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The mesolimbic dopamine (DA) pathway is critically involved in reward-seeking
and appetitive behaviors. It originates in the ventral tegmental area (VTA) and provides
DA innervation to terminal regions. Impaired DA transmission is a hallmark of
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The activity of DAergic cells is potently modulated by the endocannabinoid system
(ECS). The ECS influences neuronal activity through presynaptic inhibition of
neurotransmitter release. The cannabinoid type 1 receptor (CB1R) is the main receptor
involved in this signaling pathway.
Here, we identify inputs to VTA DA neurons that express CB1R mRNA. Using a
series of viral vectors, we first identified monosynaptic inputs to DA neurons in the VTA.
We then performed a combination of radioactive in situ hybridization and
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that signal through the ECS.
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Introduction and Background
The Mesolimbic Dopamine Pathway
Dopamine (DA) plays a critical role in reinforcement learning, reward-guided
decision-making and motor responses (DeLong and Wichmann 2007; Joshua, Adler et al.
2009; Money and Stanwood 2013). DA is released through two main pathways: the
mesolimbic and the nigrostriatal DA systems, which project to a range of functionally
distinct structures (Dahlstroem and Fuxe 1964). The mesolimbic system is formed by
dopaminergic neurons located in the ventral tegmental area (VTA) and their projections to
the nucleus accumbens, cortex, amygdala and hippocampus (figure 1) (Tan, Rudolph et al.
2011). This circuit primarily guides reward-seeking behaviors (Stuber, Britt et al. 2012).
The nigrostriatal system originates from neurons in the substantia nigra pars compacta and
projects to the dorsal striatum; its main role is in the organization of motor sequences
(Groenewegen 2003). Compromised dopaminergic release in both pathways is encountered
in a variety of neuropsychiatric conditions such as schizophrenia, Huntington’s and
Parkinson’s disease, drug addiction and obsessive-compulsive disorder (DeLong and
Wichmann 2007; Money and Stanwood 2013).
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Figure 1: Circuitry of the mesolimbic DA system. DA neurons (blue) project to the ventral striatum, the
nucleus accumbens (NAc), the prefrontal cortex (PFC) and the hippocampus. The VTA receives reciprocal
excitatory projections (green) from the PFC, the pedunculopontine nucleus (PPT), the amygdala, the lateral
hypothalamus (LH), the laterodorsal tegmental nucleus (LDTg), and the bed nucleus of the stria terminalis
(BNST). Inhibitory projections (red) originate in the NAc and PPT as well as through local inhibitory
feedback from GABAergic interneurons. Adapted from Tan et al 2011.

Herein, we will focus on the mesolimbic system originating in the VTA. The VTA
is composed of five primary nuclei listed below in table 1: paranigral nucleus (PN),
parainterfascicular nucleus (PIF), parabrachial pigmented area (PBP), caudal linear
nucleus (CLi), and the rostral linear nucleus (RLi) (Swanson 1982; Halliday and Tork
1986). A comprehensive cytoarchitectural and chemoarchitectonic study of the DA cell
groups in the VTA demonstrated that the PN and PBP contain the vast majority of DA
neurons. Within each division of the VTA, DA neurons of different size and shape can be
observed (Fu, Yuan et al. 2012). This heterogeneity plays an important role in determining
which portions of the VTA are affected in disease states and in determining VTA DA
efferents. In all, DA neurons comprise about 55% of all cells in the VTA (Margolis, Lock
2

et al. 2006; Nair-Roberts, Chatelain-Badie et al. 2008). The remaining cells are primarily
GABAergic projection neurons and roughly 5% are glutamatergic (localized at the midline)
as shown in figures 2A and 2B, respectively (Stamatakis and Stuber 2012; Root, MejiasAponte et al. 2014).

Figure 2: Localization of GABAergic and glutamatergic cells in the VTA. A) Expression of AAV-DIOChR2-eYFP following injection of the viral construct unilaterally into the VTA of VGaT-IRES::Cre mouse
shown in green. Midbrain DA neurons, as indicated by tyrosine hydroxylase immunoreactivity, are shown in
red. Adapted from Zessen et al 2012 B). Expression of AAV5-EF1α-DIO-hChR2(H134R)-eYFP at the viral
injection site in a VGluT2-IRES::Cre mouse. VGluT2-eYFP neurons are localized to midline VTA (green),
whereas TH-immunoreactive neurons are localized laterally (red). Scale bar 0.25mm. Adapted from Root et
al 2012.

Tyrosine hydroxylase, the rate-limiting enzyme in DA biosynthesis, is the most
widely accepted marker for DA cells. Another marker for DA cells is the dopamine
transporter, DAT, which is responsible for DA re-uptake. DAT is expressed on the soma,
dendrites, and axons of most DA neurons. Several studies have revealed a mismatch
between the expression of TH and DAT in the VTA (Augood, Westmore et al. 1993;
Blanchard, Raisman-Vozari et al. 1994; Sleipness, Sorg et al. 2007; Li, Qi et al. 2013).
This disparity was quantified (red box, table 1) and comparison of immunoreactivity for
TH and DAT emphasizes that DA cells in the midline are predominately TH positive and
DAT negative, while lateral portions co-express TH and DAT (figure 3) (Fu, Yuan et al.
2012).
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Table 1: Percentage of DA neurons containing DAT. Midbrain from C57BL/6J mice was stained against TH,
DAT, Calbindin, and GIRK2. Calbindin, and GIRK2 are proteins thought to be compromised in Parkinson’s
disease. The red box highlights the number of TH positive neurons counted and the percentage of DA neurons
containing DAT. Adapted from Fu et al 2012.

