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Illicit abuse of psychoactive substances, including marijuana, continues to be a
serious problem in our society and therefore cultivating a more thorough understanding
of the neuroanatomical and neurochemical substrates underlying drug abuse is needed.
Characterizing specific brain nuclei that are integral components of brain reward circuits,
such as the ventral tegmental area (VTA), may offer important insights into modulation
of behaviors associated with drug abuse. The VTA includes DA-containing and GABAcontaining neurons which provide important forebrain control over the limbic system.
The present series of studies explored these VTA neurons from two perspectives: First,
we explored the VTA as a potential site of action for cannabinoid receptors (CB1R) and
provide the first detailed analysis of the distribution of CB1R throughout the various
subnuclei and across the rostrocaudal extent of the VTA. We demonstrated that CB1R
populations have postsynaptic localization in the VTA, and a rostrocaudal gradient of
expression in the interfascicular nucleus, which expressed the highest level of CB1R in
the VTA subnuclei. Second, we explored the prospect that specific ablation of a subset of
VTA neurons, those GABA-containing neurons that posses μ-opioid receptors, play an
important role in the generation of motor behavior. Ablation of GABA neurons following
intra-VTA administration of the selective toxin dermorphin-saporin was associated with
elevated spontaneous locomotor activity at day 7 that normalized to basal levels by day
14 after treatment. Despite this normalization motor hyperactivity induced by the wellcharacterized psychostimulant cocaine was significantly elevated in keeping with the
v

hypothesis that loss of GABAergic innervation in the VTA sensitizes to the
neurochemical actions of cocaine. Collectively, our results demonstrate a new
localization of CB1R in the VTA and the behavioral impact of GABA-containing neuron
ablation in the VTA. These data add to growing evidence of the impact of psychoactive
substances on neuroanatomical substrates, such as the VTA.
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CHAPTER 1
Introduction
Drug Abuse
Illicit drug abuse continues to be one of the most serious problems in American
society, resulting in “more deaths, illnesses and disabilities then any other preventable
health condition” (Robert Wood Johnson Foundation, 2001). The estimated economic
burden associated with illegal drug use in the United States has grown drastically in the
last few years, from $107.6 billion in 1992 to $181 billion in 2002, a result of primary
health care expenses, lost job productivity, and costs associated with intervention and the
rising costs of the criminal justice system (Office of Drug Control Policy, 2004).
Alarmingly, illicit drug use is currently a greater economic burden to American society
than obesity ($99 billion per year), Alzheimer’s disease ($100 billion per year), or
cigarette smoking ($138 billion per year, Office of Drug Control Policy, 2004). Even
more important than the massive economic burden is the countless personal cost
associated with the loss of quality of life for families and friends impacted by the
devastation caused by drug addiction. Futhermore, constant debate rages among the
American public, U.S. Government, and medical/scientific communities concerning the
optimal care and/or feasible solutions to this evergrowing epidemic. One important aspect
certainly is cultivating a better understanding of the mechanisms of action of abused
drugs is critical to development of a greater number of pharmacotherapies with greater
efficacy for drug abuse and addiction.
Marijuana
The psychoactive plant marijuana is undoubtedly the most abused illicit drug in
the world (SAMHSA, 2003), a fact that emphasizes the pressing need to understand its
mechanisms of action and to gain advantage to managing its psychological and
physiological effects and marijuana dependence. In fact, roughly 6.2% (or 14.6 million)
of Americans are estimated to have used marijuana at least once during the month
previous to being surveyed during 2002 and a third of these reported heavy marijuana
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use, characterized by use on approximately 20 or more days of use during the last month
(SAMHSA, 2003). The acute effects of marijuana include euphoria, distorted perception,
memory impairment and disrupted motor coordination (Ameri, 1999). One of the active
alkaloids in marijuana, delta-9-tetrahydrocannabinol (∆9-THC), is one of approximately
60 similar molecules found naturally in the Cannabis sativa plant (Ameri, 1999). These
molecules are all members of the cannabinoid family of molecules, which are of interest
in the treatment of pain, glaucoma, increasing appetite during chronic wasting, and also
decreasing nausea associated with drug treatments (Kalant, 2001). In fact, the synthetic
Δ9-THC (dronabinol) is in use in the United States for the treatment of nausea and
vomiting associated with cancer chemotherapy and to increase appetite in AIDS patients
(Mechoulam and Hanu, 2001).

Clearly, understanding the manner through which

cannabinoids operate within the CNS is important for the development of treatment
modalities for marijuana abuse and dependence but also for gaining an understanding of
the potential therapeutic utility of cannabinoid ligands as medications.
A Major Brain Circuit of Reward
One common feature of all drugs of abuse including cannabinoids is the
modulation of neurotransmission within the mesoaccumbens dopamine (DA) pathway or
‘reward pathway’ which originates in DA cell bodies of the ventral tegmental area (VTA)
and terminates in the nucleus accumbens (NAc). Increased DA release in the NAc is
induced by psychoactive drugs from different drug classes (Di Chiara and Imperato,
1988b) via a multitude of distinct neural mechanisms. In fact, the natural cannabinoid
agonist ∆9-THC and the synthetic cannabinoid agonist WIN55,212 have been reported to
increase DA overflow in the NAc after systemic injection (Gardner and Vorel, 1998;
Tanda et al., 1997; Tanda and Goldberg, 2003), which may be related to cannabinoidevoked increases in firing rates and burst firing of VTA DA neurons (French, 1997).
Additionally, significant increases in NAc DA levels are observed after acute
administration of psychostimulants such as cocaine (Di Chiara and Imperato, 1988b).
Therefore, the mesoaccumbens DA system is an important circuit in reward and is
activated by drugs of abuse such as cannabinoids and psychostimulants.
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Discovery of Cannabinoid Receptors in the Brain
A significant advancement in the cannabinoid field was the initial discovery of
binding sites for Δ9-THC in rat brain tissue (Devane et al., 1988) and the description of
cannabinoid receptor distribution in the brain (Herkenham et al., 1991b). These and other
reports of critical molecular genetic studies (Matsuda et al., 1990; Munro et al., 1993)
laid the foundation for the emergence of two major cannabinoid receptor subtypes (CB1R
and CB2R). The CB1R are primarily localized in the CNS but have been localized in very
low abundance in some peripheral tissues, including small intestine, liver, vascular
endothelium, and immune system cells (Kunos et al., 2002; Pertwee, 1997; Salio et al.,
2002). The CB2R, on the other hand, is primarily localized to immune cells in the
periphery (Munro et al., 1993), but has recently been discovered in various brain tissues
in low abundance (Onaivi et al., 2006).
Discovery of Endogenous Cannabinoid Agonists and Development of Synthetic CB1R
Ligands
Characterization of the cannabinoid receptors led to the discovery of the first
known endogenous cannabinoid lipid agonists and synthetic CB1R ligands. The first
endogenous lipid cannabinoid agonist (endocannabinoid) to be characterized in mammals
was named “anandamide,” derived from the sanskrit word for inner bliss and tranquility
(Devane et al., 1988). Subsequently, numerous other endogenous molecules have been
characterized with affinity for cannabinoid receptors in neuronal as well as peripheral
tissues (Hanus et al., 2001; Mechoulam et al., 1995; Sugiura et al., 1995). Discovery and
characterization of the two principle cannabinoid receptors also led to the synthesis of
novel cannabinoid ligands. For example, two tri-terpenoid cannabinoid agonists
(CP55,940 and WIN55,212-2) were initially developed following the structure analysis
and synthesis of Δ9-THC (Mechoulam and Gaoni, 1965a) as well as the highly potent
tricyclic benzopyran analog HU-210 (Pop, 1999). Today’s compliment of cannabinoid
research tools continues to increase with the discovery and development of many new
endogenous and synthetic molecules known to have affinity for cannabinoid receptors.
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CB1 Receptors
The CB1R is a G-protein coupled receptor (GPCR) which negatively couples
through Gi/o proteins to adenylate cyclase and positively couples to mitogen-activated
protein kinase (Yamamoto and Takada, 2000). The CB1R is also known to modulate ion
channels, including potassium and N- and P/Q-type calcium channels (Ameri, 1999). One
known splice variant of the CB1R, the CB1A has been currently characterized (Shire et
al., 1995), and both the native receptor and the splice variant are generated from the
native CB1R mRNA and not from distinct exons (Shire et al., 1995). Endogenous
cannabinoids such as anandamide and 2-arachidonyl glycerol can be generated as a
response to postsynaptic depolarization in a cascade of biochemical steps that result in a
release of endocannabinoids to act as retrograde signaling molecules; released
endocannabinoids are proposed to bind to CB1R located on the presynaptic neuron
(Wilson and Nicoll, 2001).

The signaling mechanisms for initiating cannabinoid

generation and subsequent cannabinoid release have not been fully elucidated, although
several signals appear to trigger endocannabinoid production; currently, both a Ca2+modulated pathway and a metabotropic glutamate receptor modulated mechanism have
been reported to control endogenous cannabinoid release (Wilson and Nicoll, 2002).
Although the presynaptic (terminal) localization and retrograde signaling
mechanisms of action of endocannabinoids have been more thoroughly characterized,
there is also a growing body of evidence suggests that CB1R mediates the postsynaptic
actions of cannabinoids (Endoh, 2006; Hohmann et al., 1999; Kelly and Chapman, 2001;
Kirby et al., 2000; Lopez-Redondo et al., 1997; Pickel et al., 2004; Rodriguez et al.,
2001; Salio et al., 2002; Schweitzer, 2000). In particular, two postsynaptic mechanisms
of cannabinoids have been characterized to date. For example, stimulation of CB1R by
application of WIN55,212 has been noted to hyperpolarize neurons in the nucleus tractus
solitarius via a K+-dependent mechanism (Endoh, 2006), and in the CA1 region of the
hippocampus via a Ca2+-dependent mechanism (Kirby et al., 2000). The CB1R has also
been localized to the postsynaptically by electron microscopy and immunohistochemical
studies which show CB1R protein expression within plasma membranes in
somatodendritic profiles and within the cytoplasm of caudate putamen neurons
(Rodriguez et al., 2001), NAc medium-sized spiny neurons (Pickel et al., 2004) as well as
neurons in dorsal horn of the spinal cord (Salio et al., 2002). Thus the CB1R appears to be
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functionally important at both pre- and postsynaptic locations, and the VTA localization
of CB1R has yet to be adequately investigated despite the importance of this brain
nucleus in reward processes.
The CB1R mRNA and protein have been localized to many different brain
regions, including the cerebellum, hippocampus, and basal ganglia (caudate putamen,
globus pallidus, substantia nigra), brain regions important in reward, learning and motor
control (Herkenham et al., 1991b). In contrast to the consistent and repeated observations
of high levels of CB1R mRNA and protein in these regions, the localization of CB1R
mRNA to the mesoaccumbens circuit, including the VTA and NAc is more controversial
(Schlicker and Kathmann, 2001). Studies of CB1R mRNA or protein expression and
receptor binding studies of CB1R do not specifically describe the VTA as a site of
expression (Moldrich and Wenger, 2000; Patel and Hillard, 2003; Pettit et al., 1998; Tsou
et al., 1998). However, the CB1R radioligand 3H-CP55,940 was shown to bind to tissue
sections of the VTA at levels comparable to other known G-protein coupled receptors
(GPCRs; Herkenham et al., 1991b). Immunohistochemical localization of CB1R in DA
neurons of the VTA was described (Wenger et al., 2003) however the anatomical
localization within the VTA was not described. A comprehensive demonstration of
CB1R protein expression throughout the VTA and its component subnuclei has not yet
been described, therefore a primary goal of these studies is to use immunohistochemical
techniques to describe the localization of CB1R throughout the VTA.
CB2 Receptors
The CB2R is also a GPCR that is negatively coupled through Gi/o proteins to
adenylate cyclase and positively coupled to mitogen-activated protein kinase (Ameri,
1999). The CB2R only shares 44% sequence homology throughout the total protein and
only 68% sequence homology within the transmembrane domains of the CB1R (Munro et
al., 1993). Futhermore, the localization of the CB2R is markedly different from the
CB1R, which is primarily located in immune cells with particularly high levels found in
the spleen (Munro et al., 1993; Schatz et al., 1997) and only small amounts detectable in
the CNS (Onaivi et al., 2006). The signal transduction mechanisms are also distinct from
the CB1R in that ionotropic actions of CB2R have not been reported (Felder et al., 1992).
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VTA as a Site of Action for Cannabinoid Agonists
The VTA has been implicated as a prominent site of action of cannabinoid
agonists. For example, systemic administration of Δ9-THC or the synthetic cannabinoid
agonist WIN55,212-2 increased firing of VTA DA neurons and this effect was blocked
by pretreatment with the cannabinoid antagonist SR141716a (French, 1997; French et al.,
1997). The increases in VTA DA firing caused by cannabinoid agonists binding to CB1R
B

in the VTA may be due to inhibition of gamma-aminobutyric (GABA) neurotransmission
allowing a disinhibition of DA neurons (Szabo et al., 2002). However cannabinoid
agonists have also been found to inhibit glutamate neurotransmission in the VTA (Melis
et al., 2004), thus suggesting potentially competitive mechanisms of action between
inhibitory and excitatory inputs to VTA neurons. The potentially heterogenous VTA
CB1R populations in the VTA that may differentially modulate neurotransmission and
therefore these reports CB1R populations warrant further study.
B

