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Abnormal serotonergic function is implicated in the
athogenesis of affective disorders. We induced tran-
ient depressive relapses in volunteer patients by rapidly
epleting plasma tryptophan, the precursor of serotonin
5-HT), and measured neural activity during different
ognitive tasks using positron emission tomography
PET). Neural activity in several 5-HT-related brain
reas, e.g., dorsal raphé, habenula, septal region, amyg-
ala, and orbitofrontal cortex, covaried significantly
ith plasma levels of tryptophan and ratings of de-
ressed mood. Task-specific responses in left amygdala
nd left anterior cingulate were attenuated by trypto-
han depletion. We used these PET data to test the
ypothesis that projections from the habenula modu-

ate dorsal raphé activity and that this modulation is
nhanced in patients experiencing a profound mood
hange following serotonergic challenge. A strong lin-
ar correlation (r2 G 0.5) between habenula and raphé
ctivity was observed in subjects with postdepletion
atings H10 on a modified Hamilton depression scale,
hereas subjects experiencing milder changes in mood
ad weaker habenula–raphé coupling (r2 F 0.5). These
ata support a model of the serotonergic system in
hich the habenula projection to the raphé represents
convergent feedback pathway that controls the re-

ease of 5-HT throughout the brain. In our experiment
e were able to engage this system in patients who were

ensitive to tryptophan depletion. r 1999 Academic Press

Key Words: habenula; dorsal raphé; tryptophan; sero-
onin; depression.

INTRODUCTION

The midbrain raphé nuclei are the principal source of
erebral serotonin (Tork and Hornung, 1990). However,
espite strong evidence that a disturbance of serotoner-
ic function underlies human mood disorders, the

1 To whom correspondence should be addressed. Fax: 144 (0)171

r13 1420. E-mail: r.dolan@fil.ion.ucl.ac.uk.

163
nvolvement of the raphé nuclei in the pathophysiology
f depression remains unclear (Coppen, 1967; Stanley
nd Mann, 1983; Heninger et al., 1984; Cowen and
harig, 1987; Meltzer, 1990). One of the few forebrain
tructures projecting to the dorsal raphé is the ha-
enula nucleus in the epithalamus (Aghajanian and
ang, 1977; Sakai et al., 1977). Animal experiments

ave shown that the habenula is able to influence the
ctivity of serotonergic neurons in the raphé (Wang and
ghajanian, 1977) and modulate release of cerebral
erotonin (Soubrie et al., 1977; Reisne et al., 1982).
nimal data have also implicated the habenula in the
xpression of depressed behavior and the action of
ntidepressant drugs (Thornton et al., 1985; Caldecott-
azard et al., 1988). Despite this evidence that habenu-

ar–raphé interactions have an important role in both
ood regulation and the etiology of depression, there

ave been no previous reports of abnormal neural
ctivity in either the habenula or the raphé nuclei in
he context of human affective disorder.

The serotonergic hypothesis of mood disorder has
eceived strong empirical support from experiments in
hich transient depressive relapses are induced by a

eduction in the level of plasma tryptophan, the amino
cid precursor of serotonin (5-HT) (Delgado et al., 1990;
mith et al., 1997). In the present study, we combined
he technique of tryptophan depletion with positron
mission tomography (PET) to measure neural activity
ssociated with alterations of mood in recovered de-
ressed patients during the performance of specific
sychological tasks (verbal fluency and word repeti-
ion). We report here the results of analyses that
dentify neural responses directly related to changes in
ryptophan level, mood, and cognitive task. Mood and
ask-related activity occurring independently of changes
n tryptophan level have been reported separately
Smith et al., 1998).