Figure 3: Co-localization of TH and DAT. Midbrain from C57BL/6J mice was stained against TH (red) and
DAT (green). Cells co-expressing TH and DAT are seen in the overlay. DAT positive cells are located
laterally, while TH positive cells are present at the midline and laterally. Adapted from Fu et al 2012.
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The VTA receives input primarily from the nucleus accumbens, ventral pallidum,
globus pallidus, bed nucleus of the stria terminalis, central nucleus, ventromedial
hypothalamic nucleus and the dorsal raphe nucleus (Geisler and Zahm 2005). The advance
of transgenic animals has allowed for cell-type specific circuit tracing. Watabe-Uchida and
colleagues used a DAT::Cre transgenic mouse to identify direct monosynaptic inputs to
VTA DA neurons. Their results are illustrated in table 2, highlighting the number of inputs
as well as the density from each input area (Watabe-Uchida, Zhu et al. 2012).
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Table 2: VTA DA input areas. DAT::Cre mice were injected with a pseudorabies virus into the VTA and
substantia nigra compacta (SNc). The number and density of monosynaptic inputs to DA neurons in the SNc
(red bars) and VTA (blue bars) is illustrated. Adapted from Watabe-Uchida et al 2012.

Dopamine VTA projections are generally reciprocal to VTA DA afferents The
majority of input areas to the VTA are glutamatergic, with the exception of the nucleus
accumbens, lateral septum, and ventral pallidum, which are GABAergic (Bjorklund and
Dunnett 2007). Figure 4 summarizes the major efferent and afferent projections of the VTA
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(Fields, Hjelmstad et al. 2007). Interestingly, at the time this review was published in 2007,
the contribution of the dorsal raphe nucleus (DRN) on the VTA was unaccounted for.
Whole-brain mapping studies have found the greatest density of VTA-projecting neurons
to reside in the DRN (table 2).

Figure 4: Summary of the major afferent and efferent projections of the VTA. Dopaminergic contribution to
these inputs (where known) is illustrated by the color scale. Direct connections are illustrated with a black or
color arrow, while gray indicates an indirect connection. Adapted from Fields et al 2007.

The Endocannabinoid System
Based on DAs role in motivated behaviors and its involvement in psychiatric
disorders, precise control of DA transmission that allows for behavioral flexibility is
crucial. The endocannabinoid system (ECS) potently modulates DA neurons through
presynaptic inhibition: the post synaptic neuron releases endocannabinoids via retrograde
transmission that bind to cannabinoid receptors found on presynaptic terminals (Lupica,
Riegel et al. 2004; Melis, Pistis et al. 2004). Their activation causes a reduction in the
amount of neurotransmitter released (figure 5) (Velasco, Sanchez et al. 2012).
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Figure 5: Cannabinoid and endocannabinoid signaling. The plant-derived cannabinoid THC (Δ9tetrahydrocannabinol) exerts its effect by activating CB1R that are engaged by endogenous cannabinoids.
The endocannabinoid system plays a role in neuromodulation. After the binding of neurotransmitters to their
receptors, activated postsynaptic neurons synthesize membrane-bound endocannabinoid precursors and
cleave them to release endocannabinoids. This is induced by an increase in the cytosolic concentration of
free Ca2+, although recent evidence suggests that G-protein coupled receptors can also trigger this process.
Endocannabinoids such as anandamide (N-arachidonoylethanolamine (AEA)) and 2-arachidonoylglycerol
(2-AG) subsequently act as retrograde messengers to bind presynaptic CB1 receptors. This binding initiates
signaling events such as the inhibition of Ca2+ influx into the cell or the opening of K+ channels, and, in turn,
a decrease in the probably of presynaptic neurotransmitter release. Adapted from Sanchez et al 2012.

Two main metabotropic, G protein-coupled receptors are activated during
endocannabinoid transmission: cannabinoid type 1 receptors (CB1R) and cannabinoid type
2 receptors (CB2R). CB2R are expressed in the immune system and hematopoietic cells
(although recent reports show moderate densities in the brain), while CB1Rs are the most
abundant G-protein coupled receptor in the mammalian brain (Ameri 1999; Piomelli 2003).
Endogenous ligands of CB1Rs such as 2-arachidonoylglycerol (2-AG) and anandamide are
localized in DA cells in the VTA. An electron microscopy study confirmed that the
precursor for 2-AG, diacylglycerol lipase (DGL), is found in DA cells in the plasma
membrane (figure 6) (Matyas, Urban et al. 2008). CB1Rs are found presynaptically on both
8

glutamatergic and GABAergic interneurons (figure 7A and 7B, respectively) (Matyas,
Urban et al. 2008) and the main degrading enzyme of 2-AG, monoacylglycerol lipase, is
localized at the presynaptic level (Blankman, Simon et al. 2007). While midbrain DA
neurons release endocannabinoids, they do not express CB1Rs (Herkenham, Lynn et al.
1991). Other endocannabinoids such as N-Arachidonoyl dopamine and anandamide also
operate through ionotropic transient receptor potential vanilloid type 1 receptors (Piomelli
2003).

Figure 6: DAergic neurons express DGL in mouse VTA. Electron microscope analysis of C57BL/6H wild
type mouse depicting dopaminergic neuron identified by TH immunostaining (diffuse DAB precipitate) is
immunolabeled for DGL using immunogold particles (arrow directed at gold particles). Scale bar 0.5µm.
Adapted from Matyas et al 2008.

