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"And no one showed us to the land 

And no one knows the where’s or why’s 

But something stirs and something tries 

And starts to climb toward the light." 

- Pink Floyd, Echoes (1971) 
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Abstract in Polish (streszczenie) 

 

Jednym z kluczowych wyzwań terapii komórkowej jest uzyskanie komórek o wysokim potencjale 

terapeutycznym. Takie komórki powinny charakteryzować się zdolnością do: 

• wysokiej przeżywalności po transplantacji; 

• skutecznej repopulacji tkanki; 

• długotrwałej aktywności wydzielniczej wspierającej endogenne procesy naprawcze. 

Badania wskazują, że optymalizacja rodzaju komórek oraz warunków hodowli in vitro może 

poprawić ich skuteczność terapeutyczną. Szczególne trudności pojawiają się  

w kontekście regeneracji ośrodkowego układu nerwowego (OUN). Dotychczasowe terapie  

z wykorzystaniem somatycznych komórek macierzystych nie przyniosły satysfakcjonujących wyników, 

głównie ze względu na ograniczony potencjał do różnicowania neuralnego i funkcjonalnego. Wiele 

doniesień wskazuje, że w tej kwestii potencjalnie najlepsze narzędzie terapeutyczne mogą stanowić 

neuralne komórki macierzyste/progenitorowe (NSCs- neural stem/progenitor cells). NSCs 

wyróżniają się wysokim potencjałem do różnicowania w dojrzałe komórki nerwowe oraz zdolnościami 

wydzielniczymi dopasowanymi do aktywacji endogennej neurogenezy. Jednakże, ich przeżycie oraz 

proliferacja po transplantacji stanowi duże wyzwanie. Dodatkowo, wyniki badań nad NSCs są 

niespójne, a większość eksperymentów przeprowadzono na komórkach zwierzęcych (mysich  

i szczurzych), co wynika z ograniczonej dostępności ludzkiego materiału komórkowego oraz aspektów 

etycznych. 

Znaczenie mikrośrodowiska dla terapii NSCs 

Kluczowym elementem skutecznej terapii jest lepsze zrozumienie mikrośrodowiska mózgu (w tym 

niszy komórek macierzystych) i jego wpływu na NSCs. Nisza neuralna reguluje ich losy poprzez: 

• bodźce biochemiczne (czynniki wzrostu, hormony, peptydy); 

• czynniki biofizyczne (ciśnienie, naprężenia mechaniczne); 

• interakcje komórkowe. 

Istotnym elementem niszy neuralnej jest również płyn mózgowo-rdzeniowy  

(CSF-cerebrospinal fluid), regulujący przeżycie, proliferację i różnicowanie NSC, choć jego rola  

w neurogenezie osób dorosłych nie jest do końca poznana. 

W związku z powyższym, głównymi kierunkami moich badań były: 

1. Izolacja i długoterminowa hodowla ludzkich NSCs, 

2. Zrozumienie roli NSCs w regeneracji tkanki nerwowej, w tym określenie niszy sprzyjającej 

ich przeżyciu i proliferacji. 

3. Porównanie NSCs ludzkich, mysich i szczurzych, by wyjaśnić różnice międzygatunkowe. 

4. Ocena wpływu warunków przestrzennych, suplementacyjnych i dysocjacyjnych   

na właściwości NSCs. 

Metodyka: 

• Do badań wykorzystano ludzkie płodowe NSCs (fhNSCs- fetal human neural 

stem/progenitor cells) oraz NSCs izolowane z nowonarodzonych osesków myszy (mNSCs- 

mouse neural stem/progenitor cells) i szczurów (rNSCs- rat neural stem/progenitor cells). 

• Oceniono wpływ czynników obecnych w środowisku takich jak bazowy czynnik wzrostu 

fibroblastów (bFGF- basic fibroblast growth factor) i epidermalny czynnik wzrostu (EGF- 

epidermal growth factor), glutamina oraz CSF na rozwój NSCs. 

• Analizowano przeżycie, proliferację, zdolności wydzielnicze i różnicowanie NSCs 

preinkubowanych z CSF in vitro w różnych warunkach hodowlanych, ex vivo  

w obecności organotypowej hodowli skrawków hipokampa szczura (OHC- organotypic rat 

hippocampal slices culture) poddanej okresowej deprywacji tlenu oraz glukozy (OGD- 
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oxygen-glucose deprivation) oraz in vivo (w modelu ogniskowego uszkodzenia mózgu po 

podaniu ouabainy) 

Kluczowe wyniki: 

1. Literaturowe rozbieżności w badaniach NSCs wynikały m.in. z różnic 

międzygatunkowych i warunków hodowlanych. 

2. NSCs pozyskane od wszystkich badanych gatunków wymagały bezpośredniej hodowli po 

izolacji, co znacząco podtrzymywało ich przeżycie. 

3. Kluczowe dla hodowli NSCs okazały się: 

• odpowiednie stężenie bFGF i EGF-20 ng/mL dla obu czynników; 

• obecność glutaminy w pożywce; 

• odpowiednią metodę dysocjacji. 

4. Potencjał migracyjny NSCs pozyskanych od wszystkich badanych gatunków zmienia się 

w czasie, co ma istotne znaczenie dla interpretacji badań in vivo. 

5. NSCs hodowane w pożywce z CSF wykazują wysoki potencjał neuroprotekcyjny oraz 

zmieniony potencjał wydzielniczy w stosunku do NSCs kontrolnych, po współhodowli  

z uszkodzoną tkanką nerwową. 

Wnioski i perspektywy: 

• NSCs wykazują znaczący potencjał terapeutyczny w leczeniu schorzeń OUN, takich jak udar 

mózgu oraz choroby neurodegeneracyjne. 

• Skuteczność terapii jest ściśle uzależniona od odpowiedniego mikrośrodowiska hodowli 

komórkowej, naśladującego warunki panujące w mózgu. 

• Sam przeszczep NSCs do uszkodzonej tkanki nerwowej nie gwarantuje  

sukcesu- kluczowe jest zrozumienie interakcji komórek z naturalnym mikrośrodowiskiem oraz 

optymalizacja warunków hodowli w warunkach laboratoryjnych, tak aby zachować ich 

właściwości terapeutyczne. 

• CSF jako integralny element mikrośrodowiska NSCs może odgrywać szczególną rolę  

w poprawie ich przeżywalności i funkcjonalności, co stanowi obiecujący kierunek dalszych 

badań. 

• Wykorzystanie powyższych ustaleń może przyczynić się do rozwoju skuteczniejszych strategii 

terapeutycznych w leczeniu chorób neurodegeneracyjnych i uszkodzeń OUN. 
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Abstract 

 

One of the key challenges in cell therapy is obtaining cells with high therapeutic potential. Such 

cells should be characterized by the ability to: 

• efficient survival after transplantation; 

• effective tissue repopulation; 

• long-term maintenance of the secretory activity supporting endogenous repair processes. 

Research indicates that optimizing both the type of cells and the in vitro culture conditions can 

enhance their therapeutic efficacy. This challenge becomes particularly complex in the context of central 

nervous system (CNS) regeneration. To date, therapies utilizing somatic stem cells have not yielded 

satisfactory results, primarily due to their limited potential for neural and functional differentiation. 

Numerous reports suggest that in this matter, neural stem/progenitor cells (NSCs) may contribute as 

the most promising therapeutic tool. NSCs are characterized by a high potential to differentiate into 

mature neural lineage cells and a secretory profile that supports the activation of endogenous 

neurogenesis. However, their survival and proliferation maintenance after transplantation remain 

significant challenges. Furthermore, results of NSC-related studies are often inconsistent, with  

the majority conducted using animal-derived cells (mouse and rat) due to limited access to human cell 

material and ethical considerations. 

The role of the microenvironment in NSC therapy 

A critical factor for effective therapy is a better understanding of the brain's microenvironment 

(including the stem cell niche) and its influence on NSCs. The neural niche regulates the NSC fate 

through: 

• biochemical signals (growth factors, hormones, peptides); 

• biophysical factors (pressure, mechanical stress); 

• cell-cell interactions. 

Another key component of the neural niche is the cerebrospinal fluid (CSF), which regulates NSC 

survival, proliferation, and differentiation, although its role in adult neurogenesis is not yet fully 

understood. 

Considering the above, the main objectives of my research were: 

1. Isolation and long-term culture of human NSCs; 

2. Understanding the role of NSCs in neural tissue regeneration, including defining the niche 

favorable for their survival and proliferation; 

3. Comparing human, mouse, and rat NSCs to clarify interspecies differences; 

4. Evaluating the impact of spatial, nutritional, and dissociation conditions on NSC 

properties. 

Materials and methods: 

• The study utilized fetal human neural stem/progenitor cells (fhNSCs), as well as NSCs 

isolated from neonatal mouse (mNSCs) and rat (rNSCs) pups. 

