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Abstract
The biogenic amine serotonin (5-HT, 5-hydroxytryptamine) exerts powerful, modulatory control
over multiple physiological functions in the brain and periphery, ranging from mood and appetite
to vasoconstriction and gastrointestinal motility. In order to gain insight into shared and distinct
molecular and phenotypic networks linked to variations in 5-HT homeostasis, we capitalized on
the stable genetic variation present in recombinant inbred (RI) mouse strains. This family of
strains, all derived from crosses between C57BL/6J and DBA/2J (BXD) parents, represent a
unique, community resource with ∼40 years of assembled phenotype data that can be exploited to
explore and test causal relationships in silico. We determined levels of 5-HT and 5-
hydroxyindoleacetic acid (5-HIAA) from whole blood, midbrain, and thalamus/hypothalamus
(diencephalon) of 38 BXD lines and both sexes. All 5-HT measures proved highly heritable in
each region, although both gender and region significantly impacted between-strain correlations.
Our studies identified both expected and novel biochemical, anatomical, and behavioral
phenotypes linked to 5-HT traits, as well as distinct quantitative trait loci (QTL). Analyses of these
loci nominate a group of genes likely to contribute to gender- and region-specific capacities for 5-
HT signaling. Analysis of midbrain mRNA variations across strains revealed overlapping gene
expression networks linked to 5-HT synthesis and metabolism. Altogether, our studies provide a
rich profile of genomic, molecular and phenotypic networks that can be queried for novel
relationships contributing risk for disorders linked to perturbed 5-HT signaling.

Introduction
Serotonin (5-hydroxytryptamine, 5-HT) provides for powerful modulation of physiology
and behavior throughout the body and across the lifespan. Approximately 90% of 5-HT
stores in the human body derive from gut enterochromaffin cell 5-HT synthesis and release
(Gershon 2013), with a large stable pool found in platelets (Rand and Reid 1951) that
acquire the indoleamine during their passage through the enteric circulation. Whereas blood
and brain pools of 5-HT in the adult are separated by the blood-brain barrier (Mann et al.
1992), Bonnin and colleagues recently reminded us that another peripheral site, the placenta,
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can produce and release 5-HT that can travel to the CNS and modulate axon guidance
(Bonnin et al. 2011).

CNS regions that regulate mood, emotion, feeding and reward are prominent sites of 5-HT
synthesis and release (Steinbusch 1981). As such, a number of disorders have been reported
to display alterations in CNS 5-HT homeostasis, including anxiety, depression, obsessive-
compulsive disorder (OCD) and addiction (Barondes 1994). Although a subject of
significant debate (Risch et al. 2009), biochemical and genetic evidence continues to drive
consideration that risk for depression in some individuals may be linked to a limited
capacity for normal brain 5-HT signaling. For example, elevated brain 5-HT turnover has
been repeatedly observed in unmedicated patients with depression (Gjerris et al. 1987;
Sullivan et al. 2006), with levels returning to normal levels upon treatments with SSRIs
(Barton et al. 2008). Removal of tryptophan, the essential precursor for 5-HT synthesis,
induces relapse in subjects that previously remitted with SSRI therapy (Delgado et al. 1990;
Barr et al. 1994). With respect to blood 5-HT, hyperserotonemia (elevated whole blood 5-
HT) has been observed in a sizeable fraction (25-30%) of autistic children for over 50 years
(Schain and Freedman 1961; Cook and Leventhal 1996; Cross et al. 2008). Genetic variation
in the 5-HT transporter (SERT) promoter (5HTTLPR) has been associated with neuroticism
(Lesch et al. 1996), the impact of early life stress on mood disorder risk (Caspi et al. 2003;
Karg et al. 2011) and in SSRI response (Pollock et al. 2000; Arias et al. 2003; Serretti et al.
2007). With respect to 5-HT metabolism, deletion in humans of a region encompassing one
or both of the 5-HT metabolizing genes, MAOA and MAOB, has been found in subjects who
display a spectrum of developmental and behavioral disorders, including mental retardation,
autism-like features and psychosis (Lenders et al. 1996; Whibley et al. 2010; Saito et al.
2013). Finally, functional variation in MAOA has been reported to represent a point of
convergence for gene x environment interactions through the moderation of the long-lasting
effects of childhood maltreatment (Caspi et al. 2002).

Although the basic elements controlling 5-HT synthesis, storage, response and inactivation
have been known for more many decades, novel features of the molecular and cellular
landscape controlling or responding to 5-HT homeostasis continue to emerge. For example,
only within the past decade did Walther and Bader (Walther et al. 2003) establish that
distinct isoforms of tryptophan hydroxylase (TPH) differentially dictate 5-HT synthesis in
the periphery (TPH1) and CNS (TPH2). Serotonylation, a process whereby 5-HT is
covalently attached to small G-proteins via the actions of transglutaminase II, has also only
recently been recognized as a mechanism by which intracellular 5-HT can impact secretion
in platelets (Walther et al. 2003) and pancreas (Paulmann et al. 2009). To gain a better
understanding of functionally relevant networks linked to 5-HT homeostasis and signaling,
we exploited Recombinant Inbred (RI) mice, a community resource of clonal lines derived
from C57BL/6J × DBA/2J parents (BXD lines) (Taylor et al. 1977; Taylor et al. 1999;
Peirce et al. 2004). Thousands of anatomical, biochemical, physiological and behavioral
phenotypes as well as single nucleotide polymorphisms (SNPs) have been collected on these
lines and are publically accessible via a curated database (http://www.genenetwork.org). The
present study represents the first systematic analysis of heritability, trait correlations and
quantitative traits loci (QTL) based on BXD brain and blood 5-HT traits, efforts that reveal
multiple, and in some cases gender-specific, associations. We identify a suite of phenotypes
likely to influence, or be influenced by, 5-HT signaling capacity. Finally, we elucidate
transcriptional networks linked to variation in 5-HT traits in the BXD lines and nominate
candidate genes as determinants of 5-HT homeostasis and signaling.
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Materials and Methods
Animals

