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Abstract

Sensitivity to the euphoric and locomotor-activating effects of drugs of abuse may contribute to
risk for excessive use and addiction. Repeated administration of psychostimulants such as
methamphetamine can result in neuroadaptive consequences that manifest behaviorally as a
progressive escalation of locomotor activation, termed psychomotor sensitization. The present
studies addressed the involvement of specific components of the corticotropin-releasing factor
(CRF) system in locomotor activation and psychomotor sensitization induced by
methamphetamine (1, 2 mg/kg) by utilizing pharmacological approaches, as well as a series of
genetic knockout mice, each deficient for a single component of the CRF system: CRF-R1, CRF-
R2, CRF, or the CRF-related peptide Urocortin 1 (Ucnl). CRF-R1 knockout mice did not differ
from wild-type mice in sensitization to methamphetamine, and pharmacological blockade of CRF-
R1 with CP-154,526 (15, 30 mg/kg) in DBA/2J mice did not selectively attenuate either the
acquisition or expression of methamphetamine-induced sensitization. Deletion of either of the
endogenous ligands of CRF-R1 (CRF, Ucnl) either enhanced, or had no effect, on
methamphetamine-induced sensitization, providing further evidence against a role for CRF-R1
signaling. Interestingly, deletion of CRF-R2 attenuated methamphetamine-induced locomotor
activation, elucidating a novel contribution of the CRF system to methamphetamine sensitivity,
and suggesting the participation of the endogenous urocortin peptides Ucn2 and Ucn3.
Immunohistochemistry for Fos was used to visualize neural activation underlying CRF-R2-
dependent sensitivity to methamphetamine, identifying the basolateral and central nuclei of the
amygdala as neural substrates involved in this response. Our results support further examination of
CRF-R2 involvement in neural processes associated with methamphetamine addiction.
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INTRODUCTION

Repeated administration of psychostimulants can result in an enhancement of their
locomotor-activating properties, a phenomenon associated with persistent neuroadaptations
underlying the chronic relapsing state characteristic of addiction (Robinson & Berridge,
1993). This “psychomotor sensitization” is thought to reflect changes within
neurotransmitter systems implicated in both the positive-motivational and negative-
reinforcement processes that perpetuate uncontrollable drug use (Koob, 2008, Koob & Le
Moal, 2008, Vezina et al., 2002). Of particular importance in the transition from controlled
to compulsive drug use is the corticotropin-releasing factor (CRF) neuropeptide system.
Manipulations of the CRF system have revealed its involvement in multiple endophenotypes
of psychostimulant addiction, including psychomotor sensitization (Cador et al., 1992, Erb
& Brown, 2006), withdrawal (Richter & Weiss, 1999, Sarnyai et al., 1995, Vuong et al.,
2009, Zorrilla et al., 2001), and reinstatement of drug-seeking (Erb et al., 2001, Moffett &
Goeders, 2007, Wang et al., 2007).

Comprised of four endogenous ligands (CRF, Urocortins 1, 2 and 3) and two receptor
subtypes (CRF-R1, CRF-R2), the CRF system initiates the neuroendocrine stress response
via the hypothalamic-pituitary-adrenal (HPA) axis, and coordinates diverse behaviors via
actions on extra-HPA loci. HPA-axis activation is controlled by release of CRF from the
paraventricular nucleus of the hypothalamus (PVN) onto CRF-R1 in the pituitary, resulting
in secretion of adrenocorticotropic hormone and glucocorticoids. Stress is a key factor in
initiating relapse (Sinha, 2001), and the importance of the HPA-axis in predisposition to
psychostimulant self-administration has been explored (Piazza et al., 1991). However, extra-
HPA actions of CRF and urocortin peptides on the bed nucleus of the stria terminalis (Kash
et al., 2008), amygdala (Fu et al., 2007, Krishnan et al., Orozco-Cabal et al., 2008, Pollandt
et al., 2006), lateral septum (Liu et al., 2005), ventral tegmental area (Hahn et al., 2009,
Wang et al., 2007), and dorsal raphé nucleus (Pringle et al., 2008, Vuong et al., 2009) also
contribute to psychostimulant-induced neuroplasticity.

Anatomical organization of the CRF system is complex, as each component exhibits a
distinct, yet partially overlapping, pattern of brain expression (Chalmers et al., 1995, Kozicz
etal., 1998, Li et al., 2002, Merchenthaler et al., 1982, Reyes et al., 2001). Furthermore,
CRF and Urocortin 1 (Ucnl) bind both receptor subtypes, while Urocortin 2 and 3 (Ucn2,
Ucn3) are selective for CRF-R2 (Lewis et al., 2001, Reyes et al., 2001, Vaughan et al.,
1995). Due to this complexity, elucidation of the involvement of specific components of the
CRF system in the behavioral response to psychostimulants has remained incomplete. Thus,
the present studies assessed locomotor activation and psychomotor sensitization to
methamphetamine (MA) in four lines of mice, each containing a deletion of a single
component of the CRF system (CRF-R1, CRF-R2, CRF, or Ucnl). Given previous reports
implicating the HPA-axis in psychostimulant-induced sensitization, and to avoid
interpretational issues associated with the use of genetic mutant mice, additional
experiments evaluated the effects of the CRF-R1-selective antagonist CP-154,526 on the
acquisition and expression of MA-induced sensitization. Finally, the neural substrates
underlying CRF-R2-dependent acute stimulation to MA were examined using Fos
immunohistochemistry.