Figure 7: Co-localization of postsynaptic DGL and presynaptic CB1Rs at both glutamatergic and GABAergic
synapses. High-power electron micrographs of C57BL/6H wild type mouse VTA showing A) Glutamatergic
neuron forming an asymmetric synaptic specialization in the VTA is identified by immunoperoxidase
staining for CB1R and immunogold labeling for DGL. B) GABAergic neuron forming a symmetric synaptic
specialization in the VTA is identified by immunoperoxidase staining for CB1R and immunogold labeling
for DGL. DGL identified by arrows. Scale bars 0.2 µm. Adapted from Matyas et al 2008.
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The Endocannabinoid System Modulates Mesolimbic Dopamine Transmission
Dopamine neurons exhibit tonic firing, but switch to phasic activity in response to
salient stimuli. The CB1R agonist WIN55,221-2 increases both tonic and phasic DA
concentrations in the nucleus accumbens (NAc) shell (figure 8A and 8C, respectively).
This effect is blocked by rimonabant, a CB1R antagonist (Oleson and Cheer 2012).

Figure 8: Cannabinoids increase tonic and phasic DA release. A) Activation of CB1Rs by WIN55,2212-2
(0.3mg/kg i.v., filled circles) increased tonic DA levels in the nucleus accumbens shell compared to vehicle
(open parallelograms). This effect was prevented by rimonabant (1mg/kg s.c., open triangles). C) Application
of WIN55,2212-2 (0.125mg/kg i.v., right of dashed line) increased the frequency of phasic dopamine release
in the nucleus accumbens shell compared to pre-treatment (left of dashed line). Adapted from Oleson and
Cheer 2012.

During these brief, high-frequency firing episodes, DA neurons form and release
endocannabinoids on demand thereby indirectly modulating their own excitability. The
resulting change in DA levels in target regions is crucial for proper control of DA
dependent behavior. Specifically, substantial evidence suggests that all commonly abused
drugs ultimately lead to an increase in DA in the brain reward circuitry (Gardner 2002;
Pierce and Kumaresan 2006; Hernandez, Oleson et al. 2014). CB1R antagonists reduce
self-administration of commonly addictive drugs, while agonists cause drug reinstatement
(Gardner 2002; Oleson and Cheer 2012). An example of this is nicotine dependence. In
this study, rats were trained to lever press for nicotine. This behavior was then
extinguished, however, animals began lever pressing after administration of WIN 55,21210

2 during cue-induced reinstatement. Rimonabant blocked this effect (figure 9)
(Gamaleddin, Trigo et al. 2015).

Figure 9: Cannabinoids promote reinstatement of nicotine seeking induced by presentation of nicotine
associated cues. Long Evans rats received intravenous catheters and were trained up to a FR5 reinforcement
schedule. The behavior was then extinguished. A) Pre-treatment with WIN 55,212-2 during cue-induced
reinstatement of nicotine seeking. B) Rimonabant reduced cue-induced reinstatement of nicotine seeking
induced by pre-treatment with WIN 55,212-2. Adapted from Gamaleddin et al 2015.

Similarly, the blockade of CB1Rs with rimonabant decreases the concentration of
cue-evoked DA transients and reward seeking behavior (figure 10) (Oleson, Beckert et al.
2012).
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Figure 10: Disrupting endocannabiniod signaling decreases cue-evoked DA transmission during appetitive
food seeking. Sprague-Dawley rats fitted with back mounted jugular vein catheters and trained to respond to
chocolate flavored pellets on an FR1 reinforcement schedule. Administration of rimonabant (0.3mg/kg i.v.,
red bar) A) Reduced reward seeking. B) Disrupted appetitive, but not consummatory feeding. C) Decreased
the concentration of cue-evoked dopamine in comparison to vehicle (v, blue bar) during appetitive food
seeking. Baseline-black bar, b. Adapted from Oleson et al 2012.

The Dorsal Raphe Nucleus Modulates the Meso-Accumbens Pathway
Changes in DA activity due to disrupted endocannabinoid signaling are most
significant in the (NAc) (Lupica, Riegel et al. 2004). This is not surprising given that the
NAc is the predominant target of DA cells in the VTA (figure 4). This meso-accumbens
dopamine pathway plays a central role in reward processing and drug addiction (Wise and
Bozarth 1984; Wise and Bozarth 1985; Gardner 2002). Importantly, serotonergic neurons
in the DRN modulate the mesolimbic DA system (Herve, Simon et al. 1979; Boulenguez,
Rawlins et al. 1996) The DRN provides dense innervation to VTA DA neurons that target
the NAc (Van Bockstaele, Cestari et al. 1994). For example, administration of RU 24969,
a 5-HT1B receptor agonist, increases the levels of DA and DOPAC, a DA metabolite, in the
NAc as measured by microdialysis (figure 11) (Boulenguez, Rawlins et al. 1996). Indeed,
the 5-HT2C receptor is not only linked to modulation of meso-accumbens DA transmission
by activation of GABAergic neurons in the VTA, but also colocalizes directly on VTA DA
neurons (Bubar, Stutz et al. 2011).
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Figure 11: Modulation of DA release in the NAc by serotonergic agonists. Percent changes in DA, DOPAC,
HVA, and 5-HIAA extracellular levels measured by microdialysis in the NAc shell of freely moving rats.
RU 24969, a 5-HT1B receptor agonist (0.1 and 0.5 mg/kg) increased DA levels and a 0.5mg/kg dose increased
DOPAC levels in the NAc shell of freely moving Sprague-Dawley rats. The 5-HT1A receptor agonist, 8-OHDPAT, did not produce any changes in DA, DOPAC, or HVA levels. DOPAC and HVA are DA metabolites,
while 5-HIAA is a metabolite of serotonin. Adapted from Boulenguez et al 1996.