METHODS

Subjects. Eight male subjects (mean age 39.1 years,

ange 27–64 years) were recruited from psychiatric

1053-8119/99 $30.00
Copyright r 1999 by Academic Press

All rights of reproduction in any form reserved.
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164 MORRIS ET AL.
utpatients clinics. All subjects had suffered at least
wo episodes of major depression (DSM-III-R criteria),
ut were in full remission at the time of the study. Six of
he subjects were on long-term (.6 months) antidepres-
ant treatment. The drugs taken by the subjects (in
arious individual combinations) included sertraline,
aroxetine, and fluoxetine (selective serotonin reup-
ake inhibitors or SSRIs); trazodone (a nonselective
erotonin reuptake inhibitor); phenelzine and tranylcy-
romine (monoamine oxidase inhibitors or MAOIs);
mitriptyline (a tricyclic); and lithium. The two medica-
ion-free subjects (subjects 1 and 2 in Table 1) had both
esponded to fluoxetine (an SSRI) during previous
epressive episodes. Drug regimes did not change
uring the study. All subjects gave informed consent
nd were told explicitly that the procedure may result
n the return of some, or all, of their depressive
ymptoms. The study was approved by the research
thics committee at the National Hospital and by the
K Administration of Radioactive Substances Advisory
ommittee.
Image acquisition. Scans of the distribution of H2

15O
ere obtained using a Siemens/CPS ECAT EXACT
R1 PET scanner operated in high-sensitivity 3-D
ode. Subjects received a total of 350 MBq of [15O]H2O

ver 20 s through a forearm cannula for each scan, and
ctivity was measured during a 90-s time window. The
tart of scanning window was triggered automatically
hen a preset threshold was reached (3 3 106 counts).
ach subject had two sessions of 6 scans (i.e., a total of
2 scans). The PET images comprised 2 3 2 3 3-mm
oxels with a 6.4-mm transaxial and 5.7-mm axial
esolution (full width at half-maximum). The data were
nalyzed with statistical parametric mapping (SPM96,
ellcome Department of Cognitive Neurology, London,
K; http://www.fil.ion.ucl.ac.uk/spm) implemented in
atlab (Mathworks, Sherborn, MA). Structural MRIs

rom each subject were coregistered to the PET data
ollowing realignment of the PET time series. All the
cans were then transformed into a standard stereo-
axic space (Talairach and Tournoux, 1988; Friston et
l., 1995). Following this normalization, the scans were
moothed using a Gaussian filter set at 12-mm full
idth at half-maximum. The rCBF measurements were
djusted to a global mean of 50 ml/dl/min.
Tryptophan depletion protocol. Subjects were

canned on 2 days separated by at least 1 week. At 0900
n one of the scanning days (balanced day), subjects
eceived a nutritionally balanced mixture of 16 amino
cids (L-alanine, L-arginine, L-cysteine, glycine, L-
istidine, L-isoleucine, L-leucine, L-lysine monohydro-
hloride, L-methionine, L-phenylalanine, L-proline, L-
erine, L-threonine, L-tryptophan, L-tyrosine, and
-valine) made up in 200 ml of water flavored with
lack currant; at 0900 on the other scanning day

depleted day) subjects were given an identical mixture g
xcept that the tryptophan was omitted. The trypto-
han-depleted and balanced drinks were given accord-
ng to a double-blind placebo-controlled protocol. The
rder of administration was balanced and randomly
llocated across the subjects. Prior to both scanning
ays, subjects had a 24-h low protein diet and ate a
ight lunch of low tryptophan foods at 1300. After
canning, which took place between 1400 and 1500,
hey resumed a normal diet. Blood samples were taken
or measurement of total and free tryptophan immedi-
tely before ingestion of the mixture (0900) and imme-
iately after scanning (1500).
Plasma total and free tryptophan levels were mea-

ured by high-performance liquid chromatography
HPLC) with amperometric end-point detection. The
ryptophan was separated from plasma by deproteiniza-
ion with 10% trichloroacetic acid followed by centrifu-
ation at high speed. The residual clear supernatant
as diluted with mobile phase and injected into the
PLC system via an automatic injector. Tryptophan
as separated from plasma proteins by forcing the
lasma through a filter with a molecular weight cutoff
f 10,000 Da, using centrifugation. The residual clear
queous liquid was injected directly into the HPLC
ystem. Stock standards and quality control samples
ere prepared. Quality control samples were processed

n the same way as the samples. Standards were
repared for each assay from stock and injected directly
nto the HPLC system. The intra- and interassay
oefficients of variation were 8.7 and 9.9% for the total
ryptophan assay and 10.6 and 11.4% for the free
ryptophan assay, respectively. The assay sensitivity
as 0.05 µg/ml, with a signal to noise ratio of 3:1.
Clinical rating. Following the administration of the

mino acid mixtures, subjects remained in a quiet
nvironment, being allowed to read only neutral mate-
ial. Ratings of depressive symptoms were made at
845, 1330, and 1530 by an observer blind to the
ixture allocation. A modified version of the Hamilton

