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Abstract

The 5-HT2A receptor (5-HT2AR) and 5-HT2CR are localized to the same neurons within the 

medial prefrontal cortex (mPFC), which regulates executive function, decision-making, and 

reward-guided learning and memory processes. The 5-HT2AR and 5-HT2CR co-immunoprecipitate 

in the mPFC of male, Sprague-Dawley rats, while in vitro studies demonstrate the presence of a 

physical interaction between the 5-HT2AR and 5-HT2CR. The purpose of this study was to identify 

mPFC subregions in which the 5-HT2AR and 5-HT2CR physically interact ex vivo in the male 

Sprague-Dawley rat. We established the expression patterns of 5-HT2AR and 5-HT2CR in layers I-

VI of the anterior cingulate cortex (ACC), prelimbic (PL), and infralimbic (IL) subregions using 

double-label fluorescence immunohistochemistry in male rats. We then employed the proximity 

ligation assay (PLA) to test the hypothesis that the 5-HT2AR and 5-HT2CR form a close, physical 

association within these mPFC subregions. Our results demonstrate subregion- and layer-specific 

expression of the 5-HT2AR and 5-HT2CR proteins using immunofluorescence and single 

recognition PLA, and a spatially close (within 40 nm) interaction between the 5-HT2AR and 5-

HT2CR that occurs along a dorsal-ventral gradient in the rat mPFC.
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INTRODUCTION

The mammalian medial prefrontal cortex (mPFC) is integrally involved in executive 

function, decision-making, and reward-guided learning and memory processes while 

perturbations of mPFC network integrity are associated with several neuropsychiatric 

disorders, including substance use disorders, depression, and schizophrenia (for reviews).1–3 

The mPFC is richly innervated by serotonin (5-hydroxytryptamine; 5-HT) terminals 

originating primarily from the dorsal raphe nucleus; this 5-HT innervation is heavily 

concentrated in superficial (layer I) and deep layers (layers V/VI) relative to intermediate 

layers (layers II/III).4,5 Serotonin neurotransmission in mPFC is mediated by several of the 

14 genetically-encoded subtypes of 5-HT receptors (5-HTxRs), including the 5-HT2AR and 

5-HT2CR6,7 (for review8). Found in both glutamate and γ-aminobutyric (GABA) neurons in 

the mPFC,9–13 the 5-HT2AR and 5-HT2CR are co-expressed in both neuronal cell types13–16 

and found in the same protein complex upon co-immunoprecipitation from the mPFC of 

male, Sprague-Dawley rats.17

The 5-HT2Rs act via the “receptorsome,” or the composition of membrane, cytosolic, and 

accessory proteins through which protein-protein interactions interface GPCR coupling to 

downstream intracellular signaling cascades to tailor cellular responsivity. Accumulating 

evidence suggests that these receptors form heteromeric protein complexes with other 

GPCRs which also regulate cellular signaling. The 5-HT2AR is evidenced to form 

heteromeric complexes with the 5-HT1AR,18 dopamine D2 receptor,19 metabotropic 

glutamate mGlu2 receptor,20 and cannabinoid CB1 receptor,21 while the 5-HT2CR reportedly 

forms complexes with the melatonin MT2 receptor,22 growth hormone secretagogue receptor 

1α,23 and the N-methyl-D-aspartate (NMDA)-gated ion channel subunit GluN2A.24 A 

physical interaction between the 5-HT2AR and 5-HT2CR has been detected in heterologous 
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cellular systems via bioluminescence resonance energy transfer and luciferase 

complementation assays.25, 26

In the present study, we established the expression patterns of 5-HT2AR and 5-HT2CR in 

mPFC layers (I-VI) as well as the anterior cingulate cortex (ACC), prelimbic (PL), and 

infralimbic (IL) subregions of the mPFC of the male Sprague-Dawley rat using double-label 

fluorescence immunohistochemistry. We then employed the proximity ligation assay (PLA) 

to test the hypothesis that the 5-HT2AR and 5-HT2CR form a close, physical association 

within these mPFC subregions. Our results demonstrate subregion- and layer-specific 

expression of the 5-HT2AR and 5-HT2CR proteins using immunofluorescence and single 

recognition PLA, and a spatially close (within 40 nm) interaction between the 5-HT2AR and 

5-HT2CR that occurs along a dorsal-ventral gradient in the rat mPFC.

RESULTS AND DISCUSSION

Localization of 5-HT2AR expression in the mPFC.

Figure 1A illustrates representative, high magnification staining patterns for the anti-5-

HT2AR antibody RA24288 (red) and anti-5-HT2CR antibody sc17797 (green) in the rat 

mPFC (DAPI-positive nuclei visualized in blue). The boxes in Figure 1B illustrate the mPFC 

subregions of interest analyzed within the ACC, PL, and IL (template from Paxinos and 

Watson 2005).27 Representative images of 5-HT2AR expression in the ACC, PL, and IL 

regions are shown in Figure 1C (left panel, red). A repeated measures one-way ANOVA 

demonstrated a main effect of region on 5-HT2AR expression (F2,4=14.99; p < 0.05). 

Tukey’s multiple comparisons test indicated a significant difference between 5-HT2AR 

expression in the ACC and IL (p < 0.05) and PL and IL (p < 0.05), but not between the ACC 

and PL (n.s.; Figure 1D). Further analyses assessed differences in 5-HT2AR expression 

between layers within the ACC, PL, and IL (Figure 1E). A repeated measures two-way 

ANOVA indicated a main effect of region (F2,4=9.416; p < 0.05), layer (F3,6=54.35, p < 

0.05), and a region x layer interaction (F6,12=11.02; p < 0.05). Tukey’s multiple comparisons 

test was used to compare 5-HT2AR expression between layers within each region. In the 

ACC, 5-HT2AR expression in layer I was significantly different from layer II/III (p < 0.05), 

layer V (p < 0.05), and layer VI (p <0.05). Expression of 5-HT2AR in layer II/III was 

significantly different from layer V (p < 0.05), but not layer VI (n.s.). Finally, 5-HT2AR 

expression was significantly different between layer V and layer VI (p < 0.05). In the PL, 5-

