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9The Basal Ganglia
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9.1  The Basal Ganglia

The basal ganglia refer to a variety of subcortical neuronal structures with roles 
such as motor learning, executive functions and behaviour and emotions. Basal gan-
glia refers to nuclei embedded deep in the brain hemispheres such as the striatum or 
caudate-putamen and globus pallidus (GP), although typically includes structures 
located in the diencephalon such as the subthalamic nucleus (STN) and mesen-
cephalon such as the substantia nigra (SN). It was clinical observed that during the 
twentieth century which showed that lesions of the lenticular nucleus, the grouping 
of the putamen and globus pallidus (GP), and the subthalamic nucleus (STN) was 
associated with Parkinsonism, dystonia and hemiballismus [1, 2].

The basal ganglia can be roughly categorised into input nuclei, output nuclei and 
intrinsic nuclei. Input nuclei are those structures receiving incoming information 
from different sources such as the cortex, nigra of thalamus. The caudate, putamen 
and the nucleus accumbens (NAcc) are input nuclei. The output nuclei are those 
structures that project from the basal ganglia to the thalamus and consist of the 
internal part of the globus pallidus (GPi) and the substantia nigra pars reticulata 
(SNr). The intrinsic nuclei such as the external segment of the globus pallidus 
(GPe), the STN and the substantia nigra pars compacta (SNc) are located between 
the input and output nuclei in the information pathway. Cortical and thalamic effer-
ent information enters the striatum where it is processed within the basal ganglia 
system, output nuclei (GPi and SNr) project mainly to the thalamic VNG, them-
selves relaying projections to the frontal cortex [3].
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9.2  Caudate

The caudate is a dense subcortical nucleus composed of spiny neurons and forms 
the striatum along with the putamen. The caudate forms the medial part of the stria-
tum with the putamen forming the more lateral area. They are often considered a 
single functional unit separated by the striatal white matter tract known as the inter-
nal capsule (IC) (Fig. 9.1). It has much in common with the putamen, receiving 
dopaminergic inputs from the nigrostriatal pathway, specifically originating from 
the midbrain reticular formation (A8 dopamine cells) and the SNc (A9 dopamine 
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Fig. 9.1 Coronal view of the striatum. The striatum is composed of the caudate and putamen on 
either side of the internal capsule (IC), the primary white matter structure of the basal ganglia. 
Lower images show schematics of the striatum at its anterior end (lower left) and more posteriorly 
(lower right). Dotted red line represents the midline of the brain. IC internal capsule, GPi globus 
pallidus internal part, GPe globus pallidus external part

M. Williams



143

cells) [4, 5]. The caudate also receives projections from the dlPFC and the premotor 
cortex and in turn sends projections to the GP as well as reciprocal projections to the 
SN. There are also complex and reciprocal connections between several thalamic 
nuclei and the caudate, (reviewed in [6, 7]). The functional connections clearly 
show why the caudate is thought to play an important role in cognition and move-
ment, whilst damage to this structure has been observed to result in schizophrenia- 
like behavioural change, suggesting a possible role for the caudate in this illness [8, 
9]. Functionally the caudate is part of the cortico-basal ganglia-thalamic loop, sug-
gested to be the key network regulating motivation, planning and cognition for the 
development and expression of goal-directed behaviours [6, 10].

The primary focus of investigation of the basal ganglia in schizophrenia has to do 
with the DA system and the various sites of antipsychotic drug action in the stria-
tum. The DA-projection from the SN to the striatum is known as the nigrostriatal 
pathway and is the most well-characterised long DA-pathway in the brain. The 
nigrostriatal pathway is formed from axons projecting from the large DA-producing 
neurons in the SN, identified above as A8 and A9 cells, and rises dorsally to termi-
nate in the superior part of the striatum across areas of the caudate and putamen. 
Imaging and neuropathological investigation of striatal DA have found that elevated 
DA-synthesis capacity is seen in the origin of DA neurons in the SN as well as their 
striatal terminals in schizophrenia, linked to severity of psychosis in patients. The 
increased nigrostriatal DA is likely to be a result of excess production in DA-positive 
nigral oval cells [11–13].

The caudate is reported to show a decrease in total volume in schizophrenia, 
contrary to the effect described in the adjacent putamen, although some authors 
have suggested this is the result of medication rather than the fundamental biology 
of the illness [14, 15]. However, imaging studies have shown that the decrease of 
caudate volume is also found in antipsychotic-naïve first-episode patients [16], and 
ultrastructural examination of the spiny neurons of the striatum show changes in 
spine shape and axon density in the caudate. Spine pruning, the process of losing 
neuronal spines, has been shown to be correlated strongly with long-term antipsy-
chotic medication use. This has specifically been implicated in models of circuit 
control of striatal DA, and progressive spine pruning strongly effecting elevated 
frontal cortical excitation of pyramidal neurons as a result of striatal hyperdopami-
nergia [17, 18]. But these findings are not totally consistent, with conflicting results 
suggesting increased caudate volume in first-episode schizophrenia, with volume 
increase proportional to greater amounts of antipsychotic medication and younger 
age at the time of the first scan [19, 20], possibly arguing against drug treatments 
being the cause of caudate changes [21, 22].

Volumetric MRI studies show decreases of 8–9% in caudate volume in the off-
spring of patients with schizophrenia [23], although other investigations have not 
reported similar changes in first-degree relatives [24]. If these alterations are borne 
out by further research we must accept that not all of these offspring would develop 
schizophrenia. Therfore any neuroanatomical alterations are more likely to reflect a 
measure of susceptibility, the causation of which could be due to excessive synaptic 
pruning or some problem in normal development [25]. Meta-analysis of the caudate 
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in schizophrenia has tended to show a volumetric change, suggesting decreasing 
caudate size more common [26]. Caudate volume is often reported to be reduced in 
first-episode schizophrenia, with progressive decreases reported over time in a 
dose-dependent manner with medication [16, 27, 28]. This is consistent with meta- 
analyses suggesting increased loss of basal ganglia grey matter over time in chronic 
schizophrenia compared to the first episode, and the complexity of reported findings 
specifically in the caudate over time shows this requires more detailed investiga-
tion [29].

Stereological studies have, somewhat typically, produced conflicting findings. 
Initial findings suggested that the caudate has higher neuron counts in schizophrenia 
[30], but more recent studies have concluded that the caudate has shown similar 
neuropathological changes to the putamen, with a decreased total number of neu-
rons in schizophrenia [31]. The possible causes of such directly conflicting results 
may well be down to the stereological methods, a controversial subject that has been 
discussed elsewhere [32, 33]. Ultrastructural morphometric study of myelinated 
fibres in the caudate in schizophrenia demonstrated atrophy of axon due to the alter-
ation of myelin sheath [34], possibly indicating disruption of signal transmission in 
the caudate-related networks described previously. Treatment-responsive schizo-
phrenia subjects had about a 40% decrease in the number of mitochondria per syn-
apse in the caudate nucleus and putamen, whilst treatment-resistant cases had 
normal values. A decrease in mitochondrial density in the neuropil distinguishes 
paranoid from undifferentiated schizophrenia.

Mitochondrial hyperplasia occurs within axon terminals that synapse onto dopa-
mine neurons, but mitochondria in dopamine neuronal somata are similar in size 
and number. In schizophrenia, mitochondria are differentially affected depending 
on the brain region, cell type, subcellular location, treatment status, treatment 
response and symptoms [35].

Whilst a reported change in caudate volume in first-episode schizophrenia and 
the offspring of schizophrenia patients suggests a more fundamental biological 
alteration of the caudate in this illness, the interaction of antipsychotic drug treat-
ments and cortical volume suggests a more complex situation. Changes in ultra-
structural factors show that caudate size is only a small part of the issue, with 
changes in spine density and myelination likely having significant effects on neu-
ron–neuron communication and hence network function. Further work is required 
to elucidate the role the caudate plays in schizophrenia and other disorders, particu-
larly in functional network roles and changes in specific cell types in this structure. 
We are only at the start of detailed examination of the caudate in schizophrenia, 
with likely relationships to genetics, development, age of onset and drug treatments.

9.3  Putamen

The putamen is one of the basal ganglia nuclei and part of the striatum. It is a large 
structure clearly visible in coronal section through the striatum (see Fig.  9.1). 
Historically, it has been associated with motor function as Parkinson’s-induced 
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putamen lesions can cause involuntary muscle tremors or movements, and putamen 
atrophy in Huntingdon’s can result in jerky and unpredictable movements. In recent 
years, increased research into this region has suggested a far broader range of func-
tions for the putamen, including a critical role in schizophrenia and psychosis.