In addition to the DRN providing the densest innervation to VTA DA neurons,
serotonergic cells in the DRN express CB1Rs. Haring and colleagues performed a double
in situ hybridization experiment to detect co-expression of TPH2, an isozyme of the ratelimiting enzyme in the synthesis of serotonin, tryptophan hydroxylase, and CB1R mRNA.
They report a low, but significant population of serotonergic neurons in the DRN contains
CB1R mRNA (Haring, Marsicano et al. 2007). Co-expression is visualized in figure 12 as
the overlap of red staining (CB1R) and silver grains (TPH2). Overall, they found large
variability in CB1R mRNA expression noting that the majority of CB1R and TPH2
coexpressing cells contain low levels of CB1R mRNA.
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Figure 12: Presence of CB1R mRNA in serotonergic cells. Low magnification micrograph of the dorsal
aspect of the DRN in C57BL/6N mice depicting presence of CB1R mRNA in serotonergic neurons. CB1R
(red staining) and TPH2 (silver grains). Blue staining: Toluidine Blue counterstaining. White arrowCB1/TPH2 co-expressing cell, white arrowhead- CB1R only expressing cell, yellow arrowhead- THP2 only
expressing cell. Adapted from Haring et al 2007.
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Hypothesis
Signal transduction at CB1Rs has been proven to modulate the mesolimbic
dopamine system through pharmacological, electrophysiological, electrochemical, and
behavioral experiments (Lupica, Riegel et al. 2004; Oleson and Cheer 2012; Wenzel and
Cheer 2014). Phasic DA release in target regions is shaped by CB1R control of DAergic
activity (Oleson, Beckert et al. 2012). Cell type specific whole-brain mapping has
identified several brain areas providing significant monosynaptic afferents to DA cells in
the VTA (Watabe-Uchida, Zhu et al. 2012). However, which of these regions feature
prominent modulation of DA cells through the ECS is unknown. The most likely candidate
is the DRN; providing the densest innervation to DA neurons. The DRN contains the
largest group of serotonergic neurons in the brain, of which a significant portion express
CB1R mRNA. We hypothesize that monosynaptic inputs to VTA DA cells emanating from
the DRN will express CB1R mRNA.
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Experimental Design
In order to focus specifically on how DA neurons in the VTA are modulated by the
ECS, we examined the expression of CB1R mRNA on monosynaptic inputs to VTA DA
neurons. Using DAT::Cre mice, we injected a modified pseudorabies virus (PRV) that
specifically labels monosynaptic inputs. While TH::Cre mice provide an inclusive system
to target DA cells, transgenes under control of the TH, but not the DAT, promoter have
been shown to exhibit dramatic non-DA cell specific expression within the VTA (Lammel,
Steinberg et al. 2015). To this end, we chose DAT::Cre mice as our model as they have
previously been used with our experimental design and produce a good initial infection in
DA cells (Watabe-Uchida, Zhu et al. 2012).
Initially, a cocktail of 2 adeno-associated viruses (AAV) (AAV5-EF1a-FLEXTVA-mCherry and AAV8-CA-FLEX-RG) was injected into the VTA. One of the AAVs
contains a cognate avian retroviral receptor (TVA) fused with a red fluorescent protein
(mCherry). The second AAV supplies the gene for the mammalian rabies virus envelope
glycoprotein (RG). This fluorescent tag allows us to visualize which DA cells were
transduced by the AAVs. Both of the AAVs incorporate a modified FLEX switch, allowing
the TVA receptor and RG to both be expressed under the control of the high specificity
Cre-loxP system. It is possible that a DAT::Cre positive cell is transduced by only one of
the two AAVs. In this case, the cell can either contain the TVA receptor and the fluorescent
tag or it can contain the RG.
Three weeks after initial transduction, a modified pseudo-rabies virus (PRV),
SADΔG-GFP(EnvA), was injected into the VTA. This modified PRV contains an avian
virus envelope protein (EnVA) that binds to the TVA receptor (which was introduced to
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the cell via the AAV). Additionally, the RG in the rabies virus has been replaced with an
enhanced green fluorescent protein (EGFP). This fluorescent tag allows us to visualize
which DA cells were infected by the PRV. Since the RG is necessary for transsynaptic
spread, but is removed from the PRV, the PRV will only infect cells transduced by both
AAVs and their monosynaptic inputs. These cells express EGFP (figure 13).

Figure 13: Recombinant AAV strains and rabies virus. Adapted from Watabe-Uchida et al 2012.

These modifications to the rabies virus ensure that it infects targeted mammalian
cells and replicates in a specific, strategically designed manner (Ugolini 1995; Callaway
2008). The AAV constructs ensure the PRV binds to DA neurons that express the TVA
receptor (EnVA binds to TVA receptor) and the mammalian RG. Cells in this population
(starter neurons) represent the initial infection site and contain both mCherry (AAV) and
EGFP (PRV). Since the PRV only travels in a retrograde fashion, cells that are the
monosynaptic inputs to these starter neurons will express only EGFP (figure 14)
(Wickersham, Lyon et al. 2007). The PRV travels retrogradely through classical synapses
(Wall, De La Parra et al. 2013).
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Figure 14 Transsynaptic tracing. D) Insertion of the genes for the TVA receptor and rabies glycoprotein into
the target cell. The pseudotyped rabies virus is unable to infect mammalian neurons unless they contain the
TVA receptor. E) PRV infects the TVA-expressing cell and the rabies glycoprotein allows the virus to spread
to directly presynaptic neurons. Presynaptic cells express EGFP, but lack the rabies glycoprotein, restricting
further infection. Adapted from Wickersham et al 2007.

