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Variation in the serotonin transporter gene-linked polymorphic region (5-HTTLPR) has been associated with heightened neural activity
in limbic and prefrontal regions in response to emotional stimuli. The current study examined whether the 5-HTTLPR polymorphism is
also associated with alterations in microstructure of frontal-limbic white matter (WM) tracts. Thirty-seven (mean age, 20.51 years; range,
13–28) female participants were genotyped for the 5-HTTLPR polymorphism. Diffusion MRI was collected and a probabilistically defined
tract of the uncinate fasciculus (UF), a WM pathway connecting the amygdala to medial and orbital prefrontal cortex, was used to generate
fractional anisotropy (FA) values for participants. Regression analyses indicated a significant inverse association between number of
low-expressing 5-HTTLPR alleles and FA values for the left frontal UF region, � � � 0.42, p � 0.005. Furthermore, there was a positive
association between age and FA values for bilateral frontal regions of the UF; these effects explained 39 and 20% of the variance in FA
values for left and right frontal regions, respectively. 5-HTTLPR genotype and age appear to independently influence the WM microstruc-
ture of the UF. The observed reduction in FA values among low-expressing 5-HTTLPR allele carriers may contribute to biased regulation
of emotional stimuli.

Introduction
The serotonin transporter (5-HTT) regulates the reuptake of se-
rotonin to the presynaptic neuron for recycling or degradation
after serotonin has been released. It thus plays a critical role in
determining the duration and intensity of serotonin communi-
cation with postsynaptic receptors and targets, such as those in
limbic regions involved in the regulation of emotional informa-
tion (for review, see Hariri and Holmes, 2006).

Importantly, the efficiency with which the 5-HTT returns se-
rotonin to the presynaptic neuron appears to be influenced by the
5-HTTLPR polymorphism. A common deletion polymorphism
in the promoter region of the 5-HTT gene results in two variants:
a short (S) allele and a long (L) allele. The presence of one or two
S alleles, rather than two copies of the L allele, is associated with
reduced transcriptional efficiency that putatively results in signif-
icant decreases (�50%) in serotonin reuptake (Caspi et al., 2003;
Hu et al., 2005).

Furthermore, it has recently been determined that the long
5-HTTLPR allele has two variants (i.e., LA and LG). In the first of
two extra 20 –23 bp repeats in the L allele, a common single
nucleotide polymorphism occurs at the sixth nucleotide (adenine

to guanine; A to G) (Wendland et al., 2006). The LG variant and
the S allele appear to be very similar in terms of transcriptional
activity; therefore, only the LA variant is high expressing with
regard to transcriptional activity (Hu et al., 2005).

This difference in how serotonin is regulated appears to im-
pact a cortical-limbic circuit that is critical for regulating emo-
tional information. Previous studies, among healthy participants,
have shown that short 5-HTTLPR allele carriers have reduced
gray matter volume in prefrontal cortex (PFC) regions (Pezawas
et al., 2005). Furthermore, using functional magnetic resonance
imaging (fMRI), short 5-HTTLPR allele carriers showed less
functional coupling between the amygdala and perigenual ante-
rior cingulate (pACC) (Pezawas et al., 2005), over-activation in
anterior medial prefrontal regions (Heinz et al., 2005) in response
to negative stimuli, and increased amygdala activation to emo-
tional stimuli (Hariri et al., 2005). These studies indicate that the
5-HTTLPR polymorphism is associated with biased processing of
emotional information, likely resulting from altered functional
connectivity within a corticolimbic circuit (Munafò et al., 2008).

The rostral portion of the superior temporal gyrus and amyg-
dala are connected to both the orbital and medial prefrontal cor-
tex via a critical white matter (WM) tract, the uncinate fasciculus
(UF) (Petrides and Pandya, 2002). The uncinate fasciculus is the
largest of the three fiber tracts connecting the frontal and tempo-
ral lobes (Petrides and Pandya, 1988). Importantly, the uncinate
fasciculus connects three regions involved in cognitive emotion
regulation (i.e., amygdala, lateral, and medial PFC).