• The effects of environmental factors such as basic fibroblast growth factor (bFGF), 

epidermal growth factor (EGF), glutamine, and CSF on NSCs development were 

investigated. 

• CSF-treated NSC survival, proliferation, secretory activity, and differentiation were analyzed 

in various in vitro culture conditions, ex vivo in the presence of organotypic hippocampal slice 

cultures (OHC) subjected to oxygen-glucose deprivation (OGD), and in vivo in a model of 

focal brain injury induced with ouabain. 
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Key findings: 

1. Discrepancies in NSC-related literature data were partly due to interspecies differences and 

variable culture conditions. 

2. Immediately after NSC isolation, direct culture was essential for maintaining cell survival 

across all species. 

3. Critical factors for a successful NSC culture include: 

• optimal concentrations of bFGF and EGF- 20 ng/mL for both factors; 

• the presence of glutamine in the medium; 

• the appropriate method of dissociation. 

4. NSC migratory potential changes over time, which is crucial when interpreting in vivo results. 

5. After co-culture with damaged neural tissue, NSCs cultured in medium with CSF exhibit a 

high neuroprotective potential and an altered secretory profile compared to control NSCs. 

Conclusions and Perspectives: 

• NSCs demonstrate significant therapeutic potential in treating CNS disorders, such as stroke 

and neurodegenerative diseases. 

• The efficacy of NSC-based therapies strongly depends on the surrounding cell culture 

microenvironment that mimics the conditions of the brain. 

• Transplanting NSCs into damaged neural tissue alone does not ensure therapeutic success. 

Understanding their interactions with the natural microenvironment and optimizing culture 

conditions is essential to preserving their therapeutic properties. 

• CSF as an integral component of the NSC niche may play a vital role in improving NSC 

survival and function, representing a promising direction for future research. 

• Implementing these findings could contribute to developing more effective therapeutic 

strategies for neurodegenerative diseases and CNS injuries. 
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Novelty of the dissertation 

This dissertation introduces novel findings across the following articles: 

Article I: "Critical Points for Optimizing Long-Term Culture and Neural Differentiation Capacity of 

Rodent and Human Neural Stem Cells to Facilitate Translation into Clinical Settings" 

• A first comprehensive analysis of selected interspecies variability and its impact on NSC 

culture standardization.  

• Identification of unreported challenges and inconsistencies in long-term NSC culture 

maintenance, emphasizing the need for optimized protocols that ensure reproducibility across 

species.  

• A new framework for bridging experimental NSC research with clinical translation, 

providing a valuable resource for regenerative medicine and therapeutic applications. 

Article II: "Understanding Intra- and Inter-Species Variability in Neural Stem Cells' Biology Is Key 

to Their Successful Cryopreservation, Culture, and Propagation" 

• The first comparative analysis of NSC biology across human, mouse, and rat species has been 

conducted in a single study, revealing that inter-species variability significantly influences 

NSC behavior alongside selected environmental factors. 

• Discovery that NSCs from humans, mice, and rats share one critical common feature- the need 

for immediate post-isolation culture to enhance their survival significantly. 

• There is new evidence that rat NSCs exhibit biological responses that more closely mimic human 

NSCs than mouse NSCs (such as neurosphere formation potential and neural differentiation 

stages).  

Article III: "Deciphering the Impact of Cerebrospinal Fluid on Stem Cell Fate as a New Mechanism 

to Enhance Clinical Therapy Development"  

• CSF was identified as a previously underappreciated regulator of NSC fate.  

• Demonstration of CSF’s role in shaping the NSC microenvironment by influencing their 

survival, differentiation, and integration into host tissue, which are the critical factors in 

regenerative medicine.  

• Proposal of CSF modulation as a novel mechanism to enhance NSC-based therapies, which 

could open new possibilities for improving clinical applications in neurological disorders. 

Article IV: "Unraveling the Impact of Human Cerebrospinal Fluid on Human Neural Stem Cell 

Fate"  

• Introduction of CSF modulation as an innovative strategy to improve the therapeutic potential 

of hNSC-based treatments for neurological disorders. 

• The discovery that human CSF directly influences NSC fate by inhibiting hNSC proliferation and 

regulating differentiation and altering their secretory profile, especially in response to 

damaged neural tissue. 

• The first evidence that hCSF actively supports neural tissue regeneration has been presented 

in this study. 

• The identification of hNSCs’ dynamic response post-ischemic injury: the initial secretion of 

proliferation-inducing factors, followed by immunomodulatory, proangiogenic,  

and neuroprotective factors’ release has been found. 
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1. Introduction 

 

Present challenges of regenerative therapy for neurological disorders 

Basic mechanisms of Neural Stem/Progenitor Cells’ (NSCs’) action  

In regenerative medicine, a significant hurdle persists in developing effective treatments for 

neurological diseases. The lack of proper treatment is primarily due to the complexity of the central 

nervous system (CNS). Damage to the CNS poses significant risks, often resulting in cognitive, motor, 

sensory, and organ dysfunction 1,2. The following changes in its cellular structure, cellular and 

biochemical composition, can be irreversible, posing challenges in understanding and investigating 

pathophysiology 3,4.  

A major goal of neuroregeneration is to boost endogenous neurogenesis, however, current 

therapeutic options face issues with their efficacy. To some degree, such spontaneous recovery can occur 

naturally. In the adult subventricular zone (SVZ) and subgranular zone (SGZ), endogenous neural stem 

cells typically remain in a quiescent state, and their number is limited 5. Their activation and proliferation 

occur predominantly in response to brain injuries such as trauma or ischemic stroke, where they 

endeavor to repair the damaged brain tissue. The neural niche, through the secretion of paracrine and 

autocrine signals, plays a pivotal role in modulating neural stem/progenitor cells (NSCs). While the 

exact origin of niche signals remains elusive, numerous studies have highlighted the influence of factors 

released by NSCs on the niche microenvironment 6,7. NSCs have also demonstrated a remarkable 

capacity for migration, even over considerable distances, to integrate into injured brain regions in 

various age groups 8. Still, the regenerative capacity of these activated cells is inherently restricted 9. 

Although some tissues’ niches, such as the intestine and skin, show active renewal, and others, including 

the liver and pancreas, regenerate more slowly, the CNS exhibits little to no self-renewal, leaving the 

reasons for its limited regenerative capacity largely unaddressed 10,11. 

Thus, current research is focused on finding efficient indirect methods to both stimulate the 

proliferation of endogenous NSCs and enhance their contribution to neural repair. As endogenous NSCs 

are in impenetrable areas, autologous administration so far seems to be almost impossible.  

Variability in NSC sources, their promise, and implications 

Although protocols for direct replacement therapy remain inadequate, stem cell administration 

has emerged as a glimmer of hope. The limited access to endogenous neural cell sources contributed  

to a comprehensive exploration of different therapeutically active cell types. For the treatment of 

neurological disorders, the choice of stem cells depends on the desired therapeutic effect, which includes 

the direct replacement of affected neural cells in damaged or degenerated tissue or the production of 

neurotrophic and immunomodulatory factors. Such cells should be characterized by great cell survival, 

proliferation, inflammation reduction, and stable secretory effect to support the host cells over  

an extended period, all while minimizing the adverse side effects of administration 12.  

To date, a dominant focus has been placed on mesenchymal stem/stromal cells (MSCs) due  

to their rich secretory capabilities and great availability 13–15. These cells can be easily accessed with 

almost non-invasive methods from several adult tissues, such as adipose tissue, bone marrow, or 

Wharton’s jelly 5. Nonetheless, clinical trials have underscored the limitations in MSC application, 

including limited survival post-transplantation and poorly understood neurorestorative properties 16–18. 

While most research indicates the safety of MSC-based therapies, individual adverse effects have also 

been reported, such as differentiation into undesirable cell types and initiation of an uncontrolled 

immune response 19–22. Human embryonic stem cells (hESCs), characterized by the capacity for 

extensive cell culture expansion and differentiation into diverse neuronal subtypes, face hurdles in 

clinical application. Ethical concerns regarding their derivation from embryos, scientific challenges such 

as immune-compatibility issues, and the risk of teratoma formation hamper their clinical use 23. Raised 
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concerns about the long-term safety of ESC-derived oligodendrocyte progenitor cells used in the spinal 

cord injury clinical trial led to early discontinuation in 2011 24. Tumor risk was part of broader safety 

considerations. Similarly, human induced pluripotent stem cells (hiPSCs) and their derivatives have also 

emerged as promising therapeutic candidates for neurological diseases. Despite the promising 

therapeutic potential, safety concerns have also been raised. Specifically, despite the preclinical findings 

suggesting their safety, issues such as tumor formation and inappropriate localization of transplanted 

cells have also been reported, underlining the importance of rigorous safety assessments and further 

research 25–30.    