Once animals were perfused and the tissue was sectioned, we performed a tyrosine
hydroxylase (TH) immunofluorescent experiment to label DA neurons. TH is the ratelimiting enzyme in DA biosynthesis. We used a TH antibody stain to confirm that our
injections sufficiently cover the VTA and that we have a sufficient starter neuron
population. Starter neurons are co-labeled with mCherry (AAV infection), GFP (PRV
infection) and majority are also labeled with TH (DA marker). Good injection sites were
determined based on the amount of leakage (starter cells outside of the VTA) and
quantification of the starter neuron population within the VTA. Animals with good
injection sites were processed with a combination immunohistochemistry-in situ
hybridization experiment to label the projection neurons (GFP positive) and determine
which ones contain CB1R mRNA. This enabled us to determine which monosynaptic DA
VTA afferents express CB1R mRNA.
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Materials and Methods
Animals
The IRES- transgenic DAT::Cre (Slc6a3tm1.1(cre)Bkmn/J) mouse line was acquired
from The Jackson Laboratory. Mice were back crossed and maintained in a C57BL/6J
background and housed in groups on a 12 hour light-dark cycle with food and water ad
libitum. Adult male mice (20-30g) 22-27 weeks of age were used for all experiments. All
procedures were approved by the National Institute on Drug Abuse Animal Care and Use
Committee.
Viral Injections
Surgical procedures followed guidelines for aseptic techniques. Mice were
anesthetized with 1-5% isoflurane in oxygen and placed in a stereotaxic frame. The scalp
was shaved, swabbed with alcohol and iodine pads, injected with lidocaine, and incised to
expose the cranium. A hole in the skull was drilled 3.3 mm posterior to bregma and 1 mm
lateral to the midline. The AAV viruses (AAV5-EF1a-FLEX-TVA-mCherry and AAV8CA-FLEX-RG) (25-30 nL) were bilaterally pressure injected with a pulled glass pipette
(inner tip diameter 25–35 μm) using a Picospritzer III (20 psi, 30 ms pulses) at a 10˚ angle
into the VTA (4.5 mm from the skull surface). Both viruses were ordered from the UNC
Vector Core: AAV5-FLEX-TVA-mCherrry- 3x10^12 particles/mL and AAV8-FLEXRG- 1.2 x 10^12 particles/mL. The injection pipette was withdrawn 10 min after the
completion of the virus injection. Bone wax was used to seal the skull and the incision was
sutured. The mouse was placed in a clean cage for recovery and AAV expression. Three
weeks later the PRV (SADΔG-GFP(EnvA)) (750 nL) was unilaterally injected into the
right hemisphere at the same coordinates as the AAV in the posterior and lateral direction,
but at depth of 4.4 mm from the skull surface. The PRV was ordered from the Salk Vector
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Core (1.72 x 10^8 pfu/mL). PRV injections were made using an UltraMicroPump with
Micro 4 controller, 10-μl Nanofil syringes and 35 gauge needles (WPI Inc). Syringes were
left in place for 10 min following injections. Bone wax was used to seal the skull and the
incision was sutured. The mouse was placed in a clean cage for recovery and PRV
expression.
Tissue Preparation
Five days following the injection of the SADΔG-GFP pseudo rabies virus, mice
were anesthetized with chloral hydrate (35 mg/100 g) and transcardially perfused with 4%
paraformaldehyde in 0.1 M phosphate buffer (PB) (pH 7.3). Brains were stored in 4%
paraformaldehyde at 4 °C for 2 hr and then transferred to 18% sucrose solutions in PB and
stored at 4 °C overnight. The sucrose solution was refreshed the following morning and
brains were frozen on dry ice several hours later. Coronal 14-µm serial cryosections were
prepared on a Leica CM3050 S cryostat. Sections were transferred to cryogenic vials, filled
with storage solution (30% sucrose, 30% ethylene glycol (PEG) in 0.1% DEPC-treated
H2O containing 2mM NaN3) and stored at -80 °C until use. DEPC-treated H2O contains
1mL diethyl pyrocarbonate per liter H2O.
Tyrosine Hydroxylase Immunofluorescence
Free-floating sections containing the VTA were isolated and stained for TH.
Sections were washed three times for 10 min each in PB, incubated with 4% BSA + 0.3%
Triton X-100 in PB for 60 min at room temperature, and then incubated with mouse anti
TH antibody (1:500, Millipore MAB318) in 4% BSA + 0.3% Triton X-100 in PB overnight
at 4 °C. Specificity for this antibody has previously been documented (Tagliaferro and
Morales 2008; Clarkson and Herbison 2011). Sections were washed three times for 10 min
each in PB the following day, incubated with AMCA blue donkey anti mouse secondary
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antibody (1:50, Jackson Immuno Research Cat # 715-155-150) in 4% BSA + 0.3% Triton
X-100 in PB for 60 min at room temperature. Finally, slices were washed three times for
10 min each in PB. Sections were mounted in PB medium on coated slides.
Green Fluorescent Protein Immunohistochemistry
Whole brain free-floating sections were stained for GFP. Sections were washed
three times for 10 min each in PB, incubated with 4% BSA + 0.3% Triton X-100 in PB for
60 min at room temperature, and then incubated with monoclonal mouse anti GFP antibody
(1:200, Clontech Cat # 632381) in 4% BSA + 0.3% Triton X-100 in PB overnight at 4 °C.
Specificity for this antibody has previously been documented (Doering, Kane et al. 2008;
Pan, Keung et al. 2012). Sections were washed three times for 10 min each in PB the
following day, incubated for 60 min at room temperature in a 1: 200 dilution of the
biotinylated anti mouse secondary antibody (Vector Laboratories) in 4% BSA + 0.3%
Triton X-100 in PB, washed three times for 10 min each in PB, and incubated with avidinbiotinylated horseradish peroxidase (ABC kit, Vector Laboratories) for 60 min. Sections
were washed three times for 10 min each in PB and the peroxidase reaction was then
developed with 0.05% 3,3′-diaminobenzidine-4 HCl and 0.003% hydrogen peroxide.
Finally, the samples were washed three times for 10 min each in PB and sections were
mounted in PB medium on coated slides.
In-Situ Hybridization and Green Fluorescent Protein Immunohistochemistry
Combination
Whole brain free-floating sections were stained for GFP and CB1R mRNA was
labeled. Sections were washed three times for 10 min each in diethyl pyrocarbonate
(DEPC)-treated PB (1mL DEPC per liter 0.1 M PB), incubated for 10 min in DEPC-treated
PB containing 0.5% Triton X-100, washed three times for 10 min each in DEPC-treated