HT2AR expression in layer I was significantly different from layer II/III (p < 0.05), layer V 

(p < 0.05), and layer VI (p < 0.05). Expression of 5-HT2AR in layer II/III was significantly 

different from layer V (p < 0.05), but not layer VI (n.s.). Finally, 5-HT2AR expression was 

significantly different between layer V and layer VI (p < 0.05). In the IL, 5-HT2AR 

expression in layer I was not significantly different from layer II/III (n.s.), layer V (n.s.), or 

layer VI (n.s.). Expression of 5-HT2AR in layer II/III was significantly different from layer 

V (p < 0.05), but not layer VI (n.s.). Finally, 5-HT2AR expression in the IL was significantly 

different between layer V and layer VI (p < 0.05). Together, these results are the first to 

demonstrate that higher levels of layer-dependent 5-HT2AR protein are expressed in the 

dorsal regions of the mPFC (ACC and PL), which is consistent with observations for RNA 

levels.28
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Localization of 5-HT2CR expression in the mPFC.

Representative images of 5-HT2CR expression in the ACC, PL, and IL regions are shown in 

Figure 1C (center panel, green). A repeated measures one-way ANOVA demonstrated a 

main effect of region on 5-HT2CR expression (F2,4=23; p < 0.05). Tukey’s multiple 

comparisons test indicated a significant difference between the ACC and PL (p < 0.05) and 

between the ACC and IL (p < 0.05), but not between the PL and IL (n.s.; Figure 1F). Further 

analyses assessed differences in 5-HT2CR expression between layers within the ACC, PL, 

and IL (Figure 1G). A repeated measures two-way ANOVA indicated a main effect of region 

(F2,4=14.01; p < 0.05), layer (F3,6=37.75, p < 0.05), and a region x layer interaction 

(F6,12=5.902; p < 0.05). Tukey’s multiple comparisons test was used to compare 5-HT2CR 

expression between layers within each region. In the ACC, 5-HT2CR expression in layer I 

was not significantly different from layer II/III (n.s.), but was significantly different from 

layer V (p < 0.05), and layer VI (p < 0.05). Expression of 5-HT2CR in layer II/III was 

significantly different from layer V (p < 0.05) and layer VI (p < 0.05). Finally, 5-HT2CR 

expression was not significantly different between layer V and layer VI (n.s.). In the PL, 5-

HT2CR expression in layer I was not significantly different from layer II/III (n.s.) but was 

significantly different from layer V (p < 0.05), and layer VI (p < 0.05). Expression of 5-

HT2CR in layer II/III was significantly different from layer V (p < 0.05) and layer VI (p < 

0.05). Finally, 5-HT2CR expression was not significantly different between layer V and layer 

VI (n.s.). In the IL, 5-HT2CR expression in layer I was not significantly different from layer 

II/III (n.s.), layer V (n.s.), or layer VI (n.s.). Expression of 5-HT2CR in layer II/III was not 

significantly different from layer V (n.s.) or layer VI (n.s.). Finally, 5-HT2CR expression was 

not significantly different between layer V and layer VI (n.s.). Together, these data indicate a 

decreasing gradient of 5-HT2CR expression moving from dorsal to ventral mPFC subregions 

with an increasing gradient of 5-HT2CR expression moving from superficial to deeper 

layers, consistent with previously published literature.13, 28, 29

Single recognition PLA analyses of 5-HT2AR and 5-HT2CR expression in mPFC.

The PLA is an immunohistochemical methodology that can detect low levels of individual 

proteins as well as the subcellular localization of protein interactions (≤ 40 nm) with high 

specificity and sensitivity.30–32 The PLA conducted with a single antibody (single 

recognition PLA) is reported to improve sensitivity through an amplification step31 and is 

required to establish individual antibody concentrations prior to experiments with dual 

recognition PLA with both antibodies.30 In Figure 2A, representative images of single 

recognition PLA detected 5-HT2AR expression in the ACC, PL, and IL regions (red puncta). 

A repeated measures one-way ANOVA demonstrated a main effect of region (F2,6=9.154; p 
< 0.05) on 5-HT2AR PLA signal (Figure 2B). Tukey’s multiple comparisons test 

demonstrated a significant difference in 5-HT2AR PLA signal between ACC and IL (p < 

0.05) and PL and IL (p < 0.05), but not between ACC and PL (n.s.). These results 

demonstrate a dorsal-ventral gradient of 5-HT2AR expression in the mPFC, consistent with 

the results from immunohistochemical analyses (Figure 1D), indicating the PLA reliably 

assesses 5-HT2AR expression in mPFC.

In Figure 3A, representative images of single recognition PLA of 5-HT2CR expression in the 

ACC, PL, and IL regions are shown (red puncta). A repeated measures one-way ANOVA 
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demonstrated a main effect of region (F2,6=6.641; p < 0.05) on 5-HT2CR PLA signal (Figure 

3B). Tukey’s multiple comparisons test demonstrated a significant difference in 5-HT2CR 

PLA signal between ACC and IL (p < 0.05), but not between PL and IL (n.s.) or ACC and 

PL (n.s.). These results demonstrate a dorsal-ventral gradient of 5-HT2CR expression in the 

mPFC, consistent with the results from immunohistochemical analyses (Figure 1F), 

indicating the PLA reliably assesses 5-HT2CR expression in mPFC.

Dual recognition PLA analyses of 5-HT2AR and 5-HT2CR expression in mPFC.

