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Abstract 
Platelet-derived biomaterials are increasingly used in regenerative medicine as bioactive 

scaffolds capable of modulating cell survival, lineage-associated molecular responses, and tissue 
repair. Fibrin gels enriched with platelet-derived growth factors represent a promising 
microenvironment for neural tissue engineering, as they may support neuronal survival and 
promote neural lineage-associated changes in stem cells. 

Objective. To evaluate the ability of a platelet-enriched �ibrin gel derived from human 
platelet-rich plasma to function as a bioactive three-dimensional microenvironment supporting 
survival and morphogenesis of serotonergic neurons and neural lineage-associated changes in 
mesenchymal stem cells (MSCs). 

Materials and methods. A platelet-enriched �ibrin gel matrix was generated from 
platelet-rich plasma following activation with a silica-based coagulation activator. A platelet-
enriched �ibrin gel matrix derived from human platelet-rich plasma served as a three-
dimensional culture platform for bone marrow-derived MSCs from newborn rats and for primary 
serotonergic cells isolated from raphe nuclei. Cultures were maintained for up to 14 days. 
Serotonin production was assessed using ELISA, while expression of genes associated with 
serotonergic phenotype maintenance (Pet1, Nkx2-2, Tph2, Slc6a4) and neural lineage-associated 
molecular changes (Nes, Tubb3, Gfap, Olig2) was analyzed by semi-quantitative reverse 
transcription polymerase chain reaction (RT-PCR). 

Results. Raphe-derived cells cultured within the platelet-enriched �ibrin gel matrix 
demonstrated active neurite extension and formation of neuronal networks. Maintenance of a 
serotonergic phenotype was supported by histochemical detection of serotonin and by 
persistence of Pet1, Nkx2-2, Tph2, and Slc6a4 expression during the culture period. MSCs 
cultured within the matrix in the presence of neuroinductive factors (retinoic acid, NGF, and 
BDNF) exhibited morphological features of neural-like cells and increased expression of early 
neural (Nes), neuronal (Tubb3), astroglial (Gfap), and oligodendroglial (Olig2) markers 
compared with control cultures. These �indings indicate that platelet-enriched �ibrin gel 
functions as a bioactive three-dimensional microenvironment supporting neuronal survival and 
neural lineage-associated molecular changes in MSCs and may serve as an in situ bioreactor-like 
platform for modeling neural regeneration in vitro. 
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Conclusions. The platelet-enriched �ibrin gel matrix provided a bioactive three-
dimensional microenvironment that supported survival of serotonergic cells and modulated 
neural marker expression in MSCs under neuroinductive conditions. These �indings are consistent 
with neural lineage-associated molecular responses, although additional quantitative and 
functional validation is required to con�irm mature neural differentiation. 

Keywords: platelet-enriched �ibrin gel; mesenchymal stem cells; serotonergic neurons; 
neural lineage commitment; neural tissue engineering; regenerative medicine 

 
 
Introduction 
Platelet-derived biomaterials, including platelet-rich plasma and �ibrin gels derived 

from platelet-rich plasma, have attracted considerable attention in regenerative medicine due 
to their capacity to provide a natural reservoir of bioactive molecules that regulate cell 
survival, proliferation, and differentiation. In addition to soluble growth factors, �ibrin 
matrices form three-dimensional microenvironments capable of modulating cellular behavior 
and maintaining tissue-speci�ic phenotypes in vitro [1, 2]. These properties make platelet-
derived �ibrin scaffolds particularly attractive for applications in neural tissue engineering and 
regenerative neurosurgery. Despite the growing use of platelet-derived biomaterials in 
regenerative medicine, their in�luence on the survival and phenotype maintenance of neural 
cells as well as on neural lineage-associated molecular programs in mesenchymal stem cells 
(MSCs) remains insuf�iciently understood. 

One approach to harnessing platelet-derived factors in regenerative medicine is the use 
of �ibrin gels obtained from platelet-rich plasma. Such matrices are formed as a result of �ibrin 
polymerization following activation of platelet plasma and can function as three-dimensional 
bioactive scaffolds for cell cultivation. Platelet-enriched �ibrin gel combines the structural 
properties of a three-dimensional matrix with the sustained release of growth factors, thereby 
creating a microenvironment that supports cell viability and regulates cellular behavior [1, 3]. 