The putamen, along with the adjacent caudate, is composed predominantly of 
medium spiny neurons. There is a complex mixture of cell types by chemistry with 
GABA-ergic cells making up around 95% of striatal neurons, with adenosinergic, 
dopaminergic, glutamatergic and substance-P containing neurons all present in 
smaller numbers within the putamen and striatum as a whole. These spiny neurons 
are densely packed and have many connections with each other, making pathways 
within the putamen extremely difficult to elucidate.

By far the largest input to the striatum is from the cortex, with all regions of the 
cortex represented, known as the corticostriatal pathway. The corticostriatal path-
way does not equally split between the caudate and putamen, reflecting functional 
differences between these nuclei. The putamen receives input from the somatic sen-
sory cortex in the parietal lobe, the extrastriate visual cortex and the auditory asso-
ciation region of the temporal lobes. The caudate nucleus mainly receives cortical 
projections from multiple association cortices. Frontal lobe input to the striatum is 
functionally from motor systems for both nuclei. Within these inputs, there is struc-
tural organisation, as visual and somatic sensory cortical projections are topograph-
ically mapped within different regions of the putamen.

The main output structure for medium spiny neuron axons is the thalamus, 
although major pathways also project from the striatum to the GP and NAcc, as well 
as reciprocal projections back to the DA regions of the VTA and SN [36, 37]. There 
is also functional separation within the striatum, with dorsal medium spiny neurons 
mainly involved in motor regulation, controlling limb, body and eye movement, 
whilst in contrast ventral medium spiny neurons are linked to behaviour, regulating 
reinforcement, aversion, reward and motivation systems [10, 38].

When examining basal ganglia involvement in schizophrenia, the key findings 
are to do with the DA-system and the site of antipsychotic drug action. 
Immunohistochemical studies show the presence of intrinsic DA neurons which are 
not normally abundant in the striatum. The density of these neurons increases after 
lesioning of the nigrostriatal pathway, suggesting that they might serve as a com-
pensatory mechanism for the lack of striatal DA [39]. They display a very particular 
pattern of striatal distribution being especially abundant in the anterior-dorsal part 
of the striatum. In the human brain, the highest concentration of DA receptors is in 
the basal ganglia, with D1 and D2 receptors showing the greatest density in the stria-
tum [40–42]. Whilst D1 receptors are found in high concentrations in the corpus of 
the caudate, the medial putamen and the NAcc, the highest are found in the lateral 
putamen [40, 42, 43]. The D2 receptor has a similar distribution with high concen-
trations observed in the corpus of the caudate, the lateral and medial putamen and 
the NAcc [45–47]. Despite the co-localisation of the D1 and D2 receptors in the 
striatum being somewhat similar to the location of the dopamine receptors on stria-
tal cells, the projections are quite different [48]. D1 receptors are found exclusively 
post-synaptically on GABA-ergic striatonigral cells, which predominantly project 
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ventrally to the SN [49]. In contrast, D2 receptors have a predominantly presynaptic 
location and are found on GAB-ergic striatopallidal cells, the projections of which 
head out of the striatum into the GP, another of the basal ganglia structures [49, 50].

Changes in the shape and size of the putamen in schizophrenia have been attrib-
uted to the consequences of antipsychotic and neuroleptic treatments, supported by 
animal studies and human MRI scans [15, 51, 52]. However, ultra-structural exami-
nation of the spiny neurons of the striatum shows changes in spine shape and axon 
density in the adjacent caudate, not the putamen, arguing against drug treatments as 
a cause [21, 22], and larger putamen sizes have been reported to be increased in 
schizotypal disorder without anti-psychotic treatment [53]. A case where a 38-year-
old man with no relevant family history experienced a lacunar infarct of the puta-
men region in the left basal ganglia and developed persecutory delusions and 
delusional memory, worsening over time until referral to a psychiatric unit suggests 
a functional link to psychosis [54].

Such is the relationship between putamen size and cognitive and mood function 
that some studies have suggested a correlation between them. Patients with good 
outcome schizophrenia have larger relative mean putamen, but not caudate, size 
than poor outcome patients or controls. A lateralised effect was observed too with 
this enlargement more prominent for the dorsal putamen and right hemisphere. 
Striatal size was not related to whether patients were currently being treated with 
atypical or typical neuroleptics or whether they had been predominantly treated 
with typical or atypical neuroleptics over the past 3 years. This suggests the pos-
sibility that the expansion of putamen size may be a physiological correlate of 
neuroleptic responsiveness or that small putamen size at disease onset may be a 
predictor of outcome [14]. Stereological examination of the putamen in schizo-
phrenia confirmed the imaging finding of decreased volume and showed a decrease 
on total neuron number [31]. Repeated amphetamine treatment, known to stimu-
late striatal DA, has been shown to increase dendritic spine density on putamen 
medium spiny neurons [55], suggesting that the number of cells and overall size 
are not the only factors in the interaction between schizophrenia, drug treatment 
and patient outcome. The putamen specifically and striatal structure in general 
have not been well researched in mental illness, and changes to this system are not 
well understood but is clearly of critical importance in the symptomatology of 
schizophrenia.

The evidence suggests that the DA activity from the nigrostriatal pathway pro-
vides direct or indirect trophic and functional support to the putamen. Whether this 
is done by known mechanisms, such as growth factors or direct stimulation of neu-
rons by connecting synapses, or by some other mechanism is not clear.

9.4  Internal Capsule

To anyone familiar with the basal ganglia during dissection, the distinct structure of 
the IC substantial as a large white matter tract running through from the superior to 
the inferior surfaces of the striatum is well known (shown in coronal section in 
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Figs. 9.1 and 9.2) Whilst it may be typical to focus on the subcortical grey matter in 
the nearby basal ganglia and thalamus, the internal capsule is a complicated struc-
ture in its own right, made up of multiple substantial white matter tracts with roles 
in several key pathways.

The IC is the large white matter structure lying between the caudate and putamen 
in the anterior basal ganglia and between the caudate head, putamen and thalamus 
more caudally. It has a key role in whole brain function with almost all neural con-
nections to and from the cerebral cortex running through it, as well as being the 
primary route of thalamic fibre tracts. As shown in Fig. 9.2, there are smaller fibre 
tracts within the IC. The corticobulbar tracts relays signals from the motor cortex to 
the motor nuclei of the cranial nerves and other brainstem targets, whilst the corti-
copontine tract has descending fibres from the cerebral cortex through internal cap-
sule, through the cerebral peduncle to the pontine nuclei. Also, there are descending 
fibre tracts known as the corticospinal fibres which run from the cerebral cortex 
through the IC to the spinal neurons and interneurons. The superior thalamic radia-
tion has multiple fibres rising from the body and leaving the medial surface of the 
posterior limb of the internal capsule towards the thalamus, before being redirected 
to the parietal lobe for processing of general sensation information. Other fibres 
projects from the cerebral cortex to basal ganglia structures, such as the putamen 
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and caudate, as well as disparate subcortical structures. These fibres fan out above 
the IC to connect to the whole cerebral cortex in a fan-like structure called the 
corona radiata, where they merge and entwine with cerebral–cerebral connections 
in the centrum semiovale of each hemisphere.

Anatomically, the IC is a continuous sheet which forms the medial boundary of 
the lenticular nucleus and continues round to partially enclose the lenticular nucleus 
caudally and inferiorly. The inferior region is where the fibres descending to the 
cerebral peduncle are funnelled, whereas the superior surface is the direction of 
fibres destined to move into the corona radiata.

The IC in schizophrenia has been examined using imaging methods by several 
studies. Multiple studies have consistently shown that compared with controls, 
patients with schizophrenia displayed significantly lower fractional anisotropy (FA) 
in the left IC as measured by diffusion tensor imaging [56]. Whilst this finding has 
been repeatedly demonstrated, further details have shown the typical confusion that 
schizophrenia research is known for. Some of these studies have suggested that the 
decreased FA is present in the posterior limb [57–60], whilst others on the anterior 
limb [61]. Whilst most studies have shown a lateralised FA change, they often dis-
agree on whether it is in the left or right hemisphere [57, 59, 60, 62]. More recent, 
and perhaps more sensitive, examination has shown FA decrease in schizophrenia in 
the cerebral peduncle [59] and the corona radiata [60], suggesting this may be a 
functional change in axon alignment and function rather than specifically and struc-
tural one. Interestingly, FA changes in the IC have been reported to be linked to 
cognitive performance in the disorder. Anterior limb FA correlated positively with 
performance on measures of spatial and verbal declarative/episodic memory in 
schizophrenia [61], and reductions in IC anisotropy have been linked with poor 
outcomes in schizophrenia, with right hemispheric changes more significantly asso-
ciated with positive symptomatology [63, 64]. As IC FA changes have been reported 
in first-episode schizophrenia cases, it may be that FA in this structure predate the 
onset of illness, suggesting a possible method of diagnosis prior to first episode [58].

