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Abstract: Post-stroke depression and cognitive impairment are common conditions affecting patients
after stroke. Serotonin is a neurotransmitter involved in modulating, among others, mood, cognition,
learning, and memory. Sub-optimal serotonin activity may be in part responsible for cognitive
deficits seen in depression. In this pilot study serotonin levels were evaluated in 29 patients with
sub-acute stroke before and after a rehabilitation treatment (consisting of a program of upper limb
robotic rehabilitation in addition to conventional physical therapy treatment). We employed the
Back Depression Inventory scale to evaluate symptoms of depression, and specific tools to evaluate
cognitive functions. We found a significant reduction of the serotonin levels after rehabilitation in the
whole group (T0: 85.9 & 92.4 ng/mL; T1: 61.9 & 58.4 ng/mL; p = 0.0018), as well as in the subgroup
of patients untreated with Selective Serotonin Reuptake Inhibitors (SRRI), (mean serotonin at TO:
154.0 & 102.3 ng/mL; mean serotonin at T1: 92.9. &+ 68.7 ng/mL at T1; p = 0.005). We also found
a correlation with cognitive assessment: in particular, the change from baseline of the serotonin
(ASerotonin) was correlated with the changes from baseline of the Rey’s Figure (AROCF) (r = 0.535;
p < 0.05), the Tower of London (AToL) (subscore point: r = 0.621; p < 0.005; subscore time: r = —0.619;
p < 0.005) meaning that a serotonin levels decrease is associated with a worsening of cognitive
functions. Considering patients treated and untreated with SSRIs separately, in patients treated with
SSRIs (n = 16) we found only a positive correlation between ASerotonin and AToL (subscore point:
r=0.587; p = 0.045), whereas in patients untreated with SSRIs (1 = 13) we found a positive correlations
between ASerotonin and AROCF (r = 0.700; p = 0.036), AStroop (subscore time: r = 0.750; p = 0.020)
and ATol (subscore point: r = 0.740; p = 0.023) and a negative correlation between ASerotonin and
ATol (subscore time: r= —0.833; p = 0.005). These results suggest that variation of serotonin levels
should be monitored in patients during a rehabilitation program, not only for their relationship with
depression symptoms, but also for the correlation with cognitive performance.

Keywords: post-stroke depression; post-stroke cognitive impairment; serotonin; 5-HT; stroke;
rehabilitation; cognitive functions; SSRIs

1. Introduction

Stroke is the first cause of disability [1] and the second largest cause of death world-
wide, and it has a high burden on patients, their families, and healthcare systems [2].

Post-stroke depression (PSD) and cognitive impairment (PCI) are very common condi-
tions that can involve patients after stroke [3-5].

PSD occurs in a noteworthy number of patients and represents an important compli-
cation of stroke, leading to greater disability and increased mortality. The frequency of PSD
has been extensively studied and the most recent meta-analysis of 61 cohorts including
25,488 patients reported that 31% of patients developed depression at any time point up to
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5 years following stroke [6] even if this meta-analysis did not examine the time since stroke
and the clinical setting (e.g., community or hospitalized patients) [7]. The pathophysiology
of PSD is likely multifactorial, encompassing a combination of various ischemia-induced
neurobiological dysfunctions in the context of psychosocial distress [8,9].

PCI is another frequent condition that affects more than 50% of the subject after
stroke [10-13]; it is related to compromised functioning and a higher risk of mortality [14,15].

The relationship between PSD and cognitive impairment has been well established;
early antidepressant treatment of PSD appears to enhance both physical and cognitive
recovery from stroke and might increase survival up to 10 years following stroke [7].
Cognitive impairment has a significant impact on functional recovery, quality of life, and
sociality. Moreover, cognitive impairment could negatively influence rehabilitation strat-
egy [16] and also be a negative predictor of functional and motor outcomes in post-stroke
subjects who underwent to upper limb robotic rehabilitation [17]. A recent explorative
study from our research group on 51 patients revealed a beneficial effect of robotic upper
limb rehabilitation on cognitive functions [18]. In particular, after the robotic rehabilitation
program, patients improved in all the investigated cognitive domains, as measured by
selected cognitive assessment scales [18]. Moreover, the cognitive impairment seems to
influence the improvement of the upper limb motor performance and ability of activities of
daily living after rehabilitation [19].

Serotonin (5-hydroxytryptamine, 5-HT) is a biogenic monoamine intermediate prod-
uct of tryptophan metabolism. Serotonin is a neurotransmitter located primarily in the
enterochromaffin cells of the intestine—which account for 80% of the body’s content- but
also in serotonergic neurons of the brain, and in blood platelets. Its biological function is
multifaceted and complex, modulating mood, cognition, learning, memory, and numerous
physiological processes. Low levels of serotonin in the brain have been studied in rela-
tion to depression, anxiety, and sleep trouble. Sub-optimal 5-HT activity may be in part
responsible for cognitive deficits seen in depression [20]. Moreover, low serotonin function
can affect cognitive flexibility, which is the capability to behavioral adaptions to changing
environmental demands, and long-term memory functions, attentional functions, such
as focused and sustained attention [21]. An exploratory study found that the serotonin
concentration both in plasma and in CSF in patients with PSD was considerably lower
than in non-depressed patients, measured 30 days following the stroke [22]. Moreover,
a more recent research provided some observation that low extracellular 5-HT levels are
associated with impaired memory consolidation but suggested that larger, consistently
designed studies are necessary to understand the roles of 5-HT in cognition in healthy and
depressed individuals [23].

In the light of the above, this study aims to investigate the relationship between
serum serotonin levels and cognitive function on a group of patients with subacute stroke
undergoing rehabilitation treatment.

2. Materials and Methods
2.1. Study Design and Participants

Patients with a first stroke admitted to our rehabilitation department, coming from
a hospital or post-acute rehabilitation facilities, between 2019 and 2020, were consecu-
tively enrolled.

The inclusion criteria were as follows: (i) first ischemic or hemorrhagic stroke, doc-
umented by magnetic resonance imaging (MRI) or computed tomography (CT); (ii) age
between 55 and 85 years; (iii) patients able to perform a rehabilitation treatment, for at least
45 min/day, for 5 days/week; (iv) time since stroke onset within 6 months; (v) cognitive
and language abilities sufficient to understand the experiments and follow instructions.

