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Abstract

Serotonin neurons in the dorsal and median raphe nuclei (DR and MR) are clustered into
heterogeneous groups that give rise to topographically organized forebrain projections. However, a
compelling definition of the key subgroups of serotonin neurons within these areas has remained
elusive. In order to be functionally distinct, neurons must participate in distinct networks.
Therefore we analyzed subregions of the DR and MR by their afferent input. Clustering methods
and principal component analysis were applied to anterograde tract-tracing experiments in mouse
available from the Allen Mouse Brain Connectivity Atlas. The results revealed a major break in
the networks of the DR such that the caudal third of the DR was more similar in afferent
innervation to the MR than it was to the rostral two thirds of the DR. The rostral part of the DR is
associated with networks controlling motor and motivated behavior, while the caudal DR is more
closely aligned with regions that regulate rhythmic hippocampal activity. Thus a major source of
heterogeneity within the DR is inclusion of the caudal component, which may be more accurately
viewed as a dorsal extension of the MR.
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Introduction

The majority of serotonin neurons that innervate the forebrain reside in the dorsal and
median raphe nuclei (DR, MR). The DR in particular is a heterogeneous structure and in
rodents can be divided into as many as nine subregions [reviewed by (Hale and Lowry,
2011)]. While these regions are primarily defined by cytoarchitecture, different groups of
serotonin neurons also have topographically organized forebrain projections [reviewed by
(Vasudeva etal., 2011; Waselus et al., 2011)]. As a consequence of this organization,

serotonin release in the forebrain can be spatially controlled. Indeed, in different behavioral
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states there are region-dependent changes in extracellular serotonin and this can correlate
with origin within different sets of serotonin neurons (Waselus etal., 2011y

The fact that subsets of serotonin neurons control serotonin release in selective forebrain
locations raises the likelihood that these neurons have different functions in modifying
behavior. The concept of functional diversity of serotonin neurons is attractive because it
provides a potential explanation for how a single neurotransmitter, serotonin, is associated
with multiple psychopathologies. That is, impaired function of one group of serotonin
neurons may give rise to depression while impairment of another could generate obsessive-
compulsive disorder, etc. Yet the identity of meaningful groups of serotonin neurons remains
poorly defined.

More specifically, many subregions of the MR and DR have been identified but it is not clear
that each of these subregions is equally unique and unrelated to all other subregions.
Furthermore, the definition of subregions is most commonly based on cytoarchitecture,
which may have an indirect and complicated relationship to function. In contrast, network
connectivity is a major determinant of function(SPOS, 2011y ‘Therefore, in this study an
informatics approach was applied to systematically examine the organization of subregions
within the DR and MR by identifying areas that received similar sets of afferent innervation.
Patterns of afferent innervation were analyzed using a publically available database of
anterograde-tract tracing experiments (Oh etal, 2014). This approach would reveal not only
what regions differed from others, but also importantly, the extent to which they differed.

The analysis was designed to compare different subregions of the DR and MR by virtue of
afferent innervation, and to identify subregions that were similar in the afferents they
received. To do this, the afferent termination pattern arising from many different brain
regions was studied using anterograde tract-tracing experiments available from the Allen
Mouse Brain Connectively Atlas (Website: ©2014 Allen Institute for Brain Science. Allen
Mouse Brain Connectivity Atlas [Internet]. Available from: http://connectivity.brain-
map.org/; RRID:nlx_146253) (Oh etal., 2014y This was an informatics analysis that did not
involve additional mice or protocol approval at Boston Children’s Hospital.

To identify anterograde tract-tracing cases that resulted in innervation of the MR or DR, the
Mouse Brain Connectivity Atlas was searched either using the DR or MR as the target
structure, or using a spatial search using the same areas. Cases were selected from among
these to represent transport from as many distinct origins as possible. When injection cases
in neighboring regions were selected, pairs of cases with the best transport and minimal
overlap with each other were selected. Overlap was evaluated by visualizing the serial
section images of the injection site available for each candidate case side by side. In
addition, the pattern of afferent termination in the DR and MR examined for similarities and
differences. Replicates, or multiple injections in the same target, would not necessarily
strengthen the analysis, therefore when replicates were available, a single representative case
was selected that had the best transport to the DR/MR.
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For example, injection sites primarily located in the orbital, prelimbic, agranular insular and
anterior cingulate cortices often impinged upon one another as secondary targets (Table 1,
Fig. 1). However examination of the injection sites on serial sections revealed that the
individual injections covered largely distinct locations. In addition, the overall patterns of
afferent innervation at the level of middle and caudal DR appeared distinct (Fig. 1A4-D5),
suggesting they arose from different sources. In some cases projections from neighboring
injection sites appeared similar, such as in the case of the substantia nigra and ventral
tegmental area, but both these areas are known to provide afferents to the DR (Vertes and
Linley, 2008y an the injection sites did not appear to overlap, therefore both of these
injection sites were included. That is, every case that had an injection site placed in a unique
location or exhibited a projection pattern distinct from those arising from nearby injections
sites was included.

