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Abstract: Bleeding tendency, a prominent feature of patients with Gaucher disease (GD), is associ-
ated with abnormal platelet function. Brain-derived neurotrophic factor (BDNF) is a protein with
neuroprotective potential stored in alpha granules of circulating platelets. Here we studied BDNF
levels in 50 patients with type I GD (GD1) and their correlation with platelet activity and bleeding
tendency. Flow cytometry was used to test unstimulated and stimulated measurement of platelet
surface-activated expression of αIIbβ3 integrin, P-selectin and lysosomal-associated membrane pro-
tein (LAMP3/CD63). Serum and plasma BDNF levels were quantified using ELISA. The bleeding
history was recorded by a bleeding questionnaire. Serum BDNF levels were positively correlated with
platelet count and moderately correlated with unstimulated and stimulated platelet P-selectin expres-
sion. Patients with more than one bleeding manifestation were shown to have lower serum BDNF
levels, albeit similar platelet count. Plasma BDNF levels were significantly elevated in splenectomized
patients and showed a moderate positive correlation with stimulated platelet CD63 expression. These
observations demonstrate the first association between BDNF levels in the peripheral blood with
platelet dysfunction and increased bleeding manifestation. The role of measuring serum BDNF for
assessing platelet alpha degranulation defects and bleeding risk in patients with GD and the general
population needs further study.

Keywords: Gaucher disease (GD); brain-derived neurotrophic factor (BDNF); alpha degranulation
defect; platelets

1. Introduction

Gaucher disease (GD), the most common lysosomal storage disease, is characterized
by the accumulation of glucosylceramide-laden macrophages in various organs, most
notably of the reticuloendothelial system leading to hepatosplenomegaly, anemia, thrombo-
cytopenia and bone infarction [1]. It is an autosomal recessive disease caused by functional
deficiency of the lysosomal enzyme β-glucocerebrosidase, resulting from variants in the
GBA1 gene. Worldwide, the incidence of GD is approximately 1 in 50,000 to 100,000 live
births; however, due to a high carrier frequency of 6% in Ashkenazi Jews, studies indicate a
homozygote frequency of ~1:850 in the Ashkenazi Jewish population. Gaucher disease is
typically categorized into three main types; type 1, a non-neuronopathic most prevalent
variant among Caucasian patients, type 2, an acute neuronopathic variant occurring in very
young children and type 3, a subacute neuronopathic variant that tends to manifest neu-
rologically in childhood or adolescence [1]. The diagnosis of GD is based on low enzyme
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β-glucocerebrosidase levels, high glucosylsphingosine (lyso-Gb1) levels and molecular
analysis of the GBA1 gene [2]. The currently available treatment for GD, including enzyme
replacement therapy and substrate reduction therapy, are effective in reducing disease
burden [1].

Bleeding tendency is a prominent feature of patients with GD, commonly attributed
to thrombocytopenia and coagulation abnormalities [3,4]. However, evidence of patients
having a clinically significant bleeding tendency, not proportional to their platelet counts
or coagulation abnormalities, led to the diagnosis of platelet dysfunction in patients with
GD [5–7].

Platelet activity test by whole blood flow cytometry (FC) is a powerful method to
study platelet function. In this method, platelets are directly analyzed in their physiological
microenvironment, which consists of red blood cells and white blood cells, avoiding
redundant separation and washing steps that may affect platelet activation [8]. More
importantly, in the FC method, platelets of patients with profound thrombocytopenia can
also be accurately analyzed, a major advantage when treated and untreated adults and
children with GD are tested [9]. Recently, Revel-Vilk and colleagues established a method
for evaluating FC-based platelet function in a large cohort of patients with GD. This method
showed that the platelet dysfunction in GD was related to reduced P-selectin expression,
i.e., alpha degranulation defect [10].