PB, treated with 0.2N HCl in DEPC-treated double-distilled H2O for 15 min, washed three
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times for 10 min each in DEPC-treated PB, and then acetylated in 0.25% acetic anhydride
in 0.1 M triethanolamine (pH 8.0) for 10 min. Sections were washed three times for 10 min
each in DEPC-treated PB, post-fixed with 4% PFA for 10 min, and washed again three
times for 10 min each in DEPC-treated PB. Prior to hybridization, the free-floating sections
were incubated in hybridization buffer [50% formamide; 10% dextran sulfate; 5 ×
Denhardt's solution; 0.62 M NaCl; 50 mM dithiothreitol; 10 mM EDTA; 20 mM PIPES
(pH 6.8); 0.2% sodium dodecylsulfate; 250 μg/mL salmon sperm DNA; 250 μg/mL tRNA]
for 2 hr at 55 °C. Sections were then hybridized for 16 hr at 55 °C in hybridization buffer
containing 35S-labeled and 33P-labeled single-stranded antisense CB1R (1530bp; accession
no. U22948), probes at 20 x 106 cpm/mL. The following day, sections were treated with 5
μg/mL RNase A at 37 °C for 1 hr, and then washed with 0.5 × SSC and 50% formamide
with 10 mM β-mercaptoethanol and 0.5% Sarkosyl solution at 55 °C for 2 hr, and with 0.1
× SSC with 10 mM β-mercaptoethanol and 0.5% Sarkosyl at 60 °C for 1 hr. After the last
SSC wash, sections were washed six times for 10 min each in DEPC-treated PB and
incubated with 4% bovine serum albumin and 0.3% Triton X-100 in PB for 1 hr at room
temperature. This was followed by overnight incubation at 4 °C with an anti-GFP mouse
monoclonal antibody (1:200, Clontech Cat # 632381) whose specificity has been
documented (Doering, Kane et al. 2008; Pan, Keung et al. 2012). After being rinsed three
times for 10 min each in PB the following day, sections were processed with an ABC kit
(Vector Laboratories, Burlingame, CA, USA). The tissue was incubated for 1 hr at room
temperature in a 1:200 dilution of the biotinylated secondary antibody, washed three times
for 10 min each in PB, and incubated with avidin-biotinylated horseradish peroxidase for
1 hr at room temperature. Sections were washed three times for 10 min each in PB, and the
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peroxidase reaction was then developed with 0.05% 3,3′-diaminobenzidine-4 HCl and
0.003% hydrogen peroxide. Free-floating sections were mounted in PB medium on coated
slides. Slides were dipped in Ilford K.5 nuclear tract emulsion (Polysciences, 1:1 dilution
in double-distilled H2O), and exposed in the dark at 4 °C for 4 weeks prior to development.
Finally, the tissue was dehydrated and slides were coverslipped.
Data Analysis
Immunofluorescent sections were viewed, analyzed, and photographed using an
Olympus VS120 virtual slide microscope. Boundaries and subdivisions of the VTA were
defined based on detection of TH and outlined using previously defined cytoarchitectural
patterns (Fu, Yuan et al. 2012). Pictures were adjusted to match contrast and brightness by
using Adobe Photoshop (Adobe Systems). Injection sites were evaluated based on the
amount of leakage (starter cells outside of the VTA) and sufficient labeling within the VTA
based upon quantification of the starter neuron population.
Sections stained against GFP and labeled for CB1R mRNA were viewed, analyzed
and photographed with darkfield or epiluminescence microscopy using an Olympus BX51
polarizing microscope at high power (20x or 40x objective lenses). GFP/CB1R doublelabeled cells were analyzed using epiluminescence to increase the contrast of silver grains.
A cell was considered to express CB1R mRNA when its soma contained concentrated
aggregates of silver particles above background level. A neuron was considered to express
GFP immunoreactivity when its soma was clearly labeled as brown. Neurons were counted
when the stained cell was at least 5 μm in diameter. Stained cells less than 5 μm in diameter
were excluded as it is not reliably possible to determine if they contain silver aggregates
above background level.
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The cells expressing CB1R mRNA, GFP immunoreactivity, or both markers were
counted separately. To determine co-localization of CB1R mRNA and GFP immunolabel,
(1) silver grains corresponding to CB1R expression were focused under epiluminescence
microscopy, (2) the path of epiluminescence light was blocked without changing the focus,
and (3) bright-field light was used to determine whether a brown neuron, expressing GFP
in focus, contained the aggregates of silver grains seen under epiluminescence.
Epiluminescence increases the contrast of silver grains (Yamaguchi, Sheen et al. 2007;
Yamaguchi, Wang et al. 2011). Pictures were adjusted to match contrast and brightness by
using Adobe Photoshop (Adobe Systems).
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Results
Verification of Injection Sites
We isolated VTA sections and stained against TH (figure 15A) in order to assess
the injection sites. We analyzed the expression specificity of the AAV viruses to transduce
VTA neurons in a Cre dependent manner (figure 15B, C, & E) and the infection efficacy
of the pseudo rabies virus (figure 15 D, F, & G). The AAVs successfully transduced
DAT::Cre cells and the PRV infected cells that were transduced by the AAVs.
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Figure 15: Characterization of injection sites A) Coronal section containing VTA stained against TH. B) TH
positive neurons (blue). C) Neurons transduced by the AAV express mCherry (red) D) Neurons infected by
the PRV express EGFP (green). E) Overlay of TH and mCherry: neurons transduced by the AAVs express
TH (purple cells). F) Overlay of mCherry and EGFP: the PRV infected neurons transduced by the AAVs
(yellow cells) and labeled monosynaptic inputs within the VTA (green cells) G) Overlay of TH, mCherry,
and EGFP: starter neurons are transduced by the AAVs and infected by the PRV (yellow cells). The majority
of starter neurons express TH (white cells). PN- paranigral nucleus, PIF- parainterfascicular nucleus, PBPparabrachial pigmented area, SNC- substantia nigra compacta. Scale bar 250µm.
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Neurons were considered part of the “starter” population if they were transduced
by both the AAVs and the PRV (figure 16). We initially injected eighteen mice, five of
which had failed injections (no PRV expression). In the remaining animals, we visually
identified four with starter neuron populations spanning the VTA.

