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Abstract

The al-adrenergic receptors (a 1ARs) have been implicated in numerous actions of the brain,
including attention and wakefulness. Additionally, they have been identified as contributing to
disorders of the brain, such as drug addiction, and recent work has shown a role of these receptors
in relapse to psychostimulants. While some functionality is known, the actual subcellular
localization of the subtypes of the a 1ARs remains to be elucidated. Further, their anatomical
relationship to receptors for other neurotransmitters, such as dopamine (DA), remains unclear.
Therefore, using immunohistochemistry and electron microscopy techniques, this study describes
the subcellular localization of the alb-adrenergic receptor (a1bAR), the subtype most tied to
relapse behaviors, as well as its relationship to the D1-dopamine receptor (D1R) in both the shell
and core of the rat nucleus accumbens (NAc). Overall, a1bARs were found in unmyelinated axons
and axon terminals with some labeling in dendrites. In accordance with other studies of the
striatum, the D1R was found mainly in dendrites and spines; therefore, colocalization of the D1R
with the a1bAR was rare postsynaptically. However, in the NAc shell, when the receptors were
co-expressed in the same neuronal elements there was a trend for both receptors to be found on the
plasma membrane, as opposed to the intracellular compartment. This study provides valuable
anatomical information about the a1bAR and its relationship to the D1R and the regulation of DA
and norepinephrine (NE) neurotransmission in the brain which have been examined previously.
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Introduction

Psychostimulant abuse and addiction remains a societal problem in the United States. The
latest statistics from the National Survey on Drug Use and Health indicate that slightly less
than one million people over the age of 12 report having a cocaine use disorder (NSDUH,
2016). Additionally, about 11% of American children have been diagnosed with Attention
Deficit Hyperactivity Disorder (ADHD), with over 70% being treated with stimulant
medications (Visser et al., 2014). A problem that has arisen is the misuse of ADHD
medications for non-medical purposes, with recent surveys finding approximately 1.7
million individuals in the United States abusing stimulant drugs without a prescription
(NSDUH, 2016). A goal in understanding the mechanisms behind dependency and abuse of
psychostimulant drugs is to explore relevant underlying circuitry, receptors &
neurochemistry in the brain.

The Mesocorticolimbic Pathway, Norepinephrine & Dopamine

The mesocorticolimbic pathway, encompassing the ventral tegmental area (VTA), nucleus
accumbens (NAc) and prefrontal cortex (PFC), are interconnected structures in the brain that
allow us to experience pleasure from natural rewards and from drugs that manipulate levels
of two catecholamine neurotransmitters, dopamine (DA) and norepinephrine (NE). The PFC
controls key cognitive functions such as planning and impulse control, which are disrupted
by disorders such as ADHD and drug addiction (Arnsten & Li, 2005; Hains & Arnsten,
2008). The NAc, divided into the core & shell, is critical for experiencing pleasurable
feelings and the euphoric properties of stimulants (Wise & Bozarth, 1985, 1987; Zahm &
Brog, 1992; Meredith et al., 1996). DA and NE, and their transporters and receptors, have
been shown to play a role in regulating pathological changes in disorders such as ADHD and
stimulant addiction (Ritz et al., 1988; Darracq et al., 1998; Pan et al., 2004; Weinshenker &
Schroeder, 2007; Heal et al, 2009). For example, cocaine, amphetamine and related
compounds, such as the prescription drug methylphenidate (for treating ADHD), act by
increasing levels of synaptic NE and/or DA, which in turn activate the various subtypes of
NE and DA receptors (Ritz et al., 1988; Ritz & Kuhar, 1989; Heal et al., 2009).

G-protein coupled receptors (GPCRs) responding to dopamine (D1Rs) and norepinephrine
(a1ARs) are abundant within the mesocorticolimbic system and are essential for both the
therapeutic efficacy and addictive properties of stimulants (Darracq et al., 1998; Drouin et
al., 2002; Heal et al., 2009; Mitrano et al., 2012, 2014; Schmidt & Weinshenker, 2014).
There are three classes of noradrenergic receptors, al-, a2- and f-adrenergic receptors.
Amongst the al-adrenergic receptors (a1ARs), there are three subtypes, ala, alb and ald
(Bylund et al., 1994; Zhong & Minneman, 1999). While the subtypes of the receptor and
some of their properties have been known for some time (Bylund et al., 1994; Zhong &
Minneman, 1999; Chalothorn et al., 2002), their exact function and localization in various
brain regions are still being elucidated. A major roadblock in understanding the functionality
of each of the a1AR subtypes in the brain is the fact that subtype-specific pharmacological
agents have yet to be developed (Giardina et al., 1996, 2003; Aono et al., 2015). Therefore,
most studies addressing the functions of a1AR subtypes have used knockout (KO) animals
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(Drouin et al., 2002; Auclair et al., 2002), transfected cells (Vicentic et al., 2002), or animals
that overexpress the receptors (Zuscik et al., 2000; Yun et al., 2003).

There is evidence for the a1ARs playing a role in addictive behaviors to stimulant drugs,
namely in relapse or reinstatement of drug-seeking behavior (Zhang & Kosten, 2005;
Weinshenker & Schroeder, 2007; Gaval-Cruz & Weinshenker, 2009; Schroeder et al., 2013).
For example, the a 1AR antagonist prazosin attenuates cocaine-induced reinstatement
(Zhang & Kaosten, 2005), while the dopamine B-hydroxylase inhibitor nepicastat blocks cue-
induced, cocaine-induced and stress-induced reinstatement to cocaine-seeking (Schroeder et
al., 2013). Using /n vivo microdialysis in the NAc, it was shown that activation of presumed
presynaptic a1ARs with the a1AR agonist methoxamine can decrease DA efflux (Saisuga
etal., 2012), and when exposed to cocaine, NE release in the PFC can indirectly control DA
transmission to the NAc (Drouin et al., 2002; Zhang & Kosten, 2005). Specific focus has
turned to the a1bAR subtype in relation to stimulant effects and regulation of dopamine. For
example, Drouin et al. (2002) showed a.1bAR knockout mice had reduced locomotor
responses to amphetamine, cocaine and morphine. Auclair et al. (2002) showed that
dopamine-induced increases in the NAc were significantly decreased in a1lbAR KO mice
following amphetamine administration, as opposed to stimulating the a1bARs which
resulted in increased DA-mediated locomotor responses to amphetamine (Villegier et al.,
2003). These studies, just to name a few, indicate a relationship between NE, a1bARs, DA
and D1Rs in the NAc in relation to neural and psychological responses to psychostimulants.

