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Summary

Brain morphological changes in affective disorders occur mainly in the fronto-limbic cortex,
hippocampus and amygdala — the structures regulating emotional and cognitive functioning,
as well as development of somatic symptoms in the course of disorders. The largest number of
reports of structural changes in the cerebral cortex include the dorsolateral prefrontal cortex,
the orbitofrontal cortex and the anterior cingulate cortex. The results of neuroimaging and
sectional studies reveal changes in the volume of structures involved in the creation of neu-
ronal circuits that affect development of mood disorders. Microscopic studies show changes
in cell count, density, and morphology in these areas. Some of those changes are observed
only in certain layers of the cerebral cortex. A valuable addition to this data are histochemical
studies of neuronal survival markers, proinflammatory cytokines, trophic factors, and mark-
ers specific for particular cellular structures. The role of monoaminergic, GABA-ergic and
glutamatergic neurotransmission is confirmed by the studies on concentration of neurotrans-
mitters, their receptors and transporters. Some of the results correlate quantitatively with the
type and severity of symptoms, duration of the disorder, as well as pharmacotherapy and
nonpharmacological treatment.
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Introduction

Postmortem studies let us expand our knowledge of the pathogenesis of mental
disorders, including cellular, molecular and neurochemical pathologies. They both
confirm and supplement the results of neuroimaging and neurophysiological studies
of the same brain regions. Postmortem changes in patients with mood disorders are
related to the structures responsible for emotional disturbances, cognitive dysfunctions,
and psychosomatic symptoms occurring in the course of the disorder [1].

Structural changes in mood disorders occur primarily in the association cortex
(mainly in dorsolateral prefrontal cortex, orbitofrontal cortex and the anterior cingulate
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cortex), hippocampus, amygdala; they are not found in the sensory cortex (e.g., in the
visual or somatosensory cortex). Volumetric, metabolic and neurochemical changes
found in neuroimaging and neurofunctional studies correspond with changes at the
cellular level determined postmortem. The changes within the neurons and the glia,
affecting specific types of cell and site-typical ones, supplement and broaden the hy-
potheses suggesting the presence of a relationship between psychiatric disorders and
monoaminergic, glutaminergic and GABA-ergic neurotransmission [1].

In affective disorders, morphological changes in neuronal circuits regulating brain
functions are affected by the disease process. These are changes, among others, in
density and size of neurons in the dorsolateral prefrontal cortex, orbitofrontal cortex
and anterior cingulate cortex — areas forming the neuronal circuits responsible for
higher cognitive functions and mental processes associated with limbic system. There
is a decrease in neuronal density and size of nerve cells in the association cortex, but
this type of lesions have not been reported in the sensory and motor cortex, which is
consistent with neuroimaging and neurofunctional findings [1]. Some of the morp-
hological abnormalities are similar to those observed in patients with schizophrenia,
such as a decrease in the density of oligodendroglia in layer VI in Brodmann area
9 described in schizophrenia, depression and bipolar disorder [2].

The etiology of histopathological changes of the brain in patients with affective
disorders is not well known. The role of genetic and neurodevelopmental factors,
individual course of the disorder and exposure to psychotropic medication in the
development of neuronal and glial tissue changes is suspected [1].

Macroscopic changes in unipolar depression

In patients with unipolar depression there is no change in the total brain volume,
however, there is a decrease in the volume of the hippocampus, prefrontal cortex,
orbitofrontal cortex, anterior cingulate cortex (and its ventrocranial part — subgenual
cingulate cortex) [3], as well as in subcortical structures — the caudate nucleus, globus
pallidus, putamen, and the left nucleus accumbens [4], suggesting the presence of
atrophy or cellular loss in these structures [1]. There is also a reduction in the propor-
tion of gray matter to white matter in the prefrontal cortex [3].

Magnetic resonance imaging studies have shown a reduction in the volume of the hip-
pocampus in patients suffering from depressive episode and also in those with a history of
depression in the past [1]. Hippocampal atrophy refers specifically to elderly patients with
high number of relapses and resistance to treatment. A meta-analysis based on the MRI
studies of 351 depressive patients and 279 healthy ones showed a reduction in hippocampal
volume by 8% on the left and 10% on the right side, on average. The authors of the meta-
-analysis suggest that those lesions may result from apoptosis of the hippocampal cells
or from neurogenesis inhibition, which are mediated by glucocorticoid neurotoxicity [5].

