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Neuroimaging studies of major depression have identified
neurophysiologic abnormalities in multiple areas of the
orbital and medial prefrontal cortex, the amygdala, and
related parts of the striatum and thalamus. Some of these
abnormalities appear mood state–dependent and are lo-
cated in regions where cerebral blood flow increases
during normal and other pathologic emotional states.
These neurophysiologic differences between depressives
and control subjects may thus implicate areas where
physiologic activity changes to mediate or respond to the
emotional, behavioral, and cognitive manifestations of
major depressive episodes. Other abnormalities persist
following symptom remission, and are found in orbital and
medial prefrontal cortex areas where postmortem studies
demonstrate reductions in cortex volume and histopatho-
logic changes in primary mood disorders. These areas
appear to modulate emotional behavior and stress re-
sponses, based upon evidence from brain mapping, lesion
analysis, and electrophysiologic studies of humans and/or
experimental animals. Dysfunction involving these regions
is thus hypothesized to play a role in the pathogenesis of
depressive symptoms. Taken together, these findings im-
plicate interconnected neural circuits in which pathologic
patterns of neurotransmission may result in the emotional,
motivational, cognitive, and behavioral manifestations of
primary and secondary affective disorders.Biol Psychi-
atry 2000;48:813–829 ©2000 Society of Biological
Psychiatry
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Introduction

Neuroimaging technology provides unprecedented op-
portunities for elucidating the anatomic correlates of

affective disease. Functional imaging tools such as
positron emission tomography (PET), single photon emis-
sion computed tomography, and functional magnetic res-
onance imaging (fMRI) have enabled in vivo character-

ization of neurophysiologic and/or receptor pharmacologic
correlates of normal and pathologic emotional states,
treatment response and resistance, and chronic or recurrent
illness. Structural MRI allows assessment of neuromor-
phology and neuromorphometry in primary mood disor-
ders, and localization of pathology in major depressive
episodes (MDEs) arising secondary to cerebral lesions. In
vivo neuroimaging data are beginning to guide postmor-
tem studies of mood disorders by delimiting areas where
gray matter volume is abnormal and characterizing the
clinical conditions under which such abnormalities are
evident. Future studies will combine neuroimaging and
genetic approaches to facilitate investigations of geno-
types that may underlie the vulnerability to mood disor-
ders or to specific neuroimaging abnormalities. This arti-
cle reviews the psychiatric imaging literature and
integrates its major findings with data from electrophysi-
ologic and lesion analysis studies to develop hypotheses
regarding the neural substrates of major depression.

Neuroimaging Approaches to Understanding
the Functional Anatomy of Depression

A constellation of cerebral blood flow (CBF) and glucose
metabolic abnormalities are found in limbic and prefrontal
cortex (PFC) structures by PET studies of major depres-
sive disorder (MDD). Some abnormalities reverse during
symptom remission and likely reflect areas where physi-
ologic activity changes to mediate or respond to the
emotional, behavioral, and cognitive manifestations of
MDEs. Others persist despite symptom remission, and
have in some cases been linked to anatomic differences
between depressives and control subjects.

The interpretation of neurophysiologic differences be-
tween depressives and control subjects is complex. Be-
cause neural activity, CBF, and glucose metabolism are
coupled, physiologic images can dynamically reflect the
functional anatomic correlates of cognitive, emotional, or
behavioral processes as changes in regional CBF or
metabolism during mental activity. These changes com-
prise summations of the chemical and hemodynamic
processes involved in neural activity, which is dominated
by the energy utilization associated with terminal field
synaptic transmission (DiRocco et al 1989; Magistretti et
al 1995; Raichle 1987). When CBF or glucose metabolism
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images acquired during performance of a neuropsycho-
logic task are compared with images obtained in the same
subject during a control condition, regional increases in
CBF or metabolism generally signify increasing afferent
synaptic transmission from local or distal structures in the
experimental condition, relative to the control condition,
while reductions in these parameters reflect decreasing
afferent transmission (DiRocco et al 1989; Raichle 1987).
Differences in regional CBF or metabolism between de-
pressives and control subjects may thus reflect changes in
neurotransmission associated with depressive symptoms;
however, CBF and metabolism are also affected by
changes in neurotransmitter/neuroreceptor function, neu-
ropathologic alterations in the number of cells and synap-
tic contacts, and disease processes affecting cerebrovascu-
lar or thyroid function (Chimowitz et al 1992; Drevets et

al 1999b; Fazekas 1989; Wooten and Collins 1981). Since
such factors may be abnormal in some mood-disordered
subtypes, interpreting differences between depressives and
control subjects requires thoughtful research design and
information obtained using complementary approaches.

Critical Assessment of the Psychiatric Imaging
Literature

The literature is in disagreement regarding the specific
locations and the direction of neurophysiologic abnormal-
ities in MDD. Critical review of design and data analysis
resolves some inconsistencies across studies. Design is-
sues that relate to technical aspects of image acquisition
are discussed elsewhere (Drevets and Botteron 1997;
Raichle 1987). Issues involving subject selection and

Figure 1. (A) Areas of abnormally increased cerebral blood flow (CBF) in familial major depressive disorder (MDD) shown in an
image oft values, produced by a voxel-by-voxel computation of the unpairedt statistic to compare CBF between depressed and control
samples (Drevets et al 1992). The positivet values in this sagittal section at 17 mm left of midline (x5 217) show areas of increased
CBF in depressives relative to control subjects in the amygdala and medial orbital cortex. Abnormal activity in these regions in MDD
was confirmed using higher resolution, glucose metabolic measures in other studies. Anterior is to the left. (Modified from Price et al
1996.)(B) Coronal (31 mm anterior to the anterior commissure, or y5 31) and sagittal (3 mm left of midline, or x5 23) sections
showing negative voxelt values where glucose metabolism isdecreasedin depressives relative to control subjects (Drevets et al 1997).
The reduction in activity in this region appeared to be accounted for by a corresponding reduction in cortex volume. Although none
of these subjects were involved in the study that generated thet image shown inA, the mean metabolism in this independent set of
depressives was also abnormallyincreasedin the amygdala and orbital cortex. Anterior is to the left. (Reproduced with permission from
Drevets et al 1997.)(C) Sagittalt image section 41 mm left of midline (x5 241) shows an area of increased CBF in depressives
relative to healthy control subjects in the left ventrolateral PFC (VLPFC), lateral orbital cortex, and anterior insula (Drevets et al 1992).
(Reproduced with permission from Drevets et al 1999b.)(D) Coronalt image section 19 mm caudal to the anterior commissure (i.e.,
y 5 219) showing the area corresponding to increased CBF in the left medial thalamus of depressives relative to control subjects
(Drevets et al 1992, 1995b). (Reproduced with permission from Drevets and Todd 1997.)
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image analysis that are particularly relevant to the inter-
pretation of imaging studies of depression are addressed
here.

Image analysis techniques differ widely in their sensi-
tivity for detecting the relatively subtle abnormalities
extant in mood disorders. Region of interest (ROI) ap-
proaches involving coregistration of high resolution PET
and anatomic MRI images have the greatest sensitivity for
detecting abnormalities when an affected region can be
delimited in MRI scans; however, ROI placement may
undersample or dilute focal abnormalities of radiotracer
uptake when anatomic boundaries are unknown.

