Neuroimaging Studies of Mood Disorder Effects on

the Brain

Yvette |. Sheline

Sudies of early-onset recurrent depression, late life de-
pression associated with neurologic disorders, and
bipolar illness have revealed structural brain changes
within a neuroanatomical circuit. This circuit, originally
described by Nauta (1972), has been termed the limbic-
cortical-striatal-pallidal-thalamic tract and is comprised
of structures which are extensively interconnected. In
three-dimensional magnetic resonance imaging studies
of affective illness, many of the structures that com-
prise this tract have been found to have volume loss or
structural abnormalities. Mechanisms proposed to explain
volume loss in depression include glucocorticoid
neurotoxicity, decreased brain-derived growth factor, de-
creased neurogenesis, and loss of plasticity. Biol Psychi-
atry 2003;54:338—-352 © 2003 Society of Biological
Psychiatry
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I ntroduction

his article will briefly review the evidence for depres-

sion-associated brain changes in bipolar illness,
stroke, Parkinson disease, epilepsy, and dementia of the
Alzheimer type (DAT), illnesses characterized by tissue
loss in the hippocampus, amygdala, basal ganglia, and
frontal cortex. Then, evidence for brain changes occurring
in this same limbic-cortical-striatal-pallidal-thalamic
(LCSPT) circuit in early-onset recurrent depression
(EORD) will be summarized. Brain changes associated
with early-onset magjor depression have been reported in
the hippocampus, amygdala, caudate, putamen, and frontal
cortex, the same areas as reported in neurologic illnesses
commonly associated with depression. Finaly, potential
mechanisms for structural brain loss in EORD will be
explored and the question of whether depression is the
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cause or effect of abnormalities in brain structure will be
addressed.

Limbic-Cortical-Striatal-Pallidal-Thalamic Tract

We and many others have proposed that both primary
and secondary mood disorders often involve abnormal-
ities in specific neuroanatomic circuits (Nauta and
Domesick 1984; Swerdlow and Koob 1987; Drevets et &
1992; McDonald and Krishnan 1992; Mayberg 1994;
Mega and Cummings 1994; Soares and Mann 1997;
Sheline 2000). In addition to subserving important
cognitive functions, the prefrontal cortex has an im-
portant role in modulating activity in basal ganglia
and limbic regions, and there are extensive cortical-
subcortical interconnections. A limbic-thalamic-cortical
branch composed of the amygdala and hippocampus,
mediodorsal nucleus of the thalamus, and medial and
ventrolateral prefrontal cortex has been proposed as one
arm of the LCSPT circuit and a limbic-striatal-pallidal-
thalamic branch as the other arm of the circuit. The
caudate and putamen (striatum) and globus pallidus (pal-
lidum) are organized in parallel to connect with limbic and
cortical regions. Given the multiple neurotransmitter sys-
tems involved and multiple interconnections, there are
many ways in which lesions within this system could
result in depression. One hypothesis (Swerdlow and Koob
1987) to account for depressive symptoms is underactive
forebrain dopamine activity resulting in disinhibition of
the limbic striatum. Disinhibition of the limbic striatum
then produces overinhibition of the ventral pallidum with
decreased inhibitory connection with mediodorsal thala-
mus and, in turn, results in disinhibition of the excitatory
loop involving the mediodorsal thalamus, prefrontal cor-
tex, and amygdala. This hypothesis is attractive since it
could explain some characteristic emotional, cognitive,
and motor activity in depression, for example, guilty
ruminations, motoric slowing, and recurrent thoughts of
death. This clearly is a simplification, since while it could
explain some behaviors, it would not explain underactiva-
tion of other cognitive functions, such as decreased atten-
tion, and in some studies, impairment in executive control
(Degl’Innocenti et al 1998). Thus, lesions within the
LCSPT structures themselves or in the interconnections
among them could result in malfunction predisposing to
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depression, but it is difficult to explain all of the manifes-
tations of depression.

Brain Structural Changes in Bipolar
Disorder

Table 1 summarizes the studies reporting structural
changes in primary bipolar disorder.

Structural abnormalities reported in bipolar disorder
have included diffuse gray matter tissue loss, enlarged
ventricles, increased numbers of T2-signal hyperintensi-
ties (T2H), and regional tissue lossin basal ganglia, lateral
and mesial temporal structures, and cortical regions. Struc-
tural changes in the same neuroanatomical circuit
(LCSPT) as in major depression have been found in
studies in bipolar subjects, but these changes have been
less consistent and have involved increases in some
structure volumes as well as decreases.

Magnetic resonance imaging (MRI) studies have not
generally found diffuse cortical gray matter volumelossin
bipolar disorder (Dupont et a 1995; Harvey et a 1994;
Pearlson et a 1997; Schlagpfer et a 1994; Zipursky et a
1997); however, arecent study in geriatric bipolar disorder
(Young et a 1999) found increased cortical sulcal widen-
ing which was related to age of illness onset. Enlarged
cortical sulci were also found in a study in middle-aged
bipolar subjects (Lim et al 1999). The same study found
generalized decreased cortical gray volume in bipolar
subjects, intermediate between control and schizophrenia
values. Latera ventricle findings in bipolar disorder have
included increases (Swayze et a 1990; Figiel et al 1991;
Strakowski et al 1993) and no difference from control
(Harvey et a 1994; McDonad et al 1991). A recent study
(Strakowski et al 2002) found significant lateral ventricu-
lar enlargement that was associated with multiple episodes
of mania.

