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Objective: Genome scans have revealed
significant evidence for linkage of depres-
sion to chromosome 15025.3-gq26.2. The
gene for neurotrophic tyrosine kinase re-
ceptor 3 (NTRK3), the receptor for neu-
rotrophin-3 (trkC) and a key gene in neu-
rotrophin signaling, is located within this
region and, given evidence for synaptic
plasticity as a mechanism in mood disor-
ders, was considered a prime candidate.
The authors investigated NTRK3 as a sus-
ceptibility gene for childhood-onset

Method: The study sample consisted of
603 families with 723 affected children
and adolescents diagnosed with a mood
disorder with onset of the first episode by
age 15. The authors genotyped 18 poly-
morphic markers across the NTRK3 gene
in this sample and tested for association.

Results: Results identified significant evi-
dence for association for five of the mark-
ers using the transmission disequilibrium
test. Four of the five markers were located
in a region of strong linkage disequilib-
rium and were highly correlated. Haplo-
type results provided significant evidence
for association to haplotypes composed
of markers located in two haplotype
blocks.

Conclusions: The results for NTRK3 as
well as the authors’ previous finding for
association to brain-derived neurotrophic
factor in this sample support synaptic
plasticity as a mechanism contributing to
mood disorders that begin during child-
hood and adolescence and specifically
implicate the NTRK3 gene as a contribut-

mood disorders.

ing factor in the 15q-linked region.

(Am ] Psychiatry 2008; 165:610-616)

Mood disorders are complex disorders with moder-
ate heritability. Family and twin studies show the highest
relative risk for depressive disorders in families of
probands with early age at onset and/or recurrent epi-
sodes compared with the risk in the general population
(1-3). Because of this, a number of studies have focused
on families identified through probands with early-onset
depression for genetic studies (4-6).

A genome scan using 297 families with a proband who
had recurrent early-onset major depressive disorder (de-
fined as onset before age 31 for the probands and age 41
for affected relatives) observed significant evidence for
linkage on chromosome 15925.3-q26.2 (lod [logarithm of
the odds ratio for linkage] score=3.73) (4). The most sig-
nificant scores were observed for the markers D155652
and GATA128A02. Fine mapping in that region using sin-
gle nucleotide polymorphisms (SNPs) provided a more
significant result with a z likelihood ratio score of 4.69
(equivalent Kong-Cox lod score=4.78) at ~92 Mb on the
physical map (University of California, Santa Cruz [UCSC]
Genome Browser, build 34) (7).
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An independent genome scan of 497 sib pairs with re-
current depression found a modest signal for linkage at
the same position of chromosome 15q, with the most sig-
nificant marker (D1551047) located approximately 11 Mb
proximal to D15S652 (8). Another genome scan, using 87
pedigrees from Utah with recurrent early-onset depres-
sion and anxiety disorders, found suggestive evidence for
linkage to 15q in this same region (6). Sex-specific analy-
ses provided stronger evidence in favor of linkage in this
region in males (lod score=2.88) for the phenotypes de-
pression or anxiety for the marker D15S1515 on 15g26.2.

There are a number of neuron-related genes located in
15925.3-q26.2 identified in the linkage studies of this re-
gion, including neurotrophic tyrosine kinase receptor 3
(NTRK3), neugrin, neurite outgrowth associated (NGRN),
transducer of regulated cAMP response element-binding
protein 3 (TORC3), synaptic vesicle glycoprotein 2B
(SV2B), and repulsive guidance molecule member A
(RGMA). Key among these genes is NTRK3. NTRK3 is a
member of the TRK family of tyrosine protein kinase
genes, which includes trkA (NTRK1) and trkB (NTRK?2).
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The protein product of the NTRK3 gene, trkC, is expressed
preferentially in the brain, with transcripts in the hippo-
campus, cerebral cortex, prefrontal cortex, cingulate cor-
tex, and the granular layer of the cerebellum (http://
www.brain-map.org/welcome.do; http://symatlas.gnf.org/
SymAtlas/). The neurotrophin family consists of nerve
growth factor (NGF), brain-derived neurotrophic factor
(BDNF), neurotrophin-4/5 and neurotrophin-3. TrkC is
the receptor for neurotrophin-3 (NTF3) but does not bind
NGF or BDNE

Duman et al. (9) suggested a neurotrophic hypothesis of
depression and antidepressant action, indicating that the
inability of neural systems to exhibit appropriate adaptive
plasticity could contribute to the pathogenesis of depres-
sion. The evidence for neural plasticity in depression is
based on a number of lines of evidence, including evi-
dence that antidepressant treatment up-regulates the
cAMP signal transduction cascade, increases the expres-
sion of CREB (cAMP response element binding protein),
and up-regulates the neurotrophin signaling pathways
that are involved in neural plasticity and survival (9, 10).