Brain-derived neurotrophic factor (BDNF) is a member of the neuronal growth factors
family, which includes nerve growth factor (NGF), and neurotrophin (NT) 3/4 and 5 [11].
Platelets contain BDNF in the cytoplasm and alpha granules, and are considered the
primary storage of BDNF [12]. Several leukocyte subsets, such as T and B lymphocytes
and monocytes, have also been shown to produce and secrete BDNF when activated by
different stimuli [13–15]. In humans, high levels of BDNF protein can be detected in the
serum and the plasma [16]. The serum BDNF level is believed to represent the total BDNF
content discharged from platelets, and it is detected at levels about 10-fold more than in
the plasma [17,18].

As platelet alpha granules are considered to be the main compartment for BDNF
storage and mobilization, BDNF seems to be a good candidate biomarker to investigate
platelet dysfunction in GD. However, the relationship between platelet activation and blood
BDNF levels is poorly studied in humans [19]. Two studies that investigated plasma BDNF
in patients with GD indicated reduced levels in patients with type I GD (GD1) [20], and
restoration of plasma BDNF levels in patients treated with enzyme replacement therapy
(ERT) [21]. However, these studies did not investigate serum BDNF level. Furthermore,
the interaction of BDNF and bleeding phenomena, platelet count and/or function in the
general population and patients with GD was not studied. Thus, in this study, we were
interested in testing the hypothesis that serum and plasma BDNF levels are associated with
platelet function and bleeding tendency in patients with GD1.

2. Results

Fifty patients with GD1 (25 males) were included in this study. Most patients were
treated with GD-specific therapy, i.e., ERT or substrate reduction therapy (SRT), and only
three patients were splenectomized (Table 1). Splenectomies were done prior to availability
of GD-specific therapy.
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Table 1. Clinical and laboratory characteristics of study cohort.

Study cohort 50

Age, mean ± SD (range), years 42.7 ± 17.93 (8.94–86.55)
Mild genotype, n 24

Receiving GD-specific therapy, n 40
Splenectomized, n 3

Platelet count (×103/µL), mean ± SD (range) 178 ± 70 (35–353)
Thrombocytopenia (<50/<100/<150 × 103/µL), n 1/5/14

LysoGB1 (ng/mL), mean ± SD (range) 122.71 ± 143.15 (10–787)
Serum BDNF (ng/mL), mean ± SD (range) 10.72 ± 4.17 (3.23–18)
Plasma BDNF (ng/mL), mean ± SD (range) 0.61 ± 0.47 (0.21–2.16)

Bleeding symptoms for those who completed the bleeding questionnaire
0 17/36
1 11/36
2 4/36
3 3/36
≥4 1/36

GD, Gaucher disease; BDNF, brain-derived neurotrophic factor.

2.1. Serum BDNF Levels Positively Correlate with Platelet Count and Unstimulated and
Stimulated Platelet P-Selectin Expression

Serum BDNF levels were normally distributed in the patients (p(W) = 0.17) with a
mean ± SD of 10.72 ± 4.17 ng/mL, and a range of 3.23–18 ng/mL. A weak negative
correlation was found between serum BDNF level and age (r = −0.27, p = 0.055). Serum
BDNF levels were not associated with disease severity by genotype, use of GD-specific
therapy, history of splenectomy, and glucosylsphingosine (lyso-Gb1) levels.

