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Apoptotic markers in cultured fibroblasts correlate with brain
metabolites and regional brain volume in antipsychotic-naive
first-episode schizophrenia and healthy controls

A Batalla'?***, N Bargall6>%’, P Gassé®®, O Molina®, D Pareto'®, S Mas®”%, JM Roca', M Bernardo®®”'", A Lafuente®”® and

E Parellada’%%7811

Cultured fibroblasts from first-episode schizophrenia patients (FES) have shown increased susceptibility to apoptosis, which may be
related to glutamate dysfunction and progressive neuroanatomical changes. Here we determine whether apoptotic markers
obtained from cultured fibroblasts in FES and controls correlate with changes in brain glutamate and N-acetylaspartate (NAA) and
regional brain volumes. Eleven antipsychotic-naive FES and seven age- and gender-matched controls underwent 3-Tesla magnetic
resonance imaging scanning. Glutamate plus glutamine (Glx) and NAA levels were measured in the anterior cingulate (AC) and the
left thalamus (LT). Hallmarks of apoptotic susceptibility (caspase-3-baseline activity, phosphatidylserine externalization and
chromatin condensation) were measured in fibroblast cultures obtained from skin biopsies after inducing apoptosis with
staurosporine (STS) at doses of 0.25 and 0.5 um. Apoptotic biomarkers were correlated to brain metabolites and regional brain
volume. FES and controls showed a negative correlation in the AC between Glx levels and percentages of cells with condensed
chromatin (CC) after both apoptosis inductions (STS 0.5 um: r=—0.90; P=0.001; STS 0.25 pum: r=—0.73; P=0.003), and between NAA
and cells with CC (STS 0.5 um induction r=—-0.76; P=0.002; STS 0.25 um r=—-0.62; P=0.01). In addition, we found a negative
correlation between percentages of cells with CC and regional brain volume in the right supratemporal cortex and post-central
region (STS 0.25 and 0.5 um; P < 0.05 family-wise error corrected (FWEc)). We reveal for the first time that peripheral markers of
apoptotic susceptibility may correlate with brain metabolites, GIx and NAA, and regional brain volume in FES and controls, which is

consistent with the neuroprogressive theories around the onset of the schizophrenia illness.
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INTRODUCTION

Dopaminergic abnormalities are the core feature of psychosis;
however, there are several aspects of schizophrenia that do not
appear to be entirely explained by dopamine dysfunction alone.’
Clinical research has suggested that abnormalities in dopaminergic
neurotransmission may be the final common pathway to
psychosis,? and this may be driven by abnormalities in glutama-
tergic transmission. The glutamatergic hypothesis of schizophre-
nia was proposed in the early 1990s,° based on pharmacological
studies with N-methyl-D-aspartate receptor blockers, such as
phencycline and ketamine, which produce psychotomimetic effects
in healthy volunteers and exacerbate symptoms and cognitive
defects in schizophrenia patients.”® Normal glutamate (Glu) and
N-methyl-D-aspartate receptor function has a critical role in
synaptogenesis during early development and synaptic elimination
during adolescence.” The administration of N-methyl-D-aspartate
receptor antagonists to experimental animals during early postnatal
development results in cortical apoptosis, and behavioral, structural

and neurochemical abnormalities associated with schizophrenia.'®'?

Deficits in glutamatergic neurotransmission, including NMDA
receptor hypofunction and Glu-induced excitotoxicity, are capable
of activating apoptosis in neurons, which may lead to neuronal
damage and the onset of psychosis in early adulthood.”"*
First-episode schizophrenia patients may have a genetically
increased susceptibility to apoptosis or be more vulnerable to pro-
apoptotic stimuli, such as Glu excitotoxicity, oxidative stress,
reduced neurotrophic support and inter alia.'®'> This increased
apoptosis might explain certain features of schizophrenia, such as
the progressive gray matter (GM) loss identified in first-episode
schizophrenia (FES), or the functional brain deficits observed in
the course of the disease.'®'” Post-mortem studies do not show
clear evidence of decreased cell viability, but local synaptic
apoptosis may reduce neuropil without inducing neuronal
death.”® Reduced dendritic spines, presynaptic marker proteins
and expression of synaptic genes'>'? are consistent with the
hypothesis of loss of neuropil or altered apoptosis.'>'>2°
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Table 1. Demographic and clinical data of subjects.
Fibroblast cell lines and structural MRI data P-value TH-MRS P-value
Patients N=11) Controls (N=7) Patients (N=10) Controls (N=6)
Age (mean +s.em.) 235+ 1.1 228+09 0.675 239+1.2 223+0.8 0.373
Male gender, N (%) 6 (54.5) 4 (57.1) 0.914 5 (50.0) 3 (50.0) 1.000
Caucasian ethnicity, N (%) 10 (90.9) 7 (100) 0.412 9 (90.0) 6 (100) 0.424
BMI (mean +s.e.m.) 213+1.2 214+04 0.913 20.3+0.7 214+04 0.248
Educational level®
Post-compulsory schooling®, N (%) 9 (81.8) 7 (100) 0.231 8 (80.0) 6 (100) 0.242
University studies, N (%) 1(9.1) 1(14.3) 0.732 1(10.0) 0 (0.0) 0.424
Tobacco use
N (%) 6 (54.5) 2 (28.6) 0.280 5 (50.0) 2 (33.3) 0.515
No. of cigarettes per month 250.9+81.1 128.6+89.2 0.327 231.0+87.0 150.0+102.5 0.566
Sporadic cannabis use, N (%) 5 (45.5) 3 (42.9) 0914 4 (40.0) 2 (33.3) 0.790
Sporadic alcohol use, N (%) 9 (81.8) 5(71.4) 0.605 8 (80.0) 4 (66.7) 0.551
Psychopathology score
PANSS total (mean +s.e.m.) 117.0+6.2 — — 117.4+6.9 — —
PANSS positive (mean +s.e.m.) 28.7+1.3 — — 286+ 1.4 — —
PANSS negative (mean +s.e.m.) 29.6+2.3 — — 30.2+2.5 — —
PANSS general (mean +s.e.m.) 58.7 +4.1 — — 58.7+4.5 — —
CGl total (mean +s.e.m.) 53+0.3 — — 53+03 — —
GAF (mean +s.e.m.) 22+28 — — 21+3.0 — —
Abbreviations: BMI, body mass index; CGl, clinical global impression; GAF, global assessment of functioning; 1H-MRS, proton magnetic resonance
spectroscopy; MRI, magnetic resonance imaging; PANSS, Positive and Negative Syndrome Scale. 2Subjects who completed the corresponding level. ®Spanish
baccalaureate or vocational studies.