The VTA is not only heterogenous in terms of resident neuronal populations and
connectivity (Geisler and Zahm, 2005; Swanson, 1982c) but also may be in terms of
behavioral function. This functional heterogeneity is becoming evident in terms
cannabinoid-evoked behavior and protein expression after cannabinoid administration
across rostral (anterior) and caudal (posterior) regions (Butovsky et al., 2005; Zangen et
al., 2006). For example, administration of Δ9-THC into the caudal, but not rostral, VTA
induced hyperactivity and supported both a conditioned place preference and selfadministration (Zangen et al., 2006). Additionally, recent reports indicate that
systemically-administered cannabinoids can differentially alter the expression levels of
several cellular markers across VTA subnuclei. For example, chronic ∆9-THC (1.5
mg/kg, IP, per day for 7 days) administration preferentially induced brain-derived
neurotrophic factor (BDNF) expression in the caudal VTA (4-fold change) compared to
the rostral VTA (1.7-fold change) (Butovsky et al., 2005). Thus, taken together, these
data suggest that regional differences in the expression and actions of CB1R in the VTA
contribute to differential behavioral and molecular consequences of cannabinoid
exposure.
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Gamma-aminobutyric acid (GABA) Neurons of the VTA
Key regulatory components of the VTA are the inhibitory GABA inputs from
local VTA GABA-containing interneurons and from GABA-containing projection
neurons (Mathon et al., 2003; White, 1996). These neurons release the neurotransmitter
GABA which binds to pre- (GABAB) and postsynaptic GABA (GABAA and GABAB)
receptors located on DA neurons to then inhibit the firing of DA neurons (Korotkova et
al., 2004). The GABA-containing neurons in the VTA are also thought to express CB1R
protein (Schlicker and Kathmann, 2001) and therefore may meditate in part the
behavioral effects of cannabinoid agonist administration. Understanding the inhibitory
control of GABA-containing neurons in the VTA is critical in understanding both basic
reward pathway function as well as behavior elicited by drugs of abuse.
Overall Goals
The loci and mechanisms of cannabinoid actions in the VTA are unclear. One
primary goal of this project is to develop a better understanding of the localization of
CB1R in VTA and the functional significance of these receptors in the VTA. We first
utilized one of the first commercially available anti-CB1R antibodies (CB1, N-15; sc10066, Santa Cruz Biotechnology, Inc., Santa Cruz, CA) to characterize the localization
of CB1R protein within the VTA. Furthermore, based on evidence that CB1R may
modulate behavior via direct action on GABA-containing neurons, we examined the
effects of selective ablation of GABA-containing neurons in the VTA on basal locomotor
activity, mRNA and protein expression of μ-opioid receptors, glutamic-acid
decarboxylase-67 (GAD-67). Additionally we examined the effects of loss of VTA
GABA-containing neurons on hyperactivity induced by the psychostimulant cocaine.
Developing a better understanding of VTA cannabinoid receptor localization and the
modulatory contribution of GABA-containing neurons in basal and drug-evoked
behaviors is critical to the development of a more thorough understanding of the
mesocorticolimbic reward pathway.
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CHAPTER 2
Localization of Cannabinoid CB1 Receptors in Subnuclei of the
Ventral Tegmental Area
ABSTRACT
A functional role for the cannabinoid CB1R in the VTA has been described based
upon behavioral and electrophysiological analyses, yet knowledge regarding CB1R
B

protein expression in the VTA is limited. The goal of the present study was to further
confirm and detail the distribution of CB1R protein throughout the rostrocaudal extent of
the

VTA

using

immunohistochemical

detection.

To

this

end,

we

utilized

immunohistochemical techniques to explore the regional, subregional, and cellular
distribution of CB1R immunoreactivity (IR) throughout the VTA of male SpragueDawley rats. The CB1R-IR was distributed in cellular-and fiber-like structures in
component subnuclei (interfascicular nucleus, parabrachial pigmented nucleus, paranigral
nucleus, parainterfascicular nucleus) of the VTA. Low-to-moderate numbers of CB1R-IR
positive cells were observed in subnuclei represented at rostral and middle levels, while
moderate-to-high numbers of CB1R-IR positive cells were found in the caudal VTA. The
caudal interfascicular nucleus contained a rostrocaudal gradient of CB1R-IR and the
highest density of CB1R-IR cells within the entire VTA. These data support observations
that the VTA is anatomically heterogenous and suggest that the caudal interfascicular
nucleus may be an especially important site of action for the generation of behaviors
evoked by administration of the cannabinoids, such as Δ9-tetrahydrocannabinol in
marijuana, the most abused illicit drug in the world today.
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INTRODUCTION
The abuse liability and euphoric effects of marijuana in humans have been linked
to a key psychoactive alkaloid ∆9-tetrahydrocannabinol (Δ9-THC) (Mechoulam and
Gaoni, 1965b). Animal studies have characterized a myriad of motor, rewarding and
aversive behavioral effects of ∆9-THC which have been recently shown to overlap with
those of synthetic cannabinoid agonists such as WIN 55,212-2 and CP55,940 (Gardner,
2002). The mechanisms of action underlying the rewarding and reinforcing effects of
cannabinoid agonists may include modulation of mesoaccumbens DA circuits as
indicated by the observation that systemic administration of ∆9-THC or potent synthetic
cannabinoid receptor agonists enhances DA release in axonal terminal regions of VTA
neurons, including the nucleus accumbens (NAc; Cheer et al., 2004) and prefrontal cortex
(PFC; Chen et al., 1990), in a calcium-, impulse- (French et al., 1997) and CB1Rdependent manner (French, 1997; Gardner, 2002; Gardner, 2005). Actions within the
VTA could account for cannabinoid-evoked DA efflux in forebrain regions given that
CB1R activation after systemic administration of cannabinoid agonists results in
increased firing rates and burst firing of DA VTA neurons (French et al., 1997). In
support of the possibility of the VTA as a site of action for cannabinoid agonists,
microinjection of Δ9-THC into the posterior VTA evokes hyperactivity and a conditioned
place preference (CPP; Zangen et al., 2006). Thus, direct or indirect actions of
cannabinoids at CB1R in the VTA could result in increased cell firing of DA VTA
neurons and the subsequent increased DA release in forebrain and evocation of
behavioral outcomes.
Despite the attractiveness of this hypothesis, a significant disparity exists.
Although electrophysiological effects of cannabinoid agonists are observed upon
application to the VTA (French et al., 1997; Gessa et al., 1998; Melis et al., 2004; Szabo
et al., 2002), evidence of expression of a population of CB1R mRNA or protein in
neurons of the VTA is limited. Neither in situ hybridization studies of CB1R mRNA
expression or immunohistochemical and receptor binding studies of CB1R protein
expression mention the VTA as a site of expression (Moldrich and Wenger, 2000; Patel
and Hillard, 2003; Pettit et al., 1998; Tsou et al., 1998). However, images published in
studies of radiolabeled cannabinoid agonist (3H-CP55,940) binding in rat brain tissue
clearly demonstrated and quantified the binding in the VTA (Herkenham et al., 1991a;
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Herkenham et al., 1991b) at expression levels (1.46 pmol/mg protein) comparable to
those of some common ionotropic receptors and even greater levels than most G-protein
coupled receptors (Bowery et al., 1987; Greenamyre et al., 1984). Furthermore, the first
documentation of CB1R-immunoreactive (CB1R-IR) protein detection in DA neurons of
the VTA with antibody labeling was recently noted (Wenger et al., 2003). Wenger
described experiments that indicate the expression of CB1R in the VTA, however, the
detailed anatomical localization of VTA CB1R-IR has not been characterized and a
thorough analysis of the distribution of CB1R-IR in the VTA is necessary to fully
understand the role of endogenous CB1R in this important region of the reward circuit.
The VTA is located in the ventral portion of the mesencephalon and is comprised of the
A10 DA population of mesencephalic catecholamine neurons (Dahlstrom and Fuxe,
1964). The VTA extends from the level of the supramammillary bodies caudally to linear
raphe nucleus at the level of the pontine nucleus (German and Manaye, 1993a; Swanson,
1982b) and is divided based upon cytoarchitecture into multiple subnuclei (see Figures
4-6): the paranigral nucleus (PN), the parabrachial pigmented nucleus (PBP), the
intrafascicular nucleus (IF), and the parainterfascicular nucleus (PIF). The projection of
VTA DA neurons to forebrain sites, such as the NAc, has been shown to differ among the
subnuclei (Swanson, 1982a; Phillipson, 1979). For example, DA neurons in the PN, PBP,
and IF comprise the largest population of VTA neuronal efferents to innervate the NAc
and prefrontal cortex (PFC) (Swanson, 1982d). Thus, the VTA contains numerous levels
of complexity, and a greater understanding of the differences across the individual
subnuclei will allow important advances in understanding VTA neurotransmission. A
critical advancement in delineating VTA neurotransmission is determining the
differential distribution of receptors such as the CB1R within the subnuclei of the VTA.
In the present study, confirmed the presence of CB1R mRNA in tissue
homogenates isolated from the VTA. We also validate the presence of CB1R-IR in
various brain areas known to express CB1R and a specific distribution of the CB1R within
cells in subnuclei of the VTA (IF, interfascicular nucleus; PBP, parabrachial pigmented
nucleus; PN, paranigral nucleus; PIF, parainterfascicular nucleus) using a CB1R antibody
(N-15, sc-10066, lot# F1903, goat polyclonal CB1; Santa Cruz Biotechnology, Santa
Cruz, CA) to characterize expression of the CB1R in the VTA.
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MATERIALS AND METHODS
Tissue Preparation
Naïve male Sprague-Dawley rats (n=3, Harlan Sprague-Dawley, Inc.,
Indianapolis, IN) weighing 275-300g were used. Rats were deeply anesthetized with
pentobarbital (100 mg/kg, IP, Sigma) and perfused transcardially with phosphate buffered
saline (PBS) followed by 3% buffered paraformaldehyde in PBS (500 ml/rat). After
brain removal and post-fixation (2 hr) at room temperature, the brains were transferred to
a 30% sucrose solution (4oC, 2 days) for cryoprotection, then rapidly frozen with crushed
dry ice and stored at -80oC until sectioning. Free floating sections were processed as
described below. All experiments were conducted in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals and with approval
from the Institutional Animal Care and Use Committee.
Total RNA Extraction and Reverse Transcription
Naïve rats (n=3) were anesthetized using chloral hydrate (800 mg/kg, IP) and
decapitated. The VTA tissue was microdissected using a method modified from Heffner
and validated in our lab (Bubar et al., 2004; Heffner et al., 1980; Herin et al., 2005) and
stored in RNAlater® (Ambion, Austin, TX) at -800C. Total RNA from tissue was
prepared using standard methods (RNAqueous®, Ambion). The quality of total RNA
was verified by electrophoresis and spectrophotometry.

Reverse transcription was

performed using the TagMan® Reverse Transcription Kit (Applied Biosystems, Foster
City, CA) and the Perkin Elmer GeneAmp® System 9600 (PE Biosystems, Foster City,
CA). The reverse transcription program consisted of 25oC for 10 min, 48oC for 30 min,
and 95oC for 5 min. Random hexamers were used to prime all reverse transcription
reactions.
PCR
A 114bp (base pair) specific rat CB1R encoding region was amplified by PCR
using the sense primer 5’-GCTGCTGCTGTTCATTGTGT-3’ and the antisense primer
5’-CGTCTTCTGACGTGTGGATG-3’. Primers were designed using Primer 3
(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi;

Whitehead

Institute

for

Biomedical Research; Rozen and Skaletsky, 2000). The amplification reaction was
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carried out in a Perkin Elmer GeneAmp® System 9600 for 35 cycles. Each cycle
consisted of denaturation for 15 sec at 94oC, annealing for 30 sec at 62oC, and an
extension for 30 sec at 72oC. A final extension step at 72oC for 10 min terminated the
amplification. PCR product was analyzed by electrophoresis using a 3% agarose gel.
Immunohistochemistry
Sections were processed in parallel throughout all immunohistochemical assays.
Briefly, coronal sections (35 μm) containing the hippocampus [-4.5mm from Bregma] or
VTA [rostral -5.0 mm, middle -5.5 mm, and caudal -6.0 mm from Bregma (Nocjar et al.,
2002)] were taken from brains using a cryostat (Leica CM1850, Bannockburn, IL) kept at
-20oC according to the atlas of Paxinos and Watson (2005). Standard procedures were
employed for immunodetection (Frankel and Cunningham, 2002; McInvale et al., 2002).
Briefly, following extensive washes, non-specific binding was blocked by incubating the
tissue sections in 0.4% Triton X-100 in PBS containing 1.5% normal rabbit serum
(Vector Laboratories, Burlingame, CA) for 1 hr, then in primary antibody (2 days, 40C).
The primary antibody was a polyclonal anti-CB1R made in goat, used at a 1:500 dilution
(N-15, Cat# sc-10066, lot# F1903; Santa Cruz Biotechnology, Santa Cruz, CA, which has
been employed in numerous studies (Ashton et al., 2004a; Ashton et al., 2004d; Ashton et
al., 2004b; Ashton et al., 2006a; Jiang et al., 2005; Smith et al., 2006). Following
extensive PBS washing, sections were incubated in a secondary antibody solution
(biotinylated goat anti-rabbit IgG, 1:400; Vector) for 1 hr, then in an avidin/biotinhorseradish peroxidase complex (ABC; Vectastain® Elite kit; Vector) for 1 hr. The
sections were rinsed 3x in a Tris buffer (pH 7.6) followed by incubation in
diaminobenzidine (0.5 mg/ml) with 0.005% H2O2. The chromagen reaction was
terminated by placing the sections in PBS. Sections were mounted out of a 0.1% Drefts®
solution onto slides previously coated with gelatin chrom alum. DPX (Fisher Scientific,
Houston, TX) was used to coverslip the slides.
Antibody Validation
Several controls were employed to validate the specificity of the CB1R antibody
under the present immunohistochemical conditions. Staining in free-floating sections was
assessed following either incubation of the primary antibody (1:500) or secondary

12

antibody alone (1:400). In addition, CB1R immunoreactivity was assessed in tissue
sections containing the hippocampus in which this particular CB1R antibody (N-15, Cat#
sc-10066, lot# F1903) and other CB1R antibodies (Pettit et al., 1998; Tsou et al., 1998)
have been well-characterized to stain a definitive pattern of cells in the molecular and
polymorph layers of the dentate gyrus. In an additional control, we analyzed staining
following preabsorbtion/co-incubation of the peptide (sc-10066-P, lot# D0805, Santa
Cruz Biotechnology, Santa Cruz, CA) with the primary antibody (1:500).

