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Abstract

Serotonin (5-HT)-containing neurons in the dorsal raphe (DR) nucleus project throughout the 

forebrain and are implicated in many physiological processes and neuropsychiatric disorders. 

Diversity among these neurons has been characterized in terms of their neurochemistry and 

anatomical organization, but a clear sense of whether these attributes align with specific brain 

functions or terminal fields is lacking. DR 5-HT neurons can co-express additional neuroactive 

substances, increasing the potential for individualized regulation of target circuits. The goal of this 

study was to link DR neurons to a specific functional role by characterizing cells according to both 

their neurotransmitter expression and efferent connectivity; specifically, cells projecting to the 

medial prefrontal cortex (mPFC), a region implicated in cognition, emotion, and responses to 

stress. Following retrograde tracer injection, brainstem sections from Sprague-Dawley rats were 

immunohistochemically stained for markers of serotonin, glutamate, GABA, and nitric oxide 

(NO). 98% of the mPFC-projecting serotonergic neurons co-expressed the marker for glutamate, 

while the markers for NO and GABA were observed in 60% and less than 1% of those neurons, 

respectively. To identify potential target-specific differences in co-transmitter expression, we also 

characterized DR neurons projecting to a visual sensory structure, the lateral geniculate nucleus 

(LGN). The proportion of serotonergic neurons co-expressing NO was greater amongst cells 

targeting the mPFC vs LGN (60% vs 22%). The established role of 5-HT in affective disorders 

and the emerging role of NO in stress signaling suggest that the impact of 5-HT/NO co-

localization in DR neurons that regulate mPFC circuit function may be clinically relevant.

1. Introduction

Located at the midbrain-pontine border, the dorsal raphe (DR) nucleus contains the greatest 

number of serotonin (5-HT)-producing neurons in the central nervous system of both rodents 

and humans and is the major source of 5-HT to the mammalian forebrain (Baker et al., 1991; 
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Vertes and Crane, 1997). Mounting evidence suggests there is an intrinsic organization 

within the DR that allows subsets of serotonergic neurons to regulate discrete physiological 

functions and behavioral outcomes (Commons, 2015; Gaspar and Lillesaar, 2012; 

Niederkofler et al., 2016). The possibility of such functional units is founded upon the now 

well-recognized diversity in the molecular profile, connectivity, electrophysiology, and 

neurochemistry of DR 5-HT neurons (Calizo et al., 2011; Fernandez et al., 2016; Hale and 

Lowry, 2011). DR 5-HT neurons can co-express additional neuroactive substances including 

several neuropeptides, the classic transmitters glutamate and γ-aminobutyric acid (GABA), 

and nitric oxide (NO) (Fu et al., 2010; Gaspar and Lillesaar, 2012). The expression of 

different neurotransmitter combinations may allow DR neurons to achieve differential 

modes of output and individualized regulation of specific target circuits. Therefore, an 

important question is whether brain regions with discrete functions are innervated by subsets 

of DR neurons with unique neurochemical profiles. The overarching goal of the present 

work was to link the neurochemical profile of DR projection neurons with specific efferent 

target circuit functions. We used retrograde tract tracing and immunofluorescence to 

examine the expression of serotonin and several putative co-transmitters (glutamate, GABA, 

and NO) in populations of DR neurons projecting to two functionally distinct brain regions

—medial prefrontal cortex (mPFC) and the lateral geniculate nucleus (LGN) of the 

thalamus.

Originally delineated by Dahlström and Fuxe using vaporized formaldehyde, serotonergic 

neurons in the brainstem are now commonly identified using antibodies targeting serotonin 

itself or tryptophan hydroxylase (TPH), the rate-limiting enzyme of serotonin synthesis 

(Dahlström and Fuxe, 1964; Fu et al., 2010; Walther et al., 2003). The 5-HT-containing 

neurons of the DR are located between the cerebral aqueduct and the fiber tracts of the 

medial longitudinal fasciculus (MLF) at the level of the midbrain-pontine border (Hale and 

Lowry, 2011; Jacobs and Azmitia, 1992). When viewed in the coronal plane, natural 

anatomical subdivisions within the DR are formed by the clustering of these 5-HT-positive 

cells (Hale and Lowry, 2011; Paxinos and Watson, 1997); in this work, we will refer to three 

major subdivisions— dorsomedial, ventromedial and lateral (also called the lateral wings, 

LW).

Vesicular glutamate transporters (VGLUTs) are commonly used as neurochemical markers 

for glutamatergic neurons (Fremeau et al., 2004). All three VGLUT isoforms (VGLUT1-3) 

are present in the DR, though they differ in their patterns of distribution and subcellular 

localization (Commons et al., 2005; Gras et al., 2002). VGLUT1 and VGLUT2 are only 

observed in the presynaptic terminals of afferent inputs to DR, while only VGLUT3 is found 

within the cell bodies of DR neurons (Commons et al., 2005; Commons, 2009; Hioki et al., 

2010). The unique localization of the VGLUT3 isoform within cell bodies makes it an ideal 

neurochemical marker for co-localization studies to identify serotonergic projection neurons 

that may be capable of releasing glutamate. The co-release of 5-HT and glutamate would 

have major implications for activity-dependent plasticity in target circuits and recent 

evidence suggests that VGLUT3 itself may influence 5-HT transmission by enhancing 

vesicular packing of 5-HT (Amilhon et al., 2010) or regulating the number of synaptic 

specializations formed by serotonergic axons (Gagnon and Parent, 2014; Voisin et al., 2016).
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GABAergic neurons in the DR form a large population of cells located mostly lateral to 

serotonergic neurons (Calizo et al., 2011; Day et al., 2004). Glutamate decarboxylase 

(GAD), the enzyme responsible for GABA synthesis has two isoforms, GAD65 and GAD67 

(Soghomonian and Martin, 1998). The subcellular localization of GAD expression in the DR 

follows the same general pattern seen across the brain, with GAD65 localized to axon 

terminals and GAD67 located in the neuronal cell body (Shikanai et al., 2012b; 

Soghomonian and Martin, 1998). In mouse, GAD67-positive cells in DR have been shown 

to project to the PFC, nucleus accumbens, and lateral hypothalamus (Bang and Commons, 

2012); we wanted to determine if GAD67-positive DR neurons project to the mPFC and 

LGN in the rat and whether those cells are purely GABAergic or if GAD67 is co-expressed 

with 5-HT.

