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Major depressive disorder (MDD) is a severe disease of un-
known pathogenesis that will affect ~10% of people during
their lifetime. Therapy for MDD requires prolonged treatment
and often fails, predicating a need for novel treatment strate-
gies. Here, we report increased ceramide levels in the blood
plasma of MDD patients and in murine stress-induced models
of MDD. These blood plasma ceramide levels correlated with
the severity of MDD in human patients and were independent
of age, sex, or body mass index. In addition, intravenous in-
jection of anti-ceramide antibodies or neutral ceramidase
rapidly abrogated stress-induced MDD, and intravenous injec-
tion of blood plasma from mice with MDD induced depression-
like behavior in untreated mice, which was abrogated by ex vivo
preincubation of the plasma with anti-ceramide antibodies or
ceramidase. Mechanistically, we demonstrate that ceramide
accumulated in endothelial cells of the hippocampus of stressed
mice, evidenced by the quantitative measurement of ceramide
in purified hippocampus endothelial cells. We found ceramide
inhibited the activity of phospholipase D (PLD) in endothelial
cells in vitro and in the hippocampus in vivo and thereby
decreased phosphatidic acid in the hippocampus. Finally, we
show intravenous injection of PLD or phosphatidic acid abro-
gated MDD, indicating the significance of this pathway in MDD
pathogenesis. Our data indicate that ceramide controls PLD
activity and phosphatidic acid formation in hippocampal
endothelial cells and thereby mediates MDD. We propose that
neutralization of plasma ceramide could represent a rapid-
acting targeted treatment for MDD.

Major depressive disorder (MDD) is a severe and chronic
disease with a lifetime prevalence of more than 10% (1). The
main symptom is a depressed mood, but the disease is also
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characterized by a loss of interest, anhedonia, fear, feelings of
worthlessness, weight loss, insomnia, and concentration defi-
cits (1). Because approximately 10% of MDD patients attempt
suicide, MDD is also often a life-threatening or even fatal
illness (1).

Although alterations of neurotransmitter functions and
concentrations, synaptic changes mainly in the hippocampus,
aberrant neuroplasticity, alterations in growth factors and their
receptors, a reduced proliferation of hippocampus neurons,
changes of the glucocorticoid system, immunological factors,
or distinct dysfunctions of endothelial cells in the brain, to
name a few hypotheses, are some of the most important
mechanisms that have been implied in the pathogenesis of
MDD (e.g, 1-8), the pathogenesis of MDD still requires
definition. It has been assumed that antidepressants interfere
with the uptake of monoamines, resulting in the monoamine
hypothesis of major depression and the actions of antide-
pressants (9). However, this hypothesis was revised because the
effects of several antidepressants do not fit within it. For
instance, the antidepressant tianeptine is a serotonin reuptake
enhancer (10), and ketamine, which has been also introduced
for treatment of MDD, targets N-methyl-D-aspartate receptors
(11-13), but not the uptake of monoamine neurotransmitters.
Furthermore, antidepressants directly target the synaptic up-
take of monoamines and rapidly induce an increase in the
concentrations of neurotransmitters in the synapse. This early
drug-mediated event clearly contrasts with the delayed onset,
i.e., usually 2 to 4 weeks, of the therapeutic effects of antide-
pressants. Thus, the molecular mechanisms of the pathogen-
esis and the treatment of MDD require definition.

MDD is mainly treated with classic antidepressants, sleep
deprivation, electroconvulsive therapy, or ketamine (1), but the
treatment of MDD requires improvement; classical antide-
pressants suffer from a delayed onset of several weeks of the
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Peripheral ceramide regulates major depressive disorder

clinical effects, which is a major clinical problem for the
treatment of patients with MDD (14). In addition, only
approximately 2/3 of the patients respond to classical antide-
pressants (14).

Ketamine acts very rapidly against MDD, but the drug
causes serious adverse effects if used for longer than a few days
or weeks (15). Likewise, electroconvulsive therapy is usually
only applied to severe cases and for a limited time. Thus, there
is still an urgent and unmet need for a rapid and reliable
treatment of MDD.

It is very interesting to note that MDD is also associated
with many somatic symptoms, such as an increased incidence
of cardiovascular disease and osteoporosis, adrenocortical
activation, increased oxidative stress, and increased plasma
concentrations of proinflammatory cytokines and phospholi-
pase A,, as well as dyslipoproteinemia (16-18). Therefore,
MDD can be seen as a systemic disease and not just as a
disease of the central nervous system (CNS). At present, it is
unknown how the peripheral symptoms can be explained and
how they are linked to the CNS symptoms of MDD.

Previous studies have shown that antidepressants function
by targeting the acid sphingomyelinase in the hippocampus
(19, 20) and thereby increasing sphingomyelin and decreasing
ceramide levels. In addition, several studies have shown that
ceramide levels are increased in the blood plasma of patients
with MDD (21-24) and also in brain tissue of mice with
different models of MDD (25), raising the question whether
ceramide might also play a role in the pathogenesis of MDD.

Here, we postulate a novel view of the pathogenesis and
treatment of MDD. We suggest that MDD is initiated as a
peripheral response to stress that evolves to manifest itself in
the brain. We show an increase of ceramide levels in the blood
plasma of humans with MDD and mice with stress-induced
experimental MDD. Ceramide levels correlated with severity
of MDD in human patients. Ceramide accumulated in endo-
thelial cells of the hippocampus and inhibited phospholipase D
(PLD), resulting in a decrease of phosphatidic acid, the product
of PLD activity in the hippocampus. Intravenous injection of
PLD or phosphatidic acid into depressed mice rapidly
normalized behavior and neuronal proliferation indicating the
significance of this novel pathway for MDD. This concept also
allows for novel treatments of MDD; instead of targeting
molecules in the brain, we demonstrate that neutralizing or
consuming ceramide in the blood plasma by antibodies or
ceramidases or restoration of PLD activity or its product
phosphatidic acid restored normal functions in mice with
MDD within as little as 24 h.

Results

Ceramide is increased in the blood plasma of patients with
MDD and in mouse models of MDD

MDD is often caused by stress. We tested the hypothesis
that exogenous stress induces the release of ceramide into the
blood. To this end, we determined ceramide in the blood
plasma of patients with MDD and that of healthy control
subjects. In addition, we determined the concentration of
ceramide in the blood plasma of mice that were exposed to
glucocorticosterone-induced or chronic unpredictable envi-
ronmental stress (i.e., a reversal of the light/dark cycle, 3 h of
45° tilting of the cage twice each week, shaking at 125 rpm for
45 min, food deprivation for 14 h, predator sounds for 15 min,
or wet cages for 1 h with two forms of stress per day in a
randomized, unpredictable order) or left unstressed. Patients
suffered from moderately severe or very severe MDD, as
determined by the Hamilton Depression Rating Scale (HAM-
D) (Table 1). The results of these studies demonstrate that
patients with MDD show a marked increase in ceramide
concentrations in the plasma compared to healthy individuals
(Fig. 1A). We confirmed the finding of an increase of ceramide
in the blood plasma of patients with MDD in a second, inde-
pendent set of patients and controls (Fig. S1). Ceramide in the
blood plasma correlated with the HAM-D Rating scale, i.e., the
severity of MDD (Table 1 and Fig. S2). Patients and controls
did not significantly differ in sex, body mass index, and age
(Table 1, Table S1 and Fig. S2).