To address this type II error source, omnibus image
analysis strategies are used to survey brain images voxel
by voxel (e.g., Figure 1; Drevets et al 1992; Friston et al
1991). Primary images are spatially transformed into a
standardized stereotaxic space so that tomographic data
can be averaged across subjects. Since current spatial
transformation algorithms do not precisely align the vari-
able, complex three-dimensional structure of images from
different brains, images are blurred before analysis to

minimize the impact of misalignment error (Poline et al
1997); however, the loss of spatial resolution from blur-
ring and the error in overlaying brain structure across
subjects decrease sensitivity for detecting abnormalities in
small structures (e.g., amygdala, subgenual PFC) or areas
characterized by high anatomic variability (e.g., orbital
cortex). Voxel-by-voxel analyses may also increase type I
error because they require thousands of statistical compar-
isons, and thep values obtained in published studies of
MDD have generally not been appropriately corrected for
multiple comparisons (Poline et al 1997). Nevertheless,
when constrained by appropriate statistical considerations
and followed by replication using targeted, MRI-based,
ROI analyses in independent samples, approaches involv-
ing omnibus statistical mapping techniques prove invalu-
able for delineating abnormalities in MDD (e.g., Drevets
et al 1992, 1995c, 1997).

The sensitivity for identifying abnormalities is also
affected by sample size, medication effects, and biological
heterogeneity. Antidepressant and antianxiety treatments
reportedly decrease CBF and metabolism in frontal, pari-

Figure 2. Anatomic circuits implicated by neuroimaging and neuropathologic studies of familial mood disorders. The regional abnormalities
summarized are specifically hypothesized to contribute to the genesis of pathologic emotional behavior. Regions in red have neuromorpho-
metric and/or histopathologic abnormalities in primary major depressive disorder and/or bipolar disorder (BD; see text). Regions in yellow
have not been microscopically examined in mood disorders, but are areas where structural abnormalities aresuspectedbased upon the finding
of third ventricle enlargement in children and adults with BD. Open arrows to the right of each region indicate the direction of abnormalities
in cerebral blood flow (CBF) and metabolism reported in depressives relative to control subjects (? indicates where experimental data await
replication). Parenthetical open arrows indicate the direction of metabolic abnormalities after correcting the positron emission tomography
(PET) measures for partial volume effects of reduced gray matter volume [(?) indicates where decreased gray matter is suspected as the
explanation for reductions in CBF and metabolism, but partial volume-corrected PET results have not been reported]. Solid lines indicate
majoranatomic connections between structures (e.g., weak projections, such as that from the orbital cortex back to the subiculum [Carmichael
and Price 1995], are not included), with closed arrowheads indicating the direction of the projecting axons (reciprocal connections have
arrowheads at both line ends). Affected prefrontal cortex (PFC) areas include the ventrolateral and orbital PFCs (ORB/VLPFC), the anterior
(agranular) insula (A.INS), the anterior cingulate gyrus ventral and anterior to the genu of the corpus callosum (subgenual PFC [SGPFC] and
pregenual anterior cingulate [PAC], respectively), and the dorsomedial/dorsal anterolateral PFC (DM/DALPFC). The parts of the striatum
under consideration are the ventromedial caudate and nucleus accumbens, which particularly project to the ventral pallidum (Nauta and
Domesick 1984). BNST, bed nucleus of the stria terminalis; VTA, ventral tegmental area; LC, locus coeruleus; NTS, nucleus tractus
solitarius; PAG, periaqueductal gray.
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etal, and temporal lobe regions, and studies including
images from subjects taking such agents usually fail to
detect the areas of hypermetabolism identified in unmedi-
cated depressives, and instead report areas of reduced CBF
or metabolism not evident in unmedicated samples (for a
review, see Drevets et al 1999b). Moreover, MDD and
bipolar disorder (BD) likely encompass groups of disor-
ders that are heterogenous with respect to etiology and
pathophysiology, and “enrichment” of samples for the
likelihood of having psychobiological markers appears
necessary to replicate some imaging findings.

In some studies, biological variability was reduced by
selecting subjects with familial mood disorders. Subjects
with primary, familial MDD (i.e., familial pure depressive
disease [FPDD]) were previously shown to be more likely
to have abnormalities of hypothalamic–pituitary–adrenal
(HPA) axis function, platelet [3H]imipramine binding, and
sleep electroencephalography relative to MDD subjects
who either lacked mood-disordered relatives or had alco-
holic relatives (Kupfer et al 1992; Lewis et al 1983; Lewis
and McChesney 1985; Winokur 1982). Depressed samples
with familial MDD or BD have also been more likely to
show elevated CBF/metabolism in the amygdala, orbital
cortex, and medial thalamus and decreased metabolism
and cortex volume in the subgenual PFC than nonfamilial
cases or cases with secondary depressive syndromes (Dre-
vets et al 1992, 1995c, 1999b; Hirayasu et al 1999;
Kegeles et al 1999; O¨ ngür et al 1998). Studies using
alternative means for selecting enriched MDD samples,
such as melancholic subtype criteria or responsiveness to
sleep deprivation or phototherapy, have also found ele-
vated metabolism in the amygdala and orbital cortex
during MDEs (Cohen et al 1992; Ebert et al 1991;
Nofzinger et al 1999; Wu et al 1992).

The mood-disordered subtype for which a distinct set of
neuroimaging abnormalities has been best characterized is
comprised of elderly depressives with a late age at illness
onset. Depressives with onset of first MDE after age;55
are more likely than both age-matched, healthy control
subjects and age-matched depressives with an earlier age
of onset to have large “patches” of MR signal hyperinten-
sity (in T2-weighted images) in the periventricular and
deep white matter and lacunae in the cortex and striatum
(Drevets et al 1999b; Krishnan et al 1993). Tissue acquired
postmortem from brain areas showing patches of MR
signal hyperintensity reveals arteriosclerosis, gliosis,
white matter necrosis, and axon loss in the affected areas,
but not in the surrounding tissue where the MRI signal
appears normal (Awad et al 1986; Chimowitz et al 1992).
Functional imaging studies confirm that CBF is decreased
in areas where white matter hyperintensities are evident in
MR images (Chimowitz et al 1992; Fazekas 1989). Late-
onset depressives also commonly have widened cortical

sulci, ventricular enlargement, and reduced frontal lobe
and basal ganglia volumes, which are thought to reflect
tissue atrophy secondary to ischemia (for a review, see
Drevets et al 1999b). Because cerebrovascular disease
alters CBF, radiotracer delivery, and relationships between
neuronal activity, CBF, metabolism, and oxygen extrac-
tion (Derdeyn et al 1998), the functional imaging corre-
lates of late-onset MDD profoundly differ from those of
depressives with early or midlife illness onset (Drevets et
al 1999b). Nevertheless, most imaging studies of MDD
that included elderly subjects failed to distinguish or
exclude such subjects, confounding interpretation of their
results.

The MRI and clinical correlates of late-onset depression
suggest this mood-disordered subgroup develops MDEs
secondary to cerebrovascular disease (Krishnan et al
1993). The regions most commonly affected by white
matter hyperintensities or lacunae in late-onset MDD are
also the regions where infarction increases the risk for
developing MDEs following stroke—namely, the left
frontal lobe and striatum (for reviews, see Drevets et al
1999b; Starkstein and Robinson 1989). These regions
contain neuropathologic abnormalities in familial MDD
and BD subjects studied early in life, as well, which are of
a distinct, idiopathic nature (see below). Thus, dysfunction
involving an overlapping set of brain structures may
confer vulnerability to MDEs in both early- and late-onset
mood disorders.