In vivo measures of glutamate metabolism and neural integrity
may help to test glutamatergic models of schizophrenia and its
relation to apoptotic markers.?! Few studies have examined the
levels of Glu, its metabolite glutamine (GIn) or its combination
(Glx), as well as N-acetylaspartate (NAA), a marker of neuronal
integrity, using proton magnetic resonance spectroscopy
(TH-MRS) in first-episode psychosis before treatment.”?*?* Two
1TH-MRS studies in unmedicated first-episode patients found
increased GIn/Glu ratio” and Gln levels®® in the anterior cingulate
(AC), and another in the medial prefrontal cortex.?? Increased Gln
has also been reported in the thalamus in one study,*® as well as
decreased NAA in the AC Studies involving clinical high-risk
populations have also described high levels of GIn in cortical
regions,”*% although lower?® and negative results have also been
reported.?”?® Importantly, the loss of thalamic GIn in patients with
schizophrenia?® and Glu in subjects at risk of developing
schizophrenia®* has been correlated with GM loss in several brain
regions.

On the basis of evidence that glutamatergic dysfunction may
lead to cortical apoptosis, and that the loss of Glu, GIn and NAA
may be related to loss of synaptic neuropil and structural
abnormalities in different stages of psychotic illness, we hypothe-
sized that changes in GIx and NAA measured with TH-MRS would
correlate with apoptotic markers obtained from cultured fibro-
blasts in antipsychotic-naive first-episode psychotic patients
compared with healthy controls. Several markers enable to detect
morphological, biochemical and molecular alterations in cells
undergoing apoptosis. One of the earliest markers of this
programmed cell death involves the externalization of phos-
phatidylserine residues from the inner to the outer leaflet of the
cell membrane®° Later stages involve the activation of caspases,
caspase-3 being the ultimate and main executor of apoptosis, as
well as chromatin condensation and DNA fragmentation.?'3? We
further hypothesized that apoptotic markers would correlate with
regional brain volume alterations measured with voxel-based
morphometry (VBM), particularly in those areas that may be
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expected to be involved in schizophrenia, such as the frontal and
temporal cortex.

MATERIALS AND METHODS

Subjects

Eleven patients (six men and five women) suffering from a FES and aged
between 19 and 29 years were recruited during acute hospitalization for a
first psychotic episode in the inpatient unit of a general academic hospital
(Hospital Clinic, Barcelona) over a period of 2 years. All patients were
antipsychotic-naive at the time of sample collection. Psychopathology and
functionality of patients were assessed with the Positive and Negative
Syndrome Scale (PANSS), the Clinical Global Impression (CGIl) and the Global
Assessment of Functioning (GAF) scales. The diagnosis of schizophrenia was
confirmed according to Diagnostic and Statistical Manual of Mental Disorders,
4th Edition, Text Revision after a 2-year follow-up clinical evaluation. Seven
healthy controls (four men and three women), college students from the
University of Barcelona (age range 21-26 years), were also recruited at the
same time. All subjects included in the study were Caucasians, except for one
patient who reported African ancestry. Control subjects were assessed using
a semistructured psychiatric interview (SCID-I), excluding any Axis | psychiatric
disorders. Subjects suffering from mental retardation or from any neurolo-
gical illness were excluded. No subjects suffered from any relevant disease.
Chronic drug treatment was considered a criterion for exclusion. People
meeting Diagnostic and Statistical Manual of Mental Disorders, 4th Edition
criteria for substance abuse or dependence for any substance save nicotine
or cannabis and alcohol used sporadically were also excluded. Demographic
and clinical data are shown in Table 1. After receiving a full explanation of the
study, written informed consent was obtained from each control subject and,
in the case of patients, from their parents. The study was approved by the
Ethics Committee of Hospital Clinic. Two subjects (one patient and one
control) could not finish the exam and the spectra were not acquired.

Image acquisition and analysis

All images were acquired at a 3T Siemens Magneto TIM Trio (Siemens
Diagnostics Healthcare, Erlangen, Germany) at the Image Platform of
IDIBAPS, Centre de diagnostic per la Imatge from Hospital Clinic, Barcelona.
We used a 32-channel phased-array head coil with foam padding and
headphones to restrict head motion and suppress scanner noise.
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Spectroscopic voxel placement in the anterior cingulate (AC) cortex (a) and in the left thalamus (LT; b). Representative spectra of one

control in the AC (c) and in the LT (d) and of one patient in the AC (e) and in the LT (f). Glx, glutamate+glutamine; NAA, N-acetylaspartate.