The significance of these findings in humans is strongly
supported by the finding that glucocorticoid or chronic un-
predictable environmental stress also induced a marked in-
crease of ceramide levels in the blood plasma of wildtype mice
(Fig. 1B).

We controlled for age and sex as calculated by ANCOVA
using the SPSS28 software. Ceramide was used as dependent
variable and age, sex, and the HAM-D score as independent
variables. We grouped all patients with MDD in one group.
The results show that age and sex do not have a statistically
significant influence on ceramide levels, while the HAM-D
score had a highly significant correlation with levels of cer-
amide (p < 0.001).

Neutralization of blood plasma ceramide rapidly abrogates
symptoms of MDD

Next, we determined the biomedical importance of the in-
crease of ceramide concentrations in the blood plasma. To this
end, 24 h and 12 h before analysis, we injected mice that had

Table 1
Hamilton Depression Rating Scale scores (HAM-D), body mass index, age, and sex of patients with MDD and healthy controls

Criteria Healthy MDD (23-27) MDD (28-37)
HAM-D score (mean + SD) 0.3 £ 0.6 24.7 + 1.6 32.3 + 3.9°
Body mass index (mean + SD) 25.8 + 3.3 24.5 + 4.9 26.0 + 2.3
Age (mean t SD) 432 £ 11.8 44.2 + 10.9 43.5 £ 10.0
Sex 8 female, 8 male 3 female, 5 male 5 female, 1 male

The HAM-D rating scale scores, body mass index (BMI), age, and sex of the patients are given. Age and BMI did not significantly differ between patients and healthy controls and
did not correlate with ceramide levels. Shown are the mean + SD, each n = 16 for samples from healthy individuals and patients with MDD.
“ p < 0.001, ANOVA and post hoc Tukey test. Please note that we only included patients with very severe or moderately severe MDD, who were not previously treated for MDD.
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Figure 1. Ceramide levels in blood plasma are higher in stressed mice
and humans with major depressive disorder than in control subjects.
A, venous blood samples from patients with major depressive disorder
(MDD) and from healthy control subjects were collected, and blood plasma
was prepared. Ceramide concentrations (expressed as sum of C16 to C24
subspecies) were determined by mass spectrometry (MS) and ceramide
kinase assays. Ceramide levels in the blood plasma of patients with MDD
were higher than those in the plasma from control subjects and correlated
with the severity of MDD as determined by the Hamilton Depression Rating
Scale (HAM-D scores). The range of the HAM-D for the groups is given in
parenthesis. B, wildtype mice were stressed with either glucocorticosterone
(GQ) or chronic unpredictable environmental stress (CUS) or were left un-
treated as controls (-). Ceramide accumulated in the blood plasma of
wildtype mice after various forms of stress. Shown are the mean + SD, each
n = 16 for human samples from healthy individuals and patients with MDD.
Please note that we only included patients with very or moderately severe
MDD, who were not previously treated for MDD. For the mouse studies,
mean + SD of n=6 to 8 animals/group are displayed. ***p < 0.001, ANOVA
and post hoc Tukey test.

Kinase Assay

already been exposed to glucocorticosterone or chronic un-
predictable environmental stress for 6 days or left untreated
with (i) three different anti-ceramide IgM and IgG antibodies
to neutralize ceramide in the plasma or with (ii) recombinant
neutral ceramidase to consume plasma ceramide. Control
mice were injected with irrelevant IgM and IgG antibodies or
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PBS. We determined behavior and neuronal proliferation
already 24 h after the first injection of anti-ceramide antibodies
or ceramidase to test whether the neutralization of ceramide is
able to revert functional changes in the brain that cause MDD.
The pathogenetic role of neuronal proliferation in MDD is
controversial, but it is clearly reduced in stress and is at least a
good marker for MDD and the effects of antidepressants (7, 8,
26, 27). The results show that neutralizing or consuming
ceramide with anti-ceramide antibodies or ceramidase abro-
gated depression-like behavior and normalized neurogenesis in
stressed mice (Figs. 2, A and B, S3, S4). Injecting control IgM
or IgG exerted no effect on stress-induced major depression
(Figs. 2, A and B, S3, S4).

These findings indicate that the release of ceramide into the
blood upon the application of stress is crucial for the induction
of MDD.

Blood plasma ceramide is sufficient to induce symptoms of
MDD in mouse models

To further confirm this hypothesis, we obtained blood
plasma from wildtype mice that had been exposed to gluco-
corticosterone or chronic unpredictable environmental stress
or left untreated. We incubated the plasma with different anti-
ceramide antibodies, clone S58-9 (IgM), clone 15B4 (IgM), or
an Ig@G anti-ceramide antibody, neutral ceramidase, or control
IgM or control IgG ex vivo or left it untreated. We then re-
injected these samples into untreated (nonstressed) wildtype
mice and determined neuronal proliferation and behavior 24 h
later. The results show, first, that injection of blood plasma
from stressed mice into nonstressed, healthy mice transferred
the symptoms of MDD (Figs. 3, A and B, S5, S6). Second,
in vitro incubation of plasma from stressed mice with anti-
ceramide antibodies or ceramidase prior to re-injection into
nonstressed mice prevented the development of MDD symp-
toms, whereas control IgM or control IgG exerted no effect
(Figs. 3, A and B, S5, S6).

To exclude the possibility that we were measuring the ef-
fects of corticosterone that might have remained in the plasma
of these mice, we also injected untreated mice with a high dose
of corticosterone (1 mg/kg) and determined the presence of
biochemical and behavioral symptoms of major depression
after 24 h. These studies indicate that treatment with gluco-
corticosterone (even at a very high dose) for 24 h is not suf-
ficient to induce MDD (not shown).

We then tested whether we could induce MDD in untreated
mice by increasing plasma concentrations of ceramide. Thus,
we first determined the different ceramide species in the blood
plasma of mice after glucocorticoid stress. The results show a
significant increase of C22, C24, and C24:1 ceramide (Fig. 4A).
In total, we observed 5356 + 477 pmol/ml ceramide in the
plasma of stressed mice with a ratio of 5.2%: 2.4%: 2.5%: 13.6%:
55.5%: 20.8% of C16: C18: C20: C22: C24: C24:1 ceramides.
Since the blood plasma volume of mice is approximately 1 ml,
we loaded 200 pl blood plasma for 1 h in vitro with a 5-fold
higher concentration of the different ceramides, i.e., 5 nmol
ceramide total (i.e, 25 nmol/ml) in the ratio observed in the

J. Biol. Chem. (2022) 298(8) 102185 3
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Figure 2. Neutralization or consumption of ceramide in the blood plasma prevents major depressive disorder in mice. Wildtype mice were stressed
for 6 days with either glucocorticosterone (GC) or chronic unpredictable environmental stress (CUS) or were left untreated. On day 5, anti-ceramide IgM
antibodies clone S58-9 (anti-Cer), control immunoglobulin M (ctrl IgM), or recombinant ceramidase (CDase) were i.v. injected. Controls were not stressed
and left untreated or received i.v. injections of anti-ceramide antibodies or ceramidase. A, behavioral changes were analyzed 24 h after treatment by the
light/dark box test, the novelty-suppressed feeding test, the open-field arena test, the splash test, the forced swim test, and the coat status. The results
indicate that neutralization or consumption of ceramide in the blood is sufficient to prevent stress-induced major depressive disorder. B, neurogenesis in
the hippocampus 24 h after treatment was determined by staining for 5'-bromo-2’-deoxyuridine (BrdU). Shown are the mean + SD from each eight mice.
**%p < 0.001, ANOVA and post hoc Tukey test.