NO is a free radical gas with an emerging role in many kinds of neuronal signaling, 

including responses to stress (Chen et al., 2015; Vincent, 2010). Neuronal nitric oxide 

synthase (nNOS) and NADPH-diaphorase (NADPH-d) are both used as makers for NO (Lu 

et al., 2010; Wotherspoon et al., 1994). nNOS is expressed in the cell bodies of DR neurons, 

and the co-localization of nNOS with serotonergic markers is frequently observed in the 

midline sub-regions of the DR (Vasudeva et al., 2011). Inhibitors of NOS administered 

locally within the DR have been shown to have antidepressant activity in rodent models of 

depression (Spiacci et al., 2008) and NADPH-d levels increase in the DR after exposure to 

several different acute stressors (Okere and Waterhouse, 2006a; Okere and Waterhouse, 

2006b). Those findings linking NO in the DR to stress responses and depressive behaviors, 

in which 5-HT is also implicated, suggest that characterizing the relationship between NO 

and 5-HT in specified subsets of DR projection neurons may have clinical value.

We focused on the neurochemical properties of DR neurons projecting to the medial 

prefrontal cortex (mPFC), a region responsible for higher-order cognition, emotional 

processing, and the coordination of behavioral responses to stress (Ongur and Price, 2000; 

Quirk and Beer, 2006). The activity of the mPFC is often altered in depressed patients and 

reduced serotonin transmission in mPFC is associated with negative affective bias and 

increased risk of suicide (Johnstone et al., 2007; Leyton et al., 2006; Phillips et al., 2015). 

Together, this suggests that DR 5-HT neurons targeting mPFC represent a pathway relevant 

to mood disorders. To determine if the combination of neurotransmitters expressed by 

mPFC-projecting DR neurons is target-specific, we also examined neurons projecting to the 

LGN, a subcortical structure that relays visual sensory information from the retina to the 

cortex (Sherman and Koch, 1986). We chose neurons targeting the LGN for comparison 

because visual sensory circuits are functionally distinct from the cognitive and emotional 

circuits within the mPFC.

2. Results

2.1 Anatomical distribution and serotonergic identity of labeled DR neurons

Cell counts were collected from 12 animals, six that received Fluoro-Gold (FG) injections 

into mPFC and six that received FG injections into LGN. A representative mPFC injection 

site is shown in Figure 1A. In general, mPFC projecting neurons within the DR were located 

near the midline and predominantly ipsilateral to the injection site. They were distributed in 
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the dorsomedial and ventromedial sub-regions of the DR, with a slight general preference 

for the ventromedial region (Figure 1C, 1E). Along the rostrocaudal axis, the number of 

mPFC-projecting cells at each level was roughly proportional to the cross-sectional area of 

the nucleus in the coronal plane, with the most labeled cells found approximately 7.8 mm 

caudal to bregma. Figure 1B shows an injection of FG into the LGN. Approximately 60% of 

LGN-projection neurons were located in the lateral wings of the DR; the other 40% were 

distributed within the dorsomedial and ventromedial sub-regions, with a slightly higher 

concentration of labeled cells generally found in the dorsomedial region (Figure 1D, 1F). 

LGN-projecting cells were located primarily ipsilateral to the injection site.

To determine the overall serotonergic component of the DR projections to each terminal 

field we pooled the counts of neurons containing serotonergic markers across all mPFC 

cases and all LGN cases separately. We found that 90% of the DR neurons projecting to the 

mPFC (2018/2238 cells) and 95% of neurons projecting to LGN (2009/2117 cells) had 

positive immunoreactivity for either TPH or 5-HT. The association between serotonergic 

projections and projection target was significant (χ2 = 34.25, p <0.0001).

2.2 VGLUT3 expression in labeled DR neurons

VGLUT3 was highly expressed in neuronal cell bodies throughout the entire DR. At low 

power, frequent co-localization of VGLUT3 and TPH was observed (Figure 2A–C). Figure 

2D shows representative images of labeled DR neurons stained for TPH and VGLUT3. 3% 

of the mPFC-projecting cells did not show positive immunoreactivity for TPH or VGLUT3 

(FG-only), 9% were only positive for VGLUT3, 2% were only positive for TPH, and 86% 

were positive for both TPH and VGLUT3 (Table 1). While most mPFC-projecting cells with 

different immunoreactivities were spread evenly throughout the nucleus, most of the 

VGLUT3-only cells were concentrated in the most rostral sections of the DR (95%, 71/75 of 

these cells were located in the rostral third of the nucleus). Among neurons projecting to 

LGN, 3% expressed FG only, 4% expressed VGLUT3 only, 1% expressed TPH only, and 

92% expressed TPH and VGLUT3 (Table 2). VGLUT3 was frequently co-expressed in 

TPH-positive neurons projecting to the mPFC (98%, 698/712 cells) and also in TPH-positive 

neurons projecting to the LGN (98%, 722/733 cells). A chi-square test of independence 

determined that there was no significant association between VGLUT3 co-expression and 

projection target (χ2 = 0.23, p = 0.63). There was also no association between VGLUT3 co-

expression and midline vs lateral location of LGN-projecting serotonergic neurons (χ2 = 

1.71, p = 0.19).

2.3 GAD67 expression in labeled DR neurons

GAD67 expression was concentrated lateral to serotonin-containing neurons at all levels of 

the DR (Figure 3A–C) and was rarely observed in labeled neurons (Figure 3D). None of the 

mPFC-projecting neurons expressed GAD67 only, 92% expressed 5-HT only, and 0.1% 

expressed both GAD67 and 5-HT (Table 3). Approximately 8% of the mPFC-projecting 

neurons expressed neither GAD67 nor 5-HT (FG-only); most of these FG-only neurons 

(92%, 57/62) were concentrated in the rostral one-third of the nucleus, while cells with other 

immunoreactive profiles were evenly distributed throughout the DR without obvious 

clustering or segregation. 4% of the LGN-projecting neurons were FG-only, 0.1% expressed 
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GAD67 only, 95% expressed 5-HT only, and 1% expressed both 5-HT and GAD67 (Table 

4). A chi-square test of independence determined that there was a significant association 

between GAD67 co-expression and projection target (χ2 = 3.9, p = 0.049). There was no 

association between GAD67 co-expression and midline vs lateral location of LGN-

projecting serotonergic neurons (χ2 = 0.031, p = 0.86).