Moreover, encouraging findings suggest they can modulate the local environment through 

secreted factors and act as chaperone cells for injured tissue 31. Additionally, they offer clonal expansion 

and genetic stability, making them suitable for precise genetic manipulations32. Multiple sources of 

NSCs have been explored for regenerative therapies, however, an ideal source has yet to be definitively 

identified 33. Each source has its own set of advantages and limitations: 

1. Fetal and adult CNS-derived NSCs- these cells are directly isolated from the CNS and exhibit  

a high degree of specialization. However, they are limited in availability and raise ethical 

concerns. 

2. Pluripotent stem cell-derived neural progenitors- iPSCs and ESCs can be differentiated into 

neural progenitors, offering a potentially unlimited source of NSCs. Nevertheless, issues such 

as genetic instability and the risk of teratoma formation need to be further investigated. 

3. Non-neural stem cells- MSCs and other non-neural stem cells have been investigated for their 

ability to transdifferentiate into neural lineages. While they are more accessible and less 

controversial, their neural differentiation efficiency is comparatively low. 

Taken together, due to the highest degree of differentiation and genetic stability, the most 

promising source of NSCs remains in the CNS. However, when it comes to developing proper research 

strategies, significant challenges persist. One of the major challenges is the poor survival rate of 

transplanted cells. The exact reason for their rapid loss with time remains difficult to address, whether 

due to a lack of essential support factors in the host environment, the presence of factors inhibiting their 

viability, inadequate pre-transplantation preparation, or specific vulnerabilities of the transplanted cells. 

Furthermore, even if the critical cell survival factors are identified, the data on whether their 

modification could effectively improve the outcomes is still inadequate or unknown34–36.  

 Addressing these obstacles possibly requires a two-step action: while we need more research 

that could allow us to observe the direct NSCs-niche interactions, first, we should take a step back to 

standardize protocols in NSC characterization, isolation, preparation, and transplantation dosage 

determination. These methodological variations, together with species-specific differences in NSC 

biology and inconsistencies in their characterization, hamper data comparability and the translation of 

preclinical findings into clinical applications. It is essential to acknowledge that conditions optimized 

for one species may yield different results in another. For example, translating findings from animal 

models to humans is complex, as protocols optimized for rodent-derived NSCs might not yield similar 

results in human cells. Overcoming these challenges is crucial for enhancing the therapeutic potential 

of NSCs in treating neurological disorders. 31,37–42. 
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Figure 1. Possible benefits of NSCs’ use in clinical trials suggest the need to further their studies on 

the preclinical level. 

The still underexplored role of the niche and its components in NSC Function 

In exploring the factors involved in regulating the behavior and fate of NSCs, the neural niche, 

which reflects the microenvironment surrounding NSCs, plays a crucial role. Key components such  

as extracellular matrix, signaling molecules, CSF, and interactions with other cell types significantly 

influence NSC proliferation, differentiation, and integration 43–46. Thus, understanding the dynamics of 

NSC-niche interactions is essential for optimizing NSC-based therapies. 

These interactions are also relevant for exogenous NSCs, which must adapt to the host 

environment and establish appropriate interactions with endogenous cells. Successful transplantation 

depends on their ability to form a proper communication network with local cells, integrate into  

the existing neural circuitry, and determine the niche factors that influence these NSCs. Current research 

is focused on mimicking the natural brain environment in vitro to study these interactions and develop 

more physiologically relevant models 47,48. 

Investigating each component of the neural niche provides insights into how these factors 

influence NSC behavior. CSF, in particular, plays a significant yet underappreciated role in maintaining 

the homeostasis of the neural environment and delivering essential nutrients and signaling molecules to 

NSCs 49–51. Moreover, the high dynamic range of CSF turnover supports neuropeptide and hormone 

signaling over considerable distances and periods, aligning with diurnal fluctuations 52. However,  

the direct mechanisms by which CSF influences NSC function remain poorly understood. By having  

a deeper understanding of these interactions, possible new strategies can be developed to enhance the 

integration and functionality of exogenous NSCs. For example, it might involve pre-conditioning NSCs 

before transplantation, engineering biomimetic scaffolds to support their survival and integration,  

or modulating the host environment to be more conducive to NSC function 53–56. 

In conclusion, while NSCs hold significant promise for treating neurological disorders, 

addressing several issues is essential (Figure 2). Developing treatment for neurological diseases is 

challenging due to the complex nature of CNS damage and the limited regenerative capacity of NSCs. 

Research focuses on stimulating endogenous NSCs and utilizing exogenous stem cells, while the clinical 

application still faces hurdles such as poor cell survival and safety concerns. Understanding the neural 
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niche's role in regulating NSC behavior is crucial for developing effective therapies and improving 

patient outcomes. 

 

 
Figure 2. Possible challenges in NSC use in therapy. 
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2. The objective of the dissertation 

 

 The general objective of the dissertation 

 

The main objective of this dissertation is to optimize the isolation and long-term culture 

method of NSCs to enhance their therapeutic application. The specific aims are described in Articles 

I, II, III, and IV. 

 

Specific objectives of the dissertation 

 

Article I  Systematic identification of the critical elements of NSC protocols, including cell 

isolation techniques, culture conditions, and growth factors, essential for 

maintaining cell viability, proliferation, and multipotency.  

This objective aims to address potential challenges and limitations during protocol 

optimization. 

 

Article II  Investigation of the inter-species variability in NSC functional properties, focusing 

on the effects of spatial, nutritional, and dissociation conditions on cell survival, 

proliferation, and differentiation.  

This objective seeks to determine the applicability of findings from rodent NSC research 

to human cells and identify species-specific responses crucial for developing clinically 

relevant NSC-based therapies. 

 

Article III Investigation of the CSF role in the NSC niche.  

This objective aims to compare the effects of CSF from different species, sources,  

and conditions on the survival, integration, and functionality of NSCs and describe the 

factors within CSF that could enhance NSC-based therapies by improving these 

properties, underlying potential mechanisms involved in CNS regeneration and repair. 

 

Article IV Assessment of the effects of preincubating human NSCs with human CSF from 

healthy donors that aims to recreate culture conditions which closely mimic the 

physiological brain environment.  

This objective evaluates the impact of CSF on the secretory, neurogenic,  

neuroprotective, and anti-inflammatory potentials of NSCs in the context of ischemic 

brain injury to enhance NSC survival, proliferation, and therapeutic efficacy using in 

vitro, ex vivo, or in vivo models. 
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3. Materials and Methods   

 

The combination of in vitro, ex vivo, and in vivo methods allows for a comprehensive assessment of 

NSC behavior and their therapeutic abilities, but requires careful interpretation of results due to the 

limitations of each model. Moreover, the comparison between the three species presented in this 

Dissertation can be hampered due to each of their unique biology. Additionally, the broad spectrum of 

both inter- and intra-species variability issues is described in Article I. 

In vitro model  

Isolation of NSCs 

NSC sources and isolation procedures 

Human Neural Stem/Progenitor Cells (hNSCs)  

In the presented studies, hNSCs were isolated from the fetal human brain following previously 

established protocols 57,58. In Article II, hNSCs were obtained from the Stem Cell Research Laboratory 

at the Department of Neurosurgery, University of Warmia and Mazury in Olsztyn, Poland. The isolation 

procedure involved careful dissection and enzymatic digestion (with Accutase) of the fetal brain tissue. 

Next, the cells were divided into two groups. The first group of cells was immediately cultured after 

isolation. The second one was directly cryopreserved to assess the influence of cryopreservation on their 

survival and proliferation potential. In Article IV, hNSCs were obtained from IRCCS Casa Sollievo 

della Sofferenza in San Giovanni Rotondo, Foggia, Italy. In both studies, the material was acquired 

legally and ethically, in accordance with local informed consent procedures.  
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Using NSCs from human brain tissue is particularly valuable as these cells closely mimic  

the cellular environment of the human brain. However, their use is greatly limited by their restricted 

availability. The isolation and culture of hNSCs are technically demanding, and these cells are highly 

delicate and require precise handling to maintain cell viability, expansion, and functionality.  

An additional challenge lies in ensuring their survival after transplantation. The variability in human 

samples, including gestational age and genetic background, presents additional limitations, potentially 

affecting the consistency of results. Working with human neural tissue is expensive due to the costs 

associated with ethical approvals, tissue acquisition, and specialized handling.  

Advantages: 

• The method provides a human-specific model ideal for detailed studies of human-specific 

cellular behaviors and responses. 

• It is useful in modeling human neurological diseases and testing therapeutics. 

Limitations: 

• The method is limited due to tissue availability and ethical concerns. 

• The variability in human samples (in gestational age, genetic background, and health 

conditions) can affect the consistency of results. 

• Technical complexity and high costs are associated with isolation and maintenance. 

• The lifespan of hNSCs in culture can be shorter compared to rodent models, which can limit the 

duration and scope of experiments. 