MATERIALS AND METHODS

Animals

For experiments in knockout (KO) and wild-type (WT) littermates, we used single gene
mutant mice created from embryonic stem cells that had undergone targeted gene
inactivation. CRF-R1 KO mice generated on a 129P2/OlaHsd x CD1 background contained
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a deletion of exons 4-7 of the Crhrl gene (Timpl et al., 1998), CRF-R2 KO mice generated
on a 129X1/SvJ x C57BL/6 (B6) background contained a deletion of exons 3—-4 of the Crhr2
gene (Coste et al., 2000), CRF KO mice generated on a 129S2/SvPas x B6 background
contained a deletion of exon 2 of the Crh gene (Muglia et al., 1995), and Ucnl KO mice
generated on a 129X1/SvJ x B6 background contained a deletion of exon 2 of the Ucn gene
(Vetter et al., 2002). Each KO was backcrossed onto a B6 genetic background for 8-10
generations. KO and WT mice were littermates, generated by heterozygous matings. B6
mice exhibit reliable, gradual MA-induced sensitization (Phillips et al., 1994), and a
proportion of these mutant mice had already been backcrossed to B6 for a number of
generations prior to the initiation of these studies, providing a rationale for the use of a B6
background for all KO and WT mice examined here. These mice were weaned at 28-32
days of age, isosexually housed, and tested at 8—13 weeks of age. Separate groups of 8-9
week-old female DBA/2J (D2) mice (The Jackson Laboratory; Sacramento, CA) were used
for pharmacological studies with the CRF-R1 antagonist, CP-154,526. D2 mice were chosen
for these studies because they have been used in similar previous work examining the role of
CRF-R1 and the HPA-axis in drug-induced sensitization (Pastor et al., 2008, Roberts et al.,
1995). All protocols were approved by the Oregon Health & Science University (OHSU) or
Portland Department of Veterans Affairs (VA) animal care and use committee, and
performed within the National Institutes of Health Guidelines for the Care and Use of
Laboratory Animals. Adequate measures were taken to minimize any pain or discomfort
experienced by the mice.

Methamphetamine HCI (Sigma; St. Louis, MO) was dissolved in 0.9% saline at 0.1 or 0.2
mg/ml, and CP-154,526 (a generous gift from Pfizer) was dissolved in 5.0% emulphor
(Cremophor EL, Sigma) in 0.9% NaCl at 1.5 or 3.0 mg/ml. All injections were given
intraperitoneally (i.p.) at 10 ml/kg.

MA-induced Psychomotor Sensitization in KO and WT Littermates

Male and female KO and WT mice from each of the lines were assessed for locomotor
activation in a previously-established protocol in which repeated administration of 1 mg/kg
MA induces reliable, progressive sensitization in B6 and other genotypes of mice (Kamens
et al., 2005, Phillips et al., 1994). Following two days of saline administration to allow
habituation (Day 1) and measure baseline activity levels (Day 2), locomotor activity was
measured following an injection of MA (1 mg/kg) on Days 3, 5, 7, 9 and 11, and a saline
injection on Day 12. The protocol included a final MA challenge (1 mg/kg) on Day 27, after
a two week-long drug-free period during which additional neural changes associated with
repeated MA exposure may become established (Yamamoto et al., 2006). On test days, mice
were moved from the colony room, allowed one hour to acclimate to the room in which
testing would occur, injected, and placed into activity chambers for 15 minutes. Details of
the locomotor apparatus can be found in the Supplementary Materials.

CRF-R1 Antagonism and MA-induced Sensitization in DBA/2J Mice

Female D2 mice underwent a previously-established protocol which monitors the effects of
pharmacological manipulations on either the acquisition or expression of drug-induced
sensitization (Pastor et al., 2008, Roberts et al., 1995). For these experiments, mice received
two injections per day, separated by thirty minutes. Doses of CP-154,526 (15 and 30 mg/kg)
were chosen from previous work in which they were capable of attenuating ethanol-induced
sensitization (Pastor et al., 2008), and the dose of MA (2 mg/kg) was determined by pilot
studies (data not shown). For acquisition, mice were treated on Days 1-10 with CP-154,526
or vehicle, prior to MA or saline. On Day 11, mice received vehicle prior to MA. On Day
12, mice received vehicle prior to saline. For expression, mice were treated on Days 1-10

Genes Brain Behav. Author manuscript; available in PMC 2012 February 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Giardino et al.

