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Motor disturbances are observed in schizophrenia patients, but the neuroanatomical background is unknown. Our aim was to
investigate the pyramidal cells of the primary motor cortex (BA 4) in both hemispheres of postmortem control and schizophrenia
subjects—8 subjects in each group—with 2.5–5.5 h postmortem interval. The density and size of the Sternberger monoclonal
incorporated antibody 32 (SMI32)-immunostained pyramidal cells in layer 3 and 5 showed no change; however, the proportion of
larger pyramidal cells is decreased in layer 5. Giant pyramidal neurons (Betz cells) were investigated distinctively with SMI32- and
parvalbumin (PV) immunostainings. In the right hemisphere of schizophrenia subjects, the density of Betz cells was decreased and their
PV-immunopositive perisomatic input showed impairment. Part of the Betz cells contained PV in both groups, but the proportion of PV-
positive cells has declined with age. The rat model of antipsychotic treatment with haloperidol and olanzapine showed no differences
in size and density of SMI32-immunopositive pyramidal cells. Our results suggest that motor impairment of schizophrenia patients
may have a morphological basis involving the Betz cells in the right hemisphere. These alterations can have neurodevelopmental and
neurodegenerative explanations, but antipsychotic treatment does not explain them.
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Introduction
Schizophrenia is a psychiatric disorder with a mean lifetime
morbid risk of ∼7.2 per 1,000 people (McGrath et al. 2008).The
first episode of the disease typically begins in young adulthood,
often with hallucinations, delusions, or bizarre behavior—the so-
called positive symptoms (Boland and Verduin 2021). Schizophre-
nia affects a broad range of other mental functions as well, such
as mood, motivation, social functioning, thoughts, or cognition.
Some of these disturbances appear before the first psychotic
episode and recent theories suggest that the impaired function of
perception and cognition could explain the development of later
positive symptoms (Friston et al. 2016).

In addition, an increasing number of studies suggest that
motor functions are also impaired in patients with schizophrenia
(Walther and Strik 2012; Walther 2015). The use of antipsy-
chotics—the first-line medications of the disorder—could also
affect movements through the nigrostriatal pathway and cause
drug-induced Parkinsonism (Ward and Citrome 2018). It is impor-
tant to mention that the initial descriptions of schizophrenia
also listed a wide range of disturbances of motor function,
mostly categorizing them as catatonic symptoms (Kraepelin 1919;
Bleuler 1950) such as stupor, mutism, and automatic obedience.

Further motor disturbances were described, such as hypokinesia,
involuntary movements, and dystonia, considered to belong to
the extrapyramidal symptoms (EPSs), and are detectable in drug-
naïve patients as well (Peralta et al. 2010). One interesting example
of the presentation of motor symptoms was the study which
compared childhood home videos of schizophrenia patients, their
siblings, and not-related control population (Walker et al. 1994).
It revealed that before the age of two significantly more motor
symptoms appear in the people who are later affected by the
disorder, especially on the left (subdominant) side of the body.
Other studies imply that the investigation of motor symptoms
could lead to a better understanding of the neurodevelopmental
nature of schizophrenia (Filatova et al. 2017; Hirjak et al. 2018).

From the 19th century until today, several attempts have been
made to explain the development of schizophrenia by structural
changes in the brain, but in many cases, the neuropathological
results were inconsistent and contradictory (Harrison 1999). The
most common findings among volume-based studies are the
decrease in cortical gray matter and an enlargement of ventric-
ular volume (Glahn et al. 2008). Furthermore, damages of fibers
in the white matter have also been described, suggesting that
disconnection between different brain areas might explain the
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symptoms of schizophrenia (Schneiderman et al. 2011). Decreases
in pyramidal cell density have also been described in several
neocortical areas (Benes et al. 1986), but no signs of neurodegen-
eration have typically been observed. Several studies have found
the dysfunction of interneurons (Hashimoto et al. 2008; Kaar
et al. 2019), primarily parvalbumin (PV) containing cells, which
also affects pyramidal cell function (Lewis et al. 2012). If the two
hemispheres of the human brain were studied distinctively, the
asymmetry between them was typically reduced in schizophrenia
patients (Cullen et al. 2006). However, there are some studies
that describe the vulnerability of the subdominant side (Walker
et al. 1994; Hashimoto et al. 2008; Hidese et al. 2018). One pos-
sible explanation for inconsistent results might be that the dis-
ease lead to the disturbance of the fine structure known to be
strongly affected by the postmortem interval (PMI; Glausier et al.
2019).

Our research group has the opportunity to examine well-
preserved human brain tissue with short, 2.5–5.5 h PMI. The
cortical region of interest (ROI) in this study is the primary motor
cortex (Brodmann’s area 4—BA 4) and its differences between
control subjects and patients with schizophrenia. The area plays
a central role in motor control; however, its exact role is not
fully understood yet (Omrani et al. 2017). Furthermore, BA 4 is
connected to a wide range of brain areas such as the parietal
and prefrontal neocortical regions, the basal ganglia, cerebellum,
and the ventrolateral nucleus of thalamus (Dum and Strick 2002).
The most striking cell type of BA 4 is the giant pyramidal cell or
Betz cell (Betz 1874). A huge number of pyramidal cells of BA 4
form corticospinal connections (Groos et al. 1978). The number
of cortico-motoneuronal connections shows positive correlation
with the ability of fine motor movements (Lemon 2008), which
appears to be impaired in psychotic disturbances (Carey et al.
2019). According to our previous study, the majority of Betz cells’
somata express PV (Szocsics et al. 2021).