Platelet-derived �ibrin matrices contain a variety of growth factors, including TGF-β, 
PDGF, IGF-1, FGF, VEGF, EGF, and HGF, which are known to activate key intracellular signaling 
pathways in target cells. In particular, the MAPK/ERK signaling pathway, activated by PDGF, 
EGF, and FGF, participates in the regulation of cell proliferation and survival during the early 
stages of tissue regeneration [4]. The PI3K/AKT/mTOR cascade, stimulated by IGF-1, HGF, and 
PDGF, regulates anti-apoptotic signaling, cellular proliferation, and metabolic activity [5]. The 
TGF-β/Smad signaling pathway (Smad2/3) serves as a key regulator of extracellular matrix 
synthesis and mesenchymal stem cell differentiation [6, 7]. The Wnt/β-catenin pathway, 
modulated by FGF, IGF-1, and EGF, supports processes of cellular self-renewal and directed 
differentiation, while VEGF and HGF mediate angiogenesis, trophic support, and cell migration 
[8]. 

Serotonergic neurons of the raphe nuclei have been shown to express receptors for 
most growth factors present in platelet-derived matrices. In particular, the receptors IGF-1R, 
FGFR1, TGFBR1/2, and c-Met mediate activation of the PI3K/AKT and MAPK/ERK signaling 
cascades, which contribute to neuronal survival, maintenance of their functional state, and 
restoration of axonal structures. Additional roles in the regulation of neuronal plasticity may 
be played by VEGFR2 and EGFR signaling systems [9, 10]. 

Bone marrow-derived MSCs also express receptors for the major platelet-derived 
growth factors. The highest levels of expression have been described for PDGFR-β, FGFR1, 
IGF1R, and c-Met, which determine their high sensitivity to platelet signaling molecules. 
Activation of the corresponding ligand–receptor systems triggers intracellular signaling 
cascades such as Smad2/3, MAPK/ERK, and PI3K/AKT/mTOR, which underlie MSC 
proliferation, migration, and differentiation [11-13]. 
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Activation of signaling pathways in stem cells within platelet-derived matrices is 
context-dependent and in�luenced by cell type, developmental stage, and receptor expression 
pro�ile [14, 15]. Neurotrophic factors such as nerve growth factor (NGF), brain-derived 
neurotrophic factor (BDNF), and retinoic acid (RA) are widely used to induce neural 
differentiation of mesenchymal stem cells. NGF interacts with TrkA (NTRK1) and p75NTR 
receptors, activating the PI3K/AKT, MAPK/ERK, and PLCγ signaling pathways, thereby 
promoting cell survival and the formation of neuron-like phenotypes [16]. BDNF exerts its 
effects through TrkB (NTRK2) and p75NTR receptors, activating the MAPK/ERK, PI3K/AKT, 
and CREB signaling pathways, which support neural differentiation and the morphological 
organization of cells [17]. RA mediates its action through nuclear receptors RAR and RXR, 
inducing the expression of genes associated with early neural differentiation, including Nes 
and Tubb3, and increasing cellular sensitivity to neurotrophins by upregulating the expression 
of TrkA and TrkB receptors [18-20]. 

Platelet-derived �ibrin matrices are capable of forming a bioactive microenvironment 
with controlled release of growth factors that regulate signaling pathways involved in cell 
survival, proliferation, and differentiation. Such matrices therefore represent a promising 
experimental platform for modeling neural microenvironments in vitro and for studying the 
combined effects of platelet-derived signaling and neuroinductive factors on neural cell 
survival and stem cell differentiation [3, 21]. 

The aim of this study was to investigate whether a platelet-enriched �ibrin gel derived 
from PRP matrix can function as a permissive three-dimensional microenvironment 
supporting the survival of raphe nuclei-derived serotonergic cells and modulating neural 
lineage-associated gene expression in bone marrow-derived MSCs under neuroinductive 
conditions. 

 
Materials and methods 
Ethical considerations. Human blood samples used for PRP preparation were 

obtained from healthy adult donors after written informed consent and in accordance with 
the Declaration of Helsinki. All experimental procedures involving human materials and 
animals were approved by the Ethics Committee of the Romodanov Neurosurgery Institute, 
National Academy of Medical Sciences of Ukraine (Protocol No. 3 dated 04.05.2018; Protocol 
No. 30 dated 11.04.2019) and conducted in accordance with Directive 2010/63/EU on the 
protection of animals used for scienti�ic purposes. 

