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Abstract
Context—We previously used positron emission tomography (PET) measurement of brain
metabolism with 18fluorodeoxyglucose to show that patients receiving selective serotonin reuptake
inhibitors (SSRIs) who have a tryptophan depletion–induced return of depressive symptoms have
an acute decrease in metabolism in orbitofrontal cortex, dorsolateral prefrontal cortex, and
thalamus. Many patients with depression in remission while taking norepinephrine reuptake
inhibitors (NRIs) (but not SSRIs) experience a return of depressive symptoms with depletion of
norepinephrine and dopamine using α-methylparatyrosine (AMPT).

Objective—To assess brain metabolic correlates of AMPT administration in patients with
depression in remission while receiving NRIs.

Design, Setting, and Participants—Randomized, controlled, double-blind trial in which 18
patients recruited in 1997–2000 from the general community who had depression in remission
while taking NRIs had PET imaging in a psychiatric research unit following AMPT and placebo
administration.

Interventions—After initial medication with desipramine and follow-up until response, patients
underwent active AMPT (five 1-g doses administered orally over 28 hours) and placebo
(diphenhydramine hydrochloride, five 50- mg doses administered similarly) catecholamine
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depletion challenges in randomized order of assignment, after which PET imaging was performed
on day 3 of each condition. Both study conditions were performed 1 week apart.

Main Outcome Measures—Regional brain metabolism rates in patients with and without
AMPT-induced return of depressive symptoms.

Results—AMPT-induced return of depressive symptoms was experienced by 11 of the 18
patients and led to decreased brain metabolism in a number of cortical areas, with the greatest
magnitude of effects in orbitofrontal (P=.002) and dorsolateral prefrontal (P=.03) cortex and
thalamus (P=.006). Increased resting metabolism in prefrontal and limbic areas predicted
vulnerability to return of depressive symptoms.

Conclusions—Different neurochemical systems that mediate depression may have effects on a
common brain circuitry. Baseline metabolism in successfully treated depressed patients may
predict vulnerability to future episodes of depression.

Major depression is an important public health problem that affects about 16% of people in
the United States at some time in their lives.1 A major effort of the past few decades has
been elucidating biological mechanisms that underlie symptoms of depression.
Understanding the biology of depression may help in the treatment of this disabling
disorder. Two classic biological models for depression have been the serotonin and
norepinephrine hypotheses of depression.

Multiple lines of evidence support the serotonergic hypothesis of depression.2,3 Serotonergic
neurons have their cell bodies in the brain stem (dorsal raphe). These cell bodies give rise to
long axons that project throughout the brain. Treatment with selective serotonin reuptake
inhibitors (SSRIs) is efficacious for treatment of depression. Studies have found a decrease
in the serotonin metabolite 5-hydroxyindole-acetic acid in the cerebrospinal fluid4,5 and in
postmortem brain,6 decreased serotonin concentrations in platelets,7 increased 5-
hydroxytryptamine receptor binding in frontal cortex in some studies8–11 but not in others,12

and reduction of prolactin response to the serotonin agents fenfluramine13 and
clomipramine14 and the serotonin precursor L-tryptophan15 in patients with depression.
Dietary depletion of tryptophan, an amino acid that is the precursor of serotonin, is
associated with decreased levels of plasma tryptophan16 as well as a decrease in brain
serotonin levels.17 Tryptophan depletion also results in a transient return of depressive
symptoms in more than half of patients who have been successfully treated with SSRIs,18–20

but depletion does not worsen mood in healthy persons16 or in patients with untreated
depression.21 Patients with treated depression who have stopped SSRIs have a return of
symptoms of depression with tryptophan depletion.22 These studies suggest that alterations
in serotonergic function mediate, at least in part, symptoms of depression.