The exclusion criteria were as follows: (i) a previous stroke; (ii) behavioral and
cognitive disorders and/or reduced compliance interfering with active therapy:.

The study design was approved by the Ethical Committee of Don Carlo Gnocchi Foun-
dation, Milan, Italy on 13 March 2019 (FDG_6_13/3/19). Written informed consent was
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obtained from all patients after a detailed explanation of the study’s aims and rehabilitation
protocols (clinical trials identifier: NCT04223180).

2.2. General Assessment

Demographic, anamnestic, and clinical data were recorded at the enrollment. Cogni-
tive functions, upper limb performance, and dependence in daily living activities, as well
as serotonin serum level, were assessed before (T0) and after the robotic rehabilitation in-
tervention (T1). Subjects were analyzed for depression with the Beck Depression Inventory
(BDI) scale, which is a 21-question multiple-choice self-report inventory psychometric test
for measuring the severity of depression [24]. When the test is scored, a value of 0 to 3 is
assigned for each answer and then the total score is compared to a key to determine the
depression’s severity. The standard cut-off scores were as follows: 0-9: indicates minimal
depression; 10-18 indicates mild depression; 19-29 indicates moderate depression; 30-63
indicates severe depression. Patients admitted to the rehabilitation unit with a diagnose of
depression were treated with serotonin inhibitors (SSRIs).

2.3. Cognitive Assessment

The cognitive assessment included the following tests:

Symbol Digit Modalities Test (Attention and processing speed). It is an easily ad-
ministered test for overall neurocognitive and executive functioning including attention,
planning, and organizing in addition to visual scanning, and motor speed. The subject
is presented with a page where, in the first row, nine symbols are one-to-one associated
with nine digits, from 1 to 9. Then, the rows below contain only symbols, and subjects
are required to orally report the digit associates with each symbol. The number of correct
responses in 90 s is measured. A higher score indicates higher cognitive functions [25,26].

Digit Span task (Memory). We used the Digit span forward task originally proposed
by Hebb [27]. The examiner pronounces a list of digits, at a rate of approximately one digit
per second, and the subjects are required to immediately repeat the list in the same order. If
they succeed, a list one digit longer is presented. If they fail, a second list of the same length
is presented. If subjects are successful on the second list, a list one digit longer is given,
as before. However, if subjects also fail on the second list, the test is ended. The length of
the digit sequences gradually increases, starting with a sequence of three numbers (e.g.,
5, 8, 2) to a sequence of a maximum of nine items (e.g., 7,1, 3,9, 4, 2, 5, 6, 8). The span is
established as the length of the longest list correctly recalled [28].

Rey-Osterrieth Complex Figure (Visuospatial abilities and Visual memory). The task,
originally designed by Rey (Rey 1941) and later standardized by Osterrieth [29], requires
the subject to copy a complex geometrical figure (immediate copy condition) [30,31]. For
the test, performance accuracy was calculated by applying the standard scoring criteria, in
which the geometrical figure is divided into 18 units and scored on a 2-point scale for both
accuracy and placement [32].

Tower of London (Executive functions). It is a useful neuropsychological instrument to
measure planning and problem-solving abilities [33-35]. Briefly, it consists of a board with
three vertical pegs of different increasing lengths in which three different wooden balls of
different colors are placed. The shortest peg only accommodates one ball, the second two,
and the third three. Subjects are presented with a given configuration of balls inside the
pegs and a picture of the final configuration. Subjects are then required to move the balls to
reach the final configuration, without breaking some rules (each peg can accommodate a
different number of balls, just one ball might be moved at a time, the balls cannot be placed
outside the pegs, and a maximum number of moves is allowed). In this study, three scores
were computed: points, time (measured as the sum of the planning and the execution time),
and errors [35].

Stroop Color and Word Test. (Executive functions). It is a neuropsychological tool widely
used in clinical practice to assess selective attention, cognitive flexibility, and sensitivity
to interference, abilities which have been linked to the frontal lobes. We used the short
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version [36] in which three tasks are proposed: (1) word—(word reading): 3 lists of 10 words
“red”, “blue”, “green”) are provided in random order to the patients, each written with
black ink; they must read the written words; (2) color—(color designation): 3 lists of
10 colored circles (red, blue, green) are provided in random order to the patients; they
must name the color of the circles; (3) color-word (interference test): 3 lists of 10 words
“red”, “blue”, “green”), each written with colored ink (red, blue, or green) different from
the name of the color indicated by the word, in all possible combinations, are proposed
to the patients in order random, and they are asked to name the color of the ink used to
write the word, not the word itself. For each test, the execution time and any errors made
are recorded. Two interference effects are then calculated and used as outcomes: time
(difference between the time spent in the third test and the average time spent in the two
previous tasks), and error (difference between the number of errors made in the third test
and the average time spent in the two previous tasks).
The cognitive outcome measures were administered before and after the rehabilita-
tion program.

2.4. Rehabilitation Treatment

Patients underwent a rehabilitation program including conventional physical therapy
treatment, performed 6 days a week, lasting 45 min, focused on lower limbs (sensorimotor
stimulation, passive, active-assisted and active mobilizations, exercises for muscle strength
recovery, stretching, and functional and task-oriented training), proprioceptive exercises,
postural passages, and transfers, sitting and standing training, motor coordination and
balance training, walking training, and activities of daily living recovery training. Moreover,
all patients performed a robotic treatment of the upper limb 5 times a week, each session
lasting 45 min, using a set of robotic devices. Robotic treatment of the upper limb was based
on the use of 4 robotic devices (Motore—Humanware Srl, Pisa, Italy, and Amadeo, Diego
and Pablo—Tyromotion GmBH, Graz, Austria). During the upper limb robotic treatment,
patients performed both motor and cognitive tasks, and the devices provided visual and
auditory feedback to help them. In particular, a set of motor/cognitive exercises was
selected among those available in the robotic devices to train attention, memory, executive
function, speed of processing, and visuospatial abilities [9].

