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Abstract

Background: Chronic inflammation of the brain has a pivotal role in the pathophysiology of major depressive disorder
(MDD) and schizophrenia (SCZ). Matrix metalloproteinases (MMPs) are extracellular proteases involved in pro-inflammatory
processes and interact with interleukin-6, which is increased in the cerebrospinal fluid (CSF) of patients with MDD and
SCZ. However, MMPs in the CSF in patients with MDD and SCZ remain unclear. Therefore, we compared MMPs in the CSF of
patients with MDD and SCZ with those of healthy controls (HC).

Methods: Japanese patients were diagnosed with DSM-IV-TR and clinical symptoms were assessed with the Hamilton Rating
Scale for Depression for MDD and the Positive and Negative Syndrome Scale for SCZ. CSF was obtained from MDD (n=90) and
SCZ (n=86) and from age- and sex-matched HC (n=106). The levels of MMPs in CSF were measured with multiplex bead-based
immunoassay.

Results: The levels of MMP-2 in CSF were higher in both MDD and SCZ than HC and were positively correlated with clinical
symptomatic scores in MDD, but not in SCZ. Regardless of diagnosis, the levels of MMP-2, -7, and -10 were positively correlated
with each other, and the levels of MMP-7 and -10 were higher in MDD, but not in SCZ, compared with HC.

Conclusion: Increased CSF levels of MMP-2 in MDD and SCZ may be associated with brain inflammation. State-dependent
alteration of MMP-2 and activation of cascades involving MMP-2, -7, and -10 appeared to have a role in the pathophysiology
of MDD.
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Significance Statement

Matrix metalloproteinases (MMPs) are extracellular proteases involved in pro-inflammatory processes. This study found that
the levels of MMP-2 in cerebrospinal fluid (CSF) was higher in both major depressive disorder (MDD) and schizophrenia (SCZ)
and positively correlated with clinical symptomatic scores in MDD, but not in SCZ. Regardless of diagnosis, levels of MMP-2, -7,
and -10 were positively correlated with each other, and the levels of MMP-7 and 10 were higher in MDD, but not in SCZ. The in-
creased CSF levels of MMP-2 in MDD and SCZ may be associated with brain inflammation. Additionally, both the state-dependent
increase of MMP-2 and the activation of cascades involving MMP-2, -7, and -10 may be involved in the pathophysiology of MDD.

Introduction

Inflammatory processes in body systems and the central ner-
vous system (CNS) have been shown to play a role in the de-
velopment of major psychiatric disorders. In particular, elevated
levels of pro-inflammatory cytokines in the cerebrospinal fluid
(CSF) have been demonstrated in major psychiatric disorders
such as major depressive disorder (MDD) and schizophrenia
(SCZ). In patients with MDD, there were elevated levels of inter-
leukin (IL)-6 and tumor necrosis factor (TNF-a) in CSF compared
with healthy controls (HC) (Enache et al., 2019). In patients with
SCZ, levels of IL-6 and IL-8 in CSF were elevated compared with
HC (Orlovska-Waast et al., 2019).

Matrix metalloproteinases (MMPs), which are zinc-dependent
proteases, belong to a family of more than 25 enzymes (Kim and
Joh, 2012; Sbardella et al., 2012) and have a number of roles be-
yond degradation and remodeling of the extracellular matrix,
including processing of bioactive molecules such as cell surface
receptors and neurotrophic factors (Kim and Joh, 2012; Shibasaki
et al.,, 2016). MMPs are also indispensable for physiological pro-
cesses related to the regulation of inflammation (Ravanti and
Kahari, 2000; Nissinen and Kahari, 2014). MMPs process cyto-
kines, which in turn alter MMP activity (Harkness et al., 2000;
Van Lint and Libert, 2007). For instance, IL-6 upregulates MMP-2
production (Silacci et al., 1998; Kossakowska et al., 1999; Mano
et al.,, 2009) and MMP-2 activates TNF-a (McQuibban et al., 2000).
Because of the close interaction between cytokines and MMP
and the association with major psychiatric disorders, further ex-
ploration of the interaction between MMPs and cytokines in the
brain may lead to improved elucidation of the pathophysiology
of major psychiatric disorders. However, MMPs in CNS of major
psychiatric disorders have yet to be measured. Although it is
ethically impossible to measure the levels of MMPs in the brain
of living humans, the levels of MMPs in CSF are considered to
reflect the levels of MMPs in the brain. Therefore, we measured
the levels of MMPs in the CSF of patients with MDD and SCZ.