A positive correlation was found between serum BDNF levels and platelet count,
and a moderate correlation was found with unstimulated P-selectin expression, protease-
activated receptor (PAR)-1 agonist thrombin receptor activator peptide (TRAP) stimu-
lated platelet P-selectin expression, and collagen stimulated platelet P-selectin expression
(Figure 1). Serum BDNF levels were not correlated with unstimulated and stimulated
platelet alphaIIbetaIII integrin or CD63 expression. Patients with high serum BDNF (i.e.,
>14 ng/mL) levels showed significantly higher P-selectin expression to stimulation by
TRAP and collagen and higher CD63 expression to stimulation by TRAP as compared to pa-
tients with low serum BDNF levels (i.e., <7.8 ng/mL) (Table 2). Expression of alphaIIbetaIII
integrin was not associated with high vs. low serum BDNF levels.
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Figure 1. Correlation of serum BDNF levels with (a) platelet count, (b) unstimulated platelet P-se-
lectin (CD62) expression and (c–f) stimulated platelet P-selectin (CD62) expression. Scatter plots are 
shown, with a regression line and a 95% confidence interval. BDNF, brain-derived neurotrophic 
factor; PLT, platelet count, ×109/mL; TRAP, the protease-activated receptor (PAR)-1 agonist throm-
bin receptor activator peptide; ADP, adenosine diphosphate; EPI, epinephrine. 

Table 2. Platelet surface activated alphaIIbetaIII integrin, P-selectin and lysosomal-associated mem-
brane protein (LAMP) expression in patients with high and low serum and plasma BDNF levels. 

 Low Serum BDNF High Serum BDNF p–Value Low Plasma BDNF High Plasma 
BDNF 

p–Value 

αIIbβ3 integrin (PAC1)       
Unstimulated 5.7 [1.2–8.5] 5.8 [4.5–9.6] 0.514 4.9 [2.3–8.1] 5.8 [3–8.8] 0.624 
ADP (0.5 μM)  75.1 [68.6–85.6] 82.6 [55.6–89.6] 0.828 69.6 [46.7–86.2] 74.1 [51.9–80.9] 0.798 
ADP (20 μM)  95 [75.6–97.3] 94.4 [91.4–97.3] 0.744 93.6 [74.3–97.7] 93.6 [77.7–96.9] 0.654 

TRAP (1.5 μM)  95.2 [83–96.5] 97.9 [70.6–98.8] 0.355 84.7 [79.3–97.4] 88.3 [76.4–96.5] 0.873 
TRAP (20 μM) 97.9 [91.7–98.8] 99.2 [94.3–99.6] 0.128 98.3 [91.7–99.2] 97.7 [90.8–99.2] 0.594 

EPI–ADP (0.1–0.25 μM) 88.5 [58.4–92.9] 94.2 [85.7–97.6] 0.073 85.1 [75–94.9] 87.3 [70–93.1] 0.798 
CRP–XL (0.25 μg/mL) 97.2 [93.8–98.4] 98.9 [92.5–99.4] 0.328 98.4 [93.9–99.4] 98.4 [96.2–99.1] 0.749 

P–selectin (CD62)       
Unstimulated 1.2 [0.6–1.7] 3 [1.5–9.3] 0.036 0.9 [0.4–3.8] 2.8 [1.1–6.2] 0.068 
ADP (0.5 μM) 11.6 [3.8–23] 15.9 [9.2–39.2] 0.301 5.3 [2.8–18.2] 9 [7.1–22.2] 0.268 
ADP (20 μM) 24.9 [13.6–50.3] 33.2 [25.6–60.5] 0.192 25.1 [16.7–50.3] 30 [14.8–44.4] 0.609 

TRAP (1.5 μM) 46.9 [28.2–58.2] 70.7 [55.3–80.8] 0.073 46.9 [28.7–72.3] 57.22 [23.7–72.3] 0.932 
TRAP (20 μM) 69.6 [58.3–79.8] 83.3 [77.4–90.2] 0.017 68.3 [58.4–81] 75.7 [61–86.4] 0.509 

EPI–ADP (0.1–0.25 μM) 22.4 [12.7–29.4] 26.8 [20.8–54.1] 0.092 16.6 [6.6–27.5] 24.2 [15.7–39.3] 0.359 
CRP–XL (0.25 μg/mL) 79.6 [68.8–82.6] 86.9 [80.4–91.2] 0.022 71.8 [61.3–87.4] 82.9 [73.3–89.8] 0.141 