BXD RI mice were obtained from the Oak Ridge National Laboratories (ORNL) and the
Jackson Laboratory (JAX). A total of 126 BXD recombinant inbred mice from 38 strains
were used for neurochemical analyses. The average age of mice used was 74 days (range
from 51 to 89 days), and comprised a total of 67 male and 59 female mice, respectively.
Females were used irrespective of estrous cycle though they were never exposed to males or
male bedding after weaning, typically required to initiate synchronized estrous cycling. A
total of 129 male mice from 37 strains, selected independently of the 38 strains chosen for 5-
HT analyses based on availability, were used for to obtain transcriptome profiles. All lines
utilized are provided in Suppl File 1. Animals were grouped house and maintained on a
12:12 light/dark cycle with food and water available ad libitum.

Blood and Brain Tissue Neurochemical Measurements
All tissue procurements were performed under approved IACUC protocols of the Oak Ridge
National Laboratory or Vanderbilt University. Brains were procured following rapid
decapitation in the absence of anesthesia to limit artifactual alterations in 5-HT, 5-HIAA and
mRNA levels. Trunk blood was obtained from the same animals used for brain harvests.
Regions dissected from brain were determined based on landmarks provided by the Paxinos
and Watson Atlas of the Mouse Brain (Watson and Paxinos 2010). Midbrain was collected
to provide measures of 5-HT and metabolite levels in the region of the dorsal and median
raphe nuclei and their local projects and was defined as brain tissue lying between the
anterior and posterior margins of the inferior and superior colliculi, respectively (AP
approximately -3.25 to -5.02 mm relative to Bregma). The diencephalon, constituted
primarily by the thalamus and hypothalamus, was isolated to provide a measure of 5-HT and
metabolite levels in a significant projection area of raphe neurons, and was defined as tissue
lying between the anterior margin of the third ventricle and the anterior margin of the
midbrain segment noted above, minus the basal ganglia (AP approximately -0.80 to -3.25
mm relative to Bregma). For assessment of 5-HT and 5-HIAA levels, sections were
homogenized, using an Omni Tissue Homogenizer, in 100-750 μl of 0.1M trichloroacetic
acid (TCA), 10 mM sodium acetate, 0.1 mM EDTA, 5 ng/ml isoproterenol (as internal
standard) and 10.5 % methanol (pH 3.8). Whole blood from BXD mice was collected in 1.5
mL venoject tubes containing dry EDTA. Equal amounts of sample were mixed with
extraction solvent (0.8 M perchloric acid, 0.1 M ascorbic acid and 10 mM EDTA), vortexed
for 15 seconds and spun in a microfuge at 10,000 ×g for 10 minutes with supernatants
collected. 5-HT and 5-HIAA were determined by HPLC through the Neurochemistry Core
of the Vanderbilt Brain Institute, utilizing an Antec Decade II (oxidation: 0.5)
electrochemical detector operated at 33° C. Twenty μl samples of the supernatant were
injected using a Water 717+ autosampler onto a Phenomenex Nucleosil (5u, 100A) C18
HPLC column (150 × 4.60 mm). Samples were eluted with a mobile phase consisting of
89.5% 0.1 M TCA, 10 mM sodium acetate, 0.1 mM EDTA and 10.5 % methanol (pH 3.8).
Solvent was delivered at 0.6 ml/min using a Waters 515 HPLC pump. HPLC control and
data acquisition were managed by Millennium 32 software.

RNA Isolation and Microarray Analysis
Midbrain RNA was extracted using an RNeasy mini kit (Qiagen) according to manufacture's
instructions. Samples were fragmented and hybridized using Agilent hybridization kit
(#5188-5242). Arrays were hybridized for 17 hours at 65 C. Microarray analysis was
performed on an Agilent-028005 SurePrint G3 Mouse GE 8×60K platform in the
VANTAGE (Vanderbilt Technologies for Advanced Genomics) core laboratory. To make
gene expression data comparable across samples, the processed signal values
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(gProcessedSignal) were subjected to a quantile normalization. Next, the data were log
transformed and then gene-wise normalized using Z-scores. Data were rescaled to a mean of
8 units with a standard deviation of 2 units (the 2Z + 8 normalization used in GeneNetwork).

A subset of ∼50 probes with bimodal Mendelian patterns of expression were used as
internal (sample-specific) genetic markers. These Mendelian probes are almost always
associated with QTLs with LOD scores above 20 that map precisely to location of the
cognate gene. (Rare bimodal probes with trans expression QTLs are usually associated with
annotation errors or genome assembly errors and do not materially affect this QC step.) Our
transcriptome studies were blinded to strain ID and then assigned based on the internal cis
eQTL markers noted above. The final verified data has been deposited in GEO and in GN
and reflects this systematic genotype QC process. Transcriptome-derived gene networks
were generated using Cytoscape 2.8.3 (Cytoscape Consortium). Input data files (node and
network) were generated from WebQTL correlation analysis module.

