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Abstract

Bipolar disorder (BPD) is characterized by pathophysiological changes to the visceromotor
network, disrupting the regulation of endocrine and autonomic responses to stress, and hence
emotion and behavior. Specifically, reductions in gray matter volume and a concomitant
increase in glutamatergic neurotransmission, is observed in the pregenual (pgACC) and sub-
genual anterior cingulate cortex (sgACC), the orbitofrontal, frontal polar and ventrolateral
prefrontal cortex (PFC), the posterior cingulate, ventral striatum, and hippocampus. While
increased glutamatergic signaling is equally salient in the amygdala, the data are conflicting
on the nature of volumetric changes in this region. Neuroreceptor imaging data provide pre-
liminary evidence for serotonin, serotonin transporter (5-HTT), dopamine receptor, and
cholinergic system dysfunction in BPD. Oft-reported abnormalities of the deep frontal and
basal ganglia white matter, and enlargement of the third and lateral ventricles are likely asso-
ciated with cerebrovascular disease. Mood stabilizers and antidepressant drugs may attenu-
ate pathological limbic activity, and increase neurotrophic processes, restoring balance to the
system.

Introduction

The World Health Organization ranks bipolar disorder (BPD) as the fifth lead-
ing cause of disability [1], yet almost nothing is known about this condition’s
pathogenesis. Because BPD is not associated with gross brain pathology or
with clear animal models for spontaneous, recurrent mood episodes, the avail-
ability of tools allowing noninvasive assessment of the human brain proved
critical to elucidating its neurobiology. The recent development of neuroimag-
ing technologies that permit in vivo characterization of the anatomical, physi-
ological, and neurochemical correlates of BPD thus has enabled significant
advances toward illuminating the pathophysiology of this condition. Notably,
the results of neuroimaging studies and the post mortem studies that have been
guided by neuroimaging results have given rise to neurocircuitry-based mod-
els in which both functional and structural brain pathology play roles in the
development of BPD.

To date, none of these abnormalities has shown sufficient sensitivity and
specificity to prove useful as a diagnostic test. The variable presence and mag-
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nitude of such abnormalities in mood disorders likely reflects the heterogene-
ity encompassed within the BPD syndrome with respect to pathophysiology
and etiology. As long as psychiatric nosology depends on syndrome-based
classifications, diagnosing BPD may continue to encompass patients with a
range of conditions that appear clinically related but are neurobiologically dis-
tinct. This lack of precise and biologically verifiable definition of illness pre-
sumably contributes to the inconsistencies extant within the literature pertain-
ing to neurobiological abnormalities associated with BPD, and to the variable
responses of BPD patients to psychopharmacological treatment options.
Ultimately the discovery of illness subtypes that are associated with specific
genotypes is expected to improve the sensitivity and specificity of research
findings as well as therapeutic approaches.

Neural circuits implicated in BPD

Evidence from neuroimaging, neuropathological, and lesion analysis studies
implicates brain networks that normally regulate the evaluative, expressive,
and experiential aspects of emotional behavior in the pathophysiology of BPD
[3]. These circuits include the limbic-cortical-striatal-pallidal-thalamic circuits
(LCSPT) formed by the orbital and medial prefrontal cortex (OMPFC), amyg-
dala, hippocampal subiculum, ventromedial striatum, mediodorsal thalamic
nucleus, and ventral pallidum [4]. The LCSPT circuits initially were related to
emotional behavior on the basis of their anatomical connectivity with limbic
structures that mediate emotional expression, such as the hypothalamus and
periaqueductal grey (PAG) [5]. They were also initially implicated in the
pathophysiology of depression by the observations that degenerative basal gan-
glia diseases and lesions of the striatum and orbitofrontal cortex (OFC)
increased the risk of developing major depressive or manic syndromes [6].

In addition to involving LCSPT circuitry, the functional and structural brain
abnormalities associated with mood disorders also affect an extended anatom-
ical network formed by neural projections linking the LCSPT components to
areas of the mid- and posterior cingulate cortex, superior and medial temporal
gyrus, parahippocampal cortex, medial thalamic nuclei, and habenula [4]. This
extended ‘visceromotor’ network functions to regulate autonomic, endocrine,
neurotransmitter, and behavioral responses to aversive and rewarding stimuli
and contexts by modulating neuronal activity within the limbic and brainstem
structures that mediate and organize emotional expression (e.g., amygdala, bed
nucleus of the stria terminalis (BNST), PAG, hypothalamus) [4]. Thus,
impaired function within this network could disinhibit or alter emotional
expression and experience, conceivably giving rise to the clinical manifesta-
tions of depression or mania. Compatible with this hypothesis, pharmacologi-
cal, neurosurgical, and electrical stimulation treatments for mood disorders
appear to inhibit pathological activity within visceromotor network structures
such as the amygdala and subgenual anterior cingulate cortex (sgACC) [7–9].
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Structural neuroimaging in BPD

Patients with BPD show abnormalities of morphology or morphometry in mul-
tiple structures that form the extended visceromotor network [7] (Tab. 1). The
extent or prevalence of these abnormalities depends partly on clinical charac-
teristics such as age at onset of illness, risk for developing psychosis as well
as mania, and evidence for familial aggregation of illness. For example, elder-
ly BPD or major depressive disorder (MDD) subjects with late-onset mood
disorders show an increased prevalence of neuroimaging correlates of cere-
brovascular disease, relative to both age-matched, healthy controls and to eld-
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Table 1. Neuroimaging and histopathological abnormalities evident in the visceromotor network [4]
in early-onset, recurrent MDD and/or BPD