Cases were identified in almost all the known major sources of afferents to the MR and DR,
however injection sites in some areas that innervate the DR or MR were not available within
the database. For example, no cases with suitable transport originating the parabraichial
nucleus or locus coeruleus were identified. Cases where the injection site impinged on 10%
or more of the area defined as the MR or DR were excluded because the injection site itself
would be confounded with the projection pattern. This occurred with injections in the
periaqueductal gray. Overall, a dataset of twenty-one cases targeting the cortex, basal
forebrain, hypothalamus, thalamus and medulla was assembled (Table 1, Figure 2). Figure 2
shows schematic views of the location of the injection sites generated with the Allen
Institute’s “Brain Explorer 2” software (RRID:nif-0000-00362) and illustrates that the 21
cases originated in distinct regions that spanned the neuroaxis.

Table 1 lists the 21 injection cases selected for analysis, plus two cases targeting the DR and
MR that were used for analysis of common targets. Available in Table 1 are the primary and
secondary structures impacted by the injection site identified by the manual annotation
process at the Allen Institute. The percent of the injection site that distributed to each
secondary target is also noted, if that number was available under the ‘quantified injection
summary’, which is generated through the informatics pipeline at the Allen Institute.
Comparator cases (listed as ‘similar’ or “‘different’) as well as the interpreted probable
source or sources of the projection are also given in Table 1. The probable source was
determined by considering the known afferent sources to the MR or DR as established in the
rat (Peyron etal., 1998; Vertes and Linley, 2008) and mouse (Ogawa etal., 2014; Pollak
Dorocic et al., 2014. Weissbourd et al., 2014y ‘i, conjunction with evaluation of the original
images of the injections sites in the selected and comparator cases, as well as their pattern of
termination within the MR and DR. In most cases the probably source corresponded to the
target structure with exception of the olfactory tubercle and paraventricular nucleus of the
thalamus. These areas themselves are minor afferents to the MR and DR while neighboring
substantia innominata and lateral habenula, also encompassed by those injection sites, are
major afferents. In several cases, participation of secondary structures could not be ruled out,
which should be kept in mind while considering the functional role of the networks.

About half of the selected cases utilized recombinant adeno-associated virus (rAAV) tracer
expressing enhanced GFP (EGFP) under control of a human synapsin 1 promoter in
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C57BL/6J mice. The remainder used a similar virus where expression of EGFP was Cre-
dependent in combination with a transgenic mouse expressing Cre in a subset of neurons
(Table 1). Characterization of the viral methods suggests the rAAV-tract tracing performs
similarly to biotinylated dextran amine (BDA) and is highly reproducible and afferent

trajectory from pairs of similar injections have very high correlations (r = 0.90) ((Wang et
al., 2014) Ohetal.,, 2014).

To analyze the pattern of afferent innervation to the DR and MR that arose from these
twenty-one different cases, a template spanning the rostrocaudal extent of the DR was
created using of six images of in situ hybridizations for mRNA encoding tryptophan
hydroxylase-2, the rate-limiting enzyme for serotonin synthesis, taken from the Allen Mouse
Brain Atlas (Fig. 3A) (Website: ©2014 Allen Institute for Brain Science. Allen Mouse Brain
Atlas [Internet]. Available from: http://mouse.brain-map.org/; RRID:nlx_146253) (L€in et
al., 2007). These images also included areas of the median raphe nucleus (MR) and the
caudal linear nucleus (CLI). From each tract-tracing case, six image planes were selected to
match the serotonin template. Typically this included every-other available image of the
projection case (Fig. 3B). Using transparent layers in Adobe Photoshop, images of the
projection case were aligned to the serotonin template. As fiduciaries, the base of the
aqueduct and the interfasicular region were used. After alignment, the images were pseudo-
colored and merged to check the accuracy of the alignment using NIH Image J software
(available at http://fiji.sc/Fiji; RRID:nif-0000-30467) (Fig. 3C).

