Research Paper

Acute tryptophan depletion balances altered resting-state
functional connectivity of the salience network in
female patients recovered from anorexia nervosa
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Background: It has been suggested that individuals predisposed to or recovered from anorexia nervosa experience a hyperserotonergic
state associated with anxiety that might be mitigated by restricted food intake, because diminished levels of the tryptophan precursor lower
the central availability of serotonin (5-HT). At the neural level, the salience network is a system of functionally connected brain regions; it
has been closely associated with 5-HT functioning and mental disorders (including anorexia nervosa). The aim of the present study was to
investigate the effect on the salience network of a temporary dietary manipulation of 5-HT synthesis in patients with anorexia nervosa.
Methods: In this double-blind crossover study, we obtained data on resting-state functional connectivity from 22 weight-recovered female
patients with a history of anorexia nervosa, and 22 age-matched female healthy controls. The study procedure included acute tryptophan
depletion (a dietary intervention that lowers the central 5-HT synthesis rate) and a sham condition. Results: We identified an interaction of
group and experimental condition in resting-state functional connectivity between the salience network and the orbitofrontal cortex extend-
ing to the frontal pole (F,.. = 12.52; p-e = 0.026). Further analysis revealed increased resting-state functional connectivity during acute
tryptophan depletion in patients recovered from anorexia nervosa, resembling that of healthy controls during the sham condition (T,, =
—0.66; p = 0.51). Limitations: The effect of acute tryptophan depletion on the central availability of 5-HT can be judged only indirectly
using plasma ratios of tryptophan to large neutral amino acids. Moreover, the definition of anorexia nervosa recovery varies widely across
studies, limiting comparability. Conclusion: Taken together, our findings support the notion of 5-HT dysregulation in anorexia nervosa and
indicate that reduced 5-HT synthesis and availability during acute tryptophan depletion (and possibly with food restriction) may balance

hyperserotonergic functioning and the associated resting-state functional connectivity of the salience network.

Introduction

Mood regulation, anxiety and the modulation of appetite are
functionally associated with the brain serotonin (5-HT) sys-
tem,’? which is hypothesized to play an important role in the
etiology of anorexia nervosa.* Anorexia nervosa is character-
ized by food restriction (despite severe undernutrition),® de-
pressive symptoms and difficulties in emotion regulation,® as
well as high anxiety and harm avoidance.

Several studies have suggested that people experience re-
duced serotonergic tone in an acute undernourished state, as
measured by parameters such as a decreased level of the 5-HT
metabolite 5-hydroxyindolacetic acid in cerebrospinal fluid,”®
blunted plasma prolactin response to 5-HT agonists®!® and re-
duced platelet imipramine'’ and paroxetine'>'® binding. As

well, reduced 5-HT,, receptor density in the periphery™ and
lower receptor binding capacity in the central nervous sys-
tem' have been reported. However, patients recovered from
anorexia nervosa may be in a hyperserotonergic state after
weight recovery,'® as indicated by decreased blood platelet
MAO-B activity,"” increased 5-HT content,'® altered central
5-HT,, and 5-HT,, receptor binding capacity'®** and elevated
5-hydroxyindolacetic acid in the cerebrospinal fluid.'®

Based on these findings, it has been hypothesized that
people with anorexia nervosa are in a hyperserotonergic state
both premorbidly and after recovery. Because increased 5-HT
availability appears to be associated with increased negative
affect (such as anxiety?'), people at risk for anorexia nervosa
may experience some form of reinforcement (e.g., reduced
anxiety) when they lower their intake of the essential amino
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acid tryptophan (the precursor of central 5-HT synthesis) via
food restriction. Such dieting may eventually spin out of con-
trol (i.e., become habitual) and lead to a hyposerotonergic
state during the acute phase of the disorder.”? However,
although reduced tryptophan levels during acute undernutri-
tion is an accepted and well-replicated finding, some studies
have found no difference in tryptophan ratios between
healthy controls and weight-restored patients directly after
intensive treatment.??