The

preabsorbtion/co-incubation reaction was carried out in 300 µl of filtered PBS (primary
antibody, 1:500; peptide 1:100) for 2 hr prior to the addition of the reagents to free
floating sections and immunohistochemistry as described above. The specificity of this
antibody has been previously determined in Western blot analyses; the antibody labeled a
single band at 60 kDa (Jiang et al., 2005) and three bands at 53, 59 and 63 kDa (Ashton et
al., 2004d) that correspond to the CB1R and expression of all bands was completely
blocked by preabsorption with the corresponding peptide antigen.
Quantification of VTA CB1R Immunostaining
Digital images (3 images of 3 sections per area per animal, n=3) of CB1R
immunostaining were captured from coronal brain sections containing the VTA using an
Olympus BX51 equipped with a Professional Hamamatsu digital camera (C4742-95;
Hamamatsu, Bridgewater, NJ) interfaced to a personal computer and analyzed with the
aid of SimplePCI software (version 6.0, Compix, Imaging Systems, Cranberry Township,
PA). Identification of each rostral (-5.0 mm), middle (-5.5 mm), and caudal (-6.0 mm)
VTA section as well as the VTA component subnuclei were determined and isolated in
individual regions of interest (ROIs) by utilizing the location of the fasciculus retroflexus
(fr) and mammillary peduncle (mp) as landmark structures (Figures 4-6) (Paxinos and
Watson, 2005). Quantification was carried out bilaterally by automatically measuring the
number of positive cells in photomicrographs of each ROI of each subnucleus of the
VTA at each brain “level” (rostral, middle, caudal) by using SimplePCI 6.0. Low
magnification (4x objective lens) images (Figures 4-6) were subdivided anatomically by
Adobe Photoshop using the polygonal “lasso” tool into VTA subnuclei ROIs based upon
the appropriate atlas images (Figures 4-6; Paxinos and Watson, 2005).
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Each VTA ROI image area was automatically converted from pixels to square
micrometers by using a calibration slide with the aid of the Simple PCI program. The
number of positive cells was estimated by using a double-threshold technique based on
average cell size and gray-scale intensity level (Wang and Johnson, 2005). Nonspecific
staining as well as non-cellular staining was eliminated from quantification by only
counting objects within a specific size range (~5µm to ~20µm diameter). An average
value was calculated for each brain region (3 sections per area per animal, N=3); these
values were then used to represent a “mean of means” of the regional value for all
animals. Adobe photoshop was used to perform minor adjustments of color and detail
contrast (Geisler and Zahm, 2005) and these adjustments were carefully performed
consistently across all images. The extent of staining was expressed as a mean total
count of labeled cells in the entire ROI within the VTA (see Results) and a mean total
count of labeled cells normalized as cells/0.1mm2 (Figure 7).
Statistical Analysis
The number of CB1R-IR positive cells obtained across three sections for each
VTA level (rostral, middle, caudal) and subnucleus (IF, interfascicular nucleus; PBP,
parabrachial pigmented nucleus; PIF, parainterfascicular nucleus; PN, paranigral nucleus)
per animal were averaged for each rat and then averaged again across all rats (n=3) to
calculate a “mean-of-means.” A mixed model was fit (MIXED procedure in SAS,
Version 8.2, SAS Institute, Cary, NC) to examine differences in the numbers of
immunoreactive-positive (IR-positive) cells at two levels. One level compared relative
number of cells within each subnucleus and the other level compared the relative number
of cells throughout the three rostrocaudal levels (Bregma -5 mm, -5.5 mm, and -6.0 mm).
We used the Tukey-Kramer procedure in MIXED to make pairwise comparisons (Singer,
1998).
RESULTS
CB1R Transcripts
The RNA extracted from microdissections of the VTA was reverse-transcribed
into cDNA and amplified using CB1R specific primers. We identified a target band of the
predicted size (114 bp, lane 2) based upon our primer specificity (Figure 1). We failed to
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generate similar bands in PCR mixtures that contained all required reagents with the
exception of the tissue sample (lane 3). The presence of the appropriate sized band
indicates the presence of CB1R transcripts in VTA tissue microdissected from rat brain
tissue.

Figure 1. CB1R Gene Expression in Rat VTA Tissue
PCR indicates the presence of CB1R RNA is tissue
isolated from the VTA. Lane 1: molecular weight
standards; Lane 2: CB1R receptor specific band (114 bp);
Lane 3: PCR reaction without sample RNA added.
B

CB1R Antibody Validation
Cells labeled by the CB1R antibody were detected in areas of the brain previously
reported, for example, the hippocampus (Figures 2A-B, Moldrich and Wenger, 2000;
Pettit et al., 1998; Tsou et al., 1998). Figures 2A (arrowheads) and 2B show
immunopositive cells in the dentate area of the hippocampus, with most of the labeled
cells located between the granule and polymorph layers. Figures 2D and 2E show
immunopositive cells in the ventral tegmental area. The CB1R immunoreactivity was not
observed in the hippocampus (Figure 2C, arrowheads) or the VTA (Figure 2F) after
analyses conducted with the CB1R antibody preincubated with a 5x excess of the CB1R
B

peptide. Control experiments indicate a complete absence of specific labeling of cells by
either the primary antibody (Figure 2G) or secondary antibody alone (Figure 2H) in the
VTA suggesting that the observed immunoreactivity (IR) was specific to the combination
of CB1R specific primary and secondary antibodies.
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Figure 2.

Figure 2. Blocking Peptide Eliminates CB1R-IR
Representative brightfield photomicrograph of CB1R-IR (brown staining) in coronal
sections of the VTA and hippocampus (100x magnification). A. Arrowheads indicate the
landmark division between the molecular and polymorph layers of the dentate gyrus of
the hippocampus (-4.8 mm relative to bregma). B. High magnification (400x) image
displays CB1R-IR (brown staining) in the boxed region of the hippocampus section in
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2A. C. Representative brightfield photomicrograph indicates an absence of staining in the
hippocampus when the antibody was preabsorbed/incubated with the blocking peptide
(See Methods) with arrowheads indicating the landmarks identified in 2A. D.
Representative brightfield photomicrograph indicates the expression of CB1R-IR in a
coronal section of the caudal VTA (-6.0 mm relative to Bregma; 100x magnification). E.
High magnification (400x) image displays CB1R-IR in the boxed region of the caudal
VTA section in 2D. F. Representative brightfield photomicrograph indicates an absence
of staining in the caudal VTA subnuclei when the antibody was preabsorbed/incubated
with the blocking peptide (See Methods). G. Representative brightfield photomicrograph
indicates an absence of staining in the VTA when the tissue sections were incubated with
primary anti-CB1R antibody only (Santa Cruz Biotechnology, Santa Cruz, CA; sc-10066;
lot# F1903). H. Representative brightfield photomicrograph indicates an absence of
staining in the VTA when the tissue sections were incubated with secondary antibody
only (goat anti-rabbit IgG, 1:400; Vector) IP = interpeduncular nucleus, DG = dentate
gyrus.
CB1R Immunoreactivity throughout the rat brain
Cells of different size and morphology clearly expressed CB1R-IR throughout
various brain nuclei analyzed that have been previously identified to express CB1R
(Herkenham et al., 1991b), including the motor cortex (Figure 3A), NAc shell (Figure
3B), dorsal raphe nucleus (Figure 3C) and the medial septal nucleus (Figure 3D).
Immunopositive labeling was detected in cellular-and fiber-like structures (Figure 3) and
cells of different size and shape were labeled (Figure 3A, open versus closed arrow).
Labeling was also detected along processes in several areas (For example, Figure 3A-C).
CB1R Immunoreactivity in the VTA
Cells of different size and morphology clearly expressed CB1R-IR throughout all
B

subnuclei within the rostral (Figure 4), middle (Figure 5), and caudal VTA (Figure 6).
Immunopositive labeling was detected primarily in cell bodies (Figures 4-6), but CB1RIR was also detected in processes as well (Figures 4F and 5D), although less frequently.
Additionally, small clusters of CB1R-IR were detected along processes (Figure 6F).
Clustering along processes was most commonly detected in the rostral level of the VTA
within lateral subnuclei, such as the PBP (Figure 4D-F).
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Figure 3.

Figure 3. CB1R-IR Expression Throughout the Rat Brain
Representative brightfield photomicrograph of CB1R-IR (brown staining) in coronal
sections of brain areas previously shown to have CB1R-IR protein expression. A. High
magnification (200x) image displaying CB1R-IR (brown staining) in the motor cortex (1.8 mm Bregma). Closed arrow indicates smaller-sized cell, the open arrow indicates
larger cell with staining throughout cell and along processes. B. High magnification
(200x) image displaying CB1R-IR in the NAc shell (2.0 mm Bregma). The open arrow
indicates staining on both cell body as well as processes. C. High magnification (200x)
image displaying CB1R-IR in the dorsal raphe nucleus (-7.32 mm Bregma). The open
arrow indicates staining on cell body as well as processes. D. High magnification (200x)
image displaying CB1R-IR in the medial septal nucleus (2.0 mm Bregma).

CB1R Immunoreactivity in the Rostral VTA
Profiles of CB1R-IR indicated a rostrocaudal gradient with low-to-moderate
numbers of CB1R-IR positive cells in the ROIs in the rostral VTA. Relatively few CB1RIR positive cells were detected in two subnuclei (interfascicular nucleus, IF; parabrachial
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pigmented nucleus, PBP) found in the rostral VTA (Figures 4A-F). Total labeled cells
were low [n=3 brains, n=3 sections per brain area; total 14 ± 3 (SEM) labeled neurons]
within the ROI in the IF as well as moderate within the ROI in the PBP [n=3 brains, n=3
sections per brain area; total 73 ± 23 (SEM) labeled neurons]. Analyses of the
parainterfascicular nucleus (PIF) and paranigral nucleus (PN) were not included as these
subnuclei were not present at this plane at these coordinates.
CB1R Immunoreactivity in the Middle VTA
Moderate-to-high levels of CB1R-IR positive cells were detected within analyzed
sections of the middle VTA (Figures 5A-F). CB1R-IR positive cells were present in high
quantities [n=3 brains, n=3 sections per brain area; total 93 ± 7 (SEM) labeled cells] in
the ROI of the PIF and moderate quantities in the PBP [n=3 brains, n=3 sections per brain
area; total 56 ± 18 (SEM) labeled cells], IF [n=3 brains, n=3 sections per brain area; total
28 ± 5 (SEM) labeled cells] and PN [n=3 brains, n=3 sections per brain area; total 34 ± 4
(SEM) labeled cells]. The overall staining of the middle PBP of the VTA looked very
similar to that observed in the rostral VTA, but a higher number of cells were detected
(Figure 7).
CB1R Immunoreactivity in the Caudal VTA
The caudal VTA contained the highest number of CB1R-IR cells compared to
rostral and middle VTA levels within all sections for all three brains analyzed (Figures 46). CB1R-IR positive cells were detected in high numbers throughout the ROIs in the
caudal PN [n=3 brains, n=3 sections per brain area; total 95 ± 11 (SEM) labeled cells],
PBP [n=3 brains, n=3 sections per brain area; total 138 ± 4 (SEM) labeled cells], and PIF
[n=3 brains, n=3 sections per brain area; total 96 ± 8 (SEM) labeled cells], and in
moderate numbers in the IF [n=3 brains, n=3 sections per brain area; total 49 ± 4 (SEM)
labeled cells]. There was also a clear morphological difference between the CB1R-IR
observed cells in the caudal IF and the other CB1R-IR positive cells throughout the VTA.
CB1R-IR in the caudal IF was observed primarily on cell somata (Figures 6A-F) while
both somata and processes were stained in other subnuclei. The CB1R-IR positive cells
observable within the IF also appeared to be more uniform in size and appeared to exhibit
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more spherical shapes overall as compared to the more stellate cells observed in the PBP
(Figures 6A-F).
Figure 4.

Figure 4. Rostral VTA CB1R-IR Expression
Schematic representation of the rostral VTA at -5.0 mm Bregma (adapted from Paxinos
and Watson, 2005). Landmark structures and subnuclei included: fasciculus retroflexus
(fr), interfascicular nucleus (IF), parabrachial pigmented nucleus (PBP), and mammillary
peduncle (mp). A. Representative atlas image of the rostral VTA. B. Representative
brightfield photomicrograph of CB1R-IR (brown staining) in a coronal section of the
rostral [-5.0mm Bregma] VTA (100x magnification). C. Representative brightfield
photomicrograph of CB1R-IR in the IF of the rostral VTA (200x magnification) and D.
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High magnification (400x) image displaying a CB1R-IR labeled cell in the IF; CB1R-IR
is dispersed throughout the cell body and in processes (arrowhead). E. Representative
brightfield photomicrographs of CB1R-IR in PBP nucleus of the rostral VTA (200x
magnification). F. High magnification (400x) image displaying a CB1R-IR labeled cell
in the PBP; CB1R-IR is dispersed throughout the cell body and in processes (arrowhead).
Figure 5.