TH-MRS acquisition and quantification

Single voxel spectra were acquired with the use of a double-spin echo
point-resolved spectroscopy sequence, with repetition time = 1500 ms and
echo time =35 ms, data points 2048, with automatic shimming and water
suppression. A volume of interest (VOI) of 12cm?® was placed in the AC
(30x20x 20 mm?3), and a second one of 8cm? in the left thalamus (LT;
20 % 20 x 20 mm?>). Figure 1 demonstrates representative voxel placement.
This procedure was applied in the same manner in all subjects, and care
was taken to ensure standard placement. For the quantification, we used
the user-independent frequency-domain fitting program (LC Model)**>*
version 6.1-4A, using a basis set of model metabolite spectra. Eddy-current
correction was conducted. The unsuppressed water signal was used as an
internal reference, assuming a water concentration of 35 880 mmol 1= (ref.
35) to estimate the metabolite concentrations. No corrections for
relaxation were performed. Therefore, the concentrations are expressed
as internal units that differ from mmolkg™' by factors because of
relaxation, as well as water content in the VOI. Some metabolites are
difficult to quantify independently from others; therefore, the sum of
concentrations was used. The metabolites of the basis set for LC Model
were L-Alanine (Ala), Aspartate (Asp), Cr, gamma-Aminobutyric acid, Glu,
Gln, inositol (ml), L-Lactate (Lac), NAA, N-acetyl aspartateglutamate (NAAG),
Scyllo-Inositol  (Scyllo), Taurine (Tau), Glycerophosphocholine (GPCh),
Phosphocholine (PCh), Glycine (Gly), the combined metabolites (GPCh
+PCh, NAA+NAAG and Glu+GlIn) and the different groups of lipids and
macromolecules (Lip13a, Lip13b, Lip09, MMO09, Lip20, MM20, MM12, MM14
and MM17) and their combinations (Lip13a+Lip13b, MM14+Lip13a+Lip13b
+MM12, MMO09+Lip09 and MM20+Lip20). Only the metabolites NAA,
NAAG, Glu, GIn, Cr, GPCh, PCh and ml, some of them combined (GPCh
+PCh referred to as total Cho, NAA+NAAG referred to as total NAA and Glu
+GlIn referred to as GIx) were considered as they are the ones that have
been studied the most in the previous schizophrenia literature. A typical
LCM spectrum and fitting for both patients and controls are shown in
Figure 1. We only consider the absolute metabolite values with a Cramer—
Rao lower bound below 20%, indicating that these metabolites could be
reliably estimated®* and a signal-to-noise ratio greater than 10. We

decided to use the sum Glu and GIn because these metabolites separately
usually do not survive the Cramer-Rao lower bound level.

An additional structural image (3d T1-weighted MPRAGE sequence with
isometric voxel of 1x1x1 mm?) was recorded in the same scanning session
(the sequence is described below). Statistical parametric mapping (SPM)
segmentation was performed and cerebrospinal fluid was included in the
VOI (SPM5 software, running in Matlab 6.5, MathWorks, Natick, MA, USA).
Metabolite concentrations were adjusted for the amount of cerebrospinal
fluid in each voxel. The metabolite concentrations were adjusted
for the amount of cerebrospinal fluid contained within the VOI using the
formula: Cret—cor = C\T;‘x 100 where VF corresponds to the volume
fraction (percentage of nervous tissue — GM and white matter — contained
in the VOI).3® The 1H-MRS parameters used for the present study provided
robust signals for both the healthy control and FES groups. Specifically,
healthy controls had an AC and LT signal-to-noise ratio of 68.50 (s.d.=9.75)
and 15.00 (s.d.=2.68), respectively, and a full-width at half-maximum of
0.049 p.p.m. (s.d.=0.013) and 0.079 p.p.m. (s.d.=0.022), respectively. FES
patients had an AC and LT signal-to-noise ratio of 66.60 (s.d.=14.58) and
35.90 (s.d.=55.66), respectively, and a full-width at half-maximum of 0.042
p.pm. (s.d.=0.011) and 0.079 p.p.m. (s.d.=0.016), respectively. None of
these measures was different between the two groups (P> 0.05), suggesting
that the quality of the data was comparable across the two groups.

Structural volumetric acquisition and VBM analysis

The magnetic resonance imaging protocol included a set of
magnetization-prepared rapid gradient echo T1-weighted images (repeti-
tion time: 2300 ms; echo time: 3 ms; flip angle: 15° field of view: 245 mm;
and voxel size: 1x1x1mm? and axial T2 images (repetition time:
3000 ms; echo time: 87 ms; flip angle: 120°; field of view: 233 x 256; and
slice thickening: 3mm). A neuroradiologist (NB) confirmed that all
magnetic resonance imaging scans were free of gross structural
abnormalities.

The structural MPRAGE images were analyzed with the Statistical
Parametric Mapping software (SPM8; The Wellcome Department of
Imaging Neuroscience, London, UK) following the VBM toolbox (http://
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dbm.neuro.uni-jena.de/vbm/). Briefly, images were segmented and nor-
malized to the SPM-T1 template using a high-dimensional DARTEL
transformation. In addition, the Jacobian determinants derived from the
spatial normalization were used to modulate image voxel values to restore
volumetric information (affine and nonlinear).>’ Finally, images were
smoothed with an 8-mm full-width at half-maximum isotropic Gaussian
kernel.

Differences between patients and controls were assessed for both gray
and white matter portions, as a two-sample t-test. Data were generated at
P < 0.007 uncorrected, and only those surviving a cutoff of P < 0.05, family-
wise error (FWE) correction at the cluster level for multiple comparisons,
were considered statistically significant. Finally, correlations with apoptotic
markers were also analyzed for both gray and white matter VBM, using the
same statistical threshold.

In order to assess whether there was a correlation between the
metabolites (corrected by cerebrospinal fluid factor) and GM concentra-
tion, a multivariate analysis was performed. Total intracranial volume was
included as a covariate. Significance level was set at P<0.05 (FWE-
corrected, FWECc).