Prior to tissue collection, neonatal rats were housed together with their dams under 
standard vivarium conditions. The dams had ad libitum access to food and water. Animals 
were kept under controlled environmental conditions, including a temperature of 22-24 °C, a 
12 h light/dark cycle, and standard humidity. 

Human platelet-rich plasma preparation. Platelet-rich plasma (PRP) with platelet 
concentration 1.05×10⁶ platelets/µL was prepared from fresh human peripheral blood 
obtained from healthy adult donors using a double-centrifugation protocol. Platelet-rich �ibrin 
was obtained from a single healthy donor (male, 43 years old). The use of a single donor was 
intended to minimize inter-donor variability in �ibrin matrix composition and growth factor 
content across experiments. Blood samples were collected into vacuum tubes PRP 
Professional (MM Medic, Ukraine) containing 3.8 % sodium citrate as an anticoagulant and 
processed within 1 h after collection.  

The �irst centrifugation was performed using a centrifuge OPn-8 (Dastan, Kyrgyzstan) at 
200-300 ×g for 10-15 min to separate erythrocytes and obtain platelet-containing plasma. The 
supernatant fraction was subjected to a second centrifugation at 900-1200 ×g for 10 min to 
concentrate platelets.  
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Baseline blood parameters were estimated using hematology analyzer Swelab Alfa 
(Boule Medical AB, Sweden): �ibrinogen – 2.2 g/L, Ca²⁺ – 1.90 mmol/L, and prothrombin index 
– 93 %. Human platelet-derived matrices were used as a standardized source of platelet 
growth factors for the in vitro model system. 

Formation of platelet-enriched �ibrin gel matrix. Fibrin gel formation was initiated 
by adding a silica-based coagulation activator SiO₂ (cat. No. S5505, Sigma-Aldrich/Merck, 
Germany) to PRP at a ratio of 1:10. The mixture was incubated at 37 °C for 30 minutes to allow 
for complete �ibrin polymerization and the formation of a stable three-dimensional scaffold.  

Animals and primary cell isolation. Primary cells were obtained from 2-5 day-old, 
outbred neonatal rats (n = 40) with body mass approximately 5 g. Brainstem tissue containing 
the raphe nuclei and femoral bone marrow were collected from the same animals to isolate 
serotonergic neurons and MSCs, respectively, thereby reducing the total number of animals 
used in accordance with the 3R principles. 

Neonatal rats were euthanized by rapid decapitation prior to tissue collection. 
Decapitation is an acceptable method of euthanasia for neonatal rats (under 10 days of age) 
without prior anesthesia, as it results in rapid loss of consciousness due to the immaturity of 
the neonatal nervous system [22]. Brainstem tissue containing the raphe nuclei was dissected 
and mechanically dissociated by gentle trituration using pipettes to obtain a single-cell 
suspension of serotonergic neurons. Cell viability was determined using the trypan blue 
exclusion assay. 

Bone marrow cells were isolated from the epiphyses of long bones of neonatal rats 
under sterile conditions. The obtained cell suspension was seeded in culture �lasks Nunclon 
(Thermo Fisher Scienti�ic, USA) in DMEM (cat. No. 11-965-92, Gibco, USA,) supplemented with 
10 % fetal bovine serum (cat. No. A5256701, Gibco, USA) and incubated at 37 °C in a 
humidi�ied atmosphere with 5 % CO₂ incubator ES 160 (Nὓve, Turkey). After 24 hours, non-
adherent cells were removed by medium replacement. 

The remaining plastic-adherent cells were cultured and passaged upon reaching 70-80 % 
con�luence. Cells were expanded up to passage 3 (P3) to enrich for mesenchymal stromal cells 
and reduce the proportion of non-mesenchymal adherent populations, including 
hematopoietic and monocyte/macrophage lineage cells. At passage 3, the culture consisted 
predominantly of �ibroblast-like spindle-shaped cells. The mesenchymal stromal phenotype 
was con�irmed by positive expression of CD105 and low or absent expression of 
hematopoietic markers CD34. Immunocytochemical staining was performed using rabbit 
polyclonal anti-CD105 antibody (cat. No. ab157059, Abcam, USA) and rabbit monoclonal anti-
CD34 antibody (cat. No. ab81289, Abcam, USA), followed by detection with the EnVision+ 
System-HRP Labelled Polymer Anti-Rabbit reagent (cat. No. K4003, Agilent Dako, Denmark). 

