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Abstract

The mesocorticolimbic system is comprised of dopaminergic neurons in the ventral tegmental area
(VTA) and their projection targets in the ventral striatum, amygdala, prefrontal cortex, and
hippocampus, among others. Regulation of dopamine transmission within this system is achieved
in part through a negative feedback mechanism via dopamine D2 autoreceptors located on
somatodendrites and terminals of VTA dopaminergic neurons. Dysregulation of this mechanism
has been implicated in addiction and other psychiatric disorders, although the biological bases for
these associations are unclear. In order to elucidate the functional consequences of VTA D2
receptor dysregulation, this study investigated alterations in local cerebral glucose utilization
throughout the brain following Drd2 knockdown in the VTA.

Male Sprague-Dawley rats received bilateral injections of lentivirus encoding shRNAs against the
rat dopamine D2 receptor, scrambled shRNA or phosphate buffered saline. The autoradiographic
2-[14C]deoxyglucose metabolic mapping procedure was conducted 22 days post-infection. Brains
were sectioned for autoradiography and glucose utilization was measured across distinct regions
throughout the brain.

Local cerebral glucose utilization was found to be elevated in the Dra2knockdown group as
compared to control groups. These greater levels of metabolic activity following Drd2 knockdown
in the VTA were observed not only in the mesocorticolimbic system and associated dopamine
pathways, but also in a global pattern that included many areas with far less concentrated VTA
dopamine inputs. This suggests that even a partial Dra’2 deletion in the VTA can have widespread
consequences and impact information flow in diverse networks that process sensory, cognitive,
motor and emotional information.
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1. Introduction

Dopamine neurons in the ventral tegmental area and their projections are thought to be
essential for processes involving motivation, reward signaling, stimulus salience, and reward
prediction error (Hikosaka et al., 2008; Koob, 1996; Robbins, 2003; Salamone and Correa,
2012; Schultz, 2015). Dysregulation of VTA dopaminergic function has been implicated in
many neuropsychiatric disorders including addiction, depression, and schizophrenia (Grace,
2016; Koob and Volkow, 2010; Nestler and Carlezon, 2006; Nutt et al., 2015). Neurons in
the VTA have widespread connections throughout the brain that extend both rostrally and
caudally. Numerous studies that date back to the development of histofluorescence methods
(see, for example, Anden et al., 1966; Fallon and Moore, 1978; Lindvall and Bjorklund,
1974) demonstrated projections from the VTA to the striatum and other forebrain structures.
With the use of additional anatomical techniques, the projection fields of the VTA have been
shown to include among others the nucleus accumbens, olfactory tubercle, prefrontal and
cingulate cortex, ventral pallidum, amygdala, thalamus, septum, bed nucleus of the stria
terminalis, hippocampal formation, raphe nuclei and cerebellum (Beckstead et al., 1979;
Gasbarri et al., 1994a, 1994b; Ikai et al., 1992; Klitenick et al., 1992; Swanson, 1982;
Thierry et al., 1973). Thus, the VTA has a very broad projection network that may help to
explain the extent and diversity of its impact on behavior.

Dopamine signaling in this system is thought to be achieved through two families of
receptors: D1-like receptors, including D1 and D5 subtypes, and D2-like receptors,
including D2, D3, and D4 subtypes. Based on cellular localization and functionality, D2
receptors are categorized into two subtypes: postsynaptic dopamine D2 receptors and
dopamine D2 autoreceptors. The majority of D2 receptors are found on postsynaptic neurons
in dopaminergic terminal fields where they integrate information from a variety of neuronal
circuits. In contrast, D2 autoreceptors are expressed in the somatodendritic compartments of
midbrain dopaminergic neurons in the VTA and substantia nigra and presynaptically on the
dopamine neurons projecting to mesolimbic, mesostriatal and prefrontal cortical structures.
The D2 autoreceptors primarily regulate dopaminergic signaling through negative feedback
inhibition of dopamine cell excitability and the synthesis and release of dopamine (for
reviews see Beaulieu and Gainetdinov, 2011; Ford, 2014).

In rodent models, deficits in D2 autoreceptors have been linked to greater vulnerability to
cocaine acquisition and heightened cue reactivity (Holroyd et al., 2015), increased
motivation to self-administer (de Jong et al., 2015), and greater sensitivity to the acute
locomotor and rewarding effects of cocaine (Bello et al., 2011); these effects were attributed
to the loss of feedback inhibition of D2 autoreceptors on dopamine neuron excitability and
presynaptic dopamine release. Similarly, our group has previously shown that even a
moderate reduction of D2 receptors in the VTA achieved through lentiviral knockdown
results in increased vulnerability to cocaine self-administration (Chen et al., 2018), while
others using similar approaches have shown increased impulsivity as measured by a delay
discounting task (Bernosky-Smith et al., 2018). In humans, the role of midbrain D2
receptors has been examined using positron emission tomography (PET) imaging of
dopamine receptor availability (Buckholtz et al., 2010; Dang et al., 2018; Zald et al., 2008,
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2010). These studies have demonstrated a wide range of variability in midbrain D2 receptor
availability across normal volunteers and patient populations. Furthermore, these
investigators reported that basal midbrain D2 receptor availability was correlated with
measures of impulsivity, novelty seeking, and reward valuation (Buckholtz et al., 2010;
Dang et al., 2018; Zald et al., 2008).