2.4 nNOS expression in labeled DR neurons

The pattern of nNOS expression in the DR differed along the rostrocaudal extent of the 

nucleus. At the rostral (Figure 4A) and intermediate (Figure 4B) levels of the DR, nNOS 

expression was observed near the midline and frequently co-localized with TPH in neuronal 

cell bodies, particularly in the ventromedial subdivision of the nucleus and in a cluster of 

cells just ventral to the cerebral aqueduct. At those levels, nNOS expression was weaker in 

the lateral wings, and co-localization of nNOS and TPH was rarely observed in that region. 

In the caudal portion of the DR (Figure 4C), nNOS had limited overlap with the midline 

serotonergic neurons, but it was highly expressed in the cholinergic neurons of the lateral 

dorsal tegmental nucleus located lateral to the midline 5HT-containing cells. Representative 

images of nNOS and TPH immunoreactivity in DR neurons are shown in Figure 4D.

The immunoreactive profiles of mPFC-projecting neurons were as follows: 9% expressed 

neither nNOS nor TPH (FG-only), 1% expressed nNOS only, 36% expressed TPH only, and 

54% expressed both TPH and nNOS (Table 3). As seen in tissue stained for 5-HT and 

GAD67, the FG-only neurons were clustered towards the rostral third of the nucleus (98%, 

54/55 cells). Of neurons projecting to the LGN, 1% expressed neither nNOS nor TPH, 3% 

expressed nNOS only, 75% expressed TPH only, and 21% expressed TPH and nNOS. nNOS 

was co-expressed in 60% of the TPH-positive neurons projecting to mPFC (343/574 cells) 

and in 21% of the TPH-positive neurons projecting to LGN (140/637 cells); there was a 

significant association between nNOS co-expression and projection target (χ2 = 178.1, p < 

0.0001).

Within the LGN-projecting population, 41% (120/295 cells) of the TPH-expressing neurons 

in the dorsomedial and ventromedial sub-regions were nNOS-positive, while only 6% 

(20/342 cells) of the TPH-expressing neurons in the lateral wings were nNOS-positive. The 

association between nNOS co-expression and midline vs lateral location of LGN-projecting 

cells was significant (χ2 = 110.0, p < 0.0001). When mPFC-projecting cells were compared 

to only LGN-projecting cells located within midline (χ2 = 27.7, p < 0.0001) or lateral (χ2 = 

258.07, p < 0.0001) sub-regions of the DR, the association between nNOS co-expression 

and efferent target was significant in both cases. Some dorsoventral segregation of DR 

neurons projecting to mPFC vs LGN was observed in midline regions of the DR. In all 

mPFC-injected cases, the proportion of TPH/nNOS double-positive cells located in the 

dorsomedial and ventromedial sub-regions were approximately 25% and 75%, respectively. 

In four LGN-injected cases, the labeled cells were nearly evenly distributed between 

dorsomedial and ventromedial regions, while in two cases almost all the labeled cells were 

located in the dorsomedial region.
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3. Discussion

3.1 Serotonergic identity of labeled neurons

Serotonin-containing neurons that project from the DR to the mPFC have previously been 

identified using both retrograde (Del Cid-Pellitero and Garzon, 2011; Fernandez et al., 2016; 

Lu et al., 2010; Meloni et al., 2008; Van Bockstaele et al., 1993) and anterograde tracing 

approaches (Gagnon and Parent, 2014; Muzerelle et al., 2014; Vertes, 1991). Our finding 

that 90% of the DR neurons projecting to mPFC are serotonergic aligns with several studies 

which reported percentages of 74–92% for this class of neurons (Fernandez et al., 2016; Lu 

et al., 2010; Meloni et al., 2008); however, there are two studies that found serotonergic 

proportions of 42% (Del Cid-Pellitero and Garzon, 2011) and 34% (Van Bockstaele et al., 

1993). In the work by Del Cid-Pellitero et al, the tracer injections were directed at anterior 

cingulate cortex (ACC), medial orbital cortex, and prelimbic (PL) cortex, while ours were 

only directed at the PL and infralimbic (IL) cortices. As the sub-regions of PFC are thought 

to regulate distinct aspects of cognition and emotional processing (Dalley et al., 2004; 

Kesner and Churchwell, 2011; Sul et al., 2010) they may require different degrees of 

serotonergic modulation; therefore, the difference in the reported proportion of serotonergic 

projection neurons between that study and ours may be due to injection targeting. This 

possibility is supported by the fact that significant differences have been described in the 

number and rostrocaudal distribution of DR neurons projecting to PL/IL, ACC, and 

orbitofrontal cortex (Chandler et al., 2013). Van Bockstaele et al. included neurons located 

in the most caudal regions of the DR in their analysis. A recent review by Commons 

suggests that the serotonergic neurons comprising the caudal DR, designated as B6 by 

Dahlström and Fuxe, are more genetically and functionally similar to serotonergic neurons 

of the median raphe (MR) nucleus than to those in the rest of the DR (Commons, 2016). It is 

possible that the inclusion of those caudal DR neurons accounts for the different proportions 

of mPFC-projecting serotonergic cells reported by Van Bockstaele et al. and our current 

result.

Early retrograde tracing studies identified DR neurons that project to LGN (Pasquier and 

Villar, 1982; Villar et al., 1988; Waterhouse et al., 1993). Although the neurochemical 

identity of those neurons was either not assessed or the findings were not evaluated 

quantitatively, serotonergic projections from DR to LGN have been demonstrated in 

anterograde tracing studies (Muzerelle et al., 2014; Vertes et al., 2010). The general 

distribution of LGN projecting DR neurons that we observed, i.e. a majority of labeled 

neurons located in the lateral wing ipsilateral to the injection site and fewer located in in 

midline regions, corresponds with the pattern described in those earlier studies.