Alterations in noradrenergic function have also been hypothesized to underlie symptoms of
depression.3,23 The majority of the noradrenergic neurons in the brain have their cell bodies
in the pons (brain stem), with long axons that project throughout the brain, releasing
transmitter in multiple cortical and subcortical sites, including pre-frontal, parietal, and
sensory cortex and hippocampus. The noradrenergic hypothesis of depression was originally
based on the finding that the antihypertensive medication reserpine, which acts by
interfering with uptake and storage of norepinephrine and dopamine in intracellular storage
vesicles, is associated with symptoms of depression in many patients.24 Treatment with
selective norepinephrine reuptake inhibitors (NRIs) is also efficacious for treatment of
depression in the majority of cases. Norepinephrine reuptake inhibitors decrease sensitivity
of the α2 autoreceptor and increase sensitivity of the α1 receptor, leading to increased
noradrenergic transmission. Norepinephrine reuptake inhibitors also lead to a reduction in β
receptors after 2 weeks, which is the time frame of action of the antidepressive effects.25

These medications lead to a reduction in whole-body norepinephrine turnover in patients
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treated for depression.26 Other evidence for alterations in noradrenergic function in
depressed patients includes a well-replicated finding of blunted growth hormone response to
the α2 agonist clonidine (the growth hormone response to clonidine is believed to be related
to postsynaptic stimulation of the α2 receptor).27–29 Postmortem studies of the brains of
depressed patients found decreased density of the noradrenergic transporter30 and
upregulation of tyrosine hydroxylase.31 Studies of norepinephrine metabolites in urine and
cerebrospinal fluid in patients with major depression have been inconclusive.23

α-Methylparatyrosine (AMPT) is a competitive inhibitor of the rate-limiting enzyme of
catecholamine synthesis, tyrosine hydroxylase.32 AMPT results in a decrease in urine,33, 34

plasma,35–38 and cerebrospinal39 levels of catecholamine metabolites; it has no effect on
mood in healthy persons36,40 or in drug-free depressed patients,35 but more than half of
patients with treated depression who are taking NRIs have a transient return of depressive
symptoms following AMPT administration.37,38 In one study, 71% of drug-free patients
who remitted from depression had a return of depressive symptoms.41 These studies are
consistent with alterations in noradrenergic function underlying symptoms of depression.

Both noradrenergic and serotonergic systems therefore appear to modulate symptoms of
depression. Tryptophan depletion–induced return of depressive symptoms has been
observed in patients who responded to SSRIs (but not patients treated with NRIs),18 while
patients with depression who were successfully treated with NRIs (but not patients taking
SSRIs) were susceptible to AMPT-induced return of depressive symptoms.38 These studies
suggest that different neuro-chemical systems may result in the same phenotypical outcome
of depression. It is not clear if there are 2 separate etiologies for depression (eg, serotonergic
or noradrenergic dysfunction) or whether these diverse neurochemical systems act on
common brain regions and/or have common postsynaptic effects that are involved in the
mediation of symptoms of depression.42

Brain imaging studies have begun to map out a common circuit of brain regions that are
thought to mediate symptoms of depression. Deficits in hippocampal structure and function
have been hypothesized to underlie both the deficits in emotional dysregulation as well as
cognitive dysfunction associated with depression.43 Deficits in pre-frontal cortical function
have also been hypothesized to underlie symptoms of depression.44,45 Areas of prefrontal
cortex implicated in depression include dorsolateral prefrontal cortex (involved in working
memory) and medial prefrontal cortex (mediating emotion), which consists of several
related areas, including orbitofrontal cortex, anterior cingulate (area 25, sub-callosal gyrus;
area 24, subgenual gyrus; and area 32, the Stroop area), and anterior prefrontal cortex (area
9). Alterations in the amygdala have also been hypothesized in depression.

Imaging studies in depression showed alterations in hippocampus, amygdala, and prefrontal
cortex.43,46,47 Magnetic resonance imaging (MRI) studies in patients with depression
showed smaller hippocampal volumes and other alterations in hippocampal structure48–56

(although see Pantel et al57 and Ashtari et al58) and smaller subgenual (anterior cingulate)
cortical59 and orbitofrontal cortical60,61 volumes. Changes in both amygdala structure48,62

and function63,64 were found in depression. Multiple positron emission tomography (PET)
and single-photon emission computed tomography studies found decreased left65–68 and
bilateral69–71 dorsolateral prefrontal cortex function at baseline in patients with untreated
major depression. Some PET studies also found decreased metabolism at baseline in medial
prefrontal cortex/anterior cingulate.47,59,70,72 Other PET studies in patients with depression
and a range of comorbid conditions found decreased metabolism and/or blood flow in the
prefrontal cortex, including orbitofrontal cortex and anterior cingulate.73–76 Patients with
depression showed a blunted metabolic response to challenge with the serotonergic agent
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fenfluramine in left prefrontal and temporal-parietal cortex relative to controls.77 Successful
response to treatment was associated with changes in the prefrontal cortex.78,79