Mouse Neural Stem/Progenitor Cells (mNSCs) and Rat Neural Stem/Progenitor Cells (rNSCs)  

In Article II, newborn Wistar rats and C57BL/6J-type mice from the Mossakowski Medical 

Research Institute Animal Breeding House were used. The isolation protocol involved all  

the aforementioned procedures described for hNSCs to make a reliable comparison between the species. 

Due to the aforementioned limited utilization of human NSCs, numerous efforts have been made 

to identify animal models that would closely mimic human neural cell biology. Rodent NSCs are widely 

used in research due to their accessibility and the availability of established protocols. They are ideal 

for genetic manipulation and large-scale experiments. However, their relevance to human biology is 

limited, as there are still significant interspecies differences between rodent and human neural 

development and disease mechanisms.  

Advantages: 

• The method provides a well-established model with extensive characterization. 

• It is useful for high-throughput studies and genetic manipulations. 

Limitations: 

• Species differences may limit the direct application to human biology. The genetic homogeneity 

of laboratory rodent strains may not fully represent the genetic diversity found in human 

populations. 

• Variations in NSC characteristics between different rodent strains or species, as well as the age 

of the donors, can affect the consistency of experimental outcomes. 

• There might be ethical considerations regarding animal use. 

Culture/cryopreservation after cell isolation 

Given these challenges, we aimed to identify and compare the critical differences and 

similarities in the culture requirements, viability, and behavior of human versus rodent NSCs. Thus, in 

Article II, cell culture conditions were optimized to promote the survival and proliferation of NSCs. 

After the isolation, NSCs derived from humans, rats, and mice were divided into two groups: one group 

was directly cultured, while the second one was cryopreserved to assess and compare their effects on 

these parameters. 

Cryopreservation facilitates long-term storage of NSCs, allowing experiments to be conducted over 

extended periods and helping preserve valuable cell lines. However, this process can compromise cell 

viability and functionality, particularly in primary cells like NSCs, which typically tolerate only a limited 

number of freeze-thaw cycles before losing their regenerative potential. Additionally, even subtle 

variations in culture media, such as changes in pH, nutrient composition, or growth factor 
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concentrations, can significantly influence NSC behavior and experimental outcomes. The degradation 

of media components over time due to storage conditions or shelf life may also contribute to variability. 

Advantages: 

• Well-defined culture conditions support cell growth and maintenance, ensuring reproducibility.  

• Cryopreservation allows for long-term storage and future experimentation. 

Limitations: 

• Cryopreservation can impact cell viability and functionality. 

• Variations in culture media preparation can affect cell growth and experimental outcomes. 

• The stability of culture media components can affect the final results. 

• There is a limited number of freeze-thaw cycles of NSCs. 

Thawing 

In Article II, the cryopreserved cells were then undergoing the thawing procedure, which 

involves immediate warming of the cryotubes in a 37°C water bath for 2 minutes. This quick thawing 

is crucial to prevent the formation of ice crystals, which can damage cells.  

Advantages: 

• Rapid warming in a 37°C water bath minimizes ice crystal formation and cellular damage, 

which helps preserve cell viability.  

• Centrifugation effectively removes toxic cryoprotectants, enhancing cell viability. 

Limitations: 

• It can still cause stress to the cells, potentially affecting their viability and functionality. 

2D and 3D Culture  

Both 2D and 3D cultures were employed in Articles II and IV. In Article II, based on the 

literature, the optimal medium composition and seeding density for NSCs in these conditions were 

determined. The cell culture expansion in both articles was performed using 3D culture, while 2D culture 

was used to perform selected functional assays and phenotypic analysis. 

2D cultures are ideal for screening and studying the differentiation of cells, while 3D cultures 

better mimic the in vivo environment, providing a more physiologically relevant model. It is worth 

noting that 2D culture may not fully replicate the complex three-dimensional environment of tissues, 

potentially limiting the physiological relevance of the findings. However, the complexity of setting up 

3D cultures and analyzing results, such as immunofluorescence, makes them challenging to use. This 

method gives additional variables such as neurosphere size and nutrient diffusion to the core of the 

neurosphere, making experimental reproducibility difficult. 

Advantages: 

• 2D Culture: Simple, ideal method for high-throughput screening and studying cell 

differentiation. 

• 3D Culture: It better mimics the in vivo environment, providing a more physiologically relevant 

model. 

Limitations: 

• 2D Culture: May not fully replicate the complex 3D environment of tissues. 

• 3D Culture: Complex setup and maintenance; analysis can be challenging due to their structure. 

Enzymatic and mechanical dissociation 

For 3D cultures, neurospheres were mechanically (Article II and IV) and enzymatically 

(Article II) dissociated when they reached the desired diameter. For 2D cultures, when the cells reached 

the desired subconfluency, they were detached enzymatically with Accutase® solution and seeded into 

24-well or 96-well plates coated with Poly-d-lysine and laminin. 

Enzymatic dissociation is efficient and can be gentle on cells, helping to maintain their viability 

and surface markers. However, it can also induce stress or damage if not carefully optimized, potentially 

affecting cell function and survival. On the other hand, mechanical dissociation helps preserve cell 

surface markers and minimizes enzymatic damage, but it can physically damage cells and lead to uneven 

dissociation, complicating cell counting and experimental reproducibility. Mechanical dissociation is 

also more time-consuming and labor-intensive, especially with large volumes or multiple samples. 

Advantages: 
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• Enzymatic Dissociation: This method allows for efficient and consistent detachment of cells 

from the culture surface and provides gentle yet effective cell dissociation, minimizing cell 

damage and maintaining cell viability. 

• Mechanical Dissociation: It preserves cell surface markers and can reduce enzymatic damage. 

Limitations: 

• Enzymatic Dissociation: It can cause cell stress or damage, potentially affecting cell viability 

and functionality. Overexposure or improper usage can lead to significant cell death. 

Optimization of enzymatic dissociation protocols may be required for different cell types. 

• Mechanical Dissociation: It can lead to physical damage to cells and impact cell fate and 

experimental outcomes. The inconsistency in cell counting and experimental reproducibility 

may result from uneven dissociation, with some cells remaining clumped together while others 

remain fully dissociated. It can be time-consuming and labor-intensive, particularly when 

handling large volumes or numerous samples. 

Characterization of NSCs 

As presented in this subsection, methods are mostly well-established and commonly used by the 

laboratories, the description is shorter and focused on relevant advantages and limitations. 

Phenotypic and analytical analysis 

Immunofluorescence analysis 

Immunofluorescence analysis was used to analyze proliferation, inflammation, and neural 

markers. In Articles II and IV, it was performed on cells cultured under 2D and 3D conditions. For 3D 

cultures, in Article II, a new staining protocol was developed to visualize neurospheres without 

cryosectioning. The same protocol was used for ex vivo slices. 

In Article IV, in vivo brain sections were treated according to the protocol. 

Advantages:  

• The method provides detailed visualization of cellular markers. 

• 2D culture: Well-established, commonly used protocol. 

• 3D culture/ex vivo: Allows visualization of NSCs in a more physiologically relevant 3D 

environment.  

• in vivo: Enables the study of NSCs in their native tissue environment, providing insights into 

their in vivo behavior. 

Limitations:  

• 2D culture: 2D cultures do not replicate the complex 3D microenvironment of neural tissue, 

potentially affecting cell behavior and function. Lack of cell-cell interactions can alter cellular 

phenotype. 

• 3D culture/ex vivo: More complex and time-consuming than 2D staining; requires careful 

optimization to ensure antibody penetration. 

• in vivo: Invasiveness of the method, raising ethical concerns. 

Quantitative Real-Time PCR (qRT-PCR) Analysis 

In Article IV, qRT-PCR was used to quantify the expression of genes related to NSC 

proliferation and differentiation. Total RNA was isolated, converted to cDNA, and analyzed using the 

2-ΔΔCt method 13,59.  

Advantages:  

• Quantitative and sensitive, allowing for the assessment of specific genes. 

 Limitations:  

•  High-quality RNA is required. 

Cytokine and Chemokine Quantification 

In Article IV, a Luminex assay was used to measure cytokine concentrations in the culture 

medium obtained from different conditions and time points, allowing simultaneous quantification of 

selected cytokines and chemokines. 
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Advantages:  

• The method allows for the simultaneous measurement of multiple cytokines’ concentration. 

Limitations:  

• Sample handling, culture conditions, and storage can influence the results. 

Functional Assays 

Live/Dead Assay 

In Article II, cell viability was assessed using the Live/Dead™ assay.  

Proliferation Assay 

In Articles II and IV, cell proliferation was measured using the PrestoBlue™ assay.  

Lactate Dehydrogenase (LDH) Assay 

In Article II, cell viability was assessed by measuring LDH release with a colorimetric assay 

kit.  

