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Abstract
Functional interactions between dopaminergic and noradrenergic systems occur in many brain
areas, including the prefrontal cortex (PFC). Biochemical, electrophysiological and behavioral
data indicate crosstalk between D1 dopamine receptor (D1R) and α1-adrenergic receptor (α1AR)
signaling in the PFC. However, it is unknown whether these interactions occur within the same
neurons, or between neurons expressing either receptor. In this study, we used electron
microscopy immunocytochemistry to demonstrate that D1Rs and α1ARs co-localize in rat PFC
neuronal elements, most prominently in dendrites (60–70%), but also significantly in axon
terminals, unmyelinated axons and spines (~20–30%). Our data also showed that the ratio of
plasma membrane-bound to intracellular α1ARs is significantly reduced in D1R-expressing
dendrites. Similar results were obtained using either a pan-α1AR or a selective α1bAR antibody to
label noradrenergic receptors. Thus, these results demonstrate that D1Rs and α1ARs co-localize in
PFC dendrites, thereby suggesting that the catecholaminergic effects on PFC function may be
driven, at least in part, by cell-autonomous D1R-α1AR interactions.
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1.1 Catecholaminergic regulation of PFC function
The PFC regulates several executive functions, including working memory, attention,
planning, and impulse control (Arnsten and Li, 2005). The neural basis of these functions is
of great interest because PFC dysfunction is considered a fundamental feature of several
neuropsychiatric disorders, including addiction, attention deficit and hyperactivity disorder
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(ADHD), post-traumatic stress disorder (PTSD), and schizophrenia (Goto et al., 2010,
Arnsten, 2004, 2007, Hains and Arnsten, 2008).

The catecholamines norepinephrine (NE) (originating from brainstem locus coeruleus
neurons) and dopamine (DA) (originating from midbrain ventral tegmental area neurons) are
critical for the regulation of PFC activity. For example, catecholamine depletion of the PFC
produces deficits in working memory that are as severe as those induced by neuronal lesion
in the PFC itself (Brozoski et al., 1979). Furthermore, many of the PFC-associated illnesses
listed above are linked to catecholamine dysfunction, and are commonly treated with
medications that alter catecholamine transmission (Goto et al., 2010, Gioanni et al., 1998,
Arnsten, 2004, 2007, Heal et al., 2009).

1.2 Catecholamine receptors in the PFC
There are several different subtypes of adrenergic and DA receptors. NE signals through α1,
α2, and βARs, while DA activates D1-like (D1, D5) and D2-like (D2, D3, D4) receptors. In
this study, we focused on the α1-adrenergic receptor (α1AR) and the D1 DA receptor (D1R)
because of their importance in PFC function and their noted expression and interactions in
this brain region (Weiner et al., 1991, Tassin, 1998, McCune et al., 1993, Pieribone et al.,
1994, Gaspar et al., 1995). Of the 3 subtypes of α1ARs (α1a, α1b, α1d), the α1bAR is of
particular interest because it is highly expressed in the PFC and is responsible for several
α1AR-mediated properties, including regulation of DA transmission (McCune et al., 1993,
Pieribone et al., 1994, Drouin et al., 2002).

We have shown previously that α1ARs are most abundant in unmyelinated axons, but are
also found in dendrites, spines, and axon terminals in the rat PFC (Mitrano et al., 2012). On
the other hand, D1Rs are localized primarily in dendritic spines of pyramidal cells in the
PFC of humans and non-human primates (Bergson et al., 1995a, Bergson et al., 1995b), but
their subcellular localization in the rodent PFC has not been described.

1.3. D1R-α1AR interactions in the PFC
PFC function is exquisitely sensitive to D1R and α1AR activation. Moderate levels of
catecholamines enhance PFC function by activating D1Rs and α2ARs, while high levels of
NE and DA impair PFC function by activating α1ARs and overstimulating D1Rs,
respectively (Arnsten and Li, 2005, Arnsten, 2007, Hains and Arnsten, 2008). Furthermore,
evidence suggests that D1Rs and α1ARs interact with each other in the PFC. For example,
ablating dopaminergic innervation of the PFC produces cortical D1R signaling
supersensitivity and D1R-mediated locomotor hyperactivity, which can be reversed by either
PFC denervation of noradrenergic fibers or intracortical infusion of an α1AR antagonist
(Taghzouti et al., 1988, Tassin, 1998). Furthermore, α1AR activation in the PFC facilitates
striatal DA transmission and behavioral responses to stimulant drugs like amphetamine,
whereas local D1R stimulation in the PFC has the opposite effect (Vezina et al., 1991, Blanc
et al., 1994, Darracq et al., 1998, Ventura et al., 2004). D1R-α1AR interactions have also
been investigated at the biochemical level in cultured rat PFC neurons, where α1AR
activation alters D1R desensitization-resensitization kinetics (Trovero et al., 1994).