Methods and Materials

Participants

Japanese patients were recruited at the National Center of
Neurology and Psychiatry (NCNP) Hospital, Tokyo, Japan, through
an announcement on the website of NCNP between May 2010 and
July 2015. HC were recruited from the community through advert-
isements in a free local magazine and an announcement on the
website of NCNP. All individuals underwent a structured interview
with the Mini-International Neuropsychiatric Interview, Japanese
version (Sheehan et al., 1998; Otsubo et al., 2005), administered
by trained psychologists or psychiatrists. For patients with either
MDD or SCZ, a consensus diagnosis was performed according to
DSM-IV criteria (American Psychiatric Association, 2000) based
on Mini-International Neuropsychiatric Interview, additional

unstructured interviews, and information from medical records.
Individuals were excluded from this study if they had a history of
CNS disease, severe head injury, or substance abuse. From all par-
ticipants, 1 CSF sample was collected via lumbar puncture. One
hundred patients were diagnosed with MDD and 96 patients were
diagnosed with SCZ. One-hundred-fifteen healthy participants,
with no history of past or current mental disorders, were recruited
as HC. Antidepressant doses were converted to imipramine (IMI)-
equivalent doses (Inada and Inagaki, 2015). Antipsychotic doses
were converted to chlorpromazine (CPZ)-equivalent doses (Inada
and Inagaki, 2015). Clinical data were managed with a FileMaker
server (FileMaker Inc., Santa Clara, CA). Details regarding partici-
pant clinical data are shown in Table 1. This study was conducted
in accordance with the Declaration of Helsinki and approved
by the ethics committee of the National Hospital Organization
Kure Medical Center and by the ethics committee of the National
Center of Neurology and Psychiatry, Japan. Written informed con-
sent was obtained from all participants.

Assessment of Clinical Symptoms

Clinical symptoms of MDD were assessed with a 17-item version
of the Hamilton Rating Scale for Depression (HAMD 17-items).
HAMD 17-items were scored with the following 5 subscales: core
symptom (items 1, 2, 7, 8, 10, 13); sleep (items 4, 5, 6); activity
(items 7, 8); psychic anxiety (items 9, 10); and somatic anxiety
(items 11, 12, 13) in accordance with a previous report (Seretti
et al.,, 1999). Clinical symptoms of SCZ were assessed with the
Positive and Negative Syndrome Scale (PANSS). PANSS was
scored with the following 3 subscales: positive scale (7 items);
negative scale (7 items); and cognitive or general psychopath-
ology scale (16 items). The assessment of clinical symptoms was
performed by a psychiatrist prior to lumbar puncture.

MDD Patients Received Antipsychotics
Pharmacotherapy

Current medication in 47 of 90 MDD patients was investi-
gated because the remaining 43 patients had no information
about their medication. Seventeen patients received anti-
psychotics pharmacotherapy: aripiprazole (3-15 mg/d; n=3),
levomepromazine (10-75 mg/d; n=3), olanzapine (2.5-12.5 mg/d;
n=4), paliperidone (6 mg/d; n=1), perospirone (4 mg/d; n=1),
quetiapine (25-200 mg/d; n=7), risperidone (1-3 mg/d; n=2), or
sulpiride (150-300 mg/d; n=3). Thirty patients did not receive
any antipsychotics. There were no statistically significant dif-
ferences between MDD patients either with or without anti-
psychotics pharmacotherapy in terms of the HAMD 17-items
score (with antipsychotics: 9.8+7.0; without antipsychotics:
9.7+8.5, P=.962). There were no statistically significant dif-
ferences between MDD patients either with or without anti-
psychotics pharmacotherapy in terms of IMI-equivalent doses