Structural MRI studies have suggested significant volume reduction in the bilat-
eral anterior limbs of the IC [65], although more recent examination has shown a 
significant increase in volume in the anterior limbs [66]. However, multiple reports 
have shown white matter density is decreased in IC independent of volume [67–69]. 
Similar to the implications of decreased FA, volumetric IC changes have been asso-
ciated with symptomatology. Patients with poor-outcome had significantly smaller 
dorsal areas than healthy comparison subjects, but good-outcome patients did not 
differ from healthy comparison subjects. Larger relative volumes of the caudate, 
putamen, and thalamus are reported to be associated with larger volumes of the 
internal capsule in healthy comparison subjects and good-outcome patients, consis-
tent with frontal-striatal-thalamic pathways. Larger ventricles were associated with 
smaller internal capsules, particularly in healthy comparison subjects. These find-
ings are consistent with the FA data, suggesting disruption of IC fibres in poor-
outcome schizophrenia patients [70].

Myelin-related genes have been examined in the IC in schizophrenia due to the 
ICs role in the cortico-striato-thalamic circuits [71]. The results are complex, but the 
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authors show decreased CNP, GALC, MOG and MAG mRNA expression in schizo-
phrenia, as well as increased ALDH1L1 and GFAP mRNA in schizophrenia [72], 
suggesting a possible change in astrocyte function as well as the myelin-related 
roles. Whilst only a single study, this suggests possible routes for further molecular 
and neuropathological roles of glia in IC white matter disruption.

Overall, there is considerable evidence for significant disruption of white matter 
tracts within the IC, although narrowing down the precise causes and effects has 
proved elusive. As Holleran et al. state, ‘These deficits can be driven by a number 
of factors that are indistinguishable using in vivo diffusion-weighted imaging, but 
may be related to reduced axonal number or packing density, abnormal glial cell 
arrangement or function, and reduced myelin’ [57]. To establish the extent of inter-
nal disruption in schizophrenia, and possible causes of the findings described above, 
we require experiments to examine the axonal arrangement and glial cell biology of 
this structure, and the genetic and molecular factors that may underlie the local 
regulation of white matter to elucidate the causes of the observed changes.

9.5  Globus Pallidus

The GP is a ventromedial structure of the basal ganglia. It is flanked laterally by the 
striatum and inferior to the thalamus. Whilst the GP is structurally a consistent 
nucleus, functionally it can be split into two sections, the more medial internal part 
(GPi) and the lateral external part (GPe).

In contrast to the medium-spiny neurons of the striatum the GP is predominantly 
made up of larger parvalbumin-positive disc-shaped aspiny GABA-ergic neurons 
with large number of dendrites and pathologically appears far denser than adjacent 
basal ganglia structures. The GPe, structurally lying immediately medial to the stri-
atum, predominantly receives inputs directly from the striatum by means of a pro-
nounced GABA-ergic pathway, making up the majority of synaptic nuclei within 
this structure. The primary output of the GPe is composed of GABA-ergic projec-
tions to the STN, located inferior of the GPi. In turn the STN has a substantial glu-
tamatergic projection to the GPi tracing an indirect pathway from the striatum 
via GPe.

The GPi is found more medial than the GPe but still receives a similar direct 
GABA-ergic inhibitory cluster of projections directly from the striatum. The GPi 
has two major outputs, the first to the thalamus via two pathways. The lenticular 
fasciculus is one output pathway which projects via the IC whilst the ansa lenticu-
laris projects ventrally around the IC. These meet at the thalamic fasciculus and 
terminate in the ventral anterior and ventrolateral parts of the thalamus, which in 
turn project excitatory glutamatergic pathways to the premotor and frontal cerebral 
cortices, areas involved in cognition, planning and initiation of movement. This 
feedback pathway is involved in regulating the level of excitation in the premotor 
cortex and thus giving a mechanism for basal-thalamic-cortical regulation of move-
ment. The second major Gpi output is a cluster of glutamatergic outputs to the SNr, 
suggested to regulate nigral DA release, and thus provide a feedback loop for the 
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nigrostriatal tract. Various experimental manipulations, including microdialysis in 
rodent and PET in primate models, have shown a role of the GP and STN in regulat-
ing somatodendritic DA release in the SN under normal and experimental condi-
tions [73], and probabilistic computation has added to the anatomical argument that 
the GP is the critical regulatory step from striatal output to the thalamus [74]. This 
is summarised in Fig. 9.3.

The returning cortical input to the striatum activates inhibitory neurons to the GP, 
decreasing activity in the tonically active neurons in the GP which then decrease the 
inhibitory action on ventral anterior and ventrolateral parts of the thalamus. The 
conclusion of this pathway is therefore disinhibition of thalamic excitation of the 
cerebral cortex and thus greater activation of the cortex. In the case of the motor 
cortex activation of the direct pathway would increase the ease of initiation and ease 
of movement. The GP is also connected with structures involved in reward circuitry 
such as the NAcc, habenula and the VTA, although further research is required to 
identify the GP-specific role in these circuits [76, 77].

Structural MRI imaging studies have shown conflicting results, with studies 
often showing no overall change in size in the GP in schizophrenia but a change in 
shape, whilst others suggest that GP size is changed. One analysis of basal ganglia 
relative size and shape suggests that the GP was significantly larger overall, with 
another study showing increased GP size and altered shape in schizophrenia on the 
right side only, a lateral change which seems unique within the basal ganglia. 
Enlargement of basal ganglia structures has typically been found to be related to 
antipsychotic medication, although the study determining the lateralised effect 
found no such effect of medication taken at the time of study [15, 78–80].
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Fig. 9.3 Circuit diagram of the major connections of the GP. Blue—inhibitory pathways, red—
excitatory pathways. STN sub-thalamic nucleus, SNr substantia nigra pars reticulata, GABA 
gamma-amino-butyric acid, GLU glutamate [75]
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The size increase in GP in schizophrenia has been suggested to be related to the 
total psychotic symptoms. One study showing GP enlargement in schizophrenia 
with psychosis also showed GP shrinkage in schizophrenia cases without psychosis, 
with the GP smaller even than unaffected controls [80]. Dysfunctional interhemi-
spheric connections of the GP has been proposed as the primary site for cognitive 
disturbance in first-episode schizophrenia measuring negative symptoms and cogni-
tive impairment in functional MRI examination [81].

Despite the intriguing imaging results and the key role the GP plays in regulating 
striatonigral and striatothalamic circuits, direct neuropathological investigation of 
the GP is thin on the ground in schizophrenia. One landmark study has reported that 
the GPi decreased in volume by 20% whilst the GPe was not changed when system-
atically examined in sections through the structure using histological staining [82]. 
One early study suggested increased iron, termed ‘mineralisation’, of the GP in 
schizophrenia, although follow-up studies failed to replicate this effect [83–85]. As 
has previously been mentioned, animal studies using microdialysis have revealed 
that the striatopallidal pathway from both GP nuclei regulates SN and VTA dopami-
nergic cells. Although so far direct investigation of binding potential change of D2 
receptor in the pallidus using PET show inconclusive results in both schizophrenic 
patients and high-risk individuals [86, 87].

High-risk individuals have shown more interesting results in other studies. 
Teenagers at high risk of developing schizophrenia have left GP size increased by a 
small but significant average of 1% compared to non-high-risk controls, with a more 
pronounced increase with age. This suggests that the increased size may predate 
schizophrenia first-onset, and GP enlargement may not be down entirely to antipsy-
chotic action [88].

In a similar finding, voxel-based morphometry examination with structural MRI 
has shown increased grey matter in the GP in first-degree relatives of schizophrenia 
patients as well as those patients themselves [89]. GP deformation was also observed 
in unaffected relatives of schizophrenia patients, albeit to a lesser degree than those 
suffering with schizophrenia [80].

Although the role of the GP in modulating striatal output to the thalamus and mid-
brain has good supporting evidence, the GP’s role in other, less prominent circuits is 
not well understood. There have been few good quality studies to investigate the cog-
nitive- and movement-related role of this structure in both normal controls and schizo-
phrenia patients, and a woeful lack of direct examination at the cellular level using any 
type of pathological techniques. Additionally, the problems of interpreting the results 
we have obtained are compounded by the known effects of antipsychotic medication. 
This makes the GP a prime candidate for further examination in schizophrenia from 
both a basic neuroscientific stance and in future drug development.