The subcellular localization of the a 1AR has been characterized previously in the NAc
(Mitrano et al., 2012), but localization of the specific subtype a1bAR has not been
described, though suggested in some studies (Saisuga et al., 2012). If we are to truly gain an
understanding of their role and relationship to DA and dopamine receptors, the subcellular
and subsynaptic localization of the a1bAR is necessary. Additionally, even though the
anatomical localization of the D1Rs has been shown in the dorsal striatum and PFC (Levey
et al., 1993; Hersch et al., 1995; Dumartin et al., 1998; Mitrano et al., 2014), their
relationship to the specific adrenergic receptor, albAR, has yet to be established in the NAc.

Therefore, this study aimed to define the subcellular and subsynaptic localization of both the
albAR and the D1R in the core and shell of the rat NAc using immunohistochemistry and
electron microscopic (EM) techniques. Next, using double labeling techniques at the EM
level, the degree of finding these receptors in the same neural elements or glia was assessed.
Based on previous work on the localization of the a1ARs (Mitrano et al., 2012; 2014), it
was hypothesized that there would negligible colocalization of the a1bAR and the D1R.
Overall, the majority of a1lbARs were found presynaptically, while D1Rs were located
mainly postsynaptically. Generally, minimal colocalization of these two receptors was
detected in most neuronal elements as well as glial processes.

Experimental Procedures

Animal treatment for immunohistochemistry

All procedures were approved by the Institutional Animal Care and Use Committee of
Christopher Newport University. In total, 13 male adult Sprague-Dawley rats (Charles River
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Laboratories, Wilmington, MA; weighing approximately 200-300 grams) were used for this
study. Rats were anesthetized with a ketamine (100mg/kg) and butorphanol (2mg/kg)
cocktail and transcardially perfused with 4% paraformaldehyde containing 0.1%
glutaraldehyde (Electron Microscopy Sciences (EMS), Hatfield, PA). Brain tissue was
removed and postfixed for 24 hours in 4% paraformaldehyde and cut into 60um sections on
a vibrating microtome. Prior to immunohistochemical labeling, all tissue was exposed to 1%
NaBHy.

Primary antibodies for immunohistochemistry

Table 1 lists the primary antibodies and their concentrations used in this study. The
specificity of the D1R antibody has been characterized and published on previously (Levey
et al., 1993; Hersch et al., 1995; Mitrano et al., 2014). More recently, Stojanovic et al.
(2017) used brain tissue from D1R knockout and wild-type mice and through the use of
immunohistochemistry, western blot and immunoprecipitation followed by mass
spectrometry analysis, showed that this D1R antibody (produced by Sigma-Aldrich, St.
Louis, MO) is specific for the receptor. The a1bAR antibody (Abcam, Cambridge, MA) was
tested previously in HEK-293 cells and showed labeling in Western blot analysis only when
the cell was transfected with a1bAR DNA. No bands were present when the cells were
transfected with mock-DNA or DNA of another receptor (data not shown; Mitrano et al.,
2010; 2014).

Single pre-embedding immunoperoxidase labeling for albARs and D1Rs

In order to determine the working concentrations of both of the primary antibodies, serial
dilutions were tested using immunohistochemical procedures for light microscopy (based on
methods described in Mitrano & Smith, 2007). After NaBH, treatment, sections were
incubated for 1 hour at RT in phosphate-buffered saline (PBS; pH 7.4) containing 10%
normal goat serum (NGS; Vector Laboratories, Burlingame, CA), 1% Bovine Serum
Albumin (BSA,; Sigma), and 0.3% Triton, followed by the primary antibody solution
containing 1% NGS, 1% BSA, and 0.3% Triton in PBS for 24 hours at RT. Sections were
then incubated in secondary biotinylated goat anti-rabbit 1gGs for the a1bAR or goat anti-rat
1gGs for the D1R (1:200; Vector) for 90 minutes and then incubated for another 90 minutes
with the avidin-biotin peroxidase complex (ABC Kit; 1:100; Vector). Finally, the sections
were washed in PBS and Tris buffer (50 mM; pH 7.6) and transferred to a solution
containing 0.025% 3,3-diaminobenzidine tetrahydrochloride (DAB; Sigma), 10 mM
imidazole, and 0.005% hydrogen peroxide in Tris buffer for 10 minutes. Sections were
rinsed in PBS, mounted onto gelatin-coated slides, dehydrated, and then coverslipped with
Cytoseal (ThermoFisher Scientific, Waltham, MA). Tissue was examined using a light
microscope (data not shown), and final concentrations were determined based on labeling
patterns observed in previous studies (Levey et al., 1993; Hersch et al., 1995; Mitrano et al.,
2012, 2014).