Table 1. Participant Clinical and Laboratory Data
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HC (n=106) MDD (n=90) SCZ (n=86) P value
Sex, female 48 (45.3%) 47 (52.2%) 34 (39.5%) .238¢
Age (y) 42.6+15.4 (n=106) 43.7+11.0 (n=90) 40.7+10.4 (n=86) .365°
HAMD17-items score 9.9+£8.2 (n=77)
PANSS total score 59.9+15.6 (n=78)
PANSS positive score 13.9+4.9 (n=78)
PANSS negative score 16.1+£5.2 (n=78)
PANSS cognitive or general psychopathology score 29.9+8.6 (n=78)
IMI-equivalent doses (mg/d) 149.0+131.7 (n=47)
CPZ-equivalent doses (mg/d) 86.8+175.1 (n=47) 946.5+950.8 (n=61) <.001¢"
CSF levels of Glu (mg/dL) 61.0+10.7 (n=104) 61.5+8.0 (n=89) 64.3+14.1 (n=86) 1120
WCC (/mL) 4.0+3.0 (n=104) 4.2+3.0 (n=89) 45+4.1 (n=86) .660°

Abbreviations: CPZ, chlorpromazine; Glu, glucose; HAMD, Hamilton Rating Scale for Depression; HC, healthy controls; IMI, imipramine; MDD, major depressive disorder;
PANSS, Positive and Negative Syndrome Scale; SCZ, schizophrenia; WCC, white cell count.
Data shown as either mean+SD and number or number and percent of total (%). **P < .001.

aComparison between 3 groups by chi-squared test.
bComparison between 3 groups by the Kruskal Wallis test.
cComparison between 2 patients groups by the Mann-Whitney U-test.

(with antipsychotics: 157.0+143.1 mg/d; without antipsychotics:
149.4+£126.3mg/d, P=.852). Because there were no clinical data
other than the above-mentioned details, we could not deter-
mine if 17 patients had treatment-resistant depression.

Lumbar Puncture

Lumbar puncture was performed according to procedure guide-
lines at NCNP (Hattori et al., 2015). Samples were obtained at
NCNP between May 2010 and July 2015. After neurologic exam-
ination, each participant received local anesthesia followed by
a lumbar puncture at L3-4 or L4-5 using an atraumatic pencil
point needle (Uniever 22G, 75mm, Unisis Corp, Tokyo, Japan).
The initial 2mL of CSF was used for routine laboratory tests,
including glucose, white cell count (WCC), and total protein (TP).
The subsequent 8 mL of CSF was collected in a low-protein ad-
sorption tube (PROTEOSAVE SS 15mlL Conicaltube, Sumitomo
Bakelite Co., Japan) and immediately chilled on ice. Then, CSF
was centrifuged (4000g x 10min, 4°C) and the supernatant was
dispensed into 0.5-mL aliquots in low-protein adsorption tubes
(PROTEOSAVE SS 1.5mL Slimtube, Sumitomo Bakelite Co.) and
stored in a deep freezer (-80°C) until use.

Detection of MMP Levels in CSF

The levels of MMPs in CSF were measured with Bio-Plex Pro
Human MMP Assays (Bio-Rad Laboratories, Inc., Hercules, CA)
at the National Hospital Organization Kure Medical Center ac-
cording to the manufacturer’s instructions. As a pilot study, the
levels of MMP-1, -2, -3, -7, -8, -9, -10, -12, and -13 in CSF were
measured in 10 patients with MDD, 10 patients with SCZ, and
9 HC with a Bio-Plex Pro Human MMP-9-Plex Panel. Pilot data
showed that MMP-3, -9, -12, and -13 levels were below the de-
tection limit (data not shown). The levels of MMP-1, -2, -7, -8,
and -10 in CSF were measured in an additional 90 patients with
MDD, an additional 86 patients with SCZ, and an additional 106
HC with the Bio-Plex Pro Human MMP Custom Panel (5-Plex).
For statistical analysis, if the concentration was below the de-
tection limit, the concentration level was presented as 0.