Patients were evaluated at baseline (T0) and re-evaluated after 6 weeks of rehabilitation
treatment (T1) by means of the Fugl-Meyer Assessment for Upper Extremity (FMA-UE) [37],
to evaluate motor function; the upper-extremity subscale of the Motricity Index [38], to
evaluate upper limb muscle strength; and the Modified Barthel Index [39], to evaluate
activities of daily living and muobility.

2.5. Serotonin Analyses

The blood samples of patients at TO and T1 were collected in the early morning
(7:30-9:00 a.m.) after an overnight fast in order also to standardize the assessment of those
biochemical variables that are affected by the circadian cycle and food intake. Sera samples
were separated by centrifugation (3000 rpm, 10 min, and 4 °C). They were then divided into
0.5mL aliquots and rapidly stored at —80 °C. Subjects’ samples were thawed just before
the assay. All the analyses of serum were performed in duplicate.

Quantitative determination of serum serotonin levels was done by ELISA enzyme
Immunoassay fast track test (Mybiosource, San Diego, CA, USA) on an Absorbance mi-
croplate reader (iMARK™, BIO-RAD Laboratory Inc., Hercules, CA, USA). In the first step,
the serotonin is quantitatively acylated and a subsequent competitive reaction allows the
measurement at 450 nm. The normal reference values are 70-270 ng/mL.

2.6. Statistical Analysis

Serum serotonin data were normally distributed and then, a parametric analysis was
performed. To evaluate the changes of the serum serotonin levels during the rehabilitation
intervention on the whole sample, data measured at TO were compared with those at
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T1 by means of a paired f-test. Moreover, to ascertain whether the pharmacological
intervention could impact the variation of the serum serotonin levels, we performed a 2 x
2 mixed Anova test, with time (2 levels: TO vs. T1) as within factor, and pharmacological
intervention (2 levels: treated vs. untreated patients) as between-subject factor, followed by
a simple effect analysis, if necessary.

For further analysis, due to the ordinal nature of the clinical scales, non-parametric
tests were used. To assess the relationship between the serum serotonin levels and the
clinical picture of the patients (in terms of motor ability, QoL, and cognitive impairment)
at baseline, we computed the Spearman’s Rank correlation coefficients (for the whole
sample, and for treated and untreated patients, separately). Finally, we first computed the
change from baseline (i.e., the difference between the post-treatment and the pre-treatment
scores, A) of the serum serotonin levels and the clinical and cognitive scales; then, we
used the Spearman’s Rank correlation coefficients to analyze the relationship between the
baseline value and the changes of the serum serotonin levels with the clinical and cognitive
improvement.

For all the statistical analyses, a p-value lower than 0.05 was deemed significant.
Statistical analysis was performed using SPSS (IBM SPSS Statistics for Windows, Version
25.0. Armonk, NY, USA).

3. Results
3.1. Participants and Baseline Characteristics

For the study, 29 patients were enrolled and evaluated at baseline (T0) and after
treatment (T1).

Table 1 reports baseline characteristics (demographic and clinical features) of sample
and baseline serum serotonin values. According to the BDI score, patients” depression was
classified as minimal to moderate (BDI lower than 30), or severe (BDI equal to or higher
than 30) [25]. Antidepressant Selective Serotonin Reuptake inhibitors (SSRIs) treatment
was administered to a total of 16 patients, based on BDI score and/or confirming therapies
administered in 11 patients from previous hospital facilities.

Table 1. Baseline characteristics of the sample (1 = 29).

Baseline Characteristics Mean (£SD) or Number (%)
Age (years) 68 £15
Sex
Men 13 (44.8%)
Women 16 (55.2%)
Education 10.7 (4.6)
Index stroke type
Ischemic 23 (79.3%)
Hemorrhagic 6 (20.7%)
Affected side
Right 11 (37.9%)
Left 18 (62.1%)
Comorbidities
Hypertension 20 (69.0%)
Type 2 Diabetes 9 (31.0%)
Dislipidemia 5 (17.2%)
Hearth disease 12 (41.4%)
Days from index stroke to enrollment 92 £33
Depression
Minimal to moderate (BDI up to 29) 18 (62.1%)

Severe (BDI equal to or higher than 30) 11 (37.9%)
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Table 1. Cont.

Baseline Characteristics

Mean (£SD) or Number (%)

Antidepressive drugs (Selective Serotonin

Reuptake Inhibitors, SSRI) 16 (55.2%)
Cognitive assessment

SDMT 21.8 £13.5
ROCF 20.1 £ 121

DS 3.6+20

Stroop_error 48+51
Stroop_time 41.0+£37.2
ToL_point 295+ 35

ToL_Time 526.9 +263.0
ToL_errors 8.0+t124
Motor Assessment

Modified Barthel Index (0-100) 40.7 £17.7
Motricity Index 30.8 £24.4
Fugl Meyer 16.7 £ 15.7
Serum Serotonin (ng/mL) 85.9 £ 924

3.2. Serotonin Changes after Rehabilitation Programs

The t-test revealed a statistically significant difference between serotonin levels at TO
(85.9 £ 924 ng/mL) and T1 (61.9 & 58.4 ng/mL; p = 0.018). According to the Anova test, the
interaction factor was statistically significant (p = 0.001), meaning that the behavior of the
two groups over time was different and, therefore, a simple main effect analysis was carried
out. In 13 patients untreated with SSRIs we found that serotonin levels at TO significantly
decreased at T1 (TO = 154.0 £ 102.3 ng/mL; T1 = 92.9 £ 68.7 ng/mL; p = 0.005; Figure 1);
moreover, 16 patients treated with SSRIs showed very low serotonin serum levels at TO
(30.6 £ 16.5 ng/mL) that did not significantly change at T1 (36.7 £ 32.8 ng/mL; p = 0.465).

Bl 70
™

200- IL
£ 1504
o
£
£ 100-
c
(o}
id
o)
o 50-
2]
0 .

untreated

treated

Figure 1. Serotonin serum levels in patients before (T0) and after (T1) the rehabilitation treatment, con-
sidering patients untreated and treated with Selective Serotonin reuptake Inhibitors (SSRI), separately.
The asterisk indicates a statistically significant difference: ** p < 0.005, according to the -test.
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3.3. Correlation Between Serotonin Levels and Rehabilitation and Cognitive
Performance Assessment

In the whole group, at baseline, serotonin levels at TO correlated only with a cognitive
test, specifically the subscore point of the Tower of London test (r = 0.583; p = 0.006) but not
with the motor/disability assessment, as showed in Table 2.