Using the serotonin-neuron template, 30 regions of interest (ROI) were identified that either
included a cluster of serotonin neurons in the DR, MR, CLI or areas lateral to these areas
(Fig. 3D). For lateral areas, ROIs were placed on the side where the innervation was
heaviest, if there was asymmetry in the innervation. The ROIs were selected with a bounding
rectangle of the same size (sampling the same unit area) from each ROI. The size of the
bounding rectangle was selected to be forgiving of minor displacements caused by variance
in image alignment.

Using NIH Image J software, a manually set threshold was applied to the images of each
projection case (Fig. 3E). The threshold was selected to include projection fibers but exclude
random noise or non-specific signal. Using a macro, ROIs defined using the template were
transferred to each projection case in turn and, using ‘measure-analyze particles’, the
number of supra-threshold pixels was measured within each ROI (Fig. 3F). To focus on the
distribution pattern of fibers rather then the overall magnitude of each projection, the
number of pixels within each ROl was normalized to the total number of sampled pixels
within all 30 ROIs for each case. Thus the strength of individual projection was not a factor
rather the relative distribution of the projection within the sampled areas was analyzed.

The relative density of projections in each ROI for each projection yielded a data matrix of
21x30 values (21 projection cases by 30 ROIs). This matrix was subjected to unsupervised
hierarchical clustering using Ward’s method. When clustering similar ROls, the data were
standardized by z-score by ROI. In Matlab, Ward’s method uses Euclidean distance as the
multidimensional distance metric. As hierarchical clustering is bottom-up process, we then
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used K-means clustering, a top down or agglomerative process to confirm the groupings.
Silhouette analysis of the resultant groups was used to evaluate the quality of the clustering.

In addition, the data matrix was subjected to principal component analysis. The projection
sites with significant correlation to each principal component were determined. Clustering,
Silhouette analysis, principal component analysis, Scree plot and correlations were done
using Matlab.

Subsequently we asked which projection cases produced similar patterns of afferent
innervation. To do this, we transposed the data matrix and did hierarchical and
agglomerative sorting again. We also determined, by direct examination of the data matrix,
the ROI that received the highest percent of innervation for each projection case.

For the two major groups of projection cases that were identified, we then sought to
determine if there were any areas that were commonly targeted by members of those groups,
i.e. ‘small-world’ partners. For example, the medial septum and supramammillary nucleus
innervate the median raphe. These three areas are known to have a common target: the
hippocampus. In order to identify common targets, the ‘projection summary details’ were
downloaded from the Allen Mouse Brain Connectivity Atlas. For each individual projection
case, these data describe the magnitude of innervation found in all other brain regions, i.e.
volume of segmented pixels within all target regions. These data and the results depicted in
Figure 8 depend on informatics processing at the Allen Institute including alignment to a 3D
reference atlas (Oh etal, 2014). The accuracy of this alignment process has been
quantitatively examined (Oh etal, 2014), however the results were also checked by
visualizing the original images. For analysis of the quantitative results reported by the Allen
Institute, the magnitude of innervation was converted to percentages by normalizing by the
overall size of the projection within ‘grey’ matter. The target regions were sorted from
highest to lowest, by the average percent of the projection they received from all the grouped
cases. The premise was that target regions that receive the highest amount of projections
could be potentially relevant network partners. For this analysis, two additional projection
cases were included, one that included the rostral part of the DR, and another that was
centered in the MR (Table). The top three projection targets were graphically represented in
Fig. 8 by drawing lines from projection origin to target where the weight of the line was
proportional to the percent of the innervation that projected to that area, rounded to the
nearest 5%. For example, a 1 pt line was used to show a projection that represented between
2.5-7.4% of the total projection, a 2 pt line was used to show a 7.5-12.4% projection, a 3 pt
line for 12.5-17.4%, up to a 10 pt line for 47.5-52.4%. Projections that accounted for less
then 2.5% of the total projection were not depicted. Projection targets that were the same as
the site of origin (recurrent collateral projections, such as from the ACB to the ACB) were
excluded from the analysis.

For figure presentation, images were manipulated using Adobe Photoshop for brightness and
contrast using ‘image-adjust-curves’. In addition, when visible, seam artifacts between tiles
were removed using a ‘rubber stamp’ tool.
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First we examined how ROIs representing different subregions of the DR, MR and nearby
areas grouped with respect to afferent innervation by using heirarchical clustering with
Ward’s method. The dendrogram showed two major branches, one of which contained all of
the rostral DR while the other included the caudal DR and MR (Fig. 4). This pattern
revealed that the caudal DR was more similar in afferent input to the MR then it was to the
remaining rostral regions of the DR. Subsequent branching of the dendrogram suggested the
caudal DR and MR could be further distinguished from each other. Subgroups within rostral
DR were less pronounced, with longer lines connecting individual regions and groups of
regions together indicating more heterogeneity existed in these areas.