Single pre-embedding immunoperoxidase labeling for albARs and D1Rs for electron
microscopy

Tissue used for labeling the a1bAR was incubated at the same time, while tissue used for
labeling the D1R were completed at the same time to ensure consistency in the conditions of
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the solutions used. Following NaBH, treatment, sections were placed in a cryoprotectant
solution for 20 minutes, frozen at —80°C for 20 minutes, returned to a decreasing gradient of
cryoprotectant solutions, and rinsed in PBS. Sections were then incubated in primary and
secondary antibody solutions identical to those described above with two exceptions,
omission of Triton and incubation in the primary antibody for 48 hours at 4°C. After the
DAB reaction, the tissue was rinsed in PB (0.1M, pH 7.4) and treated with 1% OsO, (EMS)
for 20 minutes. Tissue was then dehydrated with increasing concentrations of ethanol. When
exposed to 70% ethanol, 1% uranyl acetate (EMS) was added to the solution for 35 minutes
to increase the contrast of the tissue at the electron microscopic level. After dehydration,
sections were treated with propylene oxide (EMS) and embedded in Durcupan ACM resin
(Sigma) overnight, mounted onto slides, and placed in a 60°C oven for 48 hours. Separate
samples of the nucleus accumbens core and medial shell (based on coordinates from Paxinos
& Watson, 1998), were cut out of the larger sections, mounted onto resin blocks, and cut into
60-nm sections with an ultramicrotome (Leica Reichert Ultracut S). The 60-nm sections
were collected on copper mesh grids (EMS) stained with lead citrate (EMS) for 5 minutes to
enhance tissue contrast, and examined on a transmission electron microscope. Transmission
electron microscopes used were the JEOL-1010 (University of Richmond); JEOL-1011
(Emory University) and JEOL-1230 (Virginia Commonwealth University).

Analysis of single pre-embedding immunoperoxidase labeling for albARs and D1Rs

Data for single immunoperoxidase labeling was collected from 20 blocks of tissue, one
block/animal in the medial NAc shell and one block/animal in the NAc core, immunostained
for either the a1bAR or the D1R in five rats each. Serial ultrathin sections taken from each
of the blocks when the interface of resin and labeled tissue were visible. Thirty-forty
electron micrographs of randomly selected immunoreactive elements were imaged at
40,000x and saved with a CCD camera controlled by Digital Micrograph or AMT Image
Capture (version 5.42.498). Some of the digitally acquired electron micrographs were
adjusted for brightness or contrast in Adobe Photoshop (version 12.0.4x32). Micrographs
were then compiled into figures using Adobe Illustrator (version 15.0.2). Labeled elements
were categorized as dendrites, spines, unmyelinated axons, myelinated axons, axon
terminals or glia, based on ultrastructural features described by Peters et al. (1991). Spines
are usually mushroom-shaped, have a visible postsynaptic density and are usually opposed
to an axon terminal, identified by the presence of vesicles. Unmyelinated axons are small,
regular, circular elements that are relatively smooth in shape, travel straight in the neuropil
when seen in longitudinal plane and are frequently clustered, forming a bundle. Dendrites
display different sizes and shapes, contain mitochondria, stacks of endoplasmic reticulum
and often receive synaptic contacts. Glial processes are usually thin, have an irregular shape
and are not found in bundles. The total number of labeled elements was summed for each
animal and then the percentage of each of the above named elements was determined for
each animal. The mean of the percentages for each element was calculated (+/— SEM) across
the 5 animals in each group (n=5 for a1bAR NAc core; n=5 for a1bAR NAc shell; n=5 for
D1R NAc core; n=5 for D1R NAc shell).

Significant differences between the means of identified elements were assessed by using
IBM SPSS Statistics (version 24). It should be noted that non-independent data was used for
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statistical analyses and therefore results apply to the animals sampled, not necessarily
applicable to the population of Sprague-Dawley animals. First, for each receptor, a one-way
ANOVA was run to determine whether the mean percentage of each of the labeled elements
identified differed between the NAc core and shell; this also included Levene’s test for
homogeneity of variances. Next, in order to determine whether the percentage of labeled
elements differed between the two receptor types (from the 5 animals in each group), a one-
way ANOVA followed by Tukey’s post-hoc test was done. In other words, the mean
percentage of labeled dendrites, spines, unmyelinated axons, etc., labeled for the a1bAR in
the NAc core, the a1bAR in the NAc shell, the D1R in the NAc core and the D1R in the
NAc shell were compared; this also included Levene’s test for homogeneity of variances.

Double pre-embedding labeling for albARs and D1Rs for electron microscopy

As described above, for single pre-embedding labeling, tissue was double-labeled for both
receptors in the combinations described below at the same time. Following NaBH,4
treatment, sections went through a series of cryoprotectant rinses. Tissue was then placed in
a preincubation solution containing 5% dry milk and PBS for 30 minutes at RT. Following
rinses in a TBS (tris-buffered saline)-gelatin buffer (pH 7.6), sections were transferred to a
solution that contained a mixture of the D1R and a1bAR antibodies and incubated overnight
at RT (based on methods in Mitrano & Smith, 2007). In order to account for any false
positive labeling (as background labeling is common when revealing an antibody with gold-
conjugated secondaries), the double-labeling reaction was performed twice, once with the
primary antibodies for a1bAR revealed with immunogold and D1R with
immunoperoxidase, as well as the reverse. The next day, the tissue was exposed to the two
secondaries for 2hrs at RT. When revealing the D1R with immunogold, secondary antibodies
were goat anti-rat IgGs conjugated with 1.4 nm gold particles (1:100; Nanoprobes, Yaphank,
NY); when revealing with immunoperoxidase method (described above), goat anti-rat
biotinylated 1gGs were used (Vector). For revealing the a1bAR, goat anti-rabbit IgGs
conjugated with 1.4 nm gold particles were used for immunogold and goat anti-rabbit
biotinylated 1gGs were used for immunoperoxidase. Following rinses with TBS-gelatin and
C,H3NaO,, an HQ Silver Enhancement kit (Nanoprobes) was used for intensification of
gold particles (to create ~40nm gold particles visible under the EM) for 4 min at RT in the
dark. Following silver intensification, ABC, and DAB procedures were performed as
described above. Immediately following the DAB reaction, sections were subjected to
osmification, dehydration and resin embedding protocols described previously, with two
exceptions: 0.5% OsO4 was used for 10min and exposure to 70% ethanol with 1% uranyl
acetate for 10min.