blood plasma of stressed mice. These 200 pul blood plasma Ceramide accumulates in endothelial cells of the brain upon
were iv. injected into healthy, nonstressed mice. We then stress

determined biochemical and depression-like behavior. These We have previously shown that stress does not result in a
experiments showed that loading the blood plasma with cer- significant increase of ceramide in the whole hippocampus
amide is sufficient to induce MDD-like behavior and a (19, 20), although this does not exclude accumulation of
reduction of neuronal proliferation within 24 h (Fig. 4B). ceramide in a small population of cells, which could not be
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Figure 3. Injection of blood plasma from stressed mice or patients with MDD induces symptoms of major depressive disorder, which is prevented
by ex vivo neutralization or consumption of ceramide. A and B, wildtype mice were stressed with either glucocorticosterone (GC) or chronic unpre-
dictable environmental stress (CUS) or were left untreated and blood plasma was obtained (donor mice). Blood plasma of the donor mice was treated
in vitro with anti-ceramide IgM antibodies clone S58-9 (anti-Cer), control immunoglobulin M (IgM), or recombinant ceramidase (CDase) or left untreated.
125 pl of the blood plasma samples were injected intravenously (i.v.) into healthy wildtype mice and (A) behavioral changes and (B) neurogenesis in the
hippocampus were determined 24 h later as readouts for MDD. Shown are the mean + SD from each six animals analyzed per group. ***p < 0.001, ANOVA
and post hoc Tukey test.

detected in lysates of the whole hippocampus. In accordance,
injection of deuterated C16 ceramide (d18:1-d,/16:0) failed to
reveal a significant accumulation of deuterated ceramide in

the whole hippocampus (not shown) supporting the hypoth-
esis that plasma ceramide acts in a specific and small popu-
lation of cells in the hippocampus. Since ceramide is a very
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Figure 4. Intravenous injection of ceramide-loaded blood plasma induces symptoms of major depressive disorder. A, ceramide species in the blood
plasma of mice that were left untreated or stressed with glucocorticosterone (GC) or chronic unpredictable stress (CUS) were determined by mass
spectrometry. Shown are the mean + SD of six independent samples (same as in Fig. 1), ANOVA followed by Sidaks multiple comparison test. Compared
were the corresponding values of ceramide species after glucocorticosterone or CUS with those of untreated animals. B, plasma was isolated from the blood
of untreated wildtype mice, loaded with a total of 5 nmol ceramide at a ratio of 5.2% C16 : 2.4% C18 : 2.5% C20 : 13.6% C22 : 55.5% C24 : 20.8% C24:1
ceramides, and injected intravenously (i.v.) into wildtype mice. Neurogenesis and behavioral changes were measured as readout for the induction of MDD
by i.v. ceramide loaded plasma. Presented are the mean + SD from each six mice. ***p < 0.001, ANOVA and post hoc Tukey test.

hydrophobic molecule, it seems to be unlikely that ceramide endothelial cells upon induction of stress in wildtype mice.

diffuses into deeper areas of the hippocampus. We therefore To this end, we isolated and purified endothelial cells from
tested whether ceramide accumulates in hippocampus the hippocampus of stressed and unstressed mice by two
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independent methods and determined ceramide concentra-
tions in these cells. The results of both methods are very
similar and demonstrate a marked increase of ceramide in
endothelial cells of the hippocampus upon application of
glucocorticosterone or chronic unpredictable environmental
stress (Fig. 5, A and B). The accumulation of ceramide in
hippocampus endothelial cells was prevented by i.v. injection
of anti-ceramide antibodies or neutral ceramidase (Fig. 5, A
and B). Staining and flow cytometry of isolated and purified
cells with PE- or FITC-coupled anti-CD31 antibodies
confirmed the purity of the endothelial preparations (Fig. 5, A
and B). We also determined the concentration of ceramide in
the hippocampus and in hippocampus endothelial cells after
i.v. injection of blood plasma loaded with a total of 25 nmol/
ml ceramide at the ratio of C16: C18: C20: C22: C24: C24:1
ceramides as described above. The results demonstrate an
increase of ceramide in hippocampal endothelial cells after i.v.
injection of ceramide-loaded plasma (Fig. 5C), while we did
not observe a significant increase of ceramide in the total
hippocampus.

Peripheral ceramide inhibits PLD and reduces phosphatidic
acid concentrations in the hippocampus

Since several previous studies implied an important role of
endothelial cells in the hippocampus for MDD and, in
particular, of endothelial PLD for the regulation of neuro-
genesis (6, 28), we tested whether ceramide might regulate
PLD activity in the hippocampus. The results reveal that glu-
cocorticosterone or chronic unpredictable stress reduced the
activity of PLD in the hippocampus of mice (Fig. 6A). Treat-
ment of the mice with anti-ceramide antibodies or ceramidase
restored PLD-activity in the hippocampus within 24 h
(Fig. 6A).

PLD activity results in the formation of phosphatidic acid,
and consistent with PLD inhibition in depressed mice, we
observed a marked reduction of phosphatidic acid concen-
trations in the hippocampus of stressed mice (Fig. 6B). Intra-
venous injection of anti-ceramide antibodies or ceramidase or
intravenous injection of PLD or phosphatidic acid normalized
hippocampal phosphatidic acid concentrations in stressed
mice within 24 h (Fig. 6B) indicating that the PLD—phos-
phatidic acid system is targeted by peripheral plasma ceramide.

Treatment of cultured mouse brain endothelial cells bEnd3
or human brain microvascular endothelial cells with C24
ceramide resulted in a reduction of PLD activity and phos-
phatidic acid levels in these cells (Fig. 6C) supporting the
notion that endothelial cells are targets for plasma ceramide in
MDD.

PLD and phosphatidic acid control neurogenesis and behavior
in models of MDD

We next investigated the significance of PLD and phos-
phatidic acid for the pathogenesis of MDD. To this end, we
injected recombinant PLD or phosphatidic acid intravenously
into mice with MDD and determined behavior and neuro-
genesis. The results indicate that both injection of PLD as well
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as phosphatidic acid normalized depressed behavior and
neurogenesis of stressed mice within 24 h (Fig. 7, A and B).
Vice versa, intravenous injection of FIPI, an inhibitor of PLD,
into healthy mice resulted in rapid development of depressed
behavior (Fig. 7A).

Next, we determined whether injection of anti-ceramide,
ceramidase, or phosphatidic acid also has a long-term effect
on neurogenesis and behavior in stressed mice with MDD.
Mice were stressed with glucocorticosterone or chronic un-
predictable stress for a total of 14 days. At 7 and 10 days after
initiation of stress, mice were i.v. injected with anti-ceramide
antibodies, ceramidase, or phosphatidic acid. Stress was
continued until day 14, behavior was measured, mice were
sacrificed, and neurogenesis was determined. The results show
that the effects of a treatment with anti-ceramide, ceramidase,
or phosphatidic acid on behavior and neurogenesis are stable
for at least 4 days and protect against a relapse of MDD (Fig. 7,
C and D).

Finally, terminal deoxynucleotidyl transferase dUTP nick-
end labeling (TUNEL) assays on histologies of the heart,
lung, liver, and kidney as well as analysis of blood chemistry
parameters revealed no side effects of the injection of anti-
ceramide antibodies or phosphatidic acid (Table 2).