Figure 5. Middle VTA CB1R-IR Expression
Schematic representation of the middle VTA at -5.5 mm Bregma (adapted from Paxinos
and Watson, 2005).Landmark structures and subnuclei included: fasciculus retroflexus
(fr), interfascicular nucleus (IF), parainterfascicular nucleus (PIF), parabrachial
pigmented nucleus (PBP), and mammillary peduncle (mp) A. Representative atlas image
of the middle VTA. B. Representative brightfield photomicrograph of CB1R-IR (brown
staining) in a coronal section of the middle [-5.5mm bregma] VTA (100x magnification).
C. Representative brightfield photomicrograph of CB1R-IR in the IF of the middle VTA
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(200x magnification) and D. High magnification (400x) displaying a CB1R-IR labeled
cell; CB1R-IR is dispersed throughout the cell body and in processes (arrowhead). E.
Representative brightfield photomicrographs of CB1R immunoreactivity in the PBP of
the rostral VTA (200x magnification) and F. High magnification (400x) image displaying
a CB1R-IR labeled cell in the PBP; CB1R-IR is dispersed throughout the cell body and in
processes.
Distribution of VTA CB1R-IR Positive Neurons
To enable comparisons across ROIs of different sizes, the density of cells
normalized to area (cells/0.1 mm2) was calculated for each ROI. Significant differences
in the expression of CB1R-IR positive cells were observed throughout the VTA using a
mixed model of statistical analysis. CB1R-IR positive cells in the IF were the most
densely packed of all subnuclei at all three levels of the VTA and the IF contained
increasing numbers of labeled cells from rostral to caudal subnuclei (Figure 7). The
number of cells per area in the middle IF was significantly higher than the number of
cells per area in the rostral IF (*p= 0.0048; Figure 7). The number of cells per area in the
caudal IF was significantly higher than the number of cells per area in both the rostral and
middle IF (#p<0.0001; Figure 7). The number of cells per area in caudal PN was also
significantly higher than the number of cells per area in both the rostral and middle PN
(^p=0.010; Figure 7), although this difference was markedly smaller than the increase
detected in the IF. Thus, the density of cells normalized to area was the highest in the
caudal IF compared to rostral and middle IF, as well as compared to all other subnuclei at
the caudal level (Figure 7), despite the fact that the total number of cells counted in the
ROI for the caudal IF was smaller relative to other caudal subnuclei.
A similar number of cells per area was observed in the rostral and middle PBP
while the caudal PBP tended to contain a slightly higher number of cells per area (p=
0.0531; Figure 7) compared to the rostral and middle PBP. The number of cells per area
in the caudal PN was significantly higher than the number of cells per area in the middle
PN (Figure 7; p = 0.001). Conversely, the number of cells per area in the caudal PIF
tended to be lower than the number of cells per area in the middle PIF (p= 0.1150).
Overall, with the exception of the PIF, increased numbers of cells per area were observed
in all subnuclei in the rostrocaudal orientation.
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Figure 6.

Figure 6. Caudal CB1R-IR Expression
Schematic representation of the caudal VTA at -6.0 mm bregma. (adapted from Paxinos
and Watson, 2005) Landmark structures and subnuclei included: fasciculus retroflexus
(fr), interpeduncular nucleus (IPN), interfascicular nucleus (IF), parainterfascicular
nucleus (PIF), parabrachial pigmented nucleus (PBP), and mammillary peduncle (mp). A.
Representative atlas image of the caudal VTA. B. Representative brightfield
photomicrograph of CB1R-IR (brown staining) in a coronal section of the caudal [-6.0mm
bregma] VTA (100x magnification). C. Representative brightfield photomicrograph of
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CB1R-IR in the IF of the caudal VTA (200x magnification) and D. High magnification
(400x) displaying a CB1R-IR labeled cell; CB1R-IR is dispersed throughout the cell body
and in processes. E. Representative brightfield photomicrographs of CB1R
immunoreactivity in PBP of the caudal VTA (200x magnification) and F. High
magnification (400x) image displaying a CB1R-IR labeled cell in the PBP; CB1R-IR is
dispersed throughout the cell body and in processes (arrowheads).
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Figure 7. VTA CB1R-IR Expression
The expression of VTA CB1R-IR positive cells (cells/100µm2) within each subnucleus
across the rostrocaudal extent of the VTA. Statistical comparisons are made between
rostrocaudal levels of each subnucleus. Means (± SEM) described are of 3 images per 3
sections per area analyzed. Significant differences are observed between the caudal IF
compared with the middle IF and the rostral IF (# p<0.05), the middle IF compared with
the rostral IF and the caudal IF (* p<0.05), and the caudal PN compared with the middle
PN (^ p<0.05).
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DISCUSSION
The present study is the first to demonstrate RNA specific for the CB1R in the
VTA as well as thoroughly quantify the localization of the CB1R protein within the VTA.
A PCR analysis of cDNA generated from RNA isolated from rat VTA tissue sections
confirmed the presence of CB1R specific RNA; previous reports had not included the
VTA in their studies of localization of CB1R RNA expression in rat brain (Gonzalez et
al., 2005; Hurley et al., 2003; Romero et al., 2000; Silverdale et al., 2001). The CB1R
B

protein was expressed throughout entire cells and within fiber-like structures in
component subnuclei of the VTA. Low-to-moderate numbers relative to other VTA
levels of CB1R-IR positive cells were observed in subnuclei represented at rostral and
middle levels, while moderate-to-high numbers relative to other VTA levels of CB1R-IR
positive cells were found in the caudal VTA. The caudal IF contained the highest density
of cells that expressed the CB1R in the entire VTA. The present findings provide
molecular evidence in support of previous immunohistochemical (Wenger et al., 2003),
radiolabeled-agonist binding (Herkenham et al., 1991b), electrophysiological (French et
al., 1997; Gessa et al., 1998; Melis et al., 2004; Szabo et al., 2002) and behavioral studies
(Gardner, 2002; Zangen et al., 2006) to support the localization of CB1R to neurons in the
VTA.
The VTA is the origin of the mesocorticoaccumbens DA pathway and DAcontaining cell bodies originating in the VTA terminate in the NAc and other brain
regions to comprise a circuit important in reward, motivation, and emotion (German and
Manaye, 1993b; Kalivas and Nakamura, 1999; Pierce and Kumaresan, 2006; Wise, 2005)
. In the present study, the highest expression of the CB1R-IR was localized to the caudal
extent of all subnuclei studied (IF, PBP, PN, PIF). This observation is in keeping with
recent studies to suggest that the population of CB1R found in the posterior VTA appears
to be important in the expression of behaviors evoked by cannabinoids. For example,
microinfusion of Δ9-THC into the posterior (but not anterior) VTA evoked hyperactivity,
a conditioned place preference and self-administration, all of which were attenuated by
the cannabinoid antagonist SR141716a (Zangen et al., 2006). Furthermore, recent reports
indicate that systemically-administered cannabinoids differentially alters the expression
levels of several cellular markers within VTA subnuclei. For example, chronic ∆9-THC
administration preferentially induced brain derived neurotrophic factor (BDNF)
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expression in the caudal VTA (4-fold change) compared to the rostral VTA (1.7-fold
change) (Butovsky et al., 2005). Thus, taken together, these data support the hypothesis
that the CB1R plays an important modulatory role in behavior which is functionally
dependent upon its regional expression in the VTA.
Of particular interest is the relatively high level of CB1R expression in the caudal
IF compared to that of other VTA subnuclei. Although not previously considered to be
the case (Phillipson and Griffith, 1980), the IF is now categorized as a component
nucleus of the VTA given the predominance of DA-containing neurons in the IF as well
as the topography of its efferents (Swanson, 1982c). The IF projects bilaterally to the
limbic cortex, NAc, the amygdala and lateral septum, with a preponderance of these
projections arising from DA neurons in the IF; non-DA neurons of the IF contribute
predominantly to the significant projection of the IF to the lateral habenula (Swanson,
1982c). While knowledge of specific afferent innervation of the IF is limited, the overall
topography of innervation of the VTA is now considered to a complex “linked network”
(Geisler and Zahm, 2005) which includes descending projections from the PFC, NAc
(shell), lateral septum, ventral pallidum, and ascending projections from the dorsal raphe,
medial and periaqueductal grey, to name just a few of the interconnected nuclei (Geisler
and Zahm, 2005).

While these interconnections suggest that the IF may play an

important role in neurobiology, the actual functional role of the IF is obscure. Thus, the
specific implications of CB1R localization to the IF are difficult to ascertain. It is possible
that the IF contributes to the behavioral effects of cannabinoids delivered directly to the
posterior VTA (Zangen et al., 2006), but the independent role of CB1R in the IF to
control behaviors driven by cannabinoids will be difficult to establish because the small
size of the nucleus is not conducive to intracranial microinfusion analyses.
The CB1R-IR was detected in cellular- and fiber-like structures in numerous brain
areas that were previously reported to contain populations of CB1R such as the NAc
shell, dorsal raphe nucleus, PFC and medial septal nucleus (Herkenham et al., 1991b;
Tsou et al., 1998) by immunohistochemistry. Interestingly, near uniform staining of a cell
with a receptor-targeted antibody, such as the CB1R, has been suggested to represent the
B

detection of the receptor protein inside the cell in an inactive form, as is either newly
synthesized or degrading state (Julian et al., 2003). Thus, some of the staining detected
throughout entire cells in the VTA may therefore indicate populations of CB1R in the
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VTA are in their inactive form, located inside the cell and therefore potentially elusive to
previous staining protocols. As the present studies utilized a detergent-based
immunohistochemical tissue processing protocol, the permeability of cells to the primary
and secondary antibodies was more likely to enhance access of antibodies to the internal
compartments of cells in the tissue sections (Wikstrom et al., 1987).
Our demonstration of VTA CB1R-IR expressed throughout entire cells as well as
along cellular processes indicates that CB1R populations are not as discretely localized as
some current mechanistic studies have hypothesized. Although there is strong
electrophysiological evidence for presynaptic localization of CB1R on GABA terminals
(Szabo et al., 2002) as well as glutamate terminals in the VTA (Melis et al., 2004), there
is also a growing body of evidence which describes both K+-mediated (Kirby et al., 2000)
and Ca+-mediated (Endoh, 2006) postsynaptic effects of cannabinoid agonists in neurons,
effects which are blocked by cannabinoid antagonists. For example, the cannabinoid
agonist WIN 55,212-2 induced a K+-dependent membrane hyperpolarization in neurons
recorded in hippocampal slice preparations which were blocked with the antagonist
SR141716a (Kirby et al., 2000). Additionally, application of WIN55,212 to neurons in
nucleus tractus solitarius inhibited postsynaptic IBa Ca+ currents that were blocked with
the cannabinoid antagonist AM281 (Endoh, 2006). The application of the cannabinoid
agonists methanadamide or WIN55,212 also decreased voltage dependent K+ IM in
hippocampal CA1 neurons, an effect blocked by application of SR141716a (Schweitzer,
2000). Furthermore, WIN55,212 reduced fast e.p.s.p.s both pre- and postysynaptically
when applied to myenteric neurons (Lopez-Redondo et al., 1997). These data are backed
by immunohistochemical and electron microscopy analyses which show CB1R protein
expression within cytoplasm and plasma membranes in somatodendritic profiles as well
as cell bodies of NAc medium-sized spiny neurons (Pickel et al., 2004), caudate putamen
neurons (Rodriguez et al., 2001) and neurons in dorsal horn of the spinal cord (Salio et
al., 2002). Additionally, in vivo binding studies demonstrated receptor binding (50%)
after extensive rhizotomy and complete deaffentation in spinal cord (Hohmann et al.,
1999). Thus, the CB1R expression described in the VTA most likely represents a
combination of pre- and postsynaptically localized CB1R populations.
The demonstration that the CB1R is localized to VTA cells is predicated upon the
use of an anti-CB1R antibody validated to be specific. We demonstrated that RNA for

27

CB1R can be amplified from samples of whole VTA indicating the potential for the intraVTA production of CB1R protein, which is in line with our demonstration of CB1R
protein expression throughout the VTA. Furthermore, the anti-CB1R antibody employed
here has been independently authenticated to selectively stain CB1R protein in
B

immunohistochemical studies of cultured cells and brain tissue (Ashton et al., 2004a;
Ashton et al., 2004d; Ashton et al., 2004c; Ashton et al., 2004b; Ashton et al., 2006a;
Ashton et al., 2006b; Jiang et al., 2005; Smith et al., 2006; Vallano et al., 2006).
Detection of an appropriately-sized (60 kDa) band for CB1R protein was also obtained
with this antibody in immunoblot analyses of cells that have been characterized to
express CB1R mRNA and respond to a selective CB1R agonist (HU-210); both
immunostaining and immunoblot detection were eliminated with antisera preabsorbtion
(Jiang et al., 2005).