Analysis of double pre-embedding labeling of albARs and D1Rs for electron microscopy

Data were collected from a total of 21 blocks (n=5 for D1R revealed with
immunoperoxidase, a1bAR revealed with immunogold, for both the NAc core and shell;
n=5 for D1R immunogold, a1bAR immunoperoxidase in the NAc core; n=6 for D1R
immunogold, a1bAR immunoperoxidase in the NAc shell). Serial ultrathin sections were
taken from each of the blocks when the interface of resin and labeled tissue were visible.
Thirty- forty electron micrographs were taken from each animal for each receptor/secondary
antibody combination at 40,000x in fields where both immunoperoxidase and immunogold
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labeling were both visible, and images were saved with a CCD camera controlled by Digital
Micrograph or AMT Image Capture (version 5.42.498).

Some of the digitally acquired electron micrographs were adjusted for brightness or contrast
in Adobe Photoshop (version 12.0.4x32). Micrographs were then compiled into figures
using Adobe Illustrator (version 15.0.2). For these reactions, the elements for the receptor
revealed with immunoperoxidase were counted first, followed by the number of those
elements that also contained immunogold labeling. The percentage of double-labeled
elements was calculated for each animal and then averaged across animals. In addition to
determining the degree of colocalization of the two receptors, the receptor revealed with
immunogold was further analyzed in both double- and single-labeled elements to describe
its subsynaptic localization. First, the gold particles were classified as either intracellular
(INT; inside the element, not touching the plasma membrane) or plasma-membrane bound
(PMB; touching the plasma membrane of the element). PMB gold particles were further
classified into three categories: perisynaptic (touching or within a 20-nm range of the edges
of a postsynaptic density), synaptic (in contact with the main body of the postsynaptic
density), or extrasynaptic (on the plasma membrane but not associated with a synapse).

It should be noted that non-independent data was used for statistical analyses and therefore
results apply to the animals sampled, not necessarily applicable to the population of
Sprague-Dawley animals. Using SPSS, a series of analyses were done. First, the mean
percentage of colocalization of the receptors amongst the different elements (dendrites,
spines, unmyelinated axons, axon terminals and glia) was compared within each brain region
using two one-way ANOVASs (one for the NAc core and one for the NAc shell), followed by
Tukey’s post hoc tests and Levene’s test for homogeneity of variance. In order to determine
that neither receptors’ secondary antibody yielded false positives, two one-way ANOVAS
with Tukey’s post-hoc test was run (for each combination) to determine if there was any
statistically significant differences in the degree of colocalization of the a1bAR and D1R
when the secondary antibody conjugates were reversed (i.e. immunogold vs.
immunoperoxidase).

Next, when each receptor was revealed with immunogold, the amount of intracellular versus
PMB gold particles was compared by using two one-way ANOVAs, Tukey’s post hoc test
and Levene’s test for homogeneity of variance. One ANOVA was done for comparing the
subsynaptic localization of the immunogold particles representing the a1bAR in both the
core and shell and the other ANOVA was done for the D1R in both the core and shell. Two-
way ANOVAS were used to determine statistical differences between the receptors in the
amount of immunogold labeling found intracellularly or PMB in all of the elements
examined.

To determine if the subsynaptic localization of each receptor differed in double labeled
elements versus single labeled elements, as seen in other brain regions such as the PFC
(Mitrano et al., 2014), the distribution of intracellular versus PMB gold particles was
compared, using a series of one-way ANOVAs and Levene’s test for homogeneity of
variance.
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Controls for Immunohistochemistry

Results

To further support the specificity of each primary antibody, for the single labeling
experiments, two controls were set up. One used the wrong secondary; for example when
using the a1bAR primary antibody (made in rabbit), select sections were exposed to the
wrong secondary (biotinylated goat anti-guinea pig 1gGs), and no labeling was found for
both the a1bAR and D1R (as done in Mitrano et al., 2014). Additionally, as a negative
control, the primary antibody was omitted, resulting in no labeling as well (data not shown).

For double pre-embedding experiments, controls consisted of omitting one of the primary
antibodies for the a1bAR or the D1R, but exposing tissue to both secondaries, the HQ kit
and ABC. No labeling was present when examined at the EM for any receptor for which the
primary antibody was omitted, further confirming the specificity of the secondary
antibodies.

Subcellular localization of albARs and D1Rs in the NAc Core and Shell

As is displayed in Figure 1A, the a1bARs and D1Rs have different subcellular localizations
within the NAc core and shell. The a1bAR was found mainly in unmyelinated axons and
axon terminals (~55% of total labeled elements counted, and ~15%, respectively), with some
labeling in dendrites and spines (~25-30% and ~5%, respectively) and glial elements (~5—
10%; Figure 1B and C). There was no significant effect of region of the NAc when
analyzing the distribution of the a1bAR in the core versus shell (p>0.05 for all elements).
Additionally, no significant differences were found from Levene’s test of homogeneity of
variances for this comparison.

In contrast, the bulk of labeling for the D1R was found mainly in dendrites and spines (~50-
55% and ~15% of total labeled elements counted, respectively), with some labeling in
unmyelinated axons (~45%) and very little labeling found in axon terminals, myelinated
axons and glial elements (all less than 10%; Figure 1A and D). There was no significant
effect of region of the NAc when analyzing the distribution of the D1R in the core versus
shell (p>0.05 for all elements). Levene’s test for homogeneity of variances was only
significant when looking at glial elements, however, this was taken into account by the
ANOVA.