Despite these findings, many details concerning D1R-α1AR interactions remain unknown.
In this study, we used single and double pre-embedding immunoperoxidase and
immunogold methods at the electron microscopic level with antibodies recognizing α1ARs,
α1bARs, and D1Rs to determine (1) whether D1R-α1AR interactions can occur within the
same neurons expressing both receptor subtypes or likely occur between neurons bearing
either of these receptors, (2) the extent of D1R/α1AR colocalization in subcellular and
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subsynaptic neuronal compartments, and (3) the specific contribution of the α1bAR subtype
to α1AR-D1R co-localization.

2. EXPERIMENTAL PROCEDURES
2.1 Animal treatment for immunocytochemistry

All animal procedures were approved by the Animal Care and Use Committee of Emory
University. Eight male, adult Sprague-Dawley rats (200–300 grams) were anesthetized with
an overdose of ketamine/medetomidine cocktail before being transcardially perfused with a
mixture of paraformaldehyde (4%) and glutaraldehyde (0.1%). Following perfusion, the
brains were taken out from the skull, post-fixed in 4% paraformaldehyde overnight, cut in
serial 60 um-thick sections with a vibrating microtome and processed with NaBH4 and
cryoprotectant in preparation for electron microscopy (EM) immunocytochemistry as
described previously (Mitrano and Smith, 2007).

2.2 Primary antibodies for immunocytochemistry
Table 1 describes the primary antibodies and their concentrations used in this study. The
specificity of each of these (D1R, α1AR) antibodies has been characterized previously
(Ouimet et al., 1984b, Nakadate et al., 2006, Mitrano et al., 2012). The α1bAR antibody was
tested by our laboratory in HEK-293 cells and showed labeling in Western Blot analysis
only when the cell was transfected with αb1AR DNA. No bands were present when the cells
were transfected with mock-DNA or DNA of another receptor (data not shown).

2.3 Single EM pre-embedding immunogold labeling for D1Rs
Sections were pre-incubated for 30 min in PBS containing 5% dry milk at RT (Mitrano and
Smith, 2007). They were then incubated in a primary D1R antibody solution overnight at
RT, and treated for 2 hr with secondary goat anti-rat IgGs conjugated with 1.4 nm gold
particles (1:100; Nanoprobes, Yaphank, NY), followed by silver intensification of gold
particles, osmification, dehydration and embedding procedures described previously
(Mitrano and Smith, 2007). Omission of the D1R primary antibody resulted in a complete
lack of immunogold labeling. Blocks of tissue containing samples of layers V and VI of the
medial prefrontal cortex (mPFC) were taken out from the slides, with the aid of rat the brain
atlas and previous studies of these brain regions (Vincent et al., 1993, Gaspar et al., 1995,
Paxinos and Watson, 1998, Santana et al., 2009) mounted onto resin blocks, and cut into 60-
nm sections using an ultramicrotome (Leica Ultracut T2). Layers V and VI of the mPFC
were chosen based on results from previous studies (Vincent et al., 1993, Gaspar et al.,
1995, Santana et al., 2009) and our pilot light microscopic data (not shown) showing that
most D1R labeling is found in these layers in rodents. The 60-nm sections were collected on
Pioloform-coated copper grids and examined on a Zeiss EM-10C electron microscope.

In order to examine material in which the antibodies had full access to their antigens,
electron microscopic data were collected from superficial ultrathin sections of 3 blocks
(from 3 animals) of D1R-immunostained PFC tissue. A total of 50 digital electron
micrographs of immunoreactive elements from each block were taken in an unbiased
fashion at 31,500X with a CCD camera (DualView 300W; Gatan, Inc., Pleasanton, CA)
controlled by DigitalMicrograph software (version 3.10.1, Gatan). Labeled elements (2 gold
particles or more for dendrites, axon terminals and glia; 1 gold particle or more for spines
and unmyelinated axons) were categorized as dendrites, spines, unmyelinated axons, axon
terminals, and glia based on their ultrastructural features (Peters et al., 1991). Spines were
usually mushroom-shaped, devoid of mitochondria and displayed a prominent postsynaptic
density at asymmetric synapses on their head. Unmyelinated axons were small, circular
elements with a relatively smooth and regular shape that traveled straight in the neuropil
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when seen in longitudinal plane, often contained tubules, and frequently clustered to form
axon bundles. Dendrites were usually round with an irregular contour when cut in the
transverse plane. They were highly variable in size depending on their proximity to the
parent cell bodies (i.e. large dendrites are more proximal than small dendrites), often
contained mitochondria, harbored numerous tubular and pleomorphic organelles, and
commonly received synaptic inputs. Glial processes were usually thin, had an irregular
morphology, followed a tortuous course to fill space between neuronal elements, and were
not found in bundles.

