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Plasma levels of S100B

and neurofilament light chain
protein in stress-related mental
disorders

Johanna Wallensten?*?, Fariborz Mobarrez?, Marie Asberg?, Kristian Borg?, Aniella Beser?,
Alexander Wilczek? & Anna Nager*

The pathophysiological changes underlying stress-related mental disorders remain unclear. However,
research suggests that alterations in astrocytes and neurons may be involved. This study examined
potential peripheral markers of such alterations, including S100B and neurofilament light chain
(NF-L). We compared plasma levels of S100B and NF-L in patients with chronic stress-induced
exhaustion disorder (SED), patients with major depressive disorder (MDD), and healthy controls.

We also investigated whether levels of S100B and NF-L correlated with levels of astrocyte-derived
extracellular vesicles (EVs that indicate astrocyte activation or apoptosis) and with symptom
severity. Only women had measurable levels of SI00B. Women with SED had higher plasma levels

of S100B than women with MDD (P <0.001) and healthy controls (P<0.001). Self-rated symptoms

of cognitive failures were positively correlated with levels of S100B (r,=0.434, P=0.005) as were
depressive symptoms (r,=0.319, P<0.001). Plasma levels of astrocyte-derived EVs were correlated
with levels of S100B (r,=0.464, P <0.001). Plasma levels of NF-L did not differ between the groups
and were not correlated with symptom severity or EV levels. Thus, long-term stress without sufficient
recovery and SED may be associated with raised plasma levels of S100B, which may be evidence of
pathophysiological changes in astrocytes. The findings also support the hypothesis that plasma levels
of S100B are associated with cognitive dysfunction.

Chronic stress increases the risk for psychiatric disorders such as major depressive disorder' (MDD) and chronic
stress-induced exhaustion disorder (SED), also called clinical burnout. SED is caused by long-term stress without
sufficient recovery, which leads to mental and physical exhaustion??. Stress impacts cognitive processes®, and
cognitive symptoms such as impaired memory and attention are common in patients with SED*. SED is included
in the Swedish version of the International Classification of Diseases, tenth version (ICD-10)° (Table 1).

Chronic neuroinflammation may underlie not only MDDS, but also SED. This neuroinflammatory model
posits that chronic inflammation affects glial cell function, including the function of astrocytes. The model is in
line with research into pathophysiological changes that suggests that stress-related mental disorders are associ-
ated with alterations in astrocyte density and morphology in specific regions of the brain’~'°. Potential markers
of alterations in astrocytes include astrocyte-derived extracellular vesicles (EVs), which are released from the cell
membrane during cell activation and/or apoptosis''. These EVs can be measured in plasma with flow cytometry
by labeling them with antibodies for astrocyte-derived proteins such as glial fibrillary acidic protein (GFAP)
and aquaporin 4 (AQP4). We recently demonstrated higher levels of astrocyte-derived EVs in the plasma of
patients with SED and MDD than in healthy controls. Furthermore, levels of these EV's were significantly higher
in patients with SED than patients with MDD, which suggests that different pathophysiological processes may
underlie these stress-related mood disorders'.

Affected astrocytes can also be detected in peripheral blood with validated commercial assays, such as assays
for S100B. S100B is a cytosolic calcium-binding protein’® synthesized primarily by astrocytes'*. Raised levels
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A. Physical and mental symptoms of exhaustion for at least 2 weeks. The symptoms have developed in response to one or more identifiable
stressors present for at least 6 months

B. The clinical picture is dominated by markedly reduced mental energy, as manifested by reduced initiative, lack of endurance, or increased
time needed for recovery after mental effort

C. At least four of the following symptoms have been present, nearly every day, during the same 2-week period
Concentration difficulties or impaired memory

Markedly reduced capacity to tolerate demands or to work under time pressure

Emotional instability or irritability

Sleep disturbance

Marked fatigability or physical weakness

Physical symptoms such as aches and pains, palpitations, gastrointestinal problems, vertigo, or increased sensitivity to sound

D. The symptoms cause clinically significant distress or impairment in occupational, social, or other important respects

E. The symptoms are not due to the direct physiological effects of a substance (e.g., a drug of abuse, a medication) or a physical illness/injury
(e.g., hypothyroidism, diabetes, infectious disease)