Table 2. Correlation between serum serotonin levels at TO and cognitive and motor assessment in the
whole group (n = 29).

Serotonin TO

Spearman Rho p-Value
SDMT TO —0.129 0.576
ROCF T0 0.100 0.666
DS TO —0.086 0.712
Stroop_error TO —0.133 0.565
Stroop_time TO —0.189 0.413
ToL_point TO 0.583 * 0.006
ToL_time TO —0.239 0.297
ToL_errors TO —0.118 0.610
Barthel Index 0.278 0.144
Motricity Index 0.237 0.302
Fugl Meyer 0.124 0.592

* p-value < 0.05.

On the contrary, we found that the change from baseline of the serum serotonin
(ASerotonin) correlated with the change from baseline of the Rey’s Figure (AROCF), and
the change from baseline of two over three Tower of London scores, specifically the point
(ATol_point), and the Time (ATol_time) subscores. In particular, we found a positive
correlation between ASerotonin and change in scores of ROCF (r = 0.535; p = 0.013),
between ASerotonin and change in scores of Tol_point (r = 0.621; p = 0.003) and a nega-
tive correlation between ASerotonin and change in time scores of Tol_time (r = —0.619;
p = 0.003) (Table 3).

Table 3. Correlation of serum serotonin levels at T0 and change in serum levels of serotonin between
T0 and T1 (ASerotonin) with change in cognitive and motor assessment score between T0O and T1 in
the whole group (1 = 29).

Serotonin TO ASerotonin

Spearman Rho p-Value Spearman Rho p-Value
ASDMT 0.016 0.938 0.156 0.499
AROCF —0.257 0.196 0.535 * 0.013
ADS 0.090 0.656 —0.157 0.496
AStroop_error 0.034 0.865 —0.165 0.476
AStroop_time —0.130 0.516 0.019 0.935
ATol_points -0.173 0.387 0.621 ** 0.003
ATol_time 0.321 0.102 —0.619 ** 0.003
ATol_error 0.378 0.052 —0.375 0.094
DeltaBI —0.206 0.221 0.248 0.194
DeltaMI —0.065 0.748 0.007 0.975
DeltaFM —0.028 0.890 0.157 0.497

* p-value <0.05; ** p-value < 0.005.
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Considering patients treated and untreated with SSRIs separately, we analyzed cor-
relations of ASerotonin with changes in cognitive and in motor assessment reported in
in Table 4. In particular, in treated patients (n = 16) we found only a positive correlation
between ASerotonin and ATol_point (r = 0.587; p = 0.045); in untreated patients (n = 13)
we found a positive correlations between ASerotonin and AROCEF (r = 0.700; p = 0.036),
AStroop_time (r = 0.750; p = 0.020) and ATol_point (r = 0.740; p = 0.023) and a negative
correlation between ASerotonin and ATol_time (r = —0.833; p = 0.005) (Table 4).

Table 4. Correlation of change in serum levels of serotonin between T0 and T1 (ASerotonin) with
change in cognitive and motor assessment score between T0 and T1 in patients treated and untreated
with Selective Serotonin Reuptake Inhibitors (SRRI), separately.

ASerotonin Treated with SSRIs ASerotonin Untreated with SSRIs
(n =16) (n=13)
Spearman Rho p-Value Spearman Rho p-Value
ASDMT 0.219 0.495 0.322 0.398
AROCF 0.473 0.121 0.700 * 0.036
ADS 0.099 0.761 0.121 0.765
AStroop_error —0.564 0.056 0.322 0.383
AStroop_time —0.525 0.079 0.750 * 0.020
ATol_points 0.587 * 0.045 0.740 * 0.023
ATol_time —0.503 0.095 —0.833 ** 0.005
ATol_error —0.214 0.503 —0.328 0.389
DeltaBI 0.325 0.219 —0.328 0.273
DeltaMI 0.049 0.879 0.150 0.700
DeltaFM 0.316 0.316 0.267 0.488

* p-value < 0.05; ** p-value < 0.005.

4. Discussion

The principal aim of this study was to investigate the possible correlation between
systemic serotonin levels and cognitive impairment in patients with subacute stroke under-
going rehabilitation treatment.

First of all, we obtained an important finding: patients untreated with SSRIs dur-
ing the six-week rehabilitation program had a decrease in their serum serotonin levels
(TO =154.0 + 102.3 ng/mL; T1 =92.9 £ 68.7 ng/mL; p = 0.005; Figure 1).

It is important to note that we measured only serum levels of serotonin, which may
not reflect the serotonin really acting in the brain; however, Gao et al., measuring 5-HT in
plasma and in CSF 30 days following the stroke, found serotonin concentration considerably
lower in patients with PSD than in non-depressed ones [22].

A potential explanation for the decrease in serum serotonin levels could be that the
tryptophan, which is the precursor of serotonin, could be degraded preferring the kynure-
nine pathway. This pathway has been studied in several depression disorders such as Major
depressive Disease, as reported in the literature [40]. In our study, we did not measure
serotonin or tryptophan metabolites and this prevents us from making assumptions.

Although a direct role of serotonin in depression is still a matter of debate, we can
suppose that this result is probably due to a progressive increase in depressive symptoms
during hospitalization. In fact, generally, patients” mood worsens in the months following
the onset of the stroke because patients develop a progressive awareness about his/her
disability. Moreover, the hospitalization for several weeks is itself a cause of depression.
Unfortunately, we did not record BDI after rehabilitation treatment and we did not have a
control group to compare the data; therefore, we can only hypothesize this explanation.
Depression characterizes actually about 30% of patients in the acute and medium-term
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phases, with an increase in the long-term phase of recovery after stroke [41]. Note that
investigating the differences between patients treated with SSRI and untreated patients, we
found that in patients treated with SSRIs the serum serotonin levels at T1 did not change,
remaining always below normal levels, while in untreated patients serotonin dropped
significantly (Figure 1). Therefore, we believe that untreated patients should be monitored
with major attention concerning possible development of depression during the hospital-
ization for rehabilitation. It is important to underline that the assessment of depression in
stroke survivors may be often laborious and the risk of inappropriate diagnosis (under-
or over-diagnosing) is high [42]. In fact, PSD may not only be over-diagnosed because of
somatic symptoms caused by medical illness but also under-diagnosed, particularly in
patients with cognitive impairment. Moreover, patients with mild depression sometimes
refuse pharmacological treatment with antidepressive drugs.