Page 4

with vehicle, prior to MA or saline. On Day 11, mice received CP-154,526 or vehicle, prior
to MA. On Day 12, mice received vehicle, prior to saline. For both experiments, horizontal
locomotor activity was measured for 15 minutes immediately following the second injection
on Days 11 and 12. Finally, due to apparent non-specific effects of CP-154,526 on
locomotor behavior, activity levels of saline-treated mice were assessed in an additional
control experiment. Mice were treated on Days 1-10 with vehicle followed by saline. On
Day 11, mice received CP-154,526 or vehicle, followed by saline, and locomotor activity
was assessed for 15 minutes following the second injection. Details of the locomotor
apparatus can be found in the Supplementary Materials.

Acute Stimulation in CRF-R2 KO and WT Littermates

Additional studies in male and female CRF-R2 KO and WT littermates were performed to
verify our results demonstrating CRF-R2-dependent MA sensitivity. Procedures were
identical to the first three days of the protocol used for KO and WT littermates described
above. Following two days of activity measurements following saline administration (Day 1,
Day 2), mice were tested on Day 3 following either saline or 1 mg/kg MA.

Immunohistochemistry

Mice from the acute stimulation experiment described above were euthanized by CO, 120
minutes after Day 3 injection, and brains were extracted. Brains from male mice were
processed for Fos immunohistochemistry, because we did not observe a significant main or
interacting effect involving sex in the analysis of behavioral data. (Immunohistochemical
protocol in Supplementary Materials).

Statistical Analyses

RESULTS

For sensitization experiments in KO and WT mice, repeated measures ANOVAs assessed
differences in baseline activity levels across repeated saline trials (Days 1, 2) and differences
in MA-induced activity levels across repeated MA trials (Days 3, 5, 7, 9, 11), with genotype
and sex as the between-subjects variables, and day as the repeated measure. For analysis of
Day 11 and Day 12 locomotor activity data from experiments assessing the effects of the
CRF-R1 antagonist on acquisition of sensitization, MA treatment on Days 1-10 (0 or 2 mg/
kg) and CP-154,526 dose on Days 1-10 (0, 15, or 30 mg/kg) served as the factors for a two-
way ANOVA. For analysis of Day 11 and Day 12 locomotor activity data from experiments
assessing the effects of the CRF-R1 antagonist on expression of sensitization, MA treatment
on Days 1-10 and CP-154,526 dose on Day 11 served as the factors for a two-way ANOVA.
For analysis of Day 11 locomotor activity data from saline control experiment, CP-154,526
dose on Day 11 served as the factor for a one-way ANOVA, followed by Tukey’s post-hoc
comparisons. For the acute stimulation experiment in CRF-R2 KO and WT mice, Day 3
locomotor activity levels were analyzed by three-way ANOVA (factors of sex, genotype,
and MA treatment), and baseline activity levels across repeated saline trials were analyzed
as described above. For Fos immunohistochemistry in male CRF-R2 KO and WT mice,
analysis was performed by two-way ANOVA (factors of genotype and MA treatment).
Significant interactions were followed by simple main effect analyses. Additional control
analyses were also performed (Supplementary Materials).

Deletion of CRF-R1 has no effect on methamphetamine-induced sensitization

Figure 1 shows an increase in locomotor activation across repeated MA trials (Day 3 to Day
11), indicating that sensitization occurred in CRF-R1 KO and WT mice (F4,268) = 107.7; p
<.0001). However, analysis of repeated MA trials revealed no other significant effects or
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interactions, confirming that CRF-R1 KO and WT mice did not differ in MA-induced
locomotor activation. In the analysis of repeated saline trials, there was no significant effect
or interaction with genotype. However, female mice, regardless of genotype, displayed
greater levels of baseline activity (F(; 67) = 4.4; p < .05). These data demonstrate that genetic
deletion of CRF-R1 has no effect on the locomotor-activating properties of MA.

CRF-R1 blockade has no effect on the acquisition of methamphetamine-induced

sensitization

A possible role for CRF-R1 in MA-induced sensitization was further examined by
administering CP-154,526 during the acquisition of sensitization in DBA/2J mice.
Sensitization to MA was apparent (F s6) = 43.6; p < .0001), and CP-154,526 did not
prevent MA-induced sensitization (Figure 2a). Challenge with saline on Day 12 revealed no
effects of residual drug treatment on baseline activity levels (data not shown). These results
demonstrate that the acquisition of MA-induced sensitization does not critically depend on
CRF-R1 signaling.

CRF-R1 blockade inhibits locomotor activity in both methamphetamine- and saline-treated

mice

When mice were tested for the effects of CRF-R1 blockade on the expression of MA-
induced sensitization, significant sensitization was still apparent (F(; g9y = 27.8; p <.0001).
Although CP-154,526 decreased the expression of MA-induced activity (F( g9y = 10.1; p = .
0001), this occurred independently of prior MA treatment (MA x CP-154,526 interaction; p
=.904), indicating that CRF-R1 blockade decreased activity levels of both MA-sensitized
mice and mice receiving MA for the first time (Figure 2b). Thus, the effects of CP-154,526
were non-specific to MA-induced neural adaptations. Challenge with saline on Day 12
revealed no effects of residual drug treatment on baseline activity levels (data not shown). A
separate control experiment revealed that administration of CP-154,526 decreased activity
levels of saline-treated mice (F(2,27) = 7.0; p = .004) (Figure 2c). These data support a non-
specific effect of CP-154,526 on locomotor activation, rather than a role for CRF-R1 in MA-
induced sensitization.