Gold particles were classified as either intracellular (making no contact with the plasma
membrane) or plasma membrane-bound (PMB), according to criteria described in detail in
our previous study (Mitrano and Smith, 2007). Plasma membrane gold particles were further
classified as extrasynaptic (i.e. opposed to the plasma membrane with a distance greater than
20 nm from the nearest synapse); perisynaptic (i.e. either touching the edge of an
asymmetric or symmetric synapse or being found less than 20 nm away from the edge of
such synapses); or synaptic (i.e. within the body of the postsynaptic specialization of
symmetric or asymmetric synapses). Digitally acquired micrographs were adjusted for
brightness or contrast using either the DigitalMicrograph or Adobe Photoshop software
(version 12.0.4, Adobe Systems Inc.) and then compiled into figures using Adobe Illustrator
(version 15.0.2). Statistical analysis and graphs for comparisons of localization of the D1Rs
in the various neuronal elements and localization within the element or on the plasma
membrane were completed using GraphPad Prism (version 5.04).

2.4 Double EM pre-embedding labeling for D1Rs, α1ARs and α1bARs
In order to determine the extent of co-localization of D1R and α1ARs or α1bARs, we used
double pre-embedding immunocytochemistry at the EM level. We first revealed the D1Rs
with immunoperoxidase, then the α1ARs with immunogold. To ensure that the percent co-
localization obtained from this material was accurate and not dependent on the order in
which the different antibodies were localized, we also performed the reverse experiment and
labeled the tissue for α1ARs immunoreactivity first with immunoperoxidase, followed by
D1Rs with immunogold. Sections were treated as described above and transferred to
solutions that contained a mixture of the D1R and α1AR or α1bAR antibodies. To reveal
D1Rs immunoreactivity with immunogold, we used secondary goat anti-rat IgGs conjugated
with 1.4 nm gold particles (Nanoprobes), while biotinylated goat anti-rat IgGs (1:200,
Vector Laboratories, Burlingame, CA) were used when D1Rs were localized with
immunoperoxidase. To localize either α1ARs or α1bARs immunoreactivity, goat anti-rabbit
IgGs conjugated with 1.4 nm gold particles were used for immunogold, while biotinylated
goat anti-rabbit IgGs (1:200, Vector) were used for immunoperoxidase. Silver
intensification procedures were performed as described in the preceding section. To reveal
immunoperoxidase labeling, sections were incubated, after silver intensification, with the
avidin-biotin peroxidase complex (ABC) (1:100; Vector) and then transferred to a 0.025%
3,3-diaminobenzidine tetrahydrochloride (DAB; Sigma St. Louis, MO) solution as described
previously (Mitrano & Smith, 2007). Immediately following the DAB reaction, sections
were subjected to osmification, dehydration and resin embedding protocol described
previously (Mitrano and Smith, 2007). When either primary antibody was paired with both
secondary antibodies simultaneously, labeling was indistinguishable from that seen when
tissue was incubated with primary and single correct secondary antibody alone (data not
shown), indicating that the dual labeling protocol did not impair the labeling of either
receptor.
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2.5 Additional Control experiments for double pre-embedding labeling
In order to ensure that the secondary antibodies were not sources of any cross-reactions in
these double labeling experiments, we paired each primary antibody with the “incorrect”
secondary antibody. After NaBH4 treatment, sections were incubated for 1 hour at RT in
PBS and 0.3% Triton X-100, followed by one of the primary antibodies listed below. After
rinses, sections were incubated in respective secondary biotinylated antibodies at a
concentration of 1:200 (Vector). The sections were then run through the ABC and DAB
process as described above. Finally, sections were rinsed, mounted onto gelatin-coated
slides, dehydrated, and then coverslipped with Permount. The three pairings were as
follows: (1) rabbit anti-α1bAR with secondary biotinylated horse anti-mouse IgGs, (2)
rabbit anti-α1AR with secondary biotinylated goat anti-rat IgGs, and (3) rat anti-D1R with
secondary biotinylated goat anti-rabbit IgGs. Tissue was examined with a Leica DMRB
microscope (Leica Microsystems, Inc., Bannockburn, IL, USA) and images were taken at
1X magnification using a CCD camera (Leica DC500), which was controlled by Leica IM50
software. Tissue incubated under each of these 3 conditions did not display any specific
immunoreactivity, confirming the specificity of the secondary antibody reactions in our
experiments. Representative examples of correctly-paired and incorrectly-paired D1R
labeling are shown in Fig. 1.