Discussion

The present study provides evidence for a novel concept of
the pathogenesis of MDD and suggests several novel potential
treatment options. We demonstrate that stress causing MDD
symptoms in mouse models results in an increase of ceramide
in the blood plasma of mice. Most importantly, ceramide is
also increased in the blood of patients with MDD. Injection of
blood plasma from stressed mice or patients with MDD into
untreated mice is sufficient to induce behavioral and
biochemical changes indicating and typical for MDD.
Neutralizing ceramide within the blood plasma by adminis-
tering anti-ceramide antibodies or ceramidase prevents MDD
in mice.

We show that peripheral ceramide accumulates in endo-
thelial cells of the hippocampus, inhibits PLD in the hippo-
campus and thereby reduces the basal release of phosphatidic
acid in the hippocampus. We indicate that ceramide in the
blood plasma acts on endothelial PLD and thereby regulates
the crosstalk between endothelial cells and neurons. This
crosstalk seems to be mediated, at least in part, by phospha-
tidic acid. However, the exact mechanism how ceramide reg-
ulates PLD activity in endothelial cells is beyond the present
manuscript. It should be indicated that the observed inhibition
of PLD by ceramide is in accordance with several previous
studies already demonstrating an inhibition of PLD by cer-
amide (for instance 29-33).

We restricted our analysis to a very well-defined human
study group allowing us very defined biochemical studies that
are not compromised by confounding variables. We believe
that our study group is very well suited to define the role of
blood plasma ceramide in the pathogenesis of MDD, while a
separate study using a larger, less selected population of
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hoc Tukey test.

patients needs to be performed to test whether blood plasma
ceramide can be also used as diagnostic marker for MDD.
Our studies are in accordance with previous studies that
indicated a central role of endothelial cells in the pathogenesis
of MDD (6, 34—36). Thus, it was demonstrated that chronic
social stress as a mouse model of depression reduced expres-
sion of the endothelial cell tight junction protein claudin-5,
altered blood—brain barrier permeability, and increased con-
centrations of the peripheral cytokine interleukin-6 in brain

8 J Biol. Chem. (2022) 298(8) 102185

parenchyma (6). It is possible that ceramide, possibly via
reduced activity of PLD and formation of phosphatidic acid,
alters the blood—brain barrier and thereby determines major
depression. Further studies also indicate endothelial dysfunc-
tion in patients with MDD; specifically, these studies demon-
strated a decrease of endothelial progenitor cells in MDD
patients (36). It is unknown whether ceramide has an impact
onto the formation and/or integration of endothelial progen-
itor cells.
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(0). ***p < 0.001, ANOVA and post hoc Tukey test. PLD, phospholipase D.

A recent manuscript demonstrated that blood plasma
collected from volunteerly running mice contained higher
concentration of clusterin than blood plasma from ,resting”
mice (34). Clusterin reduced neuroinflammation in a mouse
model of Alzheimers disease (34). Although these studies did
not investigate MDD, they demonstrate that blood plasma
factors have a marked impact on brain functions. Finally, we
have previously shown that endothelial cell ceramide in the
hippocampus determines proliferation of neuronal stem cells
(35), consistent with the present studies.

Collectively, these studies indicate a central role of endo-
thelial cells in the pathogenesis of MDD, although the mo-
lecular details are largely unknown. The present study provides
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important insights into the molecular changes of endothelial
cells in the hippocampus in MDD and how these changes
contribute to MDD.

We suggest that phosphatidic acid is one of the factors that
mediates the crosstalk between endothelial cells and neurons
and prevents MDD. It is unknown how phosphatidic acid
prevents MDD. However, it has been previously shown that
phosphatidic acid regulates mTOR signaling in mammalian
cells (37). Signaling of mTOR has been also shown to regulate
synapse formation upon treatment with ketamine (38). Thus, it
is tempting to speculate that phosphatidic acid does not only
act in endothelial cells but also in neurons and that mTOR
integrates signaling of phosphatidic acid and ketamine to
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Figure 7. Targeting PLD and phosphatidic acid allows control of and long-term recovery from major depression. A and B, stress-induced effects on
behavior (A) and hippocampal neurogenesis (B) and are reversed by i.v. injection of PLD or phosphatidic acid (PA). Vice versa, inhibition of PLD upon i.v.
injection of the PLD inhibitor FIPI into nonstressed mice is sufficient to induce behavioral changes of major depression in these mice. C and D, injection of
anti-ceramide antibodies clone $58-9 (anti-Cer), ceramidase (CDase), or phosphatidic acid results in a long-term correction of major depression in stressed
mice. Mice were stressed for a total of 14 days, treated at day 7 and 10, and behavior (C) as well as neurogenesis (D) were determined 4 days after the
second treatment. Shown are the mean + SD from each eight (A and B) and six (C and D) animals/group. ***p < 0.001, ANOVA and post hoc Tukey test. PLD,

phospholipase D.

regulate neuronal functions and prevent MDD. Future studies
are required to analyze the exact targets of phosphatidic acid in
the hippocampus.

A recent study showed that another CNS symptom, anxiety
in mice upon application of electronic foot shocks, is caused by

10 J Biol Chem. (2022) 298(8) 102185

mitochondrial fission in CD4" T cells, which results in the
synthesis of purines. Xanthine derived from CD4" T cells
binds to adenosine Al receptors in the amygdala and thereby
induces anxiety (39). This is another example of a CNS
symptom, ie., anxiety that is caused by the communication of
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peripheral cells with the CNS. However, the purine-mediated
mechanism seems to be independent of the present results

since purine was shown to play no role in
corticosterone (39).
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Figure 7. continued

Previous studies demonstrated that antidepressants target
the acid sphingomyelinase in the hippocampus, in particular in
hippocampus neurons (19, 20). Inhibition of the acid sphin-
gomyelinase resulted in increased sphingomyelin levels, which

stress responses to
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Table 2

Blood chemistry and cell death in heart, lung, liver, and kidney after i.v. injection of anti-ceramide antibodies or phosphatidic acid

Criteria Untreated Anti-ceramide-antibody i.v. Phosphatidic acid i.v.
T-Pro 56 £ 02 50+ 0.3 49 £+ 0.3
Alb 2.7 £ 0.05 2.5 + 0.05 2.4 +0.1%
T-Bil 0.25 + 0.06 0.19 + 0.03 0.23 + 0.08
GOT 50.3 + 16.7 39.3 + 4.8 62 + 36.6
GPT 20.8 + 9.4 26.5 + 18.0 455 + 22.9
LDH 629 + 289 493 + 240 560 + 87
BUN 26.0 £ 2.7 223 +1.0 19 + 15.8
CPK 958 + 299 741 £ 101 766 + 245
YGT under 10 IU/L under 10 IU/L under 10 IU/L
Crea under 0.2 mg/dL under 0.2 mg/dL under 0.2 mg/dL
Amylase 915 + 189 814 + 113 1031 + 153
Cell death heart 2+2 3+2 1+1
Cell death lung 3+2 2+2 4+3
Cell death liver 2+1 3+2 2+2
Cell death kidney 3+2 4+£3 3+3

Blood plasma was analyzed using a SpotChem EZ chemistry analyzer with the corresponding parameter strips or a colorimetric assay kit. Cell death in the tissues was determined
by TUNEL assays and microscopic analysis. Shown are the mean + SD of each four independent measurements.

