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Abstract
The dorsal raphe nucleus (DR) contains the majority of serotonin (5-hydroxytryptamine, 5-HT)
neurons in the brain that regulate neural activity in forebrain regions through their widespread
projections. DR function is linked to stress and emotional processing, and is implicated in the
pathophysiology of affective disorders. Glutamatergic drive of the DR arises from many different
brain areas with the capacity to inform the nucleus of sensory, autonomic, endocrine and
metabolic state as well as higher order neural state. Imbalance of glutamatergic neurotransmission
could contribute to maladaptive 5-HT neurotransmission and represents a potential target for
pharmacotherapy. Within the DR, glutamate-containing axon terminals can be identified by their
content of one of three types of vesicular glutamate transporter, VGLUT1, 2 or 3. Each of these
transporters is heavily expressed in particular brain areas such that their content within axons
correlates with the afferent's source. Cortical sources of innervation to the DR including the
medial prefrontal cortex heavily express VGLUT1 whereas subcortical sources primarily express
VGLUT2. Within the DR, many local neurons responsive to substance P contain VGLUT3, and
these provide a third source of excitatory drive to 5-HT cells. Moreover VGLUT3 is present, with
or without 5-HT, in output pathways from the DR. 5-HT and non-5-HT neurons receive and
integrate glutamatergic neurotransmission through multiple subtypes of glutamate receptors that
have different patterns of expression within the DR. Interestingly, excitatory drive provided by
glutamatergic neurotransmission is closely opposed by feedback inhibition mediated by 5-HT1A
receptors or local GABAergic circuits. Understanding the intricacies of these local networks and
their checks and balances, may help identify how potential imbalances could cause
psychopathology and illuminate strategies for therapeutic manipulation.
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1. Relevance of glutamate neurotransmission in the DR
Glutamate neurotransmission both in cortical areas and within the dorsal raphe nucleus (DR)
has been implicated in depressive illness in humans (Paul and Skolnick, 2003), and
represents a novel target for drug development and pharmacotherapy of affective disorders.
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Indeed, in humans and animal models, glutamate receptor antagonists have been reported to
be effective antidepressants (Trullas and Skolnick, 1990; Maj et al., 1992; Papp and Moryl,
1996; Yilmaz et al., 2002). In particular, the NMDA receptor antagonist ketamine has
garnered interest for its rapid antidepressant effects in treatment-resistant depressed patients
(Berman et al., 2000; Zarate et al., 2006; Krystal, 2007). Selective NR2B-subunit and
metabotropic glutamate receptor ligands are also currently of interest for therapeutic use
with fewer cognitive effects and less abuse potential than ketamine (Maeng et al., 2008;
Preskorn et al., 2008; Yasuhara and Chaki, 2010; Li et al., 2011).

The prefrontal cortex (PFC) is often referred to as a likely site of action of glutamatergic
ligands with respect to antidepressant activity. PFC volume is lost in depressed patients
(Drevets, 1998) and there is evidence for altered function of the PFC in rodent models of
depression (Rajkowska et al., 1999; Liu and Aghajanian, 2008). One target of glutamatergic
outflow from the PFC is the DR, and it is possible that glutamatergic innervation of the DR
may also be an important locus for the etiology and treatment of depression. Specifically
blocking NMDA-type glutamate receptors within the DR attenuates the development of
learned helplessness behaviors that may represent a depression-like state in rats (Grahn et
al., 2000). In addition, evidence specifically implicates the pathway from the PFC to the DR
as important for modulating the harmful effects of stress (Amat et al., 2005).

In addition to the PFC, there are many additional sources of glutamate neurotransmission
within the DR that likely have the capacity to control serotonin (5-Hydroxytriptamine, 5-
HT) function during normal and stressful conditions. Indeed, the magnitude of this
innervation can be visualized by localizing the postsynaptic density protein PSD-95, a
protein particularly enriched at glutamatergic synapses (Figure 1).

Tract-tracing studies have identified the medial PFC, several hypothalamic areas, the lateral
habenula, periaqueductal gray and medullary regions including parabrachial nuclei as
glutamatergic afferent sources to the DR (Kalén et al., 1985; Lee et al., 2003). These diverse
brain areas are associated with many functions, for example hypothalamic sites are linked to
endocrine and metabolic function, the lateral habenula to reward state, medullary areas to
autonomic function, visceral and somatic sensation, and the PFC with conscious perception
and decision making. The diversity of these afferent sources is consonant with the
observation that similarly diverse classes of stimuli have the capacity to influence mood and
motivated behavior associated with 5-HT function.