2.6 Analysis of double pre-embedding labeling
Data were collected from a total of 17 blocks. Four to five animals were used for each data
set. All graphs and statistical analysis was performed using GraphPad Prism. Approximately
40 micrographs of randomly selected tissue areas that contained both immunoperoxidase
and immunogold labeling in the same field of view were taken from each animal for each
receptor combination at 31,500X. From each of these sections, we categorized the
ultrastructural features of the different immunoreactive elements labeled with gold,
peroxidase or both. In order to assess the specificity and reliability of the gold versus
peroxidase staining to label D1Rs and α1ARs, the percentage of double labeled elements
was assessed from material in which either receptor subtype was revealed with gold or
peroxidase, and vice versa.

For each receptor subtype localized with immunogold, gold particles were categorized as
intracellular or plasma membrane-bound using the same criteria as described above for
single D1R immunogold labeling above.

3. RESULTS
3.1 Subcellular and subsynaptic localization of D1Rs in the rat PFC

Using immunogold at the electron microscopic level, we found that D1Rs were equally
abundant in dendrites and unmyelinated axons (~35–40% each of all labeled elements) in
the rat PFC, while expressed at a lower level in spines and axon terminals (~10–15% each)
(Fig. 2A). Because glial labeling was almost completely absent, its localization was not
quantified. One-way ANOVA revealed a main effect of element (F(3,8)=16.61, p<0.001).
Post hoc tests showed that immunogold labeling was significantly lower in spines (p<0.01)
and axon terminals (p<0.05), but not in unmyelinated axons, compared with dendrites.

There were approximately equal ratios of plasma membrane-bound to intracellular receptor
immunoreactivity in spines. A larger fraction of intracellular D1Rs labeling was found in
dendrites and axon terminals, while a larger proportion of plasma membrane-bound D1Rs
was found in unmyelinated axons (Fig. 2B). Two way ANOVA revealed a main effect of
localization (F1,16=6.69, p<0.05) and localization X element interaction (F3,16=9.02,
p<0.01). Post hoc tests showed that there was significantly less plasma membrane-bound
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D1R immunoreactivity compared with intracellular D1R labeling in dendrites and axon
terminals. There was a trend for more plasma membrane-bound D1R immunoreactivity
compared with intracellular D1R labeling in unmyelinated axons, but the difference did not
reach significance. Finally, the majority of D1R plasma membrane labeling was
extrasynaptic in dendrites and spines (Fig. 2C), while all axon terminal plasma membrane
labeling was extrasynaptic (data not shown). In dendrites, the small amount of labeling that
was perisynaptic and synaptic was associated with symmetric synapses, while in spines the
perisynaptic and synaptic labeling was associated with asymmetric synapses (Fig. 2C and
data not shown). Two way ANOVA revealed a main effect of localization (F2,12=73.23,
p<0.0001) and a localization X element interaction (F2,12=5.56, p<0.05). Post hoc tests
showed that there was a significantly greater proportion of extrasynaptic D1R labeling
compared with both perisynaptic and synaptic labeling in both dendrites and spines
(p<0.0001 for labeling in dendrites; p<0.01 for perisynaptic, p<0.001 for synaptic labeling in
spines). A representative micrograph of D1R labeling is shown in Fig. 2D.

3.2 Co-expression of D1Rs and α1ARs in the PFC
To determine the extent of D1R and α1AR co-expression in the PFC, we labeled D1Rs with
immunoperoxidase and α1ARs with immunogold. While only 20–30% of D1-labeled
spines, unmyelinated axons, and axon terminals contained α1AR immunogold labeling, as
much as 70% of D1R-expressing dendrites co-expressed both receptors (Fig. 3A, B). One-
way ANOVA revealed a main effect of element (F3,9=5.54, p<0.05), and post hoc analysis
showed that the co-localization was significantly higher in dendrites compared with other
elements. Representative micrographs of D1R (immunoperoxidase) + α1AR (immunogold)
double labeling are shown in Fig. 3B. Nearly identical results were obtained when the
markers for α1AR and D1Rs were reversed (Fig. 3C, D). One-way ANOVA revealed a main
effect of element (F3,12=3.83, p<0.05), and post hoc analysis showed that co-localization
was significantly higher in α1AR-containing dendrites compared with unmyelinated axons
and axon terminals. A representative micrograph of D1R (immunogold) + α1AR
(immunoperoxidase) double labeling is shown in Fig. 3D.