The observed immunohistochemical and single recognition PLA expression patterns of the 

5-HT2AR and 5-HT2CR in the ACC, PL, and IL regions of rat mPFC demonstrated region- 

and layer-specific patterns of expression for both receptors that are consistent with previous 

reports.13, 29, 33–36 The dual recognition PLA detects two proteins in complex through the 

employment of two proprietary, species-specific secondary antibodies conjugated to short 

DNA strands that complement, ligate and allow rolling circle amplification to produce 

fluorescent signals (see Methods).21, 26, 31, 32, 37 Employing the dual recognition PLA, we 

tested the hypothesis that the 5-HT2AR and 5-HT2CR form a close within close spatial 

proximity (≤ 40 nm) within the ACC, PL, and IL. Representative images of 5-HT2AR:5-

HT2CR complex expression in the ACC, PL, and IL regions are shown in Figure 4A (red 

puncta). A repeated measures one-way ANOVA demonstrated a main effect of region 

(F2,6=18.95; p < 0.05) on 5-HT2AR:5-HT2CR PLA signal (Figure 4B). Tukey’s multiple 

comparisons test demonstrated a significant difference in 5-HT2AR PLA signal between 

ACC and IL (p < 0.05) and PL and IL (p < 0.05), but not ACC and PL (n.s.). These results 

suggest a dorsal-ventral gradient of 5-HT2AR:5-HT2CR complex expression in the mPFC. 

The PLA requires that two target proteins are within 40 nm of each other to produce a 

quantifiable signal; this resolution cannot be ensured using traditional immunohistochemical 

co-localization or co-immunoprecipitation analyses.21, 26, 31, 32, 37 Thus, our report is the 

first to demonstrate the presence of a spatially close interaction between the two receptors in 

mPFC ex vivo.

Previous in situ hybridization studies indicated a dorsal-ventral gradient of 5-HT2AR and 5-

HT2CR mRNA in the mPFC;28 both 5-HT2AR and 5-HT2CR mRNA increased across layers 

II-III, V, and VI, but was absent in layer I.28 While 5-HT2AR in situ hybridization outcomes 

appear somewhat inconsistent with the present study, genome-wide correlation studies 

demonstrate that only ~40% of the variance in protein expression can be explained by 

changes at the mRNA transcript level.38, 39 Further, the presence of 5-HT2AR protein 

expression, but not mRNA levels, in layer I of the mPFC could represent thalamocortical 

matrix inputs reaching layer I that are 5-HT2AR immunoreactive.28 Furthermore, we 

corroborate previous protein biochemical studies that 5-HT2AR protein expression is highest 

in layer V and lowest in layers II/III of the PL13 while 5-HT2CR protein expression is 

highest in deep layers of the PL.13, 29 The present study extends the characterization of 5-

HT2AR and 5-HT2CR protein expression in mPFC subregions to include the ACC and IL 

alongside the PL. The anatomical connectivity of mPFC is subregion-dependent; for 

example, while the dorsal and ventral mPFC innervate overlapping subcortical regions, 

dorsal mPFC neurons predominantly project to the dorsal striatum (i.e., caudate, putamen) 

while ventral mPFC neurons project to the ventral striatum (i.e., nucleus accumbens, 
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olfactory tubercle) (for review40). Future studies to elucidate 5-HT2AR and 5-HT2CR 

expression on ACC, PL, or IL neurons that project to the dorsal vs. ventral striatal regions 

are required to illuminate the role of cortical 5-HT2AR and 5-HT2CR in normal behaviors 

including executive function, decision-making, reward-guided learning and memory 

processes.

The pattern of expression for 5-HT2AR and 5-HT2CR proteins across mPFC subregions was 

congruent between our immunofluorescence and single recognition PLA experiments, 

supporting the use of single recognition PLA for relative quantification of 5-HT2AR and 5-

HT2CR in the mPFC. It is proposed that the Gαq/11-coupled 5-HT2AR41, 42 and 5-

HT2CR43–46 function via their homomeric forms. However, the extent to which single 

recognition PLA identifies monomeric versus homomeric forms is unexplored, and 

strategies to differentiate the receptor stoichiometry using the single recognition PLA remain 

to be established.

The present study identified a spatially close (within 40 nm) interaction between the 5-

HT2AR and 5-HT2CR that occurs along a dorsal-ventral gradient of the mPFC in the male, 

Sprague-Dawley rat. These results are consistent with a previous identification of co-

localization of 5-HT2AR and 5-HT2CR protein in the deep layers of the PL13 in addition to 

another study which identified co-expression of 5-HT2AR and 5-HT2CR mRNA within cells 

of the mPFC.15 Empirically, we observed 5-HT2AR:5-HT2CR complex expression in both 

superficial and deep layers of the ACC and PL. Thus, in addition to regulating cortical-

subcortical pathways via expression on neurons in the deeper layers, the 5-HT2AR:5-HT2CR 

complex may also regulate intracortical signaling via expression on neurons in the 

superficial layers of the PFC.28 Mechanistically, a reciprocal 5-HT2AR:5-HT2CR interaction 

is corroborated by previous molecular and pharmacological analyses in vitro.25 Together, 

these findings suggest differential cellular output that may result from a 5-HT2AR:5-HT2CR 

interaction relative to when the individual receptors act independently. Thus, GPCR 

heteromeric complexes such as the 5-HT2AR:5-HT2CR complex may represent new, 

druggable interfaces with the potential to yield novel therapeutics for future 

neurotherapeutics discovery programs.

METHODS

Animals.

Male, outbred Sprague-Dawley rats (n=7; Envigo, Haslett, MI, USA) weighing 175–199 g at 

arrival were housed two per cage under a 12-hour light-dark cycle (lights on between 0600–

1800h) with controlled temperature (21–23°C) and humidity (40–50%). Animals were 

acclimated for one week to the colony room before transcardial perfusion. Standard food and 

water were available to rats ad libitum. All experiments were conducted in accordance with 

the NIH Guide for the Care and Use of Laboratory Animals (2011) and with the University 

of Texas Medical Branch Institutional Animal Care and Use Committee approval.
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Transcardial perfusion.

Rats were anesthetized (100 mg/kg sodium pentobarbital, i.p.) and transcardially perfused 

with phosphate buffered saline (PBS) followed by 4% paraformaldehyde. Brains were 

removed, post-fixed in 4% paraformaldehyde for four hours at 4°C, cryoprotected in 30% 

sucrose for 72 hours at 4°C, and stored at −80°C until further use.

Immunofluorescence localization of 5-HT2AR and 5-HT2CR expression in the mPFC.