MSCs were characterized using criteria commonly applied in experimental studies of 
rodent bone marrow-derived stromal cells. It should be noted that the minimal criteria 
proposed by the International Society for Cellular Therapy were originally established for 
human MSCs and are not strictly applicable to rodent-derived cells due to interspecies 
differences and the absence of universally accepted standards for rat MSCs. In the present 
study, the obtained cell population was de�ined as MSC-enriched based on the following 
features: 

• adherence to plastic under standard culture conditions; 
•  �ibroblast-like spindle-shaped morphology at passage 3; 
• positive expression of CD105 and low expression of CD34. 
These characteristics are consistent with MSC-enriched stromal populations described 

in preclinical rodent studies [23, 24]. The resulting cell population was considered an MSC-
enriched stromal culture and was used for subsequent experiments. Primary serotonergic 
cells isolated from raphe nuclei were used without passaging. 
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Neuroinductor supplementation and incorporation of cells. To generate modi�ied 
�ibrin gel matrices, neuroinductive factors were added to PRP immediately prior to activation. 
The following supplements were used: 

• all-trans retinoic acid (cat. No. R2625, Sigma-Aldrich, Germany), 1.0 µM dissolved in 
ethanol (�inal ethanol concentration 0.1 % v/v); 

• rat brain-derived neurotrophic factor, 50 ng/mL (cat. No. 400-02,Thermo Fisher, USA);  
• rat nerve growth factor, 80 ng/mL (cat. No. 400-01, Thermo Fisher, USA). 

Serotonergic cells isolated from raphe nuclei were incorporated into the �ibrin gel at a 
�inal concentration of 1×10⁶ cells/mL. The anatomical localization of the raphe nuclei served 
as the primary basis for serotonergic cell enrichment. Cells were cultured within �ibrin gel 
constructs approximately 3-5 mm in size. Cell viability prior to incorporation was 73.0 ± 2.2 %. 

For experiments with mesenchymal stem cells, adherent MSC cultures were detached, 
counted, adjusted to 1×10⁶ cells/mL, and incorporated into the �ibrin gel matrix. Cells were 
cultured within �ibrin gel constructs approximately 3-5 mm in size. The mean cell viability 
prior to incorporation was 84 % (three independent preparations).  

Cell culture conditions. Cell cultures were maintained for 14 days under standard 
culture conditions (37 °C, 5 % CO₂). Culture medium was replaced every 3-4 days. 
Morphological changes were evaluated on days 3, 10, and 14 using phase-contrast microscope 
TS 100 (Nikon, Japan). 

The experimental groups included: 
1. serotonergic cells from the raphe nuclei cultured in �ibrin gel; 
2. MSCs cultured in �ibrin gel without neuroinductors (control); 
3. MSCs cultured in �ibrin gel supplemented with RA; 
4. MSCs cultured in �ibrin gel supplemented with NGF; 
5. MSCs cultured in �ibrin gel supplemented with BDNF. 

Determination of serotonin. Serotonin production in raphe-derived cultures was 
analyzed on day 14 using two complementary approaches: 

• histochemical detection using glyoxylic acid (cat. No. 12017, Thermo Fisher Scienti�ic, 
USA) using the Falk–Hillarp method; 

• quantitative determination using ELISA BA E-5900R kit (Labor Diagnostika Nord GmbH 
& Co. KG, Germany). 
Serotonin concentrations were normalized to total protein content. 
Gene expression analysis (Table 1). Total RNA was isolated using the RNeasy Mini Kit 

(cat. No. 74104, QIAGEN, Germany) and centrifuge MIKRO 185 (Andreas Hettich GmbH & Co. 
KG, Germany) according to the manufacturer’s instructions. The purity and integrity of RNA 
molecules were considered suf�icient if during ampli�ication without reverse transcriptase 
using housekeeping genes (Gapdh) - the ampli�ication product was not recorded, and after RT-
PCR Gapdh an ampli�ication product of <25Ct was observed. Complementary DNA (cDNA) was 
synthesized using the RevertAid™ First Strand cDNA Synthesis Kit (Thermo Fisher Scienti�ic, 
USA). 

 
Table 1. Marker genes analyzed in cultured cells 

Gene Biological role Marker type 
ETS-domain transcription 
factor 1 (Pet1) 

Transcription factor and key regulator of 
serotonergic neuronal differentiation. 