Abbreviations: T-Pro, T-Troponin (cardiac Troponin); Alb, albumin, T-Bil, total bilirubin; GOT, glutamat-oxalat transaminase; GPT, glutamat-pyruvat transaminase; LDH,
lactatedehydrogenase; BUN, blood urea nitrogen; CPK, creatine-phosphokinase; YGT, gamma-glutamyl-transferase; Crea, Creatinine.

“p < 0.05, ANOVA and post hoc Tukey test.

stimulated protein phosphatase 2A via inhibition of sphingo-
myelin synthase and accumulation of ceramide in the endo-
plasmatic reticulum. Increased protein phosphatase 2A activity
stimulated autophagy in neurons of depressed/stressed mice,
which was markedly reduced in depressed/stressed mice, and
thereby normalized behavior and neurogenesis upon treat-
ment with antidepressants. It is important to note that these
studies already revealed that stress did not change ceramide
levels in the total hippocampus and that mice lacking the acid
sphingomyelinase responded to stress with the development of
MDD symptoms. Thus, these pharmacological and genetic
studies demonstrated that the acid sphingomyelinase is central
for the response to antidepressants. As mentioned, deficiency
of the acid sphingomyelinase did not protect from induction of
major depression upon stress, suggesting that in the stress-
induced model of MDD, the acid sphingomyelinase does not
play a role and that ceramide is generated independently of the
acid sphingomyelinase in this model of MDD. On the other
hand, overexpression of the acid sphingomyelinase has been
shown to induce depressive-like symptoms in mice (40), sug-
gesting that an overactivity of the enzyme with a reduction of
sphingomyelin and an increase of ceramide triggers MDD. It is
possible that different stimuli activate different pathways of
ceramide generation and/or accumulation of ceramide in
endothelial cells and/or neurons of the hippocampus and
thereby induce MDD. In this model, the accumulation of
ceramide in endothelial cells plays a key role in the patho-
genesis of MDD, regardless which enzyme generates ceramide.

It is very important to note that treatment with anti-
ceramide antibodies, ceramidase, PLD, or phosphatidic acid
reverses the symptoms of MDD in mice as early as 24 h after
administration. The action is remarkably fast and indicates
that stress, via peripheral ceramide, induces functional
changes in the brain that can be rapidly corrected, similar to
the fast action of ketamine (11). In addition, treatment with
anti-ceramide antibodies, ceramidase, or phosphatidic acid has
a long-term effect on MDD-like behavior, and a single treat-
ment prevents a relapse for at least 4 days even under

12 J Biol. Chem. (2022) 298(8) 102185

continuous exposure to stress. The rapid beneficial effect of
ceramide neutralization on MDD is in marked contrast to the
delayed onset of action of conventional antidepressants, which
is clinically a major problem in patients with MDD. We as-
sume that neutralization/consumption of ceramide allows a
recovery of neuronal functions that are stable for a longer time.
Thus, clinically one or two treatments per week might be
sufficient to obtain a fast-acting, safe, and therapeutic effect
with anti-ceramide antibodies, ceramidase, or phosphatidic
acid.

Our findings also explain many of the peripheral symptoms
often associated with MDD: Ceramide has been shown to
induce cardiovascular disease and to promote oxidative stress
(41); it also exerts a proinflammatory effect and mediates the
effects of proinflammatory cytokines (16, 17). Furthermore,
phosphorylation of ceramide to ceramide 1-phosphate may be
involved in the activation of phospholipase A,, an alteration
also observed in MDD (42).

Our studies indicate that neutralization or consumption of
blood plasma ceramide may serve as a novel, fast-acting tar-
geted treatment option for MDD. Antibodies or enzyme
therapies are widely used in medicine, and we assume that
anti-ceramide antibodies or ceramidase exert no serious
adverse effects, because ceramide is usually not present on the
extracellular leaflet of the cell surface in healthy organisms.
Likewise, application of phosphatidic acid or even PLD might
also be novel approaches to treat MDD.

Experimental procedures
Ethics statement

The study was approved by the Ethics Committees of the
Medical Faculty of the Friedrich-Alexander University Erlan-
gen-Nirnberg (FAU, ID 148_13 B, 17.07.2013) (43) of the
University of Duisburg-Essen (Nr. 16—7061-BO) and of the
Nordwest-und Zentralschweiz (EKNZ; No. 2015-148).

The studies followed the Helsinki guidelines. All patients
gave informed consent.

SASBMB



Peripheral ceramide regulates major depressive disorder

Human studies

In a first set of studies, we used 16 plasma samples from
unmedicated patients with MDD and 16 samples from healthy
controls. All patients in this study group showed severe
depression and were not treated with any antidepressant for at
least the last 2 weeks. It is very difficult to find such a severely
affected patient group allowing studies that are not potentially
compromised by previous recent treatment. In addition, pa-
tients were clinically extensively phenotyped. In detail, all
participants underwent a multistep screening procedure to
exclude severe physical and psychiatric morbidities, the use of
corticosteroids or anti-inflammatory drugs in the past 7 days,
in addition to excluding mediation of any antidepressant for at
least the last 14 days. For diagnosis and exclusion of psychi-
atric comorbidities, we used the structured clinical interview
from the DSM-IV (SKID-I) and quantified depression severity
using the Beck Depression Inventory-II, the 17-item HAM-D,
and the Montgomery-Asberg Depression Rating Scale.

In a second set, we used plasma from eight patients with
MDD and nine healthy control subjects. All patients were also
extensively investigated with neuropsychological tests, in
particular the Beck Depression Inventory-1I, the HAM-D, and
the Geriatric Depression Scale.

Depressed patients were recruited from inpatients and
outpatients of the Departments of Psychiatry and Psycho-
therapy at the University Hospitals Erlangen, Essen, and Basel
and further interested individuals in parallel to local citizens as
healthy controls. Healthy individuals had no history of MDD.
All participants provided written informed consent. Controls
were matched in regard to age, sex, and body mass index. It is
important to note that we only included patients that were
without medication at the time point of inclusion. All blood
samples were collected after overnight fasting in the morning
for all individuals to minimize circadian effects. In the primary
study group, blood was drawn into Lithium heparin vials
(Sarstedt, 9 ml, #02.1065). The samples were centrifuged
(10 min at 2000g at room temperature), and plasma aliquots of
1.8 ml were prepared in polypropylene screw cap vials
(Kuhnle, 2 ml, vials 4—-1563-00, lids 4—1540—-00) and stored
at —80 °C for later analysis.

In the second population (supporting information), blood
was drawn into EDTA tubes (Sarstedt, 9 ml, #04.1951.100) and
processed as above. 1.5 ml aliquots were frozen at -80 °C in
sialynized Eppendorf tubes.

We also tested for binding of ceramide to the tubes by
addition of 0.2 pCi [**C16]-ceramide (ARC0831, 55 mCi/
mmol) to blood plasma that was obtained from healthy vol-
unteers and prepared as above. The samples were stored for 4
or 8 weeks at —-80 °C, thawed, aliquots of the plasma were
removed, and the radioactivity was counted and compared to
the original radioactivity. We observed a recovery of the total
radioactivity of 95% indicating that ceramide did not bind to
plastic, very likely because the affinity to plasma proteins is
higher than to the plastic surface. In addition, 50 ul plasma
aliquots were extracted in 150 ul H,O and 600 pul
CHCIl;:CH30H:HCI (100:100:1, v/v/v). The lower phase was
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dried, samples were resuspended in CHCl;:CH30H (1:1, v/v),
and separated by thin-layer chromatography using CHCls:
CH3;OH:ammoniumhydroxide (90:20:0.5, v/v/v) as the devel-
oping solvent. The plates were analyzed using a Fuji-Imager,
and ceramide was quantified by comparison with standards.
We did not detect any degradation of ceramide indicating that
ceramide remained stable during storage at -80 °C and was not
degraded.