3.2 VGLUT3

The majority of FG-labeled neurons in the DR displayed VGLUT3 immunoreactivity and 

VGLUT3 was observed in 98% of serotonergic projection neurons, regardless of efferent 

target. The only other study examining VGLUT3 in serotonergic neurons specifically 

projecting to mPFC found that only 15% (3/20 cells) contained VGLUT3 (Fernandez et al., 

2016). However, the work by Fernandez et al. differed from ours in several important ways. 

The study was conducted in mouse, VGLUT3 expression was determined by RT-PCR on the 
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aspirated cellular contents of neurons that had been used for electrophysiological recordings, 

and six of the 5-HT projection cells to mPFC were located in the MR. The high proportion 

of cells staining positive for both VGLUT3 and TPH that we observed corresponds well 

with several previous studies showing that VGLUT3 mRNA (Gras et al., 2002) and protein 

(Calizo et al., 2011; Gagnon and Parent, 2014; Hioki et al., 2004; Mintz and Scott, 2006; 

Shutoh et al., 2008) is found in the cell bodies of nearly all DR 5-HT neurons.

In contrast to the body of literature describing widespread co-localization of 5-HT and 

VGLUT3 throughout the DR, there are reports of VGLUT3 expression largely restricted to 

neurons located within midline DR sub-regions (Commons, 2009; Hioki et al., 2010). One 

of these reports found that VGLUT3-positive neurons lacking 5-HT were concentrated near 

the midline of the DR (Commons, 2009). Notably, 5-HT/VGLUT3 double-positive neurons, 

which constituted approximately 90% of our labeled cells, were excluded from that 2009 

study and may account for the reported differences in VGLUT3 expression. A study by 

Hioki et al. found that among DR 5-HT neurons, VGLUT3 mRNA was expressed by 

approximately 80% of the cells located in midline sub-regions vs only 4% of the cells in the 

lateral wings (Hioki et al., 2010). Interestingly, the authors of Gras et al., 2002 reported the 

presence of VGLUT3 mRNA in all 5-HT neurons throughout the DR, but also noted a 

higher density of VGLUT3 mRNA in midline regions than in the lateral wings. There is 

notable variability in the level of VGLUT3 signal within individual DR neurons as detected 

by immunohistochemistry—in one study VGLUT3 immunoreactivity was described as 

ranging from “barely detectable” to “clearly defining the entire extent of the cell soma” 

(Mintz and Scott, 2006), while a separate report concluded that all DR 5-HT neurons 

contained “various amounts of VGLUT3-positive particles” (Shutoh et al., 2008). The wide 

range of VGLUT3 signal within DR neurons may increase the potential for different 

interpretations of positive immunoreactivity across researchers and may contribute to the 

divergent reports of VGLUT3 expression in the DR.

The functional implications of VGLUT3 in serotonergic neurons are unclear, although 

several possibilities have been suggested: 1) glutamate is used as a transmitter in 5-HT 

neurons—either via co-release with 5-HT at the same terminals (Gagnon and Parent, 2014) 

or via segregated release from different terminals (Amilhon et al., 2010), 2) VGLUT3 

enhances the efficiency of serotonin signaling by facilitating vesicular packaging of 5-HT 

(Amilhon et al., 2010), and 3) VGLUT3 may adjust the ratio of synaptic transmission to 

volume transmission along serotonergic axons by promoting the formation of synaptic 

specializations (Gagnon and Parent, 2014; Voisin et al., 2016). A study using cultured 

mesopontine 5-HT neurons found that those from a VGLUT3 knockout mouse had a 

significantly lower basal survival rate compared to serotonergic cells from wild-type 

littermates (Voisin et al., 2016). The authors of that study suggest that VGLUT3 may 

regulate serotonergic neuronal development or confer general fitness to 5-HT neurons; such 

functions could explain the presence of VGLUT3 in nearly all DR 5-HT cell bodies that we 

observed (Voisin et al., 2016).

We also identified a group of cells that may represent a population of non-serotonergic 

neurons projecting specifically to mPFC that use glutamate as their primary transmitter. In 

samples from mPFC-injected animals that were stained for TPH and VGLUT3, the 
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VGLUT3-only neurons were primarily located along the midline in the most rostral 280 µm 

of the DR and comprised 7% of the total labeled neurons. Interestingly, in samples stained 

for 5-HT/GAD and TPH/nNOS there were groups of FG-only neurons that accounted for 

8% and 9% of the respective projections to mPFC. These were located in the same rostral 

midline location as the VGLUT3-only group. The overlap in proportion and location of 

these three groups may indicate that they are the same population of neurons which express 

VGLUT3, but are negative for all other markers that we examined. Though dopaminergic 

neurons are known to express VGLUTs, and the location of our VGLUT3-only population is 

similar to that of dopaminergic neurons in the DR, sometimes referred to as the dorsocaudal 

extension of the A10 group (Dougalis et al., 2012), there does not seem to be overlap 

between VGLUT3 and tyrosine hydroxylase (the rate-limiting enzyme of dopamine 

synthesis) in DR neurons (Hioki et al., 2010). The non-serotonergic, VGLUT3-positive DR 

projection system is being actively explored and several studies using retrograde or 

anterograde tracing have found strong VGLUT3-only projections to the ventral tegmental 

(VTA) and hypothalamus, as well as lesser projections to other regions including ventral 

palladium and medial septum (Hioki et al., 2010; Jackson et al., 2009; Qi et al., 2014). 

While non-serotonergic projections from DR to PFC have been described, our report is the 

first to specifically identify non-serotonergic, VGLUT3-positive neurons projecting to PL 

and IL regions of the mPFC (Bang and Commons, 2012; McDevitt et al., 2014). No rostral 

clusters of VGLUT3-only or FG-only neurons were observed in samples from LGN-injected 

animals, suggesting the glutamatergic signals originating from the DR are of specific import 

to the mPFC. Since many of the DR VGLUT3-only projections targeting VTA have been 

implicated in reward signaling, it is possible that the VGLUT3-only cells we observed may 

regulate mPFC processes such as reward value coding and determination of behavioral 

responses to appetitive stimuli (Richard and Berridge, 2013).