9.6  Nucleus Accumbens

Historically, the NAcc has been of interest in neuropsychiatric disorders due to its 
proposed role in addiction, particularly with morphine, cocaine and amphetamine, 
thought to be due to drug-mediated release of DA from the VTA and SN. More 
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recently, nicotine addiction has been suggested to work through this pathway [90, 
91]. The NAcc is a basal ganglia nucleus, sometimes described as part of the ventral 
striatum although it is distinct from the two primary striatal nuclei, the caudate and 
putamen, and is a central part of the cortico-ganglia-thalamic loop [92]. The NAcc 
is directly continuous with the main dorsal part of the striatum, and often described 
as part of the striatal complex. However, it has some structural distinction compared 
to the putamen and caudate as it is split into a core and a shell [93]. The core is 
largely continuous with the rest of the striatum and is composed of similar spiny 
neurons which predominantly form the output neurons of the NAcc, although the 
shell has independent projections to the bed nucleus of stria terminalis and lateral 
hypothalamus [93, 94]. The NAcc also receives a distinct collection of DA neurones 
directly from the VTA, the DA nucleus that lies adjacent to the SN. This is known 
as the mesolimbic pathway and has been strongly implicated in addiction [95]. 
Whilst the main output structure for striatal medium spiny neuron axons is the thala-
mus, major pathways also project to the GP and the NAcc, as well as reciprocal 
projections back to the DA regions of the VTA and SN (Shepherd 2013). There is a 
reciprocal feedback loop of GABA projections from the NAcc to the ventral palli-
dum and VTA, and there are glutamatergic projections from the PFC, hippocampus 
and amygdala. The amygdala glutamatergic projection to the NAcc in particular has 
been suggested as key in modulating cue-triggered motivated behaviours [96], and 
the PFC regulates NAcc dopaminergic output by glutamatergic projection [97]. 
Hippocampal projections to the NAcc arise from the subiculum, the most inferior 
part of the hippocampal formation, lying between CA1 and the entorhinal cortex 
(discussed in Chap. 6). The ventral subiculum exerts a strong regulatory role on 
activity of DA projections from the VTA via glutamatergic mechanisms localised 
within the NAcc [98, 99]. The precise pattern of inputs to the NAcc is complicated, 
but the projections from the cortex, thalamus and amygdaloid are topographically 
organised (see Groenewegen et al. [100] for review), meaning that only in limited 
parts of the nucleus do interactions between these inputs occur.

The structure as a whole has evidence of change in schizophrenia, with a 42% 
decrease in NAcc volume and 50% decrease in neuron number reported [101, 102], 
but this is in contrast to other studies of the same regions showing no changes [103]. 
Post-mortem studies have mostly suggested that the NAcc shows no overall change 
in volume in schizophrenia, although one small scale (n = 9) stereological study did 
report an overall increase in NAcc size [31, 101, 104, 105]. Some imaging studies 
have suggested decreased volume [16, 106]. The right NAcc and caudate higher 
neuron numbers in schizophrenia [30], with another study showing no change in 
NAcc neuron number [31]. The possible causes of such strongly conflicting results 
may well be down to the stereological methods [33].

The very large ENIGMA project scanning over 2000 schizophrenic brains com-
pared to more than 2500 controls showed the NAcc was smaller in schizophrenia, as 
well as similar findings in smaller studies [16, 106]. This has not been consistently 
reported in large imaging studies, with striatal volumes, including the NAcc, show-
ing no change in schizophrenia [82].

M. Williams

https://doi.org/10.1007/978-3-030-68308-5_6


153

The NAcc has a potentially important role in the biology of schizophrenia as it is 
part of a complex processing loop of cortico-striato-nigral-thalamo-cortical circuits 
[107], which has been assumed to be a prime system for the elevated DA levels in 
schizophrenia, based on its functional properties and evidence of antipsychotic drug 
action [108–110]. DA turnover was not increased in schizophrenic patients but, as 
assessed by the spiroperidol-binding technique, there was a significant increase in 
post-synaptic receptor sensitivity. The change in the dopamine receptor occurred in 
NAcc, putamen and caudate nucleus [111–118]. Ultrastructural examination of the 
NAcc shows that appearance, size and density of mitochondria were normal in the 
nucleus accumbens [35], but that NAcc synapses show a 19% increase in the density 
of asymmetric axospinous synapses in the NAcc but not that in the shell in schizo-
phrenia. Similarly postsynaptic densities of asymmetric synapses had 22% smaller 
areas in the core NACC but again not in the shell, suggesting increased excitatory 
input to the NAcc core in schizophrenia [119]. The cortico-striato-nigral-thalamo-
cortical circuits have been suggested to be a prime system for the elevated DA levels 
in schizophrenia, based on its functional properties and evidence of antipsychotic 
drug action therein [108, 110]. The changes in DA receptors occurred in the NAcc, 
putamen and caudate nucleus [113, 114]. Initially, studies found no change in pos-
sible DA-receptor sensitivity in the NAcc, but one later neuropathological study has 
reported potential decreased DA-sensitivity change [116, 118].

Amphetamine administration yields an NAcc neurotensin response which can be 
blocked using a dopamine D1 antagonist, suggesting a physical as well as func-
tional variation in dopamine receptor subtypes throughout the NAcc. These differ-
ing regulatory pathways moderated by DA receptors clearly have significant 
implications for the role of antipsychotic medication in schizophrenia treatment. 
The NAcc has also been shown to be involved in stress-activated activation of the 
DA system and thus may be related to schizophrenia symptoms influenced by stress. 
Information transfer from ventral to dorsal striatum, essentially the mesolimbic 
pathway, relevant to antipsychotic medication depends on both striato- corticostriatal 
and striato-nigro-striatal sub-circuits. Although the functional integrity of the for-
mer appears to track improvement of positive symptoms of schizophrenia, the latter 
has received little experimental attention in relation to the illness. Compared with 
non-refractory patients, treatment-resistant individuals exhibited reduced connec-
tivity between ventral striatum and SN. Furthermore, disturbance to corticostriatal 
connectivity was more pervasive in treatment-resistant individuals [120]. Controlled 
treatment of antipsychotic medication in rats such as haloperidol shows significant 
intermediate-early gene mRNA in the striatum, particularly strongly in the NAcc. In 
contrast clozapine produces a similar Fos-response in the NAcc but not the rest of 
the striatum [108, 110]. As with the other basal ganglia, the role of the NAcc is 
poorly understood given its clear critical role in both the pathophysiology of schizo-
phrenia and in the role antipsychotic medication plays in the treatment of the disor-
der. Further examination is needed in this structure and the associated subcortical 
networks, to better target future treatments.
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9.7  Substantia Nigra

The substantia nigra (SN) is a paired midbrain structure that lies immediately ven-
tral to the cerebral peduncles at the level of the superior colliculus (Fig. 9.4) and has 
a critical regulatory role in the CNS. The dysfunction of this structure is implicated 
in the pathology of several serious illnesses. Substantia nigra translates from the 
Latin as ‘black substance’ as it is recognised by its characteristic black/brown- 
stained appearance, a result of the neuromelanin granules contained within the DA 
neurons as a by-product of DA metabolism (shown in Fig. 9.5). This is an easily 
observable phenomenon in Parkinson’s disease where decreased DA synthesis 
causes a loss of neuromelanin formation in these cells and thus the loss of the dark 
colouration normal to the SN. The SN is the predominant DA-producing structure 
of the brain, along with smaller DA-producing cell populations in the VTA, hypo-
thalamus and zona incerta.

Structurally the SN is often split into two distinct regions: the SN pars compacta 
(SNpc) and the SN pars reticulata (SNpr). The SNpc, the inner layer of the SN clos-
est to the cerebral aqueduct, is a densely packed structure containing the large 
DA-producing neurons, modulated by accompanying interneurons, and is the source 
of the DA projections to the striatum, GP and the SNpr. Input into the SNpc occurs 
via GABA-ergic and glutamatergic feedback mechanisms from striatal and GP 
regions [121–124], with the SNpc receiving almost all its regulatory input from the 
GP with a small input from the frontal lobe. By contrast, the SNpr is larger but far 
more diffuse and comprised of much smaller, GABA-neurons than the SNpc, and 
occupies the outer layer of the SN. These neurons receive the SNpc DA projections 
and send GABAergic projections to the ventral anterior and ventrolateral thalamus, 
the superior colliculus and to the pedunculopontine complex, a brainstem nucleus 
caudal to the SN. These subdivisions have a reciprocal set of internal connections 
making a functional loop from the SNpc to the striatum, back to the SNpr to regu-
late the SNpc. The causes of excess SNpc DA in psychosis or decreased SNpc DA 
in Parkinson’s disease are not well understood, but a key focus of interest is the 
SN-striatal loop. Internal connectivity also occurs via glutamatergic and GABA- 
modulated interneuron–dendritic interactions, modulating DA activity of the SN 
both within and between the SNpc and SNpr [121, 125, 126].