The analysis of cognitive assessment with cognitive tests at admission (T0) and after
the rehabilitation program (T1), allowed us to analyze the correlation with the change of
serum serotonin levels at T0 and at T1 (ASerotonin). This preliminary study showed that a
positive correlation exists between ASerotonin and AROCFE. We found that the decrease of
serotonin serum levels is associated with a change in scores of the ROCF, which is a useful
cognitive test for monitoring visuospatial abilities and visual memory.

The ToL is a test widely employed for cognitive evaluation that measures planning
and problem-solving abilities; a positive correlation was found between ASerotonin and
change in scores of Tol_point and a negative correlation between ASerotonin and change in
time scores of Tol_time. This means that patients with a decrement in serotonin, tended to
have worse performance, with a reduction in the point score and a corresponding increase
in the time necessary to perform the test.

Moreover, dividing patients in treated and untreated with SSRIs, we obtained that
untreated patients showed very strong correlations between changes in serotonin and
in cognitive functions, being that the decrease in serotonin is correlated with a worse
performance in the ROCF and the Tol (points and time subscores); treated patients showed
only a correlation between decrement in serotonin and decrement in Tol_points.

The number of patients analyzed was low but from our preliminary study appeared
that the variation of serum serotonin levels should be carefully monitored in subacute stroke
patients in order to avoid a worsening of cognitive performance during hospitalization for
rehabilitation; this should be done especially in patients apparently less depressed or not
treated with SSRIs in which apparently there is a correlation between serotonin serum level
and the cognitive impairment.

The correlation between serotonin and cognitive function is in line with the biochemi-
cal function of serotonin. In fact, regarding brain function has been shown that low brain
serotonin levels are associated with poor memory and depressed mood [43]. Reduced
serotonin turnover is consistently associated with impaired long-term memory functioning
being that low serotonin function may also impair cognitive flexibility [20]. Moreover, the
association between mood, food, and cognition has been recently underlined [44]. The
general biochemical and nutritional status of patients under rehabilitation is becoming
an important issue to carefully monitor [45-47]. In our rehabilitation center, we found
that total serum calcium was lower than normal in about 30% of patients, together with
low levels of total protein in about 70% of patients [48]. Moreover, recently we measured
very low serum 25-OH vitamin D levels in almost all our patients (data not published);
these results suggest a compromised nutritional status of patients hospitalized after stroke.
Brain serotonin is synthesized from tryptophan by tryptophan hydroxylase 2, which is
transcriptionally activated by vitamin D hormone. Inadequate levels of vitamin D (~70% of
the population) and omega-3 fatty acids are very common, suggesting that brain serotonin
synthesis is not optimal [49]. Although purified tryptophane increases serotonin, foods
containing tryptophane do not [50], so it is not easy rise serotonin levels only with diet.
Increasing positive emotions, exposition to bright light, and exercise have been addressed
as possible non-pharmacologic methods of raising brain serotonin [50], but in case of im-
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portant dropping, it is necessary to resort to pharmacological treatment with antidepressive
drug as SSRIs.

The limitation of this study is the relatively small sample size, which advocates the
necessity to enlarge the study population in order to validate our data and the lack of an
evaluation of symptoms of depression after rehabilitation treatment. Another important
limitation of this pilot study is the absence of a control group (e.g., patients with the same
rehabilitation but without previous stroke, patients hospitalized but without rehabilitation).
Based on the presented results, we really cannot deduce if the decrease in serum serotonin
is caused by PSD, hospitalization, rehabilitation, or any other cause such as nutrition or
seasonal changes in blood serotonin levels.

Moreover, another limitation is that we did not measure other relevant metabolites of
serotonin status as tryptophan, 5-hydroxyindoleacetic acid, kynurenine 3-hydroxykynurenine
which would provide more detailed information about the actual metabolic causes behind
the decrease in serotonin levels.

Nevertheless, if our results will be confirmed, the variation of serum serotonin level
should be suggested as a biomarker of cognitive status in subacute stroke patients hospital-
ized during a rehabilitation program.

Author Contributions: Conceptualization, M.S. (Mariacristina Siotto), M.G., M.S. (Massimo San-
toro) and L. A.; methodology, M.S. (Mariacristina Siotto), V.C. and G.G.; software, M.G.; validation,
M.S. (Mariacristina Siotto), M.G. and M.S. (Massimo Santoro); formal analysis, M.S. (Mariacristina
Siotto); investigation, M.S. (Mariacristina Siotto), M.G., V.C., G.G., D.P. and E.B.; data curation, M.S.
(Mariacristina Siotto) and M.G.; writing—original draft preparation, M.S. (Mariacristina Siotto);
writing—review and editing, M.S. (Mariacristina Siotto), M.S. (Massimo Santoro), M.G. and L.A;
visualization, A.M., D.P, V.C,, G.G. and E.B.; supervision, .A. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Ethical Committee of Don Carlo Gnocchi Foundation,
Milan, Italy on 13 March 2019 (FDG_6_13/3/19-clinical trials identifier: NCT04223180).

Informed Consent Statement: Written informed consent was obtained from all patients after a
detailed explanation of the study’s aims and re-habilitation protocols.