ating scale for depression (HAM-D) was used which
xcluded five items that could not change during the
ourse of the experiment (insomnia—initial, middle, or
elayed; genital symptoms; and weight loss). In addi-
ion, subjects rated their own mood state at 1330 using
he Beck Depression Inventory, and during scanning
hey rated their levels of happiness, sadness, and
nxiety according to a 100-mm visual analogue scale.
ach of the subjects was clinically reassessed later on

he same evening and also the following morning.
Psychological tasks. During scanning, subjects per-

ormed either (a) a paced word repetition task, in which
ords were spoken by the experimenter every 5 s and

mmediately repeated by the subject, or (b) a paced
rthographic verbal fluency task, in which a letter was
epeated every 5 s by the experimenter and subjects

enerated a word beginning with that letter for each
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165HABENULA AND DORSAL RAPHÉ COVARIATION
epetition. If the subject could not generate a word, he
aid ‘‘pass’’ and was given a new letter that was
epeated in the same way. A new letter was automati-
ally introduced after 10 repeats of a single letter. The
asks were alternated across the six scans in each
ession, with half the subjects having the orderABABAB
nd half BABABA.
Statistical analysis. A blocked (by subject) ANCOVA
odel was fitted to the data at each voxel, with a

ondition effect for each psychological task in each of
he depleted or balanced sessions and global CBF as a
onfounding covariate. Predetermined contrasts of the
ondition effects at each voxel were assessed for indi-
idual subjects using the usual t statistic, and conjunc-
ion analyses were performed across the eight subjects
o give a final statistical parametric map (SPM) for the
ontrast. This procedure was undertaken to overcome
he limited generalizability of the fixed effects model
mployed. Measures of plasma tryptophan and Hamil-
on depression ratings obtained pre- and postscanning
ere used to generate covariates of interest for sepa-

ate analyses. Individual values for each of the 12 scans
ere produced by linear interpolation of both variables
cross the scanning session.
Following these provisional analyses, the adjusted

CBF values for the maximal focus of activation in the
abenula (x 5 4, y 5 224, z 5 6) were used as a covari-
te of interest to identify psychophysiological interac-
ions, i.e., context-specific changes in the contribution
f one brain region to explaining the activity in another
Friston et al., 1997). The habenula was chosen as the
aximally activated region in the Hamilton covariate

nalysis (Table 2a). Each subject was assigned a sepa-
ate value representing his Hamilton score on the
epletion day, and a mean-corrected, modified Hamil-
on score-weighted, subject-specific regression analysis
as performed using habenula rCBF as a covariate of

nterest and subject blocks as a confound. By using the
ppropriate contrast to test for differences in the regres-
ion of regional activity on habenula activity, the
esulting SPM(t) identified those voxels, across the
ntire brain, in which the contribution of habenula
ctivity varied as a function of posttryptophan deple-
ion Hamilton score. The general methods employed by
PM are described in detail by Friston et al. (1995).

RESULTS

harmacological

There were large decreases in total plasma trypto-
han level for all subjects on the depletion day (mean
hange over 6 h, 270%), compared to a small mean
ncrease (12%) on the balanced day. The difference in
otal tryptophan levels on the 2 days was significant on
paired t test (P , 0.001). Free tryptophan levels also
howed decreases on the depletion day (as much as 90% f
n some subjects) but unfortunately, measurements in
ne subject were affected by inadequte separation of
nterference peaks, making the values unreliable
Table 1). Consequently, total tryptophan levels, consti-
uting a complete and reliable set of biochemical data,
ere used as covariates of interest in the analysis of

CBF data.
Brain areas in which activity positively covaried with

otal tryptophan level included right middle temporal
yrus, left inferior parietal cortex, right superior fron-
al gyrus, left orbitofrontal cortex, left amygdala, the
eptal region, and the dorsal pons (Table 2a). Right
rbitofrontal cortex, right amygdala, dorsal raphé, right
erebellum, and left inferior parietal cortex negatively
ovaried with total tryptophan level (Table 2b). The
ost significant negative covariation with tryptophan

evel was recorded in a region immediately superior
nd lateral to the posterior commissure (x 5 4, y 5 228,
5 6). The anatomical location of this area corresponds
recisely to that of the habenula nucleus in the epithala-
us (Fig. 1) (Duvernoy, 1991; Mai et al., 1997).
Despite the small size of the habenula, and the

patial normalization and smoothing applied to the
CBF data, the identification of the habenula as a focus
f neural activity in this experiment can be justified on