Recently, diffusion tensor imaging (DTI) has been used to
examine the WM microstructure. Fractional anisotropy (FA) is a
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composite DTI measure corresponding to
the extent of uniform directionality in the
WM tracts and has been related to the de-
gree of myelination or the number or den-
sity of fiber tracts (Beaulieu and Allen,
1994). Although the 5-HTTLPR has been
associated with reduced functional cou-
pling between areas of the PFC and amyg-
dala (Pezawas et al., 2005), no research has
examined the relation between WM archi-
tecture and 5-HTTLPR genotype. In this
report, we tested the hypothesis that the
5-HTTLPR polymorphism was associated
with structural differences in WM mor-
phology among female participants. To in-
vestigate abnormalities in connectivity be-
tween critical regions involved in emotion
regulation, we focused on the UF, a path-
way connecting the limbic system to or-
bital and medial prefrontal cortex.

Materials and Methods
Participants. Thirty-seven healthy female par-
ticipants (mean age, 20.5 years; range, 13–28; 18
Caucasian, seven White Hispanic, six Asian,
two African American, one Native American,
and three unspecified) were recruited with ad-
vertisements posted in local community centers
and online. They received $65 for their partici-
pation. Informed consent was obtained from
individuals over 18 years of age; parental con-
sent and adolescent assent was obtained for par-
ticipants under the age of 18. The Internal Re-
view Board at the University of Texas approved
this project.

Genotyping. Genomic DNA was isolated from buccal cells using a
modification of published methods (Lench et al., 1988; Freeman et al.,
1997). The 5-HTTLPR gene, which maps to 17q11.1–17q12, contains
variable numbers of copies of a 20 –23 bp imperfect repeat sequence (Hu
et al., 2006). The 14 repeat version known as the “short” or “S” version in
the promoter has been associated with lower transcriptional activity and
decreased expression compared with the 16-repeat version or “L” variant
(D’Souza and Craig, 2008), although alternative mechanisms for this
finding have been suggested (Hariri and Holmes, 2006). The primer
sequences are as follows: forward, 5�-GGCGTTGCCGCTCTGAAT-
GC-3� (fluorescently labeled), and reverse, 5�-GAGGGACTGAGCTG-
GACAACCAC-3�.

It has recently been determined that the long 5-HTTLPR allele has two
variants (i.e., LA and LG). In the first of two extra 20 –23 bp repeats in the
L allele, a common single nucleotide polymorphism occurs at the sixth
nucleotide (adenine to guanine; A to G) (Wendland et al., 2006). The LG

variant and the S allele appear to be very similar in terms of transcrip-
tional activity; therefore, only the LA variant is high expressing with
regard to transcriptional activity (Hu et al., 2005). To distinguish be-
tween the S, LA, and LG fragments, the PCR fragment was digested with
MspI according to the procedures from Wigg et al. (2006). The resulting
polymorphic fragments were separated using an ABI 377 DNA Se-
quencer (S: 297, 127, 62 bp; LA: 340, 127, and 62 bp; LG: 174, 166, 127, and
62 bp). Allele frequencies were SS: n � 11 (29.7%), SLG: n � 0 (0%),
LGLG: n � 0 (0%), SLA: n � 16 (43.2%), LGLA: n � 2 (5.4%), and LALA:
n � 8 (21.6%). Tests for Hardy–Weinberg equilibrium (HWE) were
performed using the exact test of Hardy–Weinberg proportion for mul-
tiple alleles (Guo and Thompson, 1992). Proportions did not vary from
HWE ( p � 0.05).

Imaging. Diffusion MRI was collected using echo planar imaging and a
twice-refocused spin echo pulse sequence, optimized to minimize eddy
current-induced distortions [General Electric 3T, repetition time/echo

time � 12000/71.1, B0 � 1000, 128 � 128 matrix, 0.94 � 0.94 � 3 mm
thick (0 mm gap) slices, 1 T2 plus 25 DWI]. Forty-one slices were ac-
quired, and the diffusion tensors and FA were calculated on a voxel-by-
voxel basis using conventional reconstruction methods in FSL (FMRIB
Software Library, a comprehensive library of analysis tools for fMRI,
MRI, and DTI brain imaging data) (Behrens et al., 2003). FA images were
registered, using a nonlinear registration, into a standard space using the
FMRIB_56 template, a mean FA map derived from 56 normal young
individuals registered in MNI152 standard space. The primary measure
of WM was derived from regional DTI measures of FA and extracted
from each participant with a pathway of interest (POI), using a probabi-
listically defined tract of the UF, also in standard space (Smith et al., 2006;
Behrens et al., 2007), shown in Figure 1a. A similarly defined pathway of
the posterior forceps was used as a control POI and analyzed in the same
manner, shown in Figure 1b.

