stimulants such as cocaine and methamphetamine (Wolf, 1998).
Thus, the blockade of these processes may be a link to suppressing the effects of stimulant
drugs.

An additional way in which TNFα levels may be affected by ibudilast is via cAMP
production, which reduces TNFα synthesis (Kast, 2000; Shames et al., 2001). Thus, under
ibudilast treatment, PDE inhibition increases cAMP and in an inhibition of TNFα synthesis
that reduces further glial activation. If true, perhaps ibudilast’s PDE inhibition and glial
modulatory effects are working in conjunction to produce the observed results. AV1013’s
minimal PDE inhibitory effects may dampen its attenuation of TNFα synthesis, which could
contribute to its lower potency relative to ibudilast. AV1013’s lower potency could also be
due to reduced potency at the drugs’ glial targets. Ibudilast and AV1013 are noncompetitive
inhibitors of the p-hydroxyphenylpyruvate (HPP) tautomerase activity of the
proinflammatory protein, macrophage migration inhibiting factor (MIF), which could be an
important mechanism involving their anti-inflammatory effects (Cho et al., 2010). AV1013
is a less potent inhibitor of MIF with a Ki=74.9 (±8.5) uM than is ibudilast, which has a Ki
of 30.9 (±2.8) uM. Given this, AV1013 may be less effective in reducing methamphetamine
activity due to a combination of decreased potency at both PDE and glial targets.

Lilius (Lilius et al., 2009) reported that ibudilast could induce decreases in spontaneous
locomotor activity in rats following its acute administration. Although the Lilius study used
rats, and the present study used mice, the possibility of direct locomotor decreasing effects
needs to be considered in interpreting ibudilast's and AV1013's modulation of
methamphetamine's locomotor activity effects. It is unlikely that these potential locomotor
decreasing effects could explain the magnitude of their effects on methamphetamine's
activity. Importantly, none of the dosage regimens of ibudilast or AV1013 produced
statistically significant reductions in locomotor activity during either baseline test. Perhaps if
there had been important locomotor decreasing effects of these drugs initially, tolerance
developed to them, for the drugs were given b.i.d beginning two days prior to the initiation
of testing, whereas in the Lilius study ibudilast was given acutely. Additionally, acute
tolerance may have occurred as well, for in the Lilius study, ibudilast was administered 15
min before testing, whereas in the present study it was given one hour prior to locomotor
tests, and sedative-like effects appear to wane within 30 min of its administration (Ledeboer
et al., 2006).

Both ibudilast and AV1013 attenuated methamphetamine-induced locomotor activity when
administered concurrently with methamphetamine. These results suggest that these drugs
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potentially could blunt methamphetamine’s stimulatory effects or “value” to chronic users
potentially facilitating the effectiveness of other interventions such as psychotherapy.
Additionally, ibudilast and AV1013 significantly attenuated the hyperactivity effects
following acute methamphetamine challenge. Considering that limited re-exposure to an
abused drug can precipitate a longer-termed relapse in an abstinent abuser (Bigelow et al.,
1977; Chornock et al., 1992; de Wit, 1996), ibudilast and AV1013’s attenuation of an acute
methamphetamine challenge suggests usefulness as a relapse prevention treatment in
abstinent abusers, which is consistent with our previous report that ibudilast reduces
reinstatement precipitated by methamphetamine primes in rats previously reinforced with
methamphetamine (Beardsley et al., 2010). The possibility of clinically useful relapse
prevention now extends to AV1013 as well. The AD50 values for reducing the effects of the
3 mg/kg methamphetamine challenge dose did not differ within ibudilast and AV1013
groups between the acutely and chronically treated mice, suggesting that peak ability to
blunt methamphetamine’s effects was reached by two days of b.i.d. administration. This
speculation requires the qualification that only a single methamphetamine dose (3 mg/kg)
was tested, and administration of these drugs was not given for longer than seven days.
Similarity between these AD50 values also suggests that tolerance to their effectiveness did
not develop, a desirable feature in a potential pharmacotherapeutic.