3.3 GAD67

We found very few cells that contained GAD67. A study that examined DR projections to 

mPFC in a GAD67-GFP mouse line found that 16% of the projection neurons were GAD67-

positive, although whether those cells expressed serotonergic markers was not evaluated 

(Bang and Commons, 2012). Many of those mPFC-projecting cells were interspersed amidst 

the fibers of the MLF, a region that we did not include in our counts. The low number of 

projection neurons displaying 5-HT and GAD67 co-localization agrees with previous reports 

that neurons positive for both 5-HT and GAD67 make up a very small proportion of all DR 

neurons (Hioki et al., 2010; Shikanai et al., 2012a; Stamp and Semba, 1995). Although we 

found a significant association between projection target and co-expression of GAD67 in 

serotonergic neurons, it is difficult to extrapolate the functional significance of such a low 

number of cells. While our data suggests that 5-HT/GABA interactions within DR neurons 

projecting to mPFC or LGN are unlikely in adult rats, the possibility that such interactions 

may have a temporally-specific role during development is supported by a study that found 

that the number of 5-HT/GAD67-positive cells in rat DR changes significantly between 2, 4, 

and 8 weeks of age (Shikanai et al., 2012a).
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3.4 nNOS

A previous report of DR projections to mPFC found that 83% of the serotonergic cells were 

nNOS-positive (Lu et al., 2010). Although that study and ours reported similar proportions 

of TPH and nNOS double-positive neurons (62% vs 54%), they observed fewer TPH-only 

neurons (12% vs 36%) (Lu et al., 2010). These differences may be due to sex (Lu et al. used 

female Long-Evans rats), or because of technical differences including the use of different 

antibodies. The possibility of sex differences in the neurochemistry of DR 5-HT neurons, 

especially in cells projecting to mPFC or other circuits that regulate mood, merits further 

exploration because of the gender disparity in the lifetime prevalence of affective disorders 

in the human population (Kessler et al., 2005). Previous studies have identified distinct 

mediolateral differences in the proportion of DR serotonergic neurons that express NOS, 

ranging from 70–80% in midline regions to 2.5–10% in the LW (Johnson and Ma, 1993; 

Simpson et al., 2003). When we compared the nNOS-TPH co-expression in mPFC-

projecting cells (which were entirely located in midline regions) to only LGN-projecting 

neurons found in midline regions, and separately to LGN-projecting neurons in the LW; the 

association was significant in both cases. This suggests that the target-specific difference in 

nNOS co-expression is not simply the result of the regional disparity in LGN-projecting 

cells.

Nitric oxide has been implicated in activity-dependent plasticity due to the functional 

coupling of nNOS with glutamatergic NMDA receptors (Garthwaite, 2016). Both nNOS and 

NMDA receptors are tethered to postsynaptic density protein 95 and calcium entry through 

NMDA receptors activates nNOS as a result of the physical proximity between the two 

proteins (Garthwaite, 2016). NO frequently acts as a retrograde messenger, which, when 

released from activated postsynaptic neurons, can enhance subsequent presynaptic signals 

from both glutamatergic and GABAergic terminals (Haghikia et al., 2007; Yamamoto et al., 

2015). It is possible that the greater presence of nNOS we observed in mPFC-projecting 5-

HT neurons allows for more dynamic regulation of mPFC circuitry.

NOS expression has also been observed in the varicosities of serotonergic axons that 

originate in the DR, and therefore NO likely influences DR efferent targets in addition to its 

potential role as a feedback regulator of 5-HT neurons (Lu et al., 2010; Simpson et al., 

2003). The high proportion of fibers in mPFC that co-express nNOS and SERT suggests that 

interactions between 5-HT with NO may be particularly important in that region (Lu et al., 

2010). NOS has also been shown to physically couple with SERT which means that it may 

influence extracellular 5-HT levels in terminal fields (Chanrion et al., 2007).

3.5 Functional considerations

The rodent mPFC is implicated in several correlates of human emotional processing, 

including contextual fear learning, assessment of stressor controllability, and the 

implementation of behavioral coping strategies in response to challenge (Etkin et al., 2011; 

Quirk and Beer, 2006). In addition to the functional homology, similarities in network 

connectivity between the human and rodent mPFC indicate that DR 5-HT neurons targeting 

the mPFC in rodents constitute a valuable pathway for the study of affective disorders (Etkin 

et al., 2011; Quirk and Beer, 2006).
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In humans, the mPFC is responsible for both cognitive processes, such as attention and 

working memory, as well as the regulation of limbic circuits and the generation of 

behavioral responses to emotional and rewarding stimuli (Etkin et al., 2011; Ongur and 

Price, 2000). mPFC dysfunction, in the form of reduced metabolic activity (especially in 

response to negative stimuli), or reduced gray matter volume has been reported in imaging 

studies of depressed subjects relative to healthy subjects (Drevets et al., 2008; Fales et al., 

2008; Siegle et al., 2007). The mPFC is thought to exert top-down inhibitory control over the 

processing of negative emotional stimuli in the amygdala, and mPFC dysfunction may 

contribute to the negative affective bias characteristic of depression (Drevets et al., 2008; 

Lemogne et al., 2012; Phillips et al., 2015). Serotonin transmission is known to regulate 

emotional processing; within the mPFC specifically, reduced serotonin receptor type 2A (5-

HT2A) binding correlates with amygdala hyperactivity and also with ratings of hopelessness 

in suicidal patients (Aznar and Klein, 2013; Fisher et al., 2009; van Heeringen et al., 2003). 

Together, this evidence indicates 5-HT tone in mPFC has an important role in emotional 

status and that the co-transmitter profile of mPFC-projecting DR 5-HT neurons has 

important implications for the pathophysiology of mood disorders. For example, the greater 

proportion of nNOS expression observed in mPFC-projecting vs LGN-projecting DR 5-HT 

cells may represent a potential mechanism underlying the strong correlation between 

stressful events and the onset and recurrence of depressive episodes (Kendler et al., 1999). 