Results
Association between 5-HTTLPR and FA values for the UF
Linear regression analyses examined the association between
number of low-expressing 5-HTTLPR alleles and FA values for
the UF. The UF pathway was segmented into a frontal and a
temporal portion and mean FA values were extracted from each
section for each hemisphere. To control effects associated with
WM microstructure development, participant age and its inter-
action with 5-HTTLPR genotype were also entered as covariates
in each analysis.

Results indicated significant, independent genotype and age
effects for FA values in the left frontal region of the UF (Table 1).
As number of low-expressing alleles increased, FA values in the
left frontal region of the UF decreased. Additionally, age was
positively associated with FA values in this region. The additive
effects of age and 5-HTTLPR genotype explained 39% of the

Figure 1. a, b, The left and right uncinate fasciculus (a), shown on a coronal slice through the PFC (left panel) and an axial slice
(right panel), and the left and right posterior forceps (b) are shown projected on a standard FA map. Each subject’s FA map was
registered into the same standard space, MNI 152, as the POIs were created, and FA values along each path were extracted using
the FSL software.
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variance in FA values in the left frontal region of the UF. For the
right frontal region of the UF, age was positively associated with
FA values, but there was no significant association for the
5-HTTLPR polymorphism. Neither age nor 5-HTTLPR was sig-
nificantly associated with FA values in the left or right temporal
portions of the UF (Fig. 2, for scatter plots of individual FA values

presented by 5-HTTLPR allele group for
each region of the UF).

Specificity of 5-HTTLPR associations
with FA values
To examine the specificity of the group
difference in the UF, FA values from the
left and right hemisphere sections, exclud-
ing midline locations of the posterior for-
ceps, were examined. This well characterized
WM pathway, originating from the corpus
callosum and emanating to the occipital
lobe, is an ideal control region, as it is not
implicated in the regulation of emotion.
Analyses revealed no significant main effects
or interactions for age or 5-HTTLPR geno-
type (Table 1).

Association between FA values
and ethnicity/race
An additional regression analysis was
performed to determine whether con-
trolling for participants’ ethnicity (His-
panic: yes, no) and race (Caucasian: yes,
no) affected the observed association be-
tween 5-HTTLPR and left frontal FA val-
ues. [Because of the small numbers of
people of non-Caucasian race, we com-
bined them into a single race category. A

chi-square test showed that there were no differences in the
distribution of allele frequencies across our non-Caucasian
groups (� 2

(8,15) � 3.82, p � 0.87).] A regression model that
included race, ethnicity, and 5-HTTLPR genotype as predic-
tors of FA values of the left hemisphere frontal region of the
UF was significant, F(1,36) � 4.88, p � 0.01, R 2 � 0.31. Impor-

Table 1. Unstandardized and standardized betas, t test, variance explained, and F values for the regression models predicting FA values in the left and right frontal and
temporal regions of the uncinate fasciculus and left and right posterior forceps

Unstandardized coefficients Standardized coefficients

B SE � t(36) R2 F(1,36)

Left frontal uncinate fasciculus 0.39 7.05***
Age 29.06 29.06 0.42 2.99*
Genotype �165.61 55.11 �0.42 �3.03*
Age � genotype �4.92 13.82 �0.05 �0.36

Right frontal uncinate fasciculus 0.21 2.87*
Age 24.67 11.21 0.37 2.20*
Genotype �20.75 61.80 �0.05 �0.34
Age � genotype 14.61 15.50 0.16 0.94

Left temporal uncinate fasciculus 0.01 0.20
Age 6.86 11.78 0.11 0.58
Genotype 17.05 64.97 0.05 0.26
Age � genotype �0.68 16.30 �0.01 �0.04

Right temporal uncinate fasciculus 0.04 0.50
Age 5.61 10.19 0.10 0.55
Genotype 28.07 56.20 0.09 0.50
Age � genotype 11.40 14.10 0.15 0.81

Left posterior forceps 0.04 0.42
Age 4.305 16.32 0.05 0.26
Genotype 96.56 90.02 0.19 1.07
Age � genotype �5.45 22.58 �0.04 �0.24

Right posterior forceps 0.04 0.47
Age 2.53 19.48 0.02 0.13
Genotype 83.05 107.43 0.13 0.77
Age � genotype �21.71 26.95 �0.15 �0.81

*p � 0.05; ***p � 0.001.