Brain region Grey matter Cell counts, Glucose metabolism, CBF
volume cell markers

Dep versus Dep versus Dep versus Dep versus
Con Con Con Rem

Dorsal medial/anterolateral Decreased Decreased Decreased Increased
PFC (BA9)

Frontal polar cortex (BA 10) Decreased Increased Increased

Subgenual anterior cingulate Decreased Decreased Mixed Increased
cortex findingsa

Pregenual anterior cingulate Decreased Decreased Increased Increased
cortex

Orbital C/Ventrolateral PFC Decreased Decreased Increased Increased

Posterior cingulate Decreased Increased Increased

Parahippocampal cortex Decreased Decreased Increased Increased
in BPD

Amygdala Mixed Decreased Increased Increased
findingsb in MDD

Ventromedial striatum Decreased Increased Increased

Hippocampus Decreased Decreased n.s. n.s.
in BPD

Superior temporal gyrus/ Decreased Increased
Temporopolar cortex

Medial thalamus Increased Increased

a In the sgACC, the apparent reduction in CBF and metabolism in PET images of subjects with MDD
is thought to be accounted for by the reduction in tissue volume in the corresponding cortex. After
partial volume correction for the reduction in grey matter, the metabolism appears increased relative
to controls.

b The literature disagrees with respect to amygdala volume in mood disorders (see text).
Abbreviations: Dep versus Con: Unmedicated individuals with MDD versus healthy controls; Dep
versus Rem: Unmedicated individuals with MDD versus themselves in either the medicated or
unmedicated remitted phases; n.s.: differences generally not significant; PFC – prefrontal cortex.
Empty cells indicate insufficient data. Modified from [188].



erly individuals with MDD with an early age of onset [10]. Similarly, individ-
uals with MDD and BPD who manifest either psychosis (delusions and/or hal-
lucinations) or a late-life onset of illness show nonspecific signs of atrophy,
such as lateral ventricle enlargement, that are absent in early-onset, non-psy-
chotic MDD cases.

Volumetric MRI abnormalities identified in BPD

Early-onset, non-psychotic BPD cases also show volumetric abnormalities that
are localized to some prefrontal cortex (PFC), cingulate, temporal lobe and
striatal structures (Tab. 1). The most prominent volumetric abnormality report-
ed to date has been a reduction in grey matter in the left anterior cingulate cor-
tex (ACC) ventral to the corpus callosum genu (i.e., ‘subgenual’), which is evi-
dent in MDD and BPD with evidence of familial clustering or with psychotic
features [11–14]. This volumetric reduction exists early in the course of the ill-
ness and in young adults at high familial risk for BPD or MDD [11, 14]. In
BPD this abnormality is evident for both BPD I and BPD II samples [15, 16].
Conventional antidepressant drug treatment and symptom remission do not
appear to alter the reductions in grey matter volume in the sgACC [13], but
chronic lithium treatment, which exerts robust neurotrophic effects in animal
models, has been associated with increasing grey matter volume in treatment
responders in the sgACC and other PFC areas [10, 17] (Fig. 1).

Grey matter volume also is reduced in the OFC (BA 11, 47) and ventrolat-
eral PFC (VLPFC; BA 45, 47) in MDD [18] and BPD [16], in the frontal
polar/dorsal anterolateral PFC (BA 9, 10) in MDD [10], and in the posterior
cingulate cortex and superior temporal gyrus in BPD [19] (Fig. 2, see page
131). In BPD the peak difference in grey matter loss in the lateral OFC was
found in the sulcal BA47 cortex [19], a region that appears to function as part
of both the visceromotor and ‘sensory’ networks within the OMPFC [4].
Compatible with these data, the MRS study by Cecil and colleagues [20] found
reduced NAA and choline concentrations in the orbitofrontal GM in BPD, sug-
gesting decreased neuronal integrity.

Decreases in the volume of the dorsal PFC have also been reported in BPD
and MDD [21]. For example, Frangou and colleagues [22] and Haznedar and
colleagues [15] described GM volume reductions of the DLPFC (BA 8, 9, 45,
46) in medicated and remitted BPD I patients, and partially medicated, ‘stable’
bipolar-spectrum individuals, respectively. More circumscribed volume reduc-
tions of BA 9 also were reported in a medicated, euthymic pediatric BPD sam-
ple [23]. In a mixed BPD I and BPD II sample Lochhead and colleagues [24]
reported reduced GM volume of the ACC immediately dorsal to the corpus
callosum (CC).

In the hippocampus, at least half of the studies reported reductions in the
volume of the whole hippocampus in MDD; in BPD, however, the volumetric
reductions appear more specific to the anterior subiculum/ventral CA1 region

120 J. Savitz and W.C. Drevets



[10]. In contrast, the whole hippocampal volume was reported to be smaller in
BPD subjects than controls in some studies, but not different from controls in
most studies (reviewed in [21]). The reasons for this apparent difference in the
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Figure 1. Upper panel: Coronal (31 mm anterior to the anterior commissure; y = 31) and sagittal
(3 mm left of midline; x = –3) sections showing negative voxel t-values where glucose metabolism
is decreased in depressives relative to controls. The reduction in activity in this prefrontal cortex
(PFC) region located in the anterior cingulate gyrus ventral to the genu of the corpus callosum (i.e.,
subgenual) appeared to be accounted for by a corresponding reduction in cortex volume (Tab. 1;
reproduced from [13]). Anterior or left is to left. Lower Panel: Although the PET data shown in the
upper panel were obtained exclusively in unmedicated subjects, the volumetric MRI data from this
study were obtained in a larger sample that included six cases who had been chronically receiving
lithium or valproate prior to scanning. The bar histogram shows the mean subgenual ACC volumes
in mm3 for the healthy controls, individuals with MDD, unmedicated individuals with bipolar depres-
sion, and BPD subjects chronically medicated with lithium or valproate. Reproduced with permission
from [17].



results between neuromorphometric studies of MDD versus BPD remain
unclear. In MDD the reduction in hippocampal volume was limited to
depressed women who suffered early-life trauma in some studies [25] and was
correlated inversely with time spent depressed in other studies (e.g., [26]), but
it remains unclear whether these relationships also extend to BPD.