Serotonergic 
marker 

NK2 homeobox 2 (Nkx2-2) Transcription factor required for the 
development of serotonergic neurons. 

Serotonergic 
marker 

Tryptophan hydroxylase 2 
(Tph2) 

Enzyme catalyzing the rate-limiting step of 
serotonin biosynthesis from tryptophan. 

Serotonergic 
marker 
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Solute carrier family 6 member 
4 (serotonin transporter), 
Slc6a4 (Sert) 

Membrane serotonin transporter 
responsible for serotonin reuptake into 
presynaptic terminals. 

Serotonergic 
marker 

Nestin (Nes) Intermediate �ilament protein expressed in 
neural progenitor cells. 

Early neural 
marker 

Tubulin beta 3 class III (Tubb3) Structural microtubule protein 
characteristic of neuronal differentiation. 

Neuronal marker 

Glial �ibrillary acidic protein 
(Gfap) 

Astroglial marker indicating glial 
differentiation. 

Astroglial marker 

Oligodendrocyte transcription 
factor 2 (Olig2) 

Regulator of oligodendrocyte 
differentiation and myelin formation. 

Oligodendroglial 
marker 

Gapdh Reference gene used for normalization of 
PCR band intensity. 

Reference gene 

Semi-quantitative RT-PCR (Table 2). PCR ampli�ication was performed using a Tercyk 
thermal cycler (DNA Technology) with the PCR-core kit (Genpaq). Annealing temperatures 
were selected according to the melting temperature of each primer pair and ranged from 56 to 
58 °C. The number of ampli�ication cycles (26–30) was optimized to ensure ampli�ication 
within the linear range suitable for semi-quantitative densitometric analysis. Primer 
speci�icity was veri�ied in silico using NCBI Primer-BLAST for Rattus norvegicus. Each PCR 
series included a negative control without template DNA. 

 
Table 2. Primers used for gene expression analysis in Rattus norvegicus. 
Gene Forward primer (5′→3′) Reverse primer (5′→3′) Amplicon (bp) 

Nes GGAGTGTCGCTTAGAGGT CCGGACTTCCTTGAGGACT 483 
Tubb3 GGCCTCCTCTCACAAGT CGCCCTCTGTATAGTGC 170 
Gfap CTCGTGTGGATCTGGAGAGGAA GCCCTCCAGCAATTTCCTGTAG 572 
Olig2 ACACCACCACGTGTCGGCTA CTGCGTCTCTTCTAAGCCCAGA 450 
Gapdh GGGGGCTCTCTGCTCCTCCC CAGGCGTCCGATACGGCCAA 309 
Nkx2-2 GAAGCGCCGAGTGCTCTTCTCC CGAGCTGTACTGGGCGTTGT 374 
Pet1 AGCAAGCCTAACATGAACTAC AAGTCAAAGCGGTAGGCG 109 
Tph2 TACCTGAGCCCAAGAGACTTCCT GCTCATGGCATGTGTCTGGTT 184 
Slc6a4 GCGGAGATGAGGAATGAAGATGTG AGGAAGAAGATGATGGCAAAGAACG 127 

Densitometric analysis. PCR products were separated by electrophoresis in 2 % 
agarose gel containing ethidium bromide (agarose A4718 and ethidium bromide E7637, 
Sigma-Aldrich/Merck, Germany) and visualized using a UV transilluminator UVT-1 (Biocom). 
Band intensities were quanti�ied by densitometric analysis using ViTran software (Biocom). 
All analyses were performed using three independent biological replicates for each 
experimental group. 

Statistical analysis. Densitometric values are presented as mean ± standard deviation 
(SD) in arbitrary units (a. u.) for descriptive purposes. Analyses were based on three 
independent biological replicates per group. Normality of distribution was assessed using the 
Shapiro–Wilk test and was not con�irmed. Therefore, inferential statistical analysis was 
performed using the Kruskal–Wallis test followed by Dwass-Steel-Critchlow-Fligner (DSCF) 
post hoc pairwise comparisons. Statistical signi�icance was set at p < 0.05. Statistical analyses 
were performed using Jamovi software (v. 2.3.21.0). 
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Results and discussion 
Cultivation of raphe nuclei cells in platelet-enriched �ibrin gel. 
It was established that already on days 2–3 of cultivation, neural cells actively migrated 

from the platelet-enriched �ibrin gel, forming a peripheral growth zone (Fig. 1 A–C). During 
this period, the cells gradually changed their morphology: the rounded shape typical of the 
suspension state transformed into polymorphic forms, including polygonal, spindle-shaped, 
pear-shaped, and other morphologies characteristic of neuron-like cells in vitro. No signs of 
cellular destruction were observed throughout the entire cultivation period. 