Statistical Analysis

Data are shown as mean=SD. Tests for normality were per-
formed with Shapiro-Wilk and Kolmogorov-Smirnov tests, and

data were analyzed with nonparametric tests. A Kruskal-Wallis
test was used to evaluate significant differences in parameters
(clinical and/or laboratory values) among the groups (HC, MDD,
and SCZ). A Bonferroni test was performed as a post-hoc test.
Significant differences in parameters between patients with
MDD and SCZ were evaluated with the Mann-Whitney U-test.
The chi-square test was used for categorical variables. A linear
regression analysis was performed to evaluate possible associ-
ations between the levels of MMPs in CSF and clinical param-
eters, clinical symptoms, and diagnosis, controlled for age and
sex. Statistical significance was defined as a 2-tailed P<.05. All
statistical analyses were performed with SPSS version 22.0 for
Windows (IBM Japan Corporation, Tokyo, Japan).

Results
Clinical and Laboratory Data

Sex, mean age, and levels of glucose and WCC in CSF did not
significantly differ among the 3 groups (HC, MDD, and SCZ;
Table 1).

In all CSF samples, MMP-2 was detectable (59.5+20.5 ng/mL;
Figure 1). However, the levels of MMP-1 were below the detection
limit. The levels of MMP-7, -8, and -10 in CSF were detectable at
a much lower level (11.8+9.4 pg/mL, 17.3+13.0 pg/mL, 25.1+19.0
pg/mlL, respectively) than that of MMP-2 (Figure 1).

Association Between Levels of MMPs in CSF and
Characteristics Across All Participants

Correlation coefficients were calculated between the levels of
MMPs in CSF and age with univariate linear regression analysis.
There was a significant positive correlation between the levels of
MMPs in CSF,except for MMP-8,and age (MMP-2: nonstandardized
coefficient =0.368, P<.001; MMP-7: nonstandardized coefficient
B=0.216, P<.001; MMP-8: nonstandardized coefficient $=0.013,
P=.836; MMP-10: nonstandardized coefficient $=0.274, P=.002).
The mean levels of MMPs in CSF, except for MMP-8, of males were
significantly higher than those of females (MMP-2: 63.6+21.3 vs
54.6+18.6 ng/mL, P<.001; MMP-7: 12.8+9.6 vs 10.6+9.0 pg/mL,
P=.043; MMP-8: 17.3+11.6 vs 17.3+14.6 pg/mL, P=.999; MMP-10:
28.2+18.9 vs 21.4+18.5 pg/mL, P = .003, respectively). These cor-
relations suggest age- and sex-related differences in the levels
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Figure 1. Scatter plot of cerebrospinal fluid (CSF) levels of matrix
metalloproteinases (MMP)-1, -2, -7, -8, and -10 from all participants. The hori-
zontal bars represent mean values.

of MMP-2, -7, and -10 in CSF, which were confirmed by linear
regression analysis (Figure 2B; Table 2).

Because of potential effects of age and sex on the levels
of MMPs in CSF, further analyses of the levels of MMPs in CSF
were performed adjusting for age and sex. No significant cor-
relations were observed between other clinical characteristics
such as body mass index, IMI equivalent dose, CPZ equivalent
doses, glucose, and WCC, and the levels of MMPs in CSF (data
not shown).

MMPs Levels in CSF of HC, MDD, and SCZ

The mean levels of MMP-2 in CSF of HC, MDD, and SCZ
were 49.8 = 18.1, 56.4 + 20.6, 55.9 + 18.9 ng/mL, respectively
(Figure 2A). The MMP-2 levels in the CSF of patients with MDD
and SCZ were significantly higher than those of HC (Figure 2B;
MDD: nonstandardized coefficient (=6.543, P=.018; SCZ:
nonstandardized coefficient $=6.082, P=.031).