One potential reason for the apparent discrepancies between MDD and
BPD may be the neurotrophic/neuroprotective effects associated with mood
stabilizing treatments. Animal studies demonstrate that lithium promotes hip-
pocampal neurogenesis [27] and long-term potentiation (LTP) [28]. A sample
of BPD patients treated for 4 weeks with lithium showed a 3% (24 cm3)
increase in whole brain gray matter volumes from baseline [29], an effect that
appeared to result from the neurotrophic effect of the drug [30]. Four more
recent studies [31–34] comparing lithium-treated and non-lithium treated
groups demonstrated similar effects in large cortical areas, including the hip-
pocampus. The phenomenon may not be restricted to lithium; comparable
effects have been noted with other classes of mood stabilizers, especially val-
proate [35, 36]. In contrast, with the exception of the as yet rarely prescribed
tianeptine [37–39], the neurotrophic properties of antidepressants are less per-
suasive (although see [40] and [41]).

Amygdala volume has been reported to be increased in some studies but
decreased in others in individuals with MDD relative to controls [10]. In gen-
eral these data suggest that the amygdala volume in patients with BPD shows
an age-related dichotomy of findings. In adults, the predominant pattern is one
of increased amygdala volume while in children and adolescents the reverse is
true (reviewed in [21]). The findings in adults seem to hold even in samples
with a long history of illness [22, 42, 43]. Parallels have been drawn with the
temporal lobe epilepsy (TLE) literature, which suggests increased or preserved
amygdala volume [44] despite the presence of hippocampal sclerosis in TLE
patients with co-morbid affective illness [45–48].

In the basal ganglia (i.e., caudate, putamen, or globus pallidus) subjects
with BPD generally have not shown morphometric differences relative to con-
trols (reviewed in [21]). These data appear consistent with the reported
absence of N-acetyl-aspartate (NAA) abnormalities in the basal ganglia of
BPD samples [49–51]. Nevertheless, a post mortem study of a combined
MDD and BPD sample reported volumetric reductions of the left accumbens,
bilateral pallidum, and right putamen [52].

There  has, however, been some suggestion of striatal enlargement in adult
and pediatric samples with BPD (reviewed in [21]). As in the case of the hip-
pocampus, these analyses may conceivably be confounded by treatment
effects. Enlargement of basal ganglia structures is a well-known effect of
antipsychotic drugs [53–56], and notably three of the studies reporting basal
ganglia enlargement made use of partially manic samples treated with antipsy-
chotic medication [57–59].

Enlargement of the third and lateral ventricles has commonly been
observed in BPD (reviewed in [21]). Many studies reporting ventriculomegaly
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included subjects with early age of onset. Nevertheless, the extent to which
chronic alcohol abuse [60], incipient neurological disorders with prodromal
depression, or cerebrovascular disease [61–63] (see ensuing section on white
matter abnormalities) contributed to ventricular enlargement has not been
established.

Neuromorphological MRI abnormalities in BPD: white matter pathology

In morphological MRI studies, an elevation in the incidence of white matter
hyperintensities (WMH), especially in the deep frontal cortex and basal gan-
glia, commonly has been reported in BPD and in late-onset MDD samples
[64–68]. Seen as high intensity signals on T2-weighted MRI scans, WMH are
caused by circumscribed increases in water content, that putatively indicate a
decrease in white matter density due to demyelination, atrophy of the neuropil,
ischemia-associated microangiopathy, or other causes [69]. This phenomenon
normally is prevalent in elderly, non-depressed populations [70], but shows an
abnormally high prevalence in MDD cases with a late age of onset and in BPD
samples of all ages.

The incidence of WMH may relate in part to cerebrovascular disease
(reviewed in [71]). BPD is associated with a significantly increased prevalence
of cardiovascular disease risk factors such as smoking, obesity, diabetes mel-
litus (DM), hypertension, and dyslipidemia (reviewed in [72,73]).
Hypertension [74, 75], obesity [76], smoking [77] and diabetes mellitus [78]
have in turn been directly associated with the development of WMH. Although
most published studies of BPD attempt to exclude patients with such poten-
tially confounding conditions, the whole gamut of risk conditions is rarely
controlled for, raising the possibility that WMH in BPD are an artifact of med-
ical co-morbidity or some obscure ischemic risk factor. Moreover, drug abuse
is prevalent in BPD populations and stimulant drug-induced vasoconstriction
may lead to WMH [79, 80]. Notably, marijuana use also may interact in an
additive fashion with WMH to predispose to depressive symptomatology [81].
In addition, Lenze and colleagues [82] and Nemeroff and colleagues [83] spec-
ulated that excess depression-associated secretion of serotonin by blood
platelets [84, 85] facilitates platelet aggregation and thereby predisposes to
thrombotic events and vasoconstriction. Finally, cerebrovascular reactivity,
which describes the compensatory dilatory capacity of arterioles to dilatory
stimuli, is reportedly reduced in acutely depressed patients without any neuro-
logical, cardiac, or vascular risk factors [86], raising the possibility that
impaired regulation of vascular tone also plays a role in the pathogenesis of
WMH in BPD.