 

A  B  C  

D  E  F  

G  H  I  
Fig. 1. Micrographs of raphe nuclei-derived cell cultures from neonatal rats in platelet-enriched 
�ibrin gel. Representative phase-contrast microscopy images. (A–C) Day 3 of cultivation: 
migration of cells from the �ibrin gel and formation of a growth zone; (D–F) Day 14 of 
cultivation: formation of a dense cellular network around the �ibrin gel and partial degradation 
of the matrix; (G–I) Day 14 of cultivation: histochemical detection of serotonin using the Falk–
Hillarp method. 

 
By days 10–14 of cultivation, a dense cellular growth zone had formed around the 

�ibrin gel (Fig. 1 D–F). During this stage, partial degradation of the �ibrin matrix and 
consolidation of the cellular network were observed. The formation of the cellular structure 
was accompanied by the development of neuron-like morphology with branched cellular 
processes. 

Histochemical staining using the Falk-Hillarp method performed on day 14 of 
cultivation (Fig. 1 G–I) revealed numerous cells containing serotonin granules in the 
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cytoplasm. These cells formed contacts with each other as well as with neighboring cells both 
within the �ibrin gel and outside its boundaries. The granules were predominantly localized in 
the cytoplasm and occasionally in the region of axon hillocks (the site of axon emergence), 
which may correspond to early stages of axonal transport of the neurotransmitter. 

The formation of a branched network of cellular processes typical of serotonergic 
neuronal cultures in vitro was observed. Quantitative analysis using ELISA con�irmed the 
presence of serotonin: its content on day 14 of cultivation reached 0.69 ± 0.12 ng/mg protein 
(n = 3). 

 
Analysis of genes involved in serotonin biosynthesis. 
Molecular genetic analysis demonstrated that during cultivation of raphe nuclei cells 

within the �ibrin gel matrix, the expression of key genes associated with serotonergic 
differentiation – Pet1, Nkx2-2, Tph2, and Slc6a4 – was preserved. These genes are known 
markers of serotonergic neurons; therefore, their detection indicates maintenance of the 
serotonergic phenotype of raphe neurons during cultivation in the �ibrin matrix. 

 
 

М 
Nkx2-2 
374 bp 

Pet1 
109 bp 

Tph2 
184 bp 

Slc6a4 
127 bp 

 3d 14d 3d 14d 3d 14d 3d 14d 

     
 A B C D 

Fig. 2. Micrographs of agarose gel electrophoresis results showing RT-PCR detection of 
serotonergic phenotype-associated genes in raphe nuclei-derived cells cultured in platelet-
enriched �ibrin gel. M, molecular weight marker. (A) Nkx2-2 (374 bp), (B) Pet1 (109 bp), (C) 
Tph2 (184 bp), and (D) Slc6a4 (127 bp). Panels are presented as composites assembled from 
separate native gel images. Only linear adjustments of brightness and contrast were applied 
equally across the entire image. Day 3 lanes for Tph2 and Slc6a4 were loaded but showed no 
visible ampli�ication product under the applied conditions. 
 

RT-PCR analysis showed that Nkx2-2 and Pet1 expression was detectable in raphe 
nuclei-derived cells as early as day 3 of cultivation (Fig. 2A, B). By contrast, no visible 
ampli�ication products for Tph2 or Slc6a4 were observed at this time point under the applied 
conditions, whereas distinct bands were detected on day 14 (Fig. 2C, D). Together, these 
results support maintenance of molecular features consistent with a serotonergic phenotype 
in the �ibrin gel culture system. 

These observations are consistent with the known biological activity of platelet-derived 
�ibrin matrices. Platelet-derived growth factors such as IGF-1, FGF, and HGF present in �ibrin 
scaffolds can activate PI3K/AKT and MAPK/ERK signaling pathways that support neuronal 
survival and maintenance of neuronal phenotype [1, 2, 25, 26]. The formation of branched 
cellular networks together with the detection of intracellular serotonin suggests that the �ibrin 
gel provides a permissive three-dimensional microenvironment capable of supporting 
survival and phenotype maintenance of serotonergic cells in vitro. 
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Cultivation of bone marrow mesenchymal stem cells in platelet-enriched �ibrin gel 
under neuroinductive conditions. 