The levels of MMP-7, -8, and -10 in CSF are presented in
Table 2. The MMP-7 levels in the CSF of patients with MDD were
also significantly higher than those of HC (MDD: 11.4+10.7 pg/
mL vs HC: 8.9+7.2 pg/mL, P=.046). The MMP-10 levels in the CSF
of patients with MDD were also significantly higher than those
of HC (MDD: 24.3+21.8 pg/mL vs HC: 17.0+17.0 pg/mL, P=.005).
In comparison, there were no significant differences in the
levels of MMP-7 and -10 in CSF between patients with SCZ and
HC. There were also no significant differences in the levels of
MMP-8 in CSF among all the groups.

Correlation Between Levels of MMPs in CSF and
Psychiatric Symptom Scores

Correlation coefficients were calculated between the levels
of MMP-2 in CSF and psychiatric symptom scores (Figure 2C).
Within patients with MDD, there was a significant positive cor-
relation between the levels of MMP-2 in CSF and HAMD 17-items
(nonstandardized coefficient 3=0.606, P=.045). Furthermore,
there were positive correlations between the levels of MMP-2 in
CSF and subscale HAMD scores (core symptom, psychic anxiety,
and somatic anxiety). However, in patients with SCZ, there were
no significant correlations between the levels of MMP-2 in CSF
and PANSS scores. There were no significant correlations be-
tween the levels of other MMPs in CSF and clinical symptom
scores in patients with either MDD or SCZ (data not shown).

(A) CSF levels of MMP-2
(ng/ml) P=0.031*
150 ’ P=0.018*
100 . &
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(B) Multivariate Linear Regression Analyses Between CSF Levels of MMP-2, Di

Nonstanda
-rdized

Coefficient (95% cl) Pvalue

B (ng/ml)
constant 31.820 (22.666~40.975) <0.001***
HC (n=106) (Base) 0
MDD (n=90) 6.543 (1.108~11.978) 0.018*
SCZ (n=86) 6.082 (0.576~11.589) 0.031*
Age 0.425 (0.245~0.606)  <0.001***
Sex (male) 10.479 (5.897~15.061) <0.001***

R2=0.124, ANOVA p<0.001***
Abbreviations: HC, healthy controls; MDD, major depressive disorder; SCZ,
schizophrenia. *P < 0.05.

(C) Correlation coefficients adjusted for age and sex

1) Between CSF levels of MMP-2 and HAMD scores in MDD (n=77)
Nonstandardized

coefficient P value
HAMD 17-items  0.606 - 0.045*
Core symptom 1.230 @ 0.019*
Sleep 2.014 . 2 0.156
Activity 2313 p 0.093
Psychicanxiety ~ 3.701 0.048*
Somaticanxiety 3,038 } 243 0.041*

0.5 0.10 0.05 L

2) Between CSF levels of MMP-2 and PANSS scores in SCZ (n=78)
Nonstandardized

coefficient B Pvalue

Total 0.190 % 0.193

Positive 0.553 < 0.216

Negative 0.301 <& 0.479
Cognitive or general 0.334 Q 0.221
psychopathology 05 010 0.05 0

Figure 2. (A) Scatter plot of cerebrospinal fluid (CSF) levels of matrix
metalloproteinases (MMP)-2 in healthy controls (HC), and in major depressive
disorder (MDD) and schizophrenia (SCZ). The horizontal bars represent mean
values adjusted for age and sex. *P<.05. (B) Cerebrospinal fluid (CSF) levels of
MMP-2 in patients with major depressive disorder (MDD) and schizophrenia
(SCZ) were significantly higher than those of healthy controls (HC). Linear re-
gression analysis adjusted for age and sex. *P<.05. (C) Correlation between cere-
brospinal fluid (CSF) levels of MMP-2 and clinical symptomatic scores in major
depressive disorder (MDD) and schizophrenia (SCZ). The correlation coefficients
were calculated using linear regression analysis and adjusted for age and sex.
*P<.05. (1) Between CSF levels of MMP-2 and the Hamilton Rating Scale for De-
pression (HAMD) scores in MDD. (2) Between CSF levels of MMP-2 and the Posi-
tive and Negative Syndrome Scale (PANSS) scores in SCZ.