These studies in rodents and humans examining midbrain dopamine D2 receptors have
largely focused on the effects of changes in receptor function on dopamine dynamics in the
striatum. There has been far less consideration of the consequences of alterations in VTA D2
receptors in other brain areas. Thus, the purpose of the present study was to investigate the
effects of the reduction of dopamine D2 receptors in the VTA on functional brain activity
throughout the entire brain, including both those areas that receive direct projections from
the VTA as well as other brain areas with sparse or no known direct VTA dopamine
innervation. To this end we employed a D2 receptor knockdown model that has previously
been shown to reduce VTA Drd2 mRNA expression levels in rats by approximately 30%
using lentivirus encoding Drad2shRNAs (Chen et al., 2018). The quantitative
autoradiographic 2-[14C]deoxyglucose (2-DG) method was then used to measure glucose
utilization throughout the brain of Dra’2knockdown and corresponding control animals.

2. Results

2.1 \Verification of injection sites and viral infection

The lentivirus encoding Drad2 shRNA to knock down midbrain dopamine D2 receptors was
validated as previously described (Chen et al., 2018). The DraZ mRNA in the VTA was
shown to be reduced in average by 30% and this reduction was persistent for 6 months.
Because the lentivirus also encodes the green fluorescent protein (GFP) gene,
immunofluorescence staining was performed to assess the localization of GFP in dopamine
neurons by examining the co-localization of GFP with tyrosine hydroxylase (TH), a marker
for dopaminergic neurons. As shown in Figure 1, GFP fluorescence signal was
predominantly localized in TH-positive VTA dopaminergic neurons, suggesting that the
lentivirus effectively infected dopaminergic neurons. As indicated by the presence of some
TH-/GFP+ cells, however, a small portion of infected neurons were not dopaminergic. Three
animals in which injections were misplaced were excluded from further analysis.

2.2 Local Cerebral Glucose Utilization

Rates of local cerebral glucose utilization were measured in three experimental groups: D2
receptor knockdown (Drd2KD), scrambled shRNA control (SCR), and phosphate buffered
saline control (PBS). A total of 34 brain regions were analyzed, and the results are reported
in Table 1 and Figure 2. Global rates of cerebral metabolism in the Drad2KD group (88.8

+ 3.27) were significantly higher than those of the SCR (72.4 + 3.74) or PBS (75.0 £ 4.94)
animals; one way ANOVA (F(,1g) = 5.771, p< 0.01) followed by Bonferroni multiple
comparisons, p< 0.05. It is important to note that there were no differences in global rates of
cerebral metabolism between the two control groups (SCR and PBS), thus providing
evidence that the virus itself does not alter glucose utilization. Data from specific brain
regions are described in detail below.
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2.2.1 Mesolimbic—As shown in Table 1, within the mesolimbic system, which includes
those areas which receive direct projections from the VTA, there were significant main
effects of treatment (£(,19)= 12.12, p<.005) and brain region (Fg 19= 65.94, p<.001).
Rates of glucose utilization were significantly higher in the Drd2KD rats as compared to
rates of controls rats. Further analysis of individual brain regions revealed that rates of
glucose utilization of DraZKD rats were significantly higher in the rostral accumbens
(+18%), accumbens core (+27%), accumbens shell (+31%), olfactory tubercle (+26%),
ventral pallidum (+25%), ventral tegmental area (+19%) and lateral habenula (+19%) as
compared to values of animals in the combined control groups.

2.2.2 Nigrostriatal—Analysis of rates of glucose utilization in regions within the
nigrostriatal system (Table 1) showed significant main effects of treatment (£ 19)= 13.15, p
<.005) and brain region (F7 19)= 342.96, p <.001), as well as a significant region X
treatment interaction (A7 133)= 6.20, p <.001. Multiple comparisons demonstrated
significantly higher rates of cerebral glucose utilization in the dorsal caudate (+24%), lateral
caudate (+21%), ventral caudate (+25%), entopeduncular nucleus (+18%), subthalamic
nuclei (+24%), substantia nigra compacta (+15%), and substantia nigra reticulata (+19%) of
Drd2KD rat brain regions compared to values of animals in the combined control groups.