When comparing the pattern of labeling between receptors, there was a main effect of
receptor type seen for all elements. There were significantly more D1R-containing dendrites
than a1bAR-labeled dendrites in the core and shell (F3 16= 9.37, p<0.01). Significantly more
spines contained D1R than a1bAR in both the core and shell (F3 16= 30.28, p<0.001). On
the other hand, there was a significantly higher percentage of unmyelinated axons (F3 1=
4.26, p<0.05), axon terminals (F3 16=11.97, p<0.001) and glial elements (F3 16= 8.05,
p<0.01) containing the a1bAR, compared to the D1R. Levene’s test showed homogeneity of
variances except for myelinated axons. This was taken into account in the ANOVA and
Tukey HSD performed. No further analysis was done on myelinated axons due to such a
small number examined and wide variance between subjects.
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Relationship of albARs and D1Rs in the NAc

Figure 2A represents the average percentage of albAR containing elements (revealed using
pre-embedding immunoperoxidase) that also have labeling for the D1R (revealed using pre-
embedding immunogold; Figures 2B-D). In both the NAc core and shell, about 25-30% of
dendrites that contained labeling for the a1bAR also contained immunogold labeling for the
D1R; ~10% of spines were double labeled; less than 10% of unmyelinated axons and axon
terminals and ~10% of glial elements contained both receptors. Within the NAc core, a
statistical difference was found amongst the percentages of double labeled elements
(F4,20=6.55, p<0.01). Post hoc tests revealed a greater proportion of dendrites labeled for
both the a1bAR and D1R than unmyelinated axons (p<0.01); axon terminals (p<0.01) and
glial elements (p<0.01). Levene’s test showed homogeneity of variance. Almost the same
results were seen within the NAc shell (F4 25=3.68, p<0.05), where post hoc tests revealed
that there were significantly more dendrites containing both the a1bAR and D1R than
unmyelinated axons (p<0.05) and axon terminals (p<0.05). Levene’s statistic did show
significance when testing homogeneity of variance, but this was taken into account in the
Tukey HSD.

As a control and as a means of providing increased validity to the findings above, we
analyzed the co-localization of the D1R and a.1bAR by reversing the experimental
procedures described above. Figures 2E and F are representative electron micrographs of the
NAc core and shell, respectively, when the secondary to reveal each receptor was reversed,;
in other words, the a1bAR was revealed using pre-embedding immunogold and the D1R
was revealed using pre-embedding immunoperoxidase. When the conjugates of secondary
antibodies were reversed, there were no significant differences seen in the percentage of
double-labeled elements, in both the NAc core and shell (data not shown). An ANOVA
showed no effect of secondary antibody conjugate within all element groups; for dendrites
(F3,17=2.38, p=0.11), spines (F3 17=0.38, p=0.77), unmyelinated axons (F3 17=0.79, p=0.52),
axon terminals (F3 17=1.83, p=0.18), and glial elements (F3 17=1.82, p=0.18). This indicates
that either secondary would have given the same results.

Subsynaptic Localization of the albAR and D1R in the NAc Core & Shell

When either receptor was labeled with a gold-conjugated secondary antibody, the gold
particles were first analyzed as being INT or PMB, as described above. Then, PMB gold
particles were further classified as either extrasynaptic, perisynaptic, or synaptic to either a
putative asymmetric or symmetric synapse. Figures 3A and 3B display histograms
summarizing the percentage of gold particles found intracellularly for the a1bAR (3A) or
D1R (3B) in elements solely containing immunogold labeling for one of the two receptors in
the NAc core and shell. When examining just the localization of the a1bAR, there were
significantly more INT receptors than PMB receptors found in dendrites (F3 16=44.99,
p<0.001), with no differences found between the core and shell. The opposite was found for
unmyelinated axons, with significantly fewer INT receptors than PMB ones (F3 16=16.17,
p<0.01), again with no differences between the core and shell. For axon terminals, in the
NAc shell, there were significantly more intracellular a1bARs than PMB albARs
(F3,16=13.58, p<0.001). There was not a statistical difference in INT vs. PMB receptors in
the NAc core for axon terminals. Likely due to the limited number of spines and glial
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elements labeled for the a1bAR, no statistical differences between INT vs. PMB
subsynaptic localization was found in either area of the NAc. Levene’s test showed
homogeneity of variance in the distribution of the a1bAR data. When examining the
subsynaptic localization of just the D1R, no statistically significant differences were found
in the percentages of intracellular vs. PMB receptors nor between the NAc core and shell
(both comparisons showed homogeneity of variance).

When comparing the receptors to each other, a series of two-way ANOVAS was run with
receptor and NAc region as the factors and the percent of intracellular gold particles for each
element as the dependent variable. For dendrites, there was a main effect of receptor
(F1,17=49.55, p<0.01), indicating that regardless of NAc region, there were significantly
more albARs found intracellularly compared to the D1R. For spines, unmyelinated axons,
axon terminals and glial elements, there was no effect of region nor receptor and no
interaction between the two factors.

Analysis of localization on the plasma membrane of the a1bAR and D1R revealed almost
all labeling for both receptors was extrasynaptic. For D1Rs, there was a trend for slightly
more perisynaptic and synaptic labeling at both asymmetric and symmetric synapses.

Due to the pattern seen in the prefrontal cortex, in which a1bARs were found to be more
intracellular when found in D1R-expressing dendrites compared to dendrites only containing
the albAR (Mitrano et al., 2014), the same analysis was done for the NAc core and shell.
The pattern of subsynaptic labeling (proportion of INT vs. PMB) in elements that only
contained immunogold labeling for the a1bAR vs. elements that had labeling for both the
albAR and D1R and vice versa was compared. For the a1bAR, in the NAc shell (Figure
3C), there was a main effect of the percentage of intracellular a1bAR labeling in
unmyelinated axons (F1 g=7.95, p<0.05) and axon terminals (F; g=10.50, p<0.05). This
indicates that when the a1bAR was found with the D1R in presynaptic elements, the
albAR tended to be PMB (Levene’s significant difference in variances was taken into
account by the ANOVA). No statistically significant differences were found within the NAc
core (data not shown), although there was a trend towards increased PMB expression of the
albAR in all elements examined.

For the D1 receptor in the NAc shell (Figure 3D), there was a main effect of colocalization
with a1bAR in spines (F1,10=13.86, p<0.01) and axon terminals (F1 1p=10.34, p<0.01).
Levene’s statistic was only significant for unmyelinated axons, which was taken into
account by the ANOVA. This indicates that when co-localized with the a1bAR, the D1R
was found more often on the plasma membrane. No statistically significant differences were
found within the NAc core (data not shown), although there was also a trend towards
increased PMB expression of the D1R in spines and axon terminals.