An experimental procedure that has been used widely to
study the role of 5-HT in cognitive function®? and mental
disorders?” is acute tryptophan depletion. This method al-
lows researchers to mimic the reduction in dietary plasma
tryptophan described above. Participants ingest a beverage
loaded with large neutral amino acids but lacking trypto-
phan. This approach has 2 effects: first, the beverage’s large
neutral amino acid load competes with tryptophan for trans-
port across the blood-brain barrier and reduces the availabil-
ity of tryptophan in the brain, reducing 5-HT synthesis;
second, protein synthesis in the liver is stimulated, depleting
plasma tryptophan levels.25-%

Over the years, a large body of literature has accumulated,
showing the effects of acute tryptophan depletion on cognitive
function using functional MRL.%*=3 Acute tryptophan deple-
tion modulates neural responses in brain areas associated with
affective or cognitive function, such as the amygdala during
emotion processing® and prefrontal areas during executive
functioning. More recently, a growing number of studies has
used acute tryptophan depletion and resting-state functional
connectivity to study serotonergic effects on neural func-
tion.*% This method focuses on task-independent intrinsic
neural networks — so-called resting state networks. Such net-
works are defined as temporally correlated, low-frequency,
blood-oxygen-level-dependent signal fluctuations of distinct
and widespread brain regions while the participant is at rest.

Several methods have been developed to analyze resting-
state functional connectivity data.’” Seed-based analysis,
which we used in the current study, is the most widely ap-
plied hypothesis-driven approach, with straightforward inter-
pretability and high reliability.?® This approach involves the
selection of specific brain regions (seed regions) from which
time-series data are extracted to calculate whole-brain, voxel-
wise connectivity maps of covariance with the seed region.¥4

One functional network of particular interest for understand-
ing the underlying 5-HT-related neural alterations in anorexia
nervosa is the salience network.*! Core brain regions of the net-
work — including the dorsal anterior cingulate cortex, thalamus
and insular cortex — are among the serotonergic projections of
the nucleus raphe magnus.*? The salience network plays an im-
portant role in detecting, filtering and integrating biologically
relevant “salient” stimuli, including emotional information,
homeostatic regulation and reward value.*** Because deficits in
salience detection have cascading consequences for higher-order
cognitive function and dysfunction, the salience network has
been associated with multiple mental disorders.*

In anorexia nervosa, altered functioning of the salience net-
work has been reported repeatedly in studies that have ap-
plied both task-based and resting-state functional MRL* In

particular, the insular cortex (a central node of the salience
network) has shown altered resting-state functional connec-
tivity in people with anorexia nervosa.** However, the spe-
cific direction of the reported effect has been heterogeneous,
a finding that might be explained by the different statistical
approaches applied. Interestingly, we have shown that in pa-
tients with anorexia nervosa, epigenetic variation of the 5-HT
transporter gene is associated with the resting-state func-
tional connectivity of the salience network and with eating
disorder psychopathology.*

Surprisingly, despite the theoretical considerations and
empirical findings that suggest an important role for 5-HT in
anorexia nervosa (as outlined above and in a growing num-
ber of resting-state functional connectivity studies®) no
known studies have investigated how acute tryptophan de-
pletion affects resting-state functional connectivity. In the
present double-blind crossover study, we used seed-based
analyses to investigate the effects of acute tryptophan deple-
tion on the resting-state functional connectivity of the sa-
lience network; we compared a sample of patients recovered
from anorexia nervosa with age-matched healthy controls.

We predicted that if people predisposed to or recovered
from anorexia nervosa were truly in a hyperserotonergic
state, then temporary dietary manipulation of 5-HT synthe-
sis via acute tryptophan depletion would “balance” resting-
state functional connectivity in the salience network in that
group. This hypothesis was undirected, because previous
studies have not provided a sufficient basis for predicting
whether acute tryptophan depletion would result in in-
creased or decreased resting-state functional connectivity in
the salience network. To interrogate this hypothesis, we
tested for group differences in resting-state functional con-
nectivity in the salience network in acute tryptophan deple-
tion and in a sham condition (i.e., interaction of group and
experimental condition).

Methods
Sample

For the present study, we recruited a total of 49 female par-
ticipants (to see our justification for including only female
participants, see Appendix 1, available at www.jpn.ca/
lookup/doi/10.1503/jpn.210161/ tab-related-content). After
pair-wise age-matching,” we included data from 44 female
volunteers: 22 patients recovered from anorexia nervosa (18
of the restrictive subtype at the time of acute illness, and 4 of
the binge—purge subtype) and 22 healthy controls.