Nevertheless, studies that attempted to match patients and controls for the
presence of cardiovascular risk factors still find elevated rates of WMH in their
depressed samples (reviewed in [21]). Moreover, the hypothesis that WMH
reflect cerebrovascular disease fails to account for the white matter pathology
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noted in pediatric BPD samples [87–89] as well as the high concentration of
WMH in both BPD subjects and their unaffected relatives [90]. A significant
minority of young BPD patients with a relatively typical age-of-onset show
white matter abnormalities on MRI scans (reviewed in [21]). Thus, while a
proportion of adults with BPD with significant white matter pathology will
present with risk factors for cerebrovascular disease, WMH may also less com-
monly arise in pediatric or young adult BPD samples due to developmental
insults or via some as yet unknown pathophysiological mechanism.

Obstetric complications are well known to be associated with schizophrenia
[91], but with a few exceptions [92, 93], appear less salient in BPD.
Nevertheless, it is possible that perinatal hypoxic events precipitate BPD in a
vulnerable minority [94].

Another possible explanation for demyelination as evidenced by WMH in
BPD may be changes in oligodendrocyte function. Post mortem studies have
reported a down-regulation of oligodendrocyte-related gene expression of
genes impacting myelin or oligodendrocyte function and decreased oligoden-
drocyte density in both BPD and MDD [95–100]. As reviewed in [101–103]
variants of some of these genes such as oligodendrocyte lineage transcription
factor 2 (OLIG2) [NCBI accession number 10215], Neuregulin 1 (NRG1)
[3084], and v-erb-a erythroblastic leukemia viral oncogene homolog 4
(ERBB4) [2066] have been directly associated with mood disorders and may
determine how resilient these cells are to environmental stressors. White mat-
ter is decreased in the genu of the corpus callosum in both adults with BPD or
MDD and their high-risk child and adolescent offspring (particularly in
females), and is also decreased in the splenium of the corpus callosum in
adults with BPD or MDD. Finally, the high incidence of familial WMH seen
in the Ahearn and colleagues [90] sample supports a role for genetic factors,
and suggests that genetic variance in genes related to oligodendrocyte function
may contribute to the development of WMH in BPD.

An unresolved issue is whether the relationship between white matter
pathology and mood disorders is one of cause or effect. Certainly, new cases
of BPD may be precipitated by subcortical infarcts [104]. Moreover, depres-
sive and bipolar syndromes are relatively common sequelae of the genetic dis-
order cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy (CADASIL) [105, 106]. The deep frontal white matter
pathology commonly seen in mood disorders conceivably may result in a dis-
ruption of the pathways linking subcortical regions such as the striatum to
functionally homologous regions of the PFC, giving rise to dysregulation of
emotional behavior in BPD [107–109].

Neurophysiological imaging in bipolar depression

Many regions where structural abnormalities are apparent in mood disorders
also contain abnormalities of cerebral blood flow (CBF) and glucose metabo-
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lism (Tab. 1; Fig. 1). In most of these structures, and particularly those that
form the extended visceromotor network, the basal activity appears abnormal-
ly increased during the depressed phase of BPD. In MDD this pattern of dif-
ferences also has been demonstrated in cross-sectional studies of depressed
MDD subjects relative to controls, longitudinal studies of patients imaged
before versus after treatment (e.g., [8], and challenge studies of remitted
patients scanned before versus during depressive relapse (e.g., [110, 111]).

Nevertheless, the reduction in gray matter volume in some structures is
sufficiently prominent to produce partial volume effects in functional brain
images due to their relatively low spatial resolution, yielding complex rela-
tionships between physiological measures and depression severity. For exam-
ple, relative to controls, depressed BPD and MDD subjects show metabolic
activity that appears reduced in the sgACC [13, 112]. However, when this vol-
umetric deficit is taken into account by correcting the metabolic data for the
partial volume averaging effect associated with the corresponding gray mat-
ter reduction (which range in magnitude from ~20% to ~50% across studies
of MDD and BPD), metabolism instead appears increased in the sgACC in
the unmedicated-depressed phase and normal in the medicated-remitted
phase [7]. Consistent with these data, activity is decreased in the remitted ver-
sus the depressed phase of mood disorders in the sgACC, as assessed follow-
ing effective treatment [8, 9, 113, 114]. Conversely, metabolic activity is
increased in the sgACC in remitted MDD cases during depressive relapse
induced by tryptophan depletion or catecholamine depletion [110, 111]. The
volumetric reductions in the OFC and VLPFC may also contribute to the
complexity of relationships observed between metabolism and illness severi-
ty, as metabolism appears elevated in depressed samples of mild-to-moderate
severity, but reduced in more severe, treatment-refractory cases (reviewed in
[115]).

Although the pattern of activity in the extended visceromotor network gen-
erally is one in which metabolism is elevated during the depressed versus the
remitted phases, the relationship between activity and symptom severity dif-
fers in valence across some structures, compatible with preclinical evidence
that distinct structures are involved in opponent processes with respect to emo-
tion modulation [116]. Regions where metabolism correlates positively with
depression severity include the amygdala, sgACC, and ventromedial frontal
polar cortex [7, 111]. Metabolism and flow decrease in these regions during
effective treatment [8, 9]. Conversely, in recovered MDD cases who experi-
ence depressive relapse under serotonin or catecholamine depletion, metabol-
ic activity generally increases in these regions as depressive symptoms return
[110, 111, 117], although such studies have not been extended to BPD.