In schizophrenia the primary interest in the SN is due to it being the origin of the 
nigrostriatal pathway, the most prominent SN DA projection with axons from the 
SNpc DA neurons ascending into the striatum in a topographic manner, although 
with a distinct cluster that terminates in the dorsal putamen. This pathway is part of 
the basal ganglia loop, a functional system thought to have an important regulatory 
role in cognition. DA pathways from the SN and VTA are shown in Fig. 9.6.

DA influence on striatal medium spiny neurons is receptor-specific, with D1 
(excitatory) and D2 (inhibitory) receptors leading to excitatory and inhibitory stria-
tal responses, which permit discrimination of motor programs to suit the required 
task, the dominant function of the nigrostriatal pathway. Historically, psychosis has 
been treated using first-generation antipsychotics, which primarily bind to the D2 
receptors and have slow dissociation rates. D2 receptors are found in the striatum 
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where they modulate SN DA signal from the nigrostriatal pathway into the puta-
men. There is a strong correlation between therapeutic doses of antipsychotics and 
binding at the D2 receptors [123, 124, 127], and D2 antagonism can cause motor 
dysfunction such a pseudo-parkinsonism, which remained a problem with these 
early drug regimes. Second-generation antipsychotic drugs generally have lower 
rates of D2 occupancy, decreasing the motor symptoms but often have better thera-
peutic outcomes. This is thought to be due to their dual action on the serotonin 
system, primarily through 5-HT2A antagonism in addition to multiple reported sites 
of action other than dopamine D2 receptors, including dopamine (D1, D3, D4), 

SN SN

Fig. 9.4 Coronal cuts through midbrain at the level of the superior colliculus, cut indicated by red 
line on the upper image. Adjacent 10 μm slides stained with H&E (lower left) and cresyl-violet 
(lower right) histology both show the substantia nigra (SN) clearly by the presence of the large 
DA-producing neurons
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serotonin (5-HT1A, 5-HT2C, 5-HT6, 5-HT7), muscarinic cholinergic and histamine 
receptors [128, 129]. In direct comparisons, there has been no difference in the effi-
cacy of the first-generation antipsychotics and second-generation antipsychotics in 
acute therapy in schizophrenia at similar doses [130]. However, meta-analysis has 
shown some evidence that the second-generation antipsychotics may be better toler-
ated over time [131] and have a greater effect on negative symptoms than the first-
generation antipsychotics [132, 133], primarily modulated by the serotonergic 
effects of the second- generation antipsychotics. Comparison of the effects of these 

Fig. 9.5 Image of a large 
DA-producing SN neuron 
with light cresyl-violet 
staining. In addition to the 
clear nucleus and 
nucleolus, the 
neuromelanin can be 
clearly seen in the cytosol. 
Taken at ×400 
magnification

Striatum

To the limbic
system

To other
cortical
areas

To the OFC

VTA SN

Fig. 9.6 Representation of 
the layout of the 
mesolimbic and 
mesocortical (green) and 
nigrostriatal (blue) 
pathways. These DA 
pathways have been 
heavily implicated in 
behavioural regulation, 
particularly in regard to 
antipsychotic medication 
action and addiction. OFC 
orbitofrontal cortex, VTA 
ventral tegmentum area, 
SN substantia nigra
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drugs on cognition have not yielded clear findings, although some mild improve-
ment in cognitive symptoms with the second-generation antipsychotics have been 
reported [134–136]. As much of the basal ganglia DA system is involved with the 
motor system, the lack of effect of the first-generation antipsychotics on cognition 
may not seem surprising. But the causative pathway from elevated nigrostriatal DA 
to the cortical disruption leading to psychosis is not known, and clearly there are 
downstream effects from striatal DA-modulated changes critical in regulating corti-
cal function.

In recent years, the SN has become more interesting to those who study psy-
chotic disorders and schizophrenia as the DA hypothesis of schizophrenia has pro-
posed subcortical DA dysfunction, presynaptic-DA dysfunction, underlies many 
symptoms [11, 137]. This model is based upon DA dysfunction in the striatum 
[138], and schizophrenia is associated with elevated striatal DA level and synthesis 
[139, 140]. One of the most interesting findings of recent years is that increased 
striatal dopamine synthesis capacity is evident in individuals with prodromal schizo-
phrenia symptoms, suggesting that DA abnormalities predate the onset of first- 
episode psychosis [141]. By contrast, there is no similar elevation in non-psychotic 
depression [142] or in patients with persistent subclinical psychotic symptoms who 
have not developed a psychotic disorder, suggesting specificity to psychotic illness 
[12, 143, 144]. Whilst this focus has been on striatal DA, it should be reiterated that 
DA is synthesised in the SN and transported along the nigrostriatal pathway, mean-
ing that the SN is the structure behind the extensive striatal DA changes. Direct 
examination of SN DA neurons suggests that excess DA synthesis is the cause of 
elevated DA, rather than insufficient DA breakdown. DA is synthesised from tyro-
sine via a two-step process, tyrosine hydroxylase (TH) converts tyrosine into dihy-
droxyphenyl-L-alanine, the rate-limiting step of DA synthesis, which is converted 
by aromatic acid decarboxylase into DA [145]. DA is broken down by two path-
ways: by dopamine-β-hydroxylase (DBH) to noradrenaline and by catechol 
O-methyltransferase (COMT) to 3-methoxytyramine. DBH is a vesicle-bound 
enzyme which has not been investigated well in mental illness, although has a strong 
role in addiction, whereas COMT exists in both intra- and extracellular forms, with 
the extracellular form often found in astrocytes, and astrocyte density has been 
reported to be decreased in the SN in schizophrenia [13]. However, no direct evi-
dence has demonstrated that breakdown pathways have any role in SN DA function 
[146], in contrast to the PFC where COMT activity has been reported to have a role 
in working memory [147].

Post-mortem studies have found altered tyrosine hydroxylase mRNA levels, 
increased amount and variability of TH levels in the SN of schizophrenia patients 
[144, 148]. TH staining was significantly increased in nigral DA-neurons in schizo-
phrenia, and this was not due to medication effects. These cells did not have ele-
vated DA-mRNA, suggesting that this increases in regulated post-transcriptionally 
[12, 149], with these cells also having increased somal size, nuclear cross-sectional 
area and increased nucleolar volume compared with controls, in addition to 
decreased astrocyte density. Indeed, detailed examination of the DA neurons them-
selves suggests that their soma and nuclei are physically swollen in schizophrenia, 
suggesting a very substantial increase in DA synthesis [13].
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Whilst we have much to learn about the regulation of the SN in schizophrenia 
and similar illnesses, the evidence so far suggests that excess SN-striatal DA may 
not be due to a fault within the SN itself but rather a regulatory issue that most likely 
originates elsewhere within the basal ganglia. As described above, the SN is part of 
a complex network which we are only now beginning to functionally examine piece 
by piece, and we hope that in the near future, the neurophysiology underlying these 
severe illnesses can be unravelled, and better therapies developed.
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 46. Khan ZU, Gutiérrez A, Martiń R, Peñafiel A, Rivera A, De La Calle A. Differential regional 
and cellular distribution of dopamine D2-like receptors: an immunocytochemical study of 
subtype-specific antibodies in rat and human brain. J Comp Neurol. 1998;402:353–71.

 47. Murray AM, Ryoo HL, Gurevich E, Joyce JN. Localization of dopamine D3 receptors to 
mesolimbic and D2 receptors to mesostriatal regions of human forebrain. Proc Natl Acad Sci 
USA. 1994;91:11271–75.

 48. Kreitzer AC. Physiology and pharmacology of striatal neurons. Annu Rev Neurosci. 
2009;32:127–47.

 49. Gerfen CR, Engber TM, Mahan LC, Mahan LC, Susel Z, Chase TN, Monsma FJ, Sibley 
DR. D1 and D2 dopamine receptor-regulated gene expression of striatonigral and striatopal-
lidal neurons. Science. 1990;250:1429–32.

 50. Civelli O, Bunzow JR, Grandy DK, Zhou QY, Van Tol HH. Molecular biology of the dopa-
mine receptors. Eur J Pharmacol. 1991;207:277–86.

 51. Andersson C, Hamer RM, Lawler CP, Mailman RB, Lieberman JA. Striatal volume changes 
in the rat following long-term administration of typical and atypical antipsychotic drugs. 
Neuropsychopharmacol. 2002;27:143–51.