All of the Betz cells show immunoreactivity against Sternberger
monoclonal incorporated antibody 32 (SMI-32) (Tsang et al. 2000;
Szocsics et al. 2021), which labels the nonphosphorylated form
of neurofilament H in humans and rats and neurofilament M
in human samples (Lee et al. 1988). A subset of neocortical
pyramidal cells are labeled in both species, a higher proportion
in humans (Hayes and Lewis 1992) than in rats (Kirkcaldie et al.
2002), and show different distribution across cortical regions.
SMI-32-immunoreactive pyramidal cells are present in layer 3,
5, and 6 in the human primary motor cortex (Hayes and Lewis
1992). SMI-32-immunreactivity is present in high number among
longer, associative cortico-cortical projecting neurons and lesser
in callosal or limbic projecting pyramidal cells (Hof et al. 1995).
Naturally, cortico-subcortical projecting neurons can also express
SMI-32. Functionally, these neurofilaments are considered to
play a role in axonal and dendritic transport and morphology
(Campbell and Morrison 1989).

Our aim in this study was to examine Betz- and other SMI32-
immunopositive pyramidal cells of BA 4 and their PV-containing
perisomatic input, since impairment of the somatic input has
been described in previous studies of the prefrontal areas
(Lewis et al. 2012). We particularly focused on examining the 2
hemispheres separately and comparing them. Additionally, we
used an animal model of antipsychotic treatment (Lipska et al.
2003) to determine whether medication could lead to changes in
the SMI32-immunoreactive pyramidal cells of the primary motor
cortex.

Our hypothesis is that motor disturbances found in schizophre-
nia indicate neuronal changes in the primary motor cortex and

pyramidal cells, especially Betz cells would be affected by the
disorder.

Materials and methods
Human samples
Tissue blocks from the precentral gyri were dissected from the
brains of 8 control (CTR) and 8 schizophrenia (SZ) subjects (with
identification SKO# and SKIZ#, respectively). In 6 CTR and 6 SZ
cases both hemispheres, and in 2–2 cases, only right hemispheres
were sampled. All procedures were approved by the Regional
Committee of Science and Research Ethics of Scientific Council
of Health (ETT TUKEB 31443/2011/EKU, renewed: ETT TUKEB
15032/2019/EKU) and carried out in compliance with the Declara-
tion of Helsinki. Autopsy of the subjects and collection of clinical
data were made by the clinicians in the Pathology and Psychiatry
Departments of St. Borbála Hospital, Tatabánya. Written informed
consent for the study was obtained from the next of kin of
the patients. Control subjects had no history of psychiatric or
neurologic deficits, and their deaths were not caused directly by
any brain damage. Schizophrenia patients were diagnosed by ICD-
10 criteria (F20.x diagnoses) and meet the same exclusion criteria
as the control subjects, except for the diagnosis of the disorder.
The relevant features of the samples such as age, gender, PMI, or
examined hemispheres are listed in Table 1. We checked whether
any significant difference in age or PMI occurred between control
and schizophrenia subjects.

The brains were perfusion fixed with Zamboni solution con-
taining 4% paraformaldehyde, 0.00 or 0.05% glutaraldehyde, and
0.2% picric acid in 0.1 M phosphate buffer (PB, pH = 7.4, 2-h long
4 L). After perfusion, blocks from the precentral gyrus, which
contain the primary motor cortical region—BA 4 (Brodmann 1909),
were removed from the upper region of the lateral surface, repre-
senting the upper limb region (Penfield and Boldrey 1937). Sam-
pling of blocks and determination of BA 4 was detailed in our
previous article (Szocsics et al. 2021). Briefly, ∼0.5- to 1-cm-thick
tissue blocks from the lateral part of the precentral gyrus were
removed for the analysis. The blocks were postfixed in Zamboni
solution, but without glutaraldehyde at 4 ◦C. Next day, the blocks
were rinsed in 0.1 M PB solution 4 × 20 min and stored in 30%
sucrose solution of 0.1 M PB after that at 4 ◦C for 2 days. Afterward,
blocks were frozen over liquid nitrogen and stored at −80 ◦C. One
sample (SKIZ4) was not perfused. In that case, tissue blocks were
removed from an unfixed brain and placed and rinsed in Zamboni
solution until the next day.