Fibroblast primary cell culture: markers of apoptotic susceptibility

Hallmarks of apoptotic susceptibility (caspase-3 activity, phosphatidyl-
serine externalization and chromatin condensation (CC)) were measured in
fibroblast cultures obtained from skin biopsies of all subjects after inducing
apoptosis with staurosporine (STS) at doses of 0.25 and 0.5 um (Sigma-
Aldrich, St Louis, MO, USA). Five markers of apoptotic susceptibility were
considered in the analysis: caspase-3 activity (baseline and 6h after
treatment with STS 0.50 uwm), externalization of phosphatidylserine
(measuring annexin-V 6 h after treatment with STS 0.50 pm) and chromatin
condensation (6 h after STS induction at doses of 0.25 and 0.5 um). These
biomarkers were chosen on the basis of previous results of increased
apoptotic susceptibility in cultured fibroblasts from antipsychotic-naive FES
patients compared with healthy controls.'””> Compared with controls,
cultured fibroblasts from patients showed higher caspase-3 activity and
lower BCL2 expression. When exposed to STS, fibroblasts from patients
also showed higher cleaved caspase-3 activity and protein levels; a higher
percentage of cells with translocated phosphatidylserine and condensed
chromatin (CC); and higher p53 expression.'> The detailed protocol for the
establishment of the skin fibroblast cultures can be found elsewhere.”

Statistical analysis

All statistical analyses were performed using Statistical Package for the
Social Sciences (SPSS, v.19; SPSS, Chicago, IL, USA). Descriptive results are
presented as the mean (s.d.) for continuous variables and frequencies
(absolute and relative) for categorical variables. Group differences in
demographic were explored using X*-test, Student’s t-test or Mann-
Whitney U-test, as appropriate. Metabolite measures between groups were
compared using a multivariate regression analysis. The percentages of GM

in the AC and LT were included as covariates. Statistical significance was
set at 0.05.

Partial correlations controlling for percentages of GM and for the time of
experiment when the apoptotic hallmarks were measured were conducted
to examine the relationship between apoptotic markers and metabolite
concentrations for each region. The statistical threshold was Bonferroni-
adjusted (P=0.05/5=0.01) to control for multiple comparisons. Statistical
power was calculated according to the recruited sample size. When all
participants were included in the test (n=16), assuming a 5% level of
significance, we were able to detect correlation coefficients of r > 0.65 with
>80% of statistical power; when sample was stratified according to
diagnosis, we were able to detect r>0.79 (cases n=10, 5% level of
significance and >80% statistical power) or r>0.92 (controls n=6, 5%
level significance and > 80% statistical power).

RESULTS

Cerebral metabolites

There were no significant differences between groups in GIx and
NAA levels either in the AC (controls (mean, s.d.): 9.2, 1.1; patients:
7.8, 1.1; F=4.73, P=0.149; and controls: 7.3, 1.1; patients: 6.5, 0.8;
F=1.72, P=0.339, respectively), or in the LT (controls (mean, s.d.):
5.4, 1.7; patients: 4.8, 1.3; F=2.08, P=0.602; and controls: 7.9, 1.0;
patients: 7.5, 0.4; F=1.21, P=0.186, respectively). We found no
differences in the other metabolite levels (Inositol, Cr and PCh)
between groups in the AC or LT.

Relationship between apoptotic markers and metabolite levels
Anterior cingulate. There was a negative correlation between Glx
levels and the percentages of cells with CC after both apoptosis
inductions: STS 0.5 um: r=-0.90; P=0.001; STS 0.25 pm: r=-0.73;
P=0.003 (Figure 2). When the analysis was performed by group,
we found a negative correlation in the FES group after induction
with STS 0.5 um (r=-0.90; P=0.002) that did not reach corrected
significance in controls (STS 0.5 pm: r=—0.94; P=0.045). NAA levels
were also negatively correlated with percentages of cells with CC
after induction with STS 0.25um (r=-0.62; P=0.01) and 0.5 um
(r=-0.76; P=0.002; Figure 2). In the analysis by group, negative
correlations were significant in FES after both apoptosis inductions
(STS 0.5um: r=-0.88; P=0.004; and STS 0.25um: r=-0.89;
P=0.003) but not in controls (STS 0.5 um: r=—0.73; P=0.266;
and STS 0.25 pum: r=—-0.24; P=0.747). No further correlations were
found in the AC between GlIx or NAA levels and other apoptotic
biomarkers.
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Partial correlation plots showing the association between the residualized values of apoptotic markers and metabolite

concentrations after controlling for percentages of gray matter and for the time of experiement when the apoptotic hallmarks were measured.
(@) Inverse correlation between anterior cingulate GlIx (glutamate+glutamine) levels and chromatin condensation (CC) after apoptosis
induction with staurosporine (STS) 0.5 um in first-episode schizophrenia and controls (r=-0.90; P=0.001). (b) Inverse correlation between
anterior cingulate N-acetylaspartate (NAA) levels and CC after apoptosis induction with STS 0.5 pm in first-episode schizophrenia and controls
(r=—-0.62; P=0.01). (c) Positive correlation between anterior cingulate glutamate+glutamine (GIx) and NAA levels in first-episode
schizophrenia and controls (r=0.80; P=0.001). @, First-episode schizophrenia; ©, controls.
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Figure 3.

Correlation of regional brain volume with chromatin condensation (CC) after apoptosis induction with staurosporine (STS) in first-

episode schizophrenia (FES) and controls. (a) Significant negative correlation in the right superior temporal and in the right postcentral after
apoptosis induction with STS 0.25 um (P < 0.001, family-wise error (FWE)-corrected at a cluster level). (b) Significant negative correlation in the
right post-central region after apoptosis induction with STS 0.5 pm (P < 0.001, FWE-corrected at a cluster level). Images are superimposed on
selected slices of a normalized brain and are oriented following the neurological convention (right=right). Voxels with P < 0.001

(uncorrected) are displayed. Color bar represents t-value.