Table 1. Diagnostic criteria for stress-induced exhaustion disorder (SED) according to the Swedish National
Board of Health and Welfare. Criteria A-E must be fulfilled to diagnose SED.

of S100B are used clinically as an indicator of brain damage'® and may be a marker of neurological disorders'.
S100B is hypothesized to be a marker of blood brain barrier integrity'” and has been found in the cerebrospinal
fluid (CSF) and serum of patients with mood disorders, including MDD#-2!, Its potential use as a marker of
altered astrocytes in Alzheimer disease® is additional evidence of its link with cognitive dysfunction and possibly
with chronic stress and neuroinflammation. To the best of our knowledge, however, no previous studies have
investigated S100B in patients with SED.

Although astrocytes are the main source of S100B, this calcium-binding protein can also be synthesized in
cells outside the nervous system, such as adipocytes and melanocytes®, and its levels in serum can increase after
trauma, such as acute fracture**. Thus, S100B might not always come from changes in astrocytes. It is therefore
useful to investigate whether any raised levels of S100B in patients with stress-related mental disorders are cor-
related with increased levels of astrocyte-derived EVs in those patients.

Another marker that has been explored in people with psychiatric disorders is cytoskeletal protein neurofila-
ment light chain (NF-L). NF-L, which is expressed in central® and peripheral® neurons, is released in a variety
of physiological processes, such as aging®, and is a potential blood biomarker of neuro-axonal injury?. Increased
levels of NF-L have been found in the CSF of people with psychiatric disorders, such as bipolar disorder®, and
in plasma in people with treatment-resistant major depression®.

The primary aim of this study was to compare plasma levels of S100B and NF-L in patients with SED, patients
with MDD, and healthy controls. The secondary aim was to investigate whether these levels correlated with levels
of astrocyte-derived EVs and with symptom severity in these three groups.

Methods

Study design and participants. From 2014 to 2018, patients at a psychiatric outpatient clinic in Stock-
holm who fulfilled the diagnostic criteria for SED? (Table 1) or MDD?*! were consecutively invited to participate
in the study. Patients were included if they were between the ages of 18 and 65 years, could speak Swedish, and
had no somatic or psychiatric disorders other than SED or MDD (including substance use disorders). Blood
samples were used to exclude patients with thyroid disease, anemia, vitamin B12 deficiency, and alcohol over-
consumption. Patients were excluded if they had a history of head trauma with loss of consciousness. A physi-
cian conducted a clinical examination. The Swedish version of the Mini International Neuropsychiatric Inter-
view (M.LN.L) 6.0.0°>* was used to diagnose mental disorders other than SED. M.LN.I. was administered by a
clinic physician, one of the researchers, or a psychologist familiar with the instrument. Patients with SED who
also fulfilled the criteria for MDD were included in the SED group if the physician judged that the MDD was
secondary to the SED (n=2). A total of 31 patients with SED and 13 with MDD were recruited from this clinic.
To increase the number of patients with MDD in the study, patients at an additional psychiatric outpatient clinic
who fulfilled the ICD-10 criteria for MDD were also invited to participate, resulting in a total of 31 patients with
MDD in the study (Supplemental Fig. 1). To minimize the possibility that patients with SED had experienced
stress symptoms for different lengths of time prior to blood sampling, patients were only included if they had
been diagnosed less than three months before the start of the study.

The healthy controls in the study came from a group recruited in 2009 to serve as controls in future studies.
A total of 1146 adult permanent residents of Sweden age 55 and below, were randomly selected by Statistics
Sweden, Sweden’s official government statistics agency. Those who agreed to participate were contacted by phone
for a first screening. If they described themselves as healthy, they were invited to a medical investigation that
included a clinical and a psychological examination performed by a physician. People with current or previ-
ous diagnoses of SED or other mental disorders, cancer, endocrine disorders, or cardiovascular disorders were
excluded, resulting in 165 healthy controls. The current study included 61 of these healthy controls, matched for
sex and age with patients with SED or MDD.