Immunohistochemistry
In case of use, the blocks were cut to 60-μm sections with a
vibratome. The sections were washed four times in 0.1 M PB and
stored in 30% sucrose solution of 0.1 M PB for 1 or 2 days at 4 ◦C.
Next day, the sections were freeze-thawed 3 times over liquid
nitrogen and washed in 0.1 M PB again. Endogenous peroxidase
activity was blocked with 1% H2O2 solution of TRIS-buffered
saline (TBS) for 10 min. After 10 min of TBS, washing nonspecific
immunoglobulin-binding with 2% normal horse serum or normal
goat serum or bovine serum albumin was blocked for 45 min.
In case of fluorescent immunohistochemistry, additional 0.1%
Triton-X was administered to the blocking solution, to increase
membrane permeability and the signal of antibodies.

After washing with TBS, the following antisera were used
for two days at 4 ◦C: anti-SMI32 (Biolegend, mouse 1:4,000, for
3,3′-diaminobenzidine-tetrahydrochloride—DAB and fluorescent
immunohistochemistry), which labels the nonphosphorylated
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Table 1. General data of subjects.

Subject code Gender Age (years) PMI (hh:mm) Cause of death (ICD-10 diag.) Hemisphere(s)
investigated

SKO2 male 74 04:55 Bronchopneumonia (J18.0) right
SKO3 female 59 05:05 Cardiogenic shock (R57.0) left and right
SKO9 female 78 03:45 Heart failure unsp. (I50.9) left and right
SKO11 male 77 02:55 Cardiac arrest, cause unsp. (I46.9) left and right
SKO13 female 60 03:25 Respiratory arrest (R09.2) left and right
SKO18 male 85 02:52 Congestive heart failure (I50.0) right
SKO19 female 61 02:53 Acute transmural infarction of inferior wall (I21.1) left and right
SKO24 male 79 02:30 Left ventricular failure (I50.1) left and right
SKIZ1 male 49 05:02 Respiratory failure unsp. (J96.9) right
SKIZ3 female 71 04:15 Pulmonary embolism with acute cor pulmonale (I26.0) right
SKIZ4 male 72 ∼05:30 (imm.) Septicaemia unsp. (A41.9) left and right
SKIZ5 female 61 03:59 Heart failure unsp. (I50.9) left and right
SKIZ7 male 57 02:21 Cardiac arrest, cause unsp. (I46.9) left and right
SKIZ8 female 71 03:15 Respiratory arrest (R09.2) left and right
SKIZ9 male 84 02:47 Respiratory arrest (R09.2) left and right
SKIZ10 female 67 ∼03:00 Cardiac arrest, cause unsp. (I46.9) left and right

Abbreviations: diag.: diagnosis, unsp.: unspecified, imm.: immersion fixation, ∼: approximate time, SKO#: control subjects, SKIZ#: schizophrenia subjects.

form of neurofilament M and H, especially in pyramidal cells,
as detailed in Introduction section; anti-PV antibodies (Swant,
mouse for DAB and rabbit for immunofluorescent staining, both
1:5,000), labeling PV-containing terminals and Betz cells. Between
each following steps, the sections were washed 3 times with TBS
solution for 10 min.

For DAB-immunohistochemistry, we used biotinylated sec-
ondary antibody raised against mouse IgG (Vector, 1:250, 2 h).
Then, avidin-biotin horseradish peroxidase complex (ABC, Vector,
1:250) was used for one and a half hours. Preincubation with
0,5-mg/ml DAB solution in TRIS buffer was made for 20′ in dark.
For the development, 10 μL 1% H2O2 solution was added to the
DAB solution. Before dehydration, the sections were incubated
in 0.5% OsO4 in 0.1 M PB for 10′ in dark. After 2 × 5’ PB, washing
50% to absolute ethanol ascending alcohol series was applied.
Between 50% and 70% ethanol steps, the samples were in 1%
uranyl-acetate in 70% ethanol solution for 30 min. After rinsing
in 2 × 5 min of acetonitrile, samples were mounted to Durcupan
(ACM, Fluka).

Further PV-immunostained sections after development of DAB
were mounted to slides through chromium gelatine for Nissl-
counterstaining. After 1 night drying, the slides were placed in
cuvettes and 3-min-long rehydration steps of xylene, absolute-,
90%-, 70%, and 50% ethanol were processed. After 5 min of 1%
cresyl violet incubation, the slices were rinsed in 70% ethanol and
fixated with acetic acid containing 70% ethanol. Next, they were
rinsed in 90% ethanol followed by 3-min-long dehydration steps
with absolute ethanol and xylene. Finally, the slices were covered
using DePeX (Serva).

For fluorescent immunohistochemistry, after incubation in
primary antibodies (anti-SMI32 [Biolegend, mouse 1:4,000] and
anti-PV antibody [Swant, rabbit, 1:5,000]), the samples from both
hemispheres of 4 control and 4 schizophrenia subjects were
incubated with fluorophore-conjugated secondary antibodies
(Alexa594 raised in donkey against rabbit, Alexa488 raised in
donkey against mouse, Molecular Probes, 1:500 in TBS) for 3 h in
dark. Then, autofluorescence was reduced by pH = 5 3 mmol/l
cupric sulphate and 50-mmol/l ammonium acetate dilution
(Schnell et al. 1999) with 40-min incubation. After that, the slides
were mounted from TBS and covered with antifade medium
(Vectashield, Vector).