TABLE 1

Values of Free and Total Plasma Tryptophan (in µg/ml)
for Each Subject

ubject
L-TP
assay

Balanced day Depleted day

Predrink
L-TP
concn

(µg/ml)

Postscan
L-TP
concn

(µg/ml)

Predrink
L-TP
concn

(µg/ml)

Postscan
L-TP
concn

(µg/ml)

1 Total 15.5 13.9 15.3 2.3
Free 0.46 0.68 0.53 0.04

2 Total 8.0 16.3 11.1 2.09
Free a a a a

3 Total 15.9 13.5 15.6 2.3
Free 0.55 0.97 0.64 0.13

4 Total 11.6 13.7 11.5 1.1
Free 0.6 1.09 0.53 0.03

5 Total 13.2 15.5 14.4 2.8
Free 0.86 1.35 0.49 0.06

6 Total 15.5 23.2 13.3 3.8
Free 0.73 2.2 0.39 0.04

7 Total 15.8 13.5 13.2 2.2
Free 0.46 1.09 0.53 0.15

8 Total 17.9 12.9 14.9 1.6
Free 2.6 0.62 3.6 2.9

Note. Predrink measurements were made at 0900, immediately
efore ingestion of the balanced or depleted amino acid mixtures.
ostscan measurements were made at 1500. The balanced and
epleted sessions were separated by at least 1 week, with double-
lind counterbalancing of the order across subjects.

a In this subject the free tryptophan levels were unreliable due to a

ailure of separation of interference peaks.
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166 MORRIS ET AL.
number of grounds. First, the habenula is known to be
crucial serotonergic structure (Aghajanian and Wang,
977; Sakai et al., 1977; Wang and Aghajanian, 1977;
oubrie et al., 1977; Reisne et al., 1982), making it
iologically plausible that activity in this nucleus,
ather than in neighboring midline regions, is modu-
ated by plasma tryptophan depletion. Second, al-
hough spatial normalization may slightly distort the
bsolute dimensions of brain scans of individual sub-
ects, it will not alter the consistent and close topographi-
al relationship of the habenula to the fixed anatomical
andmark of the posterior commissure. Finally, al-
hough the rCBF data are spatially smoothed with a
2-mm Gaussian filter, the resolution of the maxima
i.e., the reported peaks in Tables 2–4) is considerably
ore precise, in the range of 1–2 mm. Smoothed PET

ata have been used successfully, for example, in
roducing retinotopic maps of human visual cortex
Fox et al., 1987).

sychological

Increases in Hamilton depression ratings occurred in
even of the eight subjects after the tryptophan-
epleted drink: four subjects had ratings of $10 points
n the modified scale, while three rated between 5 and

points (Fig. 3). Following the balanced drink, no
ubjects had increases in Hamilton score of .5 points

TABLE 2

Covariation of rCBF and Plasma Tryptophan Level

Area Coordinates
Z

scores

a) Brain regions exhibiting a significant positive covariation with
plasma tryptophan level (P , 0.001, uncorrected)

ight middle temporal gyrus 60, 28, 222 6.02*
eft inferior parietal cortex 244, 250, 44 5.67*
ight superior frontal gyrus 16, 48, 44 5.44

eft orbitofrontal gyrus
0, 28, 218

226, 22, 216
5.10
4.94

eft amygdala 228, 24, 218 4.63
orsal pons 22, 240, 224 3.79
eptal region 24, 18, 2 3.15

b) Brain regions exhibiting a significant negative covariation with
plasma tryptophan level (P , 0.001, uncorrected)

abenula 4, 224, 6 5.69*
ight cerebellum 20, 258, 236 5.22
orsal raphé nucleus 210, 222, 216 4.89
eft inferior parietal cortex 232, 224, 34 4.85
ight orbitofrontal gyrus 24, 28, 226 4.32