Functional Anatomic Correlates of Major
Depression

The Subgenual Anterior Cingulate Cortex

The anterior cingulate cortex situated anterior and ventral
to the genu of the corpus callosum (termedpregenualand
subgenual,respectively) has been implicated by numerous
studies of MDD and BD (for reviews, see Drevets 1999;
Drevets and Raichle 1998). In the subgenual PFC, CBF
and metabolism are decreased in unipolar and bipolar
depressives relative to healthy control subjects (Figure 1B;
Buchsbaum et al 1997; Drevets et al 1997; Kegeles et al
1999). This abnormality appears to be accounted for by a
left-lateralized, volumetric reduction of the corresponding
cortex, initially demonstrated by MRI-based morphomet-
ric measures (Drevets et al 1997; Hirayasu et al 1999) and
later by postmortem neuropathologic studies of familial
BD and MDD (Öngür et al 1998). This reduction in
volume exists early in the illness in familial BD (Hirayasu
et al 1999) and MDD (Botteron et al 1999), but appears to
follow illness onset, based upon preliminary evidence in
twins discordant for MDD (Botteron et al 1999).

Although baseline CBF and metabolism appear abnor-
mally decreased in PET images during MDEs, computer
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simulations that correct PET data for the partial volume
effect of reduced gray matter volume conclude the “actu-
al” metabolic activity in the remaining subgenual PFC
tissue is increased in depressives relative to control
subjects (Figure 2; Drevets 1999). This hypothesis appears
compatible with findings that effective antidepressant drug
(AD) treatments result in adecreasein metabolic activity
in this region in MDD (Buchsbaum et al 1997; Drevets
1999; Mayberg et al 1999). Computer simulations of
posttreatmentimages find that actual (partial volume
corrected) metabolism decreases to normative levels dur-
ing effective treatment (Drevets 2000). This mood state
dependency of subgenual PFC metabolism would appear
consistent with PET studies showing that flow increases in
the subgenual PFC of healthy, nondepressed humans
during experimentally induced sadness (Damasio et al
1998; George et al 1995; Mayberg et al 1999).

Although effective treatment with selective serotonin
reuptake inhibitor (SSRI) ADs did not alter the subgenual
PFC volume in MDD (Drevets et al 1997), this cortex was
significantly larger in BD subjects chronically medicated
with lithium or divalproex than in BD subjects who were
unmedicated or were medicated with other agents (W.C.
Drevets et al, unpublished data). Chronic administration of
these mood stabilizers markedly increases levels of the
neuroprotective protein Bcl-2 in the frontal cortex, stria-
tum, and hippocampus of experimental animals (Manji et
al 1999). Bcl-2 administration increases neurite sprouting
and protects against glutamate-mediated excitoxicity, rais-
ing the possibility that this difference in subgenual PFC
volume reflects a neuroprotective/neurotrophic effect of
mood-stabilizing medications (Manji et al 1999 [this
reference also considers alternative explanations for lithi-
um’s effects on cortical volume, however]).

Postmortem assessment of the subgenual PFC (agranu-
lar cortex on the prelimbic anterior cingulate gyrus [part of
Brodmann’s area (BA) 24]) demonstrated this abnormal
reduction in gray matter was associated with areductionin
glia, no equivalent loss of neurons, and increased neuronal
density in MDD and BD relative to healthy and schizo-
phrenic control samples (O¨ ngür et al 1998). These findings
suggest the volumetric abnormality in the subgenual PFC
may specifically reflect a reduction of neuropil, the fibrous
layers comprised of dendrites and axons that occupy most
of the cortex volume (McEwen 1999). Glia are dividing
cells that support neurons and synaptic transmission, so
the reduction in glia may conceivably occur secondary to
the reduction of synapses expected from a reduction in
neuropil (Magistretti et al 1995; McEwen 1999). Never-
theless, because glia maintain potassium homeostasis,
transport glutamate andg-aminobutyric acid (GABA)
from the extracellular fluid, and provide trophic factors
and energy substrates to neurons, glial hypofunction may

also disturb synaptic transmission within the affected
cortex (Azmitia 1999; Magistretti et al 1995).

The subgenual PFC has extensive reciprocal connec-
tions with the orbital cortex, hypothalamus, amygdala,
accumbens, ventral tegmental area (VTA), substantia
nigra, raphe, locus coeruleus, periaqueductal gray (PAG),
and nucleus tractus solitarius (Figure 2; Carmichael and
Price 1995; Leichnetz and Astruc 1976). Humans with
lesions that include the subgenual PFC show abnormal
autonomic responses to emotionally provocative stimuli,
inability to experience emotion related to concepts that
ordinarily evoke emotion, and inability to use information
regarding the likelihood of punishment and reward in
guiding social behavior (Damasio et al 1990). In rats,
bilateral orright-lateralized lesions of the prelimbic (the
apparent homologue of the primate subgenual PFC) and
infralimbic corticesattenuatesympathetic autonomic re-
sponses, stress-induced corticosterone secretion, and gas-
tric stress pathology during restraint stress or exposure to
fear-conditioned stimuli (Frysztak and Neafsey 1994;
Morgan and LeDoux 1995; Sullivan and Gratton 1999). In
contrast,left-sided lesions of this areaincreasesympa-
thetic autonomic arousal and corticosterone responses to
restraint stress (Sullivan and Gratton 1999). Although
these latter data await replication, they suggest the hypoth-
esis that the right subgenual PFC facilitates expression of
visceral responses during emotional processing, whereas
the left subgenual PFC modulates such responses (Sulli-
van and Gratton 1999). This hypothesis is noteworthy in
light of the left-lateralized nature of the volumetric reduc-
tion of the subgenual PFC in MDD and BD, and of PET
data showing thatright subgenual PFC metabolism corre-
lates positively with depression severity in MDD (rated by
the Hamilton Depression Rating Scale [HDRS];r 5 .76,
p , .01; Drevets 2000). It is thus conceivable that
dysfunction of the left subgenual PFC contributes to the
altered neuroendocrine and autonomic function in depres-
sion (Carney et al 1988; Dioro et al 1993; Holsboer 1995;
Veith et al 1994).

The subgenual PFC may also participate in evaluating
the reward-related significance of stimuli. The subgenual
PFC sends efferent projections to the VTA and substantia
nigra and receives dense dopaminergic innervation from
the VTA (Leichnetz and Astruc 1976; Price 1999). In rats,
electrical or glutamatergic stimulation of medial PFC
areas that include the prelimbic cortex elicits burst firing
patterns from dopamine cells in the VTA and increases
dopamine release in the accumbens (for a review, see
Drevets 1999). Because these phasic, burst firing patterns
of dopamine neurons are thought to encode information
regarding stimuli that predict reward and deviations be-
tween such predictions and the actual occurrence of
reward (Schultz 1997), subgenual PFC dysfunction may
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conceivably contribute to disturbances of hedonic percep-
tion and motivated behavior in mood disorders. In this
regard, the magnitude of abnormal metabolic activity in
the subgenual PFC may relate to switches between depres-
sion and mania, as, even in the presence of reduced
volume, apparent subgenual PFC activity appears abnor-
mally increased in small samples of manic subjects (e.g.,
Drevets et al 1997).