Correlation Among MMP Levels in CSF

Correlation coefficients were calculated for the levels of MMPs
in CSF. There were significant positive correlations between the
levels of MMP-2 and MMP-7 in CSF among all groups (supple-
mentary Table 1A). There were significant positive correlations
between the levels of MMP-2 and MMP-10 in CSF among all
groups (supplementary Table 1B). There were also significant
positive correlations between the levels of MMP-7 and MMP-10 in
CSF among all groups (supplementary Table 1C). However, there
were no correlations observed between the levels of MMP-2 and
MMP-8 in CSF among all groups. There were also no correlations
obseved between the levels of MMP-7 and MMP-8 and between
MMP-8 and MMP-10 in CSF among all groups (data not shown).
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Table 2. Multivariate Linear Regression Analyses Between CSF Levels of MMP-7, -8, and -10, and Diagnosis

Nonstandardized Coefficient § (pg/mL) (95% CI) P value
(A) MMP-7 levels
Constant —-0.858 (-5.069~3.354) .689
HC (n=106) (Base) 0
MDD (n=90) 2.551 (0.051~5.051) .046
SCZ (n=86) 1.202 (-1.331~3.735) 351
Age 0.230 (0.147~0.313) <.001™
Sex (male) 3.174 (1.066~5.282) .003"
R?=0.111, ANOVA P<.001™.
(B) MMP-8 levels
Constant 17.196 (10.945~23.446) <.001™
HC (n=106) (Base) 0
MDD (n=90) -0.496 (-4.207~3.215) 793
SCZ (n=86) -0.893 (-4.653~2.867) .641
Age 0.012 (-0.112~0.135) 854
Sex (male) 0.067 (-3.062~3.196) .966
R?=0.001, ANOVA P<.992.
(C) MMP-10 levels
Constant 3.788 (-4.839~12.416) .388
HC (n=106) (Base) 0
MDD (n=90) 7.334 (2.212~12.456) .005”
SCZ (n=86) 4.507 (-0.683~9.697) .088
Age 0.312 (0.142~0.482) <.001™
Sex (male) 8.062 (3.744~12.381) <.001™

R?=0.089, ANOVA P<.001"".

Abbreviations: CSF, cerebrospinal fluid; HC, healthy controls; MDD, major depressive disorder; MMP, matrix metalloproteinase; SCZ, schizophrenia.

*P<.05, **P < .01, P < .001.

Total Protein Levels in CSF

TP in CSF is widely used as a marker of CNS inflammation
(Orlovska-Waast et al., 2019). The levels of TP in HC, MDD, and
SCZ were 334 + 8.2, 39.4 + 17.1, 37.8 + 13.8 mg/dl, respect-
ively (supplementary Fig. 1A). The levels of TP in patients
with MDD and SCZ were significantly higher than those of
HC (MDD: nonstandardized coefficient $=6.028, P=.002; SCZ:
nonstandardized coefficient (=4.319, P=.028). There were
significant positive correlations between the levels of MMP-2
and TP in CSF among HC (nonstandardized coefficient § = .767,
P < .001), patients with MDD (nonstandardized coefficient
p =.767,P <.001), and patients with SCZ (nonstandardized coef-
ficient p = .595, P < .001), respectively. Because of potential effects
of age and sex on the levels of TP in CSF as well as the levels of
MMPs in CSF, further analyses of the levels of TP in CSF were per-
formed adjusting for age and sex. In patients with MDD, there
was a significant positive correlation between the levels of TP in
CSF and HAMD scores (supplementary Fig. 1B1: HAMD 17-items,
somatic anxiety). In patients of SCZ, no significant correlations
were observed between the levels of TP in CSF and PANSS scores
(supplementary Fig. 1B2).