Free-floating coronal sections (30 μm) at the level of the ACC, PL, and IL (3.5–4.0 mm 

anterior to Bregma, Figure 1B)27 were washed with PBS, permeabilized with 0.4% Triton-X 

100 in PBS for 60 minutes at room temperature, blocked with 5% normal donkey serum, 

0.4% Triton-X 100, 0.1% glycine, and 0.1% lysine in PBS for two hours at room 

temperature, and incubated with primary antibodies in 5% normal donkey serum and 0.4% 

Triton-X 100 in PBS overnight at 4°C. The primary antibodies employed were a polyclonal 

rabbit anti-5-HT2AR (RA24288; Neuromics, Edina, MN, USA) at a concentration of 1:500 

and a monoclonal mouse anti-5-HT2CR (sc17797; Santa Cruz Biotechnology, Dallas, TX, 

USA) at a concentration of 1:50. Both antibodies have been extensively characterized in our 

laboratory and others.13, 32, 47–52 The specificity of the anti-5-HT2AR antibody RA24288 in 

immunohistochemistry is validated in cortical tissue from 5-HT2AR knockout and wild-type 

mice,36 and the specificity of the anti-5-HT2CR antibody sc17797 in immunohistochemistry 

is validated in tissue from rats receiving shRNA-mediated knockdown of the 5-HT2CR in the 

mPFC.17, 50 The next day, sections were rinsed 6X with PBS for 10 minutes each and 

incubated in secondary antibodies for 60 minutes at room temperature. The secondary 

antibodies used were a donkey anti-rabbit with a conjugated 594 nm fluorophore (711–

585-152; Jackson ImmunoResearch, West Grove, PA, USA) at a concentration of 1:500 and 

a donkey anti-mouse with a conjugated 488 nm fluorophore (A21202, Invitrogen, Carlsbad, 

CA, USA) at a concentration of 1:200. Slices were then washed 3X with 0.4% Triton-X 100 

in PBS for five minutes each and then rinsed in PBS. Sections were mounted, and slides 

were coverslipped with Vectashield fluorescent mounting media with 4′,6-diamidino-2-

phenylindole (DAPI) to stain cellular nuclei for fluorescence microscopy (Vector 

Laboratories, Burlingame, CA, USA).

Tilescan images encompassing all layers of the ACC, PL, or IL (three fields of view in the 

dorsal-ventral direction by six fields of view in the medial-lateral direction) were acquired 

using a 40X objective on a Leica DFC3000 wide field camera (Leica Microsystems, Wetzlar, 

Germany) (for a final magnification of 400X) and automatically stitched together using the 

Leica Application Suite. Each hemisphere of one brain section represented one technical 

replicate (n=4 per one biological replicate). Each technical replicate was imaged three times 

(i.e., tilescans of each region were acquired). Individual channel threshold values were set at 

the lowest value at which a signal was not visualized on the negative control (secondary 

antibody only) for each technical replicate. Expression of 5-HT2AR and 5-HT2CR in the 

ACC, PL, and IL spanning all layers of mPFC was determined using mean signal intensity 

analyzed using the Open Source software Fiji.53 A secondary analysis was also completed to 

assess expression in specific layers (I, II/III, V, and VI) of the mPFC subregions. All 

expression analyses were carried out using region of interest boxes with predefined 

dimensions. The technical replicate most representative of an individual biological replicate 
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was used for statistical analyses and represented within each graph. The final values used in 

graphical representation and statistical analyses are the mean ± standard error of the mean 

(SEM) for all biological replicates combined (n=3). Like all antibody-based assays, absolute 

expression levels of a protein cannot be compared without establishment of a calibration 

curve.54 Since this technique was not utilized, expression levels are represented in a relative 

manner and therefore can be compared within the same antibody-based protein assessment, 

but not between different antibody-based protein assessments (e.g., 5-HT2AR expression can 

be compared between regions and layers of the PFC, but cannot be compared directly to 5-

HT2CR expression).55

PLA for 5-HT2AR:5-HT2CR complex identification:

A commercial PLA was employed to assess the 5-HT2AR:5-HT2CR complex in rat mPFC ex 
vivo (Duolink® PLA, Sigma-Aldrich, St. Louis, MO, USA).32 Coronal sections (10 μm) at 

the level of the ACC, PL, and IL (approximately 3.5–4.0 mm anterior to Bregma, Figure 

1B)27 were thaw-mounted directly to glass slides and allowed to dry for two hours at room 

temperature. Sections were rehydrated in PBS for 30 minutes at room temperature, and 

antigen retrieval was performed by incubating sections in citric acid (pH 6.0) at 90 °C for 20 

minutes then allowing the sections to cool to room temperature for 20 minutes. Sections 

were rinsed in PBS 3X for three minutes each and incubated in 50 mM ammonium chloride 

for 20 minutes at room temperature to decrease auto-fluorescence. Sections were rinsed 5X 

for three minutes at room temperature in PBS and blocked for two hours at room 

temperature in 5% normal donkey serum and 0.4% Triton-X 100 in PBS. Sections were 

incubated with primary antibodies in 5% normal donkey serum and 0.4% Triton-X 100 in 

PBS overnight at 4°C. The polyclonal rabbit anti-5-HT2AR (Neuromics RA24288, Edina, 

MN) was employed at a concentration of 1:500. The monoclonal mouse anti-5-HT2CR 

employed in immunohistochemical studies (above) was not compatible with the PLA 

reagents; thus, a previously validated56 polyclonal goat anti-5-HT2CR (Abcam ab32887, 

Cambridge, MA, USA) was used in the PLA at a concentration of 1:100. The specificity of 

the anti-5-HT2CR antibody ab32887 in immunohistochemistry is validated in tissue from 

rats receiving shRNA-mediated knockdown of the 5-HT2CR in the basolateral amygdala.56 

The next day, sections were rinsed 5X with PBS for 10 minutes each and incubated in 

Duolink® secondary antibodies/probes for 60 minutes at 37°C. The secondary antibodies/

probes used were donkey anti-rabbit PLUS (DUO92002), donkey anti-rabbit MINUS 

(DUO92005), donkey anti-goat PLUS (DUO92003) and donkey anti-goat MINUS 

(DUO92006) and were diluted in 5% normal donkey serum and 0.4% Triton-X 100 in PBS 

per manufacturer instructions. Following incubation, sections were washed in PBS for five 

minutes followed by 2X Wash Buffer A (DUO82049) for five minutes each at room 

temperature. Sections were then incubated with ligation reagents for 30 minutes at 37°C, 

washed with 2X Wash Buffer A for two minutes at room temperature, and incubated with 

amplification reagents for 100 minutes at 37°C. Ligation and amplification solutions 