2.2.3 Limbic—Rates of glucose utilization for limbic-related brain regions, many of
which receive VTA projections, are shown in Table 1. Statistical analysis revealed significant
main effects of treatment (A1 19y= 11.50, p<.005) and brain region (~g 19)= 94.37, p <.001).
Post hoc tests showed significantly higher rates of local cerebral glucose utilization in the
lateral septum (+24%), medial forebrain bundle (+17%), basolateral amygdala (+19%),
central amygdala (+24%), hippocampus CA1 (+22%), hippocampus CA3 (+18%), and the
dentate gyrus (+23%) regions when compared to rates of animals in the combined control
groups.

2.2.4 Cortex and Thalamus—Rates of glucose utilization for cortical and thalamic
brain regions are shown in Table 1. Within these areas, there were significant main effects of
treatment (F(1,19)= 12.39, p <.005) and brain region (/s 19)= 308.42, p<.001), as well as a
significant treatment X region interaction (A g5)= 3.76, p <.005). Post hoc comparisons
showed significantly higher rates of cerebral metabolism in the medial prefrontal cortex
(+24%), anterior cingulate cortex (+22%), motor cortex (+23%), lateral thalamus (+19%),
and medial thalamus (+20%) in the Drd2KD group as compared to values of animals in the
combined control groups.

2.2.5 Brainstem—Within regions of the brainstem (Table 1), there were significant main
effects of treatment (F1,19)= .16, p <.025) and brain region (£ 19= 66.01, p <.001).
Multiple comparisons showed a significantly elevated rates of cerebral glucose utilization in
the locus coeruleus (+22%), habenula (+18%), and cerebellum (+19%) of Drd2KD rats as
compared to rates of animals in the combined control groups.
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3.0 Discussion

The present study demonstrated that a reduction in dopamine D2 receptor mRNA levels in
the VTA produced by lentiviral gene knockdown resulted in widespread elevations in
functional brain activity, as reflected by higher rates of glucose consumption measured with
the 2-[14C]deoxyglucose method, as compared to controls injected with either PBS saline or
scrambled virus. Significant increases in functional activity were observed in those regions
that receive direct dopaminergic projections from the VTA including the nucleus accumbens,
olfactory tubercle, medial prefrontal cortex, ventral pallidus, lateral septum, hippocampus,
habenula, and cerebellum. Within this system, not only were there large elevations in activity
in the ventral striatum, where the density of dopamine inputs is highest, but also in areas
with less dense dopaminergic projections when compared to the ventral striatum, e.g. the
hippocampus and cerebellum, among others. In addition, increases were also noted in many
other regions outside the primary projection fields of the VTA such as the globus pallidus,
entopeduncular nucleus, and lateral thalamus. These data, then, suggest that even a partial
reduction of dopamine D2 receptors in the VTA can have a widespread impact throughout
circuits and/or networks both directly and indirectly innervated by the VTA. Although the 2-
DG method is most often used to measure alterations in functional activity associated with
experimental manipulations, it can also be used to assess differences in baseline brain
glucose metabolism associated with different states or phenotypes, as in the present study.
These widespread increases in functional activity, then, are likely the source of the
alterations in behavior that have been noted after similar manipulations (Bello et al., 2011,
Bernosky-Smith et al., 2018; Chen et al., 2018; de Jong et al., 2015; Holroyd et al., 2015;
Linden et al., 2018).

Dopamine D2 autoreceptors control dopamine cell excitability and dopamine release via
multiple mechanisms (for reviews see Beaulieu and Gainetdinov, 2011; Ford, 2014). In the
midbrain autoreceptors localized on the soma and dendrites of dopamine cells inhibit
neuronal excitability (Aghajanian and Bunney, 1977; Beckstead et al., 2004; Courtney et al.,
2012; Lacey et al., 1987). Midbrain dopamine D2 autoreceptors directly couple to G-
protein-coupled inwardly rectifying potassium (GIRK) channels via G-y subunits (Pillai et
al., 1998). Stimulation of midbrain D2 autoreceptors opens GIRK channels, which increases
the membrane potassium conductance and thus inhibits dopamine neuron firing (Beckstead
et al., 2004; Lacey et al., 1987; Pucak and Grace, 1994). Somatodendritic autoreceptor-
mediated inhibition of dopamine cell excitability can be generated with small spontaneous
release events, and does not require burst firing or stimulated release (Gantz et al., 2013),
suggesting that this component of autoreceptor function would contribute to the regulation
of basal dopamine tone. Indeed, it has previously been demonstrated that basal firing rates in
dopamine cells are inversely related to dopamine D2 agonist-induced suppression and
antagonist-induced excitation, suggesting that cells expressing fewer or less sensitive
autoreceptors exhibit greater spontaneous activity (Pucak and Grace, 1994; White and Wang,
1984). Reducing D2 autoreceptor numbers in the VTA, then, may increase basal firing rates
of otherwise quiescent cells, and amplify the population activity. The current study measured
LCGU under baseline conditions; the animals were in their home cages and there were no
pharmacological manipulations or stimuli applied during the uptake of the 2-DG. It is likely,
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then, that the observed elevations in functional activity reflect the reduction in VTA
somatodendritic autoreceptors damping inhibitory control over basal dopamine tone. This
heightened tone may also confer a lower threshold for phasic or burst activity due to external
stimuli or pharmacological manipulation.