The Pregenual Anterior Cingulate Cortex

The psychiatric imaging literature is less consistent with
respect to the pregenual anterior cingulate cortex. This
region consistently shows elevated CBF during various
emotional conditions elicited in healthy or anxiety-disor-
dered humans (for a review, see Drevets and Raichle
1998). Electrical stimulation of this region elicits fear,
panic, or a sense of foreboding in humans, and vocaliza-
tion in experimental animals (for a review, see Price et al
1996).

Most imaging studies find that CBF and metabolism are
increased in this area during MDEs (for a review, see
Drevets 1999); however, Mayberg et al (1997) reported
that, although metabolism in this area was abnormally
increased in depressives who subsequently showed a good
response to ADs, metabolism was abnormally decreased in
depressives who later had poor or incomplete treatment
responses. In contrast, other groups found inverse corre-
lations between basal metabolism and subsequent antide-
pressant response in MDD, with lower baseline pregenual
anterior cingulate metabolism predicting superior respon-
siveness to ADs (Brody et al 1999; Ketter et al 1999). The
effects of treatment on pregenual anterior cingulate CBF
and metabolism have also differed across studies, with
activity decreasing in some but increasing in others in
posttreatment scans, relative to pretreatment scans (for a
review, see Drevets 1999). The extent to which these
discrepancies are explained by differential effects in sub-
regions of this area remains unclear.

The Orbital and Anterior Insular Cortices

In the left and right posterior orbital cortices, the left
ventrolateral PFC (VLPFC), and the anterior (agranular)
insula, CBF and metabolism are abnormallyincreasedin
unmedicated subjects with primary MDD (Figure 1, A and
C; e.g., Baxter et al 1987, Table 3; Biver et al 1994; Cohen
et al 1992; Drevets et al 1992, 1995c; Ebert et al 1991).
Flow and metabolism also increase in the these areas
during experimentally induced sadness and anxiety in
healthy subjects and during induced anxiety and obses-
sional states in subjects with obsessive–compulsive, post-
traumatic stress, simple phobic, and panic disorders (for a
review, see Drevets and Raichle 1998). The elevation of

physiologic activity in these areas during MDEs appears
mood state dependent, as a variety of effective, somatic
antidepressant therapies result in decreases in CBF and
metabolism in the remitted phase of MDD relative to the
depressed phase (e.g., Brody et al 1999; Drevets 1999;
Drevets et al 1992; Mayberg et al 1999; Nobler et al 1994).

A complex relationship exists between depression se-
verity and metabolic activity in the orbital cortex and
VLPFC. Although CBF and metabolism are elevated in
these areas in the depressed phase of MDD relative to the
remitted phase, these measures correlate inversely with
ratings of depression severity and depressive ideation
(Drevets et al 1992, 1995c). Compatible with these data,
although metabolic activity is abnormally increased in
these areas in outpatient, treatment-responsive, unipolar
and bipolar depressives, more severely ill or treatment-
refractory BD samples and inpatient MDD samples have
shown mean CBF and metabolic values that either did not
significantly differ or were decreased relative to control
samples (Drevets et al 1997; Ketter et al 1999; Mayberg et
al 1997). Similarly, PET studies of depression secondary
to Parkinson’s disease, cerebrovascular disease, or com-
plex partial seizures have shown that flow is either
unchanged or abnormally decreased in these conditions
relative to nondepressed control subjects with the same
neurologic conditions (Bromfield et al 1992; Lesser et al
1994; Mayberg et al 1990; Ring et al 1994). Elevated
orbital activity is, therefore, not essential to the production
of depressive symptoms.

Instead, these relationships between orbital metabolism
and depression severity are consistent with evidence from
imaging, lesion analysis, and electrophysiologic studies
that the posterior orbital cortex participates in modulating
behavioral, visceral, and cognitive responses associated
with defensive, fear, and reward-directed behavior as
reinforcement contingencies change. Posterior orbital cor-
tex CBF increases in subjects with obsessive–compulsive
disorder or animal phobias during exposure to phobic
stimuli and in healthy subjects during induced sadness
(Drevets et al 1995b; Rauch et al 1994; Schneider et al
1995). In each of these cases,DCBF in the posterior
orbital cortex correlates inversely with concomitant
changes in obsessive thinking, anxiety, and sadness, re-
spectively. In animal phobic subjects, serial PET images
acquired during repeated exposures to phobic stimuli
revealed that the orbital CBF was unchanged during initial
exposures when the fear response was greatest, but as
subjects habituated to the stimuli during subsequent expo-
sures, posterior orbital CBF progressively increased, and
the DCBF was inversely correlated with changes in anxi-
ety ratings and heart rate (Drevets et al 1995b).

Nearly one half of pyramidal cells in the orbital cortex
alter their firing rates during the delay period between
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stimulus and response, and the patterns of posttrial activ-
ity, which relate to the presence or absence of reward,
suggest these cells play a role in extinguishing unrein-
forced responses to appetitive and aversive stimuli (Rolls
1995). This role may be partly mediated by interactions
with the amygdala and other limbic structures (Mogenson
et al 1993; Price et al 1996). The orbital cortex and
amygdala send direct projections to each other and over-
lapping projections to the striatum, hypothalamus, and
PAG through which they modulate each other’s transmis-
sion (Figure 2; Carmichael and Price 1995; Mogenson et
al 1993; Price 1999). Such interactions are evidenced by
findings that defensive behaviors and cardiovascular re-
sponses evoked by electrical stimulation of the amygdala
are attenuated or ablated by concomitant stimulation of
orbital cortex sites, which when stimulated alone produce
no autonomic changes (Timms 1977). Compatible with the
hypothesis that orbital cortex activity modulates amyg-
dalar function during MDEs, glucose metabolisms in the
orbital cortex and amygdala are inversely correlated in
depressed humans (Drevets 2000).

Although tumors and cerebrovascular lesions involv-
ing the frontal lobe increase the risk for developing
MDEs, the specific PFC regions where dysfunction
confers this risk have not been established (Mayeux
1982; Starkstein and Robinson 1989). Humans with
lesions of the orbital cortex show impaired performance
on tasks requiring application of information related to
reward or punishment, exhibit difficulty shifting intel-
lectual strategies in response to changing demands, and
perseverate in strategies that become inappropriate
(Bechara et al 1998; Rolls 1995). Lesion analysis
studies in monkeys and functional imaging studies in
humans show that the lateral orbital cortex/VLPFC in
particular is involved when responses to stimuli require
the suppression of previously rewarded responses (El-
liott et al 2000; Iversen and Mishkin 1970).

During MDEs orbital cortex activation may reflect
endogenous attempts to attenuate emotional expression or
interrupt perseverative patterns of aversive, nonrewarding
thought and emotion. Nevertheless, evidence that neuro-
pathologic changes exist in the orbital cortex in primary
mood disorders raises the possibility that impairment of
these orbital functions predisposes to MDEs. Postmortem
studies of MDD and BD report abnormal reductions of
gray matter, glia, and neuronal size, but no decrement in
neuronal number, in the posterior orbital cortex and
VLPFC (Bowen et al 1989; Rajkowska et al 1997, 1999).
Like the histopathologic changes found in the subgenual
PFC, these data are most consistent with a reduction in
neuropil. If such abnormalities are associated with dis-
turbed synaptic interactions between the orbital cortex and
amygdala, striatum, hypothalamus, or PAG, then orbital

dysfunction may conceivably contribute to the develop-
ment of excessive emotional responses to stressors and
ruminative ideation.