Children with depression have been shown to present a decrease in frontal lobe
volume inversely related to the age and an increase in the ventricular volume [6].
The thickness of the the posterior cingulate cortex correlates with the severity of de-
pression according to the Hamilton score and gradually decreases with age [7].
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Results of functional neuroimaging studies indicate the relationship between the
treatment used and the severity of the symptoms with the severity of morphological
lesions. In vivo resting fMRI studies show a decrease in communication between
the prefrontal cortex, superior temporal gyrus and the insular cortex, as well as an
increase in the number of connections between the amygdala and the prefrontal cortex.
Adolescents with depressive and anxiety disorders presented excessive activity in the
amygdala and ventral prefrontal cortex [3], and an increased ratio of amygdala volume
to hippocampal volume, which correlated with the severity of anxiety symptoms in
the course of depression [8].

Macroscopic changes in bipolar disorder

Volumetric studies show that the total volume of the brain and intracranial
spaces in bipolar disorder is not significantly different from that of healthy indi-
viduals, and the volume of most brain structures is preserved [9]. However, there
were some abnormalities observed like a slight decrease in total brain volume,
most prominent in the frontal area [10], widening of the right ventricular system
[4], enlargement of the lateral ventricles [11], enlargement of the temporal horn
and the absence of normal frontal asymmetry, as well as the hyperintense foci in
the deep white matter [12].

Patients with bipolar disorder exhibit changes in the volume of the frontal and
prefrontal cortex, striatum and the limbic structures (amygdala, hippocampus) [13].
There is an increase in the volume of the anterior cingulate cortex, insular cortex,
globus pallidus (associated with the treatment of mood stabilizers), basal ganglia
and the amygdala [10, 14], as well as the volume of the left nucleus accumbens [4].
The volume of the anterior cingulate cortex and the hippocampus is higher in patients
treated with lithium than in untreated patients, which can be explained by neurotrophic
and proneuroplastic properties of mood stabilizers [14].

The results of a recent large-scale MRI study in patients with bipolar disorder reve-
aled thinning of the frontal, temporal and parietal cortex of both cerebral hemispheres,
particularly in the left opercular part, left fusiform gyrus and left rostral medial frontal
cortex. Severity of those changes were correlated with duration of illness. The decrease
in the cortical surface correlated with past history of psychotic episodes [15].

Microscopic changes in unipolar depression

In patients with depression, mainly older, with recurrent and drug-resistant course
of the disorder, there is a decrease in the volume of hippocampus [1, 10]. In the CA1
and CA4 fields and in the dentate gyrus, an increase in the amount of fragmented DNA
was observed, indicating an increase in the intensity of apoptosis and necrosis. In the
CA fields and the dentate gyrus (especially in the granular layer), cellular density
was increased and a decrease in Nissl-stained neuronal cell size was observed [16].
Neurobiological mechanisms of stress response and the antidepressant treatment may
influence neuronal plasticity in the hippocampal region [1].



800 Karolina Wilczynska et al.

In the dorsolateral prefrontal cortex, orbitofrontal cortex and the anterior cingu-
late cortex there is a decrease in the density and size of Nissl-stained neurons [1, 17],
which is selectively present in particular cortical layers rather than in its entire cross
section. It may result from disturbed dendritic morphology or abnormal synaptic
connections [1].

In layers II to VI of the dorsolateral prefrontal cortex and the rostral orbitofron-
tal cortex, the decrease in neuronal density of large cell bodies for smaller neurons
has been observed, suggesting that the decrease in the volume of brain structures in
depressive disorders is associated with neuronal size changes rather than loss of total
neuron count [1].

In layer II and upper part of layer III of the dorsolateral prefrontal cortex, there was
a decrease in the density of non-pyramidal neurons detected using calbindin, an anti-
body against the calcium-binding protein coexisting with gamma-aminobutyric acid,
which may suggest that depression is associated with reduced GABA concentration
in the cerebral cortex [1].

The results of tension diffusion imaging indirectly indicate the presence of micro-
scopic lesions. In adolescents with depression an impaired integrity of the white matter
fibers have been shown — there was a reduction of fractional anisotropy in neuronal
pathways emerging from the subgenual anterior cingulate cortex associated with the
fronto-limbic pathways, as opposed to the increase in the white matter at the expense
of the gray matter observed in healthy adolescents. It has not been clearly established
whether the described changes contribute to the etiopathogenesis of depressive disor-
ders, or rather result from them [3].