Structural abnormalities in regional volumes have also
been identified. Studies have found temporal lobe volume
changes in bipolar subjects. These include bilateral tem-
poral lobe reductions (Altshuler et al 1991); loss of normal
asymmetry (Swayze et a 1992); increased left temporal
lobe volume (Harvey et a 1994); and no differences
(Johnstone et al 1989). Strakowski et a (1999) found
overall differences in the LCSPT circuit. Volumetric
changes identified were both increases (amygdala, stria-
tum) and decreases (prefrontal cortex, hippocampus). Re-
sults of amygdala volume determination in bipolar disor-
der have found larger (Altshuler et a 1998), smaller
(Pearlson et a 1997), or equal (Swayze et a 1992)
volumes. As stated below, amygdala volumes are difficult
to compare between studies.

Small but significant prefrontal cortex volume de-
creases (Coffman et a 1990; Schlagpfer et a 1994,
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Strakowski et al 1993) have been seen in bipolar disorder
and are supported by postmortem findings of decreased
glia in prefrontal cortex in bipolar subjects (Ongur et al
1998). Mixed results were obtained in studies of the basal
ganglia, including larger caudate volumes in males (Ayl-
ward et a 1994) and larger globus pallidus volumes but
not striatal volumes (Strakowski et al 1999). Some MRI
studies did not find any differences in bipolar subjects
compared to control subjects in caudate, putamen, or
lenticular nuclei (Dupont et a 1995; Strakowski et al
1993; Swayze et a 1992). Results have aso been mixed
for hippocampus (Altshuler et a 1998; Hauser et a 1989;
Swayze et d 1992) and thalamus (Dupont et a 1995;
Strakowski et al 1993). In analyzing reports of volume loss
in bipolar patients, it may be critica to know the cumu-
lative medication history, especially regarding lithium.
Chronic lithium treatment has been reported to be neuro-
protective and may prevent volume loss in treated patients
(Manji et a 2000).

There is a complex relationship between bipolar disor-
der and increased hyperintensities seen on T2-weighted
MRI scans (T2H). Hyperintensities have been associated
with hypertension; however, T2H also are increased in
asymptomatic elderly. Fujikawa et a (1995) found that
compared with age- and gender-matched subjects who had
developed affective illness before age 50, manic patients
who developed bipolar disorder after age 50 had a signif-
icantly higher incidence of T2H, comparable to the inci-
dence in subjects with late-onset depression. Similar
results were obtained by McDonald et a (1991), who
found a higher incidence of subcortical hyperintensitiesin
late-onset bipolar disorder. Strakowski et a (1993) found
a rate of subcortical hyperintensities 1.7 times higher in
younger subjects with new-onset bipolar illness than in
control subjects, but thiswas not significant. Aylward et al
(1994) also found a higher rate of hyperintensities in
bipolar subjects; however, the bipolar subjects were 12
years older on average. In contrast, Figiel et al (1991) and
Dupont et a (1990) found higher rates of hyperintensities
in age-matched comparisons and one study did not find
differences in T2H between bipolar subjects and control
subjects (Brown et a 1992).

From Comorbid Disease to Depression

Unusually high rates of depression are found in neurologic
illnesses associated with both cortical and subcortical
atrophy. These include Huntington’ s disease (Folstein et a
1983), poststroke syndromes (Starkstein and Robinson
1989), dementia of the Alzheimer's type (Burns et a
1990), epilepsy (Sawrie et al 2001), and Parkinson's
disease (Cummings 1992). Theseillnessesinvolve damage
to brain structures critical in emotional functioning,



340

BIOL PSYCHIATRY
2003;54:338-352

Table 1. Brain Structural Changes Reported in Major Depression and Bipolar Disorder