Specifically supporting neuronal plasticity as a mecha-
nism in the genetic susceptibility to mood disorders has
been the finding of association of BDNF with mood disor-
ders in several samples (11-14). More pertinent to the
study of childhood-onset mood disorders is our previous
finding for association of BDNF in a case-control sample
of probands with mood disorders that began before the
age of 14.9 years (11) and evidence for association of child-
hood-onset mood disorders in a sample of families from
Hungary (12; we used the same sample in this study).

Given our previous data indicating BDNF as a suscepti-
bility gene in this sample and given this gene’s location in
the chromosome 15q region linked to early-onset depres-
sion, in this study we investigated the NTRK3 gene as a
susceptibility gene in childhood-onset mood disorders.

Method

Subjects

Details of the diagnostic assessment and the inclusion and ex-
clusion criteria for the families enrolled in this study have been
published elsewhere (15). Families were recruited from 23 mental
health facilities across Hungary as part of a multidisciplinary pro-
gram project to study risk factors in childhood-onset mood disor-
ders (15). The probands were diagnosed using the Interview
Schedule for Children and Adolescents—Diagnostic Version,
which is an extension and modification of the original version
(16). Children and parents were interviewed separately, and ap-
proximately 1 month later both were interviewed again. Children
were interviewed about themselves, and parents about their
child’s symptoms. The final diagnosis was based on the consen-
sus diagnosis of two independent child psychiatrists. The
probands met DSM-IV criteria for a mood disorder (depressive
disorder or bipolar disorder), with the onset of the first episode by
14.9 years of age. For 14 of the siblings, onset of depression oc-
curred between ages 15 and 18. The analyses for this study were
based on the genotypes of 603 families with 723 affected children.
At the time of diagnosis, 0.8% of the children met the criteria for
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bipolar disorder. Given the young age of the children, we expect
that 20% to 30% of those who are currently diagnosed with unipo-
lar depression will develop bipolar disorder as they mature. Be-
cause it is not possible to predict which of these children will de-
velop bipolar disorder, they cannot be excluded from our sample.
Moreover, family and twin studies indicate that bipolar and de-
pressive disorders share substantial genetic overlap (17).

Genotyping and DNA Screening

To investigate NTRK3 as a susceptibility gene in childhood-on-
set mood disorders, we genotyped 18 markers across the gene
and tested for association. DNA was extracted from blood using a
standard high salt method. The initial 10 markers selected for
genotyping were chosen to represent the haplotype blocks identi-
fied in HapMap in the Centre d’Etude de Polymorphisme Hu-
main’s Utah sample, consisting of Utah residents with ancestry
from northern and western Europe. These markers were chosen
using Haploview version 2.03 and based on HapMap, release 19/
phase II (October 2005). After the identification of positive results
from these markers, additional markers were selected to repre-
sent the major haplotypes in those blocks. All polymorphisms for
this study were genotyped using the TagMan 5’ nuclease assay
with primers and probes available commercially (Applied Biosys-
tems, Foster City, Calif., TagMan SNP Genotyping Assay) or de-
signed specifically for this study (Applied Biosystems, Custom
TagMan SNP Genotyping Assay). For each assay, 5 pul PCR reac-
tions contained 30 ng of genomic DNA, 2.5 ul of 2x TagMan Uni-
versal PCR Master Mix (Applied Biosystems), and 0.25 ul of 20x
SNP genotyping assay mix containing 18 umol/liter of each
primer and 4 umol/liter of each probe. The thermal cycling con-
ditions were 95°C for 10 minutes, then 40 cycles of 95°C for 15 sec-
onds and 1 minute at the annealing temperature of 59°C. Two
negative controls were included for each 96-well plate. Plates
were read on the ABI 7900HT Sequence Detection System using
the allelic discrimination endpoint analysis mode of the software
package version 2.0 (Applied Biosystems).

To screen for DNA variation in the exons around the positive
markers, we amplified eight of the exons from 48 probands for
screening by denaturing high performance chromatography.
Overlapping sets of primers were designed to cover the exons as
well as the intron-exon splice junctions.