K-means clustering and Silhouette analysis were used to further examine groupings. Given
the known heterogeneity of the DR, we anticipated that more then two groups of ROIs
existed. Therefore we specified 3, 4, 5 or 6 groups for K-means and evaluated the resulting
Silhouette plots. A positive Silhouette value indicates an ROI is more similar to individuals
within the group then to individuals in other groups, and is therefore well assigned. Negative
silhouette values indicate a poorly assigned group. Specifying 4 groups for K-means
clustering was the only scenario that yielded consistently positive Silhouette values. The
four groups are color-coded on the dendrogram produced by hierarchical clustering (Fig. 4).
There was 93% concordance between hierarchical Ward’s method and agglomerative K-
means clustering in that 2 of 30 ROIs shifted. The caudal-DR and MR groups were identical
with K-means and Ward’s methods. In the rostral DR, two ROIs changed position to
generate one group primarily involving the midline DR, while the other largely contained the
lateral groups.

Principal component analysis showed that the first principal component divided the rostral
DR from the caudal DR and MR (Fig. 5). The first principal component accounted for over
30% of the variance in the data, which was notably more then the remaining principal
components, as seen on the Scree Plot (Fig. 4). This ‘elbow’ in the Scree plot reveals that the
factors that drive the division of the ROIs into two groups are more robust then those that
underlie subsequent divisions. Of the 21 injection sites, 18 had significant correlations
(p<0.05) with the first principal component (Fig. 5), a 19th had borderline significance
(p=0.052). Of the 18, 6 correlates were positive and the remaining 12 were negative. The
opposing valance of these correlations raises the possibility that these 2 groups of
projections had reciprocal innervation patterns. Studying images of the projection cases that
had positive and negative correlations revealed the reciprocal preference of these projections
to favor either the rostral DR or the caudal DR and MR (Fig. 6). That is, there was a group
of projection cases that targeted the caudal DR heavily and were light in the rostral DR,
while the other group was heavy in the rostral DR and light in the caudal DR. The caudal
DR corresponded well to the areas that are designated DR-C and DR-I on the Paxinos Atlas
(Paxinos and Franklin, 2004y |ocated caudal to the decussation of the cerebellar peduncle.
Afferents that heavily innervated the caudal DR also tended to similarly ramify within the
MR.
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More subtle variation in innervation patterns drove the differences between the rostral
midline from the lateral DR, and between the caudal DR from the MR and these did not
appear to correspond to a single principle component.

Next we re-analyzed the same data set, but from a different perspective. Specifically we
transposed the data set and used clustering analysis to group projections with similar
patterns of innervation. That is, instead of grouping ROIs by similarities in afferent
innervation, we sought to group projection cases by their propensity to innervate similar
ROIs. This analysis gives insight into how projections from different brain regions compare
or relate to each other. The results showed there were two major groups of projection cases
(Fig. 7). Members of one group tended to innervate the rostral DR more then the caudal DR
or MR, while members of the other group exhibited the reciprocal pattern. That is, these
groups corresponded to those that had positive or negative correlations to the first principal
component in Fig. 5.

It was possible to further subdivide each of these two major groups of projection cases. By
dictating 4 groups for K-means clustering, each of the two primary groups were divided
again, with one area changing position (Fig. 7). By checking the database as well as the
images of the projections, we determined that membership in each group was characterized
by having heavy innervation in one of the four regions identified: midline rostral DR, lateral
rostral DR, caudal DR or the MR (Fig. 7 and 8). The projection case that changed groups
with K-means vs. hierarchical clustering was the MPO, and using the midline vs. lateral
criteria, this projection case would fit better with projections favoring the lateral DR (color
coded red) (Fig. 7 and 8). Differences between the midline rostral, lateral rostral and
between caudal DR and MR consisted of more subtle gradients in afferent innervation then
was apparent between the rostral and caudal DR.