To assess neural correlates of serotonergic contributions to depression, we used PET to
measure brain metabolism in conjunction with administration of tryptophan depletion and
placebo in patients with depression in remission while taking SSRIs. Depressed patients in
remission with a tryptophan depletion–induced return of depressive symptoms were
compared with depressed patients without a tryptophan depletion–induced return of
depressive symptoms. Patients with a tryptophan depletion–induced return of depressive
symptoms (but not nondepressed patients) had decreased metabolism in dorsolateral
prefrontal cortex, orbitofrontal cortex, and thalamus on the tryptophan depletion day in
comparison with the placebo day. Relapse-prone patients had increased resting (ie, on the
placebo day) limbic and prefrontal cortical metabolism.44 What was unanswered by this
study was whether the findings were related to serotonergic alterations in these brain regions
(eg, alterations in postsynaptic serotonin receptors or in serotonin neurotransmitter release)
or whether there was a regional brain abnormality (not linked to a specific neurochemical
system) that accounted for the findings.

One way to address this question is to probe alternative neurochemical systems that have
been implicated in depression, such as the noradrenergic system. The purpose of the current
study was to assess neural correlates of AMPT-induced return of depressive symptoms in
patients with depression in remission while taking NRIs. Based on the fact that the
orbitofrontal and dorso-lateral prefrontal cortex receive important innervation from the
noradrenergic system (and are involved in a circuit with the thalamus) and that decreases
were observed in these areas with tryptophan depletion–induced depressive relapse, we
hypothesized that AMPT-induced relapse would be associated with a decrease in
metabolism in orbitofrontal cortex, dorsolateral prefrontal cortex, and thalamus.

METHODS
Participants

Twenty-three men and women with a history of major depression in remission who were
taking NRIs participated in the study. None had participated in a previously published study
of depression. All were free of major medical illness on the basis of history and physical
examination, laboratory testing, and electrocardiogram, were not actively abusing
substances or alcohol (in the past 6 months), and were free of all medications at initial
recruitment. Participants with symptoms of depression were recruited by newspaper
advertisement. Participants were started on desipramine (if there was no contraindication)
and followed up by a psychiatrist in an outpatient research clinic in an academic setting until
they had a response to medication. After they had a response to medication as defined by the
Hamilton Depression Rating Scale (HDRS) criteria outlined herein, they were entered into
the PET portion of the study. If they did not have a response, if possible, they were switched
to another NRI (nortriptyline). Participants with a serious medical or neurological illness,
organic mental disorder, comorbid psychotic disorder or posttraumatic stress disorder based
on the Structured Clinical Interview for the Diagnostic and Statistical Manual of Mental
Disorders, Fourth Edition (SCID),80 premenstrual dysphoric disorder, history of alcohol or
substance abuse or dependence, retained metal, or history of head trauma, loss of
consciousness, cerebral infectious disease, or dyslexia were excluded.

This study was approved by the Yale University Human Investigation Committee. All
participants gave written informed consent and were paid for their participation. Informed
consent included a description of the possibility that AMPT would result in a return of
depressive symptoms, as well as the possible adverse effects of AMPT. This study included
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provision for supportive treatment of depression in an inpatient psychiatric research unit;
however, all participants had a return of normal mood within 6 hours of the last AMPT dose,
consistent with prior studies of AMPT, which have found no episodes among individuals
who had depressive symptoms to last more than 8 hours after the last AMPT dose.35–38,41,81

Twenty-five participants were started on desipramine, 1 was switched to nor-triptyline
because of nonresponse, 2 dropped out because of adverse effects or nonresponse, 23 started
the PET imaging protocol, and 5 did not complete the second test day (Figure 1). Four of
these noncompleting participants received AMPT on the first day and 1 received placebo on
the first day. One participant who received AMPT was removed from the protocol because
of adverse effects of AMPT; the other 3 participants who received AMPT on day 1 refused
or did not follow up with completion of day 2. These participants were clinically noted to
have had a return of depressive symptoms with AMPT. The participant who received
placebo on day 1 did not follow up with completion of day 2.