Y.l. Sheline

Sample (Number and Age Methods and
Author Brain Region Diagnosis) (Mean = SD) Resolution Findings
Frontal cortex
Coffman et a 1990 Frontal lobe 52 NC 288+ 72 15T Decrease in frontal cortex volume in
30 MDD-bipolar (with 320+ 6.2 3 mm bipolar group
psychotic features)
Krishnan et al 1992 Frontal lobe 50 NC 493 £ 18 15T Bifrontal distances smaller
50 MDD 483 £ 17 5 mm Bifrontal brain widths smaller
Coffey et a 1993 Frontal lobe 76 NC 624+164 15T Smaller frontal lobe volumes in major
48 MDD 616159 5mm depression
44 unipolar; 4 bipolar 5.2 interva
ECT referred
Bell-McGinty et a Frontal lobe 47 NC 66.9 = 7.3 15T Smaller bilateral middle frontal gyrus
2002 30 MDD 69.3 + 5.7 8 mm gray matter volume in MDD
Smaller left anterior cingulate and
right middle frontal gyrus white
matter volume
Sax et a 1999 Prefrontal cortex 12 NC 27+5 15T Smaller PFC volume in bipolar group
17 MDD-bipolar 271+6 1 mm
(hospitalized)
Strakowski et a 1999  Prefrontal cortex 22 NC 28+ 6 15T No significant difference
24 MDD-bipolar 271+6 1 mm
Strakowski et al 1993  Cingulate gyrus 16 NC 30973 15T No significant difference
17 MDD-bipolar (first 284+ 6.8 6 mm
episode)
Drevets et al 1997 Subgenual 33NC 36.2 + 8.9 15T Smaller subgenual prefrontal cortex
prefrontal 13 MDD 33.6 £ 100 1 mm volumes in major depression
cortex 10 MDD, remitted 30178
Brambilla et al 2002 Subgenual 38 NC 37.0 = 10.0 15T No significant difference in the
prefrontal 18 MDD-unipolar 42.0 = 10.0 1.5 mm SGPFC in either familial or non-
cortex 27 MDD-bipolar 35.0=* 110 familial unipolar or bipolar disorder
Temporal cortex
Hauser et al 1989 Temporal lobe 21 NC 338 6.2 5T Smaller bilateral temporal lobe
17 MDD-bipolar 405+ 128 10 mm volumes in bipolar
Johnstone et al 1989 Temporal lobe 21 NC 36.0+6.1 A5T No significant difference
20 MDD-bipolar 389+ 82 8 mm
21 Schizophrenic 36264
Altshuler et a 1991 Temporal lobe 10 NC 37.0+ 12 5T Smaller bilateral temporal lobe
10 MDD-bipolar 398=*9 10 mm volumes in bipolar
Harvey et a 1994 Temporal lobe 34 NC 316 5T Increase in left temporal lobe volume
26 MDD-bipolar 35.6 5 mm in bipolar group
48 Schizophrenic 311
Pearlson et a 1997 Temporal lobe 60 NC 31.6 = 8.0 15T No significant difference in bipolar
27 MDD-bipolar 349+ 86 3 mm group
46 Schizophrenic 318+78
Pearlson et a 1997 Superior 60 NC 31.6 = 8.0 15T Larger STG in the bipolar group
temporal gyrus 27 MDD-bipolar 349+ 86 3 mm
46 Schizophrenic 318+78
Hippocampus
Sheline et al 1996 Hippocampus 10 NC 68.0 = 9.5 15T Decreased hippocampal gray matter
10 MDD, remitted 68.5 + 104 .5 mm volume in major depression
Altshuler et a 1998 Hippocampus 18 NC 534 =111 15T No significant difference in the
12 MDD-bipolar 508 + 133 14 mm bipolar group
14 Schizophrenic 489+70
Shah et al 1998 Hippocampus 20 NC 493 + 11.8 10T Decreased hippocampa volume in
20 MDD 47.7 £99 2 mm treatment-resistant depression
20 TRD 489+ 98
Sax et a 1999 Hippocampus 12 NC 27+5 15T No significant difference
17 MDD-bipolar 276 1 mm
(hospitalized)
Sheline et al 1999 Hippocampus 24 NC 528 = 17.8 15T Decreased hippocampa volume in
24 MDD, remitted 528 +184 .5mm major depression
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Sample (Number and Age Methods and
Author Brain Region Diagnosis) (Mean = SD)  Resolution Findings
Strakowski et al 1999  Hippocampus 22NC 28+6 15T No significant difference
24 MDD-bipolar 27+6 1mm
Bremner et a 2000 Hippocampus 16 NC 450 * 100 15T Decreased hippocampal volume in
16 MDD (1 panic disorder) 430+80 3 mm major depression
Mervaala et al 2000 Hippocampus 17 NC 421+ 146 15T No significant difference
34 MDD (6 bipolar, 28 22+122 3mm
monopolar)
Vakili et d 2000 Hippocampus 20 NC 403+ 104 15T No significant difference
38 MDD 385+ 100 3 mm
Frodl et a 2002a Hippocampus 30NC 406 + 125 15T Smaller |eft hippocampal total and
30 MDD (first episode) 403+ 12.6 15 mm gray matter volume in males
Smaller bilateral hippocampa white
matter volume in al subjects
MacQueen et d 2003 Hippocampus 20 NC 284+ 115 15T No significant difference in the first
20 MDD (first episode) 284+118 1.2 mm episode group
17 NC 362+119
17 MDD (multi episode) 359+111 Smaller bilateral hippocampa volume
in those with multiple episodes of
major depression
Pearlson et a 1997 Hippocampus/ 60 NC 31.6 =80 15T No significant difference in bipolar
entorhinal 27 MDD-bipolar 349+ 86 3mm group
cortex 46 Schizophrenic 31878
Bell-McGinty et a Hippocampus/ 47 NC 66.9 = 7.3 15T Smaller right hippocampal gray
2002 entorhinal 30 MDD 69.3 57 8 mm matter volume
cortex Hippocampus/entorhina cortex is
inversely associated with the number
of years since the firgt lifetime
depressive episode
Amygdda
Pearlson et a 1997 Amygdaa 60 NC 31.6 =80 15T Smdller |eft amygdala volume in the
27 MDD-bipolar 349+ 86 3 mm bipolar group
46 Schizophrenic 31878
Sheline et a 1998 Amygdaa 20 NC 538 = 17.7 15T Decreased amygdaa core nuclel
20 MDD, remitted 541+ 181 .5 mm volume in major depression
Altshuler et a 1998 Amygdaa 18NC 534+111 15T Increased amygdala volume in bipolar
12 MDD-bipolar 50.8 = 133 1.4 mm group
14 Schizophrenic 489+70
Strakowski et a 1999 Amygdaa 22 NC 28+ 6 15T Increased amygdala volume in the
24 MDD-bipolar 27+6 1mm bipolar group
Tebartz van Elst et d Amygdala 20 NC 36.5 15T Increased amygdaa volume in both
1999 38 TLE 32 15 mm the TLE and TLE with dysthymia
12 TLE with Dysthymia 30 groups
Bremner et al 2000 Amygdala 16 NC 450 + 10.0 15T Increased right amygdaa volume in
16 MDD (1 panic disorder) 430+ 80 3 mm major depression
Mervaaa et al 2000 Amygdaa 17 NC 421+ 146 15T Significant asymmetry in amygdalar
34 MDD (6 bipolar, 28 422 +122 3mm volume (right smaller than left)
monopolar)
Tebartz van Elst et d Amygdaa 20 NC 36 15T Increased amygdala volume in
2000 47 TLE 333 15 mm dysthymia females but not males
17 TLE with Dysthymia 328 and in the TLE with dysthymia
group as awhole
Frodl et a 2002b Amygdala 30NC 406 + 125 15T Increased bilaterd amygdala volume
30 MDD (hospitalized with 403+ 126 1.5 mm in the depressed group