Discussion

Overall, this study showed that the majority of a1bARs were found presynaptically in
unmyelinated axons and axon terminals, with some labeling in postsynaptic dendrites. In
dendrites and axon terminals, the a1bAR was found mainly intracellularly, while in
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unmyelinated axons, it was mainly on the plasma membrane. In contrast, D1Rs were located
mainly postsynaptically in dendrites and spines, with some labeling in unmyelinated axons.
Additionally, in dendrites and spines, the D1R was mainly found on the plasma membrane.
Generally, minimal colocalization of these two receptors was detected in most neuronal
elements as well as glial cells. When they were found together, both the albARs and D1Rs
tended to be located on the plasma membrane. This study provides new anatomical evidence
supporting observations of functional interactions between these receptors described below.

Relationship between NE and DA

The association between dopamine and norepinephrine has been studied for years in relation
to normal states of the brain, such as attention, wakefulness, reward and stress (Trovero et
al., 1994; Pan et al., 2004; Arnsten & Li, 2005; Weinshenker & Schroeder, 2007). These
catecholamine neurotransmitters, along with their receptors, have also been studied in
disease states, such as depression, anxiety, drug addiction and ADHD (Ritz et al., 1988;
Darracq et al., 1998; Pan et al., 2004; Arnsten & Li, 2005; Weinshenker & Schroeder, 2007,
Heal et al, 2009; Goto et al., 2010; Atorzi et al., 2016). In order to further our understanding
of the relationship between these receptors and neurotransmitters, functional and anatomical
studies are needed in order to understand the normal and disordered states of the brain. For
example, in the medial PFC, infusion of NE resulted in an increase in extracellular DA that
was blunted by the a1AR antagonist prazosin, while infusion of DA into the same area
resulted in increases in extracellular NE, inhibited by a D1R antagonist (Pan et al., 2004). In
cultured cortical neurons, the a1AR agonist methoxamine accelerated the resensitization of
DA stimulated D1Rs as measured by cAMP levels, which was blunted by prazosin (Trovero
et al., 1994). These studies, to describe a few, correlate with the high degree of
colocalization of the a1ARs and D1Rs in PFC cortical dendrites as shown by Mitrano et al.
(2014), as they describe a relationship that indicates that there may be receptor-receptor
interactions yet to be determined at the molecular level. These also lay a foundation for a
better understanding of how these receptors might be mediated by new drug treatments or
drugs of abuse which target the PFC.

albAR and D1Rs in the NAc

The major sources of NE to the NAc include the locus coeruleus (LC) as well as the A1/A2
brainstem nuclei (reviewed in Weinshenker & Schroeder, 2007; Atorzi et al., 2016). Past
studies that have examined the localization of the a1AR, using a pan-a1AR antibody
(detecting all three subtypes) showed the majority of the receptors being presynaptic in both
the core and shell of the NAc (Mitrano et al., 2012). Additionally, within the NAc it was
found that a1ARs were found on glutamatergic and dopaminergic axon terminals; however,
it remains unknown whether a particular subtype of the a1AR would be found more
prominently on one of the different types of terminals. This would be especially important
considering it was found that stimulating the LC causes NE release in the VTA, which in
turn causes the release of DA to the NAc under the control of a1ARs in the VTA (Park et
al., 2017). Additionally, the a1bAR was found in glial elements in the NAc core and shell in
this study. In other brain regions, it has been shown that NE (under the control of the a1AR)
from the LC could cause glutamate release from astrocytes that in turn could affect release
of other neurotransmitters, such as dopamine (Mitrano et al., 2016; Bazargani & Attwell,
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2017). This also points to NE-DA interactions that need further examination in the NAc, as
glial contributions to neurotransmission have become of increasing interest.

The importance of continuing to study the D1R and the a1bAR in the NAc is highlighted in
the literature, especially in relation to their mechanisms of action and roles in response to
psychostimulants. DA and D1Rs are at the root of maintaining drug self-administration and
anticipation of a reward (Ritz et al., 1988; Kuhar et al., 1991; Dumartin et al., 1998; Koob &
\Volkow, 2016). On the other hand, NE and a1ARs have been implicated in various brain
regions to be at the core of drug- and cue-induced reinstatement of drug-seeking behavior in
cocaine self-administration studies (Schroeder et al., 2010; Schroeder et al., 2013; Schmidt
et al., 2017; Solecki et al., 2017). In short, they have shown that lowering levels of NE or
blockade of the a1AR can decrease reinstatement of cocaine-seeking behavior. Additionally,
administration of the a1AR antagonist terazosin into the NAc shell attenuated cocaine-
induced locomotor activity and increases in extracellular DA as measured by microdialysis
(Mitrano et al., 2012).

In this study, a subtype specific antibody for the a1lbAR showed a similar pattern of
distribution as compared to using a pan-a1AR antibody (Mitrano et al., 2012), with slightly
more dendrites and fewer spines immunoreactive for the a1lbAR, but a high degree of
presynaptic labeling, pointing to the a1bAR to be at the heart of the effects seen in the NAc
from previous studies on NE and the D1R. For example, mice lacking the a1bAR showed
decreased locomotor responses and behavioral sensitization to amphetamine, cocaine and
morphine as well as decreased amphetamine-induced DA levels in the NAc without affecting
D1Rs or dopamine reuptake transporter expression (Auclair et al., 2002; Drouin et al.,
2002). a1bAR knockout mice treated with a DA reuptake transporter blocker and then
exposed to enhanced NE release (using dexefaroxan, an a2AR antagonist), showed a
substantial decrease in locomotor activity compared to wild-type mice, indicating that
stimulating a1bARs causes an increase in DA-mediated responses, such as to amphetamine
(Villegier et al., 2003). In cultured striatal neurons stimulated with DA, an . 1AR agonist did
not affect the resensitization rate as compared to cultured cortical neurons, which had an
increased rate of resensitization of the D1R after agonist application (Trovero et al., 1994).
These all indicate that the a1bAR and D1R are in opposing neurons; the effects are probably
not due to receptor-receptor interactions within the postsynaptic element. Since the alAR is
found mainly presynaptically and with some frequency on dopaminergic terminals in the
NAc and on GABAergic terminals (Mitrano et al., 2012) in the VTA (which in turn could
modulate the activity of VTA dopaminergic neurons projecting to NAc; Park et al., 2017), it
makes sense that manipulating the a1bAR could result in altered dopaminergic responses to
psychostimulant drugs.