Statistical Analyses
Biochemical data were analyzed using standard analysis of variance (ANOVA) and
correlation analysis (Stata 11, College Station, TX) with P < 0.05 taken as significant. As RI
strains lack heterozygous samples and thus overestimate additive genetic variance, adjusted
heritability (h2) of the traits were estimated using Hegmann and Possidente's method
(Hegmann and Possidente 1981). Significance of heritability was calculated by the F-test
comparing within-strain vs. between-strain variances. Quantitative trait locus mapping was
performed using the WebQTL module of GeneNetwork (http://www.genenetwork.org).
Quantitative trait loci (QTL) were calculated from the likelihood ratio statistic (LRS) and
logarithm of odds (LOD) scores. Statistical significance was determined on data sets
subjected to 2,000 permutations. Significant QTLs were defined as the LRS value that
represents a genome-wide P value of 0.05. Suggestive QTLs were defined as having an LRS
value a genome-wide P value of 0.63 since this value yields, on average, one false positive
per genome scan (Lander and Kruglyak 1995). Thus, roughly one-third of scans at this
threshold will yield no false positive, one-third will yield one false positive, and one-third
will yield two or more false positives. Although a permissive threshold, such estimates call
attention to loci that may derive from underpowered analyses and can be pursued with
additional lines/approaches. Confidence intervals were determined as the location at which
the LOD value is reduced by 1.5. A 1.5 LOD cutoff has been estimated to reflect a 95%
confidence that genes driving the QTL lay within this range (Visscher et al. 1996; Dupuis
and Siegmund 1999). Phenotypic correlation analyses were performed by comparing
measured 5-HT traits with archived BXD phenotypes in the GeneNetwork database, with
correlation coefficients and P values calculated using Spearman's rank tests (uncorrected P <
0.05 was considered significant).

To assess whether midbrain gene products identified as correlates of 5-HT homeostasis are
likely to reflect cell-autonomous associations with neurochemical measures, we asked
whether these genes are 1) exhibit colocalization in the adult mouse brain with Tph2 or
Slc6a4 gene expression (http://mouse.brain-map.org) using the Anatomic Gene Expression
Atlas and the NeuroBlast tool (Hawrylycz et al. 2011), or 2) expressed selectively in day
12.5 embryonic 5-HT neurons (flow-sorted, ePET-1:YFP positive), relative to non-
ePET-1:YFP expressing cells in the midbrain (Wylie et al. 2010).

Online Data Access
All neurochemical measurements and midbrain gene expression data for the BXD strains
reported in this study have been deposited into the GeneNetwork database at http://
www.genenetwork.org. Neurochemical traits are stored under the category of “Central
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nervous system: Neurochemistry”. Our midbrain gene expression data set “VU BXD
Midbrain Agilent SurePrint G3 Mouse GE (May12) Quantile” is archived under “Midbrain
mRNA” with GN accession number GN381.

Results
BXD strain variation and heritability of brain and blood 5-HT measures

Using HPLC analysis of rapidly dissected, flash-frozen blood, midbrain and diencephalon,
we determined levels of 5-HT and the 5-HT metabolite 5-HIAA from 38 BXD strains.
Levels of both 5-HT and 5-HIAA, as well as the computed 5-HT turnover (5-HIAA/5-HT
ratio) showed significant variation across strains for all tissues and for both genders (Figure
1), varying ∼2-3 fold. When evaluating the heritability of these measures, we found
significantly greater (P < 0.05) between- versus intra-strain variation for some but not all of
these measures (Suppl Tables 1 and 2), with adjusted heritability (h2) estimates of those
measures reaching significance to range between 50-72%. We found 5-HT levels to be
significantly heritable in all three regions, for both genders, whereas 5-HIAA levels were
significantly heritable in all three tissues for females, but only significantly heritable in
midbrain for males. Computed 5-HT turnover estimates for females showed significant
heritability in both brain regions, but not in blood, whereas for males, only midbrain values
demonstrated significant heritability.

Gender-dependent relationships between 5-HT traits
Since significant heritability of multiple 5-HT traits was evident when analyzing male and
female animals separately, we asked whether these measures correlate between genders, and
therefore whether they may be modulated by common genetic influences. In assessing lines
where both male and female samples were available, we found that male and female 5-HT
levels within midbrain or blood, but not diencephalon, to be significantly correlated
(Spearman Rank Test: midbrain (N = 24), r = 0.54, P = 0.006; blood (N = 25), r = 0.62, P <
0.001; diencephalon (N = 25), r = 0.06, P = 0.77). In contrast, 5-HIAA levels were not
significantly correlated across any region (midbrain, r = -0.04, P = 0.87; diencephalon, r =
0.05, P = 0.81; blood, r = 0.14, P = 0.50). Similarly, we found no correlation between
genders for 5-HT turnover (midbrain, r = 0.33, P = 0.11; diencephalon, r = 0.09, P = 0.67;
blood, r = -0.07, P = 0.74).

Region-dependent relationships between 5-HT traits
Next, we sought to assess whether 5-HT, 5-HIAA and 5-HT turnover are correlated with
each other, and if so, whether these relationships vary by region and by gender. In all three
regions, regardless of gender, 5-HT levels significantly correlated with 5-HIAA levels,
consistent with their relationship in a common metabolic pathway (Tables 1 and 2). Within
the two brain regions, 5-HT levels also correlated significantly with 5-HT turnover, whereas
in blood this relationship was absent, possibly a reflection of the spatial separation between
the major sites of 5-HT synthesis (gut enterochromaffin cells) and blood storage/release
(platelets).