The abnormalities of serotonergic and catecholaminer-
gic neurotransmitter function reported in mood disorders
suggest other mechanisms by which orbital activity may
be impaired in depression. In healthy subjects serotonin
(5-HT) depletion (via tryptophan-free diet) produced per-
formance deficits on decision-making tasks involving
risk/reward probabilities that were similar to those seen in
subjects with orbital cortex lesions (Rogers et al 1999).
Moreover, depressive relapse occurring in remitted MDD
subjects scanned during serotonin depletion was associ-
ated with reductions in metabolism in the orbital cortex
and VLPFC (Bremner et al 1997 [the area termedmiddle
frontal by Bremner is part of the VLPFC area described
herein]; Smith et al 1999). Finally, orbital cortex metab-
olism is decreased in depressed subjects with Parkinson’s
disease, relative to nondepressed subjects, suggesting that
dopamine depletion may impair orbital cortex function
(Mayberg et al 1990; Ring et al 1994).

The effects of antidepressant treatment on neurophysi-
ologic activity in the orbital cortex and VLPFC are
noteworthy in this regard. The highly replicated finding
that CBF and metabolism decrease in the orbital/insular
cortex and VLPFC during effective AD treatment may
indicate that this cortex can “relax,” as such treatments
directly inhibit pathologic activity in limbic structures
such as the amygdala (for a review, see Drevets 1999). In
contrast, nonpharmacologic treatments such as cognitive
behavioral therapy and repetitive transcranial magnetic
stimulation reportedlyincreasemetabolism in the VLPFC
and posterior orbital cortex, respectively (Brody et al
1999; Teneback et al 1999), suggesting the hypothesis that
their therapeutic mechanisms depend upon enhancing the
function of PFC mechanisms for attenuating emotional
expression.

The Dorsomedial/Dorsal Anterolateral Prefrontal
Cortex

Other PFC regions where dysfunction may impair the
ability to modulate emotional responses in mood disorders
include the dorsomedial PFC (DMPFC; vicinity of dorsal
BA 32 and rostral BA 9) and dorsal anterolateral PFC
(DALPFC; approximately rostral BA 9). Several PET
studies of MDD found abnormally decreased CBF and
metabolism in these areas, which normalized during ef-
fective AD therapy in some studies but not others (Baxter
et al 1989; Drevets et al 1999b). Ring et al (1994) showed
that CBF is also reduced in the DMPFC in depressed
patients with Parkinson’s disease, as compared with non-
depressed Parkinson’s patients. In postmortem studies of
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MDD, Rajkowska et al (1999) observed abnormal reduc-
tions in the density and size of neurons and glia in the
supra- and infragranular layers of the DALPFC (rostral
BA 9), a finding that may relate to the reduction in
metabolic activity in this area in MDD.

In brain mapping studies of healthy humans, CBF in the
DMPFC increases during performance of tasks that elicit
emotional responses or require emotional evaluations
(Dolan et al 1996; Drevets et al 1994; Reiman et al 1997).
In healthy humans imaged during anticipation of an
electrical shock, the relationship betweenDCBF and
emotion ratings suggested that while this region activated
during anxiety it exerted a modulatory influence on
emotional expression, such that the change in anxiety
ratings and heart rate correlated inversely withDCBF
(Drevets et al 1994). In rats, lesions of the area that
appears homologous with the human DMPFC result in
exaggerated heart rate responses to fear-conditioned stim-
uli, and electrical and chemical stimulation of these sites
attenuates defensive behavior and cardiovascular re-
sponses evoked by amygdala stimulation (for a review, see
Frysztak and Neafsey 1994). The DMPFC sends efferent
projections to the PAG through which it may modulate
cardiovascular responses associated with emotional be-
havior or stress (Price 1999). If the histopathologic
changes found in this area in MDD by Rajkowska et al
(1999) are associated with functional impairment, they
may conceivably contribute to the pathologic stress re-
sponses and elevated resting heart rate seen in MDD.

Dorsolateral PFC and Dorsal Anterior Cingulate
Cortex

Abnormal reductions of CBF and metabolism have also
been reported in MDD in areas of the lateral and dorso-
lateral PFC (L/DLPFC) and the dorsal anterior cingulate
cortex situated posterior to the areas described in the
preceding section (for reviews, see Drevets et al 1999b;
Drevets and Raichle 1998). These abnormalities appear
mood state dependent, reversing during symptom remis-
sion (Bench et al 1995; Mayberg et al 1999). Initial studies
assessing neuromorphometry or histology have not found
abnormalities in these areas in MDD or BD (Bowen et al
1989; Drevets et al 1997; Rajkowska et al 1997).

Human PET and fMRI studies show that hemodynamic
responses in the anterior cingulate cortex dorsal and
posterior to the genu of the corpus callosum consistently
increase during tasks requiring discriminative attention
and selection for action (for a review, see Drevets and
Raichle 1998). Attentional demand, target frequency,
and/or frequency of being incited to action modulate the
magnitude ofDCBF in this region (for a review, see
Drevets and Raichle 1998). In contrast, CBF isdecreased

in this area in healthy subjects during experimentally
induced anxiety and depressed subjects with MDD, rela-
tive to control conditions (Bench et al 1992; Drevets and
Raichle 1998). Moreover, the normal activation of this
region during a verbal fluency task was attenuated during
the depressed mood associated with acute tryptophan
depletion (Smith et al 1999).

Multiple L/DLPFC areas activate when verbal or visuo-
spatial information is maintained in working memory and
processed in some way (for a review, see Drevets and
Raichle 1998). In the vicinity of these areas, CBF and
metabolism are reportedly decreased in the depressed
phase of MDD, as compared with the remitted phase, in
depressives relative to healthy control subjects, and during
experimentally induced sadness in healthy subjects (Bench
et al 1992; Biver et al 1994; Mayberg et al 1999). These
DLPFC areas do not appear activated during emotional
processing, and lesions of this region do not impair
performance on tasks involving the application of infor-
mation related to reward or punishment (e.g., Bechara et al
1998). In one left DLPFC area, Dolan et al (1993) reported
that the reduction in CBF correlated with impoverishment
of speech (thought to reflect slowed cognitive processing)
in MDD and schizophrenia, although this finding awaits
replication.

Interpreting reversible decreases in CBF and metabo-
lism found during MDEs in areas that have not been
implicated in emotional processing requires an under-
standing of the regulation of neurophysiologic activity
across anatomic systems. Brain mapping studies show
that, whereas CBF increases in brain regions putatively
activated to perform an experimental task, CBF concom-
itantly decreasesin some other neural systems that appear
nonessentialto task performance (Drevets and Raichle
1998). Such “deactivated” areas are thought to reflect
attention-related processes in which signal processing is
enhanced via suppression of neural transmission convey-
ing competing, unattended information (for a review, see
Drevets et al 1995a).