The regional Ethical Review Board in Stockholm, Sweden (http://www.epn.se/en/start/), approved the study
(Dnr. 2008/0061-31, 2014/585-31/1, 2016/1239-32, 2017/2088-32, 2021-00346 and 2021-05515-02). The study
was conducted in keeping with the principles outlined in the Declaration of Helsinki. The researchers provided
potential participants with oral and written information about the study and obtained written informed consent
prior to inclusion.
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Prior to linkage and analysis, data were pseudonymized.

Symptom rating scales. To quantify the severity of depressive symptoms, we used the self-assessment
version of the Montgomery Asberg Depression Rating Scale (MADRS-S)*. MADRS-S includes nine items about
sadness, inner tension, sleep, appetite, concentration, lassitude, ability to feel, pessimistic thoughts, and suicidal
thoughts. Overall scores range from 0 to 54 points. To measure the experience of cognitive failures in daily life,
we used the 25-item Cognitive Failures Questionnaire (CFQ)*. The CFQ includes 25 questions about failures of
perception, memory, and motor function. Overall scores range from 0 to 100 points. All three groups (patients
with SED, patients with MDD, and healthy controls) completed MADRS-S. The CFQ was completed by patients
with SED and patients with MDD but not healthy controls.

Sample collection. Blood samples were drawn at inclusion from an antecubital vein after at least 15 min of
rest. They were drawn in the morning, and the patients were asked to fast for 12 h prior to sampling. They were
also asked to avoid physical activity prior to blood sampling. The samples were drawn into citrated tubes and
centrifuged within 1 h at room temperature for 20 min at 2000xg. After centrifugation, the platelet poor plasma
was stored at — 80 °C. The blood sampling routines for the healthy controls were similar to the routines for the
patients, and the samples from all three groups were analyzed in the same batch. Because the samples from
controls were collected in 2009, these samples had been stored at least 5 years longer than the samples from the
patients at the time of analysis.

Analysis of S100B and neurofilament light chain protein. A commercially available enzyme-linked
immunosorbent assay (ELISA) was used to measure S100B (Abcam, Cambridge, United Kingdom) and NF-L
(Nordicbiosite, Stockholm, Sweden) in plasma. The analyses were conducted in accordance with the manufac-
turer’s protocols. The analyses of SI00B could not detect levels <0.011 ng/ml in our samples.

Analysis of astrocyte-derived extracellular vesicles. We used flow cytometry to measure astrocyte-
derived EVs. The method is described in greater detail in a previous publication'?. Briefly, platelet poor plasma
samples were thawed and centrifuged at 2000xg for 20 min at room temperature (RT). The upper supernatant
was then high-speed centrifuged for 45 min at RT (at 20,800xg) to obtain an EV-enriched pellet. To analyze
astrocyte-derived EVs, 20 pl of the pellet were labeled with anti-Aquaporin-4 Dylight 488 (Abcam, Cambridge,
UK) and anti-GFAP Dylight 755 (Abcam, Cambridge, UK) and incubated in darkness for 20 min. The EVs were
measured on a Beckman Gallios instrument (Beckman coulter, Brea, CA, USA). The EVs were defined by size
(forward scatter) (~0.3-0.9 pm in diameter) and by co-expression of AQP4 and GFAP.

Statistical methods. To compare clinical and demographic characteristics, we used unpaired t-tests or the
Mann-Whitney test to compare two groups and the Kruskal-Wallis test with the Bonferroni correction to com-
pare three groups. The Fisher’s exact test was used to compare antidepressant medication and selective serotonin
reuptake inhibitors or serotonin and norepinephrine reuptake inhibitors (SSRIs or SNRIs) in patients with SED
and patients with MDD. The Kruskal-Wallis test with the Bonferroni correction was used to compare levels of
S100B and NF-L in the three groups (patients with SED, patients with MDD, and healthy controls).

Because of the non-normal distribution of the data, the two-way Spearman’s correlation test was used to ana-
lyze correlations between plasma levels of two variables, S100B and NF-L, and astrocyte-derived EV's, symptom
severity scale scores and age. The results are presented as Spearman coefficients (r,). The Mann-Whitney test
was used to compare plasma levels of S100B and NF-L in women and men.