Note. Each scan was assigned an individual value by linear
nterpolation between the plasma tryptophan measurements ob-
ained before and after the scanning sessions. Coordinates of the
aximally activated voxel and Z scores are shown for each region.
axima that survive correction for multiple comparisons (P , 0.001)
are denoted by an asterisk.
mean change 5 10.75 points). Brain regions in which
ctivity positively covaried with Hamilton depression
ating included habenula, right amygdala, bilateral
arahippocampal gyri, and hypothalamus (Table 3a).
he septal region was among several brain areas in
hich activity covaried negatively with Hamilton rat-

ngs (Table 3b).

sychophysiological

In this regression analysis, we identified brain areas
n which activity covaried with habenula responses as a
unction of subjects’ postdepletion depression rating.
ritically, activity in a region of the midbrain, compris-

ng the dorsal raphé nucleus, exhibited an increasingly
ositive covariation with habenula responses as a
unction of postdepletion depression score (Fig. 2).
ivariate regression plots of habenula and raphé re-
ponses for each subject are shown in Fig. 3. Highly
orrelated responses (r2 . 0.5) are evident for subjects
ith a Hamilton score $10, but less correlated activity

r2 , 0.5) for subjects with lower depression ratings.
ther (unpredicted) brain areas with a similar covaria-

ion are shown in Table 4.

sychopharmacological

Subjects’ performance on the paced verbal fluency

TABLE 3

Covariation of rCBF and Hamilton Depression Rating

Area Coordinates
Z

score

a) Brain regions exhibiting a significant positive covariation with
modified Hamilton depression rating (P , 0.001, uncorrected)

Habenula 6, 224, 4 5.79*
Left parahippocampal gyrus 24, 22, 228 5.08
Right fusiform gyrus 18, 260, 214 4.96
Hypothalamus 24, 0, 210 4.89
Right putamen 26, 216, 8 4.84
Right parahippocampal

gyrus 28, 214, 226 4.65
Dorsal midbrain 212, 232, 212 3.25
Right amygdala 26, 210, 226 3.09

b) Brain regions exhibiting a significant negative covariation with
modified Hamilton depression rating (P , 0.001, uncorrected)

Left middle temporal gyrus 244, 248, 24 5.58*
Right temporal pole 36, 20, 240 5.46
Dorsal pons 24, 238, 230 5.00
Left inferior parietal cortex 230, 264, 42 4.38
Right superior frontal gyrus 18, 44, 38 4.35
Septal region 4, 20, 0 3.78

Note. Each scan was assigned an individual value by linear
nterpolation between the ratings obtained before and after the
canning sessions. Coordinates of the maximally activated voxel and
scores are shown for each region. Maxima that survive correction

or multiple comparisons (P , 0.001) are denoted by an asterisk.
nd word repetition tasks did not differ significantly
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167HABENULA AND DORSAL RAPHÉ COVARIATION
etween the depleted and balanced days. Brain regions
ith increased activity on both days in the verbal
uency task relative to word repetition included left
rbitofrontal cortex and left anterior cingulate gyrus.
reas with decreased activity in verbal fluency relative

o word repetition included bilateral superior temporal
yri and bilateral amygdalae. These task-related
hanges accord with previous functional imaging stud-
es in normal subjects and depressed patients (Baker et
l., 1997; Drevets et al., 1995). Examining the interac-
ion between serotonergic manipulation and cognitive
ask revealed that differential activity during the ver-
al fluency task was significantly reduced (P , 0.01,
ncorrected) in both the left anterior cingulate (x 5 22,
5 22, z 5 32) and the left amygdala (x 5 228, y 5 26,
5 226) following tryptophan depletion.

DISCUSSION

The number of different brain regions modulated by
lasma tryptophan depletion demonstrates the wide-
pread influence of 5-HT on cerebral function (Table 2).
any of the activations, e.g., in the temporal and

arietal lobes, were unexpected and may reflect how
eural responses related to the general cognitive and
ttentional demands of the ongoing explicit tasks are
ffected by plasma tryptophan level. This discussion,
owever, focusses primarily on the neural responses of
erotonergic structures, in particular, the habenula
nd dorsal raphé nuclei, since interpretation of the
maging data can be guided by models derived from
nimal experiments.
Activity in regions receiving strong serotonergic pro-

ections, e.g., left amygdala, septum, and left orbitofron-
al cortex (Table 1a), covaried positively with levels of
otal plasma tryptophan, indicating decreased synaptic
ctivity in these areas following tryptophan depletion.
hese data accord with a fluorodeoxyglucose (18F) PET
tudy of tryptophan depletion which measured meta-
olic activity in predetermined regions of interest (Brem-
er et al., 1997). By contrast, responses in the dorsal
aphé and habenula nuclei showed a negative covaria-
ion, i.e., an increased drive to these areas with de-
reased total tryptophan level (Table 2b). The main
nputs to the habenula are fibers returning from sero-
onergic target regions (Marburg, 1944; Sutherland,
982), while the habenula itself supplies the main