In the amygdala, abnormal elevations of resting metabolism can be seen in
depressed samples categorized as having BPD, familial pure depressive dis-
ease (FPDD), MDD-melancholic type, or MDD that responds to a night of
total sleep deprivation (reviewed in [118]). In such cases amygdala metabo-
lism decreases toward normative levels during effective antidepressant treat-
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ment [8]. In BPD these findings of increased baseline amygdalar activity have
largely been limited to adults [119–123], in whom resting activity has corre-
lated positively with severity of depression [119]. Furthermore, increased
hemodynamic responses of the amygdala to negatively valenced faces have
been reported in BPD subjects relative to healthy controls [124–127].

In the accumbens, medial thalamus, and posterior cingulate cortex the
metabolism is abnormally elevated in the depressed phase of MDD and BPD
[10, 121,123]. In the OFC, Blumberg and colleagues [128] showed that manic
patients have reduced rCBF, while induction of a sad mood through psycho-
logical means resulted in decreased rCBF to the medial OFC in euthymic but
not depressed BPD subjects versus controls [129]. Finally, reductions in
metabolism and in the hemodynamic responses to various cognitive-behav-
ioral tasks have been reported in dorsolateral PFC regions located outside the
OMPFC (reviewed in [3]).

Implications for treatment mechanisms

Elevated glutamatergic function is thought to support the neurophysiological
activation of visceromotor networks in depression. The anatomical projections
between the OMPFC, striatum, and amygdala implicated in mood disorders
are formed by predominantly excitatory projections [4]. Because cerebral glu-
cose metabolism largely reflects the energy requirements associated with glu-
tamatergic transmission [130], the elevated metabolism evident in limbic-thal-
amo-cortical circuits in depression implies that glutamatergic transmission is
increased in these circuits [131]. Compatible with this hypothesis, post mortem
studies of the NMDA receptor complex in suicide victims found evidence sug-
gesting that glutamatergic transmission had been increased in the PFC ante-
mortem, and implicated disturbances in glutamate metabolism, NMDA, and
mGluR1,5 receptors in depression and suicide [132].

Notably, antidepressant and mood stabilizing drugs that have diverse pri-
mary pharmacological actions are hypothesized to have a final common path-
way of reducing NMDA receptor sensitivity and/or transmission, and many of
these agents also increase GABA levels or transmission [132, 133].
Compatible with these data, during effective antidepressant drug or electro-
convulsive therapy, glucose metabolic activity decreases in the regions of the
extended visceromotor network (Tab. 1; reviewed in [10, 121]), which would
be expected if treatment-induced NMDA receptor desensitization resulted in
reduced glutamatergic transmission [132]. As described in the ensuing sec-
tions, elevated glutamatergic transmission within discrete anatomical circuits
may partly explain the targeted nature of grey matter changes within mood
disorders (e.g., affecting left more than right sgACC) [7, 134], so one impor-
tant mechanism of effective treatment in bipolar depression may involve the
reduction of excessive excitatory transmission mediated via NMDA receptor
stimulation [134].

126 J. Savitz and W.C. Drevets



Neuropathological correlations in mood disorders

Most regions where MRI studies demonstrated volumetric abnormalities in
BPD also have been shown to contain histopathological changes or grey mat-
ter volumetric reductions in post mortem studies of MDD and BPD. For exam-
ple, reductions of grey matter volume, thickness, or wet weight have been
reported in the subgenual ACC, posterolateral orbital cortex, and ventral stria-
tum in MDD and/or BPD subjects relative to controls [52, 135–137]. The
histopathological correlates of these abnormalities included reductions in glial
cells with no equivalent loss of neurons, reductions in synapses or synaptic
proteins, elevations in neuronal density, and reductions in neuronal size in
MDD and/or BPD samples [99, 136, 138, 139]. Reductions in glial cell counts
and density, and/or glia-to-neuron ratios additionally were found in MDD sub-
jects versus controls in the pregenual ACC (pgACC [BA24]) [140], the dorsal
anterolateral PFC (BA9) [97, 99], and the amygdala [98, 141]. Finally, the den-
sity of non-pyramidal neurons was decreased in the ACC and hippocampus in
BPD [142, 143], and in the dorsal anterolateral PFC (BA9) of MDD [139].
Reductions in synapses and synaptic proteins were evident in BPD subjects in
the hippocampal subiculum/ventral CA1 region [138, 144].

The glial type that specifically differed between mood disordered and con-
trol samples in many of these studies was the oligodendrocyte (e.g., [98, 99]).
Oligodendroglia are best characterized for their role in myelination, and the
reduction in oligodendrocytes may conceivably arise secondary to an effect on
myelin, either through demyelination, abnormal development, or atrophy in
the number of myelinated axons. Notably, myelin basic protein concentration
was found to be decreased in the frontal polar cortex (BA 10) [145], and the
expression of genes related to oligodendrocyte function (i.e., genes that encod-
ed structural components of myelin, enzymes involved in the synthesis of
myelin constituents or in the regulation of myelin formation, transcription fac-
tors regulating other myelination-related genes, or factors involved in oligo-
dendrocyte differentiation) was decreased in the middle temporal gyrus in
MDD subjects relative to controls [96].

Compatible with these data, myelin staining was decreased in the deep
white matter of the dorsolateral PFC in MDD and BPD subjects [146], and the
white matter volume of the genual and splenial portions of the corpus callo-
sum were abnormally reduced in MDD and BPD (e.g., [147]). These regions
of the corpus callosum were also smaller in child and adolescent offspring of
women with MDD who had not yet developed a mood disorder, relative to age-
matched controls, suggesting that the reduction in white matter in MDD
reflects a developmental defect that exists prior to illness onset [148].