Thus, RNA and protein analysis conducted here further the

specificity of this antibody and instills confidence in the conclusion that the CB1R is
localized to the VTA.
The knowledge of CB1R distribution within VTA gained from the present study
provides an important foundation for the development of future studies to further
delineate the actions and/or role of VTA CB1R in the neurobiological mechanisms of
marijuana abuse. The present study establishes CB1R-IR and RNA within the VTA at
highest concentrations in the caudal VTA. In addition, the present findings provide
evidence in support of a previous immunohistochemical study (Wenger et al., 2003),
electrophysiological studies (French et al., 1997; Gessa et al., 1998; Melis et al., 2004;
Szabo et al., 2002) and behavioral studies (Zangen et al., 2006) which have demonstrated
the expression of CB1R in the VTA. These data establish regio-specificity through which
cannabinoids may modulate the mesoaccumbens pathway to evoke aspects of the
rewarding potential of cannabinoids.
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CHAPTER 3
Selective Ablation of Neurons Expressing μ-Opioid Receptors
in the Ventral Tegmental Area: Increased Spontaneous
Locomotor Activity and Cocaine Hyperactivity
ABSTRACT
Gamma-aminobutyric (GABA) acid neurons of the VTA function as important
regulators of mesoaccumbens DA circuits which contribute importantly to the generation
of behaviors induced for abused drugs, best described for the psychostimulant cocaine. A
subset of these GABA-containing neurons possess µ-opioid receptors and are sensitive to
the neurotoxic actions of the ribosome-inactivating molecule saporin conjugated to the µopioid agonist dermorphin (dermorphin-saporin; DS). We utilized DS to test the
hypothesis that ablation of GABA-containing neurons in the VTA will result in
disinhibition of motor activity and potentiation of cocaine-induced hyperactivity. Rats
(n=16/group) were bilaterally microinfused with DS (1.0 or 2.0 pmol) or blank-saporin
(BS, 200 nl/side) into the VTA. Seven days later, DS-treated rats exhibited significantly
elevated baseline motility compared to BS-treated rats (p < 0.05); this elevated motility
disappeared by day 14 in rats pretreated for the low dose of DS (1.0 pmol) and was still
evident on day 14 after pretreatment with the high dose of DS (2.0 pmol). Furthermore,
seven days following DS pretreatment at the lowest dose (1.0 pmol), cocaine-induced (10
mg/kg, IP) hyperactivity was observed, which appeared additive with an elevated
baseline. At 14 days following DS lesion, animals returned to normalized baseline motor
activity but maintained elevated cocaine-induced hyperactivity. A selective loss of
GABA-containing neurons in the VTA at day 14 after pretreatment was established by
significantly reduced expression of mRNA for both glutamic acid decarboxylase 67
(GAD-67) and µ-opioid receptor but not; tyrosine hydroxylase (a marker for DAcontaining neurons) in the VTA. Thus, selective losses of GABA-containing neurons
caused administration of DS into the VTA led to disinhibition of motor activity and
potentiated cocaine hyperactivity. These data reinforce the hypothesis that GABAcontaining neurons of the VTA are important inhibitory modulators of spontaneous as
well as psychostimulant-induced motor activity.
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INTRODUCTION
Mesocorticoaccumbens dopamine (DA) circuits which originate in the ventral
tegmental area (VTA) and project to various brain nuclei including the nucleus
accumbens (NAc) and the prefrontal cortex (PFC) are involved in mediating both
spontaneous motility and stimulant-induced motor hyperactivity (Creese and Iversen,
1973; Kelly and Iversen, 1975; Pierce and Kumaresan, 2006). This same pathway is
important in the physiology of the rewarding (Koob and Nestler, 1997; Wise, 1998) and
reinforcing effects of drugs of abuse (Di Chiara and Imperato, 1988a; Spanagel and
Weiss, 1999). The ability of psychostimulants to elicit locomotor hyperactivity correlates
with their ability to increase DA efflux in the NAc, the terminal region of the DA
mesoaccumbens or “reward” pathway (Erinoff and Brown, 1994). Therefore, motor
activity correlates as an indirect measure of activation of the “reward” pathway (Wise
and Bozarth, 1987). Regulation of the pathway at the level of VTA DA signaling is
driven by multiple afferent input systems (Kalivas and Nakamura, 1999). A key
regulatory component is the inhibitory GABA input from local GABA-containing
interneurons in the VTA and from GABA-containing projection neurons that innervate
the VTA (Mathon et al., 2003; White, 1996). This GABA innervation at the level of the
VTA plays an important role in modulation of the mesoaccumbens pathway (Grubb et al.,
2002; Kelly et al., 1977).
Afferent GABA input modulates the cell firing of DA-containing neurons
(Korotkova et al., 2004). The VTA GABA-containing neurons themselves are under the
control

of

several

neurotransmitter

systems.

Immunohistochemical

and

electrophysiological studies suggest important afferent control of GABA-containing
interneurons by GABA receptors (Klitenick et al., 1992), CB1R (as we have shown in
B

Chapter 2), opioid receptors (Klitenick and Wirtshafter, 1995), as well as other receptor
systems. Key inhibitory GABA afferents modulate cell firing of DA-containing neurons
through GABA receptor systems and GABA-containing neurons are known to express
high levels of μ-opioid receptor mRNA and protein (Mansour et al., 1995). The μ-opioid
receptor protein and mRNA have been localized to GABA-containing neurons within the
VTA (Garzon and Pickel, 2001; Garzon and Pickel, 2002; Nikulina et al., 1999).
Application of opiate agonists induced membrane hyperpolarization of GABA-containing
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neurons in the VTA, thus dampening their spontaneous activity which results in a loss of
inhibitory control (disinhibition) of DA-containing neurons (De Vries and Shippenberg,
2002; Johnson and North, 1992b). In keeping with this hypothesis, microiontophoretic
application of the µ-opioid receptor agonist morphine into the VTA increased firing of
DA-containing neurons which is blocked by the opioid antagonist naloxone (Gysling and
Wang, 1983; Matthews and German, 1984). Additionally, microiontophoretic application
of the selective μ-receptor agonist DAMGO into the VTA increased firing of DAcontaining neurons (Johnson and North, 1992a). Furthermore, morphine application also
decreased GABA release in an in vitro VTA preparation (Bergevin et al., 2002)
presumably accounting for the increased cell firing of DA-containing neurons. Thus, the
μ-opioid receptor is a key inhibitory modulator of GABA afferents in the VTA.
A subset of VTA GABA-containing neurons express µ-opioid receptors and
therefore are sensitive to the neurotoxic actions of saporin conjugated to the µ-opioid
agonist dermorphin [dermorphin-saporin (DS)]. Saporin is a plant-derived neurotoxin
which kills neurons via a ribosomal inactivation mechanism (Advanced Targeting
Systems, San Diego CA). When conjugated to dermorphin, this complex (DS) binds to µopioid receptors allowing specific uptake of the toxin into the cell (Wiley, 1992). This
targeted ablation of cells that express the μ-opioid receptor has been demonstrated in
numerous brain areas, including the brainstem (Porreca et al., 2001), medulla (Burgess et
al., 2002), and striatum (Tokuno et al., 2002). The doses of DS chosen for the present
study (1 and 2 pmol/200nl/side) were based on the published literature of neuronal
ablation leading to a robust behavioral response (Porreca et al., 2001) in which DS
pretreatment was capable of generating 59-78% decrements in the maximal possible
sensitivity to experimental neuropathic pain (Porreca et al., 2001). The ability to
selectively ablate VTA GABA-containing neurons which express μ-opioid receptors
using DS allows the examination of the role of this population of VTA GABA-containing
neurons in the modulation of behavior including motor activity.
The goal of the present experiment was to test the hypothesis that the loss of VTA
GABA-containing neurons consequent to DS pretreatment would increase basal
spontaneous locomotor activity and/or cocaine-induced hyperactivity.

We chose to

analyze locomotor activity induced by cocaine because the behavioral effects of this
locomotor stimulant are mediated in large part via the mesoaccumbens pathway. The
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primary action of cocaine is to block the DA transporter (Koe, 1976) and thereby increase
NAc DA efflux and subsequently the generation of locomotor hyperactivity (Di Chiara
and Imperato, 1988b). The GABA inhibition of VTA DA-containing neurons modulates
basal locomotor activity and thus may also modulate motor hyperactivity induced by
cocaine administration. Therefore, the selective loss of GABA-containing neurons in the
VTA would be expected to increase basal activity and enhance cocaine-induced
hyperactivity. We determined the degree of loss of GABA-containing neurons after DS
pretreatment by measurement of RNA levels for the μ-opioid receptor, gammaaminobutyric acid 67 (GAD-67, a marker for GABA-containing neurons) and tyrosine
hydroxylase

(TH,

a

marker

for

DA-containing

neurons)

in

the

VTA.

Immunohistochemistry was used to visualize expression for μ-opioid receptor, GAD-67
and TH in the VTA of control and treated rats. We demonstrated increased basal as well
as cocaine-evoked locomotor activity after DS pretreatment and therefore these studies
shed light on the involvement of VTA GABA-containing neurons in the generation of
spontaneous activity as well as cocaine-induced hyperactivity and provide important
evidence regarding the inhibitory control of GABA-containing neurons over DAcontaining neurons of the VTA.

MATERIALS AND METHODS
Animals
Male Sprague-Dawley rats (n=144) Harlan Sprague-Dawley, Inc., Indianapolis,
IN) weighed 275-300 g at the beginning of the study. The rats were single-housed in
standard plastic rodent cages in a temperature (21-23°C) and humidity (55-65%)
controlled environment under a 12-h light/dark cycle (lights on 0700 h). Animals were
acclimated to the colony for at least one week prior to the start of experimental sessions.
Experiments were conducted during the light phase (1200-1800 h) and were conducted in
accordance with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and with approval from the Institutional Animal Care and Use
Committee.
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Drugs
The conjugated toxin dermorphin-saporin (DS) and blank-saporin (BS; Advanced
Targeting Systems, San Diego, CA) the toxin conjugated to a blank sequence with no
known affinity to any known receptor were suspended in filtered sterile saline. Cocaine
(National Institutes on Drug Abuse, Research Triangle Park, NC, USA) was dissolved in
0.9% NaCl.
Dermorphin-Saporin Pretreatment Protocol
Rats were anesthetized (IM) with a cocktail of 43 mg/kg of ketamine, 8.6 mg/kg
of xylazine and 1.5 mg/kg of acepromazine in physiological saline (0.9% NaCl), then
placed in a Kopf rat stereotaxic apparatus (David Kopf Instruments, Tujunga, CA) with
the upper incisor bar at -3.8 mm below the interaural line. Two Hamilton microsyringes
(5µl, Hamilton, Reno, NV) were lowered bilaterally into the VTA at a 6º angle from the
midsaggital plane in relation to bregma [anteroposterior -6.0 mm; mediolateral +1.4 mm;
dorsoventral -8.0 mm from skull (Paxinos and Watson, 2005)].