Data Availability Statement: The data support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Go, A.S.; Mozaffarian, D.; Roger, V.L.; Benjamin, E.J.; Berry, ].D.; Blaha, M.].; Dai, S.; Ford, E.S.; Fox, C.S.; Franco, S.; et al. Executive
Summary: Heart Disease and Stroke Statistics—2014 Update: A Report from the American Heart Association. Circulation 2014,
129, 399-410. [CrossRef]

Hay, S.I.; Jayaraman, S.P.; Truelsen, T.; Sorensen, R.]J.; Millear, A.; Giussani, G.; Beghi, E. GBD 2015 Disease and Injury Incidence
and Prevalence Collaborators Global, Regional, and National Incidence, Prevalence, and Years Lived with Disability for 310
Diseases and Injuries, 1990-2015: A Systematic Analysis for the Global Burden of Disease Study 2015. Lancet Lond. Engl. 2016,
388, 1545-1602. [CrossRef]

Almeida, O.P; Flicker, L.; Norman, P.; Hankey, G.J.; Vasikaran, S.; van Bockxmeer, FM.; Jamrozik, K. Association of Cardiovascular
Risk Factors and Disease with Depression in Later Life. Am. J. Geriatr. Psychiatry Off. ]. Am. Assoc. Geriatr. Psychiatry 2007, 15,
506-513. [CrossRef] [PubMed]

Tatemichi, TK,; Paik, M.; Bagiella, E.; Desmond, D.W,; Stern, Y.; Sano, M.; Hauser, W.A.; Mayeux, R. Risk of Dementia after Stroke
in a Hospitalized Cohort: Results of a Longitudinal Study. Neurology 1994, 44, 1885-1891. [CrossRef] [PubMed]

Kauhanen, M.; Korpelainen, ].T.; Hiltunen, P.; Brusin, E.; Mononen, H.; Mdittd, R.; Nieminen, P.; Sotaniemi, K.A.; Myllyld, V.V.
Poststroke Depression Correlates with Cognitive Impairment and Neurological Deficits. Stroke 1999, 30, 1875-1880. [CrossRef]
[PubMed]

Hackett, M.L.; Pickles, K. Part I: Frequency of Depression after Stroke: An Updated Systematic Review and Meta-Analysis of
Observational Studies. Int. ]. Stroke 2014, 9, 1017-1025. [CrossRef]

Robinson, R.G.; Jorge, R.E. Post-Stroke Depression: A Review. Am. |. Psychiatry 2016, 173, 221-231. [CrossRef] [PubMed]


http://doi.org/10.1161/01.cir.0000442015.53336.12
http://doi.org/10.1016/S0140-6736(16)31678-6
http://doi.org/10.1097/01.JGP.0000246869.49892.77
http://www.ncbi.nlm.nih.gov/pubmed/17158633
http://doi.org/10.1212/WNL.44.10.1885
http://www.ncbi.nlm.nih.gov/pubmed/7936242
http://doi.org/10.1161/01.STR.30.9.1875
http://www.ncbi.nlm.nih.gov/pubmed/10471439
http://doi.org/10.1111/ijs.12357
http://doi.org/10.1176/appi.ajp.2015.15030363
http://www.ncbi.nlm.nih.gov/pubmed/26684921

Brain Sci. 2021, 11, 642 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.
31.

32.

33.

34.

Villa, R.F,; Ferrari, F.; Moretti, A. Post-Stroke Depression: Mechanisms and Pharmacological Treatment. Pharmacol. Ther. 2018, 184,
131-144. [CrossRef] [PubMed]

Feng, C.; Fang, M.; Liu, X.-Y. The Neurobiological Pathogenesis of Poststroke Depression. Sci. World J. 2014, 2014, 521349.
[CrossRef] [PubMed]

Sachdev, P.S.; Brodaty, H.; Valenzuela, M.].; Lorentz, L.; Looi, ].C.L.; Berman, K.; Ross, A.; Wen, W.; Zagami, A.S. Clinical
Determinants of Dementia and Mild Cognitive Impairment Following Ischaemic Stroke: The Sydney Stroke Study. Dement.
Geriatr. Cogn. Disord. 2006, 21, 275-283. [CrossRef]

Ihle-Hansen, H.; Thommessen, B.; Wyller, T.B.; Engedal, K.; Oksengard, A.R.; Stenset, V.; Loken, K.; Aaberg, M.; Fure, B. Incidence
and Subtypes of MCI and Dementia 1 Year after First-Ever Stroke in Patients without Pre-Existing Cognitive Impairment. Dement.
Geriatr. Cogn. Disord. 2011, 32, 401-407. [CrossRef]

Nys, G.M.S.; van Zandvoort, M.J.E.; de Kort, PL.M.; van der Worp, H.B.; Jansen, B..W.; Algra, A.; de Haan, E.H.E; Kappelle, LJ.
The Prognostic Value of Domain-Specific Cognitive Abilities in Acute First-Ever Stroke. Neurology 2005, 64, 821-827. [CrossRef]
Lesniak, M.; Bak, T.; Czepiel, W.; Seniéw, J.; Cztonkowska, A. Frequency and Prognostic Value of Cognitive Disorders in Stroke
Patients. Dement. Geriatr. Cogn. Disord. 2008, 26, 356-363. [CrossRef]

Narasimhalu, K.; Ang, S.; De Silva, D.A.; Wong, M.-C.; Chang, H.-M.; Chia, K.-S.; Auchus, A.P,; Chen, C.P. The Prognostic Effects
of Poststroke Cognitive Impairment No Dementia and Domain-Specific Cognitive Impairments in Nondisabled Ischemic Stroke
Patients. Stroke 2011, 42, 883-888. [CrossRef] [PubMed]

Oksala, N.K.J.; Jokinen, H.; Melkas, S.; Oksala, A.; Pohjasvaara, T.; Hietanen, M.; Vataja, R.; Kaste, M.; Karhunen, PJ.; Erkinjuntti, T.
Cognitive Impairment Predicts Poststroke Death in Long-Term Follow-Up. J. Neurol. Neurosurg. Psychiatry 2009, 80, 1230-1235.
[CrossRef]

Chen, C.; Leys, D.; Esquenazi, A. The Interaction between Neuropsychological and Motor Deficits in Patients after Stroke.
Neurology 2013, 80, S27-S34. [CrossRef]

Leem, M.]; Kim, G.S.; Kim, K.H.; Yi, T.I,; Moon, H.I. Predictors of Functional and Motor Outcomes Following Upper Limb
Robot-Assisted Therapy after Stroke. Int. J. Rehabil. Res. 2019, 42, 223-228. [CrossRef] [PubMed]