3.3 Specific pattern of α1AR distribution in D1R-positive dendrites
Because our results indicated that α1ARs and D1Rs show the highest degree of co-
expression in dendrites (Fig. 3A, C), and that the subcellular localization of D1R
immunoreactivity is significantly different in dendrites than in most other neuronal elements
(Fig. 2B), we specifically assessed the subcellular localization of α1AR immunoreactivity in
D1R-positive versus D1R-negative dendrites and D1R immunoreactivity in α1AR-positive
versus α1AR-negative dendrites. We found that the plasma membrane-bound to intracellular
ratio of α1AR labeling was lower in D1R co-expressing dendrites than in dendrites that did
not co-express D1Rs (Fig. 4A). A two way ANOVA revealed a main effect of localization
(F1,12=160.2, p<0.0001) and localization X co-expression interaction (F1,12=30.78,
p<0.001). Post hoc analysis showed that the plasma membrane-bound α1AR
immunoreactivity was significantly decreased, while intracellular α1AR labeling was
significantly increased, in D1R-positive dendrites compared with D1R-negative dendrites
(Fig. 4A). By contrast, the subcellular localization of D1R labeling was similar in α1AR-
positive and α1AR-negative dendrites (Fig. 4B). Both α1ARs and D1Rs were localized
almost exclusively extrasynaptically in both single- and double-labeled elements (data not
shown; Mitrano et al., 2012).

3.4 Co-expression of D1Rs and α1bARs in the PFC
To determine whether the α1AR-D1R co-expression and subcellular distribution pattern
described using pan α1AR antibodies could be attributed to the α1bAR, we repeated all
experiments with an α1bAR-specific antibody, and obtained nearly identical results. The
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highest degree of co-expression between D1Rs and α1bAR was in dendrites, whether D1R
was revealed with either immunoperoxidase (Fig. 5A; one way ANOVA, F3,16=6.37,
p<0.01) or immunogold (Fig. 5B; one way ANOVA, F3,9=7.02, p<0.01). The ratio of
plasma membrane-bound to intracellular α1bARs was lower in D1R co-expressing dendrites
than in dendrites that did not co-express D1Rs (Fig. 5C). A two way ANOVA revealed a
main effect of localization, (F1,12=93, p<0.0001) and localization X co-expression
interaction (F1,12=4.62, p<0.001). Post hoc analysis showed that the plasma membrane-
bound α1bAR immunoreactivity was significantly decreased, while intracellular α1bAR
labeling was significantly increased, in D1R-positive dendrites compared with D1R-
negative dendrites. By contrast, the dendritic distribution of D1Rs was identical regardless
of α1bAR co-expression (Fig. 5D). Nearly all plasma membrane-bound receptors were
localized extrasynaptically when examined in single- or double-labeled elements (data not
shown). Representative micrograph of D1R and α1bAR double labeling are shown in Fig.
5E and F.

These results suggest that, indeed, α1bAR is the main α1AR subtype detected with the pan
α1AR antibodies in the rat PFC.

4. DISCUSSION
4.1 Subcellular distribution of D1Rs in the rat PFC

Studies of D1R expression in the rat and non-human primate PFC by in situ hybridization,
receptor autoradiography, and immunocytochemistry indicate that D1Rs are localized in
both pyramidal and non-pyramidal neurons (Smiley et al., 1994, Bergson et al., 1995b,
Gaspar et al., 1995, Vincent et al., 1995, Davidoff and Benes, 1998, Muly et al., 1998,
Goldman-Rakic et al., 2000). However, the ultrastructural localization of D1Rs in the rat
medial PFC has not been rigorously assessed. In that regard, our data revealed that D1R
immunogold labeling was most abundant in unmyelinated axons and dendrites in layers V
and VI of the rat PFC. While this pattern of expression matches data obtained in non-human
primates, the subcellular distribution was somewhat different (mostly in axon terminals and
spines in monkeys compared with unmyelinated axons and proximal dendrites in rats)
(Bordelon-Glausier et al., 2008). This discrepancy could be explained by the differential
organization of the cortex in rodents versus monkeys. In addition, our electron microscopic
analysis was performed in blocks of tissue from deep cortical layers where spines are rare
compared with dendrites, terminals, and cell bodies, while some of the non-human primate
studies were focused on more superficial layers of the PFC (Bergson et al., 1995b).
However, D1Rs were also found predominantly on spines in deeper layers of the non-human
primate PFC (Bordelon-Glausier et al., 2008), suggesting the existence of a true species
difference in D1R localization. We also found that while there is roughly an equal
proportion of D1R labeling associated with the plasma membrane and the intracellular
compartment of spines, dendrites expressed a significantly larger proportion of intracellular
labeling, suggesting that the labeling may be associated with actively trafficking receptors in
dendritic structures, although recent evidence indicates that these intracellular receptors may
also be capable of signaling (Calebiro et al., 2010).