(DUO92008) were made according to manufacturer instructions. Sections were then washed 

in 3X Wash Buffer B (DUO82049) for 10 minutes each at room temperature and rinsed with 

0.01% Wash Buffer B. Sections were allowed to dry overnight. Slides were coverslipped 

using Duolink® in situ mounting medium with DAPI (DUO82040).
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Tilescan images encompassing all layers of either the ACC, PL, or IL (three fields of view in 

the dorsal-ventral direction by six fields of view in the medial-lateral direction) were 

acquired using a 40X objective on a Leica DFC3000 wide field camera (for a final 

magnification of 400X) and automatically stitched together using the Leica Application 

Suite. Each brain section represented one technical replicate (n=3 within one biological 

replicate). Each technical replicate was imaged six times (i.e., tilescans of each region were 

acquired from both hemispheres). This process was completed for single-labeled 5-HT2AR, 

single-labeled 5-HT2CR, and dual-labeled 5-HT2AR:5-HT2CR sections. Three non-

overlapping region of interest boxes spanning all layers of the cortex (100 μm in the dorsal-

ventral direction by 600 μm in the medial-lateral direction) were then applied to each 

tilescan image for quantification of the PLA signal. The PLA signal was quantified using 

automatic threshold and classification based on intensity and size of the signal (Duolink® 

ImageTool, Sigma-Aldrich). A corrected total signal was calculated by subtracting signal 

from the nuclear and immediate perinuclear regions from the total signal. Technical 

replicates were averaged to determine the mean expression within a biological replicate. The 

technical replicate most representative of an individual biological replicate was used for 

statistical analyses and represented within each graph. The average corrected total signal of 

the negative control images (secondary antibody/probe only) was subtracted from the 

average corrected total signal of the experimental images (primary antibody plus secondary 

antibody/probe) to determine the expression of 5-HT2AR, 5-HT2CR, or 5-HT2AR:5-HT2CR 

for each biological replicate. The final values presented are the mean ± SEM for all 

biological replicates combined (n=4). Final values are relative and not absolute.

Statistical Analyses:

A repeated measures one-way ANOVA followed by Tukey’s multiple comparisons test was 

used to assess regional differences in 5-HT2AR expression (immunohistochemical and PLA 

experiments), 5-HT2CR expression (immunohistochemical and PLA experiments), and 5-

HT2AR:5-HT2CR complex expression (PLA experiments). A repeated measures two-way 

ANOVA followed by Tukey’s multiple comparisons test was used to analyze expression 

patterns of 5-HT2AR and 5-HT2CR using the factors of region (ACC, PL, IL) and layer 

(layers I, II/III, V, and VI).
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5-HT2CR 5-HT2C receptor

ACC anterior cingulate cortex

ANOVA analysis of variance

DAPI 4′,6-diamidino-2-phenylindole

IL infralimbic cortex

mPFC medial prefrontal cortex

PBS phosphate buffered saline

PL prelimbic cortex

PLA proximity ligation assay

SEM standard error of the mean

SUD substance use disorder

REFERENCES

[1]. Koob GF, and Volkow ND (2016) Neurobiology of addiction: a neurocircuitry analysis, Lancet 
Psychiatry 3, 760–773. [PubMed: 27475769] 

[2]. Euston DR, Gruber AJ, and McNaughton BL (2012) The role of medial prefrontal cortex in 
memory and decision making, Neuron 76, 1057–1070. [PubMed: 23259943] 

[3]. Goghari VM, Sponheim SR, and MacDonald AW 3rd. (2010) The functional neuroanatomy of 
symptom dimensions in schizophrenia: a qualitative and quantitative review of a persistent 
question, Neurosci. Biobehav. Rev. 34, 468–486. [PubMed: 19772872] 

[4]. Linley SB, Hoover WB, and Vertes RP (2013) Pattern of distribution of serotonergic fibers to the 
orbitomedial and insular cortex in the rat, J. Chem. Neuroanat. 48–49, 29–45.

[5]. Vertes RP, and Linley SB (2008) Efferent and afferent connections of the dorsal and median raphe 
nuclei in the rat. In Serotonin and Sleep: Molecular, Functional and Clinical Aspects (Monti JM, 
Pandi-Perumal SR, Jacobs BL, and Nutt DJ) pp 69–102, Birkhäuser Basel, Verlag, Switzerland.

[6]. Bockaert J, Claeysen S, Becamel C, Dumuis A, and Marin P (2006) Neuronal 5-HT metabotropic 
receptors: fine-tuning of their structure, signaling, and roles in synaptic modulation, Cell Tissue 
Res. 326, 553–572. [PubMed: 16896947] 

[7]. Hannon J, and Hoyer D (2008) Molecular biology of 5-HT receptors, Beh. Brain Res. 195, 198–
213.

[8]. Leiser SC, Li Y, Pehrson AL, Dale E, Smagin G, and Sanchez C (2015) Serotonergic regulation of 
prefrontal cortical circuitries involved in cognitive processing: a review of individual 5-HT 
receptor mechanisms and concerted effects of 5-HT receptors exemplified by the multimodal 
antidepressant vortioxetine, ACS Chem. Neurosci. 6, 970–986. [PubMed: 25746856] 

[9]. Pompeiano M, Palacios JM, and Mengod G (1994) Distribution of the serotonin 5-HT2 receptor 
family mRNAs: Comparison between 5-HT2A and 5-HT2C receptors, Mol. Brain Res. 23, 163–
178. [PubMed: 8028479] 

[10]. Burnet PWJ, Eastwood SL, Lacey K, and Harrison PJ (1995) The distribution of 5-HT1A and 5-
HT2A receptor mRNA in human brain, Brain Res. 676, 157–168. [PubMed: 7796165] 