Eighteen participants completed both test conditions (9 women and 9 men). Of these, 11 had
an AMPT-induced return of depressive symptoms and 7 did not. Mean (SD) age was 43 (13)
years. No women were postmenopausal. All participants were right-handed. Participants had
been treated with desipramine or nortriptyline in an open-label fashion until they achieved
remission of depression with dosage adjustments made by a study psychiatrist based on
clinical response. Desipramine dosages ranged from 75 to 300 mg/d (mean dosage, 150 mg/
d), with desipramine blood levels in the 150 to 300 ng/mL range. Nortriptyline dosage was
150 mg/d, with blood levels in the 50 to 150 ng/mL range. Mean (SD) number of depressive
episodes was 17 (28) (range, 1–99). Full remission of depression was achieved after a mean
(SD) of 7 (8) weeks (range, 2–36 weeks). Participants continued taking desipramine after
remission until they completed PET scanning and then were referred for follow-up
treatment. At the time of scanning, participants had been treated for a mean (SD) of 13 (10)
weeks (range, 5–46 weeks).

Diagnosis of major depression was established using the SCID.80 All of the depressed
patients had current and lifetime unipolar major depression. For 3 patients (17%), this was
the first episode of depression; the other patients had recurrent depression. Two of the 18
depressed patients (11%) fulfilled criteria for a lifetime history of dysthymia based on the
SCID. One patient (6%) had a lifetime (not current) history of agoraphobia. One patient had
a lifetime (not current) history of social phobia. One patient had a lifetime (not current)
history of simple phobia. Two patients (11%) had a lifetime history of panic disorder
without agoraphobia; in one of these patients, the diagnosis was current. One patient had
lifetime (not current) cocaine dependence, 2 patients (11%) had lifetime (not current)
marijuana dependence, and 4 patients (22%) had lifetime (not current) alcohol dependence.

AMPT and Placebo Administration
Participants underwent active AMPT (five 1-g doses administered orally over 28 hours) and
placebo (diphenhydramine hydrochloride, five 50-mg doses administered similarly)
catecholamine depletion challenges in a randomized double-blind design, with randomized
order of assignment.35,37,38,41 Both study conditions were performed 1 week apart. Fourteen
of 23 participants underwent the AMPT test first. Of the participants who completed both
tests, 9 of 18 underwent the AMPT test first. Diphen-hydramine was used as an active
placebo to approximate the level of sedation induced by AMPT.35,37,38 The course of
AMPT administration and PET imaging was based on our prior studies showing the
maximal behavioral effects of AMPT after 3 days of administration.35,37,38 Medication was
prepared by an onsite research pharmacist who assigned participants to an AMPT-placebo or
placebo-AMPT test order using a random number generator. Medication was dispensed in
numbered bottles and administered by a psychiatrist and research nurse in a research study
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unit. All raters, participants, psychiatrists, nurses, imaging personnel, and data analysts were
blinded to assignment until the data analysis was completed. Participants were recruited
between 1997 and 2000.

Each study condition involved outpatient visits on 4 days. Behavioral ratings and blood
samples for monoamine metabolites were obtained daily (8:00 AM to 9:00 AM and 3:00 PM
to 4:00 PM) during days 2 and 3 and once in the mornings of days 1 and 4. Medication
capsules containing AMPT (1 g) or diphenhydramine hydrochloride (50 mg) were given
during day 2 (9:00 AM, noon, and 7:00 PM) and day 3 (9:00 AM and noon). Investigators
were blinded to study condition. Vital signs were obtained 3 times daily. Daily urinalysis
was performed to allow for early detection of potential urinary crystal formation. To
minimize the risk of urinary crystal formation, participants drank 2 L of water per day.
Positron emission tomographic scanning was performed at 11:00 AM on day 3.

Symptoms of depression were measured using the HDRS.82 AMPT-induced changes in
mood were measured as the change in score on the HDRS between AMPT baseline (ie,
AMPT day 1) and the time of the PET scan (AMPT day 3), subtracting the HDRS change
from day 1 to day 3 of the placebo session. We have used this method of analyzing response
in prior studies of tryptophan depletion44 and AMPT in depression.35,41 Return of
depressive symptoms was categorized as an increase with AMPT of 9 points and a 50%
increase from baseline on the HDRS defined in this fashion.