In addition to screening for the presence of a major
depressive episode using the structured clinical interview for
DSM-IV (SKID-I), depression severity was quantified by the
HAM-D (44).

Mice and treatments

All studies were performed in accordance with animal
permissions of the State Agency for Nature, Environment and
Consumer Protection (LANUV) NRW, Recklinghausen,
Germany, # 81-02.04.2017.A084, # 81-02.04.2019.A211, # 81-
02.04.2018.A413, and 81-02.2019.A003, and the local IACUC.

We used C57BL/6 mice wildtype mice on a C57BL/6
background at an age of 8 to 12 weeks. We used females in the
present studies since they can be housed together and do not
need to be isolated.

Glucocorticosterone (Sigma) was administered via the
drinking water at 100 mg/L for 7 days. In the chronic un-
predictable stress model, the mice were challenged for 7 days
with unpredictable environmental stress, i.e., a reversal of the
light/dark cycle, 3 h of 45° tilting of the cage twice each
week, shaking at 125 rpm for 45 min, food deprivation for
14 h, predator sounds for 15 min, or wet cages for 1 h with
two forms of stress per day in a randomized (unpredictable)
order. Blood was collected from the heart into heparin-
coated needles and tubes immediately after the mice were
sacrificed by cervical dislocation. Blood plasma was centri-
fuged at 830g for 5 min at 4 C in an Eppendorf centrifuge.
The plasma was carefully removed and shock frozen in liquid
nitrogen.

Bromodeoxyuridine (BrdU, 2 mg/25 g body weight) was
intraperitoneally injected three times, once every 2 h, at a dose
of 75 mg/kg, starting 16 h before the mice were sacrificed.

Anti-ceramide antibodies clone S58-9 (0.08 pg/g body
weight; purified IgM anti-ceramide antibodies, Glycobiotech,
#MABO0O011), clone 15B4 (0.08 ug/g body weight; purified IgM
anti-ceramide antibodies, Sigma, #C8104), a rabbit mono-
clonal anti-ceramide IgG (0.08 pg/g body weight; Antibody
Research Corporation, #111583), control IgM or IgG (0.08 pg/
g body weight, Dako), and recombinant neutral ceramidase
(0.04 pg/g body weight; Asah2, R&D, 3000 pmol/min/ug) were
intravenously injected for inm vivo treatment of mice with
stress-induced MDD.

Recombinant GPI-PLD protein (Abcam, #ab116799) was
diluted in PBS and intravenously injected at 100 ng/g. Phos-
phatidic acid (Sigma, #1535722) was suspended at 1 mg/ml in
PBS, sonicated to obtain a stable suspension, and intravenously
injected at 4 pg/g body weight.
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The PLD inhibitor FIPI (ChemCruz, # sc300694) was dis-
solved in DMSO and i.v. injected at 4 pg/g body weight.

The reagents were injected 24 h and 12 h prior to any
biochemical or behavioral study. In the long-term studies, we
injected anti-ceramide antibodies clone S$58-9, neutral
ceramidase or phosphatidic acid twice at 6 AM and 6 PM on
day 7 and day 10 after initiation of the stress and then analyzed
behavior and neurogenesis 4 days later.

To achieve in vitro neutralization or consumption of cer-
amide, we incubated 125 pl blood plasma with 0.5 pg purified
IgM anti-ceramide antibodies clones S58-9 or 15B4 or IgG
anti-ceramide antibodies, 0.5 pg control IgM or control IgG or
1 pg recombinant neutral ceramidase.

Measurement of ceramide by kinase assay

We added 20 ul of blood plasma to 180 pl H,O and
extracted it in 600 pl CHCl3:CH3OH:1N HCI (100:100:1, v/v/
v). The lower phase was collected, dried, resuspended in 20 pl
of a detergent solution (7.5% [w/v] n-octyl glucopyranoside
and 5 mM cardiolipin in 1 mM diethylenetriamine-pentaacetic
acid), and micelles were obtained by bath sonication for
10 min. The kinase reaction was initiated by the addition of
70 ul of a reaction mixture containing 10 pl diacylglycerol
kinase (GE Healthcare Europe), 0.1 M imidazole/HCI (pH 6.6),
0.2 mM diethylenetriamine-pentaacetic acid, 70 mM NaCl,
17 mM MgCl,, 1.4 mM ethylene glycol tetraacetic acid, 2 mM
dithiothreitol, 1 uM adenosine triphosphate, and 5 pCi
[*P]YATP. The kinase reaction was performed for 60 min at
room temperature under shaking at 300 rpm. The reaction was
terminated by the addition of 1 ml CHCl3;:CH3;OH:1N HCI
(100:100:1, v/v/v), 170 ul buffered saline solution (135 mM
NaCl, 1.5 mM CaCl,, 0.5 mM MgCl,, 5.6 mM glucose, and
10 mM Hepes; pH 7.2), and 30 pl of a 100 mM ethyl-
enediaminetetraacetic acid solution. The samples were vor-
texed, phases were separated, and the lower phase was
collected. The samples were then dried, separated on Silica
G60 thin-layer chromatography plates with chloroform/
acetone/methanol/acetic acid/H,O (50:20:15:10:5, v/v/v/v/v),
and developed with a Fuji phosphorimager. Ceramide levels
were determined by comparison with a standard curve; C16 to
C24 ceramides were used as substrates.

Sphingolipid quantification by liquid chromatography
tandem-mass spectrometry

Samples were subjected to lipid extraction with 1.5 ml
methanol/chloroform (2:1, v/v) as described (22). The extrac-
tion solvent contained C17 ceramide (Cer17), C16-ds;-sphin-
gomyelin (d3;-SM16), and d,-sphingosine (d;-Sph) (all Avanti
Polar Lipids) as internal standards. In order to track deuterated
sphingolipids after loading plasma and exosomes with d;-C16
ceramide (d18:1-d,/16:0), d,-Sph was replaced by C17 sphin-
ganine (C17 dhSph) (Avanti Polar Lipids) as reference com-
pound. Chromatographic separations were achieved on a 1260
Infinity HPLC (Agilent Technologies) equipped with a
Poroshell 120 EC-C8 column (3.0 x 150 mm, 2.7 pm; Agilent
Technologies). A mobile phase system consisting of water
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(solvent A) and acetonitrile/methanol (1:1, v/v; solvent B),
both acidified with 0.1% formic acid, was used for gradient
elution at an initial composition of 40:60 (A:B, v/v) and a flow
rate of 0.5 ml/min. MS/MS analyses were carried out using a
6490 triple-quadrupole mass spectrometer (Agilent Technol-
ogies) operating in the positive electrospray ionization mode
(ESI+). The following ion source parameters were set: sheath
gas temperature, 375 °C; sheath gas flow, 12 L/min of nitro-
gen; nebulizer pressure, 30 psi; drying gas temperature, 200
°C; drying gas flow, 15 L/min of nitrogen; capillary voltage,
4000 V; nozzle voltage, 1500 V; iFunnel high pressure RF
voltage, 150 V, and iFunnel low pressure RF voltage, 60 V.
Sphingolipids and their deuterated analogs (m1/z ratios given in
parentheses) were analyzed by selected reaction monitoring
using the following mass transitions: m/z 288.5 — 270.5 for
C17 dhSph, m/z 300.3 (307.3) — 282.3 (289.3) for Sph, m/z
520.5 (527.6) — 264.3 (271.3) for Cer16, m/z 534.5 — 264.3 for
Cerl7, m/z 548.5 (555.6) — 264.3 (271.3) for Cerl18, m/z 576.6
(583.6) — 264.3 (271.3) for Cer20, m/z 604.6 (611.6) — 264.3
(271.3) for Cer22, m/z 630.6 (637.7) — 264.3 (271.3) for
Cer24:1, m/z 632.6 (639.7) — 264.3 (271.3) for Cer24, m/z
703.6 (710.6) — 184.1 for SM16, m/z 731.6 (738.7) — 184.1 for
SM18, m/z 734.8 — 184.1 for d3,-SM16, m/z 759.6 (766.7) —
184.1 for SM20, m/z 787.7 (794.7) — 184.1 for SM22, m/z
813.7 (820.7) — 184.1 for SM24:1 and m/z 815.7 (822.7) —
184.1 for SM24. Quantification was performed with Mass-
Hunter Software (Agilent Technologies). Determined sphin-
golipid amounts were normalized to the actual protein content
or volume of the sample used for lipid extraction. Ceramide
contents in plasma (murine and human) are expressed as sums
of the individually determined subspecies C16, C18, C20, C22,
C24, and C24:1 ceramide.