Electron microscopy
The dehydrated, PV-immunolabeled slices from representative
control and schizophrenia samples were used for further prepa-
ration to electron microscopy. ROIs from layer 5 of the primary
motor cortex were re-embedded and 60-nm ultrathin sections of
them were put on single slot copper grids. All ROIs contain at least
one Betz cell’s soma. We have investigated them with transmis-
sion electron microscope (Hitachi TEM 7100). PV-immunolabeled
perisomatic terminals around Betz cells and their synaptic pro-
files were checked.

Collecting data
The determination of BA 4 area was detailed in our previous article
(Szocsics et al. 2021). In short, the morphological differences of
SMI32-immunopositive cells among BA 3a, −4, and 6 were inves-
tigated (Brodmann 1909) and we did not distinguish between BA
4a and 4p areas as Geyer et al. (1996) did. The border of the BA4
is clearly visible by the presence of giant pyramidal cells and the
size of the layer 3 pyramidal cells.

All camera lucida drawings were made with a Leitz Dialux 20
microscope. Digital light microphotographs were captured using
Nikon Eclipse Ci microscope and NIS Elements BR software.

We sampled 3–6 pieces of 0.5-mm-wide bands of the BA 4 from
layer 1 and 5 using camera lucida with 20× objective magnifi-
cation (Plan, NA = 0.45) from each subject and both hemispheres.
The SMI32-immunopositive cell bodies were drawn, and their size
was determined with the formula of ellipse: A = abπ/4, where a
and b are the axial and horizontal diameters of the cell body. We
counted the number of SMI32-immunpositive cells in layer 3 and
5 and the number was divided by the area of the layer in the band
to determine density values (number of cells/mm2).

Layer 5 of BA4 in SMI32-immunolabeled slices were sampled
with 10× objective magnification (Plan, NA = 0.25) micropho-
tographs and the Betz cells’ density was calculated by dividing the
number of cells with the area of the layer. The images were merged
and the layer area was marked with the tools of Photoshop CS6.

The soma area of the giant pyramidal neurons was measured
in PV-immunolabeled samples. As we showed earlier, the majority
of Betz cells are PV-immunopositive (Szocsics et al. 2021), and 20×
objective magnification (Plan, NA = 0.45) camera lucida drawings
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of Betz cells were prepared from the whole BA 4 area and soma
areas were calculated with the formula of the ellipse as above.

PV-immunostained sections with cresyl violet counterstaining
were investigated to determine the Betz cells’ PV-content. We
made photographs of Betz cells at 40× objective magnification
from 2 to 4 sections of each sample searching for all Betz cells
in the BA 4 to determine if they show PV-immunopositivity and
to count them. The investigator was unaware of which group the
samples belonged to. The proportion of PV-immunopositive Betz
cells was compared between groups and hemispheres.

Immunofluorescent slices were used in Nikon C2 confocal laser
microscope at 60× magnification (oil, Plan Apo, NA = 1.45) to count
PV-immunopositive perisomatic terminals of the Betz cells. The
images were captured at 1024 × 1024 pixels resolution with NIS
Elements AR 4.30 imaging software. The images contain 1 or 2
giant pyramidal neurons at their largest extent. Soma area and
perimeters were measured and PV-immunopositive perisomatic
terminals were counted if no hiatus between the cell and the
terminal was visible. Fiji ImageJ was used for measuring. The
images were randomized, and the investigator was not aware of
the subjects’ group while counting.

All listed data were recorded in Microsoft Excel datasheets.
Basic statistics, such as means and standard errors and graphs,
were made with the same software. The numbers of cells and
terminals included in the study are presented in Table S1.

Animal samples
Eighteen male Sprague–Dawley rats of age 21 days were divided
into 3 even groups of 6 animals. They received haloperidol
(2 mg/kg, brand name: Haloperidol-Richter, producer: Richter
Gedeon), olanzapine (5 mg/kg, brand name: Zyprexa, producer:
Lilly), or physiological saline intraperitoneally for 4, 3, and 4 weeks,
respectively, to model typical- (haloperidol) and atypical (olanza-
pine) antipsychotic treatments. The experiment was approved by
the Directorate of Food Chain Safety and Animal Health of Pest
County Government Office (PEI/001/787–4/2014). The day after
the last treatment the animals were perfused through the heart
with Zamboni solution with 4% paraformaldehyde and 0,05% of
glutaraldehyde in 0.1 M PB, and the brains were removed. Blocks of
prefrontal areas were treated and sectioned similarly as detailed
above by the human samples. DAB immunochemistry with anti-
SMI32 primary antibody was performed on the blocks. The slices
were randomized, and the investigator was not aware of which
group of animals was examined. Using rat brain atlas (Paxinos and
Watson 1998), the primary motor region (M1) was determined.
SMI32-positive cells were drawn by camera lucida within 3–8
bands of M1 region per animal, similarly to the human samples
above. All data of cell size and number were recorded in Microsoft
Excel datasheets. Basic statistics, such as means, standard errors,
and graphs, were made by the same software. The numbers of
cells included in the study are presented in Table S1.