PET and MRI Scanning Methods
Two PET scans were performed 1 week apart in conjunction with the AMPT and placebo
conditions. The PET scans took place on day 3 of the study condition at 11:00 AM, 3 hours
after the last dose of AMPT or placebo. Participants were scanned with a Posicam 6.5 PET
camera (Positron Corp, Houston, Tex). The Posicam 6.5 is a 21-slice camera with 5.125-mm
interslice thickness. Inherent resolution in plane is 5.8 mm and 11.9 mm in the Z axis;
system sensitivity is 165 kilocounts/s per μCi/cm3.83 An intravenous line was inserted in the
hand and warmed with a heating pad for measurement of arterialized venous blood samples.
This method has been shown to yield equivalent values of metabolism to arterial line
placement.84 Participants were then placed in the scanner with the head held in a head
holder to minimize patient motion. The head was positioned with the canthomeatal line
parallel to the external laser light. Following positioning within the camera gantry, a
transmission scan of the head was obtained using an external gallium citrate Ga 67/
germanium Ge 68 rod source. These data were used to correct emission data from
attenuation due to overlying bone and soft tissue. Participants then received an intravenous
injection of 5 mCi (185 MBq) of 18fluorodeoxyglucose in a single bolus followed by
scanning of the brain from 30 to 50 minutes after injection with eyes open in a dimly lit
room. Twenty-three arterialized venous blood samples were obtained at multiple points after
injection for measurement of radioactivity in plasma, used for construction of a plasma time-
activity curve. Three blood samples were also obtained for measurement of plasma glucose
concentrations. There were no differences between plasma glucose concentrations during the
AMPT (85 [SD, 13] mg/100 mL) and placebo (85 [SD, 13] mg/100 mL) tests. Brain and
tissue measurements were used for calculation of cerebral glucose metabolic rate (in
milligrams per minute per 100 mL) using the formula of Sokoloff et al.85 Glucose uptake
rates were also calculated by dividing brain activity by the product of body weight and
injected dose. Images were attenuation-corrected based on the transmission scan and
reconstructed on a Sparc Workstation (Sun Microsystems, Sunnyvale, Calif). A 20-cm
cylindrical fluid-filled phantom with a known amount of radioactivity was scanned on the
same day to obtain calibration factors for each of the 21 slices of the camera for conversion
of radioactivity into units of millicuries per milliliter.
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Magnetic resonance imaging scans were obtained in all participants for coregistration with
PET and determination of regions of interest from MRI scans resliced to correspond to PET
slices. Magnetic resonance imaging scans in the same participants were obtained on a 1.5-T
General Electric Signa scanner (Milwaukee, Wis). Scan acquisition included axial slices, 3-
mm slice thickness, T1-weighted images (repetition time=25 ms; echo time=5 ms; number
of excitations = 2; matrix, 256×256; field of view, 24 cm).

Image Processing and Analysis Methods
Positron emission tomography and MRI scans were transferred to a Sun Workstation (Sun
Microsystems, Mountain View, Calif) for analysis. A surface matching algorithm and the
ANALYZE (Mayo Clinic, Rochester, Minn) software package, version 5.0, was used for
coregistration of images.86 Brain surfaces from PET and MRI were matched using this
program. The MRI was resliced to correspond to the 21 PET slices. Using this technique, we
have shown a registration error of 2.86 mm.87 Regions of interest were drawn on resliced
MRI scans using specific criteria based on anatomical landmarks with a method that we
have shown to be highly reliable. These regions of interest use anatomical landmarks from
the MRI. We have previously published the details and the reliability of these methods.88

Multiple brain regions were selected for analysis. These regions correspond to the same
regions measured in our prior study of neural correlates of tryptophan depletion–induced
return of depressive symptoms,44 since a primary aim of the current study was to replicate
the brain findings of that study using provocation of a different neurochemical system. The
only additional brain regions added were a region of dorsolateral prefrontal cortex more
superior to the area measured in that prior study (to correspond to the area where alterations
in neuronal morphology were found in postmortem brain89) and the subgenual prefrontal
cortex (for similar reasons).90 Global brain metabolism was calculated as the mean of brain
tissue activity in all slices.