GlIx and NAA levels were positively correlated in the AC (r=0.80;
P=0.001) of all participants (Figure 2). When data were analyzed
by group, the correlation was significant in the FES group (r=0.77;
P=0.026) but not in controls (r=0.84; P=0.159).

Left thalamus. We found two negative correlations between Glx
and levels of caspase-3 activity (both baseline and 6h after
treatment with STS 0.50 um) that did not overcome the correction
for multiple comparisons (baseline r=-0.59; P=0.034; STS 0.5 um
r=-0.56; P=0.047). No further correlations were found in the LT
between Glx or NAA levels and other apoptotic biomarkers.

Relationship between apoptotic markers and regional brain
volume

We did not find significant gray and white matter differences
between patients and controls. A negative correlation between
regional brain volume in the right superior temporal cortex and in
the postcentral gyrus and percentages of cells with CC after both
apoptosis inductions (STS 0.25 and 0.5 um) was found (P < 0.05
FWEc; Figure 3). The analysis by group could not be performed,
given that the sample size was lower than the degrees of freedom
needed. No other correlations between gray and white matter
volume and apoptotic biomarkers were found.

Relationship between metabolite levels and regional brain volume

None of the metabolites considered showed a significant positive
or negative correlation with gray matter.

DISCUSSION

To the best of our knowledge, this is the first neuroimaging study
to examine the relationship between brain metabolite levels and
regional brain volume and peripheral apoptotic biomarkers in
first-episode antipsychotic-naive schizophrenia patients and con-
trols. Our results showed a negative correlation in the AC between

GlIx and NAA levels and percentages of cells with CC in cultured
fibroblasts obtained from skin biopsies. We further show that
regional brain volume in the right superior temporal cortex and in
the postcentral region was negatively correlated to the same
apoptotic biomarker. Taken together, these findings are consistent
with the neuroprogressive theories around the early stages of the
illness.

One of the defining neuropathological features of schizophrenia
is GM loss in frontal and temporal regions, which is accelerated
during periadolescence.®® There has been substantial controversy
about what causes the progressive changes. Possible explanations
include the effects of medication,® excitotoxicity induced by
N-methyl-D-aspartate Glu receptor dysfunction®® and reduced
neuropil,*® which may be influenced by local synaptic apoptosis.'”
In our sample of untreated FES patients, we evaluated this
complex cell death mechanism by studying well-known hallmarks
of apoptosis such as the caspase-3 activity, the detection of
translocated phosphatidylserine and the identification of cells
with fragmentation or CC. From direct analysis of apoptotic cells,
we previously reported higher apoptotic susceptibility in cultured
fibroblasts from antipsychotic-naive first-onset schizophrenia
patients compared with controls.'”” In the present study we
further show that the mentioned apoptotic mechanisms are
related to brain markers, in particular with brain metabolites and
brain volume.

We did not find differences in metabolite levels between FES
and controls in the AC or in the LT, which is in contrast with some
studies involving antipsychotic-naive FES and might be related to
our limited sample size. Such studies have usually found increased
GIn levels in both AC and thalamus in never-treated patients with
FES or subjects at high risk for psychosis,”**™>° although lower’*®
and negative results have also been reported.”’?® Nevertheless,
we found a relationship between decreased glutamatergic and
NAA levels in the AC and increased cells with CC after both
apoptosis inductions with STS. This finding supports the notion of
an excitotoxic process, consistent with the idea that excitotoxicity
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occurs primarily in the early stages of the illness.'® It has been
proposed that levels of Glu and NAA would decrease over the
course of the illness, consistent with reports of decreased levels of
both Glu and GIn in the AC in patients with chronic
schizophrenia?®*'*? Aoyama et al®° reported NAA and Glu
reductions between 10- and 80-month assessments in schizo-
phrenia patients, and both metabolites tended to be positively
correlated in the AC, which is consistent with our results. Decline
of NAA levels, which are thought to reflect neuronal integrity,
would be consistent with decreasing glutamatergic metabolite
levels, suggesting that both metabolites may reflect neuropil loss
or altered apoptosis. A recent meta-analysis by Marsman et al.**
provided additional support for a progressive decrease in frontal
Glu and GIn in patients with schizophrenia, possibly indicating a
progressive loss of synaptic activity. Although the results in the LT
did not overcome Bonferroni correction, the inverse relationship
between caspase-3 activity (both baseline and after apoptosis
induction with STS) and glutamatergic levels is also consistent
with the reported data in the AC. Caspase-3 is an important
apoptosis-inducing molecule acting in final stages of this cell
death program,” which has been suggested to increase
transiently around the onset of psychosis and later downregulate
as an appropriate long-term compensatory response to earlier
stress'> and may be due to second-generation antipsychotics,
which seem to be more neuroprotective than the first generation
by upregulating antiapoptotic proteins.***>

With regard to brain volume, there was no significant difference
between FES and controls but the number of cells showing CC
after both apoptosis inductions with STS were negatively
correlated to the right superior temporal cortex and postcentral
areas in both groups. This suggests that cells that may experience
an increased apoptotic susceptibility may correlate with volu-
metric measures in these brain regions. This finding is also
consistent with studies showing loss of Glu and GlIn related to GM
loss in subjects with schizophrenia or at high risk of developing
the disease.?*®® This approach may help to reflect specific
populations of neurons that may be more vulnerable to apoptosis
and contribute to the onset of schizophrenia.*® Several post-
mortem studies have examined spine density changes in brain
regions showing the greatest indices of GM loss in schizophrenia,
and these results support the view that spine density changes
directly contribute to GM loss in the disease.?**” A reduction in
the superior temporal gyrus GM volume is one of the most
consistently reported alterations in the schizophrenia brain.*® At
the cellular level, patients with schizophrenia show a profound
reduction in spine density on pyramidal neurons in the superior
temporal gyrus.*® Gray matter volume covariance changes have
also been described in insula, amygdala and postcentral gyrus in
first-episode treatment-naive schizophrenia patients.”® Although
post-mortem studies cannot identify the root cause of spine loss, it
is likely that spine formation and stability are reduced or spine
pruning is accelerated in schizophrenia.>'*?