Finally, satellite oligodendrocytes were also implicated in the pathophysiol-
ogy of mood disorders by an electron microscopic study of the PFC in BPD,
which revealed decreased nuclear size, clumping of chromatin, and other types
of damage to satellite oligodendrocytes, including indications of both apoptot-
ic and necrotic degeneration [100, 149]. Satellite oligodendrocytes are
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immunohistochemically reactive for glutamine synthetase, suggesting that
they function like astrocytes to take up synaptically released glutamate for
conversion to glutamine and cycling back into neurons [150].

In other brain regions, reductions in astroglia have been reported by post
mortem studies of mood disorders. In the frontal cortex one study found that
four forms of the astrocytic product glial fibrillary acidic protein (GFAP) were
decreased in mood disordered subjects relative to controls, although it was not
determined whether this decrement reflected a reduction in astrocyte density
or GFAP expression [151]. However, another study that used immunohisto-
chemical staining for GFAP did not find significant differences in cortical
astrocytes between controls and MDD or BPD cases [152]. Other studies also
did not find differences in GFAP between mood disorder cases and controls
(reviewed in [153]).

Factors that may conceivably contribute to a loss of oligodendroglia in
mood disorders include elevated glucocorticoid secretion and glutamatergic
transmission evident during depression and mania. Glucocorticoids affect both
glia and neurons [154] and elevated glucocorticoid concentrations and repeat-
ed stress decrease the proliferation of oligodendrocyte precursors [155, 156].
Moreover, oligodendrocytes express AMPA and kainate type glutamate recep-
tors, and are sensitive to excitotoxic damage from excess glutamate (reviewed
in [98]). The targeted nature of the reductions in grey matter volume and glial
cells to specific areas of the limbic-cortical circuits that show increased glu-
cose metabolism during depressive episodes is noteworthy given the evidence
reviewed below that the glucose metabolic signal is dominated by glutamater-
gic transmission.

Correlations with rodent models of chronic and repeated stress

In regions that appear homologous to the areas where grey matter reductions
are evident in humans with BPD (i.e., medial PFC, hippocampus), repeated
stress results in dendritic atrophy and reductions in glial cell counts or prolif-
eration in rodents [134, 156–159]. In contrast, in the basolateral amygdala
(BLA), chronic, unpredictable stress also produced dendritic atrophy, but
chronic immobilization stress instead increased dendritic branching [160,
161].

Dendritic atrophy would be reflected by a decrease in the volume of the
neuropil, which occupies most of the grey matter volume. The similarities
between the histopathogical changes that accompany stress-induced dendritic
atrophy in rats and those found in humans suffering from depression thus led
to hypotheses that homologous processes underlie the reductions in grey mat-
ter volume in hippocampal and PFC structures in MDD and BPD [134]. In rats
the stress-induced dendritic atrophy in the medial PFC was associated with
impaired modulation (i.e., extinction) of behavioral responses to fear-condi-
tioned stimuli [162, 163]. Notably, healthy humans with thinner ventromedial
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PFC tissue also show a greater galvanic skin response to conditioned stimuli
during extinction learning [164]. Finally, when rats were subjected to repeated
stress beyond 4 weeks, the dendritic atrophy could be reversed by lithium
[134], resembling the effects on sgACC volume in depressed humans.

In rodent stress models, these dendritic reshaping processes depend on
interactions between increased N-methyl-D-aspartate (NMDA) receptor stim-
ulation and glucocorticoid secretion associated with repeated stress [134, 158].
Elevations of glutamate transmission and cortisol secretion in mood disorders
also may contribute to reductions in gray matter volume and synaptic markers
by inducing dendritic atrophy in some brain structures, as the depressive sub-
types (e.g., BPD, FPDD) who show regional reductions in grey matter volume
also show evidence of cortisol hypersecretion (reviewed in [8]) and increased
glutamate transmission. Subjects with familial BPD also show elevations of
glucose metabolism, which largely reflect glutamate transmission (see above),
in the medial and orbital PFC, amygdala, and cingulate cortex regions that
show reductions in grey matter volume and cellular elements. The findings that
grey matter reductions appear to occur specifically in regions that show hyper-
metabolism during BPD thus raise the possibility that excitatory amino acid
transmission plays a role in the neuropathology of BPD.

Neuroreceptor imaging in bipolar depression

Of the neurochemical systems that modulate neural transmission within the
visceromotor network, mood disorders have been associated with abnormali-
ties of serotonergic, dopaminergic, noradrenergic, cholinergic, glutamatergic,
GABA-ergic, glucocorticoid, and peptidergic (e.g., corticotrophin releasing
factor (CRF)) function. Some receptors of the monoaminergic neurotransmit-
ter systems have been imaged in BPD using PET or SPECT and radioligands.

Serotonergic system

The central serotonin (5-HT) system has received particular interest in depres-
sion research because selective serotonin reuptake inhibitors (SSRIs) exert
antidepressant effects, and most other antidepressant drugs also increase sero-
tonin (especially post-synaptic 5-HT1A receptor) transmission [165]. This
effect of antidepressant drugs may augment an endogenous elevation of sero-
tonin release during the stress of depression, analogous to the enhanced sero-
tonergic transmission that occurs in some brain regions during stress in rodents
(reviewed in [166, 167]). Enhancement of serotonin transmission in MDD also
may compensate for abnormalities in density and sensitivity of some serotonin
receptor subtypes evidenced by post mortem, neuroimaging, and pharmaco-
logical challenge studies of depression [165, 168]. For example, postsynaptic
5-HT1A receptor binding or mRNA expression is decreased in the insula, cin-
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gulate, parieto-occipital, and orbital/ventrolateral prefrontal cortices in some
neuroimaging studies of MDD and BPD (reviewed in [165]).