We further analyzed the two major groups of projection cases to get more insight into the
role of the two networks. That is, we asked what brain regions are commonly targeted by
each group of regions, at the level of the first and most pronounced division between rostral
DR and caudal DR/MR. This analysis was prompted by the observation that neural networks
often exhibit small-world characteristics, coupled with knowledge that the hippocampus is a
target of many of the brain areas that innervate the caudal DR and MR. On the Allen Mouse
Brain Connectivity Atlas, quantitative information is available that describes how each
injection case distributes axons to every other anatomically defined region of the brain. The
target receiving the highest average percentage of innervation from areas innervating the
caudal DR/MR determined from the data was the hippocampal formation (Fig. 9). The
hippocampus was followed by the caudate putamen and lateral hypothalamic area. Common
targets of rostral DR-related areas determined using this analysis (Fig. 9) were the caudate
putamen and nucleus accumbens, followed by the midbrain reticular nucleus (which is the
area designated deep mesencephalic nucleus (DpMe) by Paxinos and Franklin (Paxinos and
Franklin, 2004y) ‘since innervation to these target areas may include both axons of passage
and axons in terminal zones, the original 2D section images were examined to confirm the
presence of ramifying axons with boutons in each of these areas (Oh etal, 2014).
Ramifying axons were confirmed in all cases depicted. In addition to ramifying axons, axons
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of passage were identified in the caudate putamen for the cases where the injection sites
originated in the ACA, ORB, Al and PL cortical areas.

Discussion

This is the first study to use an informatics analysis to study organization of serotonin
neurons within the DR. Analysis of projections from multiple brain areas to the DR revealed
that there are very distinct networks associated with the rostral vs. caudal poles of this
nucleus. In fact, the caudal DR was more similar to the MR then the remaining rostral DR.
Therefore separate consideration of the rostral and caudal DR will simplify study of the DR
by reducing this structure to more cohesive and functionally related zones. These results do
not preclude the likelihood of additional functionally relevant subdivisions of the MR and
DR. Indeed there were differences noted between midline and lateral components of the
rostral DR as well as between the caudal DR and MR.

The DR is a large and heterogeneous group of neurons and has been divided into various
subzones ever since the discovery of serotonin neurons (Pahlstrom and Fuxe, 1964.
Steinbusch, 1984; Baker et al., 1990; Jacobs and Azmitia, 1992). Most recently nine
disparate regions of the DR have been identified based on cytoarchitecture and to some
extent differential connectivity (Hale and Lowry, 2011y This analysis perhaps suggests that
each individual subregion is equally unique and unrelated to all other subregions. However,
the association of these subregions to function is not unique with multiple regions linked
with anxiety or sleep, or broadly classified as relevant to ‘affective disorder’, ‘behavioral
state’ or in some cases, ‘unknown’ (Hale and Lowry, 2011y Therefore key functional
subregions of DR remain to be identified. At the same time others in the field have argued
that serotonin neurons with the DR comprise a single cell type and differences in

cytoarchitecture and other features are not yet compelling enough to justify any division of
the nucleus (Andrade and Haj-Dahmane, 2013)_

The informatics approach used here advances the understanding of organization of the DR
and MR because it suggests divisions that are based on data analysis. The data has
limitations associated with the precise alignment of sections and resolution at the level of
axons rather then synaptic contacts. Nevertheless afferent innervation is critical for function
because it plays a direct role in controlling neuronal activation state (SPOrNS, 2011y,
Therefore by nature the data has relevance from the level of synaptic properties to that of
behavioral function. Moreover, informatics analysis reveals the relative magnitude of
differences between subgroups of areas. Thus new information revealed by the analysis was
that the division between the rostral two thirds and caudal third is the single most substantive
division of the DR, suggesting major functional differences fall along this line as well.
Likewise, subregions within each of these areas appear to have greater degree of similarity
with each other, suggesting their roles are somehow more related.

The informatics analysis is also unique because it is unbiased by the conventional distinction
between the DR and the MR, and reveals that the caudal DR is more related to the MR then
to the rostral DR. However, this finding has precedents in the literature and echoes the
organization of forebrain afferent projections arising from the DR and MR. That is, the
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rostral DR is known to have unique forebrain targets compared to the caudal DR, while
projections of the caudal DR resemble those of the MR. For example, the rostral DR
exclusively innervates the dorsal striatum (!Mai etal., 1986) 1 contrast, the caudal DR and
MR share innervation of both the septum and hippocampus both in the rat (IMai et al., 1986.
Vertes and Linley, 2008) and mouse (Muzerelle etal., 2014)_ Taken together, these
observations suggest that the caudal DR may be more accurately viewed as a dorsal
extension of the MR, rather then as a caudal component of the DR.