Loading of plasma with ceramide

Plasma (200 pl) was loaded with a total of 5 nmol of C16,
C18, C20, C22, C24, and C24:1 ceramides at a ratio of 5.2%:
2.4%: 2.5%: 13.6%: 55.5%: 20.8%. Since the blood plasma vol-
ume of mice is approximately 1 ml, we loaded 200 pl blood
plasma with a 5-fold concentration of the different ceramides
than observed in blood plasma of stressed mice and injected
these 200 pl intravenously. All ceramides were suspended in
0.9% NaCl and sonicated prior to use to get a homogenous
suspension. Blood plasma was incubated with the ceramide
mixture for 60 min at 37 C, 125 rpm shaking in glass tubes,
and then directly injected i.v. into healthy mice.

Immunohistochemical bromodeoxyuridine staining

For BrdU staining, mice were injected with BrdU 3-times,
once every 2 h. Mice were euthanized and perfused via the left
heart for 2 min with 0.9% NacCl followed by a perfusion with 4%
paraformaldehyde buffered in PBS (pH 7.3) for 15 min. Brains
were removed, fixed for an additional 36 h in 4% buffered
paraformaldehyde in PBS, embedded in paraffin, serially
sectioned, dewaxed, incubated for 30 min with pepsin paraffin-
embedded sections were dewaxed, treated for 20 min with
pepsin at 37 °C, washed, incubated for 2 h with 50% formamide
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in 300 mM NaCl and 30 mM sodium citrate (pH 7.0) at 65 °C,
and washed twice in saline sodium citrate buffer. DNA was
denatured for 30 min at 37 °C with 2 M HCI, washed, neutral-
ized for 10 min with 0.1 M borate buffer (pH 8.5), washed, and
blocked with 0.05% Tween 20 and 5% FCS in PBS (pH 7.4). The
samples were then stained for 45 min at 22 °C with 5 pug/ml
BrdU-specific antibodies (Roche, # 111703760001), washed, and
stained with Cy3-coupled F(ab), anti-mouse IgG antibody
fragments (Jackson ImmunoResearch).

All sections were analyzed with a LEICA TCS SL fluores-
cence confocal microscope. Every 10th section of serial sec-
tions of the hippocampus was counted by an investigator
blinded to the nature of the samples. We counted each 10
sections/mouse, and the numbers were then extrapolated to
the total number of proliferating cells by multiplication
with 10.

Cultured endothelial cells

bEND3 cells (ATCC; LGC Standards) were cultured in
Dulbecco’s modified Eagle’s medium, supplemented with 10%
fetal calf serum, 10 mM penicillin/streptomycin, 1 mM sodium
pyruvate, and 2 mM L-glutamine.

Primary human brain cortex microvascular endothelial cells,
Passage 3, were from Cell Systems, were cultured according to
the instructions of the vendor.

For treatment, human brain endothelial or bEND3 cells were
incubated for 60 min to 4 h with 0.5 uM or 1 pM C24 ceramide
(Avanti Polar Lipids/Merck, #860524) or left untreated. C24
ceramide was suspended in 0.9% NaCl and sonicated using a
tip sonicator prior to addition to the cells. Samples were shock
frozen, thawed, and the lysates were used to determine PLD
activity and phosphatidic acid as described below.

Isolation of endothelial cells from the hippocampus

Mice were stressed or injected with ceramide-loaded blood
plasma as above, sacrificed, the hippocampus removed, diges-
ted for 10 min in 0.1% dispase (R&D, #D4693), 0.005% liberase
(Roche, #134262), and 0.01% DNase (Roche, #4536282001) in
HEPES/saline (H/S; 132 mM NaCl, 20 mM HEPES [pH 7.4],
5 mM KCl, 1 mM CaCl,, 0.7 mM MgCl,, 0.8 mM MgSO,) at
37 °C for 10 min, and cells were isolated by pipetting. Cells
were then washed 3-times in ice-cold H/S, resuspended in H/S
and incubated for 30 min with anti-CD31 antibodies coupled to
magnetic beads (20 ul/sample, Miltenyi, #120-009-894) at 4
"C. Cells were then purified using Miltenyi LS columns (#130—
042-401), and endothelial cells were magnetically retained.
Columns were extensively washed with H/S, endothelial cells
were eluted, pelleted by centrifugation at 425¢ for 7 min, and
resuspended in H,O, and ceramide was biochemically quanti-
fied. As an independent approach, we incubated the cells with
anti-CD62E antibodies (2 pg/sample, Abcam, #18981) for
30 min at 4 C, followed by addition of anti-rabbit IgG Dyna-
beads (30 pl/sample, Thermofisher #M280) and further incu-
bation for 30 min. Cells bound to the magnetic beads were
isolated using a magnet and washed on the magnet, and cer-
amide was biochemically quantified as above.
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As control, we stained the cells sorted with Miltenyi anti-CD31
beads with with PE-coupled anti-CD62 E antibodies (1:100) and
the Dynabead-sorted cells with FITC-anti-CD31 antibodies
(1:100, Becton Dickinson #550274) and analyzed the samples by
flow cytometry using a BD FACS Calibur. Controls were stained
with PE coupled rabbit IgG and FITC-coupled rat-IgG.

PLD activity

PLD activity was measured employing a commercial color-
imetric activity assay (Abcam, #ab183306). The assay is based
on the cleavage of phosphatidylcholine to choline depending
on the activity of PLD. Choline is oxidized, and the interme-
diate reacts with a probe to a color detected at 570 nm in a
plate reader. The assay was performed according to the in-
structions of the vendor. Briefly, hippocampus was removed,
homogenized in assay buffer, incubated on ice for 15 min,
insoluble material was removed by 5 min centrifugation at
14,000 rpm at 4 "C, and an aliquot of the lysate was mixed with
the PLD substrate, the PLD probe, and the converter enzyme
to generate the colored substrate. Each sample was measured
against a background sample that contained the same amount
of lysate and reagents with the omission of PLD substrate.
Samples were analyzed at absorbance 570 nm in a microplate
reader (Fluostar Omega, BMG Labtech) in kinetic mode every
2 min, and the enzyme activity was calculated and normalized
for protein determined as described below.