first episode)
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Table 1. Continued
Sample (Number and Age Methods and
Author Brain Region Diagnosis) (Mean £ SD) Resolution Findings
Hippocampus/Amygdala
Complex
Swayze et d 1992 Amygdala/ 55 Schizophrenic R3+364 5T No significant difference
hippocampus 48 MDD-bipolar 334+ 346 1-cm thick dices
complex 47 NC 8 cuts
Axelson et a 1993 Amygdalal 30NC 467+204 15T No significant difference
hippocampus 19 MDD 566+ 191 5mm
complex
Pantel et d 1997 Amygdalal 13NC 682+53 15T No significant difference
hippocampus 19 MDD 724+88 125mm
complex 27 AD 719+ 8.0
Ashtari et a 1999 Amygdalal 46 NC 714+ .3 10T No significant difference
hippocampus 40 MDD 74360 31mm
complex
Hauser et d 1989 Hippocampus 21 NC 338+x62 5T No significant difference
complex 17 MDD-bipolar 405+ 128 10 mm
Basa Ganglia
Krishnan et a 1992 Caudate 50 NC 493+18 15T Decreased caudate volumes in major
50 MDD 48317 5mm depression
Strakowski et d 1993 Caudate 16 NC 309+73 15T No significant difference
17 MDD-bipolar (first episode) 284+68 6mm
Greenwald et ad 1997  Caudate 30NC 728+66 10T Decreased Ieft caudate volume in
36 MDD 759*+67 3mm major depression
Sax et d 1999 Caudate 12 NC 27+5 15T No significant difference
17 MDD-bipolar (hospitalized) 27+6 1mm
Husain et a 1991 Putamen 44 NC 564+192 15T Decreased putamen volume in major
41 MDD 553+ 188 5mm (2 patients  depression
with 7 mm)
Strakowski et d 2002 Putamen 32NC 24+6 15T Increase in putamen volume in the
18 MDD-bipolar (first episode) 2+6 1.5mm first episode bipolar group
17 MDD-bipolar (multi episode) 25+6
Dupont et a 1995 Caudate and 26 NC 391+94 15T No significant difference
lenticular 36 MDD-bipolar 36.6+ 108 5mm-25mm
nucleus 30 MDD-unipolar 38.6 = 10.6 gap
Lenze and Sheline Caudate and 24 NC 528+178 15T No significant difference
1999 putamen 24 MDD-remitted 528 + 184 5mm
Strakowski et a 1999  Caudate and 22 NC 28+ 6 15T Trend toward larger strigtum volume
putamen 24 MDD-bipolar 27+6 1mm in the bipolar group
Strakowski et d 1999  Globus pdlidus 22 NC 28+ 6 15T Trend toward larger globus palidus
24 MDD-bipolar 27+6 1mm volume in the bipolar group
Thdamus/Pituitary
Strakowski et d 1993 Thadamus 16 NC 309+73 15T No significant difference
17 MDD-bipolar (first episode) 284+68 6mm
Sax et a 1999 Thdamus 12 NC 275 15T No significant difference
17 MDD-bipolar (hospitalized) 27+6 1mm
Strakowski et a 1999  Thalamus 22 NC 28+ 6 15T Trend toward larger thalamus volume
24 MDD-bipolar 27+6 1mm in the bipolar group
Axelson et a 1992 Pituitary 21 MDD (1 bipolar; 1 479+184 10T Increase in pituitary volume in major
adjustment disorder; 1 multi- 396+ 132 3mm depression
infarct dementia; 1
schizophrenic affective)
Ventricles/Sulci
Johnstone et a 1989  Laterd ventricle 21 NC 360+x61 15T No significant difference
20 MDD-bipolar 389+82 8mm
21 Schizophrenic 36.2+ 64
Swayze et a 1990 Laterd ventricle 47 NC 34.8 5T Larger laterd ventricle in bipolar men
48 MDD-bipolar 340 lcm but not women
54 Schizophrenic 338
McDonald et d 1991  Latera ventricle 12 NC 68.7 =7 15T No significant difference
12 MDD-bipolar 683+ 7 5mm
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Sample (Number and Age Methods and
Author Brain Region Diagnosis) (Mean + SD) Resolution Findings
Harvey et al 1994 Lateral ventricle 34 NC 31.6 5T No significant difference
26 MDD-bipolar 35.6 5 mm
48 Schizophrenic 311
Zipursky et al 1997 Lateral ventricle 17 NC 299 + 6.6 15T Larger latera ventricle volume in
23 Schizophrenic 33779 5 mm bipolar group
14 MDD-bipolar 359+72
Strakowski et al 1993  Lateral ventricle 16 NC 309+73 15T Trend toward larger lateral ventricle
17 MDD-bipolar (first 284 + 6.8 6 mm volume in bipolar group
episode)
Lim et a 1999 Lateral ventricle 16 NC 443 + 6.8 15T Larger latera ventricle volume in
9 MDD-bipolar 440+ 94 5 mm bipolar group
9 Schizophrenic 444 + 92
Young et al 1999 Lateral ventricle 18 NC 744+ 101 Non-contrast Increased lateral ventricle in bipolar
30 MDD-bipolar 714 7.7 CT group
Strakowski et @ 2002  Lateral ventricle 32 NC 24+ 6 15T Increase in lateral ventricle volume
18 MDD-bipolar (first 22+6 1.5 mm with repeated manic episodes
episode)
17 MDD-bipolar (multi 25+6
episode)
Strakowski et al 1993  Third ventricle 16 NC 30973 15T Larger third ventricle volume in the
17 MDD-bipolar (first 284+ 6.8 6 mm bipolar group
episode)
Pearlson et a 1997 Third ventricle 60 NC 31.6 =80 15T Larger third ventricle volume in the
27 MDD-bipolar 349+ 86 3 mm bipolar group
46 Schizophrenic 31878
Lim et al 1999 Cortical sulci 16 NC 443 + 6.8 15T Increased cortical sulci by
9 MDD-bipolar 440+ 94 5mm determination of increased CSF in
9 Schizophrenic 444 + 9.2 bipolar group
Young et a 1999 Cortical sulci 18 NC 744 =101 Non-contrast  Greater cortical sulci widening in the
30 MDD-bipolar 714+77 CT bipolar group
Cortical Gray Matter
Strakowski et at 1993  Cortical matter 16 NC 309+73 15T Trend toward less white matter and
17 MDD-bipolar (first 284+ 6.8 6 mm increased gray matter in the bipolar
episode) group
Harvey et a 1994 Cortical matter 34 NC 31.6 5T No significant difference in cortical
26 MDD-bipolar 35.6 5mm gray matter volume in the bipolar
48 Schizophrenic 311 group
Schlaepfer et al 1994  Cortical matter 60 NC 31.6 =80 15T No significant difference in cortical
46 Schizophrenic 318+ 78 5mm gray matter volume in the bipolar
group
27 MDD-bipolar 349+ 86
Zipursky et al 1997 Cortical matter 17 NC 299 + 6.6 15T No significant difference in cortical
23 Schizophrenic 33779 5 mm gray matter in bipolar group
14 MDD-bipolar 359+72
Lim et a 1999 Cortical matter 16 NC 443+ 6.8 15T Less cortical gray matter in bipolar
9 MDD-bipolar 440 =94 5 mm group
9 Schizophrenic 444 + 9.2