Inter-regional correlations of 5-HT traits
Midbrain raphe 5-HT neurons elaborate axonal projections that both remain within the
midbrain and/or project to higher forebrain areas, including multiple nuclei of the
diencephalon. In the latter area, 5-HT output is regulated by multiple presynaptic inputs that
differ from those that regulate the excitability and 5-HT synthesis/metabolism capacity of
midbrain 5-HT cell bodies (Pineyro et al. 1995; Barnes and Sharp 1999; Stamford et al.
2000). Nonetheless, 5-HT levels in male, but not female midbrain samples, were
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significantly correlated with diencephalon 5-HT levels (Tables 1 and 2). In contrast, female,
but not male midbrain 5-HIAA levels are correlated between the two tissues. These gender
distinctions in regional relationships were lost when examining 5-HT turnover, where for
both males and females we found midbrain and diencephalon values to be significantly
correlated. In contrast to the significant correlations that exist for 5-HT traits when
comparing brain regions, no significant correlations, for either gender or using gender-
pooled samples, were evident comparing blood and midbrain or blood and diencephalon
(Tables 1 and 2).

Correlations with archived BXD phenotypes
Next we sought to determine how 5-HT traits associated with archived phenotypic measures
deposited in the GeneNetwork BXD database, with a cutoff value set a P value < 0.05
(Spearman Rank Test) (Suppl File 2). We chose to focus on the analyses of midbrain and
blood 5-HT levels using combined genders, as 5-HT levels were significantly correlated
between males and females in both regions, thereby providing more statistical power (Suppl
File 3 and 4).

For pooled midbrain 5-HT levels, we observed significant, negative correlations between 5-
HT levels and the duration of immobility in tail suspension test from two independent
studies (trait 11432: r = -0.65, P = 0.03; trait 12554: r = -0.83, P = 0.04, Figure 2A), a
measure known to be responsive to acute SSRI administration (Cryan et al. 2005). We also
found a number of iron phenotypes to exhibit significant correlations, including liver iron
levels (r = 0.86, P = 0.01) and blood iron binding capacity (r = 0.68, P = 0.04) (Suppl File
3). Handling-induced convulsion (HIC) exhibited a significant, negative correlation (r =
-0.49, P = 0.03) and several traits measuring bone mineral densities (BMDs) showed
negative correlations with midbrain 5-HT levels (Figure 2B).

Interestingly, as with midbrain 5-HT, we found correlations for pooled blood 5-HT levels
with several iron-associated traits including plasma iron levels (r = 0.82, P = 0.02) and liver
iron levels (r = 0.96, P < 0.0001) (Suppl File 4). Multiple blood measures also exhibited
unique correlations with blood 5-HT traits, including TRBV4+ T cell (r = 0.89, P = 0.004),
alpha-amylase (r = 0.55, P < 0.01, Figure 2C), triglyceride (r = 0.43, P = 0.03) and
hematocrit (r = 0.48, P = 0.04) levels. Serum corticosterone levels after restraint stress, a
paradigm used to examine roles of 5-HT in despair behavior (Ayada et al. 2002), also
showed significant positive correlation with blood 5-HT levels (r = 0.83, P < 0.0001, Figure
2D).

Lastly, we inspected phenotypes that correlate with both brain and blood serotonergic traits.
Deoxycorticosterone (DOC) levels in cerebral cortex exhibited significant negative
correlations with both midbrain and blood 5-HT levels (r = -0.54, P = 0.009 for midbrain; r
= -0.42, P = 0.05 for blood). When inspecting individual traits separated by genders, we
found that intraocular pressure (IOP) correlated positively with both male midbrain and
male blood 5-HT levels (midbrain: r = 0.46, P = 0.01; blood: r = 0.45, P = 0.01). Morphine
response traits (locomotion and vertical activity) displayed significant positive correlations
with female diencephalon 5-HIAA levels, but significant negative correlations with female
blood 5-HIAA levels (diencephalon: r = 0.38 to 0.42, P = 0.02 to 0.04; blood: r = -0.38 to
-0.40, P = 0.03 to 0.04). Finally, we found several traits correlating with both male
diencephalon and male blood 5-HT turnover ratios, including liver iron levels
(diencephalon: r = -0.86, P = 0.004, blood: r = -0.74, P = 0.03), brain weight (diencephalon:
r = 0.81, P = 0.01, blood: r = 0.76, P = 0.03), hippocampus weight (diencephalon: r = 0.71,
P = 0.05, blood: r = 0.86, P = 0.004), as well as adult neurogenesis (diencephalon: r = -0.79,
P = 0.02, blood: r = -0.76, P = 0.03).
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QTL Analysis of 5-HT Levels on Pooled Midbrain and Blood Samples
As both CNS and blood 5-HT measures exhibited significant heritability, we next sought to
nominate genomic loci associated with variation in 5-HT, 5-HIAA and 5-HT turnover using
SNP-based interval mapping (Lander and Botstein 1989). We analyzed each gender
separately, and provide a heat map representation of QTLs for each trait in Figure 3,
affording an overview of region, trait and gender-specific loci. Similar to the phenotype
correlation analysis noted above, we also pursued QTL analysis of midbrain and blood 5-HT
using combined genders.