2. Populations of Glutamate Axons: VGLUT1 and VGLUT2
The identification of the transporters that fill synaptic vesicles with glutamate has provided
an excellent tool to identify glutamate-containing axon terminals in the brain and
specifically in the DR (Hisano et al., 2000; Fremeau et al., 2001; Herzog et al., 2001;
Takamori et al., 2001; Fremeau et al., 2002; Kaneko and Fujiyama, 2002; Kaneko et al.,
2002; Varoqui et al., 2002; Gras et al., 2002; Herzog et al., 2004; Commons, 2009). Three
different types of vesicular glutamate transporters (VGLUT1-3) are selectively, but not
exclusively, expressed in different anatomical areas (Fremeau et al., 2001; Herzog et al.,
2001; Kaneko et al., 2002; Ziegler et al., 2002; Fremeau et al., 2004). Thus, VGLUT types
have been used as markers to neurochemically identify different populations of glutamate
axons innervating to the DR (Figure 2). Cortical neurons mostly express VGLUT1 and
therefore axons arising from the medial PFC in the DR would preferentially contain
VGLUT1. A complementary distribution of VGLUT2-containing neurons to those cells
expressing VGLUT1 has been described. Hypothalamic regions, the lateral habenula, as
well as adjacent areas to the DR such as the periaqueductal gray and parabrachial nucleus all
heavily express VGLUT2 and are afferent sources to the DR (Hisano et al., 2000; Fremeau
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et al., 2001; Herzog et al., 2001; Kaneko and Fujiyama, 2002; Kaneko et al., 2002; Varoqui
et al., 2002). Thus glutamate neurons sending projections from these areas would primarily
express VGLUT2.

3. VGLUT1 and VGLUT2 in Emotional Processing
Consistent with the cortical expression of VGLUT1 and its likely presence in projections
from the PFC to the DR (Figure 3), some evidence implicates this transporter specifically in
emotional behavior. Attenuated expression of VGLUT1 in a heterozygous knockout mouse
increases anxiety-related behavior and vulnerability to depressive-like behavior (Tordera et
al., 2007; Garcia-Garcia et al., 2009). In addition, a course of treatment with antidepressants
increases VGLUT1 expression levels (Tordera et al., 2005) suggesting a change in the
activity state of these neurons.

Evidence also suggests the importance of VGLUT2-containing pathways in regulating the
DR in pathophysiological states. Glutamate axons originating in the lateral habenula likely
express VGLUT2 (Hisano et al., 2000; Varoqui et al., 2002) and influence the activity of DR
networks (Kalén et al., 1989; Varga et al., 2003). Altered activity of the lateral habenula has
been associated with depression and drug addiction (Sartorius and Henn, 2007; Hikosaka,
2010). A recent study using different rat models of depression has shown that lesioning the
habenula alleviates depression-like symptoms and normalizes the extracellular levels of 5-
HT as well as its turnover in the DR (Yang et al., 2008). Previously, the habenula-DR
pathway had been implicated in mediating the effects of drugs of abuse on 5-HT neurons
(Paris and Cunningham, 1994). In addition, VGLUT2 coexists to some extent with the
neuropeptide corticotropin releasing factor (CRF) in the DR, and CRF neurotransmission
has been of intense interest for its role in regulating DR activity during stress, which is a
contributing factor to many psychopathological states (Waselus and Van Bockstaele, 2007).

Immunofluorescence labeling has shown a widespread and punctate distribution of
VGLUT1- and VGLUT2-containing axon terminals within the DR, however VGLUT2-
positive terminals appeared to be more abundant than those containing VGLUT1 (Commons
et al., 2005). In addition, ultrastructural analysis revealed that both types of axonal boutons
preferentially establish Gray's type 1 or asymmetric synaptic contacts either with tryptophan
hydroxylase (TPH)- or non-TPH-labeled cells (Commons et al., 2005). Interestingly,
postsynaptic targets of VGLUT1- and VGLUT2-containing axonal boutons differ in
morphology. Specifically, VGLUT1-labeled terminals predominantly synapse onto small-
caliber dendrites (< 0.5 μm diameter), and therefore at locations distal from the soma, or
even onto dendritic spines. In contrast VGLUT2-containing axons preferentially synapse
onto larger caliber dendritic shafts (> 0.5 μm diameter) proximal to the cell soma (Commons
et al., 2005) (Figure 4). Thus, the two sets of afferent inputs could have different influence
on action potential generation in the postsynaptic cell. That is, in the simple scenario of
passive decay of postsynaptic potentials as they summate near the soma, more distal inputs
provided by VGLUT1-containing axons may have a more modulatory role, while proximal
inputs containing VGLUT2 may have a direct influence on neuronal excitability.