In all samples examined during 1-14 days of cultivation, active cell migration and the 
formation of a peripheral growth zone were observed. In control samples, a typical monolayer 
of �ibroblast-like cells gradually formed (Fig. 3 A–D), whereas in the presence of 
neuroinductive factors a more complex cellular network composed of polymorphic cells 
developed (Fig. 3 E–O). 

 

Fig. 3. Micrographs of bone marrow mesenchymal stem cell cultures from neonatal rats in 
platelet-enriched �ibrin gel under neuroinductive conditions. Representative phase-contrast 
microscopy images: control cultures without neuroinductive factors (A–D); cultures in the 
presence of BDNF (E–H); cultures in the presence of NGF (I–L); cultures in the presence of RA 
(M1, M2–O). 

 
Under the in�luence of RA, BDNF, and NGF, bone marrow cells displayed morphological 

features characteristic of neuron-like cells in vitro. Cells with polygonal, pear-shaped, or 
spindle-shaped bodies were observed, exhibiting uni- (Fig. 3 J), bi- (Fig. 3 I, M), and multipolar 

Bone marrow-derived MSCs cultured in �ibrin gel without neurogenesis inducers 

A  B  C  D  
Day 1  Day 3  Day 10  Day 14  

Bone marrow-derived MSCs cultured in �ibrin gel in the presence of BDNF 

E  F  G  H  
Day 10  Day 10  Day 14  Day 14  

Bone marrow-derived MSCs cultured in �ibrin gel in the presence of NGF 

I  J  K  L  
Day 10  Day 14  Day 14  Day 14  

Bone marrow-derived MSCs cultured in �ibrin gel in the presence of RA 

M1  M2  N  O  
Day 10  Day 14  Day 14  
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cellular processes (Fig. 3 F, G). Some cells demonstrated morphological features resembling 
astrocyte-like cells in vitro, including an enlarged cytoplasmic volume, occasionally 
asymmetric nuclei, and characteristic spreading with the formation of branched processes 
(Fig. 3 F-H). 

In addition, small cells with numerous short processes and dichotomous branching 
were observed, morphologically resembling oligodendrocyte-like cells (Fig. 3 E, I). In samples 
treated with RA, the formation of intercellular contacts and multicellular �ibers composed of 
numerous cellular processes was observed (Fig. 3 M–O). In contrast, control cultures without 
neuroinductive factors showed only a gradual increase in the density of the cellular monolayer 
formed during the early stages of cultivation. The observed morphological diversity in 
cultures treated with RA, NGF, and BDNF is consistent with neural lineage-associated 
responses in bone marrow-derived MSCs [23, 31, 33]. 

Gene expression analysis of neural lineage-associated markers in bone marrow 
mesenchymal stem cells cultured in a �ibrin gel matrix under neuroinductive conditions. 

Molecular analysis showed that bone marrow mesenchymal stem cells cultured in a 
�ibrin gel matrix under neuroinductive conditions exhibited differential expression of genes 
associated with neural lineage commitment. The analyzed markers re�lect lineage-associated 
molecular changes rather than de�initive acquisition of fully mature neural phenotypes: Nestin 
(Nes) is widely used as an early neural progenitor marker, βIII-tubulin (Tubb3) is associated 
with neuronal lineage commitment, whereas Gfap and Olig2 are related to astroglial and 
oligodendroglial differentiation, respectively [23, 27, 28]. 

Densitometric analysis showed that neuroinductive factors differentially modulated 
neural marker expression in rat bone marrow-derived MSCs cultured in �ibrin gel. According 
to the non-parametric post hoc analysis, signi�icant differences in Nes expression were 
detected only between the control and RA-treated groups (p = 0.045). Tubb3 expression 
differed signi�icantly between control and RA (p = 0.044), as well as between NGF and RA (p = 
0.044). For Gfap, signi�icant differences were observed between control and BDNF (p = 0.045) 
and between control and RA (p = 0.045). For Olig2, signi�icant differences were found between 
control and NGF (p = 0.045) and between control and RA (p = 0.045), whereas no other 
pairwise comparisons reached statistical signi�icance. 