Although results involved patients and controls, it is important
to bear in mind that a greater percentage of cells undergoing
apoptosis was detected in samples from patients with FES
compared with controls.'”” Therefore, in this study we have
revealed that peripheral apoptosis markers, which are increased in
FES patients, may correlate with brain markers, such as
metabolites and regional brain volume, providing further data
supporting neuroprogression in the early stages of schizophrenia.
Considering that the correlations were only present in the
schizophrenia group when the analysis was performed by group,
we postulate that such correlations are probably more pro-
nounced in these subjects compared with healthy controls.
However, the current sample size does not allow us to test
further this hypothesis.

Some potential limitations of the present study must be
discussed at this point. We acknowledge that the relatively small
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number of subjects may have affected the sensitivity of our
measures and prevented the detection of differences in Glx and
NAA levels and regional brain volume between patients and
controls. Furthermore, it may have limited the detection of further
correlations between other apoptotic biomarkers and neuroimag-
ing brain markers. However, the strength of our observed
findings after appropriate corrections instills confidence in their
validity. As we used a 3-Tesla scanner, we chose not to study GIn
and Glu metabolites separately, which hampers comparison
among studies. Studies reporting both metabolites have generally
employed 4-Tesla scanners.”>*' One significant limitation of the
current approach is that the apoptotic profile of peripheral
fibroblasts does not necessarily reflect that of cortical brain tissue.
As we are relating a peripheral experimental model for
investigating apoptosis expected in neurons with central neuro-
imaging brain markers, results should be interpreted as exploratory
and need to be replicated. However, this complex and useful
model for studying neurodevelopmental and neurodegenerative
diseases®™>> provides valuable and novel data that highly
contribute to the understanding of the mechanisms that may
underlie neuroprogression in schizophrenia. In addition, the
longitudinal 1TH-MRS data and biopsies that we are collecting in
this sample will help to clarify whether the observed relationships
between apoptotic peripheral and brain neuroimaging markers
change over time.

Overall, the present results expand our previous data of
increased apoptosis susceptibility in first-episode antipsychotic-
naive schizophrenia patients compared with controls revealing for
the first time that peripheral markers of apoptosis obtained in
cultured fibroblasts may correlate with brain metabolites, Glx and
NAA, and regional brain volume, which is consistent with
neuroprogression in the early stages of schizophrenia.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

ACKNOWLEDGMENTS

This work was supported by the Spanish Ministry of Health, Instituto Carlos Ill, Fondo
de Investigacion Sanitaria (FIS-PI080055 to EP) and ‘Sara Borrell’ contract (CD09-
/00296 to PG) and by the Government of Catalonia, Secretaria d’Universitats i Recerca
del Departament d’Economia i Coneixement (Grants 20145SGR441, 2009SGR1501).
Part of this work was presented at the American Psychiatric Association (APA) 167th
Annual Meeting in New York, US (3-7 May 2014). We deeply thank Ana Meseguer for
her priceless help, as well as all subjects and their families for the time and effort
spent on this study. This work was developed (in part) at the Centro Esther Koplowitz
(Barcelona).

REFERENCES

Egerton A, Fusar-Poli P, Stone JM. Glutamate and psychosis risk. Curr Pharm Des
2012; 18: 466-478.

Howes OD, Kapur S. The dopamine hypothesis of schizophrenia: version Illl--the
final common pathway. Schizophr Bull 2009; 35: 549-562.

Carlsson A, Waters N, Holm-Waters S, Tedroff J, Nilsson M, Carlsson ML. Interac-
tions between monoamines, glutamate, and GABA in schizophrenia: new evi-
dence. Annu Rev Pharmacol Toxicol 2001; 41: 237-260.

Laruelle M, Frankle WG, Narendran R, Kegeles LS, Abi-Dargham A. Mechanism of
action of antipsychotic drugs: from dopamine D(2) receptor antagonism to glu-
tamate NMDA facilitation. Clin Ther 2005; 27: S16-524.

Lewis DA, Gonzalez-Burgos G. Pathophysiologically based treatment interventions
in schizophrenia. Nat Med 2006; 12: 1016-1022.

Javitt DC, Zukin SR. Recent advances in the phencyclidine model of schizophrenia.
Am J Psychiatry 1991; 148: 1301-1308.

Bustillo JR, Rowland LM, Mullins P, Jung R, Chen H, Qualls C et al. TH-MRS at 4
tesla in minimally treated early schizophrenia. Mol Psychiatry 2010; 15: 629-636.
Krystal JH, D'Souza DC, Mathalon D, Perry E, Belger A, Hoffman R. NMDA receptor
antagonist effects, cortical glutamatergic function, and schizophrenia: toward a
paradigm shift in medication development. Psychopharmacology (Berl) 2003; 169:
215-233.

N

w

E

v

(o)}

~N

©



e}

2

o

2

=

22

2

w

24

25

2

(=)}

27

28

29

30

3

3

N

33

Bock J, Braun K. Blockade of N-methyl-D-aspartate receptor activation suppresses
learning-induced synaptic elimination. Proc Natl Acad Sci USA 1999; 96:
2485-2490.

Anastasio NC, Xia Y, O'Connor ZR, Johnson KM. Differential role of N-methyl-D-
aspartate receptor subunits 2A and 2B in mediating phencyclidine-induced
perinatal neuronal apoptosis and behavioral deficits. Neuroscience 2009; 163:
1181-1191.