Attempts at understanding the localization and function of the a1bARs and D1Rs in the
NAc have used various techniques other than electron microscopy. For example,
methoxamine, the a1AR agonist, when injected into the NAc shell reduced extracellular DA
efflux in freely moving rats but did not affect NE levels, effects that were reversed with
application of the a1AR antagonist prazosin (Saigusa et al., 2012). This led the authors to
conclude that the effects seen must be a result of the a1AR being located on noradrenergic
and dopaminergic terminals in the NAc. Aono et al. (2015) showed that deactivation of the
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albAR using a somewhat specific antagonist, cyclazosin, reversed the effect of the agonist
methoxamine in the NAc by returning DA to basal levels. In the VTA, activation of a1ARs
is necessary for cocaine-induced increases of dopamine seen in the NAc shell; indicating
again that NE release from terminals can manipulate DA transmission (Goertz et al., 2015).
All of these findings support an interaction of the noradrenergic and dopaminergic systems
in the NAc and that perhaps the a1bAR is the prominent subtype in relation to these
interactions.

Comparisons of albAR and D1R localization in the NAc and PFC

In the NAc, albARs and D1Rs colocalized in about 25-30% of dendrites, compared to the
PFC, in which the a1bAR and D1R colocalized in about 60—70% of dendrites. In both brain
regions, however, the receptors have altered subcellular localization when found together
(Mitrano et al., 2014). When the a1bAR and D1R were found on the same PFC dendrites,
there was a decreased presence of the a1bAR on the plasma membrane compared to
dendrites that only contained the a1bAR; no difference was seen in the localization of the
D1R when the receptors were found together (Mitrano et al., 2014). In the NAc shell, the
opposite was seen in D1R-containing dendrites, unmyelinated axons, and axon terminals:
increased expression of the albAR on the plasma membrane, only trends were seen for the
NAc core. Additionally, in the NAc shell, the D1R had increased expression on the plasma
membrane of spines and axon terminals when colocalized with a1bAR. While hard to
interpret exactly what these findings mean, as using electron microscopy in both studies
provides a single snapshot of these receptors in untreated animals, it is a limitation to this
work. The high degree of intracellular receptors could imply many things, such as
internalization of the receptors, trafficking of the receptors to and from the membrane or
from the cell body. A high degree of PMB a1bARs on unmyelinated axons also raises many
questions that are yet to be answered on their function; these could be pre-terminal axons
that contribute to the modulation of neurotransmitter release on the terminals they are
connected to, such as glutamate or dopamine. When found together, it is also hard to
determine why there is a differential pattern of expression of the a1bAR and D1R in NAc
compared to the PFC. Overall though, these findings infer some level of functional diversity
and complexity in the responsiveness to NE and DA among neurons containing one receptor
versus both, within the NAc and compared to the PFC.

Both the a1bAR and D1R are GPCRs, are coupled to different G-proteins and have their
own unique dynamics in terms of desensitization and resensitization. Whether there are
scaffolding proteins that link these receptors is still yet to be determined. Studies examining
these receptors in an /n vivo system in accumbal neurons is needed to shed light on
activating one or both of the receptors and what functions they may have on the plasma
membrane or intracellularly and whether their localization changes upon agonizing both
receptors (with either endogenous ligands or indirectly with psychostimulants). Past studies
used HEK-293 cells and showed the a1bAR was mainly on the plasma membrane but
internalized quickly upon agonist application (Chalothorn et al., 2002). Other studies have
shown that the D1R internalizes upon agonist application in an /n vivo system (Dumartin et
al., 1998); yet no studies have looked at both receptors at the same time.
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Overall, these examples highlight the need to be able to distinguish amongst the three a1AR
subtypes in order to gain a complete understanding of the NE-DA interactions that take
place in the mesocorticolimbic circuitry. Important future experiments include examination
of the a1lbAR’s presence on noradrenergic or other axon terminals in the NAc and
examination of the circuitry between the PFC and NAc in relation to a1bARs.

In conclusion, the a1lbAR and its colocalization with various receptors, such as the D1R,
can vary from brain region to brain region. We have provided new anatomical evidence that
sheds light on some functional studies showing interactions between these two receptors
with respect to regulation of their neurotransmission. Additionally, this study explores one
way to examine the different subtypes of the a 1AR with the advent of new specific
antibodies. While there have been attempts at developing subtype specific pharmacological
agents for the albAR, such as cyclazosin, this compound has some activity at the a1dAR as
well (Giardina et al., 1996, 2003). Therefore, this study shows the need to develop drugs that
specifically target the various subtypes of the a1ARs, which may elucidate the complex
modulation NE has on dopamine transmission. In addition, future work should look at
possible changes in the localization of the a1bAR and D1Rs following stimulant
administration to establish further evidence that a specific a1bAR antagonist may provide a
new, more specific pharmacological target for preventing relapse in cocaine-and other
stimulant-dependent individuals.
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alAR alphal-adrenergic receptor
albAR alphalb-adrenergic receptor
ANOVA analysis of variance

ADHD Attention Deficit Hyperactivity Disorder

ABC avidin-biotin complex

BSA bovine serum albumin

DAB 3,3-diaminobenzidine tetrahydrochloride
D1R D1-dopamine receptor

DA dopamine
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GPCR G-protein coupled receptor
HQ high-quality silver enhancement
IgG Immunoglobulin G
INT intracellular
KO knockout animal
LC locus coeruleus
MW molecular weight
NGS normal goat serum
NE norepinephrine
NAc nucleus accumbens
PB phosphate buffer
PBS phosphate-buffered saline
PFC prefrontal cortex
PMB plasma membrane-bound
RT room temperature
TBS tris-buffered saline
VTA ventral tegmental area
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Highlights

. The subtype of the al-adrenergic receptor, a1lbAR, is found presynaptically
in the nucleus accumbens core and shell.