It remains unclear whether the reduction in 5-HT1A receptor function and
expression in mood disorders constitutes a neurodevelopmental or an acquired
abnormality. This issue is of interest because interruption of 5-HT1A receptor
function during neurodevelopment persistently alters the function of emotion-
modulating systems in genetically engineered mice [169]. Nevertheless, the
reduction in 5-HT1A receptor binding and mRNA expression in depression
may arise secondarily to cortisol hypersecretion [170], as 5-HT1A receptor
mRNA expression and density are tonically inhibited by glucocorticoid recep-
tor stimulation. In experimental animals the elevated CORT secretion during
chronic or repeated stress results in reduced 5-HT1A receptor density and
mRNA expression [170, 171]. Moreover, the mood disordered subgroups with
reduced 5-HT1A receptor binding may be limited to those with a diathesis to
hypersecrete cortisol (e.g., [165, 170, 172]).

Altered serotonin transporter (5-HTT) function is also thought to play a role
in the pathophysiology of mood disorders (reviewed in [168, 173]). For exam-
ple, depressed BPD subjects showed elevated 5-HTT binding in the striatum,
thalamus, and insula, as well as reduced binding in the vicinity of the pontine
raphe [166, 173] (Fig. 3). PET studies performed using 5-HTT radioligands
with high selectivity for 5-HTT sites, such as [11C]DASB, similarly reported
abnormally increased 5-HTT binding in the striatum, thalamus, insula, and
ACC of individuals with early-onset MDD and/or those MDD patients with
negativistic attitudes; however, the reduction in 5HTT binding in the pontine
raphe found in individuals with bipolar depression did not extend to MDD
cases [166]. Finally, genetic polymorphisms involving 5-HTT regulatory sites
reportedly increase the vulnerability for developing BPD as well as MDD
(reviewed in [166]).

Dopamine receptor imaging

Neuroimaging studies have discovered abnormalities involving multiple
aspects of the central dopaminergic system in depression, which converge with
other types of evidence to implicate this system in the pathophysiology of
mood disorders. However, few of these studies specifically assessed bipolar
depression. With respect to dopamine D1 receptors, Suhara and colleagues
[174] reported that binding of [11C]SCH-23990 was decreased in the frontal
cortex of BPD subjects studied in various illness phases, a finding that awaits
replication using more selective D1 receptor ligands. In addition, Pearlson and
colleagues [175] showed that psychotic individuals with BPD had increased
striatal uptake of the dopamine D2/D3 receptor ligand [11C]- N-methylspiper-
one relative to healthy controls and non-psychotic individuals with BPD, but
that the non-psychotic BPD cases did not differ from healthy controls.
Similarly, a SPECT-[123I]IBZM study found no difference in striatal dopamine
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Figure 2. Lateral orbitofrontal cortical area (approximately sulcal BA 47 l/47 s) [4] where peak effect
size of grey matter reduction was located in BPD. The image sections shown are from a voxel-based
morphometric analysis that compared MRI measures of grey matter volume between depressed sub-
jects with BPD and healthy controls. Anterior or left is to left. Reproduced with permission from [19].

Figure 3. Serotonin transporter binding is reduced in bipolar depression. This section from a voxel-
wise analysis of [11C]DASB parametric binding potential images shows regions where individuals
with BPD have reduced serotonin transporter (5-HTT) binding relative to controls at p < 0.05 (right
panel), together with a schematic illustration showing approximate locations of the raphe-nuclei with-
in the brainstem (left panel; after [190]). Reproduced with permission from [173].



D2/D3 receptor binding at baseline, and no difference in the change in
[123I]IBZM binding under amphetamine challenge between medicated,
euthymic BPD patients and healthy controls [176].

Cholinergic system

The cholinergic system is also implicated in the pathophysiology of mood dis-
orders, with evidence indicating that the muscarinic cholinergic system is
overactive or hyper-responsive in depression. Janowsky and colleagues [177]
reported that increasing cholinergic activity using the acetylcholine-esterase
inhibitor physostigmine, resulted in the rapid induction of depressive symp-
toms in currently manic BPD subjects, and in a worsening of symptoms in
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Figure 4. Reduced muscarinic type 2 (M2) receptor binding in the cingulate cortex in individuals with
bipolar depression relative to healthy controls. The statistical parametric map shows voxel t-values
corresponding to areas where the uptake of [18F]FP-TZTP, a PET radioligand that selectively binds
M2 receptors, was significantly reduced (at p < 0.005) in individuals with bipolar depression relative
to healthy controls. The areas of maximal difference between groups were located in the anterior cin-
gulate cortex. Reproduced from [180].



individuals with MDD. The administration of the M2R antagonist, procaine,
elicits emotional responses in humans ranging from sadness, fear, and severe
anxiety to euphoria, and results in increased physiological activity of the cin-
gulate cortex [178, 179], a region densely innervated by cholinergic projec-
tions. Moreover, in individuals with bipolar depression, decreased M2R bind-
ing has been reported in the cingulate cortex [180] (Fig. 4). Multiple M2R gene
polymorphisms are associated with increased risk for developing major
depressive episodes (reviewed in [180]), but thus far these SNPs have not been
associated with BPD. Finally, the muscarinic cholinergic receptor antagonist,
scopolamine, exerts rapid and robust antidepressant effects in depressed MDD
and BPD patients, although the ~24 h delay in onset of these effects raises the
possibility that a secondary mechanism of action underlies the antidepressant
response [181].