Statistical analyses
All statistical comparisons were prepared with Tibco Statistica
13.5. The mean soma area and density of SMI32-immunpositive
pyramidal and Betz cells were determined for each subject, hemi-
spheres, and layers distinctively. These values were compared
using Mann–Whitney U tests. We checked if we can find any
difference between layer 3–5, left–right hemispheres, or control
and schizophrenia subjects.

In the animal model, hemispheres were not differentiated, and
Betz cells cannot be distinguished (Jacobs et al. 2018); there-
fore, it was not measured distinctively. The haloperidol- and

olanzapine-treated animals were compared with the same control
group independently.

Furthermore, we compared the proportions of PV-
immunopositive Betz cells between subjects and hemispheres.
The mean of perisomatic PV-positive terminals contacting Betz
cell’s somas per 100-μm perimeter was determined and compared
between subject groups. Finally, we used the pooled dataset of
the terminals of the controls and subjects with schizophrenia.
Mann–Whitney U tests were applied for the analyses, except for
the investigation of the PV-content of Betz cells, where Student’s
t-tests were applied. Multiple regression analyses were made to
determine if any measured features were determined by age
or PMI. Graphs were made with Microsoft Excel 2016 or Tibco
Statistica 13.5.

Results
PMI and age differences
Detailed data of patients regarding gender, age, and PMI are shown
in Table 1. Both groups contain 4 female and 4 male subjects.
The mean age of control subjects was 72 ± 10 years, while by
patients with schizophrenia: 67 ± 11 years. The mean PMI of con-
trol subjects was 3 h33’ ± 59, “while of patients with schizophre-
nia: 3h50”65′. Various causes of death occur in both groups, in
majority cardiac and respiratory conditions. The nonparametric
comparisons of PMI and age showed no significant difference
(Table S2) between subject groups.

SMI32-immunopositive pyramidal cells of layer 3
and 5
In harmony with previous findings, SMI32-immunoreactive cells
are present mostly in layer 3 and 5 in the primary motor cortex
(Hayes and Lewis 1992), and all Betz cells are strongly labeled
(Fig. 1a, d) (Tsang et al. 2000). These were common findings in
control and schizophrenia samples in both hemispheres. We mea-
sured the density (1/mm2) and sizes (maximal area—μm2) of
SMI32-immunopositive pyramidal cells of layer 3 and layer 5
in the primary cortex of both hemispheres in 8 control and 8
schizophrenia subjects. The 2 groups were compared with regard
to hemispheres as well. Densities of SMI32-positive pyramidal
cells did not differ significantly according to the statistical analy-
sis (Fig. 2a–c and e–g; Tables 2 and S2). Statistically significant but
minor decline was present in SMI32-positive cell’s density of layer
5 when the PMI was higher (Fig. S1).

The mean size of maximal cell areas did not differ between
control and schizophrenia groups in both layers and hemispheres
(Table S2, not shown in diagram). Afterward, we have investi-
gated the size distribution of pyramidal cell somata in subject
groups (Fig. 2d, h). Interestingly, in layer 5 of both hemispheres
of schizophrenia subjects, the cells with larger soma area (more
than 450 μm2) were present in smaller proportion, compared with
control (Mann–Whitney U = 50.00, N1 = 14, N2 = 14, P = 0.027 two
sided, Fig. 2) These cells are larger than 30 μm in longitudinal
diameter. Statistically significant but minor increase was present
in SMI32-positive cell’s size of layer 5 when the PMI was higher
(Fig. S1). Statistical analyses are listed in detail in Table S2.

Betz cells
Giant pyramidal cells were investigated as a distinct cell popu-
lation. They were determined through morphological character-
istics, such as large soma size and lipofuscin deposits, conspicu-
ous nucleolus, and circumferential dendrites (Rivara et al. 2003).
The density of Betz cells was significantly smaller in the right
hemisphere in schizophrenia patients (Mann–Whitney U = 13.00,
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Fig. 1. Low magnitude (4×) confocal microphotographs of the BA 4 area labeled with SMI32 (green) and PV (red). A–C) A control, D–F) a schizophrenia
sample. A, D) Only SMI32+ labeling, B, E) only PV labeling, and C, F) both. Dashed lines: borders between layer 3 and 5. Arrows show Betz cells. A high
number of layer 3 (L3) and layer 5 (L5) pyramidal cells are labeled by SMI32+ immunostaining in these two layers. Betz cells can be recognized by both
immunolabeling (A and B). Scale: 250 μm.
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Fig. 2. Graphical representation of the results measuring SMI32+ pyramidal cells in layer 3 (A–D) and 5 (E–I). No significant differences were found
in density and mean cell size (Table S2). The diagrams of panels H and I show that cells of layer 5 with larger than 450 μm2 soma size are
proportionately decreased in schizophrenia cases (Mann–Whitney U = 50.00, N1 = 14, N2 = 14, P = 0.027 two sided). Bluish colors: Controls (CTR#), reddish
colors: Schizophrenia samples (SZ#). Left hemisphere: #_Left, right hemisphere: #_Right.

