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1. Introduction 

 

1.1. Clinical Background: Traumatic Brain Injury  

1.1.1. Epidemiology 

Representing the most common cause of debilitating illness and mortality in young 

adults, traumatic brain injury (TBI) is a highly important concern in health care [1,2]. In 

Germany alone, 332 per 100,000 habitants are affected by TBI each year [2]. In the 

U.S., approximately 61,000 deaths were registered in 2017 due to TBI, which 

corresponds to 2.2% of overall deaths that year [3]. From 2015 to 2017, even a slight 

increase of TBI-related deaths in the U.S. was reported, illustrating the significance of 

the issue at hand [3]. Long-term consequences such as psychiatric disorders, 

dementia or cognitive decline, as well as sensory-motoric dysfunction, play a major 

role after surviving TBI [4]. High societal costs accrue: in Germany, they are estimated 

at 2.8 billion Euros per year [2] including medical charges and disability [4], whereas 

in the U.S. individual economic lifetime cost is accounted for approximately 76 billion 

US dollar (CDC website: https://www.cdc.gov/traumaticbraininjury/severe.html). All of 

this underscores how TBI is associated with significant negative socioeconomic and 

health care effects [2].  

 

1.1.2. Etiology and Pathophysiology 

The most common causes of TBI in Germany are falls, especially in elderly people, 

followed by motor vehicle collisions (MVCs) [2]. Interestingly, mortality rates of TBI in 

Germany increased after the German reunification, most likely due to the change of 

motorization (from smaller and slower cars like the Trabant in East Germany to high-

powered and faster cars like BMW, Mercedes, etc.) [5].  

The primary reason for TBI in the U.S. used to be MVCs; however, a recent study in 

the U.S. that analyzed TBI-related deaths over an 18-year period (2000-2017) reported 

a shift towards suicides. Accordingly, suicide, in the majority by gun-shots, topped 

MVCs as the leading cause of TBI-related death during 2009-2011 and 2015-2017 [6].  

In contrast, in the military, TBI is mainly caused by blast trauma. MVC- and blast-

induced TBI often affects young men [6].  

TBI can be subdivided in a closed and open form, depending if the dura is penetrated 

or not [6]. Furthermore, it can be differentiated clinically by the impairment of 
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consciousness via the Glascow-Coma-Scale (GCS) in mild, moderate and severe TBI 

[4].  

The contusion to the head leads to a primary lesion with an intracranial edema. As a 

consequence of the limited intracranial space, the intracranial pressure (ICP) rises. 

Hence, the cerebral perfusion (CP) is reduced, because it is directly dependent on the 

ICP (cerebral perfusion pressure [CPP] = mean arterial pressure [MAP] – ICP). Due to 

the decreased CP, the cerebral blood flow (CBF) decreases, and posttraumatic 

secondary ischemia may occur [2,7]. In this case, the patient may get worse over time 

due to secondary injury events like glutamatergic over-excitation, calcium (Ca2+) 

overload, vascular dysfunction and neuroinflammation [4]. It is of utmost importance 

that this secondary injury is prevented as it might be worse than the primary event [2]. 

On a molecular level, ischemia/reperfusion (I/R) becomes important. Initially, the 

ischemic event leads to cellular damage. Moreover, the restoration of blood flow (e.g. 

reperfusion, reoxygenation) can add secondary detrimental harm, thus, illustrating a 

clinical debacle. The term I/R injury characterizes a series of pathological events that 

occur during TBI, that eventually result in cellular destruction and neurological deficits 

(cf. 1.2.).  

 

1.1.3. Prevention  

While therapy focuses on the secondary ischemia, the primary defect is irreversible. 