The clearest examples of these phenomena involve
patterns of reduced CBF seen during expectation of
somatosensory stimuli, in which CBF decreases in the
human first somatosensory cortex (SI) and second somato-
sensory cortex located outside the cortical representation
of the skin area targeted by the expected stimulus, but does
not change in the somatosensory cortex representing the
skin locus of the awaited stimulation (Drevets et al 1995a).
These results concur with electrophysiologic evidence of
suppression, or “gating,” of sensory input to SI cortical
neurons when the cutaneous receptive field of the recorded
cell is not engaged during tactile discrimination behavior
and preserved to fields where behaviorally significant
somatosensory stimuli are expected (for a review, see
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Drevets et al 1995a). The reduced afferent synaptic trans-
mission into the portions of the SI representing unattended
skin sites presumably accounts for the reduction in CBF in
these areas in PET images (DiRocco et al 1989; Drevets et
al 1995a). Similar interactions appear to occur across
sensory modalities (for a review, see Drevets and Raichle
1998), as exemplified by findings that CBF decreases in
the primary auditory cortex, auditory association cortex,
somatosensory cortex, and posterior cingulate and midcin-
gulate cortices as subjects process complex visual stimuli
(Haxby et al 1994).

Areas specialized for emotional versus higher cognitive
functions may also engage in such cross-modal relation-
ships. In the amygdala, posterior orbital cortex, and
ventromedial PFC sites where CBF increases during emo-
tion-related tasks, flowdecreasesduring performance of
attentionallydemanding, cognitive tasks (Drevets and
Raichle 1998; Shulman et al 1997). Conversely, in dorsal
anterior cingulate and DLPFC areas where flow increases
while attentionally demanding cognitive tasks are per-
formed, CBF decreasesduring some emotional states
(Drevets and Raichle 1998; Mayberg et al 1999).

These reciprocal patterns of neural activity hold intrigu-
ing implications for interactions between emotion and
cognition (Drevets and Raichle 1998). The reduction of
CBF in dorsal anterior cingulate and DLPFC areas spe-
cialized for verbal, attentional, visuospatial, and mne-
monic processing during depression may reflect a suppres-
sion of afferent activity to those regions as dysphoric
emotions or thoughts are processed. This suppression may
relate to the subtle impairments of attention, memory, and

visuospatial function that accompany MDEs (Drevets and
Raichle 1998).

The Amygdala

Resting CBF and glucose metabolism are abnormally
elevated in the amygdala in depressives with FPDD, type
II BD or nonpsychotic, type I BD (Figures 1 and 3;
Drevets et al 1992, 1995b; Wu et al 1992). In contrast, this
abnormality is not evident in more severe, psychotic, type
I BD subjects (Drevets 1995), and the extent to which this
severity-based difference between BD samples may reflect
differential magnitudes of partial volume effects associ-
ated with abnormalities of amygdala structure in BD
remains unclear (Bowley et al, in press; Pearlson et al
1997). Abnormalities of resting amygdalar CBF/metabo-
lism have also not been found in MDD samples meeting
Winokur (1982) criteria for depression spectrum disease
(Drevets et al 1995c), obsessive–compulsive disorder,
panic disorder, phobic disorders, or schizophrenia, sug-
gesting this abnormality may be specific to some primary
mood disorder subtypes (for a review, see Drevets and
Botteron 1997).

In FPDD the magnitude of this abnormality as measured
by PET is about 5% to 7% (Figure 3). When corrected for
spatial resolution effects, this difference would reflect an
increase in the actual CBF and metabolism of about
50–70% (Drevets et al 1992; Links et al 1996). These
magnitudes are in the physiologic range, as CBF increases
;50% in the rat amygdala during exposure to fear-

Figure 3. Mean physiologic activity (6
SEM) in the left amygdala in midlife de-
pressed subjects relative to age-, gender-,
and handedness-matched healthy control
subjects. The results of three consecutive
studies obtained using different positron
emission tomography (PET) cameras in
different laboratories in independent sub-
ject samples are summarized (subject and
PET scanner characteristics are described
in Drevets et al 1992, 1997, 1999a; 2D and
3D, image acquisition modes). In each
study normalized CBF or metabolism was
increased 6% to 8% in the depressives
versus the control subjects (quantitative
whole brain cerebral blood flow [CBF] and
metabolism did not significantly differ be-
tween groups in these studies). rCBF/
gCBF, regional-to-global CBF ratio; rMR-
glu/gMRglu, ratio of regional-to-global
metabolic rates for glucose; CON, healthy
control subjects; FPDD, familial pure de-
pressive disease (Winokur 1997); BD-D,
depressed phase of bipolar disorder.
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conditioned stimuli as measured by tissue autoradiography
(LeDoux et al 1983).

Amygdalar CBF and metabolism correlate positively
with depression severity (Abercrombie et al 1996; Drevets
et al 1992, 1995b). During AD treatment that both induces
and maintains symptom remission, amygdala metabolism
decreases to normative levels, compatible with preclinical
evidence that chronic AD administration has inhibitory
effects on amygdala function (for a review, see Drevets
1999). Nevertheless, CBF and metabolism in the left
amygdala appear abnormally increased (although to a
lesser extent) during the unmedicated, remitted phase of
FPDD (Drevets et al 1992), and AD-medicated, remitted
MDD subjects who relapse in response to serotonin
depletion (via tryptophan-free diet) have higher amygdala
metabolism before depletion than those who do not relapse
(Bremner et al 1997). Abnormal amygdala activity may
thus relate to both the severity of MDEs and the suscep-
tibility to MDE recurrence. The extent to which these
relationships reflect differentiable components (e.g., re-
lated to involvement of distinct amygdalar nuclei) remains
unclear due to the limited spatial resolution of PET.

The positive correlation between amygdala metabolism
and depression severity rated by HDRS scores may reflect
the amygdala’s role in organizing multiple aspects of
emotional/stress responses (Davis 1992). In humans, elec-
trical stimulation of the amygdala can produce anxiety,
fear, dysphoria, recollection of emotionally provocative
events, and increased cortisol secretion (for a review, see
Drevets 1999). Moreover, an excessive amygdalar drive
on the PAG (LeDoux 1996) may conceivably contribute to
depressive signs such as inactivity, panic attacks, and
reduced pain sensitivity, since in experimental animals
stimulation of ventrolateral PAG produces social with-
drawal, behavioral quiescence, and hypoalgesia, whereas
stimulation of lateral PAG produces defensive behaviors,
sympathetic autonomic arousal, and hypoalgesia (for a
review, see Price 1999). Excessive efferent amygdala
transmission to the lateral hypothalamus and locus coer-
uleus could also potentially contribute to the elevated
sympathetic tone, behavioral arousal, and insomnia seen in
MDD (Carney et al 1988; Davis 1992; Veith et al 1994).
In addition, activation of the amygdalar projections to the
ventral striatum arrests goal-directed behavior in experi-
mental animals (Mogenson et al 1993), suggesting a
possible neural mechanism for the cessation of motivated
or reward-directed behavior during MDEs.

The amygdala also facilitates stress-related cortico-
tropin-releasing hormone (CRH) release via both
intrinsic CRH-containing neurons and bisynaptic (double
GABAergic) anatomic projections to the paraventricular
nucleus of the hypothalamus (Herman and Cullinan 1997).
These data thus suggest a pathway through which exces-

sive amygdala activity may contribute to the abnormal
elevation of CRH secretion in MDD, which has been
thought to be partly mediated by increased limbic drive
(for a review, see Holsboer 1995). Corticotropin-releasing
hormone administration is reported to induce appetite
suppression, decreased sexual behavior, sleep disturbance,
and anxiety in rats, suggesting another mechanism by
which amygdalar hyperactivity may yield depressive
symptoms (Musselman and Nemeroff 1993).