4.2 Colocalization of D1Rs and α1ARs in the PFC
There are many aspects of PFC function that are differently affected by D1R and α1AR
signaling, although the mechanisms underlying these, often opposite, properties remain
poorly understood. For instance, moderate activation of D1Rs can improve working
memory, while α1AR activation impairs it (Arnsten and Li, 2005, Arnsten, 2007, Hains and
Arnsten, 2008). Blockade of α1ARs in the PFC attenuates mesolimbic DA transmission and
psychostimulant behavioral sensitization, whereas intra-PFC antagonism of D1Rs facilitates
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sensitization (Vezina et al., 1991, Darracq et al., 1998, Ventura et al., 2004). There is also
evidence that D1R and α1AR signaling pathways interact in a more direct manner.
Electrolytic VTA lesions produce a compensatory upregulation of D1R signaling in the PFC
and locomotor hyperactivity that are both abolished by α1AR blockade (Taghzouti et al.,
1988, Trovero et al., 1992, Tassin, 1998). The best evidence for a direct interaction between
D1R and α1AR function was a study that utilized cultured PFC and striatal neurons. The
investigators found that the resensitization of D1Rs following desensitization induced by
chronic DA exposure was accelerated by an α1AR agonist only in PFC neurons, but by
glutamate in striatal neurons (Trovero et al., 1994). Our data indicate that a majority (~70%)
of D1R-expressing dendrites in the PFC also expresses α1ARs, and vice versa, a substrate
through which functional interactions between these receptors could occur at the single
neuron level. By contrast, while D1R expression is also high in dendrites of striatal medium
spiny neurons, we have shown previously that α1AR expression is almost entirely restricted
to axons and axon terminals in this brain region (Mitrano and Smith, 2007, Rommelfanger et
al., 2009). These results indicate minimal co-expression of D1Rs and α1ARs in striatal
dendrites and are consistent with the reported PFC-specific biochemical interaction
described above (Trovero et al., 1994).

Co-expression in other neuronal elements was modest (~20–30%), suggesting that robust
receptor-receptor interactions may be restricted to the dendritic compartments in PFC.
Although our study did not directly address the potential functional significance of high
dendritic co-localization compared with other elements, it may reflect faster access by
downstream receptor signaling molecules to dendritic ribosomes for control of local protein
translation and to the nucleus for control of gene expression.

We also found that the subcellular localization of α1ARs and D1Rs in dendrites of layers V
and VI PFC neurons differed from other elements. While approximately half of the labeling
for either receptor subtype was localized to the plasma membrane in most neuronal elements
examined, dendrites exhibited a much higher level of intracellular than plasma membrane-
bound immunoreactivity. Furthermore, this higher proportion of intracellular labeling for
α1ARs was significantly more pronounced in D1R-containing dendrites compared with
D1R-negative dendrites, raising the possibility that the presence of D1Rs directly or
indirectly alters the plasma membrane trafficking of α1ARs in layer V/VI PFC neurons.
Because D1Rs and α1ARs can internalize in response to agonist exposure (Ng et al., 1995,
Chalothorn et al., 2002), the large proportion of intracellular α1AR labeling may reflect a
higher rate of receptor internalization or receptor trafficking in D1R-positive dendrites.
While internalization is classically thought to attenuate signaling, recent evidence indicates
that internalized receptors retain signaling capacity (Vincent et al., 1995, Calebiro et al.,
2010). Certain combinations of adrenergic and DA receptor subtypes are capable of
heterodimerization, and agonist-induced cross-internalization of linked GPCRs can occur
(Prinster et al., 2005, Gonzalez et al., 2012, Rebois et al., 2012). Future experiments are
required to determine whether α1ARs and D1Rs can heterodimerize and affect each other’s
trafficking in PFC neurons. It is important to keep in mind that these experiments represent
single “snapshots” of the receptors in experimentally naïve rats. Further studies utilizing
pharmacological (e.g. receptor agonist or psychostimulant administration) and
environmental (e.g. stress) manipulations will be required to generate a more complete
picture of D1R and α1AR co-expression and distribution.

Although our data were obtained using pan α1AR antibodies that recognize all three α1AR
subtypes (a, b, and d), the fact that similar patterns of labeling and co-localization with
D1Rs were obtained with specific α1bAR antibodies suggest that this particular subtype of
α1AR may be preferentially involved in these interactions with the D1R, although the
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distribution of α1aARs and α1dARs must also be studied in greater detail to determine the
degree of specificity of these interactions.