For technical reasons, dendritic spines are difficult to study in the DR; however, 5-HT
neurons are known to have dendritic spines, sparsely on their primary and the secondary
dendrites but with progressively high density on higher order dendrites (Li et al., 2001).
Dendritic spines are of particular interest for their association with synaptic plasticity. The
more common association of VGLUT1 than VGLUT2 with dendritic spines would raise the
possibility that there could be differences in the mechanisms of plasticity at each of these
types of synapses (Commons et al., 2005). Overall, the anatomical arrangement of
VGLUT1- and VGLUT2-containing axons in the DR parallels the potentially modulatory
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influence of cortical function, whereas information regarding physical state conveyed
through subcortical routes may have a more exigent influence on 5-HT neurotransmission.

4. VGLUT3-containing cell bodies and axons
In addition to VGLUT1 and VGLUT2, the DR is heavily invested with axons containing
VGLUT3 and many of these likely arise from local VGLUT3 expressing neurons. When
VGLUT3 was cloned, it was quickly determined to be expressed in many regions that were
not thought to use glutamate as a neurotransmitter including the DR. Many years previously,
Ottersen and Storm-Mathisen (1984) developed antisera to glutamate and described its
distribution throughout the brain using immunohistochemistry. They discovered
intermediate levels of glutamate-immunolabeling in the DR as well as other unexpected
locations, and suspected that this immunolabeling perhaps represented a metabolic pool of
glutamate. Similar to Ottersen and Storm-Mathisen, the surprising observation of VGLUT3
expression in areas such as the DR led to the suspicion of a false positive finding: did these
cells with VGLUT3 actually use glutamate as a neurotransmitter?

Accumulating evidence now exists that VGLUT3 is sufficient to confer glutamate
neurotransmission (Gillespie et al., 2005; Seal et al., 2008; Varga et al., 2009). Within the
DR, the emerging picture is that there are different populations of VGLUT3 neurons. The
first population of VGLUT3-containing cells also contains 5-HT (“VGLUT3-5-HT cells”).
Evidence suggests that these cells may have the capacity to co-release 5-HT and glutamate,
but a complete understanding of the co-transmitter role of this population is still emerging.
Only about a third of neurons in the DR contain 5-HT however (Descarries et al., 1982), and
some of neurons that lack 5-HT contain VGLUT3, comprising a separate population of
neurons (“VGLUT3-glutamate cells”). These neurons have both local axon collaterals and
forebrain projections and in both these terminal fields evidence suggests they release the
neurotransmitter glutamate.

4.1. VGLUT3-5-HT containing neurons
While evidence supports the co-neurotransmission of glutamate with other neurotransmitter
systems such as dopamine (Hnasko et al., 2010; Stuber et al., 2010; Tecuapetla et al., 2010)
or GABA (Zander et al., 2010), the extent and importance of the 5-HT co-transmission with
glutamate conferred by VGLUT3 remain to be resolved. One factor that has confused the
issue of co-neurotransmission of 5-HT and glutamate via VGLUT3 is the discrepancy
between colocalization of VGLUT3 and 5-HT in axons terminals versus cell bodies (Figure
5). Several studies have carefully investigated using either in situ hybridization or
immunohistochemical techniques the co-distribution of VGLUT3 within 5-HT cell soma,
and it is substantial (Gras et al., 2002; Hioki et al., 2004; Mintz and Scott, 2006; Shutoh et
al., 2008; Hioki et al., 2010). Perhaps every 5-HT cell in the DR expresses some level of
VGLUT3 mRNA and protein. This observation however does not match with the observed
colocalization between VGLUT3 and 5-HT in axon terminals. Colocalization in axons is
overall modest, substantially less than rates of colocalization in cell bodies, and it varies
depending on the brain area examined. Therefore with respect to 5-HT neurons, only a
minority contain VGLUT3 within their axons while the majority do not. These appear as
binary categories, but they could also be two extremes on a gradient of axon terminal
content.