Infusion of BS (1

pmol/200nl/side) or DS (1 or 2 pmol/200nl/side) into the VTA (n=8 rats / group) was
accomplished using the UMP II infusion pump (WPI, Sarasota, FL) set at an infusion rate
of 18 nl/min; the infusion lasted for 11.1 min. Following infusion, the needles remained
in place for 10 min before withdrawal from the brain and wound closure with sutures.
Rats received a single injection (IM) of 300,000 U of sodium ampicillin after surgery, a
single injection (SC) of 1 ml of filtered saline, and were allowed six days to recover,
during which time they were handled and weighed daily.
Measurement of Locomotor Activity
All rats were habituated to the test environment for 3 hr per day on each of the 2
days prior to the start of the experiment and for 1 hr prior on test days. Activity was
monitored and quantified under low light conditions utilizing a modified open field
system (San Diego Instruments, San Diego, CA) housed within sound-attenuated
chambers. Each enclosure consisted of a clear Plexiglas chamber (40 x 40 x 40 cm). A
4x4 photobeam matrix was located 4 cm above the cage floor with beams spaced at 8 cm
intervals on the x and y planes. The interruption of two consecutive photobeams resulted
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in a count of “ambulation” by the control software (Photobeam Activity Software, San
Diego Instruments).
Experiment 1
Basal locomotor activity was assessed in response to pretreatment the BS, DS1, or
DS2 (initial n=96, total) to test the hypothesis that loss of GABA-containing neurons in
the VTA would modulate locomotor activity. Following recovery from surgery (day 7 or
day 14, n=16 per group), animals were placed into the locomotor chamber for 1 hr. At
the termination of the behavioral experiment, each group of rats was split into two
separate groups, and tissue was extracted for quantitative rt-PCR analysis (n=8) and
immunohistochemical assay (n=8). Locomotor activity data are presented as mean
ambulation counts (±SEM) totaled for the 60 min observation period. Because group
comparisons were specifically defined prior to the start of the experiment, planned
comparisons were conducted in lieu of an overall F test in a multifactorial ANOVA; this
statistical analysis has been supported in a number of statistical tests (Keppel, 1973).
Thus, each experiment was subjected to a one-way ANOVA was used to compare
pretreatment groups followed by planned, pairwise comparisons of means made with the
Dunnett’s test (SAS for Windows, Version 8.1). Mean total ambulation was also divided
into separate 5-min time bins and analyzed with a two-way ANOVA with time as a
repeated measures factor; preplanned comparisons were made by using Fisher’s Least
Significant Difference (LSD) test. All comparisons were conducted with an experiment
wise error rate of α = 0.05.
Experiment 2
To test the hypothesis that loss of GABA-containing neurons in the VTA would
modulate basal and/or cocaine-induced hyperactivity. Locomotor activity was assessed in
response to cocaine administration (initial n=48, total), 7 or 14 days after pretreatment the
DS (1pmol/200nl/side; n=12) or BS (n=12). Following recovery from surgery (day 7 or
day 14, n=12 per group), animals were injected with saline (1 ml/kg, IP) and placed into
the locomotor chamber for 1 hr. At the end of 1 hr, rats were removed from the activity
monitor briefly and injected with cocaine (10 mg/kg, IP) and returned to the locomotor
monitor for 1 hr. At the termination of the behavioral assess rats were sacrificed.
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Locomotor activity data are presented as mean ambulation counts (±SEM) totaled for the
60 min observation period. The experiment was subjected to a two-way ANOVA with
the two levels of pretreatment (DS or BS) and treatment (saline or cocaine). Timecourse
data were broken down and a three-way ANOVA was used with two levels of
pretreatment (DS or BS) and treatment (saline or cocaine) with time (0-60 min)
interactions. Preplanned comparisons between treatment groups were determined at each
5-min time point using a one-way ANOVA. All comparisons were conducted with an
experiment wise error rate of α = 0.05.
RNA Extraction
Seven or 14 days post-surgery, animals pretreated with either DS or BS (initial
n=8/group) were euthanized and tissue from the VTA was dissected on a cool tray (4oC)
and stored in RNAlater (Ambion, Austin, TX) at -70oC for subsequent RNA extraction.
RNA was prepared from brain tissue lysate using the RNAqueous kit (Ambion). Samples
were treated with Turbo DNAse (Ambion) in order to avoid chromosomal DNA
contamination. The final RNA concentration was determined by absorbance at 260 nm.
Taqman Quantitative Realtime Reverse Transcription PCR (qRT-PCR)
Reverse transcription was performed on 1.0 µg RNA using the TaqMan® Reverse
Transcription Kit (Applied Biosystems, Inc., Foster City, CA) with random hexamer
primers according to the manufacturer’s directions. The resultant cDNA was quantified
by TaqMan® real-time PCR assays (Applied Biosystems) using an ABI PRISM® 7700
Sequence Detection System (Applied Biosystems). GAD-67 primers were designed with
Primer 3 (Whitehead Institute for Biomedical Research) using stringent parameters to
reduce primer dimerization and to minimize the difference between melting temperatures
(Tm) of primers. Sense (5’ GGC TGA TGT GGA AAG CAAG 3’) and antisense (5’ TCG
GAG GCT TTG TGG TAT GT 3’) primers amplified a 176 bp region between bases
1575 and 1750 (Accession # M76177). Primers were first tested by using conventional
PCR: products were characterized by agarose gel electrophoresis for the correct size and
for the absence of non-specific bands, then by direct DNA sequencing (Sealy Center for
Molecular Science, University of Texas Medical Branch, Galveston, TX) to confirm the
identity of the amplimer.
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Two predesigned rat TaqMan® gene expression assays were used to quantify rat
tyrosine hydroxylase (Rn_00562500_m1) and rat µ-opioid receptor (Rn_0056144_m1)
gene expression (Applied Biosystems, Foster City, CA). The qRT-PCR amplification
program consisted of a 95°C 10 min activation step followed by 40 cycles of denaturation
(95°C for 15 s), annealing (60°C for 30 s), and elongation (72°C for 30 s). All sample
reactions were run in triplicate and data from each sample were normalized to cyclophilin
(sense primer, 5’ TGT GCC AGG GTG GTG ACT T 3’; antisense primer, 5’ TCA AAT
TTC TCT CCG TAG ATG GAC TT 3’; probe [FAM] ACA CGC CAT AAT GGC ACT
GGT GG [DTAM]).
The relative quantification method was used to compare differences between
samples (Livak and Schmittgen, 2001). The crossing threshold (Ct) is defined as the
cycle at which sample fluorescence crosses a threshold set above background noise and
within the logarithmic portion of the amplification curve. The difference in crossing
thresholds (∆Ct) was calculated for each gene being studied: ∆Ct = Ct (gene of interest) –
Ct (cyclophilin) for each sample. Mean ∆Ct +/- SEM was determined for each group. The
magnitude of the differences between groups was calculated as: ∆∆Ct = ∆Ct(control) ∆Ct(test); fold increase (or decrease) was estimated by 2-∆∆Ct.
Statistical Analyses for Quantitative PCR
The relative mRNA content in each sample was expressed as ΔΔCT of the mean
of treatment group and each individual reaction was processed in triplicate. Data are
represented as mean ΔΔCT ±SEM. The effect of pretreatment with DS or BS was
assessed using the non-parametric Wilcoxon (Kruskal-Wallis) test to determine whether
differences between groups were significant; this type statistical analysis design is
supported in a number of statistical models for quantification qRT-PCR (Fu et al., 2006;
Yuan et al., 2006). All statistical analyses were conducted with an experimentwise error
rate α = 0.05.
Immunohistochemistry
To visualize expression of protein, rats (initial n=8/group) were deeply
anesthetized with pentobarbital (80 mg/kg) and perfused transcardially with phosphate
buffered saline (PBS) followed by 3% buffered paraformaldehyde. After brain removal
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and post-fixation (2 hr), brains were transferred to a 30% sucrose solution (4oC, 2 days),
then rapidly frozen with crushed dry ice and stored at –70oC until sectioning.
Consecutive sections (35 μm) containing the lesioned VTA were taken using a cryostat
(Leica CM1850) at –20oC. Standard procedures were employed for immunodetection
(Frankel and Cunningham, 2002). Briefly, following extensive washes, non-specific
binding was blocked by 0.4% Triton X-100 in PBS containing 1.5% normal goat serum
(Vector Laboratories, Burlingame, CA) 1 hr, then tissue sections were incubated in
primary antibody (2 days, 4oC). Three primary antibodies were used in consecutive
sections for each brain processed: anti-μ-opioid receptor (cat. # RA10104, Neuromics,
Bloomington, MN), anti-TH (cat. # 22941, Immunostar, Hudson, WI) and anti-GAD-67
(cat. # H-101, Santa Cruz Biotechnology, Santa Cruz, CA). The rabbit anti-µ-opioid
receptor antibody has been validated (Kim et al., 2006) and utilized in several prior
immunohistochemical studies (Chen and Pan, 2006; Luo et al., 2005). The mouse antityrosine-hydroxylase antibody (Huang et al., 2005; Kim et al., 2005) and the rabbit antiGAD-67 antibody have been utilized in several prior studies for immunohistochemical
(Akema et al., 2005; Falk et al., 2006; Majak and Pitkanen, 2003) and Western blot
analyses (Akema et al., 2005; Sanchez et al., 2006). Following extensive washing with
PBS, sections were incubated in a secondary antibody solution (biotinylated goat antirabbit or anti-mouse IgG; Vector) for 1 h, then avidin/biotin-horseradish peroxidase
complex (ABC; Vectastain Elite kit; Vector Laboratories; Burlingame, CA) for 1 h. The
sections were rinsed 3x in Tris buffer (pH 7.6) followed by incubation in
diaminobenzidine (0.5 mg/ml) with 0.005% H2O2. The chromagen reaction was
terminated by placing the sections in PBS. Sections were placed in a 0.1% Drefts
solution and mounted onto slides previously coated with gelatin chrom alum. DPX
mounting medium (Fisher Scientific, Houston, TX) was used to coverslip the slides.
Images of stained tissue sections were captured with a system consisting of an Olympus
B51 microscope and a Professional Hamamatsu digital camera (Hamamatsu Digital
Camera C4742-95, Japan) and analyzed with Simple PCI (6.0, Compix Inc., Cranberry
Township, PA) imaging software.
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RESULTS
Effects of Intra-VTA Microinjection of Dermorphin-Saporin on Basal Activity
The mean total ambulation counts/60 min (±SEM) was assessed 7 days (Figure 8)
following pretreatment with BS (n = 9) or [DS 1 (n = 10) or DS 2 (n = 10); 1.0 or 2.0
pmol/200nl/side, experiment 1]. A main effect of pretreatment with DS (F2,28 = 16.47; p =
0<.0001, Figure 8) on ambulation counts was observed on day 7. Preplanned
comparisons indicated that mean total ambulation counts were significantly greater in
animals treated with either dose of DS compared to BS animals (p < 0.05).
Administration of intra-VTA DS did not appear to induce overt impairments in balance,
gait, or ambulation (data not shown).

DAY 7
Total Mean Ambulation
Counts/60min (±SEM)

Motor Activity
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Figure 8. Intra-VTA Dermorphin-Saporin
(Day 7 pretreatment) Increases Mean Total
Ambulation
Effects of intra-VTA pretreatment with the μopioid receptor specific toxin dermorphinsaporin (DS) on mean total ambulation counts
(± SEM) for rats pretreated 7 days previously
with BS control (BS; n=8) or DS (DS1 or DS2; 1
or 2 pmol/200nl/side; n=8).

DS2

A two-way ANOVA indicated a main effect of pretreatment (F2,22 = 33.97,
p<0.0001), a main effect of time (F2,22 = 4.78, p<0.0001, experiment 1), and a significant
treatment x time interaction for mean total ambulation (F2,22 = 1.73, p<0.05, Figure 9).
Examination of the timecourse using individual one-way ANOVA and Fisher’s LSD test
indicated significant elevations of ambulatory motor activity in both groups of DS-treated
rats compared to control rats (p<0.05).
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Mean Total Ambulation Counts/5min (±SEM)

Figure 9.
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Figure 9. Elevated Ambulation at Day 7 after Intra-VTA Dermorphin-Saporin
Effects of intra-VTA pretreatment of the μ-opioid receptor specific toxin dermorphinsaporin (DS) on the mean total ambulation in 5 min time bins (±SEM) for rats previously
pretreated with BS control (BS; n=9) or DS (DS1 or DS2; 1 or 2 pmol/200nl/side; n=10)
7 days after pretreatment. * Ambulation levels that were significantly different from BS
at the corresponding time point based upon Fisher’s Least Significant Difference test.
Mean total ambulation counts/60 min (±SEM) were assessed 14 days (Figure 10,
experiment 1) following pretreatment with BS (n = 11) or [DS 1 (n = 11) or DS 2 (n =
11); 1.0 or 2.0 pmol/200nl/side, experiment 1]. A main effect of pretreatment (F2,31 =
6.79; p<0.05) on ambulation counts was observed on day 14. Preplanned comparisons
indicated that mean total ambulation counts were significantly greater in animals
pretreated with the higher dose of DS (2.0 pmol/200nl/side) compared to BS-treated
control animals (p<0.05).
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DAY 14

Figure 10. Intra-VTA DermorphinSaporin (Day 14 pretreatment) Increases
Mean Total Ambulation
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Effects of intra-VTA pretreatment with the μopioid receptor specific toxin dermorphinsaporin (DS) on mean total ambulation ±
SEM (60 min) for rats pretreated 14 days
previously with B-S control (BS; n=11) or DS
(DS1 or DS2; 1 or 2 pmol/200nl/side; n=11).

0
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A two-way ANOVA indicated a main effect of pretreatment (F2,22 = 6.78,
p<0.05), a main effect of time (F2,22 = 0.0054, p<.0001, experiment 1), but not a
significant treatment x time interaction, for mean total ambulation (F2,22 = 1.08, p<0.05,
Figure 11, experiment 1) on Day 14. Examination of the timecourse using individual
one-way ANOVA and Fisher’s LSD test indicated significant elevations of ambulatory
motor activity for DS 2-treated rats relative to BS-treated rats (p<0.05).
Effects of intra-VTA Microinjection of Dermorphin-Saporin on VTA mRNA
Expression
Relative quantities of expression of GAD-67, μ-opioid receptor, and TH mRNA
were assessed 7 or 14 days following pretreatment microinjection of BS or DS (1 or 2
pmol/200nl/side, experiment 1) into the VTA. The Wilcoxon Kruskal-Wallis test was
used to determine significant differences with absolute p values. A main effect of
pretreatment was observed. The ΔΔCT (relative abundance) of GAD-67 and μ-opioid
receptor mRNA was lower in the VTA from rats pretreated with either dose of DS
compared to BS; these differences were not significant at day 7 for GAD-67 (X2 = 4.89,
p>0.05) or μ-opioid receptor (X2 = 7.52, p<0.05, Figure 12). A significant difference
between DS2-treated and BS-treated rats on day 14 for GAD-67 (X2 = 4.32, p<0.05) and
for μ-opioid receptor mRNA (X2 = 5.84, p<0.05, Figure 12). The relative abundance of
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TH mRNA was not different from rats pretreated with either dose of DS compared to BS;
there were no differences evident at day 7 (X2 = 2.53, p>0.05) or day 14 (X2 = 2.53,
p>0.05, Figure 12).
Figure 11.
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Figure 11. Elevated Ambulation at Day 14 after Intra-VTA Dermorphin-Saporin
Effects of intra-VTA pretreatment of the μ-opioid receptor specific toxin dermorphinsaporin (DS) on mean total ambulation in 5 min time bins (±SEM) for rats previously
pretreated with BS control (BS; n=11) or DS (DS1 or DS2; 1 or 2 pmol/200nl/side; n=11)
14 days after pretreatment. * Ambulation levels that were significantly different from BS
at the corresponding time point based upon Fisher’s Least Significant Difference test.
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Figure 12.

Mean ΔΔCT ±SEM

1.2

DAY 7
A.

0.9

0.9

0.6

0.6

GAD-67 mRNA

0.3

0.3

1.2

0.0
BS
B.

DS1

BS

DS2
1.2

μ-opioid receptor
mRNA

0.9

0.9

0.6

0.6

0.3

0.3

E.

DS1

DS2

μ-opioid receptor
mRNA

^

0.0

0.0
BS
1.2

Mean ΔΔCT ±SEM

DAY 14
D.

^

0.0

Mean ΔΔCT ±SEM

1.2

GAD-67 mRNA

DS1

BS

DS2
1.2

TH mRNA

C.