 52. Dazzan P1, Morgan KD, Orr K, Hutchinson G, Chitnis X, Suckling J, Fearon P, McGuire PK, 
Mallett RM, Jones PB, Leff J, Murray RM. Different effects of typical and atypical antipsy-
chotics on grey matter in first episode psychosis: the AESOP study. Neuropsychopharmacol. 
2005;30:765–74.

 53. Chemerinski E1, Byne W, Kolaitis JC, Glanton CF, Canfield EL, Newmark RE, Haznedar 
MM, Novakovic V, Chu KW, Siever LJ, Hazlett EA. Larger putamen size in antipsychotic-
naïve individuals with schizotypal personality disorder. Schizophr Res. 2013;143:158–64.

 54. Farid F, Mahadun P. Schizophrenia-like psychosis following left putamen infarct: a case 
report. J Med Case Reports. 2009;3:7337.

 55. Li Y, Kolb B, Robinson TE. The location of persistent amphetamine-induced changes in the 
density of dendritic spines on medium spiny neurons in the nucleus accumbens and caudate-
putamen. Neuropsychopharmacol. 2003;28:1082–85.

 56. Grazioplene RG, Bearden CE, Subotnik KL, Ventura J, Haut K, Nuechterlein KH, Cannon 
TD. Connectivity-enhanced diffusion analysis reveals white matter density disruptions in first 
episode and chronic schizophrenia. Neuroimage Clin. 2018;18:608–16.

M. Williams



161

 57. Holleran L, Ahmed M, Anderson-Schmidt H, McFarland J, Emsell L, Leemans A, Scanlon 
C, Dockery P, McCarthy P, Barker GJ, McDonald C, Cannon DM. Altered interhemispheric 
and temporal lobe white matter microstructural organization in severe chronic schizophrenia. 
Neuropsychopharmacology. 2014;39(4):944–54.

 58. Ublinskii MV, Semenova NA, Lukovkina OV, Sidorin SV, Lebedeva IS, Kaleda VG, 
Barkhatova AN, Akhadov TA.  Characteristics of diffusion in the corticospinal tract of 
patients with early stage of schizophrenia: diffusion tensor magnetic resonance imaging. Bull 
Exp Biol Med. 2015;159(1):29–31.

 59. Ho NF, Li Z, Ji F, Wang M, Kuswanto CN, Sum MY, Tng HY, Sitoh YY, Sim K, Zhou 
J. Hemispheric lateralization abnormalities of the white matter microstructure in patients 
with schizophrenia and bipolar disorder. J Psychiatry Neurosci. 2017;42(4):242–51.

 60. Meng L, Li K, Li W, Xiao Y, Lui S, Sweeney JA, Gong Q. Widespread white-matter micro-
structure integrity reduction in first-episode schizophrenia patients after acute antipsychotic 
treatment. Schizophr Res. 2018.

 61. Levitt JJ, Kubicki M, Nestor PG, Ersner-Hershfield H, Westin CF, Alvarado JL, Kikinis R, 
Jolesz FA, McCarley RW, Shenton ME. A diffusion tensor imaging study of the anterior limb 
of the internal capsule in schizophrenia. Psychiatry Res. 2010;184(3):143–50.

 62. Ellison-Wright I, Nathan PJ, Bullmore ET, Zaman R, Dudas RB, Agius M, Fernandez-
Egea E, Müller U, Dodds CM, Forde NJ, Scanlon C, Leemans A, McDonald C, Cannon 
DM. Distribution of tract deficits in schizophrenia. BMC Psychiatry. 2014;14:99.

 63. Mitelman SA, Brickman AM, Shihabuddin L, Newmark RE, Hazlett EA, Haznedar MM, 
Buchsbaum MS. A comprehensive assessment of gray and white matter volumes and their 
relationship to outcome and severity in schizophrenia. NeuroImage. 2007a;37(2):449–62.

 64. Mitelman SA, Torosjan Y, Newmark RE, Schneiderman JS, Chu KW, Brickman AM, 
Haznedar MM, Hazlett EA, Tang CY, Shihabuddin L, Buchsbaum MS. Internal capsule, cor-
pus callosum and long associative fibers in good and poor outcome schizophrenia: a diffusion 
tensor imaging survey. Schizophr Res. 2007b;92(1–3):211–24.

 65. Suzuki M, Nohara S, Hagino H, Kurokawa K, Yotsutsuji T, Kawasaki Y, Takahashi T, Matsui 
M, Watanabe N, Seto H, Kurachi M. Regional changes in brain gray and white matter in 
patients with schizophrenia demonstrated with voxel-based analysis of MRI. Schizophr Res. 
2002;55(1–2):41–54.

 66. Goghari VM, Lang DJ, Khorram B, Götz J, Vandorpe RA, Smith GN, Kopala LC, Barr 
AM, Honer WG. Anterior internal capsule volumes increase in patients with schizophrenia 
switched from typical antipsychotics to olanzapine. J Psychopharmacol. 2011;25(5):621–9.

 67. Hulshoff Pol HE, Schnack HG, Mandl RC, Cahn W, Collins DL, Evans AC, Kahn RS. Focal 
white matter density changes in schizophrenia: reduced inter-hemispheric connectivity. 
NeuroImage. 2004;21(1):27–35.

 68. Lang DJ, Khorram B, Goghari VM, Kopala LC, Vandorpe RA, Rui Q, Smith GN, Honer 
WG.  Reduced anterior internal capsule and thalamic volumes in first-episode psychosis. 
Schizophr Res. 2006;87(1–3):89–99.

 69. Suzuki M, Zhou SY, Hagino H, Takahashi T, Kawasaki Y, Nohara S, Yamashita I, Matsui 
M, Seto H, Kurachi M. Volume reduction of the right anterior limb of the internal capsule in 
patients with schizotypal disorder. Psychiatry Res. 2004;130(3):213–25.

 70. Brickman AM, Buchsbaum MS, Ivanov Z, Borod JC, Foldi NS, Hahn E, Mitelman SA, 
Hazlett EA, Lincoln SJ, Newmark RE, Shihabuddin L. Internal capsule size in good-outcome 
and poor-outcome schizophrenia. J Neuropsychiatry Clin Neurosci. 2006;18(3):364–76.

 71. Mega MS, Cummings JL.  Frontal-subcortical circuits and neuropsychiatric disorders. J 
Neuropsychiatry Clin Neurosci. 1994;6(4):358–70.

 72. Barley K, Dracheva S, Byne W. Subcortical oligodendrocyte- and astrocyte-associated gene 
expression in subjects with schizophrenia, major depression and bipolar disorder. Schizophr 
Res. 2009;112(1–3):54–64.

 73. Perez-Costas E, Melendez-Ferro M, Roberts RC. Basal ganglia pathology in schizophrenia: 
dopamine connections and anomalies. J Neurochem. 2010;113(2):287–302.

9 The Basal Ganglia



162

 74. Csernansky JG, Cronenwett WJ.  Neural networks in schizophrenia. Am J Psychiatry. 
2008;165(8):937–9.

 75. Williams M.  An introduction to the nucleus Accumbens in schizophrenia. Oruen. 
2017;2:29–31.

 76. Hong S, Hikosaka O. The globus pallidus sends reward-related signals to the lateral habenula. 
Neuron. 2008;60(4):720–9.

 77. Miller JM, Vorel SR, Tranguch AJ, Kenny ET, Mazzoni P, van Gorp WG, Kleber 
HD.  Anhedonia after a selective bilateral lesion of the globus pallidus. Am J Psychiatry. 
2006;163(5):786–8.

 78. Hutcheson NL, Clark DG, Bolding MS, White DM, Lahti AC.  Basal ganglia volume in 
unmedicated patients with schizophrenia is associated with treatment response to antipsy-
chotic medication. Psychiatry Res. 2014;221(1):6–12.

 79. Shenton ME, Dickey CC, Frumin M, McCarley RW. A review of MRI findings in schizophre-
nia. Schizophr Res. 2001;49(1–2):1–52.

 80. Womer FY, Wang L, Alpert KI, Smith MJ, Csernansky JG, Barch DM, Mamah D. Basal 
ganglia and thalamic morphology in schizophrenia and bipolar disorder. Psychiatry Res. 
2014;223(2):75–83.

 81. Mwansisya TE, Wang Z, Tao H, Zhang H, Hu A, Guo S, Liu Z. The diminished interhemi-
spheric connectivity correlates with negative symptoms and cognitive impairment in first- 
episode schizophrenia. Schizophr Res. 2013;150(1):144–50.

 82. Bogerts B, Meertz E, Schonfeldt-Bausch R. Basal ganglia and limbic system pathology in 
schizophrenia. A morphometric study of brain volume and shrinkage. Arch Gen Psychiatry. 
1985;42(8):784–91.