The autorecepter-mediated modulation of not only dopamine cell excitability, but also
dopamine synthesis and release, inevitably impacts downstream signaling in the targets of
the dopaminergic projections such as the striatal complex, prefrontal cortex, amygdala, and
hippocampus. In fact the global nature of the increases in functional activity observed in the
present study suggests that autoreceptor-associated differences in baseline dopamine
transmission ultimately influence many brain networks and are not simply confined to the
primary projection fields of the mesocorticolimbic system. Recent imaging studies in
rodents used optogenetics to stimulate VTA dopamine neurons while simultaneously
measuring brain activity with blood-oxygen-level-dependent and cerebral blood-volume-
weighted functional magnetic resonance imaging. Interestingly, brain activation was not
limited to the direct downstream targets of the VTA, but was also observed in areas with
sparse or no VTA innervation such as the dorsal striatum, globus pallidus, and thalamus
(Decot et al., 2017; Lohani et al., 2017). This influence of VTA on extra-mesolimbic targets
is consistent with the current findings of widespread elevations in cerebral glucose
utilization following knockdown of D2 receptors. While the abovementioned imaging
studies looked at the consequences of phasic dopamine release, and the effects observed in
this study were more likely the result of autoreceptor-mediated adaptations in baseline
dopamine activity, they all serve to illustrate the extensive influence of the
mesocorticolimbic system on the brain in general, and highlight the potential vulnerability of
multiple circuits in the CNS when this system becomes dysregulated.

It is important to note that although the majority of cells in the VTA are dopaminergic, there
are also many non-dopaminergic neurons that send projections to many of these same brain
regions as VTA dopamine neurons (Morales and Margolis, 2017; Swanson, 1982). D2
receptors are also located on these non-dopaminergic cells in the VTA (Sesack et al., 1994).
For example, it has been proposed that there are postsynaptic D2 receptors present on VTA
GABAergic neurons (Steffensen et al., 2008). The Dra2shRNAs used in this study are
driven by a non-selective U6 promoter; thus presumably putative Dra2in VTA GABAergic
neurons was also knocked down, and this assumption is supported by the GFP signal evident
in non-dopaminergic neurons in Figure 1. Pharmacological activation of D2 receptors has
been shown to increase the firing rates of VTA GABAergic neurons (Ludlow et al., 2009;
Steffensen et al., 2008; but see Margolis et al., 2012). Since GABAergic interneurons in the
V/TA provide local inhibitory inputs onto dopamine cells (Omelchenko and Sesack, 2009;
Tan et al., 2012; van Zessen et al., 2012), knockdown of D2 receptors in GABAergic cells
would presumably result in a decrease in inhibitory tone, adding to the reduction in
autoinhibition due to the knockdown of autoreceptors in dopamine neurons. In addition,
VTA GABAergic projection neurons target the nucleus accumbens and prefrontal cortex
(Carr and Sesack, 2000; Van Bockstaele and Pickel, 1995), and projections to such brain
regions as the lateral hypothalamus, mediodorsal thalamus, central amygdala, periaqueductal
gray, and the lateral habenula have also been demonstrated in the rodent brain (Breton et al.,
2019; Root et al., 2014; Zhou et al., 2019). Knockdown of D2 receptors on GABAergic
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neurons, then, certainly may contribute, in part, to both the magnitude and anatomical extent
of the effects described in this study.

There are likely many other factors that could contribute to the widespread effects of
alterations in the regulation of dopamine in the VVTA that occur as a result of the knockdown.
For example, dopamine D1 receptors are located on GABAergic and glutamatergic afferents
to the VTA. Activation of these receptors can alter the firing patterns of these afferents
(Cameron and Williams, 1993, 1995; Kalivas and Duffy, 1995). Knockdown-induced
changes in dopamine tone in the VTA could therefore alter the activity of these neurons and
in turn the circuits of which they are a part. While it is beyond the scope of this investigation
to isolate and identify the specific downstream mechanisms which result in the observed
effects of D2 knockdown in the VTA, these findings highlight the importance of the VTA’s
influence beyond the nucleus accumbens.