Aprile, I.; Guardati, G.; Cipollini, V.; Papadopoulou, D.; Mastrorosa, A.; Castelli, L.; Monteleone, S.; Redolfi, A.; Galeri, S.;
Germanotta, M. Robotic Rehabilitation: An Opportunity to Improve Cognitive Functions in Subjects With Stroke. An Explorative
Study. Front. Neurol. 2020, 11, 588285. [CrossRef] [PubMed]

Aprile, I.; Guardati, G.; Cipollini, V.; Papadopoulou, D.; Monteleone, S.; Redolfi, A.; Garattini, R.; Sacella, G.; Noro, E;
Galeri, S.; et al. Influence of Cognitive Impairment on the Recovery of Subjects with Subacute Stroke Undergoing Upper Limb
Robotic Rehabilitation. Brain Sci. 2021, 11, 587. [CrossRef] [PubMed]

Riedel, WJ.; Klaassen, T.; Schmitt, J.A.J. Tryptophan, Mood, and Cognitive Function. Brain Behav. Immun. 2002, 16, 581-589.
[CrossRef]

Schmitt, J.A.J.; Wingen, M.; Ramaekers, ].G.; Evers, E.A.T.; Riedel, W.J. Serotonin and Human Cognitive Performance. Curr. Pharm.
Des. 2006, 12, 2473-2486. [CrossRef]

Gao, H.; Zhu, H.; Zhang, Y.; Wang, L. Reduction of Cerebrospinal Fluid and Plasma Serotonin in Patients with Post-Stroke
Depression: A Preliminary Report. Clin. Investig. Med. 2008, 31, 351. [CrossRef] [PubMed]

Cowen, P.; Sherwood, A.C. The Role of Serotonin in Cognitive Function: Evidence from Recent Studies and Implications for
Understanding Depression. J. Psychopharmacol. Oxf. Engl. 2013, 27, 575-583. [CrossRef] [PubMed]

Beck, A.T.; Ward, C.H.; Mendelson, M.; Mock, J.; Erbaugh, ]J. An Inventory for Measuring Depression. Arch. Gen. Psychiatry 1961,
4,561-571. [CrossRef]

Smith, A. A Symbol Digit Modalities Test; Western Psychological Services Los Angeles: Torrance, CA, USA, 1973.

Nocentini, U.; Giordano, A.; Di Vincenzo, S.; Panella, M.; Pasqualetti, P. The Symbol Digit Modalities Test-Oral Version: Italian
Normative Data. Funct. Neurol. 2006, 21, 93-96.

Hebb, D. Distinctive features of learning in the higher animal. In Brain Mech Learn A Symp; Oxford: Blackwell, UK, 1961; pp. 37-46.
Monaco, M.; Costa, A.; Caltagirone, C.; Carlesimo, G.A. Forward and Backward Span for Verbal and Visuo-Spatial Data:
Standardization and Normative Data from an Italian Adult Population. Neurol. Sci. Off. |. Ital. Neurol. Soc. Ital. Soc. Clin.
Neurophysiol. 2013, 34, 749-754. [CrossRef]

Osterrieth, P. Le Test de Copie d"une Figure Complexe; Contribution a I’étude de La Perception et de La Mémoire. Arch. Psychol.
Geneve 1944, 30, 206-356.

Rey, A. L'examen Psychologique Dans Les Cas d’encéphalopathie Traumatique. Arch Psychol. 1941, 28, 215-285.

Shin, M.-S,; Park, S.-Y.; Park, S.-R.; Seol, S.-H.; Kwon, J.S. Clinical and Empirical Applications of the Rey-Osterrieth Complex
Figure Test. Nat. Protoc. 2006, 1, 892-899. [CrossRef] [PubMed]

Meyers, ] .E.; Bayless, ].D.; Meyers, K.R. Rey Complex Figure: Memory Error Patterns and Functional Abilities. Appl. Neuropsychol.
1996, 3, 89-92. [CrossRef]

Shallice, T.; Broadbent, D.E.; Weiskrantz, L. Specific Impairments of Planning. Philos. Trans. R. Soc. Lond. B Biol. Sci. 1982, 298,
199-209. [CrossRef]

Keith Berg, W.; Byrd, D. The Tower of London Spatial Problem-Solving Task: Enhancing Clinical and Research Implementation.
J. Clin. Exp. Neuropsychol. 2002, 24, 586—604. [CrossRef] [PubMed]


http://doi.org/10.1016/j.pharmthera.2017.11.005
http://www.ncbi.nlm.nih.gov/pubmed/29128343
http://doi.org/10.1155/2014/521349
http://www.ncbi.nlm.nih.gov/pubmed/24744682
http://doi.org/10.1159/000091434
http://doi.org/10.1159/000335361
http://doi.org/10.1212/01.WNL.0000152984.28420.5A
http://doi.org/10.1159/000162262
http://doi.org/10.1161/STROKEAHA.110.594671
http://www.ncbi.nlm.nih.gov/pubmed/21330625
http://doi.org/10.1136/jnnp.2009.174573
http://doi.org/10.1212/WNL.0b013e3182762569
http://doi.org/10.1097/MRR.0000000000000349
http://www.ncbi.nlm.nih.gov/pubmed/30932930
http://doi.org/10.3389/fneur.2020.588285
http://www.ncbi.nlm.nih.gov/pubmed/33329334
http://doi.org/10.3390/brainsci11050587
http://www.ncbi.nlm.nih.gov/pubmed/33946452
http://doi.org/10.1016/S0889-1591(02)00013-2
http://doi.org/10.2174/138161206777698909
http://doi.org/10.25011/cim.v31i6.4921
http://www.ncbi.nlm.nih.gov/pubmed/19032905
http://doi.org/10.1177/0269881113482531
http://www.ncbi.nlm.nih.gov/pubmed/23535352
http://doi.org/10.1001/archpsyc.1961.01710120031004
http://doi.org/10.1007/s10072-012-1130-x
http://doi.org/10.1038/nprot.2006.115
http://www.ncbi.nlm.nih.gov/pubmed/17406322
http://doi.org/10.1207/s15324826an0302_8
http://doi.org/10.1098/rstb.1982.0082
http://doi.org/10.1076/jcen.24.5.586.1006
http://www.ncbi.nlm.nih.gov/pubmed/12187443

Brain Sci. 2021, 11, 642 12 of 12

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Boccia, M.; Marin, D.; D’Antuono, G.; Ciurli, P; Incoccia, C.; Antonucci, G.; Guariglia, C.; Piccardi, L. The Tower of London (ToL)
in Italy: Standardization of the ToL Test in an Italian Population. Neurol. Sci. Off. ]. Ital. Neurol. Soc. Ital. Soc. Clin. Neurophysiol.
2017, 38, 1263-1270. [CrossRef]

Caffarra, P.; Vezzadini, G.; Dieci, F; Zonato, F.; Venneri, A. Una versione abbreviata del test di Stroop: Dati normativi nella
popolazione Italiana. Nuova Riv. Neurol. 2002, 12, 111-115.