Statistical Analysis

All data were screened for Mendelian errors using PEDSTATS,
and MERLIN was used to detect any crossovers between markers
(18). This data set was free of any detectable Mendelian errors,
and none of the markers used in the analyses deviated from the
Hardy-Weinberg equilibrium. One polymorphism, rs2117655,
was found to have Mendelian errors and was not in Hardy-Wein-
berg equilibrium. By sequencing we identified a second polymor-
phism next to the polymorphism that interfered with the inter-
pretation of the assay, and genotypes from this marker were not
analyzed further. For each marker included in the analyses, geno-
types were complete on 99.4% to 99.9% of the available DNA sam-
ples, with an average of 99.7% completion for the 18 markers.

We used the extended transmission disequilibrium test pro-
gram (19) for analyses of the transmission disequilibrium test of
single markers. One thousand permutation tests were conducted
using the UNPHASED program (20) to correct p values for multi-
ple testing. This analysis produces a significance level that
corrects for the number of markers analyzed while taking into
account the correlation between markers. One thousand permu-
tations were run using the “robust permutation” option, which is
robust to prior linkage (20). Association of haplotypes was evalu-
ated using TRANSMIT (21) with the “robust estimator” option.
Haplotypes with frequencies less than 10% were pooled, and x?
and p values are reported only for those with frequencies greater
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FIGURE 1. Position of the 18 Markers Genotyped in NTRK3 and the Linkage Disequilibrium as Measured by D’ Between Them?
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a Analyses were based on the genotypes of 603 families with 723 children and adolescents diagnosed with mood disorders with onset of the
first episode by age 15. In the figure, note that many of the exons are small and separated by small introns, and on the scale of this map they
cannot be distinguished. The position of the markers and genomic structure are taken from University of California, Santa Cruz (UCSC) Ge-
nome Browser, build 36.1; UCSC gene predictions are based on RefSeq, UniProt, GenBank, and Comparative Genomics.

than 10%. The degree of linkage disequilibrium (LD) between
markers was evaluated using Haploview 3.2 (22; http://
www.broad.mit.edu/mpg/haploview).

Results

Figure 1 shows the location of the 18 markers we geno-
typed across the NTRK3 gene in relation to the exon-in-
tron structure and the degree of LD between markers (D")
of the gene. Note that because of the scale of Figure 1, ex-
ons that are separated by small introns are not distin-
guishable from each other (see http://genome.ucsc.edu/
cgi-bin/hgGateway). Of the 18 markers genotyped for the
final analyses, five provided evidence of association using
the transmission disequilibrium test (Table 1). We note
that the exon structure of this gene is complex with alter-
natively spliced exons indicated in the UCSC Genome
Browser (http://genome.ucsc.edu/cgi-bin/hgGateway).
Additional exons may still be identified. Our current exon
prediction is based on exon nomenclature on the UCSC
web site (March 2006, build 36.1). Four of the five positive
markers were located in introns 4 through 12, and the fifth
was located in intron 16. The markers across introns 4
612
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through 12 were in a region of high LD and were highly cor-
related, showing a similar transmission pattern. The most
significant marker was rs2059588, with a p value of 0.018.
This value did not maintain global significance after per-
mutation testing (p=0.2178, SE=0.01305). We screened ex-
ons 5 through 12 in the area spanning the region of four of
the positive markers using denaturing high-performance
liquid chromatography in DNA from 48 of the probands to
identify DNA changes with potential to change the coding
sequence or the predicted splice sites of the gene. We did
not identify any DNA variation in these exons.
Haplotypes were analyzed using the three blocks of
strong LD across the gene (LD blocks shown in Figure 1,
results shown in Table 2). Blocks were defined by the algo-
rithm set out by Gabriel and colleagues (23). Haplotype
blocks can be defined using a number of different meth-
ods, including LD based, diversity based, and recombina-
tion. Blocks defined by LD and recombination-based
methods generally provide similar blocks. We also com-
pared the blocks defined by the Gabriel et al. algorithm
with the blocks defined using the solid spine of LD and the
four-gamete rule algorithms in Haploview 3.2 for compar-
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TABLE 1. NTRK3 Transmission Disequilibrium Test Results
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Marker ABI Assay ID Allele Frequency Transmitted Not Transmitted x2 (df=1) p
rs1369430 C__9888204_10 G 0.381 195 242 5.055 0.025
rs1435403 C__9888240_10 A 0.305 183 214 2.421 0.120
rs3784441 C__9888298_10 A 0.300 181 209 2.010 0.156
rs1369423 C__9888334_10 A 0.439 227 225 0.009 0.925
rs922231 C___3041201_10 T 0.301 195 181 0.521 0.470
rs1948066 C__11442000_10 T 0.365 221 213 0.147 0.701
rs3825885 C___3041217_10 C 0.324 217 190 1.791 0.181
rs3825884 C___3041231_10 A 0.378 238 202 2.945 0.086
rs7174354 G 0.473 243 216 1.588 0.208
rs991729 A 0.228 186 161 1.801 0.180
rs3784410 C___3041255_10 T 0.409 213 254 3.600 0.058
rs1834573 T 0.300 212 196 0.627 0.428
rs2059588 C__11442026_1_ C 0.487 266 214 5.633 0.018
rs1110306 C__9487325_1_ A 0.476 261 215 4.445 0.035
rs3784406 A 0.439 264 215 5.013 0.025
rs11073767 C__ 253199_10 T 0.455 263 217 4.408 0.036
rs1529323 C__9487296_10 A 0.455 261 222 3.149 0.076
rs1559824 C__9487340_10 A 0.114 99 95 0.082 0.774
TABLE 2. Haplotype Analysis of NTRK3 Gene
Transmissions
Block Frequency Observed Expected Var(O-E)? x? (df=1) p
Block 1P
rs1369430 rs1435403 rs3784441
G G G 0.0766
A G G 0.6213 839.90 803.80 134.33 9.704 0.002
G A G 0.0087
A A G 0.0005
G G A 0.0010
A G A 0.0034
G A A 0.2837 351.90 369.90 116.14 2.789 0.095
A A A 0.0048
Block 2¢
rs991729 rs3784410
G T 0.4086 496.95 521.31 137.74 4.310 0.038
A T 0.0005
G C 0.3657 484.05 467.10 132.39 2.170 0.141
A C 0.2252 294.95 287.01 103.75 0.608 0.436
Block 39
rs2059588 rs1110306 rs3784406
T G T 0.5092 636.99 662.00 144.22 4.335 0.037
C G T 0.0096
T A T 0.0024
C A T 0.0365
T G G 0.0024
C G G 0.0029
T A G 0.0019
C A G 0.4351 603.99 573.50 144.44 6.440 0.011