N1 = 8, N2 = 8, P = 0.050, two sided). The other comparisons of cell
sizes (areas) and densities did not show significant differences
among subject groups or hemispheres (Fig. 3, Table S2). Similarly
to the other SMI32-immunopositive pyramidal cells, the density
of Betz cells showed a minor but significant decrease when the
PMI was longer (Fig. S2).

Animal model
Sprague–Dawley rats were treated with saline (control—CON),
haloperidol- (HAL), or olanzapine (OLA), 6 animals in each group.
No behavioral experiments were carried out on the animals, but

the groups were monitored after treatment for 30 min. Major
sedation effect was observed after minutes of haloperidol or
olanzapine medication.

Camera lucida drawings of the mean soma size and density of
SMI-32-immunopositive pyramidal cells of layers 3 and 5 in M1
were measured and compared among the groups. In contrast to
human findings, the cell populations of treated animals showed
no difference in density, mean cell size, or the proportion of larger
size neurons (Fig. 4, Table S3). Interestingly, the density of SMI32-
immunopositive cells was higher in layer 5 compared with layer 3
in all groups, while we did not observe similar difference in human
primary motor cortices (Table 2).

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhad107#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhad107#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhad107#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhad107#supplementary-data
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Table 2. Mean cell density and soma size of SMI32-immunoreactive neurons in human and rat primary motor cortex samples.

Samples Mean cell density (±S.E. 1/mm2) Mean soma size (±S.E. μm2)

Left Right Left Right

Human CTR layer 3 113.47 ± 56.05 115.90 ± 59.17 349.92 ± 54.79 330.83 ± 72.20
layer 5 97.81 ± 36.04 101.15 ± 42.60 522.83 ± 113.86 465.77 ± 94.44

SZ layer 3 136.95 ± 42.98 96.84 ± 48.51 329.04 ± 55.77 327.72 ± 39.29
layer 5 113.41 ± 35.51 98.39 ± 46.27 430.43 ± 137.00 425.88 ± 83.26

Rat CON layer 3 58.89 ± 19.69 134.91 ± 44.31
layer 5 113.38 ± 28.48 195.68 ± 53.30

HAL layer 3 71.10 ± 13.80 151.37 ± 31.78
layer 5 106.46 ± 20.83 235.08 ± 61.69

OLA layer 3 88.39 ± 19.39 153.21 ± 20.19
layer 5 115.51 ± 21.06 229.89 ± 30.59

Abbreviations: S.E.: standard error, CTR: control human samples, SZ: schizophrenia samples, CON: saline-treated rat samples, HAL: haloperidol-treated rat
samples, OLA: olanzapine-treated rat samples.

PV-content of Betz cells
The proportion of PV-immunopositive Betz cells was measured
on DAB-labeled samples with Nissl counterstaining (Fig. 5). No
significant difference was found between control and schizophre-
nia samples (Fig. 5, Table S2). About half of the Betz cells
showed PV-immunopositivity in both groups (control samples: left
hemispheres: 55.19 ± 11.49%, right hemispheres: 50.83 ± 9.50%;
schizophrenia samples: left hemispheres: 56.02 ± 10.90%, right
hemispheres: 57.03 ± 11.53%), which was less intense compared
with PV-immunopositive interneurons in the most cases (Szocsics
et al. 2021) (Figs 1 and 5). Multiple regression analysis showed
that the proportion of PV-labeled Betz cells has decreased with
age (Fig. 5).

PV-immunopositive perisomatic terminals on
Betz cells
Immunofluorescent samples were analyzed by confocal laser
scanning microscope (Fig. 6a). PV-immunopositive inputs (mean
terminal count per 100 μm cell body perimeter) were decreased
on the Betz cells in the right hemispheres of the schizophre-
nia subjects (Mann–Whitney U = 10320.00, N1 = 149, N2 = 166,
P = 0.011. CTR: 5.74 ± 2.22 terminals/100 μm SZ: 5.15 ± 2.01
terminals/100 μm), if the data were pooled (Fig. 6b). Morphological
comparison of the left or both hemispheres together showed no
significant differences (Table S2). We checked and confirmed that
the majority of the PV-immunopositive terminals form synapses
on Betz cells both in control and in patients with schizophrenia
(Fig. 7).

Discussion
In our study, primary motor cortices of 8 control and 8
schizophrenia subjects were examined by immunohistochemical
methods postmortem. Perfusion fixed samples with 2.5–5.5 h PMIs
were selected for the study. Whenever possible, both hemispheres
of the subjects were included in the investigation. Our results
showed that the proportion of large SMI32-immunopositive
pyramidal cells was decreased among the total number of
pyramidal cells in schizophrenia samples. Similarly, the giant
pyramidal cells of the right hemisphere showed a decrease in
number, and their perisomatic PV input density (number of
terminals per unit perimeter) was dropped, which can indicate
a special vulnerability of the Betz cells in the right hemisphere of
the schizophrenia patients.