For all statistical tests, P <0.05 was considered statistically significant. We did not adjust for multiple testing.

Results

Clinical and demographic characteristics. A total of 31 patients with SED, 31 patients with MDD,
and 61 healthy controls were included in the study. The groups did not differ significantly by age, sex, or BMI
(Table 2). Self-reported severity of depressive symptoms (MADRS-S) reflected clinical expectations. That is,
patients with MDD had the highest level of depressive symptoms, significantly higher than healthy controls
(P<0.001), but not significantly higher than patients with SED (P=0.407) (Table 2). Self-reported severity of
cognitive symptoms (CFQ) also reflected clinical expectations: patients with SED reported significantly more
severe cognitive symptoms than patients with MDD (P=0.025).

Comparison of levels of S100B and neurofilament light chain protein. Plasma levels of S100B
were lower than the ELISA assay could measure (<0.011 ng/ml) in 61 healthy controls (100% of healthy con-
trols), 27 of 31 patients with MDD (87% of patients with MDD), and 17 of 31 patients with SED (55% of patients
with SED). Only women had measurable levels of SI00B (14 of 27 women with SED and 4 of 26 with MDD).
The non-parametric tests showed that patients with SED had significantly higher plasma levels of S1I00B than
patients with MDD (P<0.001) and healthy controls (P<0.001), but there was no significant difference between
plasma levels of S100B in patients with MDD and healthy controls (P=0.406) (Fig. 1). In patients with SED,
mean levels of SI00B were 0.388 ng/ml, in patients with MDD, 0.037 ng/ml, and in healthy controls, 0.011 ng/ml.

Levels of NF-L did not differ significantly in the groups (P=0.104) or by sex (P=0.391) (Supplementary
Fig. 2).
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Clinical and demographic Stress-induced exhaustion

characteristics disorder Major depressive disorder | Healthy controls | P value
Mean age in years 24:.63 %9.7) 2(;33 E10~8) 22:.26 %9.5) 0.206
Women 27 (3817.1%) %, (3;313.9%) 52, (?sls.z%) 0-999
Mean BMI 1214:.; 25.5) ;5:03 zs.o) r214:.76 33.6) 0898
Antidepressant medication ;5: (';% 3%) ;4:(2892 8%) n=0 1.000%
SSRI or SNRI oy (21%0% ) iy (2847'5% ) n=0 0.110°
Mean CFQ score 2;71?11'0) 151(:02?12.1) n=0 0.025**
Mean MADRS-S score iy 92?5' 6 o 12':’7.9) a5 ?31 6 <0.001%%+

Table 2. Clinical and demographic characteristics of patients with stress-induced exhaustion disorder

(n=31), patients with major depressive disorder (n=31), and healthy controls (n=61). Data are mean (SD)
or n (%). BMI body mass index, CFQ cognitive failures questionnaire, MADRS-S self-reported version of the
Montgomery-Asberg Depression Rating Scale, SNRI serotonin and norepinephrine reuptake inhibitor, SSRI
selective serotonin reuptake inhibitor. *The P value represents the difference between patients with stress-
induced exhaustion disorder and patients with major depressive disorder. ®The P value represents the results
of the comparison of all three groups. Further analyses showed a statistically significant difference between
patients with stress-induced exhaustion disorder and healthy controls and between patients with major

depressive disorder and healthy controls.
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Figure 1. Plasma levels of S1I00B measured by enzyme-linked immunosorbent assay (ELISA). Gray dots

represent women and black dots represent men.

Symptom severity. Healthy controls did not provide information about symptoms of cognitive failure (did
not complete the CFQ) and were therefore not included in the analysis. When the patient groups were combined,
self-rated symptoms of cognitive failures were significantly positively correlated with levels of S100B (r,=0.434,
P=0.005) (Fig. 2). This finding was observed only in women; no men had measurable levels of S100B.

All groups provided information about depressive symptoms (MADRS-S), and therefore all groups were
included in the analysis. Self-rated depression severity was significantly positively correlated with levels of S100B
when all three groups were combined (r,=0.319, P<0.001) (Fig. 2).

Neither symptoms of cognitive failure (r,= —0.213, P=0.187) nor of depression (r,=0.169, P=0.080) were

correlated with levels of NF-L in either men or women.