From the interval analysis of the pooled midbrain 5-HT traits we identified three suggestive
loci (Figure 4A): mb5htq1 centered at 56 Mb on chromosome 5 (LOD = 2.52), mb5htq2
centered at 60 Mb on chromosome 10 (LOD = 2.56), and mb5htq3 centered at 73 Mb on
chromosome 10 (LOD = 3.60). mb5htq1 was also identified as a potential QTL for
diencephalon 5-HT (both genders) and 5-HT turnover (males). Both mb5htq2 and mb5htq3
also showed strong correlation with pooled midbrain 5-HT turnover ratios, with mb5htq3
reaching a genome-wide significance level (LOD = 3.75). In addition, mb5htq3 was also
associated with several other brain 5-HT traits including female diencephalon 5-HT levels
and male diencephalon 5-HT turnover ratios.

As expected from the lack of trait correlation found between blood and brain 5-HT traits,
none of these loci were identified in the QTL analysis of blood 5-HT traits (Figure 3, see
below). Interval analysis of pooled blood 5-HT levels revealed two suggestive loci: bl5htq1
on chromosome 8 (92 Mb, LOD = 2.50) and bl5htq2 on chromosome 12 (82 Mb, LOD =
2.44) (Figure 4B). When separated by gender, we found bl5htq1 was primarily driven by
male samples, whereas bl5htq2 was mainly contributed by female samples. Genes that fall in
the midbrain and blood QTLs using a 1.5 LOD based confidence interval can be found in
Suppl Files 5 and 6, respectively. The reader is reminded that specific genes driving
associations may lie outside the QTL borders, and thus additional experimental efforts are
needed to validate candidates.

Association of 5-HT traits with the midbrain transcriptome
To inspect genes lying within the QTLs noted above where changes in expression also
correlate with 5-HT traits, we pursued a transcriptome analysis. We chose to focus on the
male midbrain for our transcriptome analysis, owing to the presence in this region of
neurons that provide the bulk of forebrain 5-HT. Male samples were selected for practical
reasons, though one could argue that female samples might possess higher variation owing
to estrous cycling, possibly confounding analyses.

In Suppl Figure 1, we provide networks of genes whose expression in the male midbrain
significantly correlated with 5-HT traits (the complete list can be found in Suppl File 7).
Surprisingly, many of the genes that might be expected from prior studies to correlate in
expression, such as the transcription factors Fev and Lmx1b, as well as Tph2 and Slc6a4,
were not among the significantly correlated genes (uncorrected P < 0.05). We did identify
Gch1 (GTP cyclohroxylase), an enzyme involved in TPH2 cofactor synthesis (positive
correlation with 5-HT), Maoa (produces MAOA; positive correlation with 5-HT), and
Slc18a2 (produces VMAT2; positive correlation with 5-HIAA). To provide insight into
networks that support expression of these genes, and therefore could undergird the
relationship each has with 5-HT homeostasis, we determined the identity of genes whose
expression co-varies across BXD lines (Suppl Figure 2).

In our transcriptome analysis, we also identified multiple 5-HT receptors whose expression
correlated with specific 5-HT traits. Thus, 5-HT1B and 5-HT2A correlated positively with
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midbrain 5-HT whereas 5-HT2B exhibited a negative correlation. 5HT1B, 5-HT2A and 5-
HT7 receptors gene expression also positively correlated with 5-HT turnovers. Finally,
mRNA expression of 5-HT2B, 5-HT2C and 5-HT7 receptors correlated positively correlated
with 5-HIAA levels (Figure 5).

To assess whether the gene expression networks linked to midbrain 5-HT homeostasis could
act cell autonomously, we compared this list to a list of genes found to display anatomical
correlation with either the pattern of Tph2 or Slc6a4 gene expression using the NeuroBlast
tool (Hawrylycz et al. 2011) or with an embryonic raphe 5-HT neuron-specific gene list
(Wylie et al. 2010). Out of the total of 341 genes nominated by NeuroBlast, 60 showed
significant correlations with either 5-HT, 5-HIAA or 5-HT turnover rates (Suppl File 8). Out
of the total of 354 genes enriched in embryonic 5-HT neurons, 64 correlated significantly
with either 5-HT, 5-HIAA or 5-HT turnover rates (Suppl File 8). Among the 9 genes present
in all three lists, 4 genes (Gch1, Maoa, S100a10, Slc18a2) are well known genes in 5-HT
system. The 5 genes with unknown 5-HT-related functions are Dach2, Gng4, Grb10, Oprl1
and Vat1l.

Finally, given that the bulk of serotonergic projections from the midbrain innervate more
anterior brain regions, we took this opportunity to identify genes whose midbrain expression
might determine diencephalic serotonergic tone (Suppl File 9). In contrast to the midbrain,
none of the well-characterized genes participating in 5-HT synthesis and metabolism
significantly correlated to diencephalon serotonergic traits, suggesting a greater degree of
local control over 5-HT traits in this projection area. The expression of three 5-HT receptors,
however, 5-HT1D, 5-HT7 and 5-HT1B, exhibited significant positive correlations with these
measures (5-HT1D: 5-HT levels, r = 0.65, P = 0.005; 5-HT7: 5-HIAA levels, r = 0.59, P =
0.01; 5-HT1B: 5-HIAA levels, r = 0.57, P = 0.02).

Relationship of midbrain 5-HT associated gene expression profiles to midbrain 5-HT QTLs
Of the 348 genes associated with mb5htq1, 2 and 3 (Figure 3), 43 were found to be among
the genes whose expression was also found to be associated with midbrain 5-HT traits
(Suppl File 10). Within this tabulation, the reader will find scores from visual inspection of
expression patterns for genes expressed by raphe neurons, providing a further, prioritized list
that can be used for future experiments.