Deletion of CRF-R2 attenuates methamphetamine-induced locomotor activation

In the analysis of data from repeated MA trials in CRF-R2 KO and WT mice, there was a
significant increase in locomotor activation across days, indicating that sensitization
occurred (Fs,232) = 49.4; p <.0001). Interestingly, CRF-R2 KO mice displayed decreased
locomotor activation across repeated MA trials, compared to WT mice (F( 58) = 4.2, p <.
05) (Figure 3). Analysis of repeated saline trials did not identify any significant effects or
interactions, indicating that the lower activity levels in CRF-R2 KO mice across MA trials
could not be attributed to lower levels of baseline activity. These data indicate that CRF-R2
signaling contributes to MA-induced locomotor activation.

Deletion of CRF enhances methamphetamine-induced sensitization

Next , we examined MA-induced locomotor activation in CRF KO mice. Analysis of
repeated MA trials demonstrated that sensitization occurred (F(4,160) = 117.9; p <.0001),
and that sensitization was enhanced in CRF KO mice (day x genotype interaction; F4 160) =
2.7; p <.05) (Figure 4). Follow-up analysis of the significant interaction across MA trials
revealed enhanced MA-induced activation in CRF KO mice on Days 9 and 11 (F(1 40) = 6.4;
p < .05, F(1,40) = 8.6; p < .01, respectively). Analysis of repeated saline trials revealed
genotypic differences in baseline activity levels that varied by sex (F(1 40) = 4.6; p < .05).
Simple main effect analyses confirmed that, while female KO mice displayed decreased
baseline locomotor activity levels, compared to female WT mice (F(y 23) = 5.4; p < .05), this
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genotypic difference was not apparent in male mice. In sum, the observation that CRF KO
mice showed enhanced sensitization to MA makes it unlikely that CRF acting at CRF-R2
could be the ligand/receptor combination that underlies MA-induced hyperactivity.

Deletion of Urocortin 1 has no effect on methamphetamine-induced sensitization

We next hypothesized that deletion of Ucnl might attenuate MA-induced activation.
Analysis of data from repeated MA trials demonstrated that sensitization occurred (F4,272) =
136.0; p <.0001). Furthermore, male mice, regardless of genotype, showed a greater
magnitude of sensitization to MA (sex x day interaction; F4 272) = 4.8; p = .001) (Figure 5).
Analysis of repeated saline trials yielded no significant differences based on genotype or
sex. The observation that Ucnl KO mice showed equivalent levels of MA-induced
activation, compared to WT, makes it unlikely that Ucn1 acting at CRF-R2 could be the
ligand/receptor combination that underlies MA-induced hyperactivity.

Confirmation of CRF-R2-dependent sensitivity to methamphetamine

In this experiment, we replicated our finding that CRF-R2 KO mice are deficient in MA-
induced locomotor activation. Baseline activity levels were equivalent between genotypes
across two consecutive days of saline administration, and did not differ by sex (Figure 6a).
On Day 3, the response to saline was similar between genotypes, yet the response to MA
treatment was completely abolished in CRF-R2 KO mice, relative to WT mice (genotype x
treatment interaction, F(; 48) = 4.2; p < .05) (Figure 6b). Simple main effect analyses
confirmed that deletion of CRF-R2 significantly decreased MA-induced stimulation (F(1 23)
=4.9; p <.05). No interactions with sex were detected. These results verify the involvement
of CRF-R2 in locomotor sensitivity to MA.

Mapping the neural substrates of CRF-R2-dependent sensitivity to methamphetamine

Following the behavioral testing described above, tissue from CRF-R2 KO and WT mice
underwent immunohistochemistry for Fos, a marker of post-synaptic transcriptional activity
within neurons (Morgan et al., 1987). Results are summarized in Table 1. MA increased Fos
immunoreactivity (Fos-IR) in a number of brain regions, regardless of CRF-R2 genotype
(Figure 7 and Table 1). Deletion of CRF-R2 decreased Fos-IR in the PVN (Figure 8), ventral
lateral septum (VLS), and median preoptic nucleus (MnPO), regardless of MA treatment.

More importantly, significant interactions between CRF-R2 genotype and MA treatment
were observed in the basolateral amygdala (BLA) (F(1,17) = 5.91; p <.05) and the central
nucleus of the amygdala (CeA) (F(y,17) = 5.44; p <.05). In these areas, the Fos response to
saline was similar between genotypes, yet CRF-R2 KO mice displayed a relatively
decreased Fos response to MA, compared to WT mice (Figure 9). Simple main effect
analyses confirmed that deletion of CRF-R2 significantly decreased MA-induced Fos-IR
within the BLA (F(1,g) = 5.50; p < .05) and CeA (F(y,g) = 10.80; p < .05).