Figure 16: Identification of starter neurons. A) Overlay of TH, mCherry, and EGFP. Starter neurons are
transduced by the AAVs and infected by the PRV. B) Starter neurons infected by the PRV (yellow arrow)
and monosynaptic inputs within the VTA (tan arrowhead). C) DAT::Cre neurons are transduced by the
AAVs. D) Immunoflourescent stain for TH. Yellow arrows indicate starter neuron, tan arrow heads indicate
monosynaptic input within the VTA. Scale bar 25µm.

Next, we evaluated the injection sites of these four mice to determine the number
of starter neurons and the amount of leakage. Quantification of the injection sites illustrates
that the majority of starter neurons is located in the VTA (figure 17 A & B). We observed
mild contamination in the substantia nigra compacta (SNC) in all animals and identified a
small portion of TH negative starter neurons both in the VTA and the SNC. This is not
surprising given the difference in TH and DAT expression in VTA DA cells (Sleipness,
Sorg et al. 2007).
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Figure 17: Injection site quantification. A) Count of starter neurons in the VTA and leakage into the SNC.
B) The starter count was normalized as a percentage to compare the starter distribution between animals.

Next, we constructed visual representations of the injection sites. Figure 18 reveals
the localization of the starter neurons (both TH positive and negative) to the paranigral
nucleus (PN), parainterfascicular nucleus (PIF), and mildly to the parabrachial pigmented
area (PBP). Few starter neurons are found in the caudal linear nucleus (CLi) or the rostral
linear nucleus (RLi). This is again in line with DAT expression in the VTA.
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Figure 18: Representation of injection sites. PN- paranigral nucleus, PIF- parainterfascicular nucleus, PBPparabrachial pigmented area, CLi- caudal linear nucleus, and RLi- the rostral linear nucleus. Values represent
the rostral-caudal distance (mm) relative to bregma.

Monosynaptic Inputs to Dopamine Neurons in the Ventral Tegmental Area
EFGP positive neurons outside of the injection site are transsynaptically labeled
neurons. We first examined the endogenous fluorescence of EGFP positive cells to verify
the spread of the PRV. Next, we performed an immunohistochemical stain against EGFP.
Radioactive in situ hybridization quenches endogenous fluorescence, therefore we use an
anti-GFP antibody to label neurons infected by the PRV. We found EGFP positive cells
throughout the brain in areas previously reported to provide afferents to VTA DA neurons
(Watabe-Uchida, Zhu et al. 2012). We used brightfield images of the whole brain overlaid
on a standard mouse atlas to identify anatomical areas. Figure 19 shows a qualitative
assessment of the relative density of EGFP positive cells. Cell density was evaluated on a
scale of 0 (no cells) to 4 (high density of cells) for each region. The scale was based on a
visual assessment of GFP labeled cells in the brain area. A cell count was not necessary at
this stage as both GFP positive cells and neurons labeled by CB1R in situ hybridization are
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later quantified. Our results highlight and confirm the DRN innervation density to VTA
DA neurons.

Figure 19: Input areas to VTA DA neurons. A visual assessment of the relative density of labeled
monosynaptic inputs to survey major input regions. The Dorsal Raphe has significantly higher density of
monosynaptic afferents compared with other brain regions.