Discussion
BXD RI strains constitute a powerful reference population with which to assess both
genotype-phenotype and phenotype-phenotype relationships, as well as to nominate
genomic loci that influence measured traits (Lu et al. 2008; Houtkooper et al. 2013).
Surprisingly, neurochemical measures are comparatively limited in the GeneNetwork BXD
database, including CNS and peripheral levels of 5-HT and 5-HIAA. It should be recognized
at the outset that the conclusions we draw from our analyses are limited by the number of
lines and animals per line utilized as well as the extent of variation in 5-HT traits exhibited
by the parental C57BL/6J and DBA/2J parental lines. For genetic influences that impact 5-
HT trait variation more broadly (e.g. after stress or in the context of other genetic variants),
no associations can be inferred. Thus, with respect to biochemical, molecular and behavioral
correlations pursued with the BXD resource, “absence of evidence does not mean evidence
of absence”.

Our efforts revealed an ∼2 fold variation in the levels of 5-HT, 5-HIAA and 5-HT turnover
in both brain and whole blood extracts across BXD strains, with the across vs within strain
variation establishing a significant heritability of these measures. Consistent with these
findings, human blood 5-HT levels have been found to exhibit high heritability (Weiss et al.
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2005). Significant differences in blood 5-HT levels have also been reported in C57BL/6 and
BALB/c mouse strains (Flood et al. 2012). 5-HT measures in the midbrain, where raphe cell
bodies and their intrinsic projections reside, were significantly correlated with the same
measures in the diencephalon, a region that receives ascending raphe projections. In
contrast, BXD strains did not demonstrate a significant correlation between brain and blood
5-HT measures. These findings are consistent with observations obtained in ICR mice
(Pietraszek et al. 1992) and suggest that basal CNS 5-HT homeostasis is greatly impacted by
locally derived factors as opposed to determinants shared with blood 5-HT.
Enterochromaffin cells utilize tryptophan hydroxylase 1 (TPH1) to synthesize 5-HT whereas
TPH2 supports 5-HT synthesis neurons (Walther et al. 2003) and as such, 5-HT synthesis is
likely under the control of distinct regulatory networks, not to mention those received in a
tissue specific manner. Nonetheless, certain features of 5-HT homeostasis are shared
between blood and brain. For example, the transporter responsible for packaging 5-HT in
secretory vesicles for release in neurons (VMAT2, Slc18a2) is expressed by platelets, as is
SERT, the chief mechanism of 5-HT clearance in the CNS. Additionally, the MAO isoform
MAOB is present in both platelets and raphe neurons (Chen et al. 1993; Jahng et al. 1997).
Despite the absence of evidence for molecular relationships dictating blood and brain 5-HT
traits in our studies, we must consider that factors shared between these two measures may
not vary across BXD strains or may be engaged in a context-dependent manner.
Nonetheless, several CNS measures, including behavioral phenotypes, correlated with both
brain and blood 5-HT traits. One conspicuous correlation with 5-HT turnover was found for
brain weight, hippocampal weight and hippocampal stem cell number. Studies that
manipulate 5-HT turnover independent of CNS 5-HT turnover are needed to determine
whether these correlations reflect a result of 5-HT homeostasis per se versus a shared
determinant that may in early life impact the trajectory of brain development (Mazer et al.
1997; Janusonis et al. 2004; Bonnin et al. 2007).

Consistent with our earlier report focused on phenotypes linked to SERT coding variation
(Carneiro et al. 2009; Ye and Blakely 2011), we found many iron-related traits that
significantly correlate with midbrain and diencephalon 5-HT levels. The associations of
several phenotypic correlates with brain 5-HT pathways have been extensively studied and
add credence to our analysis. For example, adult neurogenesis in the hippocampus
significantly associated with midbrain 5-HT and 5-HIAA levels and is believed to play an
important role in the chronic actions of SSRIs (Santarelli et al. 2003). Additionally, CNS 5-
HT has been shown to be a strong regulator of bone formation and resorption (Yadav et al.
2009). More importantly, we identified several novel, or underappreciated phenotypes
linked to CNS or blood 5-HT levels, including attributes of the visual, auditory and immune
systems. Combined with the candidate gene approaches discussed above, these findings
encourage increased attention to these systems and their control by central and peripheral 5-
HT signaling. One caveat to these associations is the large number of phenotypes (∼3800)
that we accessed for our 5-HT trait correlations. A Bonferroni correction for multiple
comparisons requires that we achieve a P value of < 1.5×10-5. At this stringency level, none
of the trait correlations tabulated would reach statistical significance. Thus, we offer the
uncorrected tabulation as a hypothesis generator whose true significance must be assessed
through other experiments.