LAMP (CD63)       
Unstimulated 6.9 [5.6–11] 6 [4.1–10] 0.514 6.9 [5.6–11] 8.8 [5.2–15.4] 0.406 
ADP (0.5 μM) 31.2 [23.6–41.3] 25.8 [15.9–49.4] 0.446 28.3 [21.4–38.2] 31.5 [18.7–40.4] 0.717 
ADP (20 μM) 62.2 [51.9–66.1] 57 [45.9–68.5] 0.786 58 [46.9–65] 57.9 [46.2–73.3] 0.594 

TRAP (1.5 μM) 80.9 [7–85.9] 86.6 [74.2–91] 0.211 80.7 [68.3–87.8] 81.69 [67.7–88.9] 0.725 
TRAP (20 μM) 93.6 [91.8–95.6] 96.1 [94.7–97.3] 0.030 94.2 [90.4–95.6] 95.8 [95.3–96.7] 0.043 

EPI–ADP (0.1–0.25 μM) 42.7 [32.5–52] 44.4 [31.4–62] 0.415 43.8 [34.3–50] 37.00 [29.3–65.3] 0.865 
CRP–XL (0.25 μg/mL) 95.1 [94.2–96.4] 95.5 [94.5–98] 0.384 94.8 [91.9–96.3] 96.6 [95.2–98] 0.018 

Data are shown as median [IQR]. Levels of BDNF are measured by ng/mL. ADP, adenosine 5′ di-
phosphate; TRAP, the protease-activated receptor (PAR)-1 agonist thrombin receptor activator pep-
tide; EPI, epinephrine; CRP-XL, the glycoprotein VI (GPVI) agonist collagen-related peptide. 

Figure 1. Correlation of serum BDNF levels with (a) platelet count, (b) unstimulated platelet P-
selectin (CD62) expression and (c–f) stimulated platelet P-selectin (CD62) expression. Scatter plots
are shown, with a regression line and a 95% confidence interval. BDNF, brain-derived neurotrophic
factor; PLT, platelet count, ×109/mL; TRAP, the protease-activated receptor (PAR)-1 agonist thrombin
receptor activator peptide; ADP, adenosine diphosphate; EPI, epinephrine.

Table 2. Platelet surface activated alphaIIbetaIII integrin, P-selectin and lysosomal-associated mem-
brane protein (LAMP) expression in patients with high and low serum and plasma BDNF levels.

Low Serum
BDNF

High Serum
BDNF p–Value Low Plasma

BDNF
High Plasma

BDNF p–Value

αIIbβ3 integrin (PAC1)
Unstimulated 5.7 [1.2–8.5] 5.8 [4.5–9.6] 0.514 4.9 [2.3–8.1] 5.8 [3–8.8] 0.624
ADP (0.5 µM) 75.1 [68.6–85.6] 82.6 [55.6–89.6] 0.828 69.6 [46.7–86.2] 74.1 [51.9–80.9] 0.798
ADP (20 µM) 95 [75.6–97.3] 94.4 [91.4–97.3] 0.744 93.6 [74.3–97.7] 93.6 [77.7–96.9] 0.654

TRAP (1.5 µM) 95.2 [83–96.5] 97.9 [70.6–98.8] 0.355 84.7 [79.3–97.4] 88.3 [76.4–96.5] 0.873
TRAP (20 µM) 97.9 [91.7–98.8] 99.2 [94.3–99.6] 0.128 98.3 [91.7–99.2] 97.7 [90.8–99.2] 0.594

EPI–ADP (0.1–0.25 µM) 88.5 [58.4–92.9] 94.2 [85.7–97.6] 0.073 85.1 [75–94.9] 87.3 [70–93.1] 0.798
CRP–XL (0.25 µg/mL) 97.2 [93.8–98.4] 98.9 [92.5–99.4] 0.328 98.4 [93.9–99.4] 98.4 [96.2–99.1] 0.749