Senescence Assay 

In Article II, cell senescence was evaluated using the CellEvent™ Senescence Green Detection 

Kit, measuring the β-galactosidase activity.  

Advantages:  

• It is a simple and quick method that provides a direct measure of cell viability, proliferation, 

membrane integrity, and senescence in different conditions. 

Limitations:  

• It does not distinguish between cell types and their differentiation stage. 

• The differences in metabolism between species can affect the interpretation of statistical 

comparisons 

• The detection of β-galactosidase activity is not entirely specific to senescent cells, as some non-

senescent cells can also express this enzyme under certain conditions. 

NSC Scratch Injury Assay 

In Article IV, a scratch assay was used to study the influence of CSF on NSC migration.  

Advantages:  

• It is a simple and cost-effective way to study cell migration and wound healing. 

Limitations: 

❖ The method lacks the complexity of the in vivo environment.  

Investigating neural niche effects on NSCs with CSF  

In Article IV, CSF in different concentrations was used to explore its effects on NSC 

differentiation, proliferation, secretory potential, and neuroprotection. The leftover CSF was collected 

from adult volunteers whose samples were not needed for further medical diagnosis.  

The neural niche's influence on transplanted NSCs remains poorly understood, along with  

the reasons behind their low post-transplant survival, which are still unclear. Using CSF offers a more 

physiologically relevant environment, but its application comes with challenges. CSF composition 

varies significantly between individuals due to factors like age, health status, and collection timing, 

presumably leading to inconsistent results. The limited volume of CSF, especially from human donors, 

restricts experimental use and often requires pooling, which may dilute specific biological signals. 

Moreover, CSF is highly sensitive to handling—exposure to light, temperature changes, or improper 

storage can degrade key components, compromising data reliability.  

Advantages: 

• CSF provides a medium that closely mimics the in vivo environment. 

• The method allows for identifying specific effects on NSC behavior, including differentiation, 

proliferation, and neuroprotection. 

 

 

http://rcin.org.pl



27 

  

Limitations: 

• The variability in CSF samples (individual differences, such as age, gender, underlying medical 

conditions, and the time of day when the sample was collected). 

• Sample volume of the obtained CSF may require pooling samples from multiple donors, which 

can reduce individual variability/dilute specific biomarkers or factors present in the CSF.  

• Exposure to light, temperature fluctuations, and improper storage conditions can lead to  

the degradation of proteins and other critical components in the CSF.  

• Contamination during collection, handling, or storage can cause artifacts.  

• The preparation and analysis of CSF samples require careful handling and precise protocols to 

avoid degradation and contamination.  

The differences in the available results and their possible explanation are described in Article III. 

Ex vivo model  

Organotypic Hippocampal Slices Culture (OHCs)  

The OHCs were utilized to study NSC interactions in a three-dimensional, tissue-like 

environment. In Article IV, OHCs from 7-day-old Wistar rats were cultured using a modified Stoppini 

method 60,61. The slices, prepared from rat hippocampi and cultured for 7 days, were then preselected 

and exposed to OGD to induce ischemic conditions.  

Ex vivo model, compared to in vitro, provides the next level of niche complexity by 

incorporating interactions between different neural cell types as well as including local immune 

response, ensuring conditions that are more relevant to the in vivo environment. It enables a high number 

of experiments with a relatively low number of animals, which reduces the number of variants 

investigated in vivo. Organotypic cultures preserve the tissue architecture and cellular interactions of  

the hippocampus, allowing for a detailed examination of hippocampal structure and function, including 

responses to injury and treatments. However, the viability of organotypic slices is limited, which can 

restrict the duration and scope of experiments. 

Advantages: 

• Preserves tissue architecture and different cellular interactions, as well as local immune 

response, offering a more physiologically relevant model than an in vitro model. 

• Enables a high number of experiments with relatively few animals, reducing the need for more 

extensive in vivo studies. 

• Allows the examination of hippocampal responses to injury and cell transplantation. 

Limitations: 

• Relatively low viability of OHC limits the duration of experiments. 

Oxygen-Glucose Deprivation (OGD) procedure 

The procedure was conducted as previously described 61. Post-OGD, slices were co-cultured 

with neural stem cells (NSCs) either directly or indirectly. Neuroprotection was assessed 24 hours later 

using propidium iodide staining and confocal microscopy. 

Advantages: 

• Allows quick assessment of NSC neuroprotective potential. 

Limitations: 

• Assesses only short-term effects. 

The transplantation of 5-chloromethylfluorescein diacetate (CMFDA)-stained NSCs   

In Article IV, NSC migration on hippocampal slices ex vivo was visualized by staining NSCs 

with CMFDA.  

Advantages:  

❖ Provides dynamic information about NSC behavior in a closer to physiological environment. 

Limitations:  

❖ When used ex vivo, it cannot fully mimic the physiological tissue complexity, signaling, and 

cell interactions. 
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In vivo model  

Ouabain-Induced Brain Injury and hNSC Transplantation 

In Article IV, a model of ischemic brain injury was performed by administering ouabain to 

induce focal brain damage, followed by the transplantation of hNSCs into the affected brain region. 

Being the next level of complexity after the ex vivo model, this model provides the most detailed 

examination of the therapeutic potential of hNSCs in a controlled setting, including systemic immune 

response. It allows precise control over the injury and transplantation process, which is valuable for 

analyzing the effects of cell therapy on brain damage. However, the invasiveness of the procedures 

raises ethical concerns, and the variability in injury severity among animals, which arises from 

individual differences, may introduce inconsistencies in the results. Factors such as the exact location 

and dosage of ouabain, as well as individual differences in rat physiology, can affect the extent of brain 

injury and complicate data analysis. Furthermore, the rat (host's) immune system might recognize 

hNSCs as foreign, affecting the outcomes. Long-term monitoring is necessary to evaluate transplanted 

cells' survival, integration, and functional impact, but this process can be stressful for the animals. 

Advantages: 

• Allows for precise control over injury and transplantation, enabling detailed study of hNSC 

effects and including the systemic immune response of the host. 

• Closely mimics human ischemic brain injury, allowing the finding of new potential therapeutic 

strategies. 

Limitations: 

• Invasive procedures raise ethical issues regarding animal welfare. 

• Differences in injury severity and animal physiology can lead to inconsistent results. 

• hNSCs may be recognized as foreign by the host immune system, potentially affecting 

therapeutic outcomes. 

• Long-term monitoring required for assessing cell integration and functionality is demanding 

and can be stressful for animals. 

Statistical Analysis 

All experiments included appropriate controls and were repeated at least three times. Data were 

statistically analyzed to evaluate significant differences between experimental groups. Detailed 

information on the specific statistical analyses is provided in the figure captions and within the Materials 

and Methods sections of Article II and Article IV. 
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4. Summary of the most important results concerning the current state of knowledge  

Article I: Systematic identification of the critical elements of NSC protocols.  

Developing effective treatments for neurodegenerative diseases is a significant challenge, 

particularly in translating stem cell therapies into clinical practice. NSCs are greatly valued for their 

ability to support damaged tissue and their capacity for extensive clonal expansion and genetic stability, 

making them ideal candidates for precise genetic modifications. However, several critical issues remain 

unresolved, including the proper characterization of original cell lines, specific protocols for NSC 

isolation and preparation, as well as the standardization of cell numbers for transplantation and its 

method. The challenges observed nowadays in clinical trials highlight the need for optimization, 

beginning on the in vitro level of studies. Before moving on to the core topic of the article, I would like 

to describe the fundamental controversy that should be addressed — the inconsistency in the 

terminology used to describe CNS undifferentiated cells. Terms such as neural stem cells (often 

described as NSCs), neural progenitor cells (often mistakenly described as NPCs), and neural precursor 

cells (mostly described as NPCs or NSCs) are used interchangeably, though they determine distinct 

stages of cell differentiation and their capabilities. Neural stem cells have indefinite self-renewal 

potential, while neural progenitor cells have limited replication capacity. Neural precursor cells include 

all undifferentiated progeny of NSCs, including both NSCs and neural progenitor cells 42,62–64. Thus, 

clear, consistent definitions seem to be crucial for accurate comparison across studies. Another 

significant challenge is the variability of the laboratory conditions used, which greatly impacts the 

reproducibility and interpretation of experimental results. Establishing a long-term culture of NSCs 

requires careful consideration of factors that could maintain lineage specificity and preserve both 

phenotypic and functional multipotency.  

2D vs. 3D culture conditions 

One of the critical factors is spatial conditions. NSCs can be cultured as either a 2D adhesive 

monolayer or as 3D neurospheres (Article I, page 3). Although 2D cultures promote a more 

homogenous NSC population and faster proliferation, they lead to a loss of the cells' undifferentiated 

state 65–67. By the fifth passage, NSCs in 2D culture are shown to present decreased growth and self-

renewal capabilities, while the same features remain consistent for over ten dissociations in 3D cultures 

68. Additionally, 2D cultures do not accurately replicate the natural 3D brain environment. Despite 

challenges such as restricted nutrient and oxygen diffusion and limited access to the neurosphere core 

for analysis, 3D cultures remain the preferred method for long-term NSC cultivation and expansion, and 

are still considered the gold standard 69–71.  