Studies using mutant mouse models to investigate D2 autoreceptor function initially used
D2-deficient mice which lacked both presynaptic and postsynaptic D2 receptor populations
throughout the brain (Baik et al., 1995; Benoit-Marand et al., 2001, 2011; Dickinson et al.,
1999; Jung et al., 1999; L Hirondel et al., 1998; Mercuri et al., 1997; Schmitz et al., 2002).
Complete ablation of D2 receptors, however, resulted in mice with dyskinesias and abnormal
growth patterns (Baik et al., 1995; Kelly et al., 1998). More recently, conditional mutant
mice were generated in which D2 autoreceptors were selectively knocked out, thus sparing
post-synaptic D2 heteroreceptors (Anzalone et al., 2012; Bello et al., 2011; Holroyd et al.,
2015). These studies have demonstrated increases in locomotor activity and sensitivity to
cocaine, as well as sensitivity to drug-paired cues following ablation of D2 autoreceptors
(Bello et al., 2011; Holroyd et al., 2015). Mice lacking D2 autoreceptors have also been
shown to exhibit deficiencies in both acquisition of the learning criterion in a spatial reversal
learning task, as well as the ability to maintain a prolonged nose-poke, indicating diminished
response inhibition (Linden et al., 2018).

The viral knockdown approach used in the current study, however, provides a targeted,
partial rather than complete, reduction in VTA D2 receptors, thus resulting in a model that
more closely recapitulates the conditions in human studies in which a high degree of
variability has been observed in midbrain D2 receptor levels (Buckholtz et al., 2010; Zald et
al., 2008, 2010). Using an identical procedure to the current study, an association between
reductions in the levels of D2 receptor mMRNA in the VTA and increased cocaine intake was
demonstrated in rodents using a fixed ratio schedule of reinforcement (Chen et al., 2018).
Employing a similar procedure, Bernosky-Smith and colleagues (2018) used an adeno-
associated viral vector in rats to determine that D2 knockdown in the VTA resulted in more
impulsive choices as measured by a delay-discounting task. The reduced Drd2 mRNA levels
in the VTA likely increased dopamine neuron excitability and terminal dopamine release.
The functional alterations observed in the current study may underlie the spectrum of
behavioral effects observed in animals deficient in midbrain D2 receptors.

In the present study we chose to use lentivirus, rather than adeno-associated virus (AAV), to
knock down Drd2in the VTA because of the restricted passive diffusion of lentivirus in the
brain. Lentiviral particles are about 100 nm in diameter, whereas AAV is around 20-30 nm
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(Artimo et al., 2012). The extracellular space in the rat brain is estimated to be 30-60 nm
(Thorne and Nicholson, 2006); therefore, the large size of lentivirus hinders its diffusion
through the parenchyma of the brain. It has been reported that injections of various volumes
of lentivirus into the rat cortex or hippocampus produce an infection within a spherical
region of about 400-600 um in diameter (Osten et al., 2006). Although lentiviral
transduction is limited in its spatial extent, the lentivirus encoding GFP and Drd2 shRNA is
randomly integrated into the rat genome; thus, the reporter protein (GFP) is synthesized by
cells and transported to different cellular compartments, which may project beyond the site
of the injection. Likewise, the synthesis of D2 receptor proteins is reduced not only in the
VTA, but also in projection sites originating from VTA cell bodies.

In humans, dopamine D,-like receptors in the midbrain have been measured with the
radioligand [18F]fallypride and positron emission tomography (Buckholtz et al., 2010; Dang
et al., 2018; Zald et al., 2008, 2010). These studies in healthy volunteers showed that there is
a wide range of individual differences in Do-like receptor availability within the midbrain
and that these levels were inversely correlated with measures of novelty seeking (Zald et al.,
2008). This is consistent with rodent studies in which high novelty-responding rats exhibited
greater levels of basal activity of dopamine neurons and reduced sensitivity of midbrain
autoreceptors as compared to those rats that exhibited lower locomotor responses to novelty
(Marinelli and White, 2000). Midbrain D2 receptor availability in healthy volunteers was
also found to negatively correlate with scores on the Barratt’s Impulsiveness Scale (BIS-11),
suggesting that these individuals with low availability express higher levels of trait
impulsivity (Buckholtz et al., 2010) than those with higher levels of midbrain D2 receptor
availability. These investigators also showed that the impulsivity scores were positively
correlated with amphetamine-induced dopamine release in the striatum of these same
subjects. These data demonstrate that the normal variability in D2 receptor regulation of
midbrain dopamine neurons and the consequent differences in dopamine release in the
striatum can have significant behavioral consequences. The knockdown approach used in the
current study results in a reduction of approximately 30% in midbrain autoreceptor Drd2
MRNA, rather than a complete elimination as in genetic knockouts, and more closely
mimics the individual differences observed in these studies of healthy subjects. These data,
along with those of the present study, clearly show that even relatively small perturbations in
dopamine regulation can have large effects on behavior, as well as widespread consequences
for functional activity throughout the brain.