Discussion

Here we showed that the levels of MMP-2 in CSF were sig-
nificantly elevated in patients with MDD and SCZ compared
with HC. In addition, an association between MMP-2 levels
and symptom severity was observed in patients with MDD,
while no such association was observed in patients with SCZ.
Although the levels of MMP-2, -7, and -10 were positively cor-
related with each other in all MDD, SCZ, and HC, the levels
of MMP-7 and -10 were elevated only in patients with MDD.

MMP-2 is constitutively expressed in organs throughout
the body. Within the CNS, MMP-2 is distributed in the soma
of neurons (Planas et al., 2001), endothelium (Planas et al.,
2001), astrocytes (Planas et al., 2001; del Zoppo et al., 2007;
Candelario-Jalil et al., 2011), and microglia (Planas et al., 2001;
Lorenzl et al., 2002; Konnecke and Bechmann, 2013). MMP-2 is
expressed under physiological conditions and is involved in
homeostatic functioning (Sbardella et al., 2012). MMP-2 acti-
vates glial cells, especially microglia, the immune cells of CNS,
which enhances neuro-immune modulation (Nakaji et al.,
2006). MMP-2 is also crucial in opening the blood-brain barrier
(BBB) by disrupting tight junction proteins (Feng et al., 2011)
and degrading collagen-IV and laminin, which constitute the
basal lamina of the BBB (Suofu et al., 2012). Therefore, impaired
BBB due to increased MMP-2 can allow harmful substances
such as cytokines to enter the systemic circulation, which may
lead to persistent brain inflammation.

As mentioned above, activated microglia can release MMP-2
(Lorenzl et al., 2002). In addition, MMP-2, produced from other
cells such as neurons and astrocytes (Planas et al., 2001), acti-
vates microglia (Nakaji et al., 2006). Activated microglia reflects
neuroinflammation, which can be quantitated in vivo by posi-
tron emission tomography (PET) with a translocator protein
(TSPO) ligand, a marker of microglial activation (Bloomfield et al.,
2016b; Holmes et al., 2016; Marques et al., 2019). PET studies for
patients with MDD (Setiawan et al., 2018; Enache et al., 2019) and
SCZ (Bloomfield et al., 2016b; Marques et al., 2019) showed micro-
glial activation and a correlation of TSPO level with total score of
depressive symptoms in patients with MDD (Li et al., 2018) and
specific symptoms in patients with SCZ (Holmes et al., 2016).
Therefore, elevated MMP-2 levels in CSF of patients with MDD
and SCZ may suggest the existence of a common inflammation
process-induced activation of microglia in MDD and SCZ.
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Microglial activation in the frontal cortex (Hannestad et al.,,
2013; Bloomfield et al., 2016a, 2016b; Li et al., 2018), anterior cin-
gulate cortex (Holmes et al., 2016, 2018; Su et al., 2016; Richards
et al., 2018; Setiawan et al., 2018), temporal cortex (Hannestad
et al., 2013; Bloomfield et al., 2016a, 2016b; Li et al., 2018;
Setiawan et al., 2018), and hippocampus (Doorduin et al., 2009;
Li et al., 2018; Setiawan et al., 2018) were observed in both MDD
and SCZ. However, the level of microglial activation differed be-
tween MDD and SCZ in some regions of the brain, such as the
prefrontal cortex (Holmes et al., 2018; Setiawan et al., 2018), in-
sula (Holmes et al., 2016; Setiawan et al., 2018), total grey matter
(Bloomfield et al., 2016a, 2016b), and dorsolateral prefrontal
cortex (Holmes et al., 2016). Additionally, another PET study
revealed that TSPO binding in the middle frontal gyrus of SCZ
patients tended to be lower compared with those of matched
control participants (Notter et al., 2018). Therefore, such regional
differences in microglial activation might be crucial in defining
each psychiatric disorder.