Glucocorticoids promote the synthesis of and release of NO from magnocellular neurons in 

the hypothalamus; in that circuit, NO—acting as a retrograde messenger—reduces the 

activity of the magnocellular neurons by enhancing presynaptic GABA release (Di et al., 

2009). If a similar mechanism exists within the DR, it could result in stress-induced 

hypofunction of 5-HT/nNOS cells and a corresponding decrease in serotonergic 

transmission in structures such as the mPFC that receive strong projections from 5-HT/

nNOS neurons.

3.6 Conclusions

Four main conclusions stem from this work. 1) VGLUT3 was highly expressed in DR 

projection neurons and the proportion of serotonergic neurons containing VGLUT3 was 

nearly identical in both mPFC- and LGN-projecting cells. 2) A group of putative 

glutamatergic neurons located in the rostral DR express VGLUT3 without TPH and 

specifically project to the mPFC. 3) There was a significant association between GAD67 co-

expression and efferent target in serotonergic projection neurons, but 5-HT/GAD67 double-

positive cells were rarely observed. 4) There was a significant association between nNOS 

co-expression and projection target; nNOS was expressed in a greater proportion of the DR 

5-HT neurons projecting to mPFC than to LGN.

4. Experimental Procedures

4.1 Retrograde tracing

The Drexel University College of Medicine Institutional Animal Care and Use Committee 

approved all animal procedures and protocols. Young-adult, male Sprague-Dawley rats 

(Taconic Biosciences, Hudson, NY) received stereotaxically guided injections of Fluoro-

Gold (Fluorochrome Inc., Denver, CO) into the mPFC or LGN. Anesthesia was induced and 
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maintained via isoflurane inhalation at concentrations of 4% and 2.5% isoflurane (v/v), 

respectively, in 95% oxygen and 5% carbon dioxide. Throughout each surgical procedure, 

body temperature was monitored and maintained at 37°C using a water-circulating heating 

pad. Injection coordinates were based on Paxinos and Watson, 1997. The following 

coordinates for each target region are listed, relative to bregma, in the anteroposterior (AP), 

mediolateral (ML), and dorsoventral (DV) planes. mPFC coordinates: AP +3.2 mm, ML 

±1.3 mm, DV −4.5 mm. LGN coordinates: AP −4.8 mm, ML ±3.9 mm, DV −4.6 mm. DV 

measurements were made from the skull surface and, when targeting the mPFC, at an angle 

of 10° from perpendicular to the skull. All injections were made into the left hemisphere. 0.2 

µl pressure injections of a 3% FG solution (FG dissolved in distilled water) were made using 

a Hamilton Neuros syringe with a 33-gauge stainless steel, non-beveled needle. The syringe 

was manually dispensed using a Kopf Model 5000 microinjection unit to achieve an 

injection rate of 0.036 µl/min. The syringe was left in place for ten minutes after completion 

of each injection to allow for tracer diffusion. After a survival period of seven days the rats 

were sacrificed and brain tissue was processed for immunohistochemistry.

4.2 Tissue processing

Rats were deeply anesthetized with isoflurane and transcardially perfused with 240 ml of 

normal saline solution containing heparin (0.9% sodium chloride and 10 U/ml heparin in 

distilled water) followed by 240 ml of 4% paraformaldehyde in 0.1 M phosphate buffer (4% 

PFA). Brain tissue was extracted, post-fixed in 4% PFA for 24 h, then cryoprotected in 20% 

sucrose solution (sucrose in 0.1 M phosphate buffer) for 48 h. The brains were frozen on dry 

ice, sectioned along the coronal plane using a Leica freezing sliding microtome, and 

collected into 0.01 M phosphate-buffered saline (PBS). Injection sites were sectioned at a 

thickness of 80 µm and collected in a 1:3 series, while brainstem tissue containing the DR 

was sectioned at 40 µm and collected in a 1:6 series. Immunohistochemical staining was 

performed on free-floating sections of brainstem tissue.

4.3 Antibody characterization

Mouse monoclonal anti-tryptophan hydroxylase antibody (Sigma-Aldrich Cat# T0678, 

RRID: AB_261587). The antibody was raised against recombinant rabbit TPH 

(manufacturer’s product information). Antibody specificity was confirmed by the 

manufacturer using western blot, which resulted in a single 55 kDa band characteristic of 

TPH. The antibody has been widely used as a marker of serotonin neurons and the staining 

pattern seen in our study matches known serotonergic neurons as well as previous studies 

which used this antibody (Liu and Wong-Riley, 2010; Rosin et al., 2006).

Rabbit polyclonal anti-serotonin antibody (ImmunoStar Cat# 20080, RRID: AB_572263). 5-

HT conjugated to bovine serum albumin (BSA) was used as the immunogen. The 

manufacturer confirmed antibody specificity by preadsorption with 25 µg/ml serotonin-BSA, 

which completely eliminated the signal. Preadsorption testing with several compounds 

structurally-related to serotonin (including dopamine) found no cross-reactivity 

(manufacturer’s product information). The staining pattern we observed corresponds with 

known locations of serotonergic neurons and also matches those of previous studies that 

used this antibody (Calizo et al., 2011; Muller et al., 2007; Suzuki et al., 2015).
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Rabbit polyclonal anti-VGLUT3 antibody (Abcam Cat# ab23977, RRID: AB_2270290). A 

synthetic peptide sequence from the C-terminus of rat VGLUT3 was used as the immunogen 

(manufacturer’s product information). Western blot testing found that the antibody labels a 

single band corresponding to VGLUT3 and has no cross-reactivity with VGLUT1 or 

VGLUT2 (manufacturer’s product information). The staining pattern observed in our study 

was consistent with previous studies examining VGLUT3 in DR (Calizo et al., 2011; 

Gagnon and Parent, 2014; Hioki et al., 2004).

Mouse monoclonal anti-GAD67 antibody (Millipore Cat# MAB5406, RRID: AB_2278725). 