The caudal component of the DR, including the B6 group of 5-HT cells, particularly
distinguishes itself as an area containing many VGLUT3-5-HT neurons. In the caudal DR, a
group of cells at the base of the aqueduct provide innervation to the epithelial lining of the
ventricles, interdigitating between both microvilli and ciliary protrusions in the
supraependimal plexus. Almost every varicosity within the supraependimal plexus contains
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both markers for 5-HT and VGLUT3 (Shutoh et al., 2008; Commons, 2009). Axons
innervating the dorsal part of the lateral septum also have high levels of colocalization and
these axons probably also arise from neurons located in the caudal part of the DR (Waselus
et al., 2006). In contrast, in the adult rat, only a small fraction of other 5-HT axons contain
VGLUT3 in the cortex, hippocampus, amygdala, medial septum, caudate putamen and
nucleus accumbens (Boulland et al., 2004; Shutoh et al., 2008). Within the DR, there is a
high level of co-existence between VGLUT3 and 5-HT only in the re-current axon
collaterals within the caudal DR, while in the other areas of the DR, VGLUT3-containing
axons do not colocalize with any other neurotransmitter marker (Commons, 2009).

With respect to axon terminals however, perhaps the most direct evidence that 5-HT and
glutamate are co-released and indeed populate the same vesicles comes from evidence
suggesting that glutamate transport by VGLUT3 into vesicles facilitates the concurrent
filling with 5-HT (Amilhon et al., 2010). In addition, recently an elegant study using
optogenetic techniques clearly demonstrated the fast glutamatergic component of the raphe-
hippocampal pathway (Varga et al., 2009). However, a second factor has confused the issue
of co-neurotransmission between 5-HT and glutamate, and that is the presence of many
VGLUT3-containing cells that lack 5-HT in the DR, and the observation that these
VGLUT3 cells contribute to ascending DR projections (Jackson et al., 2009; Yamakawa and
Antle, 2010; Hioki et al., 2010).

4.2. VGLUT3-glutamate Cells
VGLUT3-glutamate cells in the DR are located essentially in the center of the DR,
particularly in the shell of the dorsal DR and extending into the area between the dorsal and
ventral clusters of 5-HT cells at mid-rostrocaudal levels of the DR (Gras et al., 2002;
Commons, 2009; Hioki et al., 2010) (Figure 6). Recently, we showed that the majority of
VGLUT3 cells, at least 70%, also contain the receptor for substance P, neurokinin 1 (NK1),
which has a similar distribution through the DR (Barbaresi, 1998; Commons and Valentino,
2002; Commons, 2009). Substantial colocalization of NK1 receptors and VGLUT3 is
important because previously it had been established NK1 receptor bearing neurons in the
DR are functionally glutamatergic (Liu et al., 2002; Valentino et al., 2003). NK1 receptors
are dendritically localized to cells resident to the DR that contain immunolabeling for
glutamate (Commons and Valentino, 2002). Crucially, activation of NK1 receptors by
substance P increases glutamatergic postsynaptic potentials onto 5-HT neurons (Liu et al.,
2002). These two observations, that substance P activates glutamate neurotransmission and
VGLUT3 cells contain the receptor for substance P, identified these VGLUT3 cells as
neurons using glutamate as a neurotransmitter within the DR.

Additional information is known about how NK1 receptor bearing neurons, now identified
as VGLUT3-glutamate cells, may participate in DR networks. That is, VGLUT3 cells
directly innervate 5-HT cells and drive 5-HT release leading to subsequent activation of 5-
HT1A receptors (Figure 7A). Using in vivo extracellular single-unit recordings, where local
neural networks remain intact, we found that activation of NK1 drives a broad
(multisynaptic) inhibition of 5-HT neurons via 5-HT1A receptors (Valentino et al., 2003).
As a consequence, substance P released in the DR leads to decreases in 5-HT release in the
forebrain (Guiard et al., 2007). These effects are blocked by glutamate receptor antagonists
in the DR, providing another line of evidence that NK1/VGLUT3 cells use glutamate as a
neurotransmitter. Speculatively, these data could suggest that an acute function of VGLUT3-
glutamate cells is as a trigger or amplifier of 5-HT feedback inhibition. However,
constitutive function of NK1/VGLUT3 cells seems to be important to maintain 5-HT1A-
receptor sensitivity. Indeed, knockout mice lacking either functional NK1 receptors or
functional VGLUT3 have a common phenotype of desensitized 5-HT1A receptors in the DR
(Froger et al., 2001; Amilhon et al., 2010).
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This network relationship of NK1 receptor to VGLUT3- and 5-HT-containing neurons
explains many experimental observations in the middle and rostral levels of the DR.
Evidence suggests a twist in the interactions between these components in the caudal DR.
As mentioned, the caudal DR appears to have a higher proportion neurons containing both
VGLUT3 and 5-HT in their axons. Moreover, NK1 receptors have been reported on 5-HT
neurons themselves in the caudal DR (Lacoste et al., 2006; Lacoste et al., 2009). These
rostro-caudal distinctions in the DR provide intriguing evidence for functional differences
that remain to be fully understood.