To be considered recovered, participants had to have pre-
viously met the DSM-5 diagnostic criteria® for anorexia ner-
vosa; be maintaining a body mass index greater than
18.5 kg/m? (or above the 10th percentile if younger than
18 years); be menstruating; and not have engaged in substan-
tial restrictive eating behaviour (or bingeing-purging) for at
least 6 months before study participation. To be included in
the healthy controls group, participants had to have a body
mass index between 18.5 and 24.9 kg/m? be eumenorrheic
and have no history of psychiatric illness.
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We recruited participants in both groups via advertisements
among high school and university students, or they had partici-
pated in previous related studies. We used several additional
exclusion criteria for each group (Appendix 1): psychotropic
medication within 4 weeks before the study; binge eating or a
diagnosis of bulimia nervosa; substance abuse; or neurologic or
medical conditions. All participants were of European descent.
The Institutional Review Board of the Technische Universitit
Dresden approved the study, and all participants (or their legal
guardians) provided written informed consent.

Instruments

For all participants, we ascertained the presence or absence of a
current eating disorder by administering the expert version of
the Structured Interview for Anorexic and Bulimic Syndromes
(STAB-EX).”2 We also used a structured clinical interview (Mini-
DIPS)* to assess participants for other active psychiatric disor-
ders. To complement the information obtained from the clinical
interviews, we assessed eating-disorder-specific psychopathol-
ogy using the Eating Disorder Inventory (EDI-2)* and depres-
sive symptoms using the Beck Depression Inventory II (BDI-II).

We assessed the motivational behavioural inhibition sys-
tem (which corresponds to motivation to avoid aversive out-
comes) using the BIS subscale of the Behavioural Inhibition
System/Behavioural Activation System (BIS/BAS) Scale.>
We estimated IQ using the Wechsler Adult Intelligence
Scale.”” We computed body mass index standard deviation
scores (BMI-SDS)%* to provide an age-corrected index of
weight-to-height ratio.

We managed study data using the Research Electronic
Data Capture (REDCap)® web interface.

Procedure

The acute tryptophan depletion procedure entailed a double-
blind, randomized crossover design; each participant under-
went both the depletion and sham conditions within 7 to
14 days to avoid potential carryover effects (mean + standard
deviation [SD] 9.72 + 3.32 days). For the day before the study,
participants received a list of meal instructions and were asked
to restrict their diet to low-protein food. At 8.30 am, immediately
before intake of the beverage for the depletion or sham condi-
tion, participants were weighed to ensure a weight-adapted dos-
ing regimen (for a more detailed description of the acute trypto-
phan depletion mixture, see Appendix 1).°' After they drank the
depletion or sham condition beverage, participants were given a
tryptophan-free breakfast. The MRI session took place 4 hours
after intake of the depletion or sham condition beverage. Partici-
pants were continuously supervised by trained staff.

Biochemical measures

Using a venous catheter (Brauniile) and EDTA tubes, we took
blood samples before intake of the depletion or sham condi-
tion beverage and approximately 5 hours later (immediately
after the MRI session). For more details on the biochemical
measures and analyses, see Appendix 1.

To quantify the depletion effect for each participant, we
calculated the ratio of plasma tryptophan to large neutral
amino acids (valine, methionine, isoleucine, leucine, phenyl-
alanine, tyrosine) using the values from the blood samples
taken immediately after the MRI session. Because of compli-
cations during blood sampling, this value was missing for
7 participants.

MRI data acquisition and preprocessing

We acquired MRI data using a 3 T Siemens Trio scanner.
We acquired T,-weighted structural brain scans using a
magnetization-prepared rapid acquisition gradient-echo
sequence (parameters described in Appendix 1). We ac-
quired an 8-minute resting state functional MRI scan using
a gradient-echo T,*-weighted echo-planar imaging sequence
using standard parameters (Appendix 1). During the func-
tional MRI, participants were instructed to lie still with their
eyes closed but without falling asleep. Functional and struc-
tural images were processed using SPM8 (www. fil.ion.ucl.
ac.uk/spm/) in the Nipype framework® following standard
procedures (Appendix 1).