One of the main limitations of our study is the relatively low
number of cases examined. Namely, schizophrenia shows high
variability genetically (Pardiñas et al. 2018) and in clinical features
as well (Tandon et al. 2009; Helldin et al. 2020). By structural
magnetic resonance investigations (MRI), 3 distinct biotypes of
psychotic disorders are distinguishable in concordance with gray
matter reduction (Ivleva et al. 2017), which is not known in
samples of this study. Several genetic and environmental factors
could play role in the development of schizophrenia (Owen et al.
2016), and 8 (in the immunofluorescent investigation 4) cases
are not enough to cover every possibility. Neurological soft signs
(Peralta et al. 2010) and other milder motor symptoms (Walther
and Strik 2012) did not reach the threshold of clinical signifi-
cance; therefore, these data are not available for investigation
and retrospective data collection was not possible. Thus, in most
cases, we only know if patients have ever experienced clinically
significant EPSs (Divac et al. 2014) or other motor disturbances
during their treatment. EPS occurred in 2 schizophrenia cases,
and 2 other patients had catatonic symptoms during their treat-
ment (Table 3). These clinical data showed no correlation with
our findings regarding to the density of SMI-32-immunopositive
pyramidal neurons or the decrease of perisomatic PV input on
Betz cells.

We should add to the limitations that we made some simplifi-
cations during the analysis of cell’s density and area. For example,
these cells were treated as ellipsoids, while the morphology could
be more diverse, or that we measured a lower number of sec-
tions, than needed for a stereological investigation. The pyramidal
cells have a characteristic shape, letting us to consider them as
ellipsoid. Furthermore, randomized sampling method and the use
of representative sections made it possible to have relevant data
during the process.

Another important limitation is that only the PV-
immunopositive perisomatic terminals on giant pyramidal cells
were examined and we did neither include other pyramidal
cells in this investigation nor other subcellular targets of PV-
interneurons, such as proximal dendrites or axon initial segment.
Therefore, it is not determined at present whether this change
is unique to Betz cells or other pyramidal cell populations show
similar changes. However, since high number of PV-terminals
terminate on the cell body of giant pyramidal cells (Szocsics et al.
2021), the most striking changes may appear on these neurons.
Studies of other cortical areas show alterations of PV-containing
cells and terminals in schizophrenia (Lewis et al. 2012). Our results
supported the presence of similar changes in BA 4 (Fig. 6).

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhad107#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhad107#supplementary-data
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Fig. 3. A) Representative low power images of right hemisphere BA 4 layer 5 s from one control and one schizophrenia sample. As we show in (B),
the majority of the cases have decreased density of Betz cells in this area (Mann–Whitney U = 13.00, N1 = 8, N2 = 8, P = 0.050, two sided), but not in
the left hemisphere. C) Betz cells’ area did not differ significantly between control and schizophrenia cases. Shades of blue: Controls, shades of red:
Schizophrenia samples.

Primate studies implicate that Betz cells and other cortico-
motoneuronal connection establishing BA 4 pyramidal cells play
a major role in precision movements (Bennett and Lemon 1996). It
was measured earlier that neuronal soma size, axonal diameter,

and conduction velocity show correlation in pyramidal tract
cells (Sakai and Woody 1988), at least in cats. In addition, BA 4
large pyramidal tract neurons show fast spiking characteristics
compared with other pyramidal cells (Vigneswaran et al. 2011).
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Fig. 4. Animal model of chronic antipsychotic treatment. The picture of (A) shows an SMI32-immunostained rat brain slice, the primary motor areas
(M1) are indicated. The diagrams of (B) show that we did not find any change in SMI32-immunopositive pyramidal cell size and density in layer 3 and 5
of M1 among control (CON), haloperidol- (HAL), or olanzapine-treated (OLA) groups (Table S3). Interestingly, the density of SMI32-immunopositive cells
was higher in layer 5 compared with layer 3 in all groups, while we did not observe similar difference in human primary motor cortices (Table 2).

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhad107#supplementary-data
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Fig. 5. The proportion of PV-immunopositive Betz cells in control and schizophrenia subjects. A) Low-magnification large image of the BA 4 of a control
subject (SKO24 left hemisphere) with PV-immunolabeling counterstained by Cresyl violet. Boxed area B is showed at higher magnification on (B). The
boxed areas C and D are presenting one PV-immunopositive and one PV-immunonegative Betz cell on (C) and (D), respectively. (E) Scatterplot and multiple
regression analysis of the proportion of PV-immunopositive Betz cells and age. There was no difference between control and schizophrenia subjects in
PV-immunopositivity; however, the proportion of labeled cells shows a minor decline with age. Shades of blue: Control-, shades of red: Schizophrenia
subjects. Fit line and 0.95 confidence interval are indicated on the scatterplot.
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Fig. 6. A) Betz cells from control and schizophrenia samples are shown with high-magnification confocal fluorescent images. Only PV-immunolabeled
and with SMI32-staining merged images from each. The Betz cells show different intensities of PV-immunolabeling. Some are very intense, others are
PV-negative, or around detection limit. Cyan arrows show PV-immunopositive terminals. Scale: 25 μm. B) PV-immunopositive perisomatic terminals of
Betz cells were measured and their number determined per 100 μm perimeter on double fluorescent images, as shown in Fig. 5. Statistical analysis
revealed that the densities of these terminals are decreased in schizophrenia cases in the right hemisphere (Mann–Whitney U = 10320.00, N1 = 149,
N2 = 166, P = 0.011).