a Variance of the difference between observed and expected transmissions.
b Global x?=17.588, df=7, p=0.014. For haplotypes with frequencies greater than 10%, x?>=11.262, df=2, p=0.004.
< Global y2=5.442, df=3, p=0.142. For haplotypes with frequencies greater than 10%, x?=5.442, df=3, p=0.142.

d Global x?=12.924, df=7, p=0.074. For haplotypes with frequencies greater than 10%, x*>=6.617, df=2, p=0.037.

ison. All three methods defined the first block as contain-
ing the three markers (rs1369430, rs1435403, and
rs3784441) located in the 3" end of the gene. Block 3 was
defined by the same markers for both the Gabriel et al. and
the four-gamete rule algorithms with an additional two
markers (rs11073767 and rs1529323) included in the block
defined by the solid spine of LD algorithm.

The results were significant for two of the three blocks an-
alyzed. For the first block, composed of markers rs1369430,
rs1435403, and rs3784441, the common haplotype (fre-
quency 0.62) was overtransmitted to affected offspring (3=
9.704, df=1, p=0.002), with a global x? value of 11.262 (df=2,
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p=0.004) for the two haplotypes with frequency greater than
10% and the pooled analyses of the haplotypes with fre-
quency less than 10% (Table 2). For the third block, com-
posed of markers rs2059588, rs1110306, and rs3784406, two
haplotypes with frequency greater than 10% were biased in
transmission (one overtransmitted and one undertransmit-
ted), with a global 2 value of 6.617 (df=2, p=0.037).

Discussion

Previous genome scans for mood disorders have impli-
cated the 15q region (4, 6-8, 24). Located in the interval
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between the most significant single markers and flagged
in the 15q region from the Holmans et al. (4) and McGuffin
etal. (8) genome scans is the NTRK3 gene, which is located
7 Mb distal to D15S1047 (8) and 5 Mb proximal to D155652
(4). This gene is also located 9.5 Mb proximal to the most
significant marker on 15q from the Camp et al. study (6).