Fugl-Meyer, A.R,; Jadsko, L.; Leyman, I.; Olsson, S.; Steglind, S. The Post-Stroke Hemiplegic Patient. 1. a Method for Evaluation
of Physical Performance. Scand. J. Rehabil. Med. 1975, 7, 13-31. [PubMed]

Bohannon, R.W. Motricity Index Scores Are Valid Indicators of Paretic Upper Extremity Strength Following Stroke. J. Phys.
Ther. Sci. 1999, 11, 59-61. [CrossRef]

Shah, S.; Vanclay, E.; Cooper, B. Improving the Sensitivity of the Barthel Index for Stroke Rehabilitation. J. Clin. Epidemiol. 1989,
42,703-709. [CrossRef]

Réus, G.Z,; Jansen, K.; Titus, S.; Carvalho, A.E; Gabbay, V.; Quevedo, J. Kynurenine Pathway Dysfunction in the Pathophysiology
and Treatment of Depression: Evidences from Animal and Human Studies. ]. Psychiatr. Res. 2015, 68, 316-328. [CrossRef]
[PubMed]

Hackett Maree, L.; Anderson Craig, S. Predictors of Depression after Stroke. Stroke 2005, 36, 2296-2301. [CrossRef]

Fedoroff, ].P.; Starkstein, S.E.; Parikh, R.M.; Price, T.R.; Robinson, R.G. Are Depressive Symptoms Nonspecific in Patients with
Acute Stroke? Am. |. Psychiatry 1991, 148, 1172-1176. [CrossRef] [PubMed]

Jenkins, T.A.; Nguyen, ].C.D.; Polglaze, K.E.; Bertrand, P.P. Influence of Tryptophan and Serotonin on Mood and Cognition with a
Possible Role of the Gut-Brain Axis. Nutrients 2016, 8, 56. [CrossRef] [PubMed]

Strasser, B.; Gostner, ].M.; Fuchs, D. Mood, Food, and Cognition: Role of Tryptophan and Serotonin. Curr. Opin. Clin. Nutr. Metab.
Care 2016, 19, 55-61. [CrossRef]

Gariballa, S.E.; Parker, S.G.; Taub, N.; Castleden, C.M. Influence of Nutritional Status on Clinical Outcome after Acute Stroke.
Am. ]. Clin. Nutr. 1998, 68, 275-281. [CrossRef] [PubMed]

Rabadi, M.H.; Coar, P.L.; Lukin, M.; Lesser, M.; Blass, ].P. Intensive Nutritional Supplements Can Improve Outcomes in Stroke
Rehabilitation. Neurology 2008, 71, 1856-1861. [CrossRef] [PubMed]

Ramasamy, D.K,; Dutta, T.; Kannan, V.; Chandramouleeswaran, V. Amino Acids in Post-Stroke Rehabilitation. Nutr. Neurosci.
2019, 24, 426-431. [CrossRef] [PubMed]

Siotto, M.; Germanotta, M.; Santoro, M.; Di Blasi, C.; Loreti, C.; Mastropaolo, S.; Aprile, I. Total Serum Calcium and Recovery
after Rehabilitation in Patients with Stroke. Appl. Sci. 2020, 10, 7893. [CrossRef]

Patrick, R.P.; Ames, B.N. Vitamin D and the Omega-3 Fatty Acids Control Serotonin Synthesis and Action, Part 2: Relevance for
ADHD, Bipolar Disorder, Schizophrenia, and Impulsive Behavior. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2015, 29, 2207-2222.
[CrossRef]

Young, S.N. How to Increase Serotonin in the Human Brain without Drugs. . Psychiatry Neurosci. JPN 2007, 32, 394-399.


http://doi.org/10.1007/s10072-017-2957-y
http://www.ncbi.nlm.nih.gov/pubmed/1135616
http://doi.org/10.1589/jpts.11.59
http://doi.org/10.1016/0895-4356(89)90065-6
http://doi.org/10.1016/j.jpsychires.2015.05.007
http://www.ncbi.nlm.nih.gov/pubmed/26028548
http://doi.org/10.1161/01.STR.0000183622.75135.a4
http://doi.org/10.1176/ajp.148.9.1172
http://www.ncbi.nlm.nih.gov/pubmed/1882994
http://doi.org/10.3390/nu8010056
http://www.ncbi.nlm.nih.gov/pubmed/26805875
http://doi.org/10.1097/MCO.0000000000000237
http://doi.org/10.1093/ajcn/68.2.275
http://www.ncbi.nlm.nih.gov/pubmed/9701183
http://doi.org/10.1212/01.wnl.0000327092.39422.3c
http://www.ncbi.nlm.nih.gov/pubmed/18946003
http://doi.org/10.1080/1028415X.2019.1641295
http://www.ncbi.nlm.nih.gov/pubmed/31328694
http://doi.org/10.3390/app10217893
http://doi.org/10.1096/fj.14-268342

	Introduction 
	Materials and Methods 
	Study Design and Participants 
	General Assessment 
	Cognitive Assessment 
	Rehabilitation Treatment 
	Serotonin Analyses 
	Statistical Analysis 

	Results 
	Participants and Baseline Characteristics 
	Serotonin Changes after Rehabilitation Programs 
	Correlation Between Serotonin Levels and Rehabilitation and Cognitive Performance Assessment 

	Discussion 
	References