The similarity of the caudal DR to the MR and distinction from the rostral DR may be
related to the development of the hindbrain. The entire DR, as well as part of the MR arises
from rhombomere 1 (R1) defined by the expression of engrailea-1 (Yensen etal., 2008y
which includes both the isthmic portion of R1, also called the isthmus, as well as the caudal
part of R1 or R1 proper. A recent study examining serotonin neurons from a developmental
perspective emphasized that the rostral part of DR originates from the isthmus, whereas
caudal to the decussation of the cerebellar peduncle, the DR and a portion of the MR have a
common developmental origin from within R1 proper (Alonso etal., 2013y 5 finding hinted
at previously (Jacobs and Azmitia, 1992) '|nqeed when visualized in sagittal sections the
caudal DR and the MR are contiguous, with the MR extending at an angle ventral and rostral
to the caudal DR (Molliver, 1987y ‘standard coronal sections are skewed with respect to the
relevant developmental zones, making the caudal DR appear less related to the MR (Alonso
etal, 2013). These observations suggest that developmental history may relate to the
common features of network connectivity of the caudal DR and the MR, and distinguish
them both from the rostral DR.

Recent retrograde tract-tracing studies in the mouse have comprehensively described the
afferents to serotonin neurons in the MR and/or DR (C9awa et al., 2014. Pollak Dorocic et
al., 2014. Weissbourd et al., 2014y The overall results of this study are consistent with the
reported preferential affiliation of the DR, vs. the MR, with mesolimbic and nigrostriatal
dopamine systems (Ogawa etal., 2014; Pollak Dorocic et al., 2014)_ Further, the retrograde
approaches also converge to indicate the DR likely receives substantial sensory- or somatic-
state information via connections with the amgydala and medullary areas, areas that were
noted to have a common regional distribution in the DR (Weissbourd etal., 2014y 44 1o
favor the DR over MR (Ogawa etal., 2014; Pollak Dorocic et al., 2014). The current results
suggest all of these connections would be primarily attributable to the rostral two-thirds of
the DR. Many of the basal forebrain areas that innervate the rostral part of the DR are
reciprocally innervated by serotonin neurons in the same location (Muzerelle etal., 2014y |,
addition, the rostral part of the DR is the major source of serotonin in the cortex (Muzerelle
etal, 2014). Taken together, connectivity of the rostral DR suggests a network that
integrates sensory information and engages appropriate goal or reward directed behavior
such as feeding or reproductive behavior, with the capacity to coordinate cortical function.

The connections of the caudal DR stand in contrast to those of the rostral DR. While the
rostral DR is associated with mesolimbic systems that encode positive reward the caudal
DR, like the MR, is closely linked to the lateral habenula, which encodes negative reward
raising the possibility that these two major groups of serotonin neurons may be differentially
relevant to situations of opposing hedonic valence (Matsumoto and Hikosaka, 2009
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Previous studies have associated both the caudal DR and MR with response to stressful or
adverse circumstances (Grahn etal., 1999; Hammack et al., 2002; Konno et al., 2007;
Sperling and Commons, 2011y The hippocampus figures prominently as a common target of
the caudal DR and MR (Muzerelle etal., 2014y a5 \ell as their network partners. While the

association of the MR, septum and supramammillarly nucleus to hippocampal theta is well
established (Maru et al., 1979. Kocsis and Vertes, 1996. Vertes and Kocsis, 1997. Kirk and

Mackay, 2003. Pan and McNaughton, 2004. Crooks et al., 2012y {he interpeduncular
nucleus, habenula and the pathway between them are also implicated in regulating
hippocampal theta (Valiakka et al., 1998. Funato et al., 2010. Aizawa et al., 2013, Goutagny
etal, 2013). Taken together, these findings suggest both the caudal DR and MR contribute
to networks that influence arousal and learning state, particularly under aversive conditions.

Caudal and rostral DR differ in both their afferent and efferent projections, suggesting they
each fill a distinct functional niche. The similarity of the caudal DR with the MR, and
distinction from the rostral DR is likely related to their developmental origins (Alonso etal.,
2013). Thus as currently defined, the DR includes two very distinct areas and this would
contribute to a heterogeneous view of the DR, and lack of differentiation from the MR.
Indeed, the inclusion of two distinct networks within the DR could represent a complication,
if not a confound in the literature up to this point. This study suggests improved ways to
conceptualize the organization of ascending serotonin from the MR and DR, that is, by
either separately considering the caudal DR or affiliating it with the MR. Using increasingly
refined approaches, future studies will improve upon this scheme by identifying how
afferents, efferents and the existence of different neuronal cell-types work together to define
meaningful subregions of the rostral DR, caudal DR and MR. A better understanding of the
organization of these areas and how they relate to each other will help understand their role
in normal behavior and how their malfunction could drive particular psychological disorders.
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Figurel.
Examples of selected cases from the Allen Brain Connectivity Atlas (Oh etal., 2014y