The results reported here, particularly the significant re-
sults from the haplotype analyses, indicate that genetic
variation in the NTRK3 gene could contribute to the link-
age signals in the 15q region reported in genome scans for
mood disorders. The significance of the most positive sin-
gle marker results, after correcting for multiple tests, is
quite modest, particularly given the number of informa-
tive transmissions provided by this large sample of fami-
lies. This may indicate that the gene is not a major contrib-
utor to the overall risk for depression as previously
indicated from linkage studies of this region (25). How-
ever, as we have not identified the functional DNA change
contributing to depression, the amount of LD between the
chosen markers and the functional DNA changes will in-
fluence the power of the analyses. When we started our
study of this gene, 10 tag SNPs were identified based on
HapMap, release 19/phase I (October 2005). The current
version of HapMap (release 22/phase II, April 2007) indi-
cates that 57 markers would be required to tag the major
haplotypes with r>>0.80 and minor allele frequency >0.20.
As additional genetic variation is identified for this gene,
additional markers may be required. Thus, the full com-
plexity of LD is difficult to capture at this point. Markers
with weak LD to the functional DNA variants will underes-
timate the contribution of a gene to the phenotype, and
this will undoubtedly influence the power to fully detect
the contribution of this gene to mood disorders. Further-
more, if there are multiple DNA changes contributing to
the phenotype on different haplotypes, association analy-
ses will not provide evidence for a strong relationship.
Thus, until the functional DNA changes are identified, the
risk conferred by this gene cannot be fully estimated.

Independent support for this gene as a contributor to
early-onset depression was presented at the 2007 World
Congress on Psychiatric Genetics (26). Interestingly, the
associated markers in that study were located in the same
region where we identify association in this sample. This
independent support for association is encouraging, and
functional studies are now warranted. Given the large size
(~400 kb) and complex LD structure of NTRK3, identifying
the contributing DNA changes is likely to be challenging.
Our association results point to a large 28-kb region span-
ning exons 5-12 as well as a 3’ region. We have ruled out
coding region changes in the exons we have screened, sug-
gesting the possibility that changes in a gene regulatory el-
ement may contribute to risk. Genetic variation that re-
sults in changes to gene expression, rather than variation
in the coding regions, is predicted to play a major role in
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complex traits (27-29). The tasks of identifying the regula-
tory elements and determining the contribution of DNA
variation within the region will not be trivial. Regulatory
elements can be located anywhere within a gene as well as
in the area surrounding the gene, even megabases away
(30). Transcription factor binding sites are small (~5-8 bp),
and degenerate, which makes it difficult to use bioinfor-
matic tools alone to predict regulatory elements (31). Re-
dundancy in the sequence of the transcription binding
sites makes it difficult to predict the impact of a single nu-
cleotide change, and because of the modularity of the
binding sites, a combination of changes may be required
to result in a change of function (31). Recently the position
of modified histones (e.g., methylation and acetylation)
has been used to map regulatory elements, and we plan to
use chromatin immunoprecipitation to modified histones
and microarrays (ChIP-chip) to map regulatory regions
across the gene (32; Z. Xu et al., unpublished 2008 data;
J.M. Couto et al., unpublished 2008 data).

Twin and family studies indicate that mood disorders
are complex, with multiple genes involved, and any one
gene will be unlikely to have a large contribution to risk.
Association studies now point to a few candidate genes
with support from multiple studies (33), but currently it
is unknown how these genes work, either independently
or in concert, to contribute to risk. On smaller subsets of
the sample of families used here, we have previously
identified association to the genes encoding BDNF (12),
arginine vasopressin (AVP) (E.L. Dempster et al., unpub-
lished 2008 data), and the receptor for arginine vaso-
pressin 1B (34).

Several lines of evidence suggest the possibility of inter-
action of BDNF and the hypothalamic-pituitary-adrenal
(HPA) axis in risk for mood disorders, including the obser-
vation that glucocorticoids down-regulate the expression
of BDNF (35). BDNF expression appears to co-localize
with AVP and corticotropin-releasing hormone (CRH) in
the hypothalamic paraventricular nucleus (36, 37). Studies
show that immobilization stress in rats induces an in-
crease in BDNF expression that precedes the increase of
both CRH and AVP in the hypothalamic paraventricular
nucleus (37), and chronic exogenous administration of
BDNF into the brains of rats was found to mediate
changes in the HPA axis (38). The relationship of NTRK3 to
the HPA axis, on the other hand, is not clear. One study in-
dicated that NTRK3 mRNA is not regulated by corticoste-
rone in the rat hippocampus (39), whereas a later study in-
dicated that early postnatal corticosterone regulates
neurotrophins including NTRK3 in the hippocampus (40).
Thus, at present, an integrated model to how these genes
contribute to risk is not possible. The association findings
reported here for NTRK3 and the identification of func-
tional variants will likely spark more focused functional
studies on the interrelationship of these genes.
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