Recent evidence suggests that not only do VGLUT3-glutamate cells participate in local
circuits, but they also contribute to ascending projections. The contribution of non-5-HT
neurotransmitters to the output of the DR has long been known. In almost every retrograde
tract-tracing study, projecting neurons from the DR often lack dual immunolabeling for 5-
HT. Furthermore, there is a population of projections identified with anterograde tract-
tracing that lack 5-HT immunolabeling (Aznar et al. 2004) and remain after 5,7-
dihydroxytryptamine lesion of 5-HT neurons (Halberstadt and Balaban, 2008). Many
VGLUT3-glutamate cells in the DR, as well as the median raphe (MR), contribute to these
non-5-HT ascending projections (Jackson et al., 2009; Yamakawa and Antle, 2010; Hioki et
al., 2010). Therefore, parallel efferent projection pathways arise from midbrain raphe nuclei:
one arises from 5-HT neurons (with or without VGLUT3) and another from VGLUT3-
glutamatergic cells.

One target of VGLUT3-glutamate cells of the DR, and more predominantly VGLUT3 cells
in the MR, is the hippocampal formation (Jackson et al., 2009). Indeed, as mentioned
previously, physiological evidence also supported the glutamate nature of ascending
projections to the hippocampus (Varga et al., 2009). This glutamatergic innervation from the
raphe nuclei may be mediated by VGLUT3-glutamate projections and/or VGLUT3-5-HT
projections.

Additional areas receiving innervation from raphe VGLUT3-glutamate cells include several
nuclei within the hypothalamus, the ventral tegmental area, the substantial nigra pars
compacta, and the pre-optic area (Hioki et al., 2010). Since VGLUT3-glutamate cells project
to several forebrain targets, and concurrently are associated with activation of 5-HT1A
receptors, this raises the interesting possibility that glutamate and at least a certain
population of 5-HT afferents have reciprocal activation states. When NK1-receptor bearing
VGLUT3-glutamate cells are active, that is associated with an inhibition of 5-HT cells. One
would predict that while glutamate is released in several forebrain areas by VGLUT3-
containing ascending projections, 5-HT release would be dampened (Figure 7B).

5. Postsynaptic Response to Glutamate in DR 5-HT and non-5-HT cells
Glutamatergic afferent drive of the DR is closely linked to feedback inhibitory mechanisms,
often involving interactions between 5-HT neurons mediated by 5-HT1A receptors. In
addition the glutamatergic activation of local GABA neurotransmission may be important in
regulating the activity of the DR. Afferents from the PFC directly innervate both 5-HT and
GABAergic neurons such that activation of glutamatergic afferents from the PFC is often
associated with an inhibition of 5-HT neurons (Jankowski and Sesack, 2004; Celada et al.,
2001). Moreover, some evidence suggests that 5-HT vs. non-5-HT cells may be selectively
innervated by different populations of glutamatergic axons or these axons may be under
separate control mechanisms. Specifically, glutamatergic innervation of DR 5-HT cells
appears differentially affected by stress exposure in comparison to non-5-HT cells (Kirby et
al., 2007).
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Several studies have examined postsynaptic responses to glutamate and have reported
neurotransmission at both NMDA and AMPA/Kainate receptors (Pan and Williams, 1989;
Pallotta et al., 1998; Celada et al., 2001; Gartside et al., 2007) as well as metabotropic
receptors (Kawashima et al., 2005). In order to further identify the specific glutamate
receptor subtypes and subunits that may mediate signaling in the DR, we surveyed their
expression patterns within the DR using the Allen Brain Institute's Mouse Atlas (Figures 8
and 9; Lein et al., 2007). A subjective estimate of expression level was scored, as was the
pattern of expression in comparison to that of tryptophan hydroxylase 2 (TPH2), used as a
marker for 5-HT cells, and GAD2 (GAD65), a marker for GABAergic neurons. That is, we
evaluated if genes appeared selectively enriched or reduced in midline areas where 5-HT
cells would lie. Reduced expression along the midline would suggest expression in non-TPH
cells resident to the DR. This analysis revealed that AMPA receptor subunits 1-4 are well
represented in the DR, with Gria2 likely present and Gria4 appearing selectively enriched in
the location of 5-HT cells. Kainate receptor subunits are less widely available but two of
them have no expression, Grik2 and Grik5, and these appear particularly enriched in the area
of 5-HT cells. Some of the metabotropic receptors (mGluR) are represented in the DR, in
particular mGluR1, 4 and 5. However, only mGluR8, which has very low level of
expression, appears selectively enriched in the area of 5-HT cells. Overall, these
observations would suggest that perhaps 5-HT and non-5HT neurons in the DR use different
repertoires of glutamate receptor signaling complexes to receive and integrate synaptic
information, echoing the likelihood of unique characteristics of glutamatergic drive of 5-HT
vs. non-5-HT cells within the DR (Kirby et al., 2007).