0.9

0.9

0.6

0.6

0.3

0.3

0.0

BS

DS1

0.0

DS2

42

DS1

DS2

TH mRNA

F.
F.

BS

DS1

DS2

Figure 12. Intra-VTA Dermorphin-Saporin Lesions GABA-containing Neurons
Effects of intra-VTA administration of the μ-opioid receptor specific toxin dermorphinsaporin (DS) on mean ΔΔCT (Mean ± SEM) of three mRNA targets. Rats pretreated with
BS control (BS; n=8) or D-S [1 (DS1) or 2 (DS2) pmol/200nl/side; n=8]. Fig. 12A-C
Rats 7 days after pretreatment; Fig. 12D-F Rats 14 days after pretreatment. A,D Total
activity. B,E Mean ΔΔCT (relative abundance) of GAD-67 mRNA. C,F Mean ΔΔCT
(relative abundance) of μ-opioid receptor mRNA. The asterisks (*) indicates activity
levels significantly different (P<0.05) from BS controls and DS1 pretreated animals,
while the caret (^) indicates activity levels significantly different (P<0.05) from BS
controls.
Effects of intra-VTA Microinjection of Dermorphin-Saporin on VTA Protein
Expression
The ability of DS pretreatment to selectively ablate neurons in the VTA was
visualized by immunohistochemical analyses for GAD-67 (black staining, Figure 13), μopioid receptors (black staining, Figure 14, experiment 1), TH protein (black staining,
Figure 15) in the VTA. Cells and processes appear to be stained for GAD-67 in controls
and the expression is not as evident after pretreatment with the highest dose of DS (DS2treated) relative to BS-treated at day 7 and day 14 (Figure 13). Cells and processes
appear to be stained for μ-opioid receptor in controls and the expression is not as evident
after pretreatment with the highest dose of DS (DS2-treated) relative to BS-treated at day
7 and day 14 (Figure 14). This apparent decrease in GAD-67 and μ-opioid receptor was
not evident at the lower dose of DS (DS1-treated) compared to BS-treated (Figure 15).
Cells and processes appear to stain prominently for TH in controls and the expression is
as evident in the DS-treated rats. Although there appeared to be reductions in the relative
numbers of IR-positive cells, the images were not quantified due to local tissue damage
effects that hampered immunostaining throughout a defined area but we were able to
provide representative images of intact tissues obtained from treated animals.
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Figure 13.

Figure 13. Intra-VTA Dermorphin-Saporin Appears to Decrease GAD-67-IR
Representative brightfield photomicrographs of GAD-67-IR (black staining) in coronal
sections of the VTA (200x magnification, -6.0mm relative to bregma). Apparent decrease
in the number of GAD-67-IR positive cells in the VTA after pretreatment (Fig. 13B-C,
13E-F). A, BS control (BS) B, DS 1 (DS 1; 1pmol/200nl/side) at day 7 recovery and C,
DS (DS 2; 2pmol/200nl/side) at day 7 after pretreatment. D, BS control (BS), E DS (DS
1; 1pmol/200nl/side) and F DS (DS 2; 2pmol/200nl/side) at day 14 after pretreatment.
The sample size was n=7 for all groups tested.
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Figure 14.

Figure 14.
Intra-VTA Dermorphin-Saporin Appears to Decrease μ-Opioid
Receptor-IR
Representative brightfield photomicrographs of μ-opioid-IR (black staining) in coronal
sections of the VTA (200x magnification, -6.0mm relative to bregma). Apparent decrease
in the number of μ-opioid-IR positive cells in the VTA after pretreatment (Fig. 14B-C,
14E-F). A, BS control (BS) B, DS (DS1; 1pmol/200nl/side) and C, DS (DS2;
2pmol/200nl/side) at day 7 after pretreatment. D, BS control (BS), E D-S (DS1;
1pmol/200nl/side) and F DS 2 (DS2; 2pmol/200nl/side) at day 14 after pretreatment. The
sample size was n=7 for all groups tested.
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Figure 15.

Figure 15. Intra-VTA Dermorphin-Saporin Appears to have no effect on Tyrosine
Hydroxylase
Representative brightfield photomicrographs of TH-IR (black staining) in coronal
sections of the VTA (200x magnification, -6.0mm relative to bregma). No change
apparent in the number of TH-IR positive cells in the VTA is evident after pretreatment.
A, BS control (BS) B, DS (DS 1; 1pmol/200nl/side) and C, D-S (DS2; 2pmol/200nl/side)
at day 7 after pretreatment. D, BS control (BS), E D-S (DS1; 1pmol/200nl/side) and F DS (DS2; 2pmol/200nl/side) at day 14 after pretreatment. The sample size was n=7 for all
groups tested.
Effects of Intra-VTA Microinjection of Dermorphin-Saporin on Cocaine-evoked
Hyperactivity
Mean total ambulation counts/60 min (±SEM) were assessed 7 days (Figure 16)
following pretreatment with BS or DS (1.0 pmol/200nl/side, experiment 2) and treatment
with saline (1 ml/kg, IP) or cocaine (10 mg/kg, IP). A two-way ANOVA indicated a main
effect of pretreatment (F1,23 = 28.46; p<0.05, Figure 16) as well as a main effect of
treatment with cocaine (F1,23 = 20.06; p<0.05, Figure 16), but no pretreatment x
treatment interaction (F1,23 = 0.43; p>0.05, Figure 16) on ambulation counts at day 7
after pretreatment.
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Figure 16.
Mean Total Ambulation Counts/60min (±SEM)
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Figure 16. Elevated Baseline Activity with DS-pretreatment Predicts Elevated
Cocaine-Induced Locomotor Activity
Effects of intra-VTA microinjection of dermorphin-saporin (DS) on cocaine-evoked
hyperactivity in rats pretreated with BS control (BS; n=6) or DS (DS1,
1
pmol/200nl/side; n=6) followed by challenge treatment with saline (1ml/kg, IP) or
cocaine (10 mg/kg, IP). Mean total ambulation (counts/60min; ±SEM) in rats pretreated 7
days after pretreatment. The asterisk (*) indicates activity levels significantly different
(P<0.05) from BS saline challenged controls, while the caret (^) indicates activity levels
significantly different (P<0.05) from all other groups.

Utilizing a three-way ANOVA with time as a repeated measure, a main effect of
pretreatment (F1,20 = 33.59, p<0.05, experiment 2), a main effect of treatment (F1,20 =
18.54, p<0.05), and no pretreatment x treatment x time interaction (F1,11 = 1.83, p=0.05)
was shown for mean total ambulation (Figure 17). Examination of the timecourse using
individual one-way ANOVA and Fisher’s LSD test indicated significant differences
across all time points relative to their individual controls (BS Saline).
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Figure 17. Combination of Intra-VTA Dermorphin-Saporin (Day 7 pretreatment)
and Cocaine Challenge Increase Mean Total Ambulation across 60 min
Effects of intra-VTA microinjection of dermorphin-saporin (DS) on cocaine-evoked
hyperactivity in rats pretreated with BS control (BS; n=6) or DS (DS1, 1 pmol/200nl/side;
n=6) followed by challenge treatment with saline (1ml/kg, IP) or cocaine (10 mg/kg, IP).
Timecourse of mean total ambulation plotted in 5 min bins across the 60 min test session
following IP injection of saline or cocaine (10 mg/kg, IP). The asterisk (*) indicates
activity levels significantly different (P<0.05) from BS saline challenged controls

Mean total ambulation counts/60 min (±SEM) was assessed 14 days (Figure 18,
experiment 2) following pretreatment with BS or DS (1.0 pmol/200nl/side) and treated
with saline (1 ml/kg, IP) or cocaine (10 mg/kg, IP). A two-way ANOVA indicated that
there was no main effect of pretreatment with DS (F1,35 = 2.19; p>0.05, Figure 18), a
main effect of treatment with cocaine (F1,35 = 8.62; p<0.05, Figure 18), but no significant
pretreatment x treatment interaction (F1,35 = 3.52; p>0.05, Figure 18) on ambulation at
day 14 days after pretreatment. The pretreatment x treatment interaction in the absence of
a main effect of DS pretreatment indicates the pretreatment is essential to develop the
magnitude of treatment (cocaine) response.
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Figure 18.
Total Mean Ambulation Counts/60min (±SEM)
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Figure 18. Combination of Intra-VTA Dermorphin-Saporin (Day 14 pretreatment)
and Cocaine Challenge Increase Mean Total Ambulation
Effects of intra-VTA microinjection of dermorphin-saporin (D-S) on cocaine-evoked
hyperactivity in rats pretreated with BS control (BS; n=9) or DS (DS1,
1
pmol/200nl/side; n=9) followed by challenge treatment with saline (1ml/kg, IP) or
cocaine (10 mg/kg, IP). Mean total ambulation (counts/60min; ±SEM) in rats pretreated
14 days after pretreatment. The asterisk (*) indicates activity levels significantly different
(P<0.05) from BS saline challenged controls, while the caret (^) indicates activity levels
significantly different (P<0.05) from all other groups.
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Figure 19. Combination of Intra-VTA Dermorphin-Saporin (Day 14 pretreatment)
and Cocaine Challenge Increase Mean Total Ambulation across 60 min
Effects of intra-VTA microinjection of dermorphin-saporin (DS) on cocaine-evoked
hyperactivity in rats pretreated with BS control (BS; n=9) or DS (DS1, 1 pmol/200nl/side;
n=9) followed by challenge treatment with saline (1ml/kg, IP) or cocaine (10 mg/kg, IP).
Timecourse of mean total ambulation plotted in 5 min bins across the 60 min test session
following IP injection of saline or cocaine (10 mg/kg, IP). The asterisk (*) indicates
activity levels significantly different (P<0.05) from BS saline challenged controls.
Utilizing a three-way ANOVA with time as a repeated measure, no main effect of
pretreatment (F1,20 = 1.87, p>0.05, experiment 2), a main effect of treatment (F1,20 = 9.18,
p<0.05), and no significant pretreatment x treatment x time interaction (F1,11 = 1.04,
p>0.05) was shown for mean total ambulation (Figure 19), separated into 12 different 5min time bins when comparing both DS1 and DS2 to BS saline controls. Examination of
the timecourse using individual one-way ANOVA and Fisher’s LSD test indicated a
significant differences across some of the points relative to controls (BS Saline; *
p<0.05).
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DISCUSSION
The aim of this study was to examine the role of VTA GABA-containing neurons
in the modulation of basal locomotor activity and cocaine-evoked hyperactivity. The
VTA is predominately populated by two types of neurons, DA-containing and GABAcontaining neurons (Johnson and North, 1992b); µ-opioid receptors in the VTA are
localized primarily on the GABAergic cells (Garzon and Pickel, 2001). Thus the
conjugated toxin DS was utilized to specifically ablate GABA-containing neurons within
the VTA. We have shown here that destruction of GABAergic neurons in the VTA
resulted in a dose-dependent increase in basal motor activity most evident at the earliest
timepoint of analysis (day 7) after treatment. Animals pretreated with the toxin exhibited
significant loss of mRNA for GAD-67 and µ-opioid receptors, but not for TH, as
indicated by mRNA markers. The loss of mRNA for GAD-67 and μ-opioid receptors
was mirrored by an apparent loss in protein expression for these 2 markers. Therefore, we
confirmed a selective ablation of GABA-containing neurons without evidence of
significant damage to DA neurons.
The magnitude of changes in spontaneous motor activity following a single
infusion of toxin into the VTA was dependent upon the toxin dose and the time period
after which behavioral and levels of molecular analyses were conducted. Basal motor
activity on day 7 was significantly elevated after either dose of the toxin, and molecular
markers (GAD-67 and μ-opioid receptor mRNA) showed a non-significant decrease
(Figure 12). The later timepoint of analysis (day 14) represents a snapshot of normalizing
basal activity in the face of accelerating losses in molecular markers for GABAcontaining neurons, noted to be significant after the high dose of toxin pretreatment.
Thus, the behavioral consequences of the toxin occur predominantly during the period in
which GABA-containing neurons appear to be degrading and dying. At the point at
which we observe the only significant molecular changes (day 14), basal activity has
completely (low dose) or partially (high dose) normalized to control levels, although
control levels for day 14 are different than those from day 7.
These data suggest that compensatory mechanisms may be responsible for the
normalizing basal activity in the face of the toxin lesion of the VTA. The dose-dependent
increases in locomotor activity at the earliest timepoint (day 7) are likely due to dosedependent damage or loss of local GABA-containing neurons, which would be expected
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to result in a disinhibition of DA-containing cell firing and increased motor activity (Di
Chiara and Imperato, 1988b; O'Brien and White, 1987). The mechanisms underlying the
normalization of basal activity of DS1-treated animals and the near-normalization of
DS2-treated animals at day 14 after infusion are likely based on compensatory responses
in this system were not directly explored in the present set of experiments. It is possible,
for example that return to baseline levels of spontaneous activity is related to an increase
of GABA release (Bonci and Williams, 1997) from the remaining local GABAcontaining neurons or an increase in GABA release from other afferents. Additionally,
GABA receptors located on VTA DA-containing neurons could potentially be upregulated (Barnes, Jr., 1996) and thus confer a greater sensitivity to the limited GABA
neurotransmitter availability. Furthermore, a change in the basal state of local DAcontaining neurons could also be responsible for a return to behavioral baseline, either
intrinsically by decreases in NAc DA (Taber et al., 1996) release or a downregulation of
the DA postsynaptic receptor systems (Hall et al., 1998), potentially in the NAc. Lastly,
other neurotransmitter systems in the VTA could contribute to the normalization of
spontaneous motor activity and those that normally tonically inhibit VTA DA neurons
and decrease NAc DA release are particularly suspect because they may function in a
similar manner as the GABA-containing neurons that were lesioned in the VTA.
Compensative mechanisms may result in on overt normalization of spontaneous
motor activity by day 14 after infusion of DS, however, administration of cocaine reveals
that ablation of GABA-containing neurons still has important behavioral consequences.
Thus, in the face of normalizing basal activity after the toxin lesion of the VTA, the
ability of cocaine to evoke hyperactivity remains intact, suggesting that the compensatory
mechanisms responsible for the normalization of locomotor activity have no direct effect
on the ability to generate cocaine-evoked hyperactivity and that VTA function is still
unbalanced and not completely normalized. This is surprising because locomotor activity
induced by cocaine are mediated in large part via the mesoaccumbens pathway (Kalivas
and Nakamura, 1999). Thus, the GABA inhibition of VTA DA-containing neurons may
not modulate motor hyperactivity induced by cocaine administration.
The selectivity and extent of DS pretreatment was assessed utilizing quantitative
real-time PCR for transcripts specific for GAD-67, μ-opioid receptors and TH. Utilizing
mRNA allowed us to dissect the VTA of lesioned animals and to quantify molecular
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markers specifically for GABA-containing and DA-containing neurons in the VTA. The
quantification of specific mRNA targets in the VTA allowed us to determine which
neuronal populations were impacted by DS infusion. The reduction of mRNA for GAD67 and μ-opioid receptors indicates a selective loss of GABA-containing neurons in the
VTA after DS pretreatment even after the locomotor activity has returned to baseline,
which suggests that the neurons that generate these markers are not regenerated by day
14. The lack of effect on TH indicated no effect on VTA DA neurons indicates that DA
mRNA levels remain stable even after VTA GABA neurons are lesioned.
The selectivity of DS for GABA-containing neurons was further assessed by
visualization of VTA tissue after toxin pretreatment and immunolabeling for antibodies
corresponding to the protein targets of GAD-67, μ-opioid receptors, and TH.
Quantification of cell numbers in our tissue samples was not possible because each of the
antibodies displayed a unique staining profile and the injection/lesioning process itself
caused tissue damage which hampered the ability to conclusively count cells in a defined
area. The visualization of representative immunostaining allows us to speculate as to the
impact of toxin pretreatment. The DS pretreatment appeared to cause no effect at day 7
after pretreatment and a potential relative reduction in μ-opioid receptor and GAD-67
immunoreactivity after 2 weeks, with no relative difference in TH. Defining the extent of
toxin damage utilizing immunolabels may not be the best approach for quantification for
a variety of reasons, including the possibility of positive immunolabeling on nonfunctional cells as indicated by infiltration of microglia to the injection sites between
days 4 and 7 (Seeger et al., 1997) which may hold molecular targets in place until the
microglia clear the detritus. Thus we chose to utilize the mRNA to quantify the extent of
toxin damage as well as visualization of immunlabeled tissue to gain further insight into
molecular changes after toxin pretreatment.
The loss of GABA-containing neurons in the VTA results in increased locomotor
activity, presumably via disinhibition of DA-containing neurons and downstream
increases in NAc DA efflux, which is well-known to be correlated with increases in
locomotor activity in drugs abused by humans (Di Chiara and Imperato, 1988b). This
mechanism is supported by numerous pharmacological studies involving GABA
mimetics. For example, local blockade of GABA receptors by selective antagonists
mirrors our results of GABA-containing neuron ablation, by temporarily interrupting
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tonically inhibitory GABA neurons. In particular, intra-VTA blockade of postsynaptic
GABAA receptors with either picrotoxin or bicuculline increases DA efflux in the NAc
which is attenuated with co-administration of the GABAA agonist muscimol (Ikemoto et
al., 1997a) and this is further supported by the demonstration that picrotoxin is readily
self-administered into the VTA (Ikemoto et al., 1997b). Furthermore, intra-VTA
administration of the GABAB agonist baclofen blocked morphine induced hyperactivity
(Leite-Morris et al., 2002), indicating that VTA GABA receptors are important in druginduced locomotion. Thus, not only do GABA-containing neurons of the VTA modulate
basal locomotor activity, but they are also important in the modulation of locomotor
behaviors generated by drugs of abuse.
The population of μ-opioid expressing GABA-containing neurons in the VTA are
critically involved in the expression of both basal as well as cocaine-evoked locomotor
activity. Additionally, the ability of animals to normalize to basal levels two weeks after
selective VTA GABA-containing neuron ablation, indicates a prominent and robust
modulation of VTA DA-containing neurons. These data provide valuable insights into
regulation of basal- and drug-induced locomotion and also provide a new strategy to
further test the ability of VTA DA-containing neurons to react to substantial changes in
local circuitry.
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CHAPTER 4
Overall Conclusions
INTRODUCTION
A thorough understanding of the VTA CB1R and modulation of GABA inhibition
of VTA DA-containing neurons is of paramount importance in drug abuse research. We
have provided a detailed description of the heterogeneity of VTA CB1R populations,
evidence for postsynaptic CB1R expression within cells of the VTA, as well as a potential
subnucleus within the VTA that may be critical in terms of drug reward and
reinforcement neurotransmission.