 83. Casanova MF, Prasad CM, Waldman I, Illowsky B, Stein B, Weinberger DR, Kleinman JB. No 
difference in basal ganglia mineralization between schizophrenic and nonschizophrenic 
patients: a quantitative computerized tomographic study. Biol Psychiatry. 1990a;27(2):138–42.

 84. Casanova MF, Waldman IN, Kleinman JE. A postmortem quantitative study of iron in the 
globus pallidus of schizophrenic patients. Biol Psychiatry. 1990b;27(2):143–9.

 85. Stevens JR. Neuropathology of schizophrenia. Arch Gen Psychiatry. 1982;39(10):1131–9.
 86. O'Connor WT. Functional neuroanatomy of the ventral striopallidal GABA pathway. New 

sites of intervention in the treatment of schizophrenia. J Neurosci Methods. 2001;109(1):31–9.
 87. Suridjan I, Rusjan P, Addington J, Wilson AA, Houle S, Mizrahi R. Dopamine D2 and D3 bind-

ing in people at clinical high risk for schizophrenia, antipsychotic-naive patients and healthy 
controls while performing a cognitive task. J Psychiatry Neurosci. 2013;38(2):98–106.

 88. Dougherty MK, Gu H, Bizzell J, Ramsey S, Gerig G, Perkins DO, Belger A. Differences in 
subcortical structures in young adolescents at familial risk for schizophrenia: a preliminary 
study. Psychiatry Res. 2012;204(2–3):68–74.

 89. Oertel-Knöchel V, Knöchel C, Matura S, Rotarska-Jagiela A, Magerkurth J, Prvulovic D, 
Haenschel C, Hampel H, Linden DE.  Cortical-basal ganglia imbalance in schizophrenia 
patients and unaffected first-degree relatives. Schizophr Res. 2012;138(2–3):120–7.

 90. Pontierri FE, Tanda C, Di Chiara G. Intravenous cocaine, morphine and amphetamine prefer-
entially increase extracellular dopamine in the “shell” as compared with the “core” of the rat 
nucleus accumbens. Proc Nat Acad Sci USA. 1995;92:12304–8.

 91. Pierce RC, Kalivas PS. Amphetamine produces sensitised increases in locomotion and extra-
cellular dopamine preferentially in the nucleus accumbens shell of rats administered repeated 
cocaine. J Parmacol Expl Ther. 1995;275:1019–29.

 92. Yager LM, Garcia AF, Wunsch AM, Ferguson SM. The ins and outs of the striatum: role in 
drug addiction. Neuroscience. 2015;301:529–41.

 93. Zaborsky L, Alheid GF, Beinfield MC et al. Cholecytokinin innervation of the ventral stria-
tum: a morphological and radioimmunological study. Neuroscience. 1985;42:427–53.

 94. Groenewegen HJ, Meredith GE, Berendse HW et al. The compartmental organisation of 
the ventral striatum in the rat, in neural mechanisms in disorders of movement, edited by 
Crossman AR, Sambrook MA, London, John Libbey. 1989;45–54.

M. Williams



163

 95. Criscitelli K, Avena NM. The neurobiological and behavioral overlaps of nicotine and food 
addiction. Prev Med. 1992;92:82–9.

 96. Cador M, Robbins TW, Everitt BJ. Involvement of the amygdala in stimulus-reward associa-
tions: interaction with the ventral striatum. Neuroscience. 1989;30:77–86.

 97. Jackson ME, Moghaddam J. Amygdala regulation of nucleus accumbens dopamine output is 
governed by the prefrontal cortex. J Neurosci. 2001;21:676–81.

 98. Floresco SB, Todd CL, Grace AA. Glutamatergic afferents from the hippocampus to the 
nucleus accumbens regulate activity of ventral tegmental area dopamine neurons. J Neurosci. 
2001;21:4915–22.

 99. Bagot RC, Parise EM, Peña CJ, Zhang HX, Maze I, Chaudhury D, Persaud B, Cachope 
R, Bolaños-Guzmán CA, Cheer JF, Deisseroth K, Han MH, Nestler EJ. Ventral hippocam-
pal afferents to the nucleus accumbens regulate susceptibility to depression. Nat Commun. 
2015;6:7062. https://doi.org/10.1038/ncomms8062.

 100. Groenewegen HJ, Vermeulen-Van der Zee E, te Kortschot A. Organisation of the projections 
from the sibiculum to the striatum in the rat: a study using anterograde transport of Phaseolus 
vulgarisleucoagglutinin. Neuroscience. 1987;23:103–20.

 101. Lauer M, Senitz D, Beckmann H. Increased volume of the nucleus accumbens in schizophre-
nia. J Neural Transm (Vienna). 2001;108(6):645–60.

 102. Pakkenberg B. Pronounced reduction of total neuron number in mediodorsal thalamic nucleus 
and nucleus accumbens in schizophrenics. Arch Gen Psychiatry. 1990;47(11):1023–8.

 103. Lesch A, Bogerts B. The diencephalon in schizophrenia: evidence for reduced thickness of 
the periventricular grey matter. Eur Arch Psychiatry Neurol Sci. 1984;234(4):212–9.

 104. Ballmaier M, Schlagenhauf F, Toga AW, Gallinat J, Koslowski M, Zoli M, Hojatkashani C, 
Narr KL, Heinz A. Regional patterns and clinical correlates of basal ganglia morphology in 
non-medicated schizophrenia. Schizophr Res. 2008;106(2–3):140–7.

 105. Gunduz H, Wu H, Ashtari M, Bogerts B, Crandall D, Robinson DG, Alvir J, Lieberman J, 
Kane J, Bilder R. Basal ganglia volumes in first-episode schizophrenia and healthy compari-
son subjects. Biol Psychiatry. 2002;51(10):801–8.

 106. Rimol LM, Hartberg CB, Nesvag R, Fennema-Notestine C, Hagler DJ Jr, Pung CJ, Jennings 
RG, Haukvik UK, Lange E, Nakstad PH, Melle I, Andreassen OA, Dale AM, Agartz 
I.  Cortical thickness and subcortical volumes in schizophrenia and bipolar disorder. Biol 
Psychiatry. 2010;68(1):41–50.

 107. Haber SN. The primate basal ganglia: parallel and integrative networks. J Chem Neuroanat. 
2003;26(4):317–30.

 108. Deutch AY, Lee MC, Iadarola MJ. Regionally specific effects of atypical antipsychotic drugs 
on striatal Fos expression: the nucleus accumbens shell as a locus of antipsychotic action. 
Mol Cell Neurosci. 1992;3(4):332–41.

 109. Goldstein M, Deutch AY. Dopaminergic mechanisms in the pathogenesis of schizophrenia. 
FASEB J. 1992;6(7):2413–21.

 110. Merchant KM, Dorsa DM. Differential induction of neurotensin and c-fos gene expression by 
typical versus atypical antipsychotics. Proc Natl Acad Sci U S A. 1993;90(8):3447–51.

 111. Bird ED, Spokes EG, Iversen LL.  Brain norepinephrine and dopamine in schizophrenia. 
Science. 1979a;204(4388):93–4.

 112. Bird ED, Spokes EG, Iversen LL. Increased dopamine concentration in limbic areas of brain 
from patients dying with schizophrenia. Brain. 1979b;102(2):347–60.

 113. Mackay AV, Iversen LL, Rossor M, Spokes E, Bird E, Arregui A, Creese I, Synder 
SH. Increased brain dopamine and dopamine receptors in schizophrenia. Arch Gen Psychiatry. 
1982;39(9):991–7.

 114. Owen F, Cross AJ, Crow TJ, Longden A, Poulter M, Riley GJ. Increased dopamine-receptor 
sensitivity in schizophrenia. Lancet. 1978;2(8083):223–6.

 115. Owens DG. Dopamine and schizophrenia. Nurs Mirror. 1978;146(5):23–6.
 116. Crow TJ, Johnstone EC, Longden A, Owen F. Dopamine and schizophrenia. Adv Biochem 

Psychopharmacol. 1978;19:301–9.

9 The Basal Ganglia

https://doi.org/10.1038/ncomms8062


164

 117. Farley IJ, Price KS, Hornykiewicz O. Dopamine in the limbic regions of the human brain: 
normal and abnormal. Adv Biochem Psychopharmacol. 1977;16:57–64.

 118. Hetey L, Schwitzkowsky R, Ott T, Barz H.  Diminished synaptosomal dopamine (DA) 
release and DA autoreceptor supersensitivity in schizophrenia. J Neural Transm Gen Sect. 
1991;83(1–2):25–35.