Implications for neurocircuitry models of depression

The neuropathological, neurochemical, and neurophysiological abnormalities
extant within the extended visceromotor network may impair this network’s
modulation of autonomic, endocrine, neurotransmitter, emotional, and behav-
ioral responses to aversive and reward-related stimuli or contexts [4], poten-
tially accounting for the disturbances within these domains seen in BPD
(Fig. 5). The neuroimaging abnormalities in the VLPFC, OFC, sgACC,
pgACC, amygdala, ventral striatum, and medial thalamus evident in BPD
implicate a limbic-thalamo-cortical circuit involving the amygdala, the
mediodorsal nucleus of the thalamus (MD), and the OMPFC, and a limbic-stri-
atal-pallidal-thalamic circuit involving related parts of the striatum and ventral
pallidum along with the components of the other circuit [131].

The first of these circuits can be conceptualized as an excitatory triangular
circuit (Fig. 5) whereby the BLA and the OMPFC are interconnected by exci-
tatory (especially glutamatergic) projections with each other and with the MD
[7], so increased glucose metabolism in these structures would presumably
reflect increased synaptic transmission through the limbic-thalamo-cortical
circuit. The limbic-striatal-pallidal-thalamic circuit constitutes a disinhibitory
side loop between the amygdala or PFC and the MD. The amygdala and the
PFC send excitatory projections to overlapping parts of the ventromedial
striatum [182]. This part of the striatum sends an inhibitory projection to the
ventral pallidum which in turn sends GABA-ergic, inhibitory fibers to the
MD (reviewed in [131]). Because the pallidal neurons have relatively high
spontaneous firing rates, activity in the PFC or amygdala that activates the
striatum and in turn activates the ventral pallidum may release the MD from
the inhibitory pallidal influence, potentially disinhibiting transmission
through the limbic-thalamo-cortical circuitry (reviewed in [131]). Notably,
repeated stress results in hyperexcitability in the BLA in rodents [183],
although whether the mechanisms underlying these changes involve changes

Neuroimaging studies of bipolar depression: therapeutic implications 133



in afferent modulation of the amygdala or alterations in synaptic plasticity
remains unclear.

The BLA sends anatomical projections to the central nucleus of the amyg-
dala (ACe) and the BNST, and projections from these structures to the hypo-
thalamus, PAG, locus coeruleus, raphe, nucleus basalis, and other diencen-
cephalic and brainstem nuclei play major roles in organizing neuroendocrine,
neurotransmitter, autonomic, and behavioral responses to stressors and emo-
tional stimuli [184, 185]. The OMPFC sends overlapping projections to each
of these structures and to the amygdala that function to modulate each com-
ponent of emotional expression [186]. The neuropathological changes evident
in the OMPFC in BPD and mood disorders arising secondary to neurological
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Figure 5. Anatomical circuits involving the orbitomedial PFC (OMPFC) and amygdala reviewed with-
in the context of a model in which OMPFC dysfunction results in disinhibition of limbic transmission
through the amygdala, yielding the emotional, cognitive, endocrine, autonomic, and neurochemical
manifestations of depression. The basolateral amygdala sends efferent projections to the central nucle-
us of the amygdala (ACe) and the bed nucleus of the stria terminalis (BNST). The efferent projections
from these structures to the hypothalamus, periaqueductal grey (PAG), nucleus basalis, locus
coeruleus, raphe, and other diencencephalic and brainstem nuclei then organize the neuroendocrine,
neurotransmitter, autonomic, and behavioral responses to stressors and emotional stimuli [184, 185].
The OMPFC shares reciprocal projections with all of these structures (although only the connections
with the amygdala are illustrated), which function to modulate each component of emotional expres-
sion [4]. Impaired OMPFC function thus may disinhibit or dysregulate limbic outflow through the
ACe and BNST. Solid white lines indicate some of the major anatomical connections between struc-
tures, with closed arrowheads indicating the direction of projecting axons. Solid yellow lines show
efferent pathways of the ACe and BNST, which are generally monosynaptic, but in some cases are
bisynaptic connections (e.g., [189]). Other abbreviations: 5-HT – serotonin; ACh – acetylcholine; DA
– dopamine; DL – dorsolateral column of PAG; N – nucleus, NE – norepinephrine; NTS – nucleus
tractus solitarius; PVN – paraventricular N of the hypothalamus; VL – ventrolateral column of PAG;
VTA – ventral tegmental area. Reproduced with permission from [188].



disorders thus may impair the modulatory role of the OMPFC over emotional
expression, disinhibiting, or dysregulating limbic responses to stressors and
emotional stimuli (reviewed in [7]). These data suggest that during depressive
episodes the increased activity seen within some OMPFC areas reflects a com-
pensatory response that modulates depressive symptoms, and impaired func-
tion of these regions (possibly due to the neuropathological changes in BPD)
may result in more severe and treatment-refractory illness.

Summary

Convergent results from studies conducted using neuroimaging, lesion analy-
sis and post mortem techniques support models in which the signs of BPD
emanate from dysfunction within an extended visceromotor network that inter-
feres with this system’s modulation of emotional behavior. Mood stabilizing
and antidepressant therapies may compensate for this dysfunction by attenuat-
ing the pathological limbic activity that putatively mediates depressive symp-
toms [8] and increasing expression of neurotrophic/neuroprotective factors
that preserve the function of the OMPFC [187].
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