. albARs and D1-dopamine receptors have minimal colocalization in dendrites
in these brain regions.

. Colocalization of these receptors is greater when comparing the nucleus
accumbens to the prefrontal cortex.

. Anatomical data presented here correlates with previous functional studies of
these receptors in the nucleus accumbens.
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Figure 1.
Subcellular localization of D1Rs and albARs in the core and shell of the NAc. (A) Mean £

SEM of total D1R- or albAR-immunolabeled elements in the core and shell of the NAc
using the single pre-embedding immunoperoxidase method. *p<0.01 when comparing D1R-
containing dendrites to a1bAR-labeled dendrites in the core and shell. +p<0.001 when
comparing D1R spines to a1bAR spines. #p<0.05 when comparing a1bAR-labeled
unmyelinated axons to D1R axons. **p<0.001 when comparing a1bAR-labeled axon
terminals to D1R terminals and “p<0.01 when comparing a1lbAR-labeled glial elements to
D1R glia. (B) Representative electron micrograph of a1lbAR labeling in a dendrite,
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unmyelinated axon and an axon terminal in the NAc core. (C) Representative electron
micrograph of albAR labeling in an unmyelinated axon and glial process in the NAc shell.
(D) Representative electron micrograph of D1R labeling in 2 unmyelinated axons, 2
dendrites, one with a protruding spine synapsing on an unlabeled axon terminal. Den,
dendrite; Sp, dendritic spine; UA, unmyelinated axon; AT, axon terminal; Ul., unlabeled. All
scale bars = 0.5um.
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Figure 2.
albAR and D1R display a low degree of colocalization in the core and shell of the NAc. (A)

The mean percent (£ SEM) of a1bAR immunoperoxidase-containing elements that also
contained immunogold labeling representing the D1R in both the core and shell of the NAc.
*p<0.01 indicates in the NAc core, a significantly greater percentage of double-labeled
dendrites vs. unmyelinated axons, axon terminals and glial elements. #p<0.05 indicates in
the NAc shell, significantly more double-labeled dendrites than unmyelinated axons and
axon terminals. (B) Representative electron micrograph from the NAc core with an
immunoperoxidase-labeled dendrite representing a1bAR (arrowhead) and a D1R labeled
dendrite (arrows point to PMB immunogold particles). (C) Electron micrograph of an
immunoperoxidase-labeled a1bAR dendrite containing D1IR PMB immunogold particles
(arrows). (D) NAc shell, 4 a1bAR immunoperoxidase-labeled unmyelinated axons, albAR
axon terminal (arrowhead), a1lbAR dendrite with an unlabeled protruding spine. The single
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arrow points to a D1R-labeled unmyelinated axon immunogold particle. (E) Representative
electron micrograph from the NAc core with a1lbAR immunogold-labeled unmyelinated
axons (single arrows point to PMB gold particles, double arrowhead indicates INT gold
particles). (F) Electron micrograph from the NAc shell with 2 D1R immunoperoxidase-
labeled dendrites, 2 a1bAR immunogold-labeled unmyelinated axons and one spine
containing D1R immunoperoxidase labeling and immunogold labeling for the a1bAR
(single arrows point to PMB gold particles, double arrowhead indicates INT gold particles).
Den, dendrite; Sp, dendritic spine; UA, unmyelinated axon; AT, axon terminal; Ul.,
unlabeled. All scale bars = 0.5um.
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Figure 3.
Subsynaptic Distribution of a1lbARs and D1Rs. (A) The mean percent (+/- SEM) of

intracellular immunogold particles representing a1lbARs in the NAc core and shell.
*p<0.001 when comparing the mean percent intracellular immunogold particles to PMB
particles on dendrites in both the core and shell; for axon terminals in the shell only. #p<0.01
when comparing the mean percent of intracellular to PMB gold particles in unmyelinated
axons. Total number of elements examined containing only a1bAR immunogold: 69
dendrites (core), 52 (shell); 12 spines (core), 10 (shell); 189 unmyelinated axons (core), 141
(shell); 48 axon terminals (core), 50 (shell); 10 glial elements (core), 12 (shell). (B) The
mean percent (+/- SEM) of intracellular immunogold particles representing D1Rs in the
NAc core and shell. Total number of elements examined containing only D1R immunogold:
252 dendrites (core), 229 (shell); 76 spines (core), 56 (shell); 137 unmyelinated axons
(core), 139 (shell); 21 axon terminals (core), 33 (shell); 3 glial elements (core), 4 (shell). (C)
Mean percent (+/-SEM) of intracellular immunogold particles representing the a1bAR in
single (Non-D1R) vs. double labeled elements (D1R) in the NAc shell; *p<0.05 when
comparing intracellular immunogold particles for a1bAR in Non-D1R vs. D1R-containing
elements. Total number of elements examined containing both a1bAR immunogold and
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D1R immunoperoxidase in the NAc shell: 77 dendrites; 12 spines; 21 unmyelinated axons;
17 axon terminals. (D) Mean percent (+/-SEM) of intracellular immunogold particles
representing the D1R in single (Non-a1bAR) vs. double labeled elements (a1bAR) in the
NAc shell; *p<0.01 when comparing intracellular immunogold particles for D1R in Non-
albAR vs. albAR -containing elements. Total number of elements examined containing
both D1R immunogold and a1bAR peroxidase in the NAc shell: 47 dendrites; 2 spines; 13
unmyelinated axons; 2 axon terminals.
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Antigen | Immunogen Manufacturer Data Dilution Used

albAR | 15amino acid peptide from the C-terminal residues of human Abcam, Rabbit Polyclonal, #ab84405, 1:3000
albAR. RRID:AB_1859856

Di1R Recombinant fusion protein containing the C-terminal 97 amino Sigma-Aldrich, Rat, Monoclonal, #D2944, 1:750

acids of human D1 receptor.

RRID:AB_1840787
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