Dissociation methods 

Regarding NSCs, the enzymatic method is widely interpreted as the standard for both 2D and 

3D cultures due to high cell viability maintenance 72,73. However, it can permanently affect the culture, 

potentially impacting karyotype stability, cell survival, and surface antigen integrity, or even induce 

apoptosis (Article I, page 3). Rho-associated protein kinase (ROCK) inhibitors are commonly used to 

address these issues. Among the proteolytic enzymes, Accutase® is preferred over trypsin as it better 

preserves cell viability and has a lower impact on surface markers like EGF and bFGF receptors, though 

the optimal dosage remains under debate 72,74. In contrast, trypsin can cause cell death and damage cell 

membranes. Mechanical dissociation, involving methods like filtration, chopping, and pipetting, offers 

an alternative but more aggressive approach. While some studies show it can be effective, it generally 

results in lower cell viability than enzymatic methods. In contrast, higher proliferation rates have been 

noted in several cases following the mechanical dissociation of human NSCs 75. Remarkably,  

a combination of both enzymatic and mechanical dissociation techniques has shown improved results, 

achieving high cell viability and effective tissue dissociation with minimal cell death, and is now 

considered one of the most efficient methods for NSC culture. 
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Medium composition 

Growth factors 

Standardization of medium composition, particularly the concentration, and combination of 

growth factors like bFGF and epidermal growth factor (EGF), is essential for maintaining consistent cell 

proliferation, differentiation, and overall stem cell function 76. These factors are essential for preserving 

the undifferentiated state of NSCs and promoting their proliferation, although their effects can vary 

depending on concentration and specific culture conditions 77. bFGF primarily activates pathways that 

stimulate multipotential stem cells, while EGF supports both proliferation and differentiation processes 

(Article I, page 4). Combining bFGF and EGF with LIF can further enhance the expansion, 

multipotency, and longevity of human NSCs while preventing cellular senescence 78. Heparin plays  

a critical role in stabilizing bFGF through its interaction with heparan sulfate proteoglycans, thereby 

improving the efficacy of bFGF in culture systems 79–81.  

Glutamine 

Although glutamine is a nonessential amino acid, it plays a vital role in stem cell metabolism 

and early embryonic development 82. Glutamine is crucial for cellular energy production, maintaining 

redox balance, and supporting proliferation, making it a highly recommended component for 

maintaining NSC cultures (Article I, page 5). 

Supplements 

Commonly used supplements include N-2 and B-27 (Article I, page 5). N-2 promotes neural 

cell proliferation and differentiation, though its effectiveness can be influenced by the type of transferrin 

used 83–85. B-27, which provides additional vitamins and proteins, enhances cell survival and expansion 

but can introduce complexities in culture maintenance 86–88. The newer N21 supplement effectively 

supports neuron isolation and expansion 89. Combinations of bioactive compounds such as insulin, 

transferrin, progesterone, putrescine, and selenite offer similar benefits to N-2 but may differ in 

effectiveness 90. Additionally, antibiotics and antimycotics are generally avoided in preclinical research 

due to their potential impact on cell functionality 91.  

Neural induction medium  

The composition of the differentiation medium is also critical (Article I, page 10). Factors 

such as BDNF, NGF, and IGF-I can enhance neuron production, particularly when used in a combination 
92 93. While fetal bovine serum (FBS) is commonly utilized in laboratories worldwide, its animal origin 

limits clinical use, prompting the development of alternative options 94 95. The origin of NSCs also 

affects their differentiation capabilities, making it important to consider these factors for clinical 

applications. 

Coating 

In addition, even coating materials are crucial for optimizing NSC culture conditions as they 

significantly influence cell fate (Article I, page 19). Laminin, Matrigel, and polylysine influence NSC 

culture, with each material affecting cell proliferation and differentiation differently. The choice of 

coating should be tailored to specific experimental requirements. 

Cell cryopreservation method 

Cryopreservation represents a crucial step on the path toward clinical application, thus 

requiring careful consideration (Article I, page 19). The rate of cooling during cryopreservation affects 

NSC survival, with rapid cooling minimizing ice crystal formation but requiring precise control to avoid 

cell damage. Conversely, slow cooling can lead to toxic intracellular solute concentrations. Optimizing 

cooling protocols and medium composition, including cryoprotectants like dimethyl sulfoxide (DMSO) 

and serum, is vital for ensuring consistent post-thaw cell viability and function. 

Interspecies variability 
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What is more, culture conditions optimized for one species may not apply to another, leading to 

inconsistencies in research findings. This variability complicates the standardization of protocols and 

pooling of data, and the ability to transfer findings from animal models to humans is often limited. 

Results obtained in rodent models may not be directly applicable to human NSCs due to fundamental 

biological divergences. Validating findings across multiple species can bridge this gap and enhance the 

relevance of preclinical studies for human applications. 

The isolation source and developmental age 

In addition, the origin and developmental stage of isolated NSCs significantly affect their 

characteristics (Article I, page 18). For example, NSCs from the forebrain produce more neurons than 

those from the midbrain or hindbrain 96. NSCs from cortical regions primarily differentiate into one type 

of neuron, while those from the whole ganglionic eminence (WGE) display a different neuronal 

phenotype 75. As brain development progresses, the number of proliferative cells decreases, while 

neuronal marker expression increases 75. These variations highlight the importance of in vitro testing to 

confirm NSC potential before clinical application. 

In summary, standardization of culture conditions is crucial for obtaining reliable results, 

considering factors like proliferation rate, differentiation, and cryopreservation. Variations in medium 

components, spatial conditions, coating type, cryopreservation, and dissociation can significantly impact 

the outcomes. Further research is necessary to validate the effects of cryopreservation and thawing on 

NSC viability and function. 
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Article II: Investigation of the intra- and inter-species variability in NSC functional properties.  

 

Following the conclusions outlined in Article I, our experiment showed that NSCs from 

different species can respond differently to the same culture conditions. These differences make it 

difficult to apply results from one species directly to another. This finding is important, especially when 

using animal-derived NSCs instead of human ones. To make sure the results are relevant, it's important 

to choose animal NSCs that react similarly to human NSCs under the same conditions. The following 

factors, which were identified as critical for NSC culture, were examined in this study. 

Cryopreservation 

Starting with cell isolation, the current study reported that direct cryopreservation of human 

and rodent NSCs significantly affects their viability and growth potential (Article II, page 8, 

Figure 4). Cryopreservation immediately after isolation leads to significantly reduced viability and 

slower growth of human NSCs compared to those that were cultured before freezing. This pattern was 

consistent across both 2D and 3D cultures. Despite optimizing thawing protocols, such as avoiding 

centrifugation and adjusting medium composition, the cryopreserved cells struggled to establish  

long-term cultures. A similar reduction in viability was observed in rodent NSCs (rNSCs and mNSCs) 

subjected to direct cryopreservation, with delayed sphere formation and lower growth potential 

compared to cells that were cultured before freezing. 

Medium composition 

Growth factors and glutamine  

When analyzing the effect of medium composition on NSCs, several clear patterns were 

observed. In 2D culture, human NSCs showed the highest proliferation in complete medium containing 

20 ng/ml of both bFGF and EGF (Article II, page 10, Figure 5). In contrast, incomplete  

media- especially those lacking growth factors or glutamine-led to a marked reduction in proliferation. 

Interestingly, despite these differences in proliferation, cell viability was mostly unaffected by medium 

composition. However, the absence of glutamine increased signs of cell senescence (Article II, page 

11, Figure 6). mNSCs followed a similar pattern, with significantly reduced proliferation only when 

both growth factors and glutamine were missing. rNSCs also showed decreased proliferation in media 

lacking either glutamine or growth factors, with the strongest effect seen when glutamine was absent. 

Interspecies differences 

Inter-species comparisons revealed that human NSCs generally had the highest viability across 

all medium variants, while rodent NSCs, particularly rNSCs, exhibited the lowest viability (Article II, 

page 12, Figure 7). Proliferation potential was notably greater in mNSCs compared to hNSCs  

and rNSCs in several media variants. Additionally, cell senescence was more pronounced in rodent 

NSCs, highlighting differences in how these cells respond to the same culture conditions. 

In 3D cultures, human NSCs formed neurospheres in all medium conditions, but neurosphere 

growth was inhibited in media lacking either growth factors or glutamine (Article II, page 13, Figure 

8). This effect was even more visible for rodent NSCs, with severe reductions in neurosphere formation 

observed when both growth factors and glutamine were absent.  