P–selectin (CD62)
Unstimulated 1.2 [0.6–1.7] 3 [1.5–9.3] 0.036 0.9 [0.4–3.8] 2.8 [1.1–6.2] 0.068
ADP (0.5 µM) 11.6 [3.8–23] 15.9 [9.2–39.2] 0.301 5.3 [2.8–18.2] 9 [7.1–22.2] 0.268
ADP (20 µM) 24.9 [13.6–50.3] 33.2 [25.6–60.5] 0.192 25.1 [16.7–50.3] 30 [14.8–44.4] 0.609

TRAP (1.5 µM) 46.9 [28.2–58.2] 70.7 [55.3–80.8] 0.073 46.9 [28.7–72.3] 57.22 [23.7–72.3] 0.932
TRAP (20 µM) 69.6 [58.3–79.8] 83.3 [77.4–90.2] 0.017 68.3 [58.4–81] 75.7 [61–86.4] 0.509

EPI–ADP (0.1–0.25 µM) 22.4 [12.7–29.4] 26.8 [20.8–54.1] 0.092 16.6 [6.6–27.5] 24.2 [15.7–39.3] 0.359
CRP–XL (0.25 µg/mL) 79.6 [68.8–82.6] 86.9 [80.4–91.2] 0.022 71.8 [61.3–87.4] 82.9 [73.3–89.8] 0.141

LAMP (CD63)
Unstimulated 6.9 [5.6–11] 6 [4.1–10] 0.514 6.9 [5.6–11] 8.8 [5.2–15.4] 0.406
ADP (0.5 µM) 31.2 [23.6–41.3] 25.8 [15.9–49.4] 0.446 28.3 [21.4–38.2] 31.5 [18.7–40.4] 0.717
ADP (20 µM) 62.2 [51.9–66.1] 57 [45.9–68.5] 0.786 58 [46.9–65] 57.9 [46.2–73.3] 0.594

TRAP (1.5 µM) 80.9 [7–85.9] 86.6 [74.2–91] 0.211 80.7 [68.3–87.8] 81.69 [67.7–88.9] 0.725
TRAP (20 µM) 93.6 [91.8–95.6] 96.1 [94.7–97.3] 0.030 94.2 [90.4–95.6] 95.8 [95.3–96.7] 0.043

EPI–ADP (0.1–0.25 µM) 42.7 [32.5–52] 44.4 [31.4–62] 0.415 43.8 [34.3–50] 37.00 [29.3–65.3] 0.865
CRP–XL (0.25 µg/mL) 95.1 [94.2–96.4] 95.5 [94.5–98] 0.384 94.8 [91.9–96.3] 96.6 [95.2–98] 0.018

Data are shown as median [IQR]. Levels of BDNF are measured by ng/mL. ADP, adenosine 5′ diphosphate; TRAP,
the protease-activated receptor (PAR)-1 agonist thrombin receptor activator peptide; EPI, epinephrine; CRP-XL,
the glycoprotein VI (GPVI) agonist collagen-related peptide.
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2.2. Plasma BDNF Levels Are Increased in Splenectomized Patients and Positively Correlated with
Stimulated Platelet CD63 Expression in Patients with an Intact Spleen