Broberg BV, Dias R, Glenthoj BY, Olsen CK. Evaluation of a neurodevelopmental
model of schizophrenia--early postnatal PCP treatment in attentional set-shifting.
Behav Brain Res 2008; 190: 160-163.

Wang C, Mclnnis J, Ross-Sanchez M, Shinnick-Gallagher P, Wiley JL, Johnson KM.
Long-term behavioral and neurodegenerative effects of perinatal phencyclidine
administration: implications for schizophrenia. Neuroscience 2001; 107: 535-550.
Glantz LA, Gilmore JH, Lieberman JA, Jarskog LF. Apoptotic mechanisms and the
synaptic pathology of schizophrenia. Schizophr Res 2006; 81: 47-63.

Thompson JL, Pogue-Geile MF, Grace AA. Developmental pathology, dopamine,
and stress: a model for the age of onset of schizophrenia symptoms. Schizophr
Bull 2004; 30: 875-900.

Gasso P, Mas S, Molina O, Lafuente A, Bernardo M, Parellada E. Increased sus-
ceptibility to apoptosis in cultured fibroblasts from antipsychotic-naive first-epi-
sode schizophrenia patients. J Psychiatr Res 2014; 48: 94-101.

Cahn W, Hulshoff Pol HE, Lems EB, van Haren NE, Schnack HG, van der Linden JA
et al. Brain volume changes in first-episode schizophrenia: a 1-year follow-
up study. Arch Gen Psychiatry 2002; 59: 1002-1010.

Kasai K, Shenton ME, Salisbury DF, Hirayasu Y, Lee CU, Ciszewski AA et al. Pro-
gressive decrease of left superior temporal gyrus gray matter volume in patients
with first-episode schizophrenia. Am J Psychiatry 2003; 160: 156-164.

Mattson MP, Keller JN, Begley JG. Evidence for synaptic apoptosis. Exp Neurol
1998; 153: 35-48.

Jarskog LF, Glantz LA, Gilmore JH, Lieberman JA. Apoptotic mechanisms in the
pathophysiology of schizophrenia. Prog Neuropsychopharmacol Biol Psychiatry
2005; 29: 846-858.

Selemon LD, Goldman-Rakic PS. The reduced neuropil hypothesis: a circuit based
model of schizophrenia. Biol Psychiatry 1999; 45: 17-25.

Poels EM, Kegeles LS, Kantrowitz JT, Slifstein M, Javitt DC, Lieberman JA et al.
Imaging glutamate in schizophrenia: review of findings and implications for drug
discovery. Mol Psychiatry 2014; 19: 20-29.

Bartha R, Williamson PC, Drost DJ, Malla A, Carr TJ, Cortese L et al. Measurement of
glutamate and glutamine in the medial prefrontal cortex of never-treated schi-
zophrenic patients and healthy controls by proton magnetic resonance spec-
troscopy. Arch Gen Psychiatry 1997; 54: 959-965.

Theberge J, Bartha R, Drost DJ, Menon RS, Malla A, Takhar J et al. Glutamate and
glutamine measured with 4.0 T proton MRS in never-treated patients with schi-
zophrenia and healthy volunteers. Am J Psychiatry 2002; 159: 1944-1946.

Stone JM, Day F, Tsagaraki H, Valli I, McLean MA, Lythgoe DJ et al. Glutamate
dysfunction in people with prodromal symptoms of psychosis: relationship to
gray matter volume. Biol Psychiatry 2009; 66: 533-539.

Tibbo P, Hanstock C, Valiakalayil A, Allen P. 3-T proton MRS investigation of
glutamate and glutamine in adolescents at high genetic risk for schizophrenia.
Am J Psychiatry 2004; 161: 1116-1118.

Lutkenhoff ES, van Erp TG, Thomas MA, Therman S, Manninen M, Huttunen MO
et al. Proton MRS in twin pairs discordant for schizophrenia. Mol Psychiatry 2010;
15: 308-318.

Byun MS, Choi JS, Yoo SY, Kang DH, Choi CH, Jang DP et al. Depressive symptoms
and brain metabolite alterations in subjects at ultra-high risk for psychosis: a
preliminary study. Psychiatry Invest 2009; 6: 264-271.

Keshavan MS, Dick RM, Diwadkar VA, Montrose DM, Prasad KM, Stanley JA. Striatal
metabolic alterations in non-psychotic adolescent offspring at risk for schizo-
phrenia: a (1)H spectroscopy study. Schizophr Res 2009; 115: 88-93.

Aoyama N, Theberge J, Drost DJ, Manchanda R, Northcott S, Neufeld RW et al.
Grey matter and social functioning correlates of glutamatergic metabolite loss in
schizophrenia. Br J Psychiatry 2011; 198: 448-456.

Fadok VA, Voelker DR, Campbell PA, Cohen JJ, Bratton DL, Henson PM. Exposure
of phosphatidylserine on the surface of apoptotic lymphocytes triggers specific
recognition and removal by macrophages. J Immunol 1992; 148: 2207-2216.
Krysko DV, Vanden Berghe T, D'Herde K, Vandenabeele P. Apoptosis and necrosis:
detection, discrimination and phagocytosis. Methods 2008; 44: 205-221.

Porter AG, Janicke RU. Emerging roles of caspase-3 in apoptosis. Cell Death Differ
1999; 6: 99-104.

Provencher SW. Estimation of metabolite concentrations from localized in vivo
proton NMR spectra. Magn Reson Med 1993; 30: 672-679.

Apoptosis and brain markers in schizophrenia
A Batalla et al

34

35

36

37

38

39

40

4

42

43

a4

45

46

47

48

49

50

5

52

53

54

55

Provencher SW. Automatic quantitation of localized in vivo 1H spectra with
LCModel. NMR Biomed 2001; 14: 260-264.