DISCUSSION

The principal findings of this study were that genetic deletion of CRF-R2 attenuated the
locomotor response to MA, deletion of CRF-R1 or Ucnl did not affect MA-induced
sensitization, and deletion of CRF enhanced MA-induced sensitization. Furthermore, the
CRF-R1 antagonist CP-154,526 had no effect on the acquisition, and non-specific effects on
the expression, of MA-induced sensitization. Finally, we replicated our finding of CRF-R2-
dependent locomotor sensitivity to MA, and identified the BLA and CeA as potential sites of
involvement in this response.
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These results show, through pharmacological and genetic manipulations, that psychomotor
sensitization to a psychostimulant drug of abuse is unaffected by the absence of CRF-R1
signaling. Though these data appear contradictory to previous reports that CRF/CRF-R1
signaling and HPA-axis activation are required for psychostimulant-induced activation and
sensitization (Cador et al., 1993a, Cador et al., 1992, Cole et al., 1990a, Erb & Brown, 2006,
Koob & Cador, 1993, Sarnyai et al., 1992), many of these findings were established prior to
the discovery of CRF-R2 (Lovenberg et al., 1995) and the urocortin peptides (Lewis et al.,
2001, Reyes et al., 2001, Vaughan et al., 1995). Thus, these newer components of the CRF
system must be considered when interpreting previous results.

Early evidence for HPA-axis involvement in psychostimulant-induced behavior was
provided by data in which CRF antisera blocked cocaine-induced locomotor activation
(Sarnyai et al., 1992), adrenalectomy prevented amphetamine-induced sensitization (Rivet et
al., 1989), and glucocorticoid receptor agonists restored amphetamine-induced sensitization
in adrenalectomized rats (Cador et al., 1993b, Deroche et al., 1992). Though these findings
illustrate a role for glucocorticoids, the link with CRF-R1 is tenuous. The non-selective
CRF-R antagonist a-helical CRF(g.41) prevented cocaine-induced locomotor activation
(Sarnyai et al., 1992) and amphetamine-induced cross-sensitization to repeated stress (Cole
et al., 1990b). However, while a-helical CRF g.41) binds both CRF-Rs, it exhibits higher
affinity for CRF-R2 (Perrin et al.,1999) and partial agonist activity at CRF-R1 (Smart et al.,
1999). Thus, the effects of a-helical CRF(g.41) on psychostimulant-induced activation may
be attributed to its affinity for CRF-R2 rather than CRF-R1.

In addition, intracerebroventricular (i.c.v.) administration of CRF induced cross-
sensitization to amphetamine (Cador et al., 1993a), cocaine induced cross-sensitization to
i.c.v. CRF (Erb et al., 2003), and i.c.v. infusion of the non-selective CRF-R antagonist D-
Phe CRF(12.41) prevented the expression of cocaine-induced sensitization (Erb & Brown,
2006). While i.c.v. administration affords central distribution of peptides, organization of the
endogenous CRF system complicates interpretation of these results. For instance, exogenous
infusion of non-specific CRF-R ligands may control behavior via supra-physiological access
to either CRF-R subtype.

Thus, psychostimulant-induced activation has been enhanced by exogenous CRF, and
inhibited by immunoneutralization of CRF, interruption of glucocorticoids, and non-
selective CRF-R blockade. Additional results also implicate glucocorticoids in
psychostimulant-induced activation (De Vries et al., 1996, Deroche-Gamonet et al., 2003,
Marinelli et al., 1997, Piazza et al., 1994, Wei et al., 2004). However, none of the above
studies provide direct evidence for the involvement of CRF-R1, a limitation that must be
considered when attempting to extract a putative mechanism. In this light, it is tempting to
speculate that MA augments HPA-axis activity in a vasopressin-dependent manner, allowing
glucocorticoid release and locomotor activation to occur independently of CRF-R1
signaling. This possibility is supported by the observation that the CRF-R2-selective agonist
Ucn3 increases vasopressin (but not CRF) mRNA in the rat PVN (Jamieson et al., 2006). On
the other hand, the contribution of the PVN to MA sensitivity would likely be accompanied
by a modified Fos response in this region of CRF-R2 KO mice, which was not observed,
casting doubt on this possibility.

Intriguingly, the difference between present experiments and previous findings could be
attributed to the pharmacological profile of MA, because different psychostimulants vary in
the precise mechanism by which they cause monoamine release and HPA-axis activation
(Borowsky & Kuhn, 1991, Sarnyai et al., 1993, Scholl et al., 2009). Indeed, inhibition of
glucocorticoid synthesis prevented reinstatement of lever-pressing for cocaine, but not MA
(Goeders & Clampitt, 2002, Moffett & Goeders, 2007). Furthermore, while CP-154,526
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prevented cocaine-induced activation (Lu et al., 2003, Przegalinski et al., 2005), the CRF-
R1 antagonist antalarmin had non-specific effects on amphetamine-induced activation
(Zorrilla et al., 2002), suggesting differential CRF system involvement in the behavioral
effects of psychostimulants. Additionally, involvement of the CRF system in sensitization
induced by ethanol and MA differs significantly. Whereas CRF-R2 KO and Ucn1 KO mice
exhibit normal ethanol-induced sensitization, this is abolished in CRF-R1 KO mice (Pastor
et al., 2008), and diminished in CRF KO mice (R. Pastor, T.J. Phillips, A.E. Ryabinin,
unpublished data).