Plasma BDNF levels were not normally distributed (p(W) < 0.0001) with a median
(IQR) of 0.45 (0.3–0.61) ng/mL. As splenectomized patients had significantly higher plasma
BDNF levels, median (IQR) 1.19 (0.9–1.58), compared to those with intact spleens, median
0.44 (0.29–0.65) (p = 0.035), further analysis was done only on patients with an intact spleen.
Plasma BDNF levels were not associated with age, disease severity, GD-specific therapy or
glucosylsphingosine (lyso-Gb1) levels. A moderate positive correlation was found between
plasma BDNF levels and platelet count, TRAP-stimulated platelet CD63 expression and
collagen-stimulated platelet CD63 expression (Figure 2). No correlation was found with
unstimulated or stimulated αIIbβ3 integrin and P-selectin expression. Patients with high
plasma BDNF (i.e., >0.45 ng/mL) levels showed significantly higher CD63 expression to
stimulation by TRAP and collagen as compared to patients with lower levels (Table 2).
Expression of alphaIIbetaIII integrin and P-selectin were not associated with high vs. low
plasma BDNF levels.
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Figure 2. Correlation of plasma BDNF levels with (a) platelet count, (b) unstimulated platelet CD63
expression and (c–f) stimulated platelet CD63 expression. Scatter plots are shown, with a regression
line and a 95% confidence interval. BDNF, brain-derived neurotrophic factor; PLT, platelet count,
×109/mL; TRAP, the protease-activated receptor (PAR)-1 agonist thrombin receptor activator peptide;
ADP, Adenosine diphosphate; EPI, epinephrine.

2.3. Patients with More Than One Bleeding Manifestation Show Lower Serum BDNF Levels,
Albeit Similar Platelet Counts

Bleeding questionnaires were completed by 36 patients (Table 1). Patients with more
than one bleeding symptom were found to have significantly lower serum BDNF levels
compared to patients with one or no bleeding symptoms (Table 3). Notably, more than
one bleeding symptom was not associated with platelet counts, thrombocytopenia, disease
severity by genotype, therapy or plasma BDNF levels.
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Table 3. Comparison of patients with more than one bleeding symptom to those with one or no
bleeding symptom.

>1 Bleeding Symptom One or No Bleeding Symptom p-Value

Number 8 28
Mild genotype 6 11 0.167

Receiving GD-specific therapy 7 26 0.99
Platelet count (×103/µL), mean ± SD 183 ± 57.85 171 ± 97.56 0.66

Thrombocytopenia (<50/<100/<150 × 103/µL) 0/2/2 0/1/9
Serum BDNF (ng/mL), mean ± SD 7.66 ± 3.21 10.99 ± 4.0 0.039

Plasma BDNF (ng/mL), median, IQR 0.40 [0.29–0.64] 0.45 [0.33–0.77] 0.99

BDNF, brain-derived neurotrophic factor.

3. Discussion

In this study, we intended to examine the association between BDNF levels, platelet
activity and bleeding tendency in patients with GD1. We found that serum BDNF levels
were associated with platelet P-selectin expression and a bleeding tendency. Plasma BDNF
levels were associated with splenectomy and platelet CD63 expression.

Serum BDNF, detected at relatively high levels, represents the total BDNF content
extracted from the platelets in the process of serum isolation [11,12]. The positive correlation
with P-selectin is not surprising, as both BDNF and P-selectin are stored in platelet alpha
granules. The platelet alpha degranulation defect in GD [10], leading to lower P-selectin
expression, may have led to the lower discharge of BDNF from the platelets to the serum.
Alternatively, it could be speculated that patients with high levels of BDNF have more alpha
granules per platelet and/or more content of BDNF within their granules, which better
facilitate their platelets’ function. However, this postulation and the potential role of serum
BDNF as an indicator of platelet alpha degranulation defect need to be further studied.

As far as we know, our study is the first to report a link between serum BDNF levels
and bleeding tendency. In GD, it is consistent with our previous findings that a platelet
degranulation defect was related to the bleeding tendency [10]. Whether this association
will also be found in a non-GD cohort still needs to be studied. The effect of BDNF on
the coagulation system, mainly on clot stability and the balance between fibrinogenesis
and fibrinolysis, was recently indicated [22]. Therefore, it is possible that the low serum
BDNF is not only a marker of platelet degranulation defect, but contributes to the bleeding
tendency by affecting the coagulation system. Practically, we think that the measurement
of serum BDNF levels in patients with GD could be developed into an additional and
complementary laboratory tool for the evaluation of bleeding risk. However, this direction
should be addressed by further studies and verified by prospective data.