[11]. Lopez-Gimenez JF, Mengod G, Palacios JM, and Vilaro MT (2001) Regional distribution and 
cellular localization of 5-HT2C receptor mRNA in monkey brain: comparison with 
[3H]mesulergine binding sites and choline acetyltransferase mRNA, Synapse 42, 12–26. 
[PubMed: 11668587] 

Price et al. Page 10

ACS Chem Neurosci. Author manuscript; available in PMC 2020 July 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[12]. Amargos-Bosch M, Bortolozzi A, Puig MV, Serrats J, Adell A, Celada P, Toth M, Mengod G, and 
Artigas F (2004) Co-expression and in vivo interaction of serotonin1A and serotonin2A receptors 
in pyramidal neurons of prefrontal cortex, Cereb. Cortex 14, 281–299. [PubMed: 14754868] 

[13]. Nocjar C, Alex KD, Sonneborn A, Abbas AI, Roth BL, and Pehek EA (2015) Serotonin-2C and 
−2A receptor co-expression on cells in the rat medial prefrontal cortex, Neuroscience 297, 22–37. 
[PubMed: 25818050] 

[14]. Carr DB, Cooper DC, Ulrich SL, Spruston N, and Surmeier DJ (2002) Serotonin receptor 
activation inhibits sodium current and dendritic excitability in prefrontal cortex via a protein 
kinase C-dependent mechanism, J. Neurosci. 22, 6846–6855. [PubMed: 12177182] 

[15]. Vysokanov A, Flores-Hernandez J, and Surmeier DJ (1998) mRNAs for clozapine-sensitive 
receptors co-localize in rat prefrontal cortex neurons, Neurosci. Lett. 258, 179–182. [PubMed: 
9885960] 

[16]. Feng J, Cai X, Zhao J, and Yan Z (2001) Serotonin receptors modulate GABA(A) receptor 
channels through activation of anchored protein kinase C in prefrontal cortical neurons, J. 
Neurosci. 21, 6502–6511. [PubMed: 11517239] 

[17]. Anastasio NC, Stutz SJ, Fink LH, Swinford-Jackson SE, Sears RM, DiLeone RJ, Rice KC, 
Moeller FG, and Cunningham KA (2015) Serotonin (5-HT) 5-HT2A receptor (5-HT2AR):5-
HT2CR imbalance in medial prefrontal cortex associates with motor impulsivity, ACS Chem. 
Neurosci. 6, 1248–1258. [PubMed: 26120876] 

[18]. Borroto-Escuela DO, Li X, Tarakanov AO, Savelli D, Narvaez M, Shumilov K, Andrade-Talavera 
Y, Jimenez-Beristain A, Pomierny B, Diaz-Cabiale Z, Cuppini R, Ambrogini P, Lindskog M, and 
Fuxe K (2017) Existence of brain 5-HT1A-5-HT2A isoreceptor complexes with antagonistic 
allosteric receptor-receptor interactions regulating 5-HT1A receptor recognition, ACS Omega 2, 
4779–4789. [PubMed: 28920103] 

[19]. Albizu L, Holloway T, Gonzalez-Maeso J, and Sealfon SC (2011) Functional crosstalk and 
heteromerization of serotonin 5-HT2A and dopamine D2 receptors, Neuropharmacology 61, 
770–777. [PubMed: 21645528] 

[20]. Gonzalez-Maeso J, Ang RL, Yuen T, Chan P, Weisstaub NV, Lopez-Gimenez JF, Zhou M, Okawa 
Y, Callado LF, Milligan G, Gingrich JA, Filizola M, Meana JJ, and Sealfon SC (2008) 
Identification of a serotonin/glutamate receptor complex implicated in psychosis, Nature 452, 
93–97. [PubMed: 18297054] 

[21]. Vinals X, Moreno E, Lanfumey L, Cordomi A, Pastor A, de La Torre R, Gasperini P, Navarro G, 
Howell LA, Pardo L, Lluis C, Canela EI, McCormick PJ, Maldonado R, and Robledo P (2015) 
Cognitive impairment induced by delta9-tetrahydrocannabinol occurs through heteromers 
between cannabinoid CB1 and serotonin 5-HT2A receptors, PLoS Biol. 13, e1002194.

[22]. Kamal M, Gbahou F, Guillaume JL, Daulat AM, Benleulmi-Chaachoua A, Luka M, Chen P, 
Kalbasi Anaraki D., Baroncini M, la Cour Mannoury C., Millan MJ, Prevot V, Delagrange P, and 
Jockers R (2015) Convergence of melatonin and serotonin (5-HT) signaling at MT2/5-HT2C 
receptor heteromers, J. Biol. Chem. 290, 11537–11546. [PubMed: 25770211] 

[23]. Schellekens H, Dinan TG, and Cryan JF (2012) Ghrelin receptor (Ghs-R1a)-mediated signalling 
Is attenuated via heterodimerization with the serotonin 2c (5-Ht2c) receptor: A potential role in 
food intake, Behav. Pharmacol. 23, 634–634.

[24]. Bigford GE, Chaudhry NS, Keane RW, and Holohean AM (2012) 5-Hydroxytryptamine 5HT2C 
receptors form a protein complex with N-methyl-D-aspartate GluN2A subunits and activate 
phosphorylation of Src protein to modulate motoneuronal depolarization, J. Biol. Chem. 287, 
11049–11059. [PubMed: 22291020] 

[25]. Moutkine I, Quentin E, Guiard BP, Maroteaux L, and Doly S (2017) Heterodimers of serotonin 
receptor subtypes 2 are driven by 5-HT2C protomers, J. Biol. Chem. 292, 6352–6368. [PubMed: 
28258217] 

[26]. Felsing DE, Anastasio NC, Miszkiel JM, Gilbertson SR, Allen JA, and Cunningham KA (2018) 
Biophysical validation of serotonin 5-HT2A and 5-HT2C receptor interaction, PLoS One 13, 
e0203137.

[27]. Paxinos G, and Watson C (2005) The Rat Brain in Stereotaxic Coordinates, 5th ed., Elsevier 
Academic Press, Burlington, MA.