Age. Age was not correlated with plasma levels of S100B (r,=0.050, P=0.586) or NF-L (r,=0.077, P=0.398).
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Figure 2. Correlation between levels of S100B and severity of self-rated symptoms of cognitive failure
measured with the Cognitive Failure Questionnaire (CFQ) and severity of self-rated depressive symptoms
measured with the self-assessment version of the Montgomery Asberg Depression Rating Scale (MADRS-S).
Red filled circle = patients with stress-induced exhaustion disorder; Blue filled triangle = patients with major
depressive disorder and black filled diamond =healthy controls.

Astrocyte-derived extracellular vesicles. In a previous analysis of the blood samples from this study
population'?, our group observed significantly higher plasma levels of astrocyte-derived EVss in the patients with
SED and in the patients with MDD than in the healthy controls. In the current study, levels of S100B were posi-
tively correlated with levels of astrocyte-derived EVs when comparing all groups together r,=0.464, P<0.001).
Levels of S100B were positively correlated with levels of astrocyte-derived EVs in patients with SED (r,=0.444,
P=0.012) but not in patients with MDD (r,= —0.162, P=0.383). Since healthy controls did not have measurable
levels of S100B correlation was not estimated (Fig. 3). No correlation was observed between levels of NF-L and
levels of astrocyte-derived EVs when all groups were analyzed together (r,=0.096, P=0.291).

Discussion
In this study, we observed that patients with SED had significantly higher plasma levels of S100B than patients

with MDD and healthy controls. Self-rated symptoms of cognitive failures were significantly positively correlated
with levels of S100B, as were depressive symptoms. Plasma levels of astrocyte-derived EVs were significantly
correlated with levels of SI00B. Plasma levels of NF-L did not differ between the groups and were not correlated
with symptom severity or levels of astrocyte-derived EVs.

Research into S100B and chronic stress is in its infancy. Elevated plasma levels of S100B have been observed
in rats after restraint stress®®. However, this is the first investigation into levels of S100B in patients with fatigue
and cognitive symptoms due to chronic stress without adequate recovery (that is, in patients with SED). Stress
is a risk factor for psychiatric disorders, including MDD?¥, and elevated levels of S100B have previously been
found in serum and cerebral spinal fluid in people with mood disorders, including MDD,
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Figure 3. Rank correlation between plasma levels of S100B and astrocyte-derived extracellular vesicles (EVs)
in patients with stress-induced exhaustion disorder and patients with major depressive disorder. Red filled
circle = patients with stress-induced exhaustion disorder, blue filled triangle = patients with major depressive
disorder. Healthy controls are not shown because levels of S100B were not measurable in this group.

The mean level of S100B in patients with SED in the current study (0.388 ng/ml) exceeded a suggested ref-
erence level used to identify pathological CT scans in hospital emergency settings after traumatic brain injury
(=0.105 ng/ml)"*. However, caution must be used in interpreting the meaning of this difference, as the previous
study used a different method to measure serum levels of S100B (the Elecys  S100 assay on a Cobas e411 instru-
ment, both from Roche Diagnostics, Germany). In the present study, both the mean level of S100B in healthy
controls and the mean level in patients with MDD were under the reference level used to identify traumatic
brain injury in the earlier study.

We did not observe significantly higher levels of S100B in the peripheral blood of patients with MDD than in
healthy controls. Other studies have observed such a difference®®. The discrepancy in findings may be explained
by the small sample size in our study and the method we used to measure S100B, which cannot detect levels
0f<0.011 ng/ml. These methodological limitations may also lie behind our finding of significantly higher plasma
levels of S100B in patients with SED than patients with MDD. On the other hand, patients with chronic stress
without adequate recovery might experience different pathophysiological processes than patients with MDD.
This discrepancy would only be apparent when the two groups are analyzed separately, as in the present study.

In our study, regardless of diagnosis, only women had measurable levels of S100B. This finding supports
the results of previous research on patients with MDD that suggest that gender might affect levels of SI00B*.
Gender may also affect neurobiological cerebral vulnerability to stress. According to research on patients with
SED, abnormalities such as cortical thinning and amygdala enlargement were more pronounced in women than
men*’. However, our findings should be interpreted with caution because of the small size of our study popula-
tion and the limited number of patients with elevated levels of S100B.