Data Analysis
Specific regions of interest were selected based on the results of our prior PET study of
neural correlates of tryptophan depletion–induced depression44 and on prior studies of
neural correlates of depression. Regions were separated into those that were and were not
hypothesized to change with AMPT-induced return of depressive symptoms. Regions
hypothesized to change included dorsolateral prefrontal cortex (middle frontal gyrus),
orbitofrontal cortex, and thalamus. Other regions from the prior study that showed reduction
with depressive symptoms after correction for multiple comparisons included parietal and
temporal cortex, postcentral gyrus, superior frontal gyrus, and anterior cingulate.

Data were analyzed for regional brain metabolic rates following administration of placebo or
AMPT using repeated-measures analysis of variance with drug (AMPT vs placebo) as the
repeated factor, depression status (those with vs without a return of depressive symptoms)
(Figure 2) and hemisphere (left vs right) as factors in the analysis, and baseline brain
metabolism (during the placebo condition) as a covariate. Data analysis examined the
interaction between depression status and drug. Because of the highly variable measurement
of glucose metabolic rate, glucose uptake rates were used as the primary outcome. A
secondary analysis examined the ratio of regional to whole-brain metabolism. Bonferroni
corrections were performed to correct for multiple comparisons for nonhypothesized regions
(P=.05/10=.005). This study was not analyzed as an intention-to-treat analysis.

Brain behavioral correlations were performed by comparing the relationship between the
placebo-corrected change in HDRS with AMPT (as described herein) and the changes in
regional brain metabolism with AMPT and placebo.
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Data were analyzed using SAS statistical software, version 8 (SAS Institute Inc, Cary, NC).

RESULTS
Effects of AMPT on Regional Cerebral Metabolism

Metabolic (glucose uptake) rate data are presented in the Table. Patients with AMPT-
induced return of depressive symptoms showed decreased brain metabolism after controlling
for baseline metabolism (measured during the placebo condition) in a number of cortical
regions with AMPT in comparison with placebo, with the greatest magnitude of effect in
dorsolateral prefrontal cortex, orbitofrontal cortex (Figure 3A), and thalamus. Patients
without AMPT-induced return of depressive symptoms tended to show the opposite
response (eg, in orbitofrontal cortex; Figure 3B). The value for the interaction between
depression status and drug (AMPT vs placebo) for these regions is presented in the Table.
There were no significant interactions between relapse status and drug for the ratio of
regional to global brain metabolic rates.

Patients who had an AMPT-induced return of depressive symptoms had increased resting
metabolic rates in several prefrontal and limbic brain regions. These included orbitofrontal
cortex, middle frontal gyrus, hippocampus, parahippocampus, and amygdala. There were
also elevations in temporal and parietal cortex not observed in our prior study (P<.005).44

Relationship Between Depression and Brain Metabolism
The relationship between symptoms of depression during PET scanning and brain
metabolism was examined by calculating the baseline-corrected change in HDRS score for
the AMPT vs placebo tests and correlating that with the change in regional brain metabolism
for AMPT and placebo tests. Correlations were examined for brain regions with the most
significant change (dorsolateral prefrontal cortex, orbitofrontal cortex, and thalamus). There
were modest negative correlations between increased symptoms of depression and decreased
brain metabolism with AMPT for middle frontal gyrus (r = −0.46; df=17; P=.05),
orbitofrontal cortex (r=−0.40; df=17; P=.10), thalamus (r=−0.44; df=17; P=.07), temporal
cortex (r=−0.47; df=17; P=.045), and hippocampus (r=−0.53; df=17; P=.03). There were
positive correlations between change in brain metabolism with AMPT in middle frontal
gyrus, orbito-frontal cortex, and thalamus (range of r values, 0.95–0.97).

Relationship Between Clinical Factors and Biological Outcomes
There were no significant relationships between brain metabolism and age or sex. Number
of lifetime depressive episodes was significantly correlated with decreased orbitofrontal
metabolism with AMPT (r = −0.71; df = 11; P<.05); this effect was primarily related to a
strong correlation in patients who had a return of depressive symptoms with AMPT (r=
−0.74) and was not significant in patients who did not experience a return of depressive
symptoms (r=−0.28). There were no differences in brain metabolic responses to AMPT by
order of assignment to AMPT or placebo.