In summary, the results of the present study demonstrate that partial reduction of D2
receptors in the VTA results in widespread alterations in functional activity throughout the
brain in both direct terminal fields of the VTA such as the ventral striatum, as well as many
areas in which dopamine projections are far less dense, such as the cerebellum, or are only
indirectly innervated by the VTA, such as the globus pallidus. These findings suggest that
even relatively small changes in dopamine regulation can have profound effects in many
systems within the brain, including sensory, cognitive, motor and emotional networks, thus
potentially influencing a wide range of behaviors.
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4. Experimental Procedure

4.1 Animals

Adult male Sprague-Dawley rats weighing 325-350g (Envigo, Indianapolis, IN) were
housed in a temperature and humidity controlled vivarium on a 12-hour reversed light cycle
(lights on at 18:00 hours). Upon arrival, animals were single-housed and food and water
were available ad /ibitum. All procedures were conducted during the dark phase of the light/
dark cycle. Animals were randomly assigned to one of three groups: Drd2KD, SCR, and
PBS. The experimenter was blind to group assignment. All procedures were performed in
accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Animal Care and Use Committee of Wake Forest School
of Medicine.

4.2 Rat dopamine D2 receptor shRNA-containing lentiviral vectors

The Drd2 mRNA levels were knocked down in the VTA via microinjection of lentivirus
encoding Drd2shRNAs and the gene encoding GFP as previously described (Chen et al.,
2018). Briefly, four siRNA sequences against the rat D2 receptors (accession number:
NM_012547.1) were selected using the Dharmacon siDESIGN siRNA design tool (Horizon,
Cambridge, UK). Sequences targeting both the long and short forms of the rat D2 receptors
were: a) ccaccaactacttgatagtca, b) catcgtcactctgetggtcta, ¢) cttcggactcaacaatacaga, and d)
caacctgaagacaccactcaa. Drd2shRNAs were inserted into psi-LVRU6GP (GeneCopoeia,
Rockville, MD) to engineer psi-U6- DrdZhRNA-SV40-eGFP-IRES-Puro, in which Drad2
shRNA was driven by human U6 promoters and the SVV40 promoter drives both eGFP and a
puromycin resistance gene using an internal ribosome entry site (IRES). The scrambled
siRNA sequence (gcctatcaccgtcataata) does not correspond to any known rat sequence.

Lentivirus was produced in HEK 293 cells as described previously using the 3" generation
packaging system followed by purification and concentration (Chen et al., 2018). The titer of
the lentivirus was 2.5 x 108 TU/ml, as determined by a p24 ELISA kit (Sigma Aldrich, St
Louis, MO). Control lentivirus was generated in the same way from the lentiviral vector
containing the scrambled shRNA.

4.3 Surgical procedures

Animals were anesthetized with isoflurane (2.5-3%), administered a prophylactic dose of
ketoprofen (3.0 mg/kg; s.c.) and closely monitored throughout the procedure. Rats were
fitted into a stereotaxic apparatus (Stoelting, Wood Dale, IL), the scalp was shaved and
cleaned, and an incision was made along the midline of the skull. The skin and muscle
layers were retracted and bilateral holes were drilled into the skull at coordinates above the
VTA (AP =5.7mm from Bregma, lateral £0.7mm). A 10 pl Hamilton syringe was used to
infuse 1ul of PBS or virus at a depth of —7.7mm from top of brain. Stereotaxic coordinates
were taken from Paxinos and Watson (1998). Lentiviral infusions were delivered at a rate of
0.25pl/minute. Control animals were injected with phosphate buffered saline (PBS group) or
with lentivirus expressing scrambled shRNA (SCR group). The needle was kept in place for
five minutes after each injection to allow time for diffusion, then gradually retracted over a
period of two minutes to minimize backflow of virus along the needle track. The drill holes
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were sealed with bone wax and the scalp incision was closed with absorbable sutures.
Animals were closely monitored and administered ketoprofen (3.0 mg/kg; s.c.) at 24, 48,
and 72 hours post-surgery.

Femoral catheterizations for the 2-DG experiments were carried out 24 hours prior to the
procedure to allow for recovery and anesthetic clearance. Animals were anesthetized with
isoflurane (2-3%), the surgical sites were shaved and cleaned, and a prophylactic dose of
ketoprofen (3.0 mg/kg, s.c.) was administered. An incision was made in the left inguinal
region and the femoral bundle was isolated. Catheters were filled with heparinized saline,
inserted into the femoral artery and vein and secured, and then subcutaneously tunneled to a
point on the back where they exited between the scapulae. Catheters were coiled and secured
with a rodent harness (Instech, Plymouth Meeting, PA). Animals were monitored closely for
recovery from anesthesia, and were returned to their home cages until the 2-DG procedure.