Price et al. Page 11

ACS Chem Neurosci. Author manuscript; available in PMC 2020 July 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[28]. Santana N, and Artigas F (2017) Laminar and cellular distribution of monoamine receptors in rat 
medial prefrontal cortex, Front Neuroanat 11, 87. [PubMed: 29033796] 

[29]. Liu S, Bubar MJ, Lanfranco MF, Hillman GR, and Cunningham KA (2007) Serotonin2C receptor 
localization in GABA neurons of the rat medial prefrontal cortex: Implications for understanding 
the neurobiology of addiction, Neuroscience 146, 1667–1688.

[30]. Bagchi S, Fredriksson R, and Wallen-Mackenzie A (2015) In situ proximity ligation assay (PLA), 
Methods Mol. Biol. 1318, 149–159. [PubMed: 26160573] 

[31]. Trifilieff P, Rives ML, Urizar E, Piskorowski RA, Vishwasrao HD, Castrillon J, Schmauss C, 
Slattman M, Gullberg M, and Javitch JA (2011) Detection of antigen interactions ex vivo by 
proximity ligation assay: endogenous dopamine D2-adenosine A2A receptor complexes in the 
striatum, Biotechniques 51, 111–118. [PubMed: 21806555] 

[32]. Anastasio NC, Gilbertson SR, Bubar MJ, Agarkov A, Stutz SJ, Jeng YJ, Bremer NM, Smith TD, 
Fox RG, Swinford SE, Seitz PK, Charendoff MN, Craft JW, Laezza F, Watson CS, Briggs JM, 
and Cunningham KA (2013) Peptide inhibitors disrupt the serotonin 5-HT2C receptor interaction 
with phosphatase and tensin homolog to allosterically modulate cellular signaling and behavior, 
J. Neurosci. 33, 1615–1630. [PubMed: 23345234] 

[33]. Pazos A, Cortes R, and Palacios JM (1985) Quantitative autoradiographic mapping of serotonin 
receptors in rat brain. II. Serotonin-2 receptors, Brain Res. 346, 231–249. [PubMed: 4052777] 

[34]. Fischette CT, Nock B, and Renner K (1987) Effects of 5,7-dihydroxytryptamine on serotonin1 
and serotonin2 receptors throughout the rat central nervous system using quantitative 
autoradiography, Brain Res. 421, 263–279. [PubMed: 3690273] 

[35]. Magalhaes AC, Holmes KD, Dale LB, Comps-Agrar L, Lee D, Yadav PN, Drysdale L, Poulter 
MO, Roth BL, Pin JP, Anisman H, and Ferguson SS (2010) CRF receptor 1 regulates anxiety 
behavior via sensitization of 5-HT2 receptor signaling, Nat. Neurosci. 13, 622–629. [PubMed: 
20383137] 

[36]. Weber ET, and Andrade R (2010) Htr2a gene and 5-HT(2A) receptor expression in the cerebral 
cortex studied using genetically modified mice, Front. Neurosci. 4.

[37]. Navarro G, Cordomi A, Casado-Anguera V, Moreno E, Cai NS, Cortes A, Canela EI, Dessauer 
CW, Casado V, Pardo L, Lluis C, and Ferre S (2018) Evidence for functional pre-coupled 
complexes of receptor heteromers and adenylyl cyclase, Nat. Commun. 9, 1242. [PubMed: 
29593213] 

[38]. Koussounadis A, Langdon SP, Um IH, Harrison DJ, and Smith VA (2015) Relationship between 
differentially expressed mRNA and mRNA-protein correlations in a xenograft model system, Sci. 
Rep. 5, 10775. [PubMed: 26053859] 

[39]. Vogel C, and Marcotte EM (2012) Insights into the regulation of protein abundance from 
proteomic and transcriptomic analyses, Nat. Rev. Genet. 13, 227–232. [PubMed: 22411467] 

[40]. Gabbott PL, Warner TA, Jays PR, Salway P, and Busby SJ (2005) Prefrontal cortex in the rat: 
projections to subcortical autonomic, motor, and limbic centers, J. Comp. Neurol. 492, 145–177. 
[PubMed: 16196030] 

[41]. Iglesias A, Cimadevila M, Cadavid MI, Loza MI, and Brea J (2017) Serotonin-2A homodimers 
are needed for signalling via both phospholipase A2 and phospholipase C in transfected CHO 
cells, Eur. J. Pharmacol. 800, 63–69. [PubMed: 28216047] 

[42]. Iglesias A, Lage S, Cadavid MI, Loza MI, and Brea J (2016) Development of a multiplex assay 
for studying functional selectivity of human serotonin 5-HT2A receptors and identification of 
active compounds by high-throughput screening, J. Biomol. Screen. 21, 816–823. [PubMed: 
27095818] 

[43]. Herrick-Davis K, Grinde E, Lindsley T, Teitler M, Mancia F, Cowan A, and Mazurkiewicz JE 
(2015) Native serotonin 5-HT2C receptors are expressed as homodimers on the apical surface of 
choroid plexus epithelial cells, Mol. Pharm. 87, 660–673.

[44]. Herrick-Davis K, Grinde E, Lindsley T, Cowan A, and Mazurkiewicz JE (2012) Oligomer size of 
the serotonin 5-hydroxytryptamine 2C (5-HT2C) receptor revealed by fluorescence correlation 
spectroscopy with photon counting histogram analysis: evidence for homodimers without 
monomers or tetramers, J. Biol. Chem. 287, 23604–23614. [PubMed: 22593582] 

Price et al. Page 12

ACS Chem Neurosci. Author manuscript; available in PMC 2020 July 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[45]. Herrick-Davis K, Grinde E, and Weaver BA (2007) Serotonin 5-HT(2C) receptor 
homodimerization is not regulated by agonist or inverse agonist treatment, Euro. J. Pharmacol. 
568, 45–53.