Ventral Tegmental Area Dopamine Afferents Contain Cannabinoid Type 1
Receptor mRNA
Slices were stained against EGFP to identify cells infected by the PRV and the
tissue was processed to label cells expressing CB1R mRNA. We detected mRNA in brain
regions known to be rich in CB1Rs such as the prefrontal cortex, dorsal lateral striatum,
septum, and the cerebellum (Marsicano and Lutz 1999). We then focused on the DRN to
determine whether DRN neurons projecting to VTA DA cells express CB1Rs. Close
examinations of the DRN showed labeled neurons are centralized in the midline. The
numbers of transsynaptically labeled neurons were proportionate to the numbers of starter
neurons (figure 20). The DRN has an extremely dense population of cells labeled by the
PRV. These cells are often clustered making identification of individual neurons difficult.
Because of this, it is possible that we either counted too many or too few cells when
dissecting clusters of neurons.
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Figure 20: Relationship between numbers of starters and input neurons.

A cell was considered to express CB1R mRNA when its soma contained aggregates
of silver particles above background level. We evaluated mRNA expression under
darkfield conditions and outlined transsynaptically labeled neurons under epiluminescent
light. Figure 21 shows neurons in the dorsal raphe, which were EGFP positive and express
CB1R mRNA. We have not yet performed an in situ hybridization with a single-stranded
sense CB1R probe with these samples. A sense probe has been used in previous
experiments to confirm its specificity (Morales, Hein et al. 2008).
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Figure 21: DRN monosynaptic inputs to VTA DA neurons express CB1R mRNA. A) Monosynaptic inputs
were labeled by the PRV (cells outlined in purple). The DRN is divided into the dorsal (DRD), ventral lateral
(DRVL), and ventral (DRV) sections. Scale bar 250µm. B) Higher magnification of cells under
epiluminescent microscopy. PRV labeled DRN neurons (outlined in purple) express CB1R mRNA (greengrain aggregates). We identified a continuum of CB1R mRNA expression. C) These CB1R expressing
neurons (white-grain aggregates) were visualized under darkfield illumination. White arrow- strong CB1R
expression, yellow arrowhead- moderate to weak expression. Scale bar 25µm.
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Within the DRN we identified a continuum of CB1R mRNA expression. Cells
ranged from no expression, weak expression, to moderate expression and few cells exhibit
strong expression. Previous in situ hybridization of CB1R mRNA in the DRN has
documented a significant number of cells expressing low levels of CB1 as well as
variability in mRNA expression (Haring, Marsicano et al. 2007). Our preliminary visual
estimate including neurons along the continuum of expression shows that 29% of
monosynaptic inputs to DA neurons in the VTA express CB1R mRNA (figure 21). This
confirms that VTA DA neurons are under the control of afferents arising from the dorsal
raphe that likely engage ECS signaling to change activity patterns in an activity-dependent
negative feedback fashion.

Figure 22: CB1R mRNA expression in the DRN. Bar graphs (mean ± SEM) represent monosynaptic afferents
to VTA DA neurons (input) labeled by the PRV and VTA DA afferents that express CB1R (CB1R input).
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Discussion
In this study, we identify a population of DRN monosynaptic inputs to DA neurons
in the VTA that express CB1R mRNA. We find that the densest projection to DA VTA
neurons emanates from the DRN. A fraction of these cells express CB1R mRNA. The DRN
provides serotonergic innervation to VTA DA neurons that target the NAc (Herve, Simon
et al. 1979; Van Bockstaele, Cestari et al. 1994). Several recent studies have highlighted a
glutamatergic pathway originating in the DRN that synapses onto VTA DA neurons that
project to the NAc (McDevitt, Tiran-Cappello et al. 2014; Qi, Zhang et al. 2014).
Importantly, they find the majority of non-serotonergic cell bodies project to the VTA.
These non-serotonergic projections are in fact AMPA mediated glutamatergic signals. The
DRN is composed of approximately 50% serotonergic neurons and 50% non-serotonergic
neurons (Vasudeva, Lin et al. 2011). The non-serotonergic cells include DA neurons along
the midline in rostral regions, GABAergic neurons in the lateral wings and glutamatergic
cells that co-localize with serotonergic cells in the midline region (Vasudeva, Lin et al.
2011). The transsynaptic neurons labeled by the PRV are localized in the midline
suggesting they comprise either the serotonergic or glutamatergic pathways identified to
synapse onto VTA DA neurons that modulate DA release in the NAc.
In situ hybridization targeting the CB1R and TPH2 identified 20% of serotonergic
cells co-express CB1R mRNA (Haring, Marsicano et al. 2007). Their data similarly
suggests that approximately 35% of CB1R expressing cells are serotonergic and 65% are
non-serotonergic. Based on the topography of the PRV labeled neurons, it is likely that
they are either serotonergic or glutamatergic.
Using DAT::Cre mice allowed us to specifically target a subclass of DA neurons.
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However, this design also limited the regions of the VTA we could target. We highlight
afferents to DA neurons that express DAT, but it is possible that DA neurons that do not
express DAT receive monosynaptic inputs from other brain regions.
An understanding of VTA DA afferent neurons involved in the ECS is twofold
important: 1) regulation of DA is critical for reward processing and is compromised in drug
addiction and disease states and 2) exogenous psychoactive cannabinoids hijack the
endogenous machinery to increase the activity of DAergic neurons in the mesolimbic
pathway (Ameri 1999). Complete whole-brain analysis of CB1R inputs into DA neurons
in the VTA will isolate regions of interest to target in the treatment of improper DA
transmission. It is of great interest to examine these regions separately by manipulating
activity at CB1Rs to determine their maintenance of VTA DAergic signals.
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