Dissociation/expansion method 

The choice of dissociation method had a species-specific impact on cell viability. Although there 

were no significant differences in the hNSC viability, for rNSCs, enzymatic dissociation resulted in 

higher initial cell death. Despite these early effects, long-term viability differences between the methods 

were less pronounced. The mechanical dissociation of mNSCs was more detrimental and resulted in  

a significant viability decrease after a week of culture (Article II, pages 14 and 15, Figures 9 and 10). 

Differentiation stage 
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Characterization of NSCs in 2D culture revealed species-specific differences in marker 

expression (Article II, pages 16, 17, and 19, Figures 11, 12, 13, and 14). The highest Nestin expression 

was observed in hNSCs cultured with FGF and FGF10/EGF20 media, while significantly lower levels 

were detected in cells grown with EGF alone or without any growth factors. These results positively 

correlated with the expression of SOX2+ cells. Similarly, mNSCs displayed medium-dependent changes 

in marker expression, with the highest Nestin levels observed in EGF-containing medium and the lowest 

SOX2 levels in glutamine-free conditions. In contrast, rNSCs consistently expressed lower levels of 

both markers compared to human and mouse NSCs, highlighting interspecies differences in neural 

differentiation potential and sensitivity to culture conditions. 

Migratory potential 

NSC migration was assessed by measuring the diameter of the area occupied by the migrating 

cells (Article II, page 20, Figure 15). The results showed that migration potential peaks at different 

times depending on the species, with human and mouse NSCs’ maximum migration on Day 5 and rat 

NSCs on Day 3. Overall, the cells presented a strong ability to adapt to the new spatial conditions, 

demonstrating high migration potential early in the culture.  

The article confirmed that optimizing NSC culture conditions depending on the species is crucial 

for obtaining accurate results. Key factors for human, rat, and mouse NSC culture include using  

a medium with 20 ng/mL of bFGF and EGF, ensuring the presence of glutamine, and applying a proper 

dissociation method for neutrospheres. These practices can standardize comparisons across studies and 

improve experimental outcomes. However, variations in proliferation, senescence, and differentiation 

among species could be linked to the NSC isolation method and source.  In this study, human NSCs 

exhibit better viability and lower senescence than rodent NSCs but also require a complete medium with 

growth factors and glutamine to sustain proliferation, unlike rodent cells, which are less sensitive to 

medium composition. Moreover, hNSCs shared more similarities with rat NSCs in neurosphere 

formation and differentiation, but were closer to mouse NSCs in terms of senescence, viability, and 

migration. 
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Article III: Investigation of the CSF role in the NSC niche.  

 

The article highlights the importance of CSF as a critical yet underexplored component of the 

NSC microenvironment. Since CSF is a key part of the natural brain stem cell niche, it can strongly 

affect how NSCs behave and develop. Including CSF in research could help make preclinical models 

more relevant to clinical outcomes. Traditionally viewed as a fluid with basic mechanical and chemical 

properties, CSF is now recognized for its complex roles throughout early development and adulthood. 

Regarding neurological disorders, CSF undergoes various changes, affecting its composition and 

function. By transporting essential nutrients, hormones, and other factors throughout the CNS, it serves 

as a conduit for intricate cell signaling pathways that maintain brain homeostasis. As such, CSF presents 

an excellent model for studying NSC fate. The analysis of 26 studies revealed significant but diverse 

effects of CSF on stem cell proliferation, differentiation, and survival depending on developmental 

stage, health status, and species. 

Composition of different CSF types 

The reviewed studies demonstrate that CSF significantly impacts the fate of NSCs due to 

specific signaling molecules within the CSF that regulate cell growth and differentiation (Article III, 

pages 8-10, Table 2). This effect depends on its origin. For instance, artificial CSF brings different 

results compared to human-derived CSF, making direct substitutions discouraged. Additionally,  

a significant difference exists between embryonic(eCSF) and adult CSF (aCSF). Studies have shown 

that eCSF contains diffusible factors that regulate neuroepithelial stem cell fate, influencing brain 

development in vivo 97. Although the precise mechanisms remain unclear, components such as proteins, 

particles, amino acids, and fibroblast growth factor have been implicated 97. eCSF has a more complex 

composition than aCSF, but it still strongly affects the behavior of adult NSCs 98,99. In experiments, 

eCSF usually promotes neuronal differentiation, while aCSF tends to push NSCs toward glial cell fates. 

This shows that the age of the CSF plays a key role in how it influences stem cell behavior. Most studies 

so far have used adult CSF from healthy donors. These studies show that aCSF often reduces NSC 

proliferation, probably because it contains signals that support glial differentiation. 

This pattern reflects how the brain develops. During the embryonic stage, the brain mainly 

produces neurons, and after birth, it shifts toward making glial cells. CSF changes along with these 

developmental stages. eCSF contains more signals that support neurogenesis, while postnatal CSF 

promotes gliogenesis, helping the brain mature and maintain its functions. 

Interestingly, CSF from patients with neurological conditions, like benign intracranial 

hypertension (BIH) or subarachnoid hemorrhage (SAH), has the opposite effect. It increases NSC 

proliferation. This may happen because disease-related CSF contains higher levels of growth factors and 

cytokines, such as FGF, NGF, TGF-β, GDNF, BDNF, and VEGF 51. These molecules are known to 

support cell survival, stimulate proliferation, and protect neural tissue. For example, scientists found 

higher levels of VEGF and BDNF in the CSF of SAH patients. These factors help form new blood 

vessels, repair tissue, and support neurogenesis. They seem to play a key role in boosting NSC 

proliferation after injury. This suggests that pathological CSF could serve as a valuable source of 

regenerative signals and might have potential in future therapies. Still, we need more research  

to understand how these changes in CSF affect NSCs over time 100–102. 

Impact of CSF on NSC fate  

The presence of CSF in most studies enhanced differentiation into glial cells, though the exact 

mechanisms remain poorly understood (Article III, page 11, Figure 2). Several studies have identified 

key molecules in CSF that influence NSCs fate by regulating their differentiation, proliferation, survival, 

and migration. Buddensiek and colleagues suggested that bone morphogenetic proteins (BMPs), 

possibly secreted by the choroid plexus, may contribute to these effects 98. Although the expression of 

specific BMPs such as BMP2–BMP6 in the choroid plexus remains unclear, BMP4 is known to promote 

NSC differentiation through ERK pathway activation and GSK3β inhibition 50,98,103,104. BMP7 has also 

been shown to stimulate dendritic growth in rat neurons, and BMP antagonists can block this effect, 

http://rcin.org.pl



35 

  

highlighting its role in CSF-driven neuronal differentiation 50. The study by Zhu et al. found that insulin-

like growth factor-1 (IGF-1) in human CSF positively influenced the migration capacity and C-X-C 

chemokine receptor type 4 (CXCR4) expression in human amniotic MSCs and fetal neural progenitor 

cells, further demonstrating CSF's role in stem cell proliferation, migration, and viability 105. Likewise, 

IGF-2 in embryonic CSF plays a crucial role in supporting growth and survival in the developing rodent 

cortex 106. CSF also contributes to NSC fate by maintaining specific regional identities and proliferative 

signals. In the developing chick brain, CSF helps preserve midbrain markers such as Otx2 and Fgf8, 

while FGF2 within CSF enhances precursor proliferation 97,107. Cytokines present in CSF further shape 

NSC outcomes. LIF and ciliary neurotrophic factor (CNTF), both found at high levels in CSF, promote 

astrocytic differentiation 108. Another key factor, TGF-β, plays a dual role in regulating NSC fate. It 

promotes gliogenesis and supports brain homeostasis, but also inhibits neurogenesis and controls NSC 

proliferation by inducing cell cycle exit in hippocampal neurons 109–113.  

Different studies have reported varying effects of CSF on NSCs, even when derived from the 

same origin. These discrepancies may stem from differences in NSC sources, CSF concentrations in 

culture (ranging from 0.5% to 100%), or the origin and biodiversity of the CSF itself. Nevertheless, the 

findings provide compelling evidence that healthy CSF, circulating through different parts of the CNS, 

offers a supportive environment for administered NSCs by providing stimulatory factors that favor 

neural lineage differentiation, albeit at the cost of reduced proliferation. 

Together, these findings highlight that CSF is not a passive fluid but an active signaling 

environment that shapes NSC fate through a range of developmental stage- and context-specific factors. 

Further research is necessary to explore the effects of CSF on NSC fate under specific conditions. To 

fully understand CSF's impact on these cells, it is crucial to investigate the interactions between NSCs 

and the various growth factors, signaling molecules, and other components within CSF. Understanding 

the conditions under which CSF can support NSCs and promote regeneration and restoration may 

enhance targeted cellular therapy for CNS disorders.  
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Article IV: Assessment of the effects of preincubating human NSCs with human CSF from healthy donors 

that aims to recreate culture conditions which closely mimic the physiological brain environment. 