To determine PLD activity in cultured or freshly isolated
hippocampus endothelial cells, the medium was removed, the
cells washed, homogenized, and the enzyme activity was
measured.

Phosphatidic acid analysis

Phosphatidic acid was measured in hippocampus extracts
and in cultured endothelial cells extracts using a commercial
assay (PromoKine, #PK-CA577-K748) exactly following the
protocol of the vendor. Hippocampus was removed, homog-
enized by tip sonication in 200 pl H,O, and extracted in 750 pl
CHCl3:CH30H:12N HCI (2:4:0.1, v:v:v) and each 250 pl CHCl3
and 1 M NaCl. Samples were vortexed, the organic phase was
dried in a speed vac, samples were dissolved in 5% Triton X-
100, and the reaction was started by addition of a phosphatidic
acid converter that hydrolyzes phosphatidic acid to an inter-
mediate that is converted to a fluorescence substrate in the
presence of an enzyme mix. Samples were analyzed in a
fluorescence reader at excitation/emission of 535/587 nm. The
amount of phosphatidic acid was calculated by comparison to
a standard curve.

Protein measurements

Protein was measured using the Bio-Rad Protein Assay Dye
(#500006) from aliquots of the hippocampus homogenates or
cell lysates and served to normalize the samples.

Clinical chemistry analysis

Blood plasma was analyzed using a SpotChem EZ chemistry
analyzer with the corresponding parameter strips (Scil). When
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necessary, samples were diluted to enable measurement of
small sample volumes or when samples exceeded the
maximum detection limit of a given parameter. Creatinine
levels were quantified using a colorimetric assay kit (Cayman).

TUNEL assays

Mice were sacrificed 12 h after the last application of anti-
ceramide antibodies or phosphatidic acid. The heart, lung,
liver, and kidney were removed, and frozen sections were ob-
tained. Sections were air-dried for 5 min, fixed in ice-cold
acetone for 5 min, and cell death was determined using
TUNEL staining. To this end, sections were treated in 0.1 M
sodium citrate (pH 6.0) in a microwave at 450 W for 5 min,
washed twice in PBS, and incubated with each 5 pl TUNEL
enzyme, 20 pl tetramethylrhodamine labeling, and 25 pl
TUNEL dilution buffer (all from Roche) according to the ven-
dor’s instructions (Roche). Samples were incubated for 60 min
at 37 °C and washed three times in PBS. The samples were then
incubated in PBS at 70 "C for 10 min to reduce background
staining, washed once in PBS, and finally embedded in Mowiol
(Sigma, Deisenhofen, Germany). Incubating the samples with
DNAse served as a positive control for the TUNEL reaction. We
then analyzed at least 500 cells in the tissues and determined the
percentage of TUNEL-positive cells. The investigator was
blinded to the identity of the samples. Samples were analyzed
on a LEICA TCS SL microscope.

Behavioral studies

Behavioral testing was performed between 3:00 PM and 6:00
PM under diffuse indirect room light. All tests were performed on
separate days. If appropriate, animals were tracked with a video
camera (Noldus Systems). For the novelty-suppressed feeding test
(latency to feed), mice were fasted for 24 h. We then recorded the
time during which the mice explored a new environment before
they began eating. For the light/dark box test, mice were placed in
a dark and safe compartment that was connected via a 5-cm x 5-
cm rounded-corner aperture to an illuminated, open, and thus
aversive area. The time that the mouse spent in each of the
separate compartments was measured. In the open-field arena
test, the mice were released near the wall of a 50-cm x 50-cm
white plastic cage with sidewalls 30 cm high. Animals were
observed for 30 min, and the time during which the animal was
more than 10 cm away from the wall was recorded. In the coat
state test, the appearance of the coat (groomed versus unkempt
coat) was scored on the head, neck, back, and ventrum with either
a zero for normal status or a one for unkempt status. For the
forced swim test, mice were placed in a cylinder filled with water
(21-23 °C) for 15 min. After 24 h, the mice were again placed in a
water-filled cylinder for 6 min, and the time of mobility or
immobility during the last 4 min of the second trial was recorded.
Mice were judged immobile when they moved only to keep their
heads above water.

Quantification and statistical analysis

Data are expressed as arithmetic means + SD. For the
comparison of continuous variables from independent
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groups with one variable (treatment), we used one-way
ANOVA followed by post-hoc Tukey test for all pairwise
comparisons, applying the Bonferroni correction for multiple
testing. The p values for the pairwise comparisons were
calculated after Bonferroni correction. All values were nor-
mally distributed, and the variances were similar. For the
analysis of groups with two variables (treatment and geno-
type), we used one-way ANOVA and post hoc Tukey test for
multiple comparison. Statistical significance was set at a p
value of 0.05 or lower (two-tailed). The sample size planning
was based on the results of two-sided Wilcoxon—Mann—
Whitney tests (free software: G*Power, Version 3.1.7, Uni-
versity of Duesseldorf, Germany). Investigators were blinded
to results of histologic analyses and to animal identity.
Before the experiments, animals were randomly assigned to
cages by a technician who was not involved in the experi-
ments. Cages were randomly assigned to the various exper-
imental groups.

Based on the results obtained with stressed mice, we
calculated the number, ie, the sample size, of patients
required to determine whether ceramide is increased in the
blood plasma of patients with major depressive disorder with a
power of at least 0.95 and «a of less than 0.05.

The ceramide kinase data of the mouse experiments were
(mean + SD):

untreated: 1600 + 382.8 pmol/mL

treated with glucocorticosterone: 5565 + 594.4 pmol/mL

treated with chronic unpredictable stress: 4113 + 314.6
pmol/mL

n=38 for all samples

The mass spectrometry data of the mouse experiments were
(mean + SD):

untreated: 1523 + 394.4 pmol/mL

treated with glucocorticosterone: 5372 + 476.7 pmol/mL

treated with chronic unpredictable stress: 4210 + 187.7
pmol/mL

n=6 for all samples

We then assumed that the standard deviation in human
patients is 3-fold higher than in mice (ceramide kinase assay:
1148.4/1783.2/943.8 and mass spectrometry 1183.2/1430.1/
563.1). Since our study included severely depressed patients,
we assumed similar ceramide levels than in severely depressed
mice.

Based on the mouse data and the assumption of higher
standard deviation in humans, we calculated effect sizes and
the required number of blood samples from healthy humans
and individuals with major depression using the freely avail-
able program G*Power 3.1.

The results indicate a required sample size of five when
using the data obtained in the kinase assays untreated versus
glucocorticosterone and a sample size of six using the data
obtained in the kinase assays untreated versus chronic envi-
ronmental stress.

For the corresponding mass spectrometry data, the sample
sizes were each five.

Our studies included 16 healthy controls and 16 patients
with severe MDD (ie., 6 patients with a Hamilton
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Depression Score of 28—37 and 10 patients with a Hamilton
Depression Score of 23-27), indicating a high statistical
power (at least 0.95) of the present data at a of less than
0.05.

The second study population presented in the supplemen-
tary data included nine healthy controls and eight patients
with severe MDD also providing high statistical power (at least
0.95) at a of less than 0.05.

We controlled for age and sex as calculated by ANCOVA
using the SPSS28 software.

Data availability

All data are contained within the manuscript.
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