COMMENT
AMPT-induced return of depressive symptoms was associated with decreased metabolism in
multiple cortical regions, with the greatest effects in orbitofrontal cortex, dorsolateral pre-
frontal cortex, and thalamus. These frontal regions receive important nor-adrenergic
innervation and are involved in a functional circuit with the thalamus. These findings are
consistent with our prior study of tryptophan depletion–induced return of depressive
symptoms, which found decreases in these areas with return of depressive symptoms. In the
current study, we also found greater decreases in temporal and parietal cortex than we found
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in that prior study. Greater decreases in metabolism in these regions could not be explained
by greater magnitude of catecholamine depletion with AMPT in the relapsing patients.
Decreased metabolism in these regions was not significant when the ratio of regional to
whole-brain metabolism was examined, demonstrating the strong global changes with
AMPT-induced return of depressive symptoms. Increased resting metabolism during the
placebo test was found in patients vulnerable to AMPT-induced return of depressive
symptoms in prefrontal and limbic regions (orbitofrontal cortex, middle frontal gyrus,
hippocampus, parahippocampus, and amygdala). This was also reported in our prior
tryptophan depletion study. In the current study, number of lifetime episodes of depression
was correlated with decreased AMPT-induced metabolism in orbitofrontal cortex.

Interpreted in conjunction with our prior PET study and prior studies of AMPT and
tryptophan depletion–induced return of depressive symptoms, the results suggest that
norepinephrine and serotonin modulate common brain regions to mediate symptoms of
depression. Both of the serotonin and norepinephrine neuro-transmitter systems have their
cell bodies in the brainstem, with long neurons that project throughout the brain, globally
modulating neuronal function. The research suggests that disruption of either neurochemical
system can lead to depression, probably by affecting the common brain regions that they
innervate. As reviewed in the introduction to this article, disruption of these systems causes
mood changes in patients with a history of depression who experience remission while
taking antidepressants, or in patients with a history of depression who are in remission and
recently stopped medication.22 However, patients with current depression and healthy
persons without a history of depression are unaffected by disruption of these neuro-
transmitter systems. This is primarily related to a ceiling effect, whereby patients with
depression have a limit in the degree to which they can develop additional symptoms of
depression.

We found that increased resting baseline metabolism in prefrontal and limbic regions was
associated with vulnerability to return of depressive symptoms. This also was reported in
our prior study of tryptophan depletion. Prior studies have shown that vulnerability to
tryptophan depletion–induced return of depressive symptoms predicts long-term
vulnerability to relapse when medications are withdrawn.91 It appears that alterations in
brain function continue to persist, even after patients have been successfully treated for
depression. Consistent with this idea is the finding that some patients with a history of
depression are vulnerable to tryptophan depletion–induced return of depressive symptoms,
even when they are not taking medications, although healthy participants without a history
of depression are not vulnerable to the development of depressive symptoms. The number of
episodes of depression has been correlated with hippocampal atrophy,48,56 and it is known
that the risk of depressive recurrence increases with the number of episodes of depression
experienced during an individual’s lifetime. This suggests that changes in the brain underlie
the development of vulnerability to depressive recurrence. Consistent with that idea is the
finding in the current study that number of episodes of depression correlate with decreased
orbitofrontal metabolism with AMPT. It will be important to more carefully describe the
brain-related variables that underlie this vulnerability to depressive recurrence. Brain
imaging may also be developed to predict who will be vulnerable to depressive recurrence if
antidepressant medications are discontinued.

Prior studies in depression have found structural alterations in the brain regions implicated
in this study. For example, studies have found reductions in volume of orbitofrontal cortex
in patients with depression,60,61 while other studies found hippocampal volume
reductions.48,56 However since this study has a within-subject design, changes in
metabolism between placebo and AMPT tests are not likely to be affected by structural
alterations.

Bremner et al. Page 9

JAMA. Author manuscript; available in PMC 2011 December 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