4.3 Implications for the contribution of catecholamine transmission in the PFC to working
memory and neuropsychiatric disorders

The results presented here have important implications for PFC function in normal and
diseased states. As mentioned in the Introduction, working memory is under tight control of
catecholamine signaling in the PFC. In general, activation of D1Rs and α2ARs in the PFC
facilitates working memory, while activation of α1ARs impairs these processes (Arnsten
and Li, 2005, Arnsten, 2007, Hains and Arnsten, 2008, Zhang et al., 2013). Our finding that
D1Rs and α1ARs reside together in PFC dendrites provides a potential neuroanatomical
substrate for some opposing actions of these receptors. Catecholaminergic drugs are also
first-line treatments for neuropsychiatric disorders such as ADHD, and accumulating
evidence suggests that the PFC is a critical neuroanatomical substrate for their beneficial
effects. For example, methylphenidate, which increases extracellular DA and NE levels,
facilitates working memory and improves PFC function via activation of both dopaminergic
and adrenergic receptors when infused directly into the PFC (Heal et al., 2009, Seong &
Carter, 2012). Interestingly, the ability of methylphenidate to augment sustained attention
and attentional set-shifting was blocked by an α1AR antagonist, suggesting that α1AR
activation can also have beneficial effects on PFC function (Berridge et al., 2012). The data
presented here indicate that the effects of these therapeutic drugs may be mediated, at least
in part, by direct D1R-α1AR interactions in PFC pyramidal cell dendrites.

PFC dysfunction has been implicated in drug addiction, and D1R and α1AR signaling in this
structure is critical for behavioral and neurochemical responses to psychostimulants.
Notably, α1AR activation in the PFC facilitates psychostimulant-induced locomotor
activity, sensitization, and DA release in the nucleus accumbens (Blanc et al., 1994, Darracq
et al., 1998), while activation of D1Rs in the PFC tends to have the opposite effects (Vezina
et al., 1991). In contrast to its facilitatory effects on drug-induced motor activity, D1R
blockade in the PFC actually prevents several forms of drug-seeking behavior (Capriles et
al., 2003, Sun & Rebec, 2005), an effect shared by α1AR blockade in the PFC (our
unpublished data). D1R-α1AR interactions in PFC neurons may underlie some of these
complex effects receptor signaling in the PFC on behaviors relevant to drug addiction.

4.4. Conclusions
Our findings demonstrate that D1Rs and α1ARs co-localize to multiple subcellular
compartments in the rat PFC, the distribution of α1ARs is altered in D1-expressing
dendrites, and the patterns are similar using a pan-α1AR antibody or one selective for the
α1bAR subtype. These results have implications for catecholaminergic control of normal
PFC function, as well as dysfunction in disease states.
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Highlights

• D1 dopamine and α1-adrenergic receptors co-localize in prefrontal cortex
neurons

• Amount of co-localization is greatest in dendrites

• A greater fraction of α1 receptors are intracellular in D1 co-expressing dendrites