We created a sample-specific template using structural im-
ages from all participants. The slice-time-corrected functional
data were realigned and registered to their mean, and the re-
aligned files were coregistered to the participant’s structural
brain image. The echo-planar imaging volumes were then
normalized to Montreal Neurological Institute space using
the sample-specific template and corresponding flow field.
We evaluated the quality of the functional MRI data by man-
ual inspection and using artifact detection tools (Appendix 1).

Next, we used the CONN toolbox® implemented in Mat-
lab to apply the denoising procedure, including temporal fil-
tering (0.01-0.08 Hz); regression of 5 CompCorr nuisance
components from white matter and cerebrospinal fluid; and
24 motion parameters. We applied scrubbing to ignore time
points with a frame-wise displacement of greater than
0.9 mm and global signal z value of greater than 5. Subse-
quent inspection revealed no group differences for the num-
ber of invalid scans (mean + SD: healthy controls 2.41 + 4.52,
patients recovered from anorexia nervosa 3.14 + 3.81; T,, =
0.58; p = 0.57) or mean motion (T, = 0.15; p = 0.303).

Seed-based analysis

The following 7 seed regions, which encompass the salience
network, were chosen using the network regions of interest
provided by CONN (based on an independent component
analysis of 497 healthy participants): the anterior cingulate
cortex, left and right anterior insula, left and right rostral pre-
frontal cortex, and left and right supramarginal gyrus. We
computed individual and condition-specific seed-based con-
nectivity maps as Fisher-transformed bivariate correlation co-
efficients between the blood-oxygen-level-dependent time
series for each seed region and all individual voxel time
series in the brain. We subjected the seed-based connectivity
maps to a second-level repeated-measures analysis of vari-
ance, using experimental condition as a within-subject factor
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and group as a between-subject factor. We first explored the
main effects of group and condition individually. Then, to
address the main research question about a potential group
difference in the effect of acute tryptophan depletion versus
the sham condition, we calculated the interaction of group
and experimental condition. To guard against type I errors,
results had to fall below a family-wise error (FWE)—corrected
cluster-wise threshold of p < 0.05.

To aid in the interpretation of significant whole-brain re-
sults, we extracted connectivity values averaged across all
voxels from significant clusters using CONN for each partici-
pant and condition and submitted them to a repeated-
measures group x condition analysis of variance using SPSS
statistical software version 27.0 (SPSS Inc.).

Additional exploratory analyses investigated the associa-
tions between the extracted connectivity values for the deple-
tion and sham conditions and relevant clinical variables in
patients recovered from anorexia nervosa, including EDI-2
total score, BMI-SDS and the BIS subscale of the BIS/BAS
Scale using Pearson r.

Results
Participants and biochemical measures

As summarized in Table 1, we found no significant group
differences in age, BMI-SDS or BDI-II score, but patients re-
covered from anorexia nervosa showed some residual symp-
toms of an eating disorder.

Demonstrating successful reduction in tryptophan levels in
the depletion condition, participants” ratios of large neutral
amino acids to tryptophan were significantly lower com-
pared to the sham condition (f,; = —15.96, p < 0.001).

Resting-state functional connectivity analysis
Analyses revealed a main effect of group, indicating in-
creased resting-state functional connectivity between seeds of

the salience network and prefrontal regions such as the infer-
ior and medial frontal gyrus (commonly associated with

Table 1: Demographic and clinical characteristics

higher cognitive control function) in patients recovered from
anorexia nervosa compared to healthy controls.

A main effect of condition was also significant, indicating
elevated resting-state functional connectivity between seeds
of the salience network and the thalamus (a region known to
receive projections of the 5-HT producing raphe nuclei) dur-
ing the depletion condition compared to the sham condition
(Appendix 1).

For the critical interaction of group and experimental con-
dition, we found a significant group difference in the effect of
acute tryptophan depletion compared to the sham condition
in terms of resting-state functional connectivity between the
right supramarginal gyrus and the right orbitofrontal cortex
extending to the frontal pole (F, ,, = 12.52; pye = 0.026; k = 169;
x, y, z = 18, 34, —-16; Figure 1A). The cluster withstood
Bonferroni correction for 7 correlated comparisons (7 seed
regions; r = 0.86; Dubey / Armitage-Parmar method®).