NC, normal control; MDD, major depressive disorder; ECT, electroconvulsive therapy; T, Tesla; TRD, treatment resistant depression; AD, Alzheimer’s disease; PFC,
prefrontal cortex; SGPFC, subgenual prefrontal cortex; STG, superior temporal gyrus; TLE, temporal lobe epilepsy, CSF, cerebrospinal fluid; CT, computed tomography.

namely frontal cortex, hippocampus, thalamus, amygdala,
and basal ganglia. Further, these same brain structures are
involved in more classical or early-onset major depression.
In temporal lobe epilepsy, not only is there hippocampal
and amygdala sclerosis from the epilepsy itself, but
postsurgical volume loss associated with depression has
been reported in connected structures, the medial-dorsal
thalamus, and putamen (Parashos et a 1993). Different

subtypes of Parkinson’s disease have neuronal loss in a
variety of subcortical brain regions, with some evidence
for an association with clinical syndromes in postmortem
studies (Jellinger 1999). Decreased volumes of caudate
and putamen have been demonstrated in vivo in Parkin-
son’s disease (Lisanby et al 1993). Further, in depressed
compared with nondepressed Parkinson’s patients, fluoro-
deoxyglucose metabolism studies using positron-emission
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tomography (PET) have demonstrated selective hypo-
metabolism in the caudate and orbital-inferior frontal lobe
(Mayberg et a 1990). In groundbreaking work, Robinson
et a (1983) and Lipsey et a (1983) reported that ischemic
lesions located in the anterior frontal cortex were associ-
ated with more severe depression. Subsequently, inconsis-
tent results have been reported on the relationship between
infarct site and depression after stroke, with systematic
review of the numerous studies not supporting the hypoth-
esis that stroke lesion location predicts depression (Carson
et a 2000). A recent study in a large, well-defined series
of patients with ischemic stroke, however, found a strong
correlation between lesions affecting the prefrontosubcor-
tical circuits, particularly on the left, and subsequent
depression (Vatgja et a 2001). Patients with dementia of
the Alzheimer’'s type have been shown in postmortem
studies to have profound atrophy of the hippocampus and
frontal and parietal cortex, and atrophy in each of these
areas is associated with a specific neuropsychological
profile (Kanne et a 1998). Studies have found that in
individuals with cognitive impairment, baseline depres-
sion was associated with a threefold increased risk of
incident dementia. In vivo MRI studies (Steffens et al
2002) have shown that small left hippocampal size on
neuroimaging predicts later dementia. In summary, neu-
rologic diseases have been associated with structural
changes in the LCSPT tract.

In addition to an association of specific neurologic
illnesses with increased rates of depression, late-life de-
pression itself is associated with an increased prevalence
of structural brain changes due at least in part to the
increased prevalence of comorbid illness with age. Com-
pared with EORD, depression onset in late age is charac-
terized by lower familial frequency of affective disorders
(Baron et a 1981), greater medical morbidity and mortal-
ity (Jacoby et al 1981), and higher rates of neuroradiologi-
cal abnormalities, particularly white-matter hyperintensi-
ties (Coffey et a 1988; Figiel et a 1991). Some studies
have found late-onset depression to be associated with
higher rates of neuropsychological impairment and greater
treatment refractoriness (Alexopoulos et a 2002; Simpson
et al 1998).

Magnetic resonance imaging and computed tomography
(CT) studies have shown diffuse cortical and subcortical
atrophy and ventricular enlargement in late-life depression
(Pantel et a 1997; Rabins et al 1991; Rothschild et al
1989; Soares and Mann 1997). In addition to neurologic
illnesses, conditions which have been associated with
brain atrophy include hypertension (Kobayashi et al 1991),
Cushing’s disease (Starkman et al 1992), diabetes (Aron-
son 1973), and acohol abuse (Charness 1993). Any
condition which produces neuronal ischemia or neurotox-
icity can potentially contribute to brain atrophy. Some

Y.l. Sheline

studies do not find evidence for generalized atrophy in
addition to volume loss in structures of the LCSPT circuit.
For example, Kumar et a (1998) found prefrontal lobe
volume loss in late-onset depression in the absence of
generalized atrophy, suggesting that as in early-onset
depression, some subjects with late-onset depression may
also have focal volume loss. It is not known whether this
focal volume loss occurs by the same etiologic mecha
nisms as EORD.