In our study, intake of antidepressant medication did not differ significantly between patients with SED and
patients with MDD. Previous research in an animal model has shown that SSRIs may prevent psychosocial stress
from reducing the number of astrocytes in the hippocampus*!. This finding is consistent with observations that
antidepressant medication can reduce levels of S100B in serum!'®. It is thus possible that the patients in the
current study would have had higher levels of S100B if they had not been taking antidepressants.

Like our study, several previous studies have found that levels of S100B are associated with cognitive
outcomes®*~**, In most prior studies, higher levels are linked with negative cognitive outcomes****, such as
cognitive impairment in people with small vessel disease*’. An exception to this pattern was a study of cognitive
function in people with type 2 diabetes, which found that higher levels of S100B were associated with better
cognitive function®.

In the present study, we observed a positive correlation between S100B and astrocyte-derived EVs that is
mainly driven by the patients with SED (primarily two individuals). The clinical implication is somewhat unclear,
and larger studies are needed to understand the mechanism behind these findings. However, since both S100B
and EVs that are positive for both AQP4 and GFAP derive from astrocytes, astrocytes could play an important
role in the disease mechanism in patients with SED. Moreover, flow cytometric assays used to measure EVs have
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the advantage of measuring specific populations (i.e., vesicles only) and simultaneously enable further phenotyp-
ing of vesicles, that is, the use of several antibodies at once. Based on the results presented here and previously
by our group, flow cytometry also seems to be more sensitive than ELISA in analyzing soluble proteins, such as
CD40L* and HMGB1?.

Limitations. There are several limitations in this study. The healthy controls were recruited several years
before the patients. However, the blood sampling procedure was similar for patients and healthy controls, and
blood samples were analyzed in the same batch. Storage time might have influenced the levels of S100B, NF-L,
and EVs. Furthermore, although S100B comes primarily from astrocytes, it can be derived from cells outside the
nervous system. It is therefore possible that the elevated levels measured in this study originate from cell types
other than astrocytes. However, since levels of S100B and astrocyte-derived EVs were significantly positively
correlated, this seems unlikely. Moreover, the ELISA assay used in the present study is not sensitive enough to
measure levels of S100B in plasma below 0.011 ng/ml. We do not know how the results would have been affected
if we had a more sensitive measure of this protein. We did not observe any differences in NF-L levels between
the groups, but these NF-L assay results must be interpreted with caution. Although blood sampling and pre-
analytical handling were similar in the three groups, and all samples were analyzed simultaneously, ELISA is of
limited sensitivity for measuring NF-L in blood*:. Moreover, a positive control was not available to show whether
the assay worked sufficiently beside the standard curve that was in the kit.

The number of participants was relatively small. The study population included fewer men (n=18) than
women (n=105), which reflects sex differences in the proportion of people diagnosed with stress-related mental
disorders*. However, the small number of men in the study population meant that it was not possible to deter-
mine whether the sex differences we observed, including the raised levels of S100B in women only, were due to
chance/sample size or to real sex-related differences.

Another limitation is that we did not adjust for multiple testing, which increases the risk of rejecting a true
null hypothesis.

Conclusion

The results of this study support the findings of previous studies that there might be pathophysiological differ-
ences behind SED and MDD and that plasma levels of SI00B may be associated with cognitive dysfunction:
in the current study, with self-reported symptoms of cognitive failure. We also observed a positive correlation
between plasma levels of S100B and plasma levels of astrocyte-derived EVs. This suggests that, like the EVs,
elevated levels of S100B derive from astrocytes and may be evidence of pathophysiological changes in these brain
cells. Future studies could compare levels of SI00B in plasma and in CSF to investigate the potential contribution
of blood-brain barrier disruption to stress-related mental disorders. The findings of the current study do not
provide evidence that neurons are affected in stress-related disorders, as levels of N-FL were similar in patients
with SED, patients with MDD, and healthy controls.

Data availability
The dataset generated and analyzed during the study is available from the corresponding author on reasonable
request.
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