Figure 2. Scatterplots of individual FA values for frontal and temporal region of the uncinate fasciculus presented by 5-HTTLPR
allele group. Regression line and 95% confidence interval is also plotted to depict the relationship between FA values and
5-HTTLPR for each region.
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tantly, the 5-HTTLPR genotype effect remained significant (b,
�152.18; SE, 61.11; �, �0.38; t � �2.49; p � 0.05), whereas
the effects for race (b, 159.58; SE, 94.08; �, �0.27; t � 1.70; p �
0.099) and ethnicity (b, �58.09; SE, 117.13; �, �0.08; t �
�0.50; p � 0.623) were not significant.

Laterality of FA values in frontal regions of UF
To assess the apparent laterality of our findings, a repeated-
measures ANOVA was performed, with genotype (number of
low-expressing 5-HTTLPR alleles) as a between-subjects factor
and hemisphere (left, right) as a within-subjects factor. There was
a significant interaction between hemisphere and 5-HTTLPR al-
lele status for FA values in the frontal regions of the uncinate
fasciculus, F(1,36) � 4.53, p � 0.05. This indicates that the associ-
ation between the 5-HTTLPR genotype and FA values in the
frontal region was significantly stronger for the left compared
with right hemisphere. In contrast, there was no significant hemi-
sphere � 5-HTTLPR genotype interaction for the temporal re-
gions of the UF, F(1,36) � 0.57, p � 0.57.

Discussion
Previous research has implicated the regulation of serotonin to be
important in the regulation of emotional activity, via a critical
cortical-limbic circuit. Pezawas et al. (2005) found that short
5-HTTLPR allele carriers had significant reduction in gray matter
volume in the pACC and the rostral anterior cingulate, regions of
the prefrontal cortex previously implicated in affect regulation
(Drevets, 2000), compared with long 5-HTTLPR allele homozy-
gotes. Furthermore, using fMRI to assess relative activation of the
pACC and amygdala in response to negative stimuli (e.g., angry
and scared facial expressions), short 5-HTTLPR allele carriers
had less functional coupling between the pACC and the amyg-
dala. The “uncoupling” of this emotion circuit may explain why
short 5-HTTLPR allele carriers have greater amygdala responses
to emotional stimuli (Hariri et al., 2005).

Similarly, Heinz et al. (2005) reported that a region of the
prefrontal cortex more dorsal and rostral to the pACC was over-
activated in short 5-HTTLPR allele carriers than long 5-HTTLPR
homozygotes when presented with emotional images. Activation
of the ventromedial prefrontal cortex region was positively cor-
related with amygdala activation, suggesting a compensatory ef-
fort to regulate exaggerated amygdala responses of the short allele
carriers. This heightened amygdala response in short 5-HTTLPR
allele carriers likely applies to a variety of emotional stimuli, as the
amygdala also responds to positive stimuli (Cunningham et al.,
2008), as well as novel, salient, and ambiguous stimuli (Whalen,
2007).

A similar pattern of functional connectivity has been uncov-
ered in men possessing the low-expressing allele of the mono-
amine oxidase A (MAOA) variable nucleotide tandem repeat
(MAOA-L) (Buckholtz et al., 2008). The MAOA-L allele is asso-
ciated with increased levels of 5-HT, and the functional network
of ventromedial prefrontal cortex, rostral cingulate, and amyg-
dala has been shown to be both functionally and structurally
compromised during an emotional arousal task among MAOA-L
allele carriers. Together, these results suggest that alterations in
5-HT concentrations during development may affect critical
pathways for emotion regulation by altering white matter micro-
architecture (Buckholtz and Meyer-Lindenberg, 2008). This is
further supported by the critical role 5-HT plays in the modula-
tion of axonal guidance during development (Bonnin et al.,
2007).