Another phenomenon in late-life depression is the
presence of hyperintensities seen on T2-weighted scans
(T2H). Increased numbers of T2H (Coffey et a 1990;
Howard et a 1993; Krishnan et al 1993; Lesser et a 1991,
Rabins et a 1991) is a well-replicated finding in elderly
depressed subjects. Y ounger subjects with depression have
also been found to have increased T2H (Coffey et al 1993;
Hickie et a 1995), although negative findings have also
been reported with younger groups (Dupont et a 1995;
Guze and Szuba 1992). Etiologic mechanisms for T2H are
unknown; however, it is important to note that T2H also
occur at rates of up to 60% in healthy elderly (Fazekas et
al 1991), in whom their significance is also unknown
(Mirsen et a 1991). A higher rate of “silent” cerebral
infarctions (T2H) in late-onset compared to early-onset
major depressive disorder (MDD) was found by Fujikawa
et a (1993, 1994). Older age, vascular risk factors,
neuropsychological impairment, and late age of onset
(Krishnan et al 1988; Coffey et a 1993; Simpson et a
1998) are the clinical correlates of MRI-defined T2H in
late-life depression. The concept of “vascular depression”
with increased cardiovascular disease (CVD) risk factors
and increased T2H has been proposed (Krishnan et al
1997). Interestingly, in late-life depression, T2H have
been found to cluster in the frontal cortex (Macfall et a
2001), as well as in subcortical areas.

While this section has summarized the evidence for
structural brain changes leading to depression, there are
important qualifications. Impairment of LCSPT structure
in patients with diseases causing structural impairment and
even in healthy persons with small structures does not
always lead to depression. Thus, a direct correspondence
between structural impairment in LCSPT structures and
depression does not exist. Rather, it appears that a subset
of people with such structural impairment have increased
vulnerability to depression and that when depression
occurs it may further contribute to additional damage.

From Depression to Structural Brain
Changes

Table 1 summarizes the studies reporting structural
changes in primary unipolar depression.
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Frontal Cortex

Volume reductions in frontal cortex ranging from 7%
overall reduction in frontal lobe volume in major depres-
sion (Coffey et al 1992) to 48% in the subgenual prefrontal
cortex (Drevets et a 1997) have been reported. Significant
differences from control subjects were reported in several
prefrontal cortical areas in a postmortem study of prefron-
tal cortex in major depression (Rajkowska et a 1999).
Abnormalities included rostral orbitofrontal cortex de-
creases in cortical thickness, neuronal size decrease, and
loss of glial cells in layers 1l to IV. Caudal orbitofrontal
cortex abnormalitieswerereductionsin glial cellsin layers
V and VI and decreases in neuronal sizes. Reductions in
glia and neuronal cells throughout all layers, as well as
reduction in cell size, were reported in dorsolateral pre-
frontal cortex. Subgenual prefrontal cortex glia cell loss
has also been reported in major depression (Ongur et al
1998). Some of the MRI volumetric findings in frontal
cortex could be accounted for by neuropathological
changes such asthese. The prefrontal cortex is particularly
important as a target of monoamine projections and
abnormalities in monoamine receptors, transporters, and
second messenger systems (Arango et al 1995; Biver et a
1997; Duman 1998; Mintun et al 2000; Price 1999) are
reported to occur in major depression. Another possibility
is that overactivation in one part of the interconnected
LCSPT neuroanatomical circuit may lead to overexcita
tion in the other components, resulting in excitotoxic
damage. The orbitomedial prefrontal cortex has high
concentrations of glucocorticoid receptors, potentially ren-
dering it vulnerable to stress-mediated damage (see be-
low).

Hippocampus

Severa studies have examined hippocampa volume in de-
presson. Some (Bell-McGinty et al 2002; Bremner et a
2000; MacQueen et al 2003; Shah et al 1998; Sheline et a
1996, 1999) but not all (Ashtari et a 1999; Axelson et
a 1993; Mervaala et a 2000; Swayze et a 1992,
Vakili et @ 2000) found significant reductions in hip-
pocampal volumesin depression. The volume loss appears
to have functional significance with an association be-
tween acute depression and abnormalities of declarative
memory (Burt et al 1995) and recollection memory (Mac-
Queen et a 2003), as well as an association between
depression in remission and lower scores on tests of verbal
memory (Sheline et a 1999). In one study (Shah et a
1998), hippocampal atrophy was found in patients with
chronic depression but not in patients with remitted
depression. Vakili et a (2000) also observed correlations
between depression severity and hippocampal volumes,
although no group differences between depressed and
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control subjects. In one study (Frodl et a 2002a), white
matter changes were noted but no overall differences in
hippocampal volume. In most of these studies that as-
sessed depression severity in unipolar subjects and used
high-resolution MRI techniques, depression was associ-
ated with hippocampal volume loss, ranging from 8% to
19%. Studies which only measured the hippocampus/
amygdala complex found no differences. A recent post-
mortem study (Bowley et a 2002) has found glial cell loss
in the dentate gyrus of the hippocampus as well as in the
amygdala in major depression. In addition, a recent study
has found increased neuronal and glia cell packing den-
Sity (Stockmeier et al, unpublished data), suggesting a
decrease in the hippocampal neuropil in MDD.