• Identical results were found for the α1b subtype
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Fig. 1. Control experiments for double pre-embedding labeling
(A) Representative example of D1R immunoreactivity when primary antibody was paired
with the correct secondary antibody. (B) Representative example of the lack of D1R
immunoreactivity when primary antibody was paired with the incorrect secondary antibody.
AC=anterior commissure; STR=striatum; CTX=cortex. Magnification=1X.
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Fig. 2. Ultrastructural and subsynaptic localization of D1Rs in the PFC
(A) Mean ± SEM percent of total D1R-labeled neuronal elements in the PFC as revealed
with the pre-embedding immunogold method. *p<0.05, **p<0.01 compared to dendrites.
(B) Mean ± SEM percent total D1R immunogold particle labeling associated with the
plasma membrane or the intracellular compartment in different PFC neuronal elements.
#p<0.05, ##p<0.01 compared to intracellular compartment for that element. (C) Mean ±
SEM percent of D1Rs localization on dendrites and spines when associated with the plasma
membrane. +p<0.01, ++ p<0.001, +++p<0.0001 compared to extrasynaptic labeling for that
element. (D) Representative electron micrograph of a D1R-labeled dendrite, unmyelinated
axon and spine. Single arrows indicate intracellular gold particles, double arrows indicate
plasma membrane bound extrasynaptic labeling, and arrowhead indicates synaptic labeling
at an asymmetric synapse. N=3 rats. Total number of labeled elements examined: 132
dendrites, 42 spines, 120 unmyelinated axons, and 50 axon terminals. Total number of
immunogold particles counted: 470 from dendrites, 83 from spines, 255 from unmyelinated
axons, and 142 from axon terminals. Den, dendrite; Sp, dendritic spine; UA, unmyelinated
axon; AT, axon terminal; Ul, unlabeled. Scale bar = 0.5 μm.
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Fig. 3. D1R and α1AR co-localization in the PFC
(A) Mean ± SEM percent of D1R immunoperoxidase-labeled elements that also contain
α1AR immunogold labeling. Each bar represents the relative percentage of different
categories of D1R-positive elements that co-express α1AR immunoreactivity. N=4 rats.
Total number of D1R-labeled elements examined: 89 dendrites, 17 spines, 61 unmyelinated
axons, and 18 axon terminals. *p<0.05 compared with other neuronal elements. (B) Top,
representative electron micrograph of a double labeled dendrite for D1R
(immunoperoxidase) and α1AR (immunogold) immunoreactivity; bottom, a double labeled
spine synapsing on a D1R-positive axon terminal. (C) Mean ± SEM percent of α1AR
immunoperoxidase-labeled elements that also contain D1R immunogold labeling. N=4 rats.
Total number of α1AR-labeled elements examined: 147 dendrites, 27 spines, 259
unmyelinated axons, and 76 axon terminals. #p<0.05 compared with other elements, except
for spines. (D) Representative electron micrograph of a double labeled dendrite for α1AR
(immunoperoxidase labeling) and D1R (immunogold labeling). Single arrows indicate
intracellular labeling, double arrows indicate extrasynaptic plasma membrane labeling, and
arrowheads indicate areas of diffuse immunoperoxidase labeling. Den, dendrite; Sp,
dendritic spine; UA, unmyelinated axon; AT, axon terminal. Scale bars = 0.5 μm.
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Fig. 4. Subcellular localization of D1R and α1AR in single and double labeled PFC dendrites
(A) Mean ± SEM percent of intracellular (INT) and plasma membrane bound (PMB) α1AR
immunogold particles in dendrites that contain (D1R) or do not contain (non-D1R) D1R
immunoperoxidase labeling. Total number of labeled elements examined: 63 D1R-positive
dendrites, 26 D1R-negative dendrites. (B) Mean ± SEM percent of INT and PMB D1R
immunogold particles in dendrites that contain (α1AR) or do not contain (non-α1AR) α1AR
immunoperoxidase labeling. Total number of labeled elements examined: 89 α1AR-positive
dendrites, 58 α1AR-negative dendrites. **p<0.01 compared with non-D1R for that location.
N=4 rats.
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Fig. 5. Co-localization and distribution of D1R and α1bAR in the PFC
(A) Mean ± SEM percent of D1R immunoperoxidase-labeled elements that also contain
α1bAR immunogold labeling. N=4 rats. Total number of D1R-labeled elements examined:
91 dendrites, 12 spines, 35 unmyelinated axons, 38 axon terminals. *p<0.05 compared to
each other type of element. (B) Mean ± SEM percent of α1bAR immunoperoxidase-labeled
elements that also contain D1R immunogold labeling. N=5 rats. Total number of α1bAR
labeled elements examined: 211 dendrites, 43 spines, 166 unmyelinated axons, and 89 axon
terminals. *p<0.05 compared to each other type of element. (C) Mean ± SEM percent of
INT and PMB α1bAR immunogold particles in dendrites that contain (D1R) or do not
contain (non-D1R) D1R immunoperoxidase labeling. #p<0.05 compared to non-D1R for
that location. (D) Mean ± SEM percent of INT and PMB D1R immunogold particles in
dendrites that contain (α1bAR) or do not contain (non-α1bAR) α1bAR immunoreactivity.
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(E) Representative electron micrograph of a double labeled dendrite (Den) for D1R
(immunoperoxidase, diffuse throughout) and α1bAR (immunogold). An unlabeled spine (Ul
Sp) and axon terminal (Ul AT) are also indicated. (F) Representative micrograph of a
dendrite with α1bAR immunoperoxidase labeling (arrowheads) and D1R immunogold
labeling. For (E) and (F), single arrows indicate intracellular immunogold labeling, while
double arrows indicate extrasynaptic plasma membrane bound labeling. Scale bars = 0.5 μm.
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Table 1

Antigens Immunogen Manufacturer Data Dilution Used

α1AR Synthetic peptide corresponding to residues K(339)FSREKKA
KT(349) of 3rd intracellular loop of human α 1AR.

Thermo Scientific, Pierce Antibodies,
Rabbit Polyclonal, #PA1-047

1:1000

α1bAR 15 amino acid peptide from the C-terminal residues of human
α1bAR.

Abcam, Rabbit Polyclonal, #ab84405 1:3000

D1R Recombinant fusion protein containing the C-terminal 97 amino
acids of human D1 receptor.

Sigma-Aldrich, Rat, Monoclonal,
#D2944

1:500
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