6. Conclusions
Glutamatergic innervation of DR arises from cortical, subcortical and local sources and
these correlate with axons containing VGLUT1, VGLUT2 and VGLUT3 respectively.
Appropriate development and functioning of these axon populations is likely important for
regulating 5-HT release across the forebrain. Future work should lead to a greater
understanding the potential role of each of these populations in psychopathology associated
with 5-HT dysfunction.
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Highlight

• Glutamatergic neurotransmission in the dorsal raphe nucleus (DR) regulates the
serotonin (5-Hydroxytryptamine, 5-HT) neurotransmission, both are linked to
pathophysiology of affective disorders.

• Glutamate-axons arising from different brain areas heavily express one of three
types of vesicular glutamate transporter: VGLUT1, VGLUT2 or VGLUT3.

• We discuss how these glutamate excitatory inputs may regulate DR circuits and
their implications in emotional processing.
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Figure 1. PSD-95 immunolabeling within the mouse DR visualized by array tomography
A. 3D image of the DR rendered from a stack of 28 ultrathin (70nm) serial sections showing
immunolabeling for PSD-95 (red), a marker of excitatory synapses, and tryptophan
hydroxylase (TPH) (green), to identify serotonin cells. Tissue sections were immunolabeled
with rabbit anti-PSD-95, (1:200, Cell Signaling Technologies) and sheep anti-TPH, (1:200,
Millipore). B. Arrowheads in A point to same elements in B at higher magnification,
showing the exquisitely discrete labeling of the synaptic marker with total absence of out of
focus light achieved in array tomography. Scale bars = 50 um in A, and 20 um in B.
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Figure 2. Schematic illustration of major glutamatergic afferents to the DR
Black arrows indicate brain regions that provide glutamatergic innervation to the DR
including the prefrontal cortex (PFC), lateral habenula (Hb) multiple subregions of the
hypothalamus (Hyp), the parabrachial nucleus (PB) and areas in the caudal medulla (CM).
As a rule, VGLUT1 (light blue) or VGLUT2 (orange) are predominant in cortical and
subcortical domains respectively. There are however exceptions to this rule, depicted as
polka-dotted colors (Kaneko et al., 2002; Ziegler et al., 2002).
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Figure 3. Cortical afferents to the DR
A subset of the axons that originate in the cortex were identified by the presence of EGFP
using piGAP cre-dependent reporter (Badaloni et al., 2007) and Emx1-cre expressing mice
(Gorski et al., 2002). EGFP (green) was detected by immunolabeling for GFP (chicken anti-
GFP, 1:1000, Aves Labs) and VGLUT1 (red) was detected using guinea pig anti-VGLUT1
(1:1000, Millipore). VGLUT1 is present in the axon varicosities and a few of the double-
labeled boutons are indicated with arrowheads. EGFP is only expressed in some cortical
neurons (due to mosaic expression of the piGAP reporter) and therefore many VGLUT1
axons (red) lack EGFP. A few VGLUT1-containing EGFP-labeled axons are in proximity to
5-HT cells (arrows). 5-HT cells were identified by immunolabeling for tryptophan
hydroxylase 2 (blue; rabbit 1:1000, Novus Biologicals). Scale bar = 12 um.