These studies indicate that the 5-HTTLPR polymorphism is

associated with biased processing of emotional information,
likely resulting from altered functional connectivity within a cor-
ticolimbic circuit (Munafò et al., 2008). Critical components of
this circuit include the amygdala, subgenual anterior cingulate
cortex, and the prefrontal cortex, which are involved in the expe-
rience, expression, and regulation of emotion. Therefore, indi-
vidual differences in the microarchitecture of white matter fiber
tracts that connect cortical and limbic regions could strongly
affect the ability to cognitively regulate emotional information.
Despite several findings indicating that the 5-HTTLPR is associ-
ated with reduced functional coupling between areas of the pre-
frontal cortex and amygdala, no previous research has directly
tested this possibility by examining whether the 5-HTTLPR is
associated with individual differences in the WM pathways that
connect these regions.

In this study, we have documented a strong inverse associa-
tion between number of low-expressing 5-HTTLPR alleles and
the WM microarchitecture of a frontal-limbic circuit that plays a
critical role in the regulation of emotional reactivity. As number
of low-expressing 5-HTTLPR alleles increased, FA values in the
left frontal region of the uncinate fasciculus decreased. Lower FA
values in the uncinate fasciculus, a critical WM tract that con-
nects regions of the prefrontal cortex to the amygdala, may con-
tribute to the heightened amygdala reactivity and poorer func-
tional coupling between the prefrontal cortex and amygdala
(Pezawas et al., 2005) observed among carriers of the low-
expressing 5-HTTLPR allele. Future work that assesses whether
WM microarchitecture mediates the association between
5-HTTLPR polymorphism and neural responses to emotional
stimuli is needed to confirm this hypothesis.

Importantly, reduced FA values in the left frontal region of the
uncinate fasciculus were observed among a sample of healthy,
nondepressed, nonmedicated women. Therefore, the results
from the current study are likely associated with vulnerability to
depression (Caspi et al., 2003), rather than a symptomatic out-
come of altered mood state. Furthermore, it is intriguing that FA
differences were specific to the UF in the left frontal regions. This
is consistent with previous research indicating altered activity in
left prefrontal cortex is associated with vulnerability to depres-
sion (Davidson et al., 2002), although additional research is
needed to determine whether the laterality of these effects are
replicated in a larger sample.

We also documented a strong association between age and FA
values specifically in the bilateral frontal regions of the uncinate
fasciculus. This finding corresponds with work showing FA val-
ues in prefrontal regions (including those associated with atten-
tion, motor skills, and cognitive ability) increase with age as pre-
frontal myelination develops (Barnea-Goraly et al., 2005). Given
the high rates of depression observed among adolescents, partic-
ularly girls (Hankin et al., 1998), alterations in the development
of the uncinate fasciculus may play an important role in the onset
of depression. Consistent with this possibility, the 5-HTTLPR
polymorphism appears to be an important predictor of depres-
sion vulnerability among adolescent girls (Eley et al., 2004).

Several limitations of this study should be noted. First, our
sample size was modest and exclusively female: a replication
study with a larger sample of men and women is needed. Third
variable explanations, such as the possibility that the 5-HTTLPR
promoter polymorphism is in linkage disequilibrium with an-
other functional genetic marker or the possibility of population
stratification, should also be considered as explanations for the
observed effects. Our sample was racially heterogeneous, but we
found no differences in allele frequencies for the minority groups,
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so they were collapsed together for analysis. Although we found
no evidence that race or ethnicity predicted FA values in any of
the regions we examined, future work with larger samples should
consider the races separately, as there are known allele frequency
differences for African and Asian races, or consider using
genomic controls.

Finally, it will be critically important for future work to deter-
mine whether impairments in the development of the uncinate
fasciculus (and other white matter pathways involved in the reg-
ulation of emotion) predict future onset of depression. Consis-
tent with this possibility, this is the first demonstration of an
association between the 5-HTTLPR polymorphism, a gene that
has been linked with depression vulnerability (Caspi et al., 2003),
and the white matter morphology of the uncinate fasciculus.
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