4.4 2-[**C]deoxyglucose procedure

Local cerebral glucose utilization was measured according to the method of Sokoloff and
colleagues (Sokoloff et al., 1977), as adapted for use in the freely moving rat (Crane and
Porrino, 1989). The procedure was performed 21 days after viral infusions when maximal
lentiviral knockdown is attained (Chen et al., 2018). Rats (in their home cages) were allowed
to acclimate to the experimental room for 15 minutes prior to initiation of the procedure.
Rats were administered an intravenous pulse of 2-DG (75 uCi/kg; specific activity 50-55
mCi/mmol; PerkinElmer, Waltham, MA), followed by a flush of 0.2 ml heparinized saline.
Timed arterial blood samples were taken over a period of 45 minutes using a schedule
designed to capture peak blood 2-DG levels. The arterial catheter was flushed with
heparinized saline between samples in order to maintain patency. Samples were immediately
centrifuged and plasma concentrations of 2-DG and glucose were assessed. At the end of the
45 minute sampling procedure animals were euthanized with an intravenous bolus of 0.3 ml
Fatal Plus (pentobarbital sodium 390 mg/ml; Patterson Veterinary, Greeley, CO). Brains
were rapidly removed, frozen in isopentane at —45°C, and then stored at —80°C until
sectioning for autoradiography.

Brains were sectioned (20 um; coronal sections) in a cryostat maintained at —20°C. Four of
every 10 sections were collected onto glass coverslips, and quick-dried on a hotplate at 60°C
for 2-DG autoradiography. In addition six of every 10 sections through the midbrain were
thaw-mounted onto Adhesion-Plus microscope slides (Brain Research Labs, Waban, MA)
for immunofluorescence verification of lentiviral infection sites. Slides were dessicated and
stored at —80°C until processing. Sections for autoradiography were apposed to film (Min-R
2000; Carestream Health, Rochester, NY) alongside calibrated [14C] standards (Amersham,
Arlington Heights, IL) for 12 to 15 days. Autoradiograms were analyzed by quantitative
densitometry with a computerized image processing system (MCID, Imaging Research,
Linton, UK). Optical density measurements for each brain structure were made in a
minimum of five sections. LCGU was calculated using the operation equation defined by
Sokoloff et al. (1977). Rates of glucose utilization were determined in 34 brain structures;
structures were identified according to the rat brain atlas of Paxinos and Watson (1998).

Brain Res. Author manuscript; available in PMC 2021 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Martin et al.

Page 11

4.5 Immunofluorescence staining of tissue sections

In order to confirm that lentiviral particles were taken up by dopamine cells in the VTA,
immunofluorescent intensities of TH and GFP were imaged in fresh-frozen tissue sections
collected when brains were sectioned for 2-DG autoradiography. Sections were post-fixed
for 1.5 hours at 4°C, then washed in PBS. Sections were blocked in 10% normal donkey
serum (NDS) containing 0.3% Triton-X, then incubated in primary antibody solution
overnight at 4°C, washed in PBS, and incubated in secondary antibody solution for one hour
at room temperature. The primary antibody solution contained rabbit anti-TH antibody
(1:1000; #AB152, EMD Millipore, Temecula, CA), chicken anti-GFP antibody (1:500;
#GFP-1020, Aves Labs, Tigard, OR), 10% NDS, and 0.1% Triton-X in PBS. The secondary
antibody solution contained Alexa Fluor®594-conjugated donkey anti-rabbit antibody
(1:500; #ab150076, Abcam, Cambridge, MA), Alexa Fluor®488-donkey anti-chicken
antibody (1:500; #703-545-155, Jackson ImmunoResearch, West Grove, PA), and 10% NDS
in PBS. Slides were washed in PBS, and coverslipped using ProLong Gold anti-fade reagent
(Fisher Scientific, Hampton, NH) for imaging. Images of fluorescent signals were acquired
with a Zeiss LSM 710 laser scanning confocal microscope. Alexa 488 and 594 were excited
with Argon and HeNe lasers, respectively. Animals in which injections were misplaced were
excluded from the analysis.

4.6 Statistical Analysis

Standard statistics software (SPSS, Chicago, IL) was used for statistical analysis. Global
rates of glucose utilization were calculated as the weighted average of rates of glucose
metabolism across analyzed brain regions. Rates of glucose utilization were analyzed in
specific functional groups of brain regions (mesolimbic, nigrostriatal, limbic, cortex and
thalamus, and brainstem). Rates from the two control groups (PBS and SCR) were
combined, as no significant statistical differences between the two groups were observed in
any brain region; however data values from these two groups, along with the Drd2KD group
are shown individually in Table 1. Statistical analysis was accomplished using a two-way
ANOVA, brain region group X treatment (PBS vs SCR vs Drd2KD) with brain region group
as a repeated measure. These were followed by planned Bonferroni’s tests for multiple
comparisons. Statistical significance was considered as p < 0.05.
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Highlights
Viral knockdown of VTA D2 receptors alters local cerebral glucose metabolism

Elevations in glucose metabolism were seen in the terminal fields of the
mesocorticolimbic system

Knockdowns also had wide-ranging effects throughout other brain systems
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Figure 1.
A. Representative images of immunofluorescence staining for TH (red), GFP (green), and an

overlay (yellow) of both markers in the VTA of a rat infected with lentivirus. Red arrows in
the overlay image indicate putative dopamine cells double-labeled for TH and GFP. White
arrow indicates a virally-infected non-dopaminergic cell. B. Schematic of rat brain sections
at the level of the VTA showing the approximate extent of viral transduction. SNC,
substantia nigra compacta; SNR, substantia nigra reticulata; VTA, ventral tegmental area.
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Figure 2.