In our studies, we analyzed 5-HT trait correlations for both males and females separately as
well as in pooled samples where these measures exhibited significant correlations. Although
the between gender comparisons required that we use fewer lines (24 out of 38 total) that
had both male and female samples, we did find that males and female 5-HT traits from
midbrain and blood were significantly correlated, whereas diencephalon traits lacked such a
correlation. The latter observation suggests that gender-specific determinants of 5-HT
homeostasis act more strongly in distal, forebrain projection areas. It will be interesting to
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re-examine these relationships using females at specific phases of the estrous cycle. Both
Maoa and Maob genes, as well as the Htr2c gene that encodes the 5-HT2C receptor, are
located on the X chromosome in mice and humans and this localization may contribute to
the gender effects we observed, particularly, the lack of gender correlations in MAO-
controlled 5-HT turnover measures. Alternatively, one or more of the gender specific QTLs
for CNS 5-HT levels (see below) may be under strong gonadal hormone control. Such an
idea is consistent with gender-specific modulation of human brain metabolism by
fenfluramine (Anderson et al. 2004) and SSRI medications (Munro et al. 2012) as well as
gender-dependent modulation of brain glucose consumption by SERT expression level
(Dawson et al. 2009).

Both tissue and gender specificity was further evident in our studies identifying QTLs. For
example, while a suggestive QTL on chromosome 10 (mb5htq3) for midbrain 5-HT levels as
well as 5-HT turnover ratios also demonstrated suggestive correlation with diencephalon 5-
HT levels (females) and 5-HT turnover (males), this locus was not identified as a QTL for
blood 5-HT traits (either gender). Similarly, neither suggestive QTLs for blood 5-HT levels
(bl5htq1 and bl5htq2) was identified as a QTL for the equivalent traits in midbrain or
diencephalon.

The strongest correlation with midbrain 5-HT levels was observed on SNP rs13480650,
located within Pcdh15 gene coding for protocadherin 15 (PCDH15). PCDH15 is a cell
adhesion molecule belonging to the nonclustered protocadherin subfamily in the
protocadherin superfamily, playing important roles in the development of cochlea hair cells
and has been associated with human Usher syndrome (Alagramam et al. 2001; Alagramam
et al. 2001). Expression of a distinct cadherin gene cluster, protocadherin alpha, is required
by serotonergic neuron to form proper projections (Katori et al. 2009), suggesting that
multiple adhesive proteins may be critical for 5-HT neuron differentiation and signaling.
Indeed, we recently validated that disruption of PCDH15 functions resulted in alterations in
CNS 5-HT and SERT levels (Ye and Blakely, submitted). It is also worth noting that another
cadherin gene, Cdh23, encoding cadherin 23 (CDH23 or octocadherin), locates within locus
mb5htq2. CDH23 physically interacts with PCDH15 and this interaction is required for
normal inner ear function (Lelli et al. 2010). Future studies that explore the interaction of
CDH23 and PCDH15 in determining 5-HT homeostasis and signaling appear warranted.

In the genes identified from interval mapping of blood 5-HT levels, Nod2 (nucleotide-
binding oligomerization domain containing 2) codes for Card15 (Caspase recruitment
domain-containing protein 15) that is highly expressed in peripheral blood leukocytes
(Strober and Watanabe 2011). Card15 is also known as inflammatory bowel disease protein
1 due to its association with inflammatory bowel disease (IBD)/Crohn's disease (Hugot et al.
2001; Ogura et al. 2001) and Blau syndrome (Miceli-Richard et al. 2001). Card15's potential
regulation of 5-HT levels is also interesting given the role the protein plays in inducing
immune responses to bacterial antigens, including LPS, and the presence of SERT
(Marazziti et al. 1998) and 5-HT signaling (Prasad et al. 2005) in the immune system.

Assessment of midbrain gene expression patterns permitted an identification of
transcriptional signatures linked to 5-HT traits. In the GeneNetwork BXD database,
transcriptome profiles of multiple brain regions have been deposited, including
hippocampus, striatum, amygdala, and the ventral tegmental area. However, midbrain
mRNA expression profiles are lacking, precluding trait correlation analyses with expression
variation derived from serotonin neurons. To remedy this situation, we pursued a microarray
analysis of male midbrain mRNAs. Surprisingly, little correlation was found between 5-HT
traits and the levels of expression of many genes known to control 5-HT homeostasis and
signaling. Although at first surprising, this lack of correlation may simply reflect the
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significant control of these gene products by posttranslational mechanisms (e.g. kinase
mediated regulation of Tph2 activity) that would not be detected in our mRNA analyses. We
did uncover significant correlations with Gch1, Slc18a2, and Maoa, genes expressed by 5-
HT neurons and that are involved in the biosynthesis, packaging and inactivation of the
neurotransmitter. The network of genes associated with these molecules provides a window
on other biological pathways that may rely on 5-HT signaling. One interesting gene that
emerged from these networks is Hcrtr1, which encodes the hypocretin (orexin) receptor type
1. Orexin is a neuropeptide that is involved in the control of feeding behavior (de Lecea et
al. 1998; Sakurai et al. 1998) and our NeuroBlast analysis suggests expression by 5-HT
neurons. Agents that elicit 5-HT release diminish appetite (Curzon 1990) and Hcrtr1 null
mice display behavior similar to that seen with antidepressant treatments (Scott et al. 2011).
These connections, along with recent findings of variation in the HCRT1 gene that associate
with unipolar depression, warrant further studies of the control of 5-HT signaling by orexin
(Rainero et al. 2011). Finally, we identified multiple 5-HT receptors whose expression
significantly correlated with midbrain and diencephalon 5-HT traits. Among the receptors,
excitatory 5HT2A and inhibitory 5HT1B receptors showed positive correlations with both
midbrain 5-HT and 5-HIAA levels, suggesting their potential roles in upregulating 5-HT
synthesis. 5HT1B and 5HT7 receptors correlated with serotonergic traits measured in both
brain regions, indicating their involvement in dictating global 5-HT tone in the brain. These
findings, should they relate to relationships present in the human brain, may be of use in the
development of better medications for the spectrum of 5-HT associated neuropsychiatric
disorders.