There are number of limitations of this study that are worth mentioning. The results relied
on the use of glucose uptake rates, since the plasma data were too unreliable for use in
quantitation of glucose metabolic rates in the brain. Several patients dropped out of the study
after the first test day. This was largely related to the fact that patients had a return of
depressive symptoms with AMPT on that first day and did not wish to continue. Sample size
is limited and the current study needs to be replicated with a larger sample. AMPT has
sedating effects that may confound the depressogenic effects and may interfere with the
blinded administration of the medication. We attempted to control for this by using the
sedating medication diphen-hydramine as the placebo, which, in our prior studies, resulted
in an equally sedating effect. Diphenhydramine may also have effects on brain metabolism
that are currently unknown. However, it is anticipated that sedating medications would
result in decreased global brain metabolism. It is possible that the changes in brain function
are not related to symptoms of depression. This study is cross-sectional, and other factors
may contribute to the symptoms of depression observed in this study. The current study did
not include a never-depressed group of healthy persons for comparison. However, prior
studies described in the introduction to this article have not found effects of AMPT on mood
in healthy, never-depressed individuals. We did not control for stage of menstrual cycle. It
would have been difficult, however, to perform all scans at the same stage of the menstrual
cycle because the PET study days were 1 week apart and there was a random assignment to
AMPT or placebo on the first scan day. We did not assess smoking status, which could
affect plasma glucose levels, among other things.

The mechanisms by which AMPT affects regional brain metabolism are not entirely clear.
Administration of AMPT with depletion of norepinephrine and dopamine resulted in
decreased metabolism (from an elevated baseline) in patients who developed depressive
symptoms, and increased metabolism (from a relatively lower baseline) in patients who did
not develop depressive symptoms. The findings suggest a dose-response effect or a variation
in receptor responsiveness that differs depending on vulnerability to return of depressive
symptoms in individual participants. At the level of the postsynaptic receptor,
norepinephrine has a stimulatory effect with binding to α1 receptors, an inhibitory effect
with α2 receptors, and excitatory and inhibitory effects with β receptors. Animal studies
have shown that stimulation of the norepinephrine system (with medications such as the α-
adrenergic receptor blocker phentolamine and phenylethylamine) resulted in a dose-
dependent effect, with increased cerebral blood flow at lower doses and decreased blood
flow at high doses.92,93 Administration of the α2 antagonist yohimbine, which stimulates
release of norepinephrine in the brain, resulted in decreased brain metabolism in frontal,
parietal, sensory, and olfactory cortex.94,95 Electrical stimulation of the locus coeruleus
(brainstem site of most of the noradrenergic cell bodies) resulted in a decrease in
metabolism or blood flow in several cortical and subcortical regions,96–99 while lesions of
the locus resulted in increased metabolism.100–102 Therefore, the brain response to
norepinephrine depletion with AMPT in patients without a return of depressive symptoms
can be considered to be the “normal” response. This response was similar to what was found
in animal studies; ie, increased metabolism with removal of norepinephrine. The question
remains: Why do patients who have a return of their depressive symptoms have decreased
function? It appears that the decreased function in the prefrontal and orbito-frontal cortex
represents a neural correlate of the symptoms of depression. The fact that depressive
symptoms can recur with serotonergic or noradrenergic depletion suggests that this may not
be secondary to a change in the post-synaptic receptor in vulnerable patients but rather a
common alteration in an intracellular process in specific brain areas, including orbitofrontal
cortex.
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Figure 1. Patient Flow Through the Study
Of 25 patients who started desipramine, 2 dropped out of the study because of adverse
effects or nonresponse, 1 did not respond to desipramine and was switched to nortriptyline,
23 started the positron emission tomography (PET) part of the study, and 18 completed both
test days. AMPT indicates α-methylparatyrosine.
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Figure 2. Effects of AMPT and Placebo (Diphenhydramine) on Symptoms of Depression as
Measured With the HDRS
Patients are divided into those with (n=11) and without (n=7) an α-methylparatyrosine
(AMPT)–induced return of depressive symptoms. AMPT (but not placebo) resulted in an
increase in depressive symptoms at all points on day 3 of the study (the day of the positron
emission tomography scan) in patients defined as having a return of depressive symptoms
(P<.001 as indicated by asterisks). HDRS indicates Hamilton Depression Rating Scale.
Error bars indicate SDs.
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Figure 3. Orbitofrontal Glucose Uptake Rates in Patients With (n=11) and Without (n=7)
AMPT-Induced Return of Depressive Symptoms
Glucose uptake rates were calculated as regional activity in microcuries per cubic
centimeter/[injected dose in microcuries × body weight in pounds]. Patients with a return of
depressive symptoms showed decreased orbitofrontal metabolism with α-methylparatyrosine
(AMPT). Patients without an AMPT-induced return of depressive symptoms showed a
pattern of increase in orbitofrontal cortical metabolism with AMPT.
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