Analysis of brain regions in the present study revealed that deletion of CRF-R2 decreased
Fos-IR in the mPVN, pPVN, VLS, and MnPO, regardless of MA treatment. The PVN and
VLS show CRF-R2 expression (Chalmers et al., 1995, Van Pett et al., 2000), and the MnPO
shows dense Ucn3 expression (Li et al., 2002). Thus, while CRF-R2 signaling and Ucn3
activity in these regions may be downregulated (or eliminated) in CRF-R2 KO mice, the
absence of an interaction with MA treatment suggests that these populations may not be
involved in CRF-R2-dependent sensitivity to MA.

In the BLA and CeA, CRF-R2 KO mice displayed a relatively decreased Fos response to
MA, but not saline, which mirrored the locomotor activity levels (Figure 6, Figure 9). An
immediate interpretation would be that CRF-R2 signaling in BLA/CeA underlies MA
sensitivity. However, future experiments should clarify whether amygdalar CRF-R2 is truly
critical, or whether these loci play an indirect role. While high levels of CRF-R2 mRNA
have not been detected within the BLA and CeA, changes in BLA CRF-R2 mRNA have
been detected following stress and alcohol consumption (Herringa et al., 2004,Sommer et
al., 2008). Furthermore, CRF-R2-specific pharmacological manipulations within BLA and
CeA have been shown to have profound electrophysiological and behavioral effects (Funk &
Koob, 2007, Krishnan et al.), indicating the presence of functionally-relevant CRF-R2
expression in these regions.

Using KO mice, we found no evidence for the participation of CRF-R1 in the development
(Figure 1) or long-term expression (Supplementary Materials) of MA-induced sensitization.
While mutant mice may be prone to developmental compensations leading to altered
behavioral phenotypes, this is an inadequate explanation for our results in CRF-R1 KO
mice. Our inability to selectively alter the acquisition and expression of MA-induced
sensitization with CP-154,526 provides further support for the conclusion that CRF-R1 is
not involved in MA-induced activation. In addition, the locomotor activity observed here
was unlikely to be influenced by stereotypy, because the doses of MA used are insufficient
to induce stereotypy in mice (Atkins et al., 2001).

We predicted that deletion of CRF or Ucnl would attenuate MA-induced locomotor
activation, because exogenous CRF induces locomotor activation (Swerdlow et al., 1986),
and because psychostimulants activate a population of Ucnl-containing neurons (Spangler
et al., 2009) in which Ucnl is co-localized with the cocaine- and amphetamine-regulated
transcript (CART) peptide (Kozicz, 2003). However, results were not as predicted. Perhaps
CRF KO mice demonstrated enhanced MA-induced sensitization because of compensatory
changes in other CRF system components. CRF KO mice display decreased glucocorticoid
levels, comparable to those of adrenalectomized animals (Muglia et al., 1995). Because
adrenalectomy upregulates Ucn3 and CRF-R2 mRNA (Chen et al., 2005, Jamieson et al.,
2006), it is plausible that the exaggerated response to MA in CRF KO mice is mediated via
enhanced Ucn3/CRF-R2 signaling. In addition, CRF KO mice display increased levels of
Ucnl within the perioculomotor urocortin-containing neurons (plllu) (Weninger et al.,
2000). Enhanced innervation of amygdalar CRF-R2 by plllu Ucnl therefore represents a
potential mechanism in line with our Fos mapping results that could explain the exaggerated
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response to MA in CRF KO mice. However, the lack of any difference in MA-induced
sensitization between Ucnl KO and WT mice minimizes the likelihood that a Ucn1-
mediated mechanism is sufficient to explain our result.

We have used genetic tools in this study to demonstrate a novel role for CRF-R2 in the
response to a psychostimulant drug of abuse. Future studies should confirm this role using
pharmacological agents. In humans, the euphoric properties of MA are accompanied by
states of intense vigilance, and the behavioral output associated with this hyperactivity
(improved attention, lack of fatigue, hypophagia) contributes to the reinforcing effects of
MA (Nida, 2006). The purpose of these studies was to assess the participation of specific
components of the CRF system with regard to both MA-induced psychomotor sensitization
and generalized hyperactivity. Thus, although we did not obtain data implicating CRF-R2 in
the neural adaptations occurring during sensitization per se, the participation of CRF-R2 in
MA-induced activation remains relevant to the etiology of addiction in human populations.

It is reasonable to consider the involvement of urocortin peptides, rather than CRF, in CRF-
R2-dependent MA sensitivity. In general, evidence is accumulating that central urocortins
participate in anxiety- and depression-like behaviors that may be associated with neural
processes underlying addiction (Kozicz et al., 2008, Kuperman et al., Neufeld-Cohen et al.).
While we are intrigued by the observation that the Ucn2 gene is located within a region of
mouse chromosome 9 that has been associated with MA sensitivity (Palmer et al., 2005), the
more precise contribution of Ucnl, Ucn2, and Ucn3 will need to be addressed in future
studies. Within the context of our Fos mapping results, it is interesting that Ucn1 is the only
urocortin known to innervate the CeA (Bittencourt et al., 1999), whereas urocortinergic
innervation of the BLA has not been documented. Future studies should continue to focus on
elucidating site-specific regulation of the behavioral response to MA by CRF-R2-dependent
mechanisms, as newly-identified targets may lead to potential treatments for MA addiction.
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Figure 1.