Having established a midbrain 5-HT associated transcriptome, we used this list to filter the
genes identified in our QTL analysis. Genes in this combined list should derive from an
impact of cells in the midbrain on 5-HT homeostasis. A caveat to this filtering is the
possibility that genes driving variations in midbrain 5-HT could act through long-range
connections (e.g. expression in frontal cortex neurons that project to the raphe) but we
eliminated due to our use of a midbrain mRNA data set. Nonetheless, this analysis resulted
in 43 genes (Suppl File 10). Interestingly, Pcdh15, which we noted above as containing the
SNP that marks the peak of the most significant QTL in our study (mb5htq3), is among this
list. Additionally, a bootstrap resampling analysis of mb5htq3 yields a location that solely
includes the Pcdh15 gene (data not shown). Finally, in a separate study (Ye and Blakely,
submitted) examining BXD determinants of SERT protein variation, we again identified
Pcdh15 as a regulatory gene dictating CNS SERT protein levels. Together, these efforts
point to an unexpected relationship between the cell adhesion protein and the development
and/or function of 5-HT neurons, and further support the power of the BXD paradigm.

In summary, the current study reports an interrogation of BXD RI mouse strains at multiple
levels (neurochemical trait, mRNA, phenotypes) to generate rational hypothesis that could
explain the genetic control of 5-HT homeostasis and signaling in both central and peripheral
tissues. Despite the caveats noted above, we observed strong genetic control of both 5-HT
traits and gene expression profiles. In examining these determinants, we 1) found blood and
brain 5-HT traits were controlled by different sets of genetic loci, 2) identified a group of
phenotypic traits that correlate with 5-HT blood and/or brain traits, 3) revealed both known
and novel genes that associate with 5-HT traits. Given the success of our studies, it is
evident that an even more clear picture should emerge through the use of a larger family of
recombinant lines, such as those present in the Collaborative Cross, an effort based on RI
strains derived from 8 inbred and outbred lines, and where genetic variation similar to that
of humans (Welsh et al. 2012). Finally, as more phenotypic data (such as protein expression
data for 5-HT related genes) is deposited into the GeneNetwork database, our data sets will
offer additional opportunities to dissect the complex actions of 5-HT in the brain and
periphery, and hopefully provide clues to disorders associated with 5-HT dysfunction.
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Figure 1.
Levels of 5-HT, 5-HIAA and computed 5-HIAA/5-HT ratios across BXD RI lines. A) Blood
5-HT; B) Blood 5-HIAA; C) Blood 5-HIAA/5-HT; D) Midbrain 5-HT; E) Midbrain 5-
HIAA; F) Midbrain 5-HIAA/5-HT; G) Diencephalon 5-HT; H) Diencephalon 5-HIAA and
I) Diencephalon 5-HIAA/5-HT. Male animals are represented by open circles and female
animals are represented by solid black squares.
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Figure 2.
Correlations between midbrain or blood 5-HT levels and selected archived BXD
phenotypes. (A) midbrain 5-HT levels and immobility time in tail suspension test (trait
11432, r = -0.65, P = 0.03); (B) midbrain 5-HT levels and bone mineral density (trait 12829,
r = -0.63, P = 0.01); (C) blood 5-HT levels and blood α-amylase levels (trait 12891, r =
0.55, P = 0.01) and (D) blood 5-HT levels and serum corticosterone levels after restraint
(trait 13563, r = 0.83, P < 0.0001). All P values are calculated using Spearman's rank test.
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Figure 3.
Heatmap of QTL intervals for serotonergic traits: a) female diencephalon 5-HT; b) female
diencephalon 5-HIAA; c) female diencephalon 5-HIAA/5-HT; d) male diencephalon 5-HT;
e) male diencephalon 5-HIAA; f) male diencephalon 5-HIAA/5-HT; g) female midbrain 5-
HT; h) female midbrain 5-HIAA; i) female midbrain 5-HIAA/5-HT; j) male midbrain 5-HT;
k) male midbrain 5-HIAA; l) male midbrain 5-HIAA/5-HT; m) female blood 5-HT; n)
female blood 5-HIAA; o) female blood 5-HIAA/5-HT; p) male blood 5-HT; q) male blood
5-HIAA and r) male blood 5-HIAA/5-HT. Numbers on the bottom specify the mouse
chromosome linked to the heat map of QTLs above. Genomic loci are colored according to
the strength of correlation. Genomic regions where DBA/2J alleles associate with higher
trait values are shown in red whereas genomic regions where C57BL/6J alleles associate
with higher trait values are shown in blue.
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Figure 4.
Interval analysis of 5-HT levels in (A) midbrain and (B) blood. Numbers above red lines
designate mouse chromosomes. Red lines designate LOD (Log of Odds) scores where gene
variation achieves significance (see Methods) whereas gray lines designate LOD scores
achieving suggestive threshold.
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Figure 5.
Gene expression correlations of genes that have known roles in 5-HT homeostasis and
signaling with midbrain 5-HT traits: (A) 5-HT levels, (B) 5-HIAA levels and (C) 5-HIAA/5-
HT ratios. Dashed lines represent significance levels of 0.05, 0.01 and 0.001 (Spearman's
rank test). Open bars represent positive correlations and filled bars denote negative
correlations. Genes with multiple probes, designated by parentheses, are plotted separately.
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