FIG. 1. A statistical parametric map (SPM) showing an epithala
5 4, y 5 224, z 5 6). The SPM is the result of an analysis identifying

how enhanced responses to increasing depletion). The activation is
aximal habenula voxel at a threshold of P , 0.001, uncorrected.
FIG. 2. A statistical parametric map (SPM) showing a dorsal mi

oxel x 5 0, y 5 228, z 5 216). The SPM is the result of a regress
abenula activity increases as a function of subject’s depressed mood f

ections of a canonical MRI, centered on the maximal dorsal raphé voxel,
orebrain projection to the raphé (Aghajanian and
ang, 1977; Sakai et al., 1977). On the basis of this

natomical connectivity and other functional animal
ata (Wang and Aghajanian 1977; Soubrie et al., 1977;
eisne et al., 1982), it has been proposed that the
abenula represents a crucial point of convergence in a

eedback loop that controls raphé activity (Nauta, 1958;
ang and Aghajanian, 1977; Stern et al., 1981). Our

ata, showing increased drive to the habenula and
aphé in the presence of decreased activity in serotoner-
ic projection fields, are consistent with this feedback
ypothesis.
In vivo microdialysis data in animals provide evi-

ence for both excitatory and inhibitory (GABAergic)
rojections from habenula to dorsal raphé. Activation of
resynaptic GABA receptors in the dorsal raphé is
hought to reduce responses to excitatory amino acids
Nishikawa and Scatton, 1985; Kalen et al., 1989).
lterations in the balance of these excitatory and

nhibitory influences may account for the mood-
ependent changes in covariance between habenula
nd raphé identified in the present study (Table 4; Fig.
). Subjects whose modified Hamilton depression rat-
ng was $10 following tryptophan depletion showed a
trong linear correlation (r2 . 0.5) between habenula
nd raphé activity, suggesting that excitation domi-
ates over inhibition in the habenula–raphé pathway
uring depressed mood (Figs. 3a–3d). In subjects with
ower (,10) ratings, a weaker correlation was ob-

activation that encompasses the habenula nucleus (maximal voxel
ain regions that covary negatively with plasma tryptophan level (i.e.,
splayed on orthogonal sections of a canonical MRI, centered on the

ain activation that encompasses the dorsal raphé nucleus (maximal
analysis that identifies brain regions in which the contribution of
wing tryptophan depletion. The activation is displayed on orthogonal

TABLE 4

Hamilton Score-Weighted Regression of Habenula Activity

Area Coordinates
Z

score

ight insula 32, 212, 0 6.73*
eft superior occipital gyrus 224, 278, 34 5.63*
orsal raphé nuclei 0, 228, 216 5.03

Note. Brain regions exhibiting a covariation with habenula activity
maximal voxel x 5 4, y 5 224, z 5 6) that varied significantly as a
unction of subject’s depression rating following tryptophan depletion
P , 0.001, uncorrected). Habenula rCBF was used as a covariate of
nterest in a subject-specific regression analysis that was weighted by
he modified Hamilton rating at the end of the tryptophan depletion
canning session. Coordinates of the maximally activated voxel and Z
cores are shown for each region. Maxima that survive correction for
ultiple comparisons (P , 0.001) are denoted by an asterisk.
mic
br
di

dbr
ion
ollo
and at a threshold of P , 0.001, uncorrected.
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169HABENULA AND DORSAL RAPHÉ COVARIATION
FIG. 4. (a) A statistical parametric map (SPM) showing activation of the left anterior cingulate gyrus (maximal voxel x 5 22, y 5 22,
5 32). The SPM is the result of a contrast identifying brain regions in which an enhanced response in the verbal fluency task is significantly
ttenuated by tryptophan depletion. The activation is displayed on a coronal section ( y 5 22) of a canonical MRI, at a threshold of P , 0.05. (b)
statistical parametric map (SPM) showing activation of the left amygdala (maximal voxel x 5 228, y 5 26, z 5 226). The SPM is the result

f a contrast identifying brain regions in which a decreased response in the verbal fluency task is significantly attenuated by tryptophan

epletion. The activation is displayed on a coronal section ( y 5 26) of a canonical MRI, at a threshold of P , 0.01.