Furthermore, we have provided evidence that

demonstrates the importance of VTA GABA neurons in basal as well as psychostimulantinduced locomotor activity and these data have provided a novel strategy to study the
regulatory mechanisms of VTA DA-containing neurons and their normalization after
changes in VTA neuronal populations.
The overall topography of innervation of the VTA is considered a complex
“linked network” (Geisler and Zahm, 2005) amongst many different brain nuclei. The
complexity of the VTA extends beyond specific cells within the VTA to systems
interconnected with the VTA. For example, while the VTA contains cell bodies of DAcontaining and GABA-containing neurons (Johnson and North, 1992b; Mathon et al.,
2003), in addition the VTA receives innervation from numerous other neurotransmitter
systems, such as glutatmate, acetylcholine, serotonin, noradrenaline, enkephalin as well
as many others (Mathon et al., 2003) including the endogenous cannabinoid
neurotransmitter system (present study; Melis et al., 2004; Schlicker and Kathmann,
2001; Szabo et al., 2002; Wenger et al., 2003). A subset of the VTA DA-containing
neurons project to limbic areas such as the NAc and comprise the mesoaccumbens
pathway (Swanson, 1982c), while GABA-containing neurons in the VTA serve as both
local interneurons as well as projection neurons (Carr and Sesack, 2000; Nagai et al.,
1983; Steffensen et al., 1998; Van Bockstaele and Pickel, 1995). The combination of the
resident neuronal populations, interconnected circuits, and the diverse neurotransmitter
systems which all impact the VTA suggests a potentially high degree of heterogeneity or
region-specific receptor expression of CB1R within the VTA.
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The heterogeneity of the VTA extends beyond resident neuronal populations but
also to receptor localization, which may impact functional output such as behavior. We
have demonstrated a rostrocaudal gradient of CB1R localization in the IF VTA
subnucleus as well as heterogeneity throughout the entire VTA. Cannabinoid-evoked
protein expression and behavior evoked after cannabinoid administration have also been
shown to be heterogenous within the VTA. This heterogeneity is evident in recent reports
that demonstrate systemically-administered cannabinoids can differentially alter the
expression levels of protein expression across VTA subnuclei. Thus, taken together, these
data as well as our demonstration of high levels of CB1R in the caudal IF as well as the
heterogenous CB1R VTA protein expression suggest that regional differences in the
actions and potential expression of CB1R in the VTA may differentially modulate
locomotor effects and protein expression after cannabinoid administration.
The regiospecificity of CB1R localization in the VTA is further complicated by
the synaptic localization of these receptors. The CB1R has been functionally localized to
presynaptic terminals of both GABA (Szabo et al., 2002) and glutamate terminals (Melis
et al., 2004) in the VTA, suggesting that CB1R modulates inhibitory as well as excitatory
input to VTA neurons. Currently, CB1R are thought to be localized primarily
presynaptically, although there are numerous reports of postsynaptic CB1R localization
B

(Endoh, 2006; Hohmann et al., 1999; Kelly and Chapman, 2001; Kirby et al., 2000;
Lopez-Redondo et al., 1997; Pickel et al., 2004; Rodriguez et al., 2001; Salio et al., 2002;
Schweitzer, 2000) and now we demonstrated evidence of postsynaptic localization of
CB1R in the VTA. The ample evidence of postsynaptic CB1R populations throughout
various brain areas supports our data as we are first to describe CB1R-IR located on cell
bodies within the VTA and provide an important advance in understanding how
cannabinoids modulate neurotransmission in the mesocorticolimbic circuits. The
development of detailed localization of pre- and postsynaptic VTA CB1R populations and
their potential functional overlap may hold the key to understanding VTA CB1R
modulation of locomotor activity and ultimately marijuana abuse.
The possibility of a solitary mechanism of action for CB1R in the VTA that
accounts for drug reward mechanisms is unlikely. Our understanding of the components
of endogenous cannabinoid signaling in the VTA is important to gain clues as to the
function of this receptor in drug abuse. One current hypothesis is that endocannabinoid

56

release is suggested to be part of an “on-demand” compensatory response to promote
repair and cell survival in response to a variety of signals (Karanian and Bahr, 2006).
While potentially located both pre- and postsynaptically in the VTA, the CB1R is poised
to regulate both afferents and efferents of the VTA. Thus our demonstration of a previous
undefined population of CB1R in the VTA could be indicative of receptors expressed at
critical

locations

required

for

this

putative

compensatory

response

system.

Understanding the impact of drug abuse on reward circuit signaling is clearly important
and developing a better understanding of how these circuits compensate for modulated
neurotransmission “under the influence” of drugs of abuse will ultimately lead to better
pharmacotherapies to counteract addiction.
Several animal models of reward/reinforcement have demonstrated the role of
GABA neurotransmission in the VTA in regulating the reinforcing and rewarding effects
of various drugs of abuse (Corrigall et al., 1999; Corrigall et al., 2000; David et al., 1997;
Xi and Stein, 1999). A variety of receptors including the CB1R (Szabo et al., 2002) and
B

μ-opioid receptors (Johnson and North, 1992a) have been implicated in the modulation of
GABA neurotransmission in the VTA. The hyperpolarization of VTA GABA-containing
neurons results in a disinhibition of the principal DA-containing neurons (Johnson and
North, 1992a) and may cause a switch to burst firing and increased firing frequency of
these DA-containing neurons (Miller et al., 1981; Overton and Clark, 1997). This leads to
a downstream efflux of DA in the NAc and subsequent increases in locomotor activity,
effects that are common with administration of drugs of abuse (Di Chiara and Imperato,
1988b). Thus our demonstration that selective ablation of GABA-containing neurons in
the VTA increased spontaneous locomotor activity and potentiated cocaine-induced
hyperactivity, suggests that GABA-containing neurons in the VTA play an important
inhibitory role on the activation of basal and drug-induced locomotor activity.
Our studies of GABA-containing neuronal ablation in the VTA have yielded more
than just the observation that we increased locomotor activity by removing a subset of the
local GABA neurons. The repeated observation of the return to basal activity levels 14
days after pretreatment indicates prominent and robust compensatory systems that have
yet to be explored. Our studies provide the basis for developing a novel strategy for
understanding what drives DA modulation and behavior back to basal levels after
decreasing GABA input. These studies provide a springboard into understanding the
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reaction of a set of neurocircuits in response to insult and injury and may ultimately
provide evidence as to how these circuits respond to drugs of abuse.
The functional consequences of removing a portion of the inhibitory control of
VTA DA-containing neurons not only may yield important insights into drug use but also
into other phenomenon that impact drug use. For example, DA impulse activity has been
implicated in learning and memory (Cooper, 2002; Grace, 2000), as well as been
associated with individual vulnerability to the reinforcing effects of cocaine and other
drugs of abuse (Marinelli et al., 2003).

In addition, decreased DA impulse activity is

associated with reduced vulnerability to self-administer cocaine, while increased activity
is an indicator of an increased propensity to self-administer cocaine (Marinelli and White,
2000; Marinelli et al., 2003). Thus, the potential exists that an imbalance in the
modulation of DA impulse activity by decreased levels GABA inhibition could be an
indicator of a greater propensity to self-administer drugs of abuse such as cocaine.
Clearly, developing a better understanding of the impact GABA neuron removal on DA
impulse activity is an important compensatory mechanism that needs to be developed
further.
OVERALL SUMMARY
In conclusion, the present studies demonstrated a heterogenous CB1R population
in the VTA as well as a gradient of increasing CB1R localization (from rostral to caudal)
in the IF of the VTA and further evidence of postsynaptic CB1Rs. The areas of highest
CB1R expression correspond spatially to the coordinates at which local GABAcontaining neurons were found to be modulators of basal and cocaine-evoked
hyperactivity. These studies provide evidence that the caudal VTA is an important
nucleus of CB1R expression as well as GABA modulation of basal and cocaine-evoked
activity. This discrete caudal nucleus of the VTA may be critical in the development of
pharmacological tools for treatment and intervention strategies of drug abuse. The
similarity of the neural circuitry underlying reward in humans and drug-induced
hyperactivity in rodents suggests that caudal VTA CB1R should be further investigated as
a potential site for pharmacological intervention in drug abuse.
Most importantly, these studies have laid the foundation for understanding
compensatory mechanisms in the VTA. First, by expounding upon the hypothesis that
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VTA CB1R may be part of an intrinisic compensatory mechanism that promotes repair
and cell survival after insult/injury and the development of more accurate localization
studies including this one are critical to advance our understanding of which neurons are
affected by this mechanism. Secondly, the demonstration of the behavioral consequences
of GABA ablation in the VTA and the subsequent return to baseline via some type of
compensatory mechanism or mechanisms as well. Ultimately, these studies have started
an understanding of the activation of compensatory mechanisms and further research
after drug administration will yield critical knowledge in our desire to eradicate drug
abuse and addiction.
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