In contrast to BDNF levels in the serum, BDNF levels in the plasma were associated
with platelet CD63 expression. We also observed the increase of plasma BDNF, but not
the serum BDNF, in splenectomized patients. CD63 expression was shown to increase in
platelets under an inflammatory state [23–25] and was strongly associated with the secretion
of inflammatory granules from immune cells [26]. Platelet CD63 expression has also been
considered a sign of inflammation in GD [10]. As the plasma we isolated was platelet-poor
plasma, we assume that the BDNF content in the plasma represents free soluble BDNF levels
from other resources, such as activated immune cells [15]. While the mechanism behind
the elevated plasma BDNF levels in splenectomized patients still needs to be explored, it
may be speculated that it is related to the increased inflammatory processes and immune
cell activation in these patients. Alternatively, plasma BDNF may represent BDNF attached
to the surface of platelets following their activation and, therefore, represent activated
platelets that are inefficiently cleared from the circulation of splenectomized patients.

The plasma BDNF levels in patients with GD were previously studied in smaller
cohorts. In 14 treated patients (at least six months on ERT), the plasma BDNF levels of
0.39 ng/mL IQR (0.25), were similar to our study. Levels were significantly lower when off
ERT (at least four months), at 0.14 ng/mL (IQR 0.09 ng/mL) [20]. This may be explained by
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the increase in platelet count with ERT. As untreated patients in our cohort are those with
the milder phenotype and their mean platelet count was similar to treated patients, we
could not find this phenomenon. In 10 patients with GD1, plasma BDNF levels were lower,
median (range) 0.128 (0.048–0.17) ng/mL; however, treatment status and splenectomy
rate were not reported [21]. A moderate negative correlation was found between plasma
BDNF and interleukin-4 (IL-4) and tumoral necrosis factor-alpha (TNF), supporting the
inflammatory process in GD. Both studies did not refer to serum BDNF levels and the effect
platelet count and function may have on BDNF levels.

Lastly, the association of GD with Parkinson Disease (PD) is one of the most important
areas of investigation in GD [27]. BDNF, as a neurotrophic factor, contributes to neuronal
cells’ survival, maintenance, and repair [28,29]. A meta-analysis of serum BDNF levels
in patients with PD shows reduced BDNF compared to controls in most studies [30].
Indications for platelet function defects, such as increased platelet volume and reduced
glutamate uptake, were previously shown in PD [31]. Our findings of platelet dysfunction
via P-selectin expression and low serum BDNF could be a possible link between platelet
activity defects and reduced neuroprotective potential, which may lead to an increased
risk of PD or neurogenic manifestation in patients with GD. A new study that we currently
designed may hopefully expose this possible link.

Our study has several weaknesses, one of which is that it does not include a control
group. As the levels of BDNF in the serum and the plasma is known to be altered by
different physiological and disease conditions, we think that the right control group should
have the same background to the investigated group. We compared the BDNF levels in
patients with GD to the levels in a healthy control group and found no differences [32]. We
believe that extending our observations to non-GD-patients with bleeding risk and platelet
dysfunction, will be important to investigate by future studies.