In this study, the levels of MMP-7 and -10 in CSF were de-
tectable at a low level. In past studies, MMP-7 and -10 were
normally undetectable or present at a low level in CNS (Yong
et al.,, 2001; Yong, 2005), which corresponds to this study. In
addition, the levels of MMP-7 and -10 in CSF were elevated
in MDD but not SCZ. In comparison, they were positively cor-
related with MMP-2 levels in both MDD and SCZ. MMP-7 is
secreted from microglia (Burke, 2004) in response to TNF-a
(Wang et al., 2018), which suggests that the elevated levels of
MMP-7 may reflect neuro-immune activation (Conant et al.,
1999). Although the role of MMP-10 in CNS remains unclear,
some past studies showed that MMP-10 activates pro-MMPs
(Sbardella et al., 2012). In addition, MMP-10 is also secreted
from microglia (Molin et al, 2017) and activates MMP-7
(Murphy et al., 1991), which in turn activates MMP-2 (Barille
et al., 1999). These findings and past studies suggest a poten-
tial inflammatory cascade, including an interaction among
MMP-2, -7, and -10, which might be activated in patients with
MDD. Therefore, further investigation of this inflammatory
cascade among MMP-2, -7, and -10 is expected to contribute
to elucidating the pathophysiology of MDD.

Activated microglia secretes numerous pro-inflammatory
cytokines (Gottschall et al.,, 1995; Lee et al.,, 2014; Mondel li
et al., 2017; Pan et al., 2018), which are differentially expressed
depending on each disorder, such as an elevated expression
of TNF-o in MDD (Enache et al., 2019) and that of IL-8 in SCZ
(Orlovska-Waast et al., 2019). In addition, TNF-a induces the ex-
pression of MMP-7 (Li et al., 2017) and MMP-10 (Pedersen et al.,
2009), which may explain why elevated levels of MMP-7 and
MDD-10 were observed in patients with MDD but not SCZ.

This study also showed that the levels of TP, an indirect
marker of brain inflammation (Orlovska-Waast et al., 2019), were
higher in the CSF of both patients with MDD and SCZ compared
with HC, which is consistent with a previous meta-analysis of
inflammatory markers levels in CSF of patients with MDD and
SCZ (Orlovska-Waast et al., 2019). This study also found a correl-
ation between the levels of TP in CSF and depressive symptoms
as well as between the levels of MMP-2 in CSF and depressive
symptoms. Meanwhile, there was no correlation between TP
levels in CSF and schizophrenic symptoms. Therefore, the in-
creased levels of MMP-2 and TP may reflect the occurrence of
neuroinflammation in MDD and SCZ. MMP-2 and TP may be in-
flammatory markers of both MDD and SCZ and simultaneously
be state markers of MDD.

This study has several limitations. First, because of the
limited CSF volume, it was not possible to measure CSF cytokine

levels such as IL-6, IL-8, and TNF-a, and tissue inhibitors of
MMPs, which is useful to confirm associations with the levels of
MMPs. Next, since peripheral blood and CSF could not be com-
pared in the same participant, this study did not examine the re-
lationship between BBB impairment and MMPs with CSF/serum
albumin ratio. Finally, most patients were medicated at the
time of lumbar puncture. The correlations between CSF levels
of MMPs and IMI and CPZ equivalent doses were nonsignificant.
However, it is impossible to completely rule out the effects of
psychotropic drugs on the levels of MMPs in CSF because pre-
vious studies suggest that norepinephrine closely related to
psychotropic drugs, especially antidepressants, could enhance
MMP-2 expression in cultured cells (Yang et al., 2006) and in the
mouse hypothalamus (Maolood et al., 2008). Therefore, it is ne-
cessary to investigate drug-free patients in a future study to ex-
clude the effects of medications on MMPs.

In conclusion, significant increases of CSF levels of MMP-2
suggested chronic brain inflammation in MDD and SCZ. In add-
ition, both the increase of MMP-2 in a state-dependent manner
for MDD and the activation of the MMP-2 cascade interacting
with MMP-7 and MMP-10 might be involved in the pathophysi-
ology of MDD.

Supplementary Materials

Supplementary data are available at International Journal of
Neuropsychopharmacology (JNPPY) online.
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