 119. McCollum LA, Walker CK, Roche JK, Roberts RC.  Elevated excitatory input to the 
nucleus accumbens in schizophrenia: a postmortem Ultrastructural study. Schizophr Bull. 
2015;41(5):1123–32.

 120. White TP, Wigton R, Joyce DW, Collier T, Fornito A, Shergill SS. Dysfunctional striatal 
systems in treatment-resistant schizophrenia. Neuropsychopharmacology. 2015. https://doi.
org/10.1038/npp.2015.277.

 121. Bustos G, Abarca J, Campusano J, Bustos V, Noriega V, Aliaga E. Functional interactions 
between somatodendritic dopamine release, glutamate receptors and brain-derived neuro-
trophic factor expression in mesencephalic structures of the brain. Brain Res Brain Res Rev. 
2004;47(1–3):126–44.

 122. Guatteo E, Cucchiaroni ML, Mercuri NB. Substantia nigra control of basal ganglia nuclei. J 
Neural Transm Suppl 2009;(73):91–101.

 123. Lee CR, Tepper JM. Basal ganglia control of substantia nigra dopaminergic neurons. J Neural 
Transm Suppl 2009;(73):71–90.

 124. Tepper JM, Lee CR.  GABAergic control of substantia nigra dopaminergic neurons. Prog 
Brain Res. 2007;160:189–208.

 125. Hajós M, Greenfield SA. Synaptic connections between pars compacta and pars reticulata 
neurones: electrophysiological evidence for functional modules within the substantia nigra. 
Brain Res. 1994;660(2):216–24.

 126. Woods SW. Chlorpromazine equivalent doses for the newer atypical antipsychotics. J Clin 
Psychiatry. 2003;64(6):663–7.

 127. Creese I, Burt DR, Snyder SH. Dopamine receptor binding predicts clinical and pharmaco-
logical potencies of antischizophrenic drugs. Science. 1976;192(4238):481–3.

 128. Jarskog LF, Miyamoto S, Lieberman JA. Schizophrenia: new pathological insights and thera-
pies. Annu Rev Med. 2007;58:49–61.

 129. Miyamoto S, Duncan GE, Marx CE, Lieberman JA. Treatments for schizophrenia: a critical 
review of pharmacology and mechanisms of action of antipsychotic drugs. Mol Psychiatry. 
2005;10(1):79–104.

 130. Geddes J, Freemantle N, Harrison P, Bebbington P.  Atypical antipsychotics in the 
treatment of schizophrenia: systematic overview and meta-regression analysis. 
BMJ. 2000;321(7273):1371–6.

 131. Leucht S, Pitschel-Walz G, Abraham D, Kissling W. Efficacy and extrapyramidal side-effects 
of the new antipsychotics olanzapine, quetiapine, risperidone, and sertindole compared to 
conventional antipsychotics and placebo. A meta-analysis of randomized controlled trials. 
Schizophr Res. 1999;35(1):51–68.

 132. Buchanan RW, Gold JM. Negative symptoms: diagnosis, treatment and prognosis. Int Clin 
Psychopharmacol. 1996;11(Suppl 2):3–11.

 133. Keefe RS, Bilder RM, Harvey PD, Davis SM, Palmer BW, Gold JM, Meltzer HY, Green MF, 
Miller DD, Canive JM, Adler LW, Manschreck TC, Swartz M, Rosenheck R, Perkins DO, 
Walker TM, Stroup TS, McEvoy JP, Lieberman JA. Baseline neurocognitive deficits in the 
CATIE schizophrenia trial. Neuropsychopharmacology. 2006;31(9):2033–46.

 134. Keefe RS, Bilder RM, Davis SM, Harvey PD, Palmer BW, Gold JM, Meltzer HY, Green 
MF, Capuano G, Stroup TS, McEvoy JP, Swartz MS, Rosenheck RA, Perkins DO, Davis 
CE, Hsiao JK, Lieberman JA, CATIE Investigators, Neurocognitive Working Group. 
Neurocognitive effects of antipsychotic medications in patients with chronic schizophrenia 
in the CATIE trial. Arch Gen Psychiatry. 2007;64(6):633–47.

 135. Keefe RS, Silva SG, Perkins DO, Lieberman JA. The effects of atypical antipsychotic drugs 
on neurocognitive impairment in schizophrenia: a review and meta-analysis. Schizophr Bull. 
1999;25(2):201–22.

M. Williams

https://doi.org/10.1038/npp.2015.277
https://doi.org/10.1038/npp.2015.277


165

 136. Meltzer HY, McGurk SR. The effects of clozapine, risperidone, and olanzapine on cognitive 
function in schizophrenia. Schizophr Bull. 1999;25(2):233–55.

 137. Howes OD, Kapur S. The dopamine hypothesis of schizophrenia: version III--the final com-
mon pathway. Schizophr Bull. 2009;35(3):549–62.

 138. Meisenzahl EM, Schmitt GJ, Scheuerecker J, Möller HJ. The role of dopamine for the patho-
physiology of schizophrenia. Int Rev Psychiatry. 2007;19(4):337–45.

 139. Demjaha A, Murray RM, McGuire PK, Kapur S, Howes OD. Dopamine synthesis capacity in 
patients with treatment-resistant schizophrenia. Am J Psychiatry. 2012;169(11):1203–10.

 140. Mizrahi R, Agid O, Borlido C, Suridjan I, Rusjan P, Houle S, Remington G, Wilson AA, 
Kapur S.  Effects of antipsychotics on D3 receptors: a clinical PET study in first episode 
antipsychotic naive patients with schizophrenia using [11C]-(+)-PHNO.  Schizophr Res. 
2011;131(1–3):63–8.

 141. Egerton A, Chaddock CA, Winton-Brown TT, Bloomfield MA, Bhattacharyya S, Allen P, 
McGuire PK, Howes OD. Presynaptic striatal dopamine dysfunction in people at ultra-high 
risk for psychosis: findings in a second cohort. Biol Psychiatry. 2013;74(2):106–12.

 142. Martinot M, Bragulat V, Artiges E, Dollé F, Hinnen F, Jouvent R, Martinot J. Decreased pre-
synaptic dopamine function in the left caudate of depressed patients with affective flattening 
and psychomotor retardation. Am J Psychiatry. 2001;158(2):314–6.

 143. Howes OD, Montgomery AJ, Asselin MC, Murray RM, Grasby PM, McGuire PK. Molecular 
imaging studies of the striatal dopaminergic system in psychosis and predictions for the pro-
dromal phase of psychosis. Br J Psychiatry Suppl. 2007;51:s13–8.

 144. Howes OD, Shotbolt P, Bloomfield M, Daalman K, Demjaha A, Diederen KM, Ibrahim K, 
Kim E, McGuire P, Kahn RS, Sommer IE. Dopaminergic function in the psychosis spectrum: 
an [18F]-DOPA imaging study in healthy individuals with auditory hallucinations. Schizophr 
Bull. 2013a;39(4):807–14.

 145. Fernstrom JD, Fernstrom MH.  Tyrosine, phenylalanine, and catecholamine synthesis and 
function in the brain. J Nutr. 2007;137(6 Suppl 1):1539S–47S; discussion 1548S

 146. Guindalini C, Laranjeira R, Collier D, Messas G, Vallada H, Breen G.  Dopamine-beta 
hydroxylase polymorphism and cocaine addiction. Behav Brain Funct. 2008;4:1.

 147. Gogos JA, Morgan M, Luine V, Santha M, Ogawa S, Pfaff D, Karayiorgou M. Catechol-O- 
methyltransferase-deficient mice exhibit sexually dimorphic changes in catecholamine levels 
and behavior. Proc Natl Acad Sci U S A. 1998;95(17):9991–6.

 148. Perez-Costas E, Melendez-Ferro M, Rice MW, Conley RR, Roberts RC. Dopamine pathol-
ogy in schizophrenia: analysis of total and phosphorylated tyrosine hydroxylase in the sub-
stantia nigra. Front Psych. 2012;3:31.

 149. Rice OV, Gardner EL, Heidbreder CA, Ashby CR Jr. The acute administration of the selec-
tive dopamine D(3) receptor antagonist SB-277011A reverses conditioned place aversion 
produced by naloxone precipitated withdrawal from acute morphine administration in rats. 
Synapse. 2012;66(1):85–7.

9 The Basal Ganglia


	9: The Basal Ganglia
	9.1	 The Basal Ganglia
	9.2	 Caudate
	9.3	 Putamen
	9.4	 Internal Capsule
	9.5	 Globus Pallidus
	9.6	 Nucleus Accumbens
	9.7	 Substantia Nigra
	References