4. Materials and Methods
4.1. Study Population

In this pilot study, data from 50 consecutive patients with GD1 followed at the Gaucher
unit, Shaare Zedek Medical Center, between May 2020 and February 2021, with an FC
platelet function test done, were collected for this study. Demographics, clinical data,
platelet count and treatment status were extracted from clinic charts. Disease severity
was defined by genotypes (mild: N370S (c.1226A > G) homozygous and N370S/R496H
(c.1604G) compound heterozygous; severe: all other genotypes). At the time of annual/bi-
annual patients’ visits, clinical bleeding history was taken, and FC platelet function was
done as part of routine practice to assess for bleeding risk. Clinical bleeding history was
assessed using a Hebrew-translated self-administered questionnaire (modified from the
International Society on Thrombosis and Haemostasis (ISTH)-Bleeding assessment tool
(BAT) [33]. The platelet function was analyzed using an established FC assay previously de-
scribed [10]. In brief, platelet surface activated αIIbβ3 integrin (PAC1), P-selectin (CD62P)
and lysosomal-associated membrane protein (LAMP3/CD63) were measured by whole
blood flow cytometry at baseline (unstimulated) and after stimulation with agonists (stim-
ulated). Platelet agonists used included adenosine 5′ diphosphate (ADP) (moLab GmbH,
Unna, Germany), the protease-activated receptor (PAR)-1 agonist thrombin receptor acti-
vator peptide (TRAP-6 (BACHEM, Dubendorf, Switzerland), the glycoprotein VI (GPVI)
agonist collagen-related peptide (cross-linked collagen-related peptide (CRP-XL, Cambcol
Laboratories, Ely, UK) and epinephrine (moLab GmbH, Unna, Germany). Quantification
of glucosylsphingosine (lyso-Gb1) levels on dry blood spot samples were performed at
Centogene™ (Rostock, Germany) according to the previously described methods [34].
Residual serum and platelet-poor plasma samples from patients consenting to the biobank
project were immediately stored at −80 ◦C until their analysis. For serum samples, blood
tubes without anticoagulants were incubated at room temperature for 30 min until clotting,
followed by centrifugation at 3000 rpm (1942 g) for 10 min. The serum was collected
from the upper layer into new 1.5 mL tubes and stored at −80 ◦C. For plasma samples,
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blood tubes with anticoagulants were centrifuged at 3000 rpm (1942 g) for 10 min at room
temperature. The platelet-poor plasma was collected from the upper layer into new 1.5 mL
tubes and stored at −80 ◦C.

4.2. Detection of BDNF Protein Levels in Patient Serum and Platelet-Poor Plasma

Serum and platelet-poor plasma samples that were isolated from the patients on the
same day of their FC platelet function test and stored at−80 ◦C were thawed and diluted in
phosphate-buffered saline with 1% bovine serum albumin. The BDNF level in the diluted
serum (1:50) and plasma (1:5) were quantified using the DuoSet ELISA Development
System kit (R&D System DY278, Minneapolis, MN, USA) according to the manufacturer’s
instructions. Serum and plasma BDNF concentrations as Nanogram per milliliter (ng/mL)
were calculated using an 8-point standard curve and multiplied by the dilution factor to
achieve the fixed concentration in the serum and plasma.

4.3. Data Analysis

Normally distributed continuous variables were presented as mean, standard devia-
tions and range. Non-normal distributed continuous variables were presented as median,
interquartile range (IQR) and range. Normal distribution was tested using the Shapiro–Wilk
test. Nominal variables were presented as ratios or percentages from the total. The ANOVA
T-test and the Mann–Whitney U test were used to compare the results of two independent
parametric and non-parametric variables, respectively. Pearson and Spearman’s tests were
used for correlation analysis between parametric and non-parametric continuous variables,
respectively. High and low serum BDNF levels were defined according to the normal
distribution using the >75th percentile and <25th percentile cutoff points, respectively.
For plasma BDNF, according to the non-normal distribution, the median cutoff point was
selected to define high and low. All statistical analyses were performed using JMP (SAS Inc.,
version 10, Cary, NC, USA) statistical software. A p value < 0.05 was considered significant.

5. Conclusions

Our findings support the concept that patients with GD have a platelet alpha degranu-
lation defect that can lead to reduced platelet p-selectin expression and low serum BDNF
levels. Inflammation, described in patients with GD and post-splenectomy, may be marked
by increased plasma BDNF levels. Whether BDNF levels can be measured to assess platelet
activity and bleeding tendency will need to be further studied in patients with GD and the
general population.
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