Exposure to stress causes dendritic remodeling: diminished density of the dendritic
spines in the prefrontal cortex and in the hippocampus, an increase in the number of
spines in the amygdala and the nucleus accumbens [18, 19], and it affects neuronal
survival and synaptic plasticity, which are mediated by the brain-derived neurotrophic
factor (BDNF) [20]. It has been shown that treatment with antidepressants and nonphar-
macological methods (electroconvulsive therapy, deep brain stimulation, transcranial
magnetic stimulation) accelerate neuronal maturation, dendritic growth and maturation
of dendritic spines and improve survival of newly formed neurons [21].

In depressed patients, there is a decrease in the density and number of glial cells
in the dorsolateral prefrontal cortex, orbitofrontal cortex, anterior cingulate cortex and
the amygdala [1, 10, 22]. Changes of this type show specificity in relation to cortex
layers: they are found in the layer VI of the supragenual anterior cingulate cortex, layers
IIT and V of the dorsolateral prefrontal cortex, and layers I1I-VI of the caudal part of
the orbitofrontal cortex [17]. In turn, in the CA fields and the stratum granulosum of
the dentate gyrus of the hippocampus there is an increase in glial cells density, which
may be secondary to reduced volume of surrounding neuropil, consisting of glial
cells filaments, branches of dendrites and proximal axons. The observed glial tissue
pathologies may be related to the abnormalities in monoaminergic and glutamatergic
neurotransmission [1].
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Microscopic changes in bipolar disorder

In bipolar affective disorder there are changes in neuronal density: decrease in
pyramid (excitatory, glutamatergic) neuronal density in layers III and V, and decrease
in non-pyramidal (inhibitory, GABA-ergic) neuronal density in the layer II of the
dorsolateral prefrontal cortex and the anterior cingulate cortex [1]. A decrease in the
density and size of non-pyramidal nerve cells in the hippocampal CA2 region [23]
and neuronal disorganization in the layers II and III of the entorhinal cortex was also
described [1]. Some researchers also described the reduction in neuronal cell size,
similar to that observed in unipolar depression [1]. It is believed that the reduction
in neuronal cell size in affective disorders and schizophrenia is due to dysfunction of
glial cells supporting neurons [17].

As in patients with unipolar depression, there is a decrease in the number and
density of glial cells in the dorsolateral prefrontal cortex, orbitofrontal cortex, and the
anterior cingulate cortex. In the dorsolateral prefrontal cortex, increased density and size
of glial cell nuclei was observed, and their shape was changed to less regular [ 1]. There
are reactive, regressive and progressive changes of oligodendroglia and a decrease in
its total amount in the prefrontal cortex, however, as opposed to schizophrenia, such
changes do not occur in the caudate nucleus. In turn, in Brodmann area 46 there is an
increased density of microglia [22]. This type of lesions has already been reported in
young patients at an early stage of disorder. In the white matter among adolescents in
their first manic episode, a decrease in both neuronal and glial tissue density and the
hypertrophy of glial cells in the white matter were described [24].

The location of some structural changes in the glia is layer-specific. In the dor-
solateral prefrontal cortex (Brodmann area 9), there was a decrease in the density of
glial cells in both cerebral hemispheres, most prominent in layer V with accompanying
neuronal size reduction, especially in layers V and VI [17] and in the calls of layer VI
of Brodmann area 10 a reduction in the surface area of the nuclei and the amount of
the oligodendroglial euchromatin was reported [22]. The glial pathologies the most
likely result from an increased metabolic burden of the cells [1].

In contrast to schizophrenia, in bipolar disorder the changes in dendritic arborisation
and abnormal synaptic densities have not been reported [12], but abnormal neuronal
cytoskeleton organization does occur [25].

Histochemical investigations in unipolar depression

Proteomic studies of the frontal cortex and the anterior cingulate cortex show cy-
toskeletal organization abnormalities in depressed patients associated with changes in
expression of glial fibrillary acidic protein (GFAP), tubulin isoforms and MAP protein
[25]. In hippocampal CA1 and CA2 fields the immunoreactivity of astrocytes with
GFAP and neuronospecific phosphoprotein B50 is decreased [1].