Average glucose utilization for Dra2 knockdown and control animals across 34 brain
regions. Brain regions represented by filled symbols were significantly different from
control at p < .025. Brain regions represented by open symbols were not found to be
significant at p <.025. Abbreviations: ACing, Anterior Cingulate; ANAc, Anterior Nucleus
Accumbens; BIA, Basolateral Amygdala; Cblm, Cerebellum; CC, Corpus Callosum; CeA,
Central Amygdala; Core, Nucleus Accumbens Core; DCaud, Dorsal Caudate; DG, Dentate
Gyrus; DR, Dorsal Raphe Nucleus; EP, Entopeduncular Nucleus; GP, Globus Pallidus;
Hpcl, Hippocampus CA1; Hpc3, Hippocampus CA3; LC, Locus Coeruleus; LCaud, Lateral
Caudate; LHab, Lateral Habenula; LSpt, Lateral Septum; LThal, Lateral Thalamus; MFB,
Medial Forebrain Bundle; MHab, Medial Habenula; Motor, Motor Cortex, MPfC, Medial
Prefrontal Cortex; MR, Medial Raphe Nucleus; MThal, Medial Thalamus; OT, Olfactory
Tubercle; SColl, Superior Colliculus; Shell, Nucleus Accumbens Shell; SNC, Substantia
Nigra Compacta; SNR, Substantia Nigra Reticulata; StN, Subthalamic Nuclei; VVCaud,
Ventral Caudate; VP, Ventral Pallidum; VTA, Ventral Tegmental Area
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Table 1.

Effects of VTA Drd2 mRNA knockdown on rates of local cerebral glucose utilization in rat brain

Controls Treated
Brain Region PBS (N=5) SCR (N=8) Drd2KD (N=8)
Mesolimbic
Rostral accumbens 89.0x7.4 829+4.0 101.6+36
Accumbens core 79.0+51  77.4+35 97.9+53 °*
Accumbens shell 71.8+49  69.8+43 93.0+76
Olfactory tubercle 774+7.0 76.2+55 96.6+6.0 *
Ventral pallidum 64.8 £4.0 57.7+3.0 743+41 "
Ventral tegmental area 59.2+38 54.7+4.2 67.6+28
Lateral habenula 97.9+6.6 97.8+6.0 116.1+53
Nigrostriatal
Dorsal caudate 106.4+7.1 1003+55 1278+62 *F
Lateral caudate 1114+78 1035+6.1 1297+51 °F
Ventral caudate 1025+51 99.1+43  1183+43°*
Globus pallidus 63.2+4.4 53.1+43 67.0+3.0

Entopeduncular nucleus 489+3.3 47.7+33 568+21

Subthalamic nucleus 83953 86.3+44 1058+32

Substantia nigra compacta ~ 68.4 + 3.7 63.2+35 759427 "

Substantia nigra reticulata ~ 50.4 + 3.6 51.2+2.7 603+29
Limbic

Lateral septum 61.9+55 584+33  743+32

Medial forebrain bundle 58.9+4.4 58.4+4.1 687+31 "

Basolateral amygdala 720+49 69.8+3.7 846+37 *
Central amygdala 409+27 39222 495+18
Hippocampus CA1 63.3+44 621+35 762+49
Hippocampus CA3 66.9 +4.6 69.0+ 3.0 80.0+35 *
Dentate gyrus 546+25 57.6+3.0 689+25 **

Cortex and Thalamus

Medial prefrontal cortex 719+57 680x35 865+34 %

Anterior cingulate 110.2+8.3 1057+59 1315+55 °F
Motor cortex 1014+74 1024+57 1271+51
Corpus callosum 38.7+4.3 37.0+29 445+2.6
Lateral thalamus 81.2+6.7 87.6+50 1006+4.3 *
Medial thalamus 914+50 922+49 1100+ 4.4
Habenula 66.5+4.3  69.4+4.0 80.0+3.3 *
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Controls Treated
Brain Region PBS (N=5) SCR (N=8) Drd2KD (N=8)
Brainstem
Superior colliculus 91.3+5.7 85.3+5.7 100.6 + 4.0
Dorsal raphe 80.7+6.5 80.4+4.2 91.1+6.0
Median raphe 89.4+59 82.7+£5.8 100.0£ 4.6
Locus coeruleus 59.1+5.9 58.7+4.7 717+33°F
Cerebellum 722+64  705+47 849+37

Data are expressed as mean (imol/100 g/ min) = S.E.M.

*
p<.025,

Hk
1 <.010 compared to combined control groups
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