Amygdala

Inconsistent results have been found in amygdala volumes
in major depression. Studies have identified an increasein
volume in the right amygdala (Bremner et a 2000), in
bilateral amygdala in first episode subjects (Frodl et a
2002b), loss of normal asymmetry (Mervaala et a 2000),
or reduction in the bilateral core nuclei (Sheline et al
1998). The amygdala is a difficult structure to measure,
since in many areas the cortical amygdala merges with
surrounding cortex, and specific boundaries selected var-
ied greatly in different studies.

Basal Ganglia

Many studies have found decreased volumes of basal
ganglia structures in major depression, especidly in late-
onset depression (Greenwald et al 1997; Husain et al 1991;
Krishnan et a 1992; Steffens and Krishnan 1998), as
discussed above. Negative findings were reported in cau-
date and putamen in depressed subjects who were other-
wise physically healthy (Lenze and Sheline 1999), a
criterion not clearly present in other studies.

Potential Mechanisms for Volume Loss in
Recurrent Depression

Approximately half of depressive episodes are associated
with elevated cortisol levels. Hypothalamic-pituitary-ad-
renal (HPA) axis dysfunction can produce repeated epi-
sodes of hypercortisolemia in depression. Volume studies
do not routinely include measures of cortisol and cannot
determine past episodes of hypercortisolemia. In addition
to elevated cortisol levels, several different mechanisms
could potentialy explain volume loss, including neuronal
loss through exposure to repeated episodes of hypercorti-
solemia, stress-induced reduction in neurotrophic factors,
stress-induced reduction in neurogenesis, and glial cell
loss, resulting in increased vulnerability to glutamate
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neurotoxicity. Glucocorticoid (GC)-mediated neurotoxic-
ity (Sapolsky 2000) with repeated hypercortisolemic epi-
sodes of depression giving rise to atrophy of affected
structures is a mechanism that could potentially account
for hippocampal, amygdala, and prefrontal cortex volume
loss, all areas which have high concentrations of GC
receptors, however, it is aso well known that the hip-
pocampus has structural plasticity, driven by excitatory
amino acids and facilitated by glucocorticoids. In animal
studies (Watanabe et a 1992), hippocampal apical den-
drites shortened by asingle GC exposure or restraint stress
returned to normal after 3 weeks. In Cushing's disease,
following successful surgery and a return to normal for
GC levels, previously smaller hippocampa volumes re-
turned to normal (Starkman et a 1992; Bourdeau et a
2002). Thus, up to a point, plasticity may be at least
partially reversible. Early life stress may produce a per-
manent hypersensitivity to stress, with the production of
ongoing HPA axis dysregulation, particularly in subjects
who develop depression (Heim et al 2000). With repeated
episodes, plasticity may give way to permanent damage.
Inverse correlations between the total amount of time
patients have been depressed and hippocampal volume
found in some studies (Bell-McGinty et a 2002; Mac-
Queen et ad 2003; Sheline et a 1996, 1999) but not all
(Bremner et a 2000) support recurrent depressive epi-
sodes having an antecedent or causal relationship. In
addition, a study by Lupien et a (1998) demonstrated a
correlation between higher cortisol levels measured longi-
tudinally and greater hippocampal volume loss in normal
human aging. A study of first episode patients identified
memory impairment on neuropsychological testing but no
hippocampal volume loss, whereas multiple episode pa-
tients in the same study had both memory impairment and
volume loss (MacQueen et a 2003). Thus, while neuro-
toxic damage may occur, plasticity would permit return of
function if the right intervention were used in time.

Excitatory connections between the amygdala and hip-
pocampus (White and Price 1993) raise the possibility that
damage in one structure could produce damage in the
connected structure. Also, interconnections between pre-
frontal cortex and hippocampus (Carmichael and Price
1995) could produce excitotoxic damage. Glia cells se-
guester glutamate, maintain metabolic and ionic ho-
meostasis, and produce trophic factors, including brain
derived neurotrophic factor (BDNF) (Ransom and
Sontheimer 1992; Szatkowski and Attwell 1994). Thus,
loss of glia cells could increase vulnerability to neuro-
toxic damage, supporting the idea that glutamate neuro-
toxicity may be involved in the volume loss in the
limbic-cortical-striatal-pallidal circuit.

Either directly or indirectly, glia cell loss is another
potential mechanism for producing volume loss. Gray
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matter atrophy has been reported in the prefrontal cortex in
an areaventral to the genu of the corpus callosum (Drevets
et al 1997), an area associated in postmortem studies with
glial cell loss (Ongur et a 1998). Glia cell loss has
been found in two different areas of prefrontal cortex
(Rajkowska et al 1999), aswell asin the amygdala and the
hippocampus (Bowley et a 2002) in postmortem studies
of major depression.

Stress-induced inhibition of neurogenesis (Gould et a
1997) may aso explain depression-related volume loss.
Psychosocial stress has been shown to suppress neurogen-
esis in the tree shrew (Gould et a 1997). Corticosterone
treatment in adult rats also produced suppression of
neurogenesis, which was reversed by removal of the
adrenal gland (Cameron and Gould 1994). It is aso
possible (Gould et al 1999) that neurogenesis may occur in
the frontal cortex in addition to the hippocampus and
subventricular zone.

Depression—Cause or Effect of Structural
Brain Abnormalities?