In teenage suicide victims there was an observed increase in mRNA expression
and expression of TNF-alpha and IL-6 and IL1-beta protein in Brodmann area 10,
which may suggest, that proinflammatory cytokines take part in the pathogenesis of
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psychiatric disorders [26]. The concentration of isoforms of tumor necrosis factor:
soluble (sTNFa) and transmembrane (tmTNFa) was also investigated. There was
a 458% increase in tmTNFa in the dorsolateral prefrontal cortex (Brodmann area 46)
responsible for mood regulation. No similar correlation was found for soluble isoform
and no changes in TNFa isoform concentrations were observed in Brodmann area 24,
responsible for cognitive functioning. Due to the absence of increased concentrations
of other proinflammatory cytokines and their receptors and no increase in levels of
neuronal integrity markers (synaptophysin, PSD95) in the investigated cortical areas,
the authors suppose that the increased level of tmTNFa in DLPFC results from causes
other than inflammatory ones [27].

Immunohistochemical studies of patients treated with antidepressants (regardless
of diagnosis) showed an increase in BDNF expression, a stress response mediator
regulating synaptic plasticity and neuritic growth, in the dentate gyrus and the hilus
of the hippocampus [20], as well as mRNA and BDNF protein reduction in suicide
victims with depression and other psychiatric diagnoses [1]. A decrease in expression
of CREB, a transcription factor regulating, among others, BDNF mRNA transcription,
in adolescents who died because of suicide was also found [3].

The connection between affective disorders and monoaminergic neurotransmission
makes researchers analyze the density and affinity of receptors and their transporters
in the brain regions crucial for the development of these disorders. In the postmortem
studies serotonin transporter expression in the dorsolateral prefrontal cortex, ventral
orbitofrontal cortex and the brain stem was decreased in suicide victims diagnosed
with depression [28]. In the layer VI of the prefrontal cortex, the serotonin transporter
deficiency is also reported [29]. Subtle structural changes in the brain stem monoami-
nergic nuclei, the main source of serotoninergic (dorsal raphe nucleus) and noradre-
nergic (locus ceruleus) projections into the cortex, as well as the increased number and
density of tryptophan hydroxylase immunoreactive neurons in the dorsal raphe nucleus
were reported in suicide victims with depression. Data on changes in the number of
pigmented neurons in the rostral locus ceruleus are inconsistent, but CRH immuno-
reactivity is increased in the locus ceruleus and dorsal and medial raphe nucleus [28].

Stereological studies of specific types of hypothalamic neurons have demonstrated
an increase in arginine vasopressin (AVP), oxytocin and corticotropin-releasing neu-
rons in the paraventricular nucleus, and an increase in CRH mRNA and CRH-neurons
coexisting with AVP neurons. These data are consistent with reports on hypothalamic-
-pituitary axis activation in some patients with depression [28].

Histochemical investigations in bipolar disorder

In patients with bipolar affective disorder reelin immunoreactivity was decreased
in the hilus of the hippocampus, and the concentrations of the synaptic proteins were
decreased in the CA4 field [1]. There was also an increase in the concentration of
transmembrane TNFa isoform in Brodmann area 24 and 46 in patients with bipolar
disorder, as opposed to those with depression who, as described above, have increased
tmTNFa concentrations in area 46 but not in area 24 [27].
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As in depression, in bipolar disorder the number of arginine vasopressin (AVP),
oxytocin and corticotropin-releasing neurons in the paraventricular nucleus was
increased [28]. The number and density of GABA-ergic neurons identified by parval-
bumin [30] in the entorhinal cortex is reduced, and reactivity of calbindin, a marker
of non-pyramidal neurons, in layer II of the anterior cingulate cortex and the dorso-
lateral prefrontal cortex is decreased [1]. Moreover, the elevated levels of glutamate
and glutamine were found in the brains of patients evaluated by magnetic resonance
spectroscopy imaging [10].

Conclusions

Postmortem studies of morphology, histochemistry and immunoreactivity of the
brain tissue may provide an opportunity for a better understanding of the neurobiology
of affective disorders by verifying existing hypotheses. The obtained results may also
facilitate the creation of new drug targets and, in longer perspective, more effective
treatment of patients with mood disorders.
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