 

This study evaluated the effects of CSF on the proliferation, migration, differentiation, and 

secretory profile, along with the neuroprotective potential of hNSCs.  

The influence of CSF on NSCs in vitro 

In vitro, the treatment with 100% CSF led to a noticeable decrease in the proliferation rate of 

hNSCs after 7 days compared to both the control medium and the medium with 30% CSF addition, 

which showed similar proliferation rates. Despite this, 100% CSF significantly enhanced the migratory 

capacity of hNSCs, as well as neurite outgrowth, with the most pronounced effects observed after 48 

hours. Due to impaired cell adhesion and altered morphology observed under 100% CSF, this condition 

was not included in subsequent analyses.  

Thus, the study was continued with only 30% CSF and a control group (using the standard 

medium), presenting significant changes in neural marker expression. After 7 days, in 2D culture, 

immunofluorescence staining revealed that the presence of early neural marker NESTIN was 

significantly reduced in the CSF group (70.6 ± 5%) compared to the control (82.1 ± 6.6%). Conversely, 

the early neuronal marker β-TUBULIN III exhibited a remarkable increase in the CSF group (23.4 ± 

6.1%) relative to the control (15.4 ± 3.1%). However, the neuronal marker MAP2 was significantly 

lower in the CSF-treated cells (9.3 ± 3.4%) compared to the control (17 ± 4.2%). Additionally, the 

expression of the astrocytic marker GFAP was significantly upregulated in the CSF group (6.9 ± 5.8%) 

compared to the control (11.2 ± 3.6%). These results suggest early neuronal and astrocytic 

differentiation of hNSCs in the presence of CSF. The changes in protein levels were correlated with 

mRNA expression analysis.  

However, in the 3D culture, NESTIN expression was upregulated 3.3-fold in the CSF group, in 

contrast to its downregulation in the 2D culture. Conversely, β-TUBULIN III expression was 

significantly reduced (0.065-fold) in the CSF group compared to the control. GFAP showed a great 

increase (38.03-fold) in the CSF-treated cells. Additionally, markers of oligodendrocytes (NG2) and 

proliferation (KI67) were both downregulated in the CSF group (0.54-fold and 0.68-fold, respectively). 

MAP2 expression, however, showed no significant differences between the two groups. These results 

indicate that in 3D culture, CSF enhances the expression of neural and astrocytic markers while reducing 

early neuronal, oligodendrocytic, and proliferation markers. Secretory analysis showed elevated levels 

of neurotrophic and inflammatory cytokines, including VEGF, BDNF, and HGF, in the CSF-treated 

group compared to the control. 

The influence of CSF on NSCs ex vivo 

Ex vivo experiments, in which NSCs were co-cultured with OGD-treated OHCs, showed 

significantly reduced neuronal death in the hippocampal CA1 region, suggesting their substantial 

neuroprotective effects. Both direct and indirect co-culture with CSF-treated cells led to lower cell death 

compared to the control group. Transplanted hNSCs were tracked using CMFDA-staining and migrated 

and integrated into damaged hippocampal areas. Staining with anti-Nestin and anti-Ki67 revealed high 

proliferation (Nestin+ Ki67+ cells) during the first 14 days. However, by day 21, Ki67 expression 

decreased, indicating a loss of proliferation abilities. CSF pretreatment promoted early proliferation and 

integration but did not sustain long-term proliferation, leading to the focus on the 14 days for direct co-

culture experiments. In the indirect co-culture, CSF treatment significantly increased the concentrations 

of neurotrophic and inflammatory factors like bFGF, EGF, VEGF, BDNF, and HGF over time compared 

to the control, while LIF and beta-NGF remained undetectable. At the mRNA level, NESTIN was 

downregulated in the NSC CSF-treated OGD group, while β-TUBULIN III and KI67 were 

downregulated in NSC OGD cells. GFAP was significantly upregulated in the OGD group, with no 
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change from CSF treatment. Thus, CSF seems to modulate certain gene expressions related to neural 

differentiation and proliferation in hNSCs, changing the outcome specific to overall experimental 

conditions. 

The influence of CSF on NSCs in vivo 

Despite the positive in vitro and ex vivo effects, CSF pretreatment did not improve the survival 

or proliferation of transplanted hNSCs in a rat model of ischemic brain injury in vivo. Most transplanted 

cells differentiated into astrocytes (GFAP+), and the presence of activated microglia (Iba-1+) indicated 

an ongoing immune response. The results suggest that CSF-pretreated hNSCs may even strengthen  

the immune response after transplantation in vivo, potentially due to the human origin of the CSF. 

Overall, CSF demonstrated a capacity to enhance the migratory and secretory properties of hNSCs 

in vitro, with mixed effects on differentiation. However, translating these benefits to in vivo applications 

remains challenging due to the presence of inflammatory responses and environmental conditions in the 

injured brain. The use of immunosuppressive drugs such as cyclosporine or tacrolimus could provide  

a solution to help reduce the immune response to transplanted cells. However, these must be carefully 

considered to avoid side effects.  
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5. Conclusions 

 

General conclusion  

Optimizing NSC isolation and long-term culture is crucial for enhancing their therapeutic 

potential. This requires species-specific protocols and accurate modeling of CSF influence. These 

conclusions are based on the following specific Article I-IV conclusions:   

Conclusions from Article I  

1. The critical elements of NSC protocols were systematically identified, including: 

❖ Growth factors such as bFGF, glutamine, culture type, and coating methods are required to 

maintain high proliferation rates of NSCs. 

❖ Supplements, growth factors, serum, and coatings are essential for effective cell differentiation.  

❖ Optimal cryopreservation conditions, including freezing methods, medium components, and 

cooling rates, are essential for maintaining cell viability post-thaw. 

2. The potential challenge in protocol optimization lies in variations in NSC proliferation and 

differentiation that may be attributed to differences in isolation methods, brain regions, and 

developmental stages. 

3. Differences between species necessitate that protocols optimized for rodent NSCs not be 

directly applied to human NSCs. Each species requires tailored conditions for obtaining reliable 

results. 

Conclusions from Article II  

1. The interspecies NSC variability investigation revealed a crucial effect on NSC functional 

properties of the following conditions/factors: 

❖ Cryopreservation: cultivating NSCs derived from all investigated species before 

cryopreservation is essential for maintaining their viability and functionality, while freshly 

isolated NSCs do not survive cryopreservation. 

❖ Supplementation: an optimal concentration of growth factors, specifically 20 ng/mL for 

both bFGF and EGF, is crucial for effective NSC proliferation, neurosphere growth, and 

cell viability; glutamine in the culture medium is important for sustaining cell proliferation 

and function. 

❖ Dissociation: an enzymatic method for neurosphere dissociation helps preserve cell 

viability. 

2. The migratory potential of NSCs changes over time depending on the species, which is 

important for interpreting in vivo experiments. 

3. Among rodent models, rat NSCs exhibit behavior more closely aligned with human NSCs than 

mouse NSCs in response to environmental conditions (neurosphere formation potential and 

differentiation stage). 

Conclusions from Article III   

1. CSF appears to serve a supportive role for NSCs, influencing their survival, proliferation, and 

differentiation.  

2. The effects of CSF on NSCs vary depending on the source (embryonic, adult, artificial, or 

disease state), concentration, and specific components present:   

❖ Embryonic CSF tends to encourage neuronal differentiation, while adult CSF promotes 

glial differentiation and may reduce proliferation, potentially due to factors driving  

the development of glial cells. 

❖ CSF from patients with brain injury or other neurological diseases enhances NSC 

proliferation, likely due to elevated levels of growth factors and cytokines that support 

neuroprotection and tissue repair.  
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❖ Artificial CSF does not fully replicate human-origin CSF, leading to different results.   

❖ Components in CSF, such as BMPs and IGF-1, play significant roles in NSC behavior.  

For example, BMP-7 in CSF contributes to dendritic growth, while IGF-1 in human CSF 

positively influences NSC migration and CXCR4 expression. Conversely, TGF-β has  

a dual role: promoting gliogenesis and inhibiting neurogenesis. 

Conclusions from Article IV 

1. Human CSF plays a crucial role in inhibiting the proliferation and stimulating the 

differentiation, secretory, and migratory potential of human NSCs, potentially influencing their 

therapeutic effectiveness. 

2. CSF alters the secretory potential of NSCs, especially after interaction with damaged neural 

tissue. After post-ischemic injury ex vivo,  NSCs initially release factors that promote cell 

proliferation, later shifting to the secretion of immunomodulatory, proangiogenic, and 

neuroprotective factors over time. 

3. In vivo, human NSCs exposed to human CSF show decreased survival and proliferation while 

increasing their immunogenicity upon transplantation into the rat brain, suggesting a potential 

additive immunogenic effect of CSF. 
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