Further analysis of resting-state functional connectivity
values indicated that the interaction of group and experimen-
tal condition (F,,, = 32.6; p < 0.001) was driven in part by the
fact that patients recovered from anorexia nervosa showed
elevated connectivity during the depletion versus the sham
condition (t, = =3.61; p = 0.002), and by a similar pattern of
resting-state functional connectivity in patients recovered
from anorexia nervosa during the depletion condition com-
pared to healthy controls in the sham condition (¢, = —0.66;
p = 0.512; Figure 1B).

In healthy controls, resting-state functional connectivity
was reduced during the depletion condition; during the
sham condition, functional connectivity was similar to that of
patients recovered from anorexia nervosa in the depletion
condition.

Results for all post hoc f tests can be found in Appendix 1.
No other seed region revealed a significant interaction of
group and experimental condition.

Exploratory correlation analyses showed no significant
relationships between orbitofrontal cortex connectivity
during the acute tryptophan depletion or sham conditions for
any of the investigated clinical measures in patients re-
covered from anorexia nervosa.

Group Statistics
Patients recovered from
Characteristic anorexia nervosa Healthy controls t p value
Age, yr* 23.02 +2.83 23.05 +2.53 0.03 0.98
Body mass index standard deviation score -0.43 + 0.62 —0.46 + 0.66 -1.65 0.87
Body mass index, kg/m? 21.03 £ 1.48 21.09 £2.14 0.10 0.92
Eating Disorder Inventory 2 total score 20.23 +5.77 15.59 £ 2.13 -3.53 0.001
Beck Depression Inventory Il score 6.18 + 8.19 2.45 + 3.40 1.97 0.06
Behavioural Inhibition System subscoret 21.95+4.13 20.83 + 2.64 1.04 0.30
Recovery, mot 57.81 + 34.42 NA NA NA

NA = not applicable.

*Age range 17.5-27.8 yr (patients recovered from anorexia nervosa) and 17.8-26.4 yr (healthy controls).

tFrom the Behavioural Inhibition System/Behavioural Activation System (BIS/BAS) Scale.
}Recovery range = 17-140 mo.
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Discussion

The aim of the present study was to investigate the influence
of experimental reduction of central 5-HT synthesis (via
acute tryptophan depletion) on resting-state functional con-
nectivity in the salience network in patients recovered from
anorexia nervosa. We found a significant group x condition
interaction for resting-state functional connectivity between a
seed in the right supramarginal gyrus and a region of the
right orbitofrontal cortex. Patients recovered from anorexia
nervosa showed increased resting-state functional connectiv-
ity in the depletion condition compared to the sham condi-
tion. The opposite pattern was true for healthy controls: resting-
state functional connectivity was reduced in the depletion
condition and increased in the sham condition (similar that of
patients recovered from anorexia nervosa in the depletion
condition).

In light of the 5-HT hypothesis of anorexia nervosa, which
posits that patients restrict food intake to mitigate a hyper-
serotonergic state,? it may be that acute tryptophan depletion
“normalizes” 5-HT functioning and associated functional
connectivity of the salience network in people with a history
of anorexia nervosa (and possibly in those predisposed to it).
However, although connectivity between the right supramar-
ginal gyrus and the orbitofrontal cortex seemed to be affected
by acute tryptophan depletion, no influence was evident for
other parts of the salience network.

Mounting evidence suggests the salience network may
have particular significance for psychiatric disorders,* in-
cluding anorexia nervosa.**% Its crucial role lies in mediating
the switch between large-scale networks involved in exter-
nally oriented attention (e.g., the central executive network)
and internally oriented self-related mental processes (e.g., the

default mode network). Disturbance in this mapping can
lead to altered cognitive and affective function.*> Our find-
ings suggest that 5-HT depletion in patients recovered from
anorexia nervosa may balance the mapping between the sa-
lience network and midline default mode network regions, as
observed in the present study with the orbitofrontal cortex.
This finding is in line with previous studies showing that the
acute tryptophan depletion challenge affects activation of the
default mode network mainly in the orbitofrontal cortex,?
a brain region innervated by dense serotonergic projections.*”