The antibody was raised against recombinant whole GAD67 protein (manufacturer’s product 

information). Testing by the manufacturer found that the antibody labeled a single band on 

western blot consistent with GAD67 (confirmed by (Ito et al., 2015)) and shows no cross 

reactivity with GAD65. Antibody specificity was further confirmed by preadsorption of the 

antibody with recombinant rat GAD67, which completely abolished the signal (Ito et al., 

2015). This antibody has been well-established as a marker of GABA-producing neurons 

(Fong et al., 2005). The staining pattern we observed matched those of previous studies 

(Calizo et al., 2011; Fu et al., 2010).

Rabbit polyclonal anti-nNOS antibody (ImmunoStar Cat# 24431, RRID: AB_572255). The 

immunogen used to generate this antibody was a synthetic peptide sequence from the N-

terminus of human nNOS coupled to keyhole limpet hemocyanin (manufacturer’s product 

information). Manufacturer testing found that the antibody specifically labeled a 155 kDa 

band characteristic of nNOS, the antibody showed no cross-reactivity with other forms of 

NOS, and pre-adsorption with the manufacturer’s control peptide (5 µg/ml) abolished all 

staining. Previous studies have shown that the staining pattern of this antibody corresponds 

with known nitrergic neurons; the staining we observed matched the established patterns 

(Piskuric et al., 2011; Stillman et al., 2009).

The anti-TPH and anti-GAD67 antibodies are not compatible with each other for co-

localization experiments because they were both raised in the same host species (mouse); 

therefore, the rabbit anti-5-HT antibody was used as an alternative marker for serotonergic 

neurons in double-labeling experiments with the anti-GAD67 antibody. While the two 

antibodies we used to identify serotonergic neurons (anti-TPH and anti-5-HT) have different 

levels of sensitivity, we accounted for this by conducting preliminary experiments in which 

we identified the concentrations of each antibody that produced the best signal to noise ratio 

and similar numbers of immunoreactive cells in the DR. Using the optimized concentrations, 

we found an average 111 immunoreactive cells per case (24 cases) using the anti-TPH 

antibody and 114 immunoreactive per case (12 cases) using the anti-5-HT antibody, which 

indicated to us that the different levels of antibody sensitivity were well controlled.

4.4 Immunohistochemistry

The sections were washed in PBS (three 10-minute washes) and incubated in PBS with 0.3% 

Triton X-100 (PBST) and 5% normal goat serum (NGS) for 1 h. Next, sections were 

transferred to a solution containing primary antibodies and 1% NGS in PBST overnight (18 

h) at 4°C. Following three 10-minute washes in PBS, the tissue was incubated with 

secondary antibodies in PBST for 1 h. The secondary antibodies used were goat anti-rabbit 
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Alexa Fluor 555 and goat anti-mouse Alexa Fluor 488 (Molecular Probes, Eugene, OR). The 

sections were then washed in PBS and each series was mounted onto a gelatin-coated slide. 

Once dry, the tissue was cleared by dipping the slides in PBS for 60 s followed by xylene for 

30 s. The slides were cover-slipped with ProLong Diamond anti-fade mounting media 

(Invitrogen, Carlsbad, CA). The neurochemical markers used were TPH or serotonin itself 

(5-HT) for serotonin, VGLUT3 for glutamate, GAD67 for GABA, and nNOS for nitric 

oxide. Each series used for data collection was stained with one of three pairs of primary 

antibodies and the corresponding secondary antibodies (Table 7). Preadsorption of the 

VGLUT3 antiserum with an excess (25 µg) of its control peptide (Abcam, ab223018) 

resulted in the elimination of VGLUT3 signal. To control for non-specific labeling by 

secondary antibodies, some series were subjected to the same staining procedures except 

that the primary antibodies were excluded from the overnight incubation.

4.5 Verification of injection sites

Sections containing the mPFC and LGN of rats injected with FG were examined and 

photographed with a Leica DM RBE fluorescence microscope and QImaging Retiga EXi 

Camera (Model RGB-MS-C) to determine injection accuracy and the extent of tracer 

diffusion. mPFC injections were considered acceptable if they were contained within the 

prelimbic and infralimbic cortices with limited extension into dorsal peduncular cortex and 

anterior cingulate cortex. Injections contained within the dorsal lateral geniculate nucleus, 

intergeniculate leaflet, or ventral lateral geniculate nucleus were considered acceptable for 

LGN. If an injection was off-target or the tracer had diffused significantly beyond the 

borders described above, the corresponding DR sections from that animal were excluded 

from data collection and analysis. In one of the LGN cases, FG spread into the hippocampus 

just dorsal to the LGN, but because the serotonin projections to that region arise primarily 

from the median raphe nucleus, with only sparse contributions from DR (Muzerelle et al., 

2014; Vertes, 1991), this case was considered acceptable.

4.6 Cell counting

Counts were collected from an average of eight sections (240 µm apart) per series. 

Brainstem sections were viewed with a Leica DM RBE fluorescence microscope and 

photographed using a QImaging Retiga EXi digital camera. Sections were scanned at 40x 

magnification to identify FG-labeled neurons within the DR. At seven days post-injection, 

FG accumulation in the cytoplasm produces bright labeling that fills the cell body and 

extends into dendrites. Each FG-positive neuron was individually viewed at 63x 

magnification through selective fluorescence filters to determine its immunoreactivity. 

Labeled neurons were classified by their immunoreactivity and tallied to determine the total 

number of neurons expressing each possible combination of neurochemical markers in each 

series. Representative neurons were sequentially photographed through three fluorescence 

filters and QCapture Pro 6 software (QImaging, BC, Canada) was used to generate 

composite overlays of those images for each cell. The low magnification photomicrographs 

(Figures 2–4, A–C) were adjusted for brightness and contrast using the image editing 

software GIMP 2.8.
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While immunohistochemistry (IHC) is an excellent tool for examining the anatomical 

distribution and cellular co-localization of target proteins, other techniques such as ELISA 

and western blot are more sensitive measures of protein expression; therefore, the absence of 

staining within our study is not intended to definitively exclude the presence of the 

corresponding neurochemical marker.