Ernst T, Kreis R, Ross B. Absolute quantitation of water and metabolites in the
human brain. I. Compartments and water. J Magn Res 1993; B102: 1-8.

Guerrini L, Belli G, Mazzoni L, Foresti S, Ginestroni A, Della Nave R et al. Impact of
cerebrospinal fluid contamination on brain metabolites evaluation with 1H-MR
spectroscopy: a single voxel study of the cerebellar vermis in patients with
degenerative ataxias. J Magn Res Imaging 2009; 30: 11-17.

Good CD, Johnsrude IS, Ashburner J, Henson RN, Friston KJ, Frackowiak RS. A
voxel-based morphometric study of ageing in 465 normal adult human brains.
Neuroimage 2001; 14: 21-36.

Gogtay N. Cortical brain development in schizophrenia: insights from neuroi-
maging studies in childhood-onset schizophrenia. Schizophr Bull 2008; 34: 30-36.
McClure RK, Phillips I, Jazayerli R, Barnett A, Coppola R, Weinberger DR. Regional
change in brain morphometry in schizophrenia associated with antipsychotic
treatment. Psychiatry Res 2006; 148: 121-132.

Olney JW, Farber NB. Glutamate receptor dysfunction and schizophrenia. Arch
Gen Psychiatry 1995; 52: 998-1007.

Theberge J, Al-Semaan Y, Williamson PC, Menon RS, Neufeld RW, Rajakumar N
et al. Glutamate and glutamine in the anterior cingulate and thalamus of medi-
cated patients with chronic schizophrenia and healthy comparison subjects
measured with 4.0- T proton MRS. Am J Psychiatry 2003; 160: 2231-2233.
Theberge J, Williamson KE, Aoyama N, Drost DJ, Manchanda R, Malla AK et al.
Longitudinal grey-matter and glutamatergic losses in first-episode schizophrenia.
Br J Psychiatry 2007; 191: 325-334.

Marsman A, van den Heuvel MP, Klomp DW, Kahn RS, Luijten PR, Hulshoff Pol HE.
Glutamate in schizophrenia: a focused review and meta-analysis of (1)H-MRS
studies. Schizophr Bull 2013; 39: 120-129.

Gasso P, Mas S, Molina O, Bernardo M, Lafuente A, Parellada E. Neurotoxic/
neuroprotective activity of haloperidol, risperidone and paliperidone in
neuroblastoma cells. Prog Neuropsychopharmacol Biol Psychiatry 2012; 36: 71-77.
Lieberman JA, Bymaster FP, Meltzer HY, Deutch AY, Duncan GE, Marx CE et al.
Antipsychotic drugs: comparison in animal models of efficacy, neurotransmitter
regulation, and neuroprotection. Pharmacol Rev 2008; 60: 358-403.

Gottfried Y, Rotem A, Klein E, Larisch S. The pro-apoptotic ARTS/Sept4 protein is
significantly reduced in post-mortem brains from schizophrenic patients. Schi-
zophr Res 2007; 96: 257-266.

Bennett MR. Schizophrenia: susceptibility genes, dendritic-spine pathology and
gray matter loss. Prog Neurobiol 2011; 95: 275-300.

Yoshida T, McCarley RW, Nakamura M, Lee K, Koo MS, Bouix S et al. A prospective
longitudinal volumetric MRI study of superior temporal gyrus gray matter and
amygdala-hippocampal complex in chronic schizophrenia. Schizophr Res 2009;
113: 84-94.

Sweet RA, Henteleff RA, Zhang W, Sampson AR, Lewis DA. Reduced dendritic
spine density in auditory cortex of subjects with schizophrenia. Neuropsycho-
pharmacology 2009; 34: 374-389.

Chen Z, Deng W, Gong Q, Huang C, Jiang L, Li M et al. Extensive brain
structural network abnormality in first-episode treatment-naive patients with
schizophrenia: morphometrical and covariation study. Psychol Med 2014; 44:
2489-2501.

Penzes P, Cahill ME, Jones KA, VanLeeuwen JE, Woolfrey KM. Dendritic spine
pathology in neuropsychiatric disorders. Nat Neurosci 2011; 14: 285-293.
Glausier JR, Lewis DA. Dendritic spine pathology in schizophrenia. Neuroscience
2013; 251: 90-107.

Auburger G, Klinkenberg M, Drost J, Marcus K, Morales-Gordo B, Kunz WS et al.
Primary skin fibroblasts as a model of Parkinson's disease. Mol Neurobiol 2012; 46:
20-27.

Catts VS, Catts SV, McGrath JJ, Feron F, McLean D, Coulson EJ et al. Apoptosis and
schizophrenia: a pilot study based on dermal fibroblast cell lines. Schizophr Res
2006; 84: 20-28.

Mahadik SP, Mukherjee S. Cultured skin fibroblasts as a cell model for investi-
gating schizophrenia. J Psychiatr Res 1996; 30: 421-439.

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the
material. To view a copy of this license, visit http://creativecommons.org/licenses/
by/4.0/

Translational Psychiatry (2015), 1-7

|l


http://creativecommons.org/licenses/by/�4.0/
http://creativecommons.org/licenses/by/�4.0/

	Apoptotic markers in cultured fibroblasts correlate with brain metabolites and regional brain volume in antipsychotic-naive first-episode schizophrenia and healthy controls
	Introduction
	Materials and methods
	Subjects
	Image acquisition and analysis
	1H-MRS acquisition and quantification
	Structural volumetric acquisition and VBM analysis
	Fibroblast primary cell culture: markers of apoptotic susceptibility
	Statistical analysis

	Results
	Cerebral metabolites
	Relationship between apoptotic markers and metabolite levels
	Anterior cingulate
	Left thalamus

	Relationship between apoptotic markers and regional brain volume
	Relationship between metabolite levels and regional brain volume

	Discussion
	Acknowledgements
	References