[46]. Herrick-Davis K, Weaver BA, Grinde E, and Mazurkiewicz JE (2006) Serotonin 5-HT2C 
receptor homodimer biogenesis in the endoplasmic reticulum: real-time visualization with 
confocal fluorescence resonance energy transfer, J. Biol. Chem. 281, 27109–27116. [PubMed: 
16857671] 

[47]. Yadav PN, Kroeze WK, Farrell MS, and Roth BL (2011) Antagonist functional selectivity: 5-
HT2A serotonin receptor antagonists differentially regulate 5-HT2A receptor protein level in 
vivo, J. Pharmacol. Exp. Ther. 339, 99–105. [PubMed: 21737536] 

[48]. Anastasio NC, Lanfranco MF, Bubar MJ, Seitz PK, Stutz SJ, McGinnis AG, Watson CS, and 
Cunningham KA (2010) Serotonin 5-HT2C receptor protein expression is enriched in 
synaptosomal and post-synaptic compartments of rat cortex, J. Neurochem. 113, 1504–1515. 
[PubMed: 20345755] 

[49]. Anastasio NC, Liu S, Maili L, Swinford SE, Lane SD, Fox RG, Hamon SC, Nielsen DA, 
Cunningham KA, and Moeller FG (2014) Variation within the serotonin (5-HT) 5-HT2C receptor 
system aligns with vulnerability to cocaine cue reactivity, Transl. Psychiatry 4, e369.

[50]. Anastasio NC, Stutz SJ, Fox RG, Sears RM, Emeson RB, DiLeone RJ, O’Neil RT, Fink LH, Li 
D, Green TA, Moeller FG, and Cunningham KA (2014) Functional status of the serotonin 5-
HT2C receptor (5-HT2CR) drives interlocked phenotypes that precipitate relapse-like behaviors 
in cocaine dependence, Neuropsychopharmacology 39, 370–382. [PubMed: 23939424] 

[51]. Swinford-Jackson SE, Anastasio NC, Fox RG, Stutz SJ, and Cunningham KA (2016) Incubation 
of cocaine cue reactivity associates with neuroadaptations in the cortical serotonin (5-HT) 5-
HT2C receptor (5-HT2CR) system, Neuroscience 324, 50–61. [PubMed: 26926963] 

[52]. Herin DV, Bubar MJ, Seitz PK, Thomas ML, Hillman GR, Tarasenko YI, Wu P, and Cunningham 
KA (2013) Elevated expression of serotonin 5-HT2A receptors in the rat ventral tegmental area 
enhances vulnerability to the behavioral effects of cocaine, Front. Psychiatry 4, 2. [PubMed: 
23390419] 

[53]. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, Preibisch S, Rueden 
C, Saalfeld S, Schmid B, Tinevez JY, White DJ, Hartenstein V, Eliceiri K, Tomancak P, and 
Cardona A (2012) Fiji: an open-source platform for biological-image analysis, Nat. Methods 9, 
676–682. [PubMed: 22743772] 

[54]. Murphy RM, and Lamb GD (2013) Important considerations for protein analyses using antibody 
based techniques: down-sizing Western blotting up-sizes outcomes, J. Physiol. 591, 5823–5831. 
[PubMed: 24127618] 

[55]. Walker RA (2006) Quantification of immunohistochemistry--issues concerning methods, utility 
and semiquantitative assessment I, Histopathology 49, 406–410. [PubMed: 16978204] 

[56]. Ji G, Zhang W, Mahimainathan L, Narasimhan M, Kiritoshi T, Fan X, Wang J, Green TA, and 
Neugebauer V (2017) 5-HT2C receptor knockdown in the amygdala inhibits neuropathic-pain-
related plasticity and behaviors, J. Neurosci. 37, 1378–1393. [PubMed: 28011743] 

Price et al. Page 13

ACS Chem Neurosci. Author manuscript; available in PMC 2020 July 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Immunofluorescence detection of 5-HT2AR and 5-HT2CR expression in rat mPFC.
Figure 1A illustrates representative staining patterns for the anti-5-HT2AR antibody 

RA24288 (red) and anti-5-HT2CR antibody sc17797 (green) in the rat mPFC (DAPI-positive 

nuclei visualized in blue). The boxes in Figure 1B illustrate the region of interest analyzed 

in the ACC, PL, and IL (template from Paxinos and Watson 2005)27 Representative images 

of 5-HT2AR and 5-HT2CR expression in the ACC, PL, and IL are provided in Figure 1C. 

Significant differences in 5-HT2AR expression between mPFC subregions (Figure 1D) and 

between layers within subregions (Figure 1E) were observed. Significant differences in 5-

HT2CR expression between regions (Figure 1F) and between layers within regions (Figure 
1G) were also observed. For Figures 1D–G, 5-HT2AR and 5-HT2CR expression are 

represented as bars (mean ± SEM) for biological replicates (n=3). The lines above each bar 

denote statistically-significant group comparisons revealed by Tukey’s multiple comparisons 

test (*p < 0.05).
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Figure 2. Proximity ligation assay (PLA) detection of 5-HT2AR expression in mPFC.
Figure 2A illustrates representative 5-HT2AR expression in the ACC, PL, and IL. Red 

puncta represent PLA signal while DAPI-staining is visualized in blue. Significant 

differences in PLA puncta between brain regions were observed (Figure 2B). The 5-HT2AR 

expression is represented as bars (mean ± SEM) for biological replicates (n=4). *p < 0.05
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Figure 3. Proximity ligation assay (PLA) detection of 5-HT2CR expression in mPFC.
Figure 3A illustrates representative 5-HT2CR expression in the ACC, PL, and IL. Red 

puncta represent the PLA signal while DAPI-staining is visualized in blue. Significant 

differences in PLA puncta between brain regions were observed (Figure 3B). The 5-HT2CR 

expression is represented as bars (mean ± SEM) for biological replicates (n=4). *p < 0.05
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Figure 4. Proximity ligation assay (PLA) detection of 5-HT2AR:5-HT2CR complex expression.
Figure 4A illustrates representative 5-HT2AR:5-HT2CR complex expression in the ACC, 

PL, and IL. Red puncta represent the PLA signal while DAPI-staining is visualized in blue. 

Significant differences in PLA puncta between brain regions were observed (Figure 4B). 

The 5-HT2AR:5-HT2CR complex expression is represented as bars (mean ± SEM) for 

biological replicates (n=4). *p < 0.05
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