Finally, amygdala dysfunction may conceivably alter
the interpretation of social or emotionally valenced stimuli
in mood disorders. Neuroimaging, electrophysiologic, and
lesion analysis studies demonstrate that the amygdala is
involved in the acquisition and expression of emotional/
arousing memories (e.g., aversive conditioning; Canli et al
2000; LeDoux 1996; Phelps and Anderson 1997). For
example, single-trial fMRI studies show that the human
amygdala activates during initial exposures to fear-condi-
tioned stimuli, but becomes deactivated during repeated
exposures to the same stimulus (Bu¨chel et al 1998; LaBar
et al 1998). The amygdala is also involved in interpreting
the emotional significance of social cues. In humans,
blood flow increases in the amygdala as subjects view
faces expressing fear or sadness (Blair et al 1999; Morris
et al 1996), and amygdala lesions impair the ability to
recognize fear or sadness in facial expression (Adolphs et
al 1994; Anderson and Phelps 1997) and fear and anger in
spoken language (Scott et al 1997). Preliminary studies
employing such neuropsychologic tasks in depressed hu-
mans suggest that the pattern of hemodynamic responses
to facially expressed emotion is altered in primary mood
disorders (Casey et al 2000; Drevets 1999).

The preliminary finding that amygdala metabolism
remains abnormally increased in MDD during sleep ar-
gues that it is unlikely that the abnormal elevation in
resting metabolism is simply accounted for by a height-
ened response to the stressful stimuli related to scanning.
Nofzinger et al (1999) reported that, although amygdala
metabolism is increased in depressives relative to control
subjects during wakefulness, the normal increase in me-
tabolism that occurs during rapid eye movement sleep is
also greater in depressives than in control subjects.

Abnormalities in the Striatum and Other Brain
Areas

The amygdala and the orbital, ventrolateral, and subgenual
PFCs share extensive anatomic connections with the
mediodorsal nucleus of the thalamus (MD) and the ventral
striatum (Price et al 1996). In the left medial thalamus,
CBF and metabolism are abnormally increased in de-
pressed MDD and BD samples (Figure 1D; Drevets et al
1992, 1995b). In contrast, CBF and metabolism are
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abnormally decreased in the caudate in MDD (Baxter et al
1985; Drevets et al 1992). The volumes of the caudate
head and ventral striatum appear abnormally decreased in
MRI and postmortem studies of MDD (Baumann et al
1999; Krishnan et al 1992). The partial volume effects
associated with this abnormality may thus contribute to the
CBF and metabolic reductions in the caudate in MDD.
Nevertheless, depressive relapse during acute tryptophan
depletion results in a corresponding reduction in caudate
blood flow relative to baseline, suggesting that dynamic
aspects of caudate function are also involved in mood
disorders (Smith et al 1999).

Regional CBF and metabolic abnormalities in other
structures have been less consistently replicated. Abnor-
mally increased CBF has been reported in the posterior
cingulate cortex and medial cerebellum in MDD (Bench et
al 1992; Buchsbaum et al 1997). Medial cerebellar CBF
also increases during experimentally induced anxiety or
sadness in healthy or anxiety-disordered subjects (for
reviews, see Drevets and Botteron 1997; George et al
1995). Some studies report reduced CBF and metabolism
in sensory association areas in the lateral temporal and
inferior parietal areas in MDEs (e.g., Biver et al 1994;
Cohen et al 1992; Drevets et al 1992). Deactivation of
these areas during MDE may reflect phenomena like those
discussed above for the L/DLPFC (Drevets and Raichle
1998).

Anatomic Circuits Implicated in MDD

The abnormalities of function and structure in mood
disorders implicate limbic–thalamic–cortical (LTC) cir-
cuits, involving the amygdala, medial thalamus, and or-
bital and medial PFCs, and limbic–cortical–striatal–palli-
dal–thalamic (LCSPT) circuits, involving the components
of the LTC circuit along with related parts of the striatum
and pallidum (Figure 2; Drevets et al 1992). The amygdala
and PFC are interconnected by excitatory projections with
each other and with the MD (Carmichael and Price 1995;
Price et al 1996). Through these connections the amygdala
is in a position to directly activate the PFC and to
modulate the reciprocal interaction between the PFC and
MD (Drevets et al 1992).

Pathologically increased amygdala activity could also
produce abnormal activity in the PFC and MD through the
striatum and pallidum. The amygdala and PFC send
excitatory projections to overlapping parts of the ventro-
medial caudate and nucleus accumbens (Carmichael and
Price 1995; Price et al 1996). This part of the striatum
sends an inhibitory projection to the ventral pallidum,
which in turn sends GABAergic, inhibitory fibers to the
MD (Graybiel 1990; Kuroda and Price 1991). Because the
pallidal neurons have relatively high spontaneous firing

rates (DeLong 1972), activity in the amygdala or PFC that
activates the striatum and in turn inhibits the ventral
pallidum may release the MD from an inhibitory pallidal
influence.

The putative functions of the orbital and medial PFCs in
modulating emotional and stress responses discussed
above could potentially be impaired by dysfunction arising
within these PFC regions themselves or within their
efferent terminal projection fields in the striatum. Consis-
tent with this hypothesis, lesions involving either the PFC
or the striatum (e.g., strokes or tumors) and degenerative
diseases affecting the striatum (e.g., Parkinson’s and
Huntington’s diseases) are associated with higher rates of
secondary major depression than similarly debilitating
conditions that spare these regions (Folstein et al 1991;
Mayeux 1982; Starkstein and Robinson 1989). Because
these conditions disturb the LCSPT and LTC circuitry in
different ways, imbalances within these circuits, rather
than overall increased or decreased synaptic activity in a
particular structure, may increase the risk for developing
MDEs (Drevets et al 1992). It is nevertheless noteworthy
that surgical lesions that interrupt projections from the
orbital cortex into the striatum do not result in depression
if the amygdalar projections into the striatum or anterior
cingulate are also severed, as would occur during neuro-
surgical interventions for intractable depression (e.g., sub-
caudate tractotomy, prefrontal/limbic leukectomy; Ballan-
tine et al 1987; Corsellis and Jack 1973; Knight 1965;
Nauta 1973; Newcombe 1975). Therefore, neural mecha-
nisms of depression may more specifically require dys-
function of the orbitomedial PFC and/or other brain
systems that results in disinhibition of the amygdala and
other limbic structures involved in mediating emotional
responses.

