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Figure 3 | Scatter plots and regression lines for the relationships of EA with HVA and 5-HIAA in CSF. Partial correlation test controlling for age and sex
was performed in healthy controls (N = 54) and unmedicated patients with major depressive disorder (N = 13). Significant correlations of EA with (a)
HVA and (b) 5-HIAA in CSF are shown. Abbreviations: EA, ethanolamine; CSF, cerebrospinal fluid; HVA, homovanillic acid; 5-HIAA, 5-

hydroxyindoleacetic acid.

than in controls. However, there was no significant difference
between our unmedicated patients (N = 11) and controls (629.5 =+
72.9 vs. 644.3 * 108.8 uM, F = 0.046, df = 1, P = 0.83, 95% CI:
—69.33 to 55.89). Therefore, the observed increase in glutamine in
our total subjects may be attributable to medication. Regarding CSF
GABA, several previous reports'®'**"* showed its decrease in
depressed subjects; however, we observed no significant differences
between patients and controls, which is in line with other stud-
ies'?*?2, Recently, Kaddurah-Daouk et al., who employed a metabo-
lomics-based approach, reported that methionine was increased in
remitted MDD patients compared with depressed patients and
healthy controls®. Our subjects showed similar results. Although
CSF methionine levels did not differ significantly between the cur-
rently depressed patients and controls, our remitted patients had
significantly higher CSF methionine levels than depressed patients
(41%1.2vs.33+0.9 pM, F=9.1,df = 1, P = 0.0041; 95% CI: 0.31
to 1.57, ANCOVA) and controls (vs. 3.5 = 0.8, F=5.7,df = 1,P =
0.020; 95% CI: 0.11 to 1.29). Methionine might be involved in the
recovery processes of MDD and could be a biomarker for remission.

The significantly higher levels of CSF EA in remitted patients
compared with depressed patients suggest that CSF EA levels might
be state-dependent. In line, our Low-EA patients showed a higher
HAMD-17 total score than the High-EA group. Vagus nerve stimu-

Table 4 | Partial correlations between levels of CSF substances and
EA concentrations

Statistics

Substances r df P 95% Cl
Total protein —-0.055 63 0.66 -0.30t00.19
Glucose -0.075 63 0.55 —-0.31t00.17
Chloride 0.077 63 0.54 —0.17 10 0.31
HVA 0.36 63 0.0030" 0.13t00.56
MHPG 0.14 63 0.27 -0.11100.37
5-HIAA 0.29 63 0.019 0.051 to 0.50

'Significant Pvalues in bold type.

Abbreviations: CSF, cerebrospinal fluid; EA, ethanolamine; Cl, confidence interval; HVA,
homovanillic acid; MHPG, 3-methoxy-4-hydroxyphenylethyleneglycol; 5-HIAA, 5-
hydroxyindoleacetic acid.

lation (VNS), which is effective for MDD patients and alters the
metabolites of neurotransmitters, was reported to elevate CSF EA
levels in epileptic patients®®. VNS may exert its effect through
mechanisms that increase central EA. Longitudinal studies are war-
ranted to examine whether antidepressant treatments increase CSF
EA.

When we defined abnormally low EA levels based on the 5" per-
centile of the controls, approximately 40% of the depressed patients
fell into this range, suggesting that a substantial proportion of sub-
jects with MDD could be distinguished from normal subjects based
on CSF EA levels, which would be useful for diagnosis. MDD patients
with low CSF EA levels may constitute a subtype of MDD. Indeed,
the Low-EA group was characterized by higher ‘Core’ and ‘Somatic
Anxiety’ symptoms. In addition, we found a significant positive cor-
relation between CSF EA and HVA and 5-HIAA levels, suggesting
that MDD characterized by low CSF EA levels reflects impaired
dopaminergic and serotonergic functions in the CNS, possibly due
to synaptic dysregulation by an altered endocannabinoid system (see
below).

Since most of our patients were medicated, the observed decrease
in CSF EA may be attributable to medication. However, this possibil-
ity is unlikely because CSF EA was decreased in unmedicated patients
compared with controls; there was no significant difference in CSF
EA levels between medicated and unmedicated patients; and there
was no significant correlation between CSF EA levels and the dose of
any class of psychotropic drugs. Our results therefore suggest that
CSF EA could be a useful biomarker even in medicated patients.
With respect to the effect of antidepressants, we found a significant
correlation with CSF isoleucine levels even after correcting for mul-
tiple comparisons. To our knowledge, no study has examined the
effect of antidepressants on CSF amino acid levels; therefore, further
studies are warranted.

EA is closely related to endocannabinoid signaling in the CNS (see
Supplementary Fig. $4). EA is both a precursor to, and a metabolite
of, anandamide (N-arachidonoylethanolamine), a ligand for canna-
binoid receptors (CBs), and transient receptor potential vanilloid
type 1 (TRPV1). The endocannabinoid system is implicated in
depression, suicide, and stress-related affective disorders®. CB,;
receptor density is high at presynaptic axon terminals, where it func-
tions to inhibit neurotransmitter release®. This may substantiate our
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observation that CSF EA was correlated with HVA and 5-HIAA
levels. In human studies, inconsistent results have been reported
on serum- endocannabinoid levels in MDD*~*. One study found
no significant difference in the CSF anandamide level between
MDD patients and controls, although it was elevated in unmedicated
patients with schizophrenia*. Anandamide is synthesized on
demand, binds with high affinity to extracellular CB,; receptors,
and is rapidly inactivated by active transport into neurons, followed
by hydrolysis*. EA might be a stable surrogate marker for the ana-
ndamide system.

Decreased CSF EA may be due to inflammatory responses that
have been implicated in MDD*. We previously reported elevated
CSF IL-6 levels in MDD* suggesting the involvement of neuroin-
flammation. In the inflammatory process, activation of microglia and
upregulation of cyclooxygenase-2 may facilitate conversion of EA to
N-acylethanolamines or prostaglandin H, ethanolamide*®*.

There are several limitations to this study. Firstly, the numbers of
unmedicated patients with MDD (N = 13) and remitted individuals
(N = 10) were small. However, we detected a significant difference in
CSF EA levels between unmedicated patients and controls; and
between depressed and remitted patients, which suggests large effect
sizes. Secondly, the measurement of the CSF sample took place in a
real-world setting; the majority of patients were medicated, and sam-
pling was not performed after fasting or at a fixed time. However, we
did not observe any correlation of EA with psychotropic medication
or CSF sampling time. This makes CSF EA a feasible biomarker for
everyday use in the clinical setting. Nevertheless, studies are neces-
sary to elucidate the possible effects of fasting. Thirdly, there were
missing values for several amino acids (see Table 2), which were
likely due to small values below the detection limit and might have
caused false negative results. Fourthly, small proportion of patients
(N = 13) received antipsychotic medication, which may have an
effect on CSF EA levels. However, there was no significant correla-
tion between daily chlorpromazine equivalent doses of antipsycho-
tics and CSF EA levels; therefore, the possible effect might be
minimal. Finally, we obtained data only for MDD patients and con-
trols. Further studies on other neuropsychiatric disorders are neces-
sary to determine whether low EA is specific to MDD.

In conclusion, we found, for the first time, that CSF EA levels were
reduced independently of medication in a substantial proportion
(40%) of depressed MDD patients. Such patients had characteristic
symptomatology (i.e, ‘Somatic Anxiety’) and CSF monoamine
metabolite profiles (i.e., reduced HVA and 5-HIAA), and thus con-
stitute a subtype of MDD.
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