RA produced the most pronounced increase in Nes, Tubb3, and Gfap expression, 
whereas NGF showed the strongest association with Olig2 expression. These results suggest 
that RA exerted the strongest overall effect on neural lineage-associated gene expression, 
while NGF was most strongly associated with Olig2 expression [29]. 

 
Table 3. Densitometric analysis of neural marker expression in rat bone marrow mesenchymal 
stem cells cultured in �ibrin gel under neuroinductive conditions. 

Gene Control NGF BDNF RA Signi�icant pairwise comparisons 
(DSCF post hoc) 

Nes 1.58 ± 
0.116 

1.84 ± 
0.129 

2.26 ± 
0.175 

2.72 ± 
0.213 Control vs RA (p = 0.045) 

Tubb3 2.02 ± 
0.128 

2.10 ± 
0.173 

2.72 ± 
0.116 

3.04 ± 
0.150 

Control vs RA (p = 0.044); NGF vs RA (p = 
0.044) 

Gfap 2.06 ± 
0.108 

2.38 ± 
0.208 

3.04 ± 
0.121 

3.24 ± 
0.157 

Control vs BDNF (p = 0.045); Control vs 
RA (p = 0.045) 

Olig2 2.04 ± 
0.163 

3.06 ± 
0.129 

2.78 ± 
0.086 

2.98 ± 
0.107 

Control vs NGF (p = 0.045); Control vs RA 
(p = 0.045) 

Note. Densitometric values are presented as mean ± SD in arbitrary units (a.u.) for descriptive 
purposes. Analyses were based on three independent biological replicates per group (n = 3). 
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Because the data did not follow a normal distribution, inferential statistical analysis was 
performed using the Kruskal–Wallis test followed by Dwass–Steel–Critchlow–Fligner (DSCF) post 
hoc pairwise comparisons. 
 

Nes 
483 bp 

Tubb3 
170 bp 

Gfap 
572 bp 

Olig2 
450 bp 

M a b c d a M b c d a b c d a M b c d 

   
 

A B C D 
Fig. 4. Micrographs of representative agarose gel electrophoresis results of RT-PCR products for 
neural lineage-associated marker genes in rat bone marrow mesenchymal stem cells cultured in 
�ibrin gel under neuroinductive conditions. Amplicon sizes were as follows: Nes, 483 bp (A); 
Tubb3, 170 bp (B); Gfap, 572 bp (C); and Olig2, 450 bp (D). Panels are presented as composites 
assembled from separate native gel images. The Gfap panel is shown without a visible molecular 
weight marker lane because the marker was not loaded during that gel run. In panels A, B, and 
D, lanes correspond to M, a, b, c, and d; in panel C, lanes correspond to a, b, c, and d.  
Notes: M – molecular weight marker; a – control; b – NGF-treated group; c – BDNF-treated 
group; d – RA-treated group. 
 

Overall, the tested neuroinductive factors produced distinct response pro�iles, 
indicating differential modulation of neural lineage-associated molecular programs in MSCs 
cultured within the �ibrin matrix. These �indings are consistent with previous studies 
demonstrating that MSC neurogenic differentiation depends on the type of inductive stimuli 
and culture conditions [23]. 

Moreover, the response of MSCs is strongly in�luenced by the microenvironment, 
including scaffold-based systems that mimic the neural niche [30]. Neurotrophic factors such 
as NGF and BDNF are known to regulate neuronal survival, differentiation, and neurite 
outgrowth, and are actively involved in MSC-mediated neuroregenerative processes [31, 32, 
33]. In addition, MSCs exert their effects through the secretion of bioactive molecules and 
extracellular vesicles that promote neurogenesis and angiogenesis [34]. Importantly, �ibrin-
based matrices enriched with platelet-derived factors provide a bioactive microenvironment 
that may further enhance these effects through paracrine signaling mechanisms [31, 35]. 

A limitation of the present study is that neural lineage-associated changes in MSCs 
were evaluated primarily by morphological assessment and semi-quantitative gene 
expression analysis; therefore, additional functional, immunophenotypic, and 
electrophysiological studies are required to con�irm acquisition of mature neural or glial 
phenotypes. 

 
Conclusions 
The platelet-enriched �ibrin gel matrix provided a bioactive three-dimensional 

microenvironment that supported survival of serotonergic cells and modulated neural marker 
expression in mesenchymal stem cells under neuroinductive conditions. These �indings are 
consistent with neural lineage-associated molecular responses, although additional 
quantitative and functional validation is required to con�irm mature neural differentiation. 
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