Implications of Histopathologic Findings in the
LTC and LCSPT Circuits

In primary MDD and BD, neuropathologic findings like
those described in the subgenual PFC and orbital cortex
(decreased gray matter volume and glial counts, with no
equivalent loss of neurons) may exist in multiple parts of
the LTC and LCSPT circuits (Figure 2). A postmortem
study of the amygdala found that glial cell counts, glial
density, and glia-to-neuron ratios are abnormally de-
creased in MDD (Bowley et al, in press). In the ventral
striatum, postmortem assessments showed decreased vol-
ume in MDD and BD relative to control samples, although
the histopathologic correlates of this abnormality were not
addressed (Baumann et al 1999). Finally, the finding of
third ventricle enlargement in adults and adolescents with
BD (Drevets and Botteron 1997; Pearlson et al 1997)
suggests that the thalamic and hypothalamic areas that
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receive projections from the orbital and medial PFCs may
also be affected (Carmichael and Price 1995). In contrast,
the volumes of the whole brain, entire PFC, dorsal anterior
cingulate, somatosensory cortex, lateral temporal cortex,
and other control regions have not differed between
midlife or early-onset MDD or BD subjects and healthy
control subjects (e.g., Drevets et al 1997; Pearlson et al
1997). Morphometric data in the hippocampus have been
less clear, as subtle reductions of hippocampal volume
were found by some but not most MRI studies of MDD or
BD, and histopathologic assessments of the hippocampus
have thus far been negative (for reviews, see Drevets et al
1999a, 1999b).

Although the etiology and time course of the neuro-
pathologic abnormalities in mood disorders are unknown,
the histopathology and the apparent specificity for areas
implicated in the modulation of emotional behavior sug-
gest clues regarding their pathogenesis. The finding that
the gray matter volumetric deficit is accompanied by a
reduction in glia with no equivalent loss of neurons does
not support neurodegenerative hypotheses, and instead
implies that the neuropil volume is decreased in primary
mood disorders. The neuropil volume can be modulated in
some regions of the adult brain by exposure to increased
concentrations of excitatory amino acid neurotransmitters
or cortisol, and by decreased function of neurotrophins,
5-HT1A receptors, estrogen receptors, and other factors
that maintain the cytoskeleton (for reviews, see Azmitia
1999; McEwen 1999). Glia are dividing cells that support
neurons and synaptic transmission (Magistretti et al 1995),
so the reduction in glia may conceivably arise secondary
to a reduction of synapses associated with retraction of the
neuropil.

In primary mood disorders, abnormally elevated cortisol
concentrations and reduced 5-HT1A receptor function may
comprise risk factors for developing reductions in neuropil
that could affect widespread areas of the brain (e.g.,
Drevets et al 1999a; Musselman and Nemeroff 1993;
Sargent et al 2000; Young et al 1993); however, the
targeted nature of the gray matter volume reductions to
specific areas of the LTC and LCSPT circuits (e.g., the left
subgenual PFC, but not the right; Drevets et al 1997;
Hirayasu et al 1999; Figure 2) suggests that glutamatergic
neurotransmission also plays a role in inducing neuropil
alterations in primary mood disorders (McEwen 1999).
The finding that during MDEs metabolic activity is ele-
vated in the LTC pathway, which is formed by predomi-
nantly glutamatergic projections, suggests a potential
source for chronic glutamate exposure (Drevets et al
1992). Glutamate is predominantly removed from the
extracellular fluid by astrocyte-based transporter sites
situated adjacent to synaptic clefts (Magistretti et al 1995).
If the reduction of astroglia found in mood disorders

(Rajkowska 2000) impairs the efficiency of glutamate
transport, it is conceivable that glutamate concentrations
may increase. The excitotoxic effects of elevated gluta-
mate concentrations may be facilitated in affective illness
by increased release of cortisol (Sapolsky 1996).

Currently the only evidence that glutamate transport
may be insufficient in depression is that high-affinity
N-methyl-D-aspartate (NMDA) glutamatergic receptors
are desensitized in the PFC of suicide victims, compatible
with antemortem exposure to elevated glutamate concen-
trations (Nowak et al 1995). Nevertheless, antidepressant
treatments may compensate for impaired glutamate trans-
port, as repeated electroconvulsive shock and chronic AD
administration desensitize NMDA-glutamatergic receptors
in the rat frontal cortex (Paul et al 1994). Moreover, some
anticonvulsant agents that are effective in BD reduce
glutamatergic transmission (Sporn and Sachs 1997). The
recently discovered neurotrophic and neuroprotective ef-
fects of chronic AD and mood-stabilizing treatments may
also play roles in ameliorating the neuromorphometric
changes in primary mood disorders (Duman et al 1997;
Manji et al 1999).

Finally, the putative effect of chronic AD treatment of
increasing serotonin transmission, tonically activating
postsynaptic 5-HT1A receptors, and enhancing negative
feedback inhibition of cortisol release suggests other
mechanisms through which such agents may protect
against or reverse neuropil reduction (Chaput et al 1991;
Duman et al 1997; Haddjeri et al 1998; Magarinos et al
1999; McEwen 1999). Stimulation of neuron-based
5-HT1A receptors inhibits disassociation of the tubulin
polymers that form the dendritic cytoskeleton, and stimu-
lation of astroglial-based 5-HT1A receptors induces release
of the neurotrophic factor S100b, which promotes tubulin
polymerization and inhibits microtubule breakdown
(Azmitia 1999). Conversely, administration of serotonin-
depleting agents, 5-HT1A receptor antagonists, or antibod-
ies to S100b all produce similar losses of dendrites,
spines, and/or synapses in adult and developing animals,
effects that are blocked by administration of 5-HT1A

receptor agonists or SSRIs (Azmitia 1999).
The hypothesis that the abnormalities of gray matter

volume in early-onset or early to midlife mood disorders
are related to dendritic reshaping is potentially consistent
with the observations that illness subgroups showing the
relevant neuromorphometric changes are also the sub-
groups that manifest risk factors for this process. The gray
matter reductions in the subgenual PFC and the elevated
CBF and metabolism in the LTC circuit have been more
likely to be evident in primary, familial BD or MDD
(Hirayasu et al 1999; O¨ ngür et al 1998) and have not been
demonstrated in subgroups with secondary depression or
depression spectrum disease. Similarly, depressive sub-

824 W.C. DrevetsBIOL PSYCHIATRY
2000;48:813–829



groups with FPDD or BD are reportedly more likely to
have neuroendocrine evidence of elevated limbic–HPA
axis activity (e.g., Lewis et al 1983; Winokur 1982).
Finally, the 5-HT1A receptor imaging studies using PET
and [carbonyl-11C]WAY-100635 (Drevets et al 1999a;
Sargent et al 2000) converge with in vitro studies acquired
postmortem (Bowen et al 1989; Lo´pez et al 1998) or
antemortem (Francis et al 1989) to indicate that 5-HT1A

receptor binding is abnormally decreased in primary MDD
and BD. In contrast, the 5-HT1A receptor data from suicide
victims who may have secondary mood disorders or
neuropsychiatric conditions other than mood disorders
have been highly variable (for a review, see Drevets et al
1999b).

Directions for Future Studies

Among the questions raised by the neuroimaging and
neuropathologic data is the critical problem of understand-
ing cause and effect. The extent to which the abnormalities
discussed above reflect primary pathophysiology that
produces affective disease as opposed to secondary re-
sponses to alterations in behavior, adaptations to chronic
illness, or drug treatment remains unclear. Future neuro-
imaging studies may elucidate these issues in studies of
healthy subjects at high familial risk for developing mood
disorders and studies of the relationships between genetic
markers and neuroimaging correlates of illness and illness
vulnerability.

The author thanks collaborators Joseph L. Price, Ph.D., and Marcus E.
Raichle, M.D., for seminal scientific discussions that synthesized many
of the concepts presented herein.
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