Table 3. Clinically significant motor disturbances among the examined schizophrenia subjects.

Subject SKIZ1 SKIZ3 SKIZ4 SKIZ5 SKIZ7 SKIZ8 SKIZ9 SKIZ10

Symptoms Stupor, EPS n.a. n.a. n.a. mutism n.a. catatonic symptoms akathisia

Abbreviations: SKIZ#: schizophrenia subject, n.a.: data are not available.

Fig. 7. Electron microscopy pictures of PV-immunopositive terminals
and their synapses (arrows) on Betz cells’ somata, both in control and
schizophrenia subjects.

This might be necessary for the precision required to perform fine
movements. The PV content of Betz cells could also be associated
with this function. Namely, PV is a calcium buffer protein, which
can promote a more rapid mode of action (Arif 2009). Detectable
PV-containing Betz cells from control and schizophrenic sub-
jects occurred at a similar proportion (control samples: left
hemispheres: 55.19 ± 11.49%, right hemispheres: 50.83 ± 9.50%;
schizophrenia samples: left hemispheres: 56.02 ± 10.90%, right
hemispheres: 57.03 ± 11.53%). PV-immunoreactivity of Betz cells
was in an inverse correlation with the subject’s age (Fig. 5). This
latter finding might be a neuropathological phenomenon of
aging; however, it needs further clarifications. Nevertheless, it
was shown earlier that Betz cells are more prone to age-related
alterations compared with other pyramidal cells (Scheibel et al.
1977). The decreased number of large pyramidal cells in the
right primary motor cortex and decrease in their PV-containing
perisomatic inputs may indicate functional disturbances and
vulnerability in the right hemisphere. Accordingly, studies showed
that the performance of fine motor movements in significant
number of patients with schizophrenia is impaired (Carey et al.
2019; Viher et al. 2019). In a significant proportion of patients
where mild neurological signs are present (Peralta et al. 2010),
some disturbances in brain networks and cells are highly possible.
Thus, we believe that our results may help to understand better
the etiology of motor impairments.



8190 | Cerebral Cortex, 2023, Vol. 33, No. 13

Many of our results suggest that the right—presumably
subdominant—primary motor cortex is more vulnerable in
patients with schizophrenia. Some data show that more severe
motor disturbances could occur in the left side of the body of later
schizophrenia patients (Walker et al. 1994). Other researchers
have found either bilateral differences between control and
schizophrenia samples (Kreczmanski et al. 2007; Schneiderman
et al. 2011) or that the cortical asymmetry between the 2
hemispheres is decreased in patients with schizophrenia (Cullen
et al. 2006; Oertel-Knochel et al. 2012). The MRI investigations
of white matter tracts show that psychosis patients without
catatonia have right lateralized differences compared with
healthy controls, while patients with catatonia have opposite
differences in the left side especially in corpus callosum (Viher
et al. 2020; Wasserthal et al. 2020). The disconnection observed in
schizophrenia (Friston et al. 2016) presumably also affects inter-
hemispheric relationship, as previous studies suggest (Hoptman
et al. 2012; Mwansisya et al. 2013; von Hohenberg et al. 2014). This
may also explain the increase of functional separation between
hemispheres, and the reason why the subdominant part might be
more involved in some circumstances (Payoux et al. 2004) since
the subdominant hemisphere is less connected to other brain
regions.

An important question is whether this impairment belongs to
the neurodevelopmental nature of schizophrenia (Jaaro-Peled and
Sawa 2020), or we observed a secondary, degenerative impairment.
Since this study is a postmortem examination, this question
cannot be accurately answered by our methods. Developmental
studies suggest that motor organization might be affected from
an early age (Walker et al. 1994; Sørensen et al. 2010; Dickson et al.
2012), and motor difficulties are present in the clinical high risk for
psychosis patients (Dean et al. 2018; Damme et al. 2020), but there
is also clinical evidence that patients’ motor symptoms deterio-
rate during the progression of the disease (Chen et al. 2000), which
may also be influenced by antipsychotic medication. According to
our animal model, SMI32-immunoreactive pyramidal cells are not
influenced by high dose treatment of haloperidol or olanzapine;
therefore, pharmacological interventions may not play role in the
alteration of these pyramidal cells. Thus, we suggest that motor
disturbances are most likely the results of neurodevelopmental
and degenerative factors simultaneously. Medication itself may
not cause changes in the cells of the primary motor cortex. How-
ever, the pharmacological treatment in our experimental model
was a short period—3–4 weeks, longer exposition to the drugs
might also cause alterations in the brain.

In many patients with schizophrenia, the processing of elemen-
tary perceptual stimuli is impaired (Butler et al. 2008), whereas
a growing number of studies point to the disturbance of motor
functions (Walther and Strik 2012). Our research highlights that
in addition to brain regions dedicated to higher mental functions,
other areas can be also involved in changes caused by schizophre-
nia and their investigation is essential for understanding the
disorder.
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