The orbitofrontal cortex receives projections from several
modality-specific brain regions, including the insula, the
visual cortex and the somatosensory cortex, which includes
the supramarginal gyrus, a seed region of the current study.
These strong connections to brain regions involved with
physical stimuli is critical for decoding the affective value of
reward (primary reinforcers) and punishment via the senses,
such as taste, touch and face expression. By representing the
reward value of stimuli, the orbitofrontal cortex is also in-
volved in representation of emotions, because emotions can
be considered as states evoked by the value of rewards or
aversive stimuli.®®

In anorexia nervosa, reduced functional connectivity with
the salience network (as we found in patients recovered from
anorexia nervosa during the sham condition) may be related
to aberrant emotional processing.®” Importantly, alterations
associated with the somatosensory cortex (particularly the
supramarginal gyrus) may be implicated in social-emotional
dysfunction, leading to problems with interpersonal relation-
ships™ and reduced empathy,” aspects well recognized in a
subgroup of patients with anorexia nervosa.”>”* However,
given the widely discussed role of the insular cortex in an-
orexia nervosa,***7 it is surprising that we did not find an
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Figure 1: Group differences in functional connectivity between the right supramarginal gyrus and the right orbitofrontal cortex in the depletion
versus sham conditions. (A) Cluster of the group x condition interaction at the orbitofrontal cortex, spreading to the frontal pole; the cluster
withstood Bonferroni correction for 7 seed regions (number tested and correlated; r = 0.86). (B) Connectivity values between the seed and the

orbitofrontal cortex, by group and condition.
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effect of acute tryptophan depletion on insular connectivity.
Reasons for this might include the modest sample size of the
present study.

Our finding — of a potential relative normalization of func-
tional connectivity between the salience network and the orbito-
frontal cortex during acute tryptophan depletion in patients re-
covered from anorexia nervosa — lends further support to the
hypothesis that a hyperserotonergic state might be a predispos-
ing factor for anorexia nervosa. Initially, this hypothesis was put
forward by Kaye and colleagues,? who reported an anxiolytic
effect of acute tryptophan depletion in anorexia nervosa. These
findings may explain the rather poor therapeutic effect of select-
ive serotonin reuptake inhibitors in the treatment of anorexia
nervosa:’® the pharmacological increase of central 5-HT avail-
ability may actually worsen the pre-existing hyperserotonergic
state. This hypothesis dovetails with reports from patients of
dysphoric mood with increasing food intake during and after
treatment, whereas food restriction was associated with positive
effects on mood” and affect lability.”® Nevertheless, refeeding of
undernourished patients with anorexia nervosa constitutes an
important part of a successful treatment protocol, despite pos-
sible initial aggravation of symptoms.”

Limitations

Interpretation of the present study rests on the following
limitations. First, future studies with larger sample sizes are
needed to replicate and confirm these results. Second, al-
though acute tryptophan depletion has been used widely
and validated for adults and adolescents (for a review, see
Stewart and colleagues®), it has weaknesses; the effect of
acute tryptophan depletion on central 5-HT availability can
be judged only indirectly by measurement of the ratio of
plasma tryptophan to large neutral amino acids. Still, the ef-
fectiveness of acute tryptophan depletion was confirmed by a
positron emission tomography study measuring the actual
influx of tryptophan into the brain.®" Third, the definition of
recovery from anorexia nervosa varies widely across studies,
limiting comparability. In our sample, one of the inclusion
criteria for patients recovered from anorexia nervosa was the
resumption of menses, and participants” duration of recovery
exceeded the recommended time period of 12 months.®
Fourth, future studies could benefit from longer scan lengths
to improve the reliability of the estimates of resting-state func-
tional connectivity. Finally, this study included only female
participants of European descent, limiting generalizability.

Conclusion

The present study adds further preliminary evidence to the
5-HT hypothesis in anorexia nervosa, indicating that trypto-
phan depletion “normalizes” the functional connectivity of
the salience network — a network closely associated with the
processing of “salient” stimuli such as (social-)emotional in-
formation and reward value. If these findings are replicated,
such knowledge may spur future research into treatment ap-
proaches that lower or modulate 5-HT levels, such as 5-HT-
antagonists during refeeding.
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