CRF-R1 KO and WT mice do not differ in MA-induced sensitization. (a) Locomotor
activity counts (mean + SEM) in female and male CRF-R1 KO and WT mice from a 15-
minute session following administration of saline (D1, D2, D12) or 1 mg/kg MA (D3, D5,
D7, D9, D11, D27). (b) Sexes collapsed for clarity. #: main effect of sex across repeated
saline days (p < .05). n = 15-20 per genotype, per sex. The same animals contributed to all
scores in panels a and b.
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Selective blockade of CRF-R1 in DBA/2J mice does not selectively attenuate MA-induced
sensitization. (a) Acquisition experiment. Locomotor activity scores (distance traveled in
cm; mean + SEM) from Day 11 (see Methods). (b) Expression experiment. Locomotor
activity scores (distance traveled in cm; mean + SEM) from Day 11 (see Methods). (c)
Control experiment. Locomotor activity scores (distance traveled in cm; mean + SEM) from
Day 11 (see Methods). *: main effect of MA (both p <.001); #: main effect of CP-154,526
(both p < .0005); %: 0 mg/kg vs. 30 mg/kg (p < .05) (Tukey’s HSD). Boxed numbers
indicate number of animals per group; different animals contributed to separate experiments
for panels a, b, and c.
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Figure 3.

CRF-R2 KO mice display a decreased locomotor response to MA. (a) Locomotor activity
counts (mean + SEM) in female and male CRF-R2 KO and WT mice following
administration of saline or 1 mg/kg MA. (b) Sexes collapsed for clarity. *: main effect of
genotype across repeated MA trials (p < .05). h = 12-22 per genotype, per sex. The same
animals contributed to all scores in panels a and b.
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Figure 4.

MA-induced sensitization is enhanced in CRF KO mice. (a) Locomotor activity counts
(mean £ SEM) in female and male CRF KO and WT mice following administration of saline
or 1 mg/kg MA. (b) Sexes collapsed for clarity. T: genotype x sex interaction (p < .05); %:
day x genotype interaction (p < .05), *: simple main effect of genotype (p <.05), **: simple
main effect of genotype (p <.01). n = 8-15, per genotype, per sex. The same animals
contributed to all scores in panels a and b.
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Ucnl KO and WT mice do not differ in MA-induced sensitization. (a) Locomotor activity

counts (mean + SEM) in female and male Ucnl KO and WT mice following administration
of saline or 1 mg/kg MA.. (b) Sexes collapsed for clarity. $: day x sex interaction (p = .001).
n = 16-19 per genotype, per sex. The same animals contributed to all scores in panels a and

b.
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Figure 6.

Deletion of CRF-R2 abolishes acute stimulation to MA. (a) Locomotor activity counts
(mean £ SEM) in female and male CRF-R2 KO and WT mice from a 15-minute session on
Days 1 and 2 following administration of saline, and on Day 3 following administration of
either saline or MA (1 mg/kg) (sexes collapsed). (b) Locomotor activity counts from Day 3
(mean + SEM) for mice treated with either saline or MA on Day 3, demonstrating a blunted
acute stimulant response to MA in CRF-R2 KO mice (sexes collapsed). *: genotype x
treatment interaction (p < .05); ¥: simple main effect of genotype within MA-treated groups
(p <.05). Boxed numbers indicate number of animals per group; the same animals
contributed to all scores in panels a and b.
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Figure 7.
MA upregulates Fos-IR within the perioculomotor urocortin-containing neurons (plllu) of

both CRF-R2 KO and WT mice. (a) Results from cell counts (mean + SEM) in the plliu. (b)
Representative photomicrographs showing Fos-positive cells within the plllu; schematic
shows the area delineated for counting. *: main effect of MA treatment (p < .05). Boxed
numbers indicate number of animals per group.
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Figure 8.
Deletion of CRF-R2 results in an overall decrease in Fos-IR within the paraventricular
nucleus of the hypothalamus (PVN). Results from cell counts (mean + SEM) in (a) the
magnocellular division of the PVN (mPVN) and (b) the parvocellular division of the PVN
(PPVN). (c) Representative photomicrographs showing Fos-positive cells in the mPVN and
pPVN; the schematic shows areas delineated for counting. #: main effect of CRF-R2
genotype (p <.05). Boxed numbers indicate number of animals per group; the same animals

contributed to all values in panels a and b.
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Figure 9.