y
1

FIG. 3. Bivariate regression plots of activity in the habenula (maximal voxel x 5 4, y 5 224, z 5 6) and dorsal raphé nucleus (maximal voxel x 5 0,
5 228, z 5 216) for all eight subjects, (a–h), ranked by modified Hamilton score following tryptophan depletion. Values corresponding to each of the
2 scans are displayed. Correlation coefficients (r2) and modified Hamilton ratings (HR) are displayed on the regression plots for each subject.
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171HABENULA AND DORSAL RAPHÉ COVARIATION
erved, suggesting a greater balance between the two
pposing types of input and a more complex, nonlinear-
elationship between habenula and raphé responses
Figs. 3e–3h).

The pattern of habenula activity observed in the
resent study has remarkable parallels with a 14C-2-
eoxyglucose autoradiographic study in rats, which
onsistently found increased metabolism in the ha-
enula in relation to several models of depressed
ehavior (Caldecott-Hazard et al., 1988). The increase
n habenula activity could be reversed, however, by an
ntidepressant that was also effective in preventing the
epressed behavior (Caldecott-Hazard et al., 1988). In
ddition to depression, animal studies have implicated
he habenula in a wide range of complex behaviors
ncluding self-stimulation, mating, maternal behavior,
leep, ingestive behavior, naloxone-reversible analge-
ia, and exploration (Goldstein, 1983; Evans and Thorn-
on, 1984; Nakajima, 1984; Mahieux and Benabid,
987; Carvey et al., 1987). However, to our knowledge,
here are no previous empirical data directly relating
abenula activity to human behavior.
5-HT has been implicated in several cognitive func-

ions that are impaired in depression (Sirvio et al.,
994), consistent with the hypothesis that serotonergic
isturbance underlies affective disorders. It is signifi-
ant in the present study, therefore, that task-specific
eural responses were modulated by tryptophan deple-
ion, even though performance was equivalent for
alanced and depleted sessions. The modulated re-
ions, in left amygdala and left anterior cingulate
Fig. 4), receive strong serotonergic projections from
he dorsal raphé (Tork and Hornung, 1990) and have
een implicated in both language generation tasks and
ood disorders by previous neuroimaging studies

Bench et al., 1995; Drevets and Raichle, 1995; Baker et
l., 1997). If changes in connectivity between habenula
nd raphé (Fig. 3) are important in controlling cerebral
-HT release, as seems to be indicated by animal data
Wang and Aghajanian 1977; Soubrie et al., 1977;
eisne et al., 1982), then disturbed activity in the
abenula–raphé pathway may represent a common
echanism for abnormalities of mood and cognition in

epression.

CONCLUSION

Our neuroimaging data reveal that the extent of
ood change following tryptophan depletion is related

o the covariation of activity between two serotonergic
ubcortical nuclei, the habenula and dorsal raphé.
ighly correlated activity between these structures
as present only in subjects with high postdepletion
epression ratings. These data are consistent with a
odel of serotonergic function in which the habenula
rojection to the raphé constitutes a convergent feed-
ack pathway that controls release of cerebral 5-HT.
ccording to this model, the normal balance of excita-

ion and inhibition in the habenula–raphé pathway is
isturbed in depression, resulting in abnormal release
f 5-HT throughout the brain. Since the habenula, via
ts influence on raphé activity, can affect serotonergic
ctivity in widespread cortical and subcortical regions,
isruption of its putative integrative and feedback role
ay provide a common underlying mechanism for the

ffective, behavioral, and cognitive symptoms that con-
titute the syndrome of depression.
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tomical site of the GABAergic inhibition of cerebral serotonergic
neurons. Brain Res. 331:81–90.

eisne, T., Soubrie, P., Artaud, F., and Glowinski, J. 1982. Involve-
ment of lateral habenula-dorsal raphé neurons in the differential
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