Soiza-Reilly and Commons Page 16

J Chem Neuroanat. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Schematic view of the most likely location of VGLUT1 and VGLUT2 axons in the DR,
with respect to their postsynaptic targets
VGLUT1-containing afferents are more often associated with distal dendrites and spines,
whereas VGLUT2 afferents target proximal dendritic shafts and cell bodies. Thus, the two
sets of afferent inputs could have different influence on action potential (AP) generation in
the postsynaptic cell.
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Figure 5. There is a dissociation between colocalization of VGLUT3 and 5-HT in cell bodies vs.
axons
Many 5-HT cell bodies have some detectable VGLUT3-immunolabeling (orange), whereas
the majority of 5-HT axons in the forebrain lack detectable VGLUT3-immunolabeling
(white). Axons containing both VGLUT3 and 5-HT (orange boutons) vary in abundance by
brain region. Several areas richly invested with axons containing both VGLUT3 and 5-HT
are projection sites of the caudal DR. In addition, there are many VGLUT3 containing cells
in the DR that lack 5-HT (pink). These “VGLUT3-glutamate cells” also contribute to
ascending projections from the DR (pink). Thus, axons arising from the DR contain 5-HT,
VGLUT3, or a combination of both together.
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Figure 6. Mapping of VGLUT3-glutamate cells (black dots) in the rat DR from the caudal (A) to
rostral (D) pole of the DR
Distances from bregma according to the atlas of Paxinos and Watson (1998) are noted.
Figure adapted from (Commons, 2009) reprinted with permission. For each section, a black
dot indicates a cell body with immunolabeling for VGLUT3 but not 5-HT; a “VGLUT3-
glutamate cell”. Grey dots indicate the location of 5-HT immunolabeled cells (most of
which also contain detectable VGLUT3-immunolabeling as depicted in Figure 5).
VGLUT3-glutamate cells are located in the center of the nucleus, with a preferential
distribution toward the midline as well as mid-dorsoventral locations. Scale bar = 500 um.
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Figure 7. Schematic representation of network interactions of VGLUT3-glutamate cells and 5-
HT neurons
see text for references. A. Substance P (SP) acting at its receptor, neurokinin 1 (NK1) has
the capacity to activate VGLUT3-glutamate neurons (pink). These neurons in turn release
glutamate onto some 5-HT neurons (yellow), driving their activation and 5-HT release. This
subsequently triggers inhibition of other serotonin neurons via 5-HT1A receptors. This
scheme explains experimental observations in the rostral and middle portion of the DR,
different relationships may exist in the caudal DR. B. VGLUT3-glutamate neurons also
contribute to output projections of the DR, raising the possibility of reciprocal activation
states between different output pathways.
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Figure 8. Images of glutamate-receptor gene expression in the mouse DR from the Allen Mouse
Brain Atlas, Allen Institute for Brain Science, Seattle WA. ©2009. Available from:
http://mouse.brain-map.org
Gene expression of ionotropic and metabotropic glutamate receptors in the DR were
surveyed and compared to the distribution 5-HT and GABAergic neurons (data summarized
in Figure 9). A. Identifying the location of 5-HT cells, TPH2 (tryptophan hydroxylase 2)
expression is intense along the midline (arrows). B-E. Glutamate receptors genes that have
more expression on the midline than laterally, similar to the pattern of TPH2 expression. F.
GAD2 (glutamate decarboxylase-2 or GAD65) expression reveals the distribution of
GABAergic neurons in the DR. Cells on the midline (arrow) have lower expression levels
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than clusters of cells laterally (arrowheads). G-J. Glutamate receptor subunits that, similar to
GAD2, show lower expression on the midline (arrows), and higher expression laterally
(arrowheads). All panels same scale, bar in A = 400 microns.
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Figure 9. Summary of the expression pattern and level of glutamate receptor subunits in the DR
as evaluated with the Allen Mouse Brain Atlas, Allen Institute for Brain Science, Seattle WA.
©2009. Available from: http://mouse.brain-map.org (example images depicted in Figure 8)
A dash represents no detectable expression, while circles in increasing sizes proportional to
relative abundance when present. The “5-HT Pattern” indicates if the gene was scored as
enriched (check mark) or reduced (cross mark) in the regions where 5-HT cells are located.
Equivalent expression in 5-HT cell pattern and neighboring areas are unmarked.
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