Several additional observations strengthen the interest in these drugs.. In the present study,
repeated administration of methamphetamine-induced sensitization to its locomotor activity
effects was significantly attenuated by 13 mg/kg ibudilast. It has been suggested that
sensitization plays a key role in drug addiction in humans (Chen et al., 2009; Sax and
Strakowski, 2001). For example, three doses of d-amphetamine given to healthy human
volunteers produces significant increases in eye-blink and locomotor scores, as well as in
reported mood and subjective drug effects (i.e. euphoria) suggestive of sensitization
(Strakowski and Sax, 1998). In conjunction with the behavioral effects, the adaptations of
specific brain regions implicated in the process of sensitization have been associated with
reward pathways linked to drug-seeking and addiction (Robinson and Berridge, 1993). Thus,
a compound that blunts sensitization may have additional merit for consideration as a
pharmacotherapy for drug abuse. Furthermore, because the neuro-circuitry,
neurotransmitter, and neuronal receptor systems activated in reinstatement models of drug
abuse are similar to those systems involved in the process of sensitization (Steketee and
Kalivas, 2011), the potential usefulness of these drugs in treating methamphetamine relapse
is even further enhanced.

5. Conclusion
The present study indentified that both ibudilast and its analog, AV1013, are able to
attenuate methamphetamine-induced locomotor activity in mice. Given AV1013's
impotency to affect PDE activity, these results suggest that glial cell modulation alone may
be sufficient for attenuating these methamphetamine effects. Treatments for stimulant abuse
targeting conventional mechanisms have generally proven unsuccessful. The present results
are consistent with others suggesting that modulating glial cell activity with drugs could
provide a novel, and perhaps fruitful target for treating methamphetamine abuse.
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Fig. 1.
Upper frame: Results on distance travelled (cm) by mice treated b.i.d. for seven days with
ibudilast (IBUD) or its vehicle (VEH1), beginning two days before five days of treatment
with 3 mg/kg methamphetamine. Ibudilast was administered at 1.8, 7.5, or 13 mg/kg. Data
points represent group means (±S.E.M.) obtained during 1-h experimental sessions. Filled
data points represent sessions preceded by 3 mg/kg i.p. methamphetamine injections.
Unfilled data points represent sessions preceded by i.p. saline injections. N=8 for each
treatment group. *P<0.05 with respect to mice treated with ibudilast's vehicle.
Lower frame: Results on distance travelled (cm) by mice treated b.i.d. for seven days with
ibudilast (IBUD) or its vehicle (VEH1), beginning two days before four days of saline
administration and acute treatment with 3 mg/kg methamphetamine on the fifth day.
Ibudilast was administered at 1.8, 7.5, or 13 mg/kg. Data points represent group means
(±S.E.M.) obtained during 1-h experimental sessions. Other details are as in the upper
frame.
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Fig. 2.
Upper frame: Results on distance travelled (cm) by mice treated b.i.d. for seven days with
AV1013 or its vehicle (VEH2 for 10 and 30 mg/kg and VEH1 for 56 mg/kg), beginning two
days before five days of treatment with 3 mg/kg methamphetamine. AV1013 was
administered at 10, 30, or 56 mg/kg. *P<0.05 with respect to mice treated with AV1013's
vehicle. Other details are as in Figure 1.
Lower frame: Results on distance travelled (cm) by mice treated b.i.d. for seven days with
AV1013 or its vehicle (VEH2 for 10 and 30 mg/kg and VEH1 for 56 mg/kg), beginning two
days before four days of saline administration and acute treatment with 3 mg/kg
methamphetamine on the fifth day. Other details are as in the upper frame.
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Table 1

Distribution of mice in chronically and acutely treated methamphetamine (METH) groups.

Chronic METH Acute METH

Ibudilast Groups

VEH1+METH VEH1+SAL

1.8 IBUD+METH 1.8 IBUD+SAL

7.5 IBUD+METH 7.5 IBUD+SAL

13 IBUD+METH 13 IBUD+SAL

AV1013 Groups

VEH2+METH VEH2+SAL

10 AV1013+METH 10 AV1013+SAL

30 AV1013+METH 30 AV1013+SAL

56 AV1013+METH 56 AV1013+SAL
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Table 2

Treatment procedures.

Day 1 Day 2 Day 3 Day 4 Day 5

1Chronic METH groups

Injection #1
Session

Saline
Baseline 1

Saline
Baseline 5

Injection #2
Session

METH
Test 1

METH
Test 2

METH
Test 3

METH
Test 4

METH
Test 5

2Acute METH groups

Injection #1
Session

Saline
Baseline 1

Saline
Baseline 5

Injection #2
Session

Saline
Test 1

Saline
Test 2

Saline
Test 3

Saline
Test 4

METH
Test 5

1
Groups include: IBUD+METH, AV1013+METH, VEH1+METH, VEH2+METH

2
Groups include: IBUD+SAL, AV1013+SAL, VEH1+SAL, VEH2+SAL
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