Whether depression is the cause or result of brain struc-
tural changes is not known. As discussed above and
represented in Figure 1, there is evidence that medical
illnesses such as Parkinson’ s disease, Alzheimer’s disease,
and stroke produce brain changes that are associated with
the onset of depression. There is also evidence that stress
produces neuronal damage and structural changes in ani-
mal models and potentially in humans, although to date
evidence in humans derives from studies of posttraumatic
stress disorder (PTSD). Finaly, depression per se may
produce structural brain changes, but this is an unproven
hypothesis. There are several potential mediators, includ-
ing genetic predisposition, stress, and illness. Thus, it may
be that depression acts through these other mechanisms
rather than having an independent effect on brain struc-
ture. Alternatively, depression may have an independent
effect in producing changes in brain structure (represented
in Figure 1 by the dotted arrow). The converse question,
how brain structural changes might produce depression, is
also highly speculative. Since the structures in the LCSPT
circuit al areinvolved in emotional regulation, damage to
any portion of this circuit could potentially produce
depression, either directly by neuronal damage or indi-
rectly by changes in neurotransmitter balance (again,
represented by a dotted arrow). Why the symptoms pro-
duced would be the same, with disturbance in mood, sleep,
appetite, energy, etc. from structural changes in disparate
brain regions, is not clear. Nor isit obvious how structural
changes would produce episodic disturbances. Finally, not
al patients who have such structural changes get de-
pressed.
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Figure 1. Thefigure shows hypothesized interactions accounting
for some of the brain structural changes that have been reported
in depression. It iswell established that many comorbid illnesses
are associated with structural brain changes (see text). This is
represented as a solid arrow. In addition, animal models demon-
strate stress-induced brain structural changes (solid arrow). Since
depression is associated with both stress and higher prevalence of
comorbid illnesses, it is not clear if there is an independent
contribution of major depression to brain structura changes
(dotted arrow).

Discussion and Future Directions

In summary, volumetric brain studies exhibit inconsis-
tency in measurements from study to study. There are both
clinical and methodological sources of variability. Clinical
variables in subject selection that can contribute to differ-
ent findings include mean age of subject, age of depression
onset, duration of depression, and depression severity.
Most volumetric studies in depression have used a mixed
group of subjects with early-onset and late-onset depres-
sion and may therefore have different contributing etiolo-
gies. In some studies, subjects were case control matched,
whereas in other studies subjects were groupwise matched
or the results were corrected statistically for significant
covariates. Some, but not all, studies excluded subjects
with other physical illness or any current or past drug or
alcohol abuse.

Methodological differences can aso contribute to study
differences and include resolution, sampling, boundary
determination, alignment, gray scale inconsistencies, and
measurement technique. For example, many studies re-
porting negative findings for hippocampa volumes had
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lower resolution, ranging from 3 to 10 mm (Ashtari et al
1999; Vakili et a 2000; Dupont et a 1995; Axelson et &
1993; Swayze et a 1992), compared with .5 to 3 mm
(Bremner et a 2000; MacQueen et al 2003; Shah et al
1998; Sheline et a 1996, 1999) for studies reporting
significant differences. Sampling is also important; some
studies sample every dlice, whereas others may sample
sparsely. Another issue is boundary determination. Given
the complexity of the structures being measured, it is
critical to have expert consultation in boundary determi-
nation. Some studies have used methodology that does not
separate two adjacent structures, as when resolution is not
sufficient to see a boundary of demarcation. Other studies
have not measured an entire structure but just a subvol-
ume. Scan alignment, lining up all scans to the same
standard atlas space, is critical to preventing errors that
may occur from rotation if there is no standardization.
Likewise, gray scale normalization from scan to scan is
important in providing standardized volumetric determi-
nation, since differences in gray scale can change the
apparent volume from scan to scan. Finally, differencesin
volume determination methodology—unbiased stereo-
logical determination, edge-tracing, or automated com-
puter segmentation—may produce different volume mea-
surements.

The continuing development of automated tissue seg-
mentation methods facilitates determination of gray and
white matter volumes using computer generated algo-
rithms and will provide faster and more standardized
volume measures. With the development of noninvasive
neuronal fiber tracking using water diffusion properties
(Conturo et a 1999), it will be possible to obtain increas-
ingly sophisticated reconstruction of fiber trajectories
throughout the brain, providing a better understanding of
the organization of brain systems. A recent study using
diffusion-tensor imaging (DTI) (Alexopoulos et a 2002)
has shown that in geriatric depression treatment nonre-
sponse was associated with bilateral white matter disease
in regions containing frontostriatal tracts. The combination
of structural and functional studies will be important to
determine the functional significance of brain structure
changes. Combining MRI and functional studies such as
PET, single-photon emission computed tomography
(SPECT), and functional magnetic resonance imaging
(fMRI) will allow more precisely localization of abnor-
malities in blood flow/metabolism and neurotransmitter
receptors. This integrated perspective will alow further
development of a structural-functional model of depres-
sion. Additional postmortem studiesin larger sampleswith
careful clinical screening for comorbidity are also needed
to examine ultrastructural correlates of volumetric and
functional changes. Further, longitudinal studies will be
important to determine the progression of brain structural
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changes. It will be important to conduct longitudinal
studies in neurologic illnesses alone, neurologic illnesses
with depression, and depression aone.

Preclinical studies provide preliminary direction for
neuroprotective strategies aimed at preventing stress-in-
duced damage. Findings reported include prevention of
stress-induced decreases in brain-derived neurotrophic
factor with antidepressants (Nibuya et a 1995, 1996;
Vaidya and Duman 1999), prevention of stress-induced
excitotoxic injury with phenytoin (Dilantin) (Watanabe et
al 1992), prevention of stress-induced decreases in neuro-
genesis with antidepressants (Czeh et al 2001; Duman and
Malberg 1998), and increase in dendritic branching with
serotonin reuptake inhibitors (Duman et a 1997). Cur-
rently lacking are imaging probes that could directly
examine in vivo neurogenesis, BDNF, cyclic-AMP-re-
sponse-element binding protein (CREB), and other poten-
tial targets of antidepressant-induced neuroplasticity. With
the development of ligands for these targets, a dramatic
increase in understanding of physiologic mechanisms
would be possible.
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