Injection sites are centered on orbital (A), prelimbic (B), agranular insular (C) and anterior
cingulate cortices (D). Three levels (panels 1-3) shown from approximately 20 serial
sections available that span these regions as well as images of the corresponding projections
to the DR and MR (panels 4,5). Each injection site (arrows, panels 1-3) captures a distinct
domain. D2, boxed region shown at higher magnification in inset, shows fluorescence in the
prelimbic cortex corresponds to axons and is not an extension of the injection site. Within
the middle (panels 4) or caudal DR (panels 5) axons are detected in largely different patterns
for each injection case. Panels 1-3 same magnification bar in D3 = 150. Panels 4-5 same
magnification, bar in D5 = 150. Image credit: Allen Institute for Brain Science.
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Figure2.
Schematic views of the injection sites used. A. Cortical injection sites from a dorsal vantage

point show PL (green) near the midline. ORB (blue) and Al (pink) are more lateral. The
ACA (yellow) and RSP (orange) injection sites are caudal. B. Lateral view shows the NAC
(blue), and from rostral to caudal, the OT (purple), AAA (green) and CEA (yellow) injection
sites, with the PVT (pink) injection site located dorsally. C. View from the ventral aspect of
the brain shows MS injection site (purple) is medial to the LPO (orange) which lies rostral to
MPO targeted injection site (yellow). The LHA injection site (red) is adjacent to the ZI
injection site (green) on it’s ventral, rostral and medial aspect. Lateral to all these injection
sites are those targeting the CEA, AAA, and OT injections (all depicted in white). D. SN
injection (pink) is lateral to the IPN injection site (orange) on the midline. Both of these are
caudal to the injection encompassing much of the VTA (yellow). The injection in the SUM
(blue) is further rostral and ventral. In the medulla, the GRN injection site is on the midline
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(white). Relative to this, the PGRNI positioned both caudal and lateral (green). All panels
same scale bar =2 mm
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Figure 3.
Overview of data collection. A. Using images of TPH2 /n situ hybridization from the Allen

Mouse Brain Atlas (Website: ©2014 Allen Institute for Brain Science. Allen Mouse Brain
Atlas [Internet]. Available from: http://mouse.brain-map.org/) (-€in etal., 2007y gy jevels
through the DR and MR were selected from rostral (1) to caudal (6) to generate a template.
These images included serotonin neurons located in the caudal linear nucleus (double
arrowheads), DR (arrows) and MR (single arrowheads). B. Equivalent levels from each
selected tract-tracing case from the Allen Mouse Brain Connectivity Atlas (Oh etal., 2014)
were aligned to the template. This example shows the projection from the interpeduncular
nucleus. C. Alignment was checked by pseudocoloring and merging the template and the
projection case. D. Regions of interest (ROIs, red boxes) were selected using the template of
serotonin neurons. E. A threshold was applied to each projection case. F. Identical ROls

-
’ ol

‘L‘
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were transferred to the threshold image, and particles were measured within each ROI. All
panels at same magnification bar = 150 um. Image credit: Allen Institute for Brain Science.
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£]

Cluster analysis shows the caudal DR is more similar to the MR then the remaining rostral
DR. A. Dendrogram generated using Ward’s method, and colorized according to K-means.
The dendrogram has two major branches one involving all of the rostral DR (yellow/red),
the other includes the MR (blue) and caudal DR (green). Further subgroups defined with K-
means divide the rostral DR largely by midline (yellow) and lateral (red) ROIs, and divides
the caudal DR (green) from MR (blue). B. Map of serotonin neurons with ROIs colorized by
K-means-defined groups. All panels at same magnification bar = 150 um.
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PC1 IPc 2 1PC 3 IPC 4 JPC 5
ACA 0.78 -0.45 0.12 0.12 -0.16
RSPd 0.68 0.09 -0.41 0.24 0.28
MS 0.67 -0.19 0.30 -0.17 -0.24
PVT/HB 0.66 045 -040 -0.09 0.01
sumli 064 -0.17 0.16 -0.15 -0.18
ORBI 047 -0.58 0.44 0.02 -0.27
IPN 0.18 0.69 0.11 -0.39 -0.39
LPO -0.07 0.50 0.59 0.23 047
MPO -0.36 -0.25 0.08 -0.65 0.42
GRN -0.37 0.05 0.13 0.69 -0.17
ACB -0.42 0.33 0.50 0.16 0.13
oT -042 -0.25 -0.06 -0.38 0.36|
AAA -042 -0.18 -0.41 0.35 0.00
CEA -0.54 -0.11 -0.23 -0.09 0.38
Zl -0.54 -0.26 -0.51 0.12 -0.29
SNr -0.63 0.43 0.06 0.14 -0.32
PGRNI -0.65 0.00 -0.21 -0.35 -0.18
PL -0.68 -0.09 -0.20 -040 -0.15
LHA -0.69 -0.29 -0.04 -029 0.5
VTA -0.71 -0.06 003 033 -0.15
Aid -0.81 0.09 -0.21 0.25 -0.27