Deletion of CRF-R2 attenuates acute MA-induced Fos-IR within the basolateral amygdala
(BLA) and the central nucleus of the amygdala (CeA). Shown are the results from cell
counts (mean + SEM) in the (a) basolateral and (b) central nuclei of the amygdala. (c)
Representative photomicrographs showing Fos-positive cells in the lateral amygdala (LA),
BLA and CeA,; the schematic shows areas delineated for counting (for CeA, both the
capsular and lateral divisions of the nucleus were included). *: CRF-R2 genotype x MA
treatment interaction (both p <.05); F: simple main effect of genotype within MA-treated
groups (both p < .05). Boxed numbers indicate number of animals per group; the same
animals contributed to all values in panels a and b.
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Table 1

Statistical results for the effects of CRF-R2 genotype (KO or WT) and MA treatment (saline or 1 mg/kg MA)
on neural activation (Fos-IR) in multiple brain regions.

Region MA Treatment CRF-R2 Genotype Interaction
NAcc core F(1,18) =32.59 p<.0001 | F(1,18)=0.01p=.935 | F(1,18)=1.21p=.286
NAcc shell F(1,18) =32.50 p<.0001 | F(1,18)=0.51p=.486 | F(1,18)=2.68 p=.119

dorsolateral BNST | F(1,18)=16.02p=.001 | F(1,18)=0.00p=.975 | F(1,18) = 0.22 p = .646

posterolateral BNST | F(1,18)=8.83p=.008 | F(1,18)=0.13p=.721 | F(1,18) =0.21 p = .650

ventral LS F(1,17)=044p= 515 | F(1,17)=5.90p=.027 | F(117)=3.52p=.078
intermediate LS F(1,17)=8.77p=.009 | F(1,17)=0.00p=.979 | F(1,17)=0.38 p = 545
dorsal LS F(1,17)=14.29p=.002 | F(1,17)=0.00p=.979 | F(1,17)=0.35p = 561
MnPO F(1,17)=0.00p=.977 | F(1,17)=452p=.048 | F(1,17)=256p=.128
mPVN F(1,18)=0.10p=.751 | F(1,18)=570p=.028 | F(118)=1.97p=.177
pPVN F(1,18)=2.06p=.167 | F(1,18)=6.25p=.022 | F(1,18)=0.10p=.753

LA F(1,17)=844p=.010 | F(1,17)=044p=517 | F(1,17)=185p=.192

BLA F(1,17)=13.72p=.002 | F(1,17)=326p=.089 | F(1,17) =591 p=.027

CeA F(1,17)=3.88p=.066 | F(1,17)=2.90p=.107 | F(1,17)=5.44p=.032
BMA F(1,19)=221p=.154 | F(1,19)=0.00p=.947 | F(1,19)=0.01p=.924
dorsal MeA F(1,19)=846p=.009 | F(1,19)=0.00p=.964 | F(1,19)=0.01p =.933
ventral MeA F(1,19)=9.35p=.007 | F(1,19)=0.13p=.724 | F(1,19)=0.09 p = .769
VMH F(1,19)=0.13p=.727 | F(1,19)=0.33p=571 | F(1,19)=1.39p=.254

SN lateral/compacta F(1,18) =6.42 p=.021 F(1,18)=0.02p=.903 | F(1,18)=1.15p=.298

SN reticularis F(1,18)=321p=.090 | F(1,18)=041p=.528 | F(118)=0.99p=.322
VTA F(1,18)=6.46p=.021 | F(1,18)=0.07p=.793 | F(1,18) = 0.35 p = 561
pilly F(1,18)=8.20p=.010 | F(1,18)=0.09p=.767 | F(1,18) = 0.06 p = .808
MRN F(1,19)=4.42p=.049 | F(1,19)=0.02p=.894 | F(1,19)=0.32 p= 577

lateral DRN F(1,18)=3.10p=.095 | F(1,18)=0.00p=.954 | F(1,18)=0.04p =.836
dorsal DRN F(1,18)=9.09p=.007 | F(1,18)=0.31p=.587 | F(1,18) = 0.40 p = 537
ventral DRN F(1,18)=9.48p=.007 | F(1,18)=0.03p=.859 | F(1,18)=0.23p = .638

intrafascicular DRN F(1,18) =4.95p=.039 F(1,18) =0.04 p=.835 | F(1,18)=0.74 p =.402

MA Treatment effect (left column): MA increased c-Fos expression in a number of brain regions, regardless of CRF-R2 genotype (indicated by
bold type). CRF-R2 Genotype effect (center column): Deletion of CRF-R2 decreased c-Fos expression in ventral lateral septum (LS), median
preoptic nucleus (MnPO) and both the magnocellular and parvocellular divisions of the paraventricular nucleus of the hypothalamus (mPVN,
pPVN), regardless of MA treatment. Interaction effect (right column): Deletion of CRF-R2 attenuated the c-Fos response to MA, but had no effect
of c-Fos expression following saline treatment, in the basolateral and central nuclei of the amygdala (BLA, CeA). NAcc, nucleus accumbens;
BNST, bed nucleus of the stria terminalis; LA, lateral amygdala; BMA, basomedial amygdala; MeA, medial amygdala; VIMH, ventromedial
nucleus of the hypothalamus; SN, substantia nigra; VTA, ventral tegmental area; pllIy, perioculomotor urocortin-containing neurons (non-

preganglionic Edinger-Westphal nucleus); MRN, median raphé nucleus; DRN, dorsal raphé nucleus.
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