4.7 Analysis of immunohistochemical data

The counts from six series of brainstem tissue (one series from each mPFC-injected animal) 

were tabulated and totaled for each combination of neurochemical markers (TPH/VGLUT3, 

5-HT/GAD67, and TPH/nNOS). The totals from each immunoreactivity category were then 

expressed as a percentage of the total number of labeled neurons. The same process was 

used to generate cell count tables for LGN-injected cases. To evaluate co-transmitter 

expression in serotonergic neurons, we identified the total number of double-positive 

neurons (cells that expressed the serotonin marker and also expressed VGLUT3 or GAD67 

or nNOS) and the total number of serotonergic neurons for each combination of transmitters 

and each target structure; those values were used to construct 2×2 contingency tables. For 

each contingency table, a chi-square test of independence was used to determine if 

transmitter co-localization was dependent on projection target. The significance level for the 

chi-square test was set at p = .05, and Yates’ continuity correction was applied.
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Abbreviations

DR dorsal raphe nucleus

LW lateral wings of the dorsal raphe nucleus

mPFC medial prefrontal cortex

LGN lateral geniculate nucleus

MLF medial longitudinal fasciculus

TPH tryptophan hydroxylase

VGLUT3 vesicular glutamate transporter 3

GAD67 glutamate decarboxylase 1

nNOS neuronal nitric oxide synthase
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Highlights

• Nearly all labeled 5-HT cells expressed VGLUT3 regardless of their efferent 

target

• Very few labeled 5-HT neurons expressed GAD67 and nearly all targeted the 

LGN

• nNOS was detected in a greater percentage of 5-HT cells projecting to mPFC 

vs. LGN
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Figure 1. Anatomical distribution of labeled neurons within the DR
A–B, representative photomicrographs of FG injections (blue) into the mPFC (A) or LGN 

(B). C-D, coronal sections through the brainstem showing representative distributions of 

FG-labeled neurons (white) that project to mPFC (C) or LGN (D). Serotoninergic neurons 

are shown in green. E-F, Coronal atlas images showing the borders and sub-divisions of the 

DR near its widest point (bregma −8 mm). Blue circles indicate the locations of FG-labeled 

neurons from C and D. Aq = cerebral aqueduct. DM = dorsomedial, VM = ventromedial, 

LW = lateral wing, MLF = medial longitudinal fasciculus. In 1C and 1D, FG fluorescence 

was pseudocolored to white for better visibility at small size; FG fluorescence was 
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pseudocolored to blue in all other images that contain FG signal. Stereotaxic atlas images 

adapted from Paxinos and Watson, 1997.
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Figure 2. TPH and VGLUT3 expression and co-localization in the DR
Each row represents photomicrographs containing the same field of view taken through 

different fluorescence filters. The columns represent photomicrographs taken through the 

same fluorescence filter; the filters are specific for the neurochemical marker listed above 

each column. The Merge column is a composite overlay of the preceding images from each 

row. A-C, Low power photomicrographs showing the expression of TPH (green) and 

VGLUT3 (red) in coronal sections of brainstem tissue at three different levels along the 

rostrocaudal extent of the DR. A1-3, rostral DR (7.0 mm caudal to bregma). B1-3, 

intermediate DR (7.8 mm caudal to bregma). C1-3, caudal DR (8.1 mm caudal to bregma). 
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D, High power photomicrographs showing the immunoreactivity of FG-labeled neurons 

within the DR. Arrowheads and roman numerals indicate representative neurons with 

different immunoreactive profiles. Neuron negative for both TPH and VGLUT3 (i), neuron 

positive for TPH and negative for VGLUT3 (ii), neuron positive for both TPH and VGLUT3 

(iii), neuron negative for TPH and positive for VGLUT3 (iv). Scale bar = 20 µm.
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Figure 3. 5-HT and GAD67 expression and co-localization in the DR
A–C, Low power photomicrographs showing the expression of 5-HT (green) and GAD67 

(red) in coronal sections of brainstem tissue at three different levels along the rostrocaudal 

extent of the DR. Labeling for rows and columns follow the same conventions as in Fig. 2. 

A1-3, rostral DR (7.1 mm caudal to bregma). B1-3, intermediate DR (7.6 mm caudal to 

bregma). C1-3, caudal DR (8.0 mm caudal to bregma). D, High power photomicrographs 

showing the immunoreactivity of FG-labeled neurons within the DR. Arrowheads and roman 

numerals indicate representative neurons with different immunoreactive profiles. Neuron 
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positive for 5-HT and negative for GAD67 (i), neuron negative for 5-HT and positive for 

GAD67 (ii), neuron positive for 5-HT and GAD67 (iii). Scale bar = 20 µm.
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Figure 4. TPH and nNOS expression and co-localization in the DR
A–, Low power photomicrographs showing the expression of TPH (green) and nNOS (red) 

in coronal sections of brainstem tissue at three different levels along the rostrocaudal extent 

of the Labeling for rows and columns follow the same conventions as in Fig. 2. DR. A1-3, 

rostral DR (7.1 mm caudal to bregma). B1-3, intermediate DR (7.6 mm caudal to bregma). 

C1-3, caudal DR (8.0 mm caudal to bregma). D, High power photomicrographs showing the 

immunoreactivity of FG-labeled neurons within the DR. Arrowheads and roman numerals 

indicate representative neurons with different immunoreactive profiles. Neuron positive for 
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TPH and negative for nNOS (i), neuron negative TPH and positive for nNOS (ii), neuron 

positive for TPH and nNOS (iii). Scale bar = 20 µm.
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Table 7

Summary of antibodies and staining combinations

Neurochemical marker Primary antibodies Secondary antibodies

TPH + VGLUT3 Mouse anti-TPH (1:500) Goat anti-mouse Alexa Fluor 488 (1:200)

Rabbit anti-VGLUT3 (1:200) Goat anti-rabbit Alexa Fluor 555 (1:500)

5-HT + GAD67 Rabbit anti-5-HT (1:2000) Goat anti-rabbit Alexa Fluor 555 (1:500)

Mouse anti-GAD67 (1:500) Goat anti-mouse Alexa Fluor 488 (1:200)

TPH + nNOS Mouse anti-TPH (1:500) Goat anti-mouse Alexa Fluor 488 (1:200)

Rabbit anti-nNOS (1:1000) Goat anti-rabbit Alexa Fluor 555 (1:250)
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