Principal component analysis. A. ROIs plotted with respect to first and second principle
components, color-coded according to grouping in the midline-rostral DR (mDR, yellow),
lateral rostral DR (IDR, red), MR (blue) or caudal DR (cDR, green). B. Scree plot shows
that the first principle component accounts for >30% of the variance in the projections.
Subsequent principle components are less robust, making smaller contributions to the overall
variance in the data. C. Correlation coefficients (R values) between each projection and the
first 5 principle components. Projections are ordered in relation to their correlation to the
first principle component. Significant correlations (P< 0.05) are colorized green (positive
correlations) or pink (negative correlations). When correlation coefficients have opposing
valence with respect to a single principal component, it suggests these cases have reciprocal

innervation patterns. Eighteen projections show significant correlation with the first

principle component. Seven or fewer projection cases correlate with subsequent principal

components.
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Figure®6.
Images at rostral and caudal levels of the DR of projections that preferentially distributed to

either the rostral DR or caudal DR and MR, i.e. had a negative or positive correlation to the
first principal component. Negative correlates preferring the rostral DR are projections from
the agranular insula (A1, A2), ventral tegmental area (B1, B2) and lateral hypothalalmic area
(C1, C2). In these cases fibers are denser in the rostral DR (double-headed arrow) then the
caudal DR (single arrow) or the MR (arrowheads). Positive correlates are projections from
the anterior cingulate cortex (D1, D2), medial septum (E1, E2) and paraventricular nucleus
of the thalamus/lateral habenula (F1, F2). In these cases innervation of the caudal DR
(double-headed arrow), and typically the MR (arrowhead) is denser then in the rostral DR
(single arrow). Image credit: Allen Institute for Brain Science. All panels same scale Bar =
150 um.

J Comp Neurol. Author manuscript; available in PMC 2016 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Commons

Ward’s Method and K-means (Colorized)

L]

90 80 70 60 50 40 30 20 10
Euclidean Distance

Figure7.

ACB
VTA
SNr
Al
GRN
LPO
AAA
ZI
CEA
LHA
PGRNI
PL
oT
MPO
MS
IPN
SUM
ACA
ORBI
PVT
RSP

Page 21

Clustering of similar projection cases. A. The dendrogram generated with Ward’s method
has two main branches. These correspond to projections that had negative/positive correlates
with the first principal component in Fig. 3, i.e. prefer either the rostral DR or caudal DR
and MR. K-means clustering (colorized) identifies four groups. Examination of the data
matrix reveals that these correspond well to regions that had maximal distribution in an ROI
located midline rostral (yellow), lateral rostral (red), in the caudal DR (green) or MR (blue).
The single exception to that rule is the MPO, which has a maximal distribution lateral and
thus matches better with it’s sorting by Ward’s method as indicated by it’s position on the

dendrogram, rather then it’s color.
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Figure 8.
Projections that had the highest differential of innervation between midline and lateral parts

of the rostral DR. Projections from the substantial nigra reticulata (A), gigantocellular
reticular nucleus (B) and ventral tegmental area (C) all prefer the midline (double-headed
arrows) over lateral locations (single-headed arrows). Conversely projections from the
central nucleus of the amygdala (D), medial preoptic area (E) and lateral hypothalamic area
(F), have more fibers lateral (double-headed arrows) then on the midline (single-headed
arrows). Image credit: Allen Institute for Brain Science. All images same scale bar in F =
150 um.
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Figure.
Major targets of MR and rostral DR networks, as determined using ‘projection summary

details’ available on the Allen Mouse Brain Connectivity Atlas (Oh etal., 2014). A. The top
three common targets of caudal DR and MR preferring cases, and the MR itself, are the
hippocampal formation (HPF), caudate putamen (CP) and lateral hypothalamic area (LHA).
B. Top three common targets of rostral-DR networks are the caudate putamen (CP), nucleus
accumbens (ACB) and midbrain reticular nucleus (MRetN).
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