Hence, primary prevention is exceedingly important [2]. Several laws have been 

introduced in Germany since 1970 in this regard. Such laws include the mandatory 

wearing of a helmet for motorcyclists, seatbelts in cars and the reduction of the 

maximally allowed blood alcohol concentration when driving. This led to an enormous 

decrease in the mortality rate of TBI from 27.2 in 1972 to 9.0 per 100,000 habitants in 

2000 [5]. Similarly, improved safety in cars such as safety-glass windows, windshields 

and airbags help to attenuate serious consequences of MVCs. Furthermore, the 

awareness of the danger associated with driving or other activities (biking, skiing, 

skydiving) and the voluntary wearing of helmets during these activities is critical [5]. 

In contrast, a noticeable decrease of TBI-related mortality as in Germany could not be 

observed in the U.S.; this is probably due to the increase in gunshot injuries [5]. 

Finally, prevention strategies against the most common causes of TBI such as 

suicides, or even homicides/violence, as well as MVCs and falls should be refined. For 

instance, the assessment of suicide risk or fall risk and implementation of interventions 
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could help to prevent suicides or falls in elderly people [3]. Moreover, violence 

prevention should be pursued by the placing of firearms in a safe and locked storage 

(CDC website: 

https://www.cdc.gov/violenceprevention/pdf/suicideTechnicalPackage.pdf),  

the implementation of laws that require firearms to be registered [8] and the prohibition 

of firearm ownerships by mentally ill people in the U.S. [9].  

 

1.1.4. Therapy  

Since the incident is unalterable and the primary damage in the brain irreversible, any 

therapy can only start during reperfusion when the patient is in the hospital and the 

primary ischemic tissue is perfused again. Therefore, the prevention of secondary 

injuries in the brain is the aim of the therapy. Unfortunately, therapy is limited to a small 

number of treatments that can be differentiated between conservative and surgical [2].  

The need for surgery is given when there are space-occupying intracranial or 

symptomatic lesions. In that case, decompressive craniectomy (DC) might become 

necessary [10]. Due to injury-related mechanisms the brain swells. When removing a 

part of the skull temporarily, the brain can expand and the elevated ICP can be 

controlled [6]. Recent developments have shown that the mortality can be reduced by 

DC but the neurological outcome remains contentious [6].  

The conservative therapy mainly consists of intensive care in a specialized unit. Using 

the consciousness level verified by the GCS, the severity of TBI can be determined. A 

severe TBI with a GCS of ≤8 requires intubation. For standard therapy, a systolic 

pressure ≥90 mmHg as well as an oxygen saturation ≥90% need to be achieved [2,7]. 

To improve CPP, MAP can be increased and a pathologically elevated ICP should be 

reduced to ≤20-25 mmHg [2,7]. To achieve a decrease in ICP, the elevation of the 

upper body and/or hyperosmolar therapy with osmodiuretics like mannitol and other 

hyperosmolar substances can be performed [2,7]. Another effective tool is 

hyperventilation. It leads to hypocapnia which results in a temporary vasoconstriction 

of brain vessels. Consequently, the cerebral blood volume is reduced and the ICP 

lowered [2,7]. Sedation can be performed as the last resource with barbiturate infusion 

to lower ICP [2,7]. In any case, maintenance of CPP ≥50 mmHg is crucial to ensure a 

sufficient oxygen transfer to the injured brain tissue [2]. Furthermore, the blood glucose 

needs to be adjusted to normoglycemic levels [2].  
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Adding hypothermia to standard care is currently evaluated in clinical trials to reduce 

elevated ICP. Interestingly, hypothermia has been shown to decrease ICP but was not 

linked to a better outcome compared to normothermia and standard care alone. 

However, the therapeutic benefit of hypothermia is controversially discussed. There is 

evidence that TBI patients with cerebral edema, elevated ICP or craniectomy could 

benefit from therapeutic hypothermia when applied within 24 hours, but it is not yet 

anchored in standard therapy [6,7,11]. However, temperature control to achieve 

normothermia in patients with TBI is highly recommended, as fever is associated with 

an increase in ischemic brain infarction. The strict treatment of fever is therefore 

important for the neurological outcome [12].   

Post-acute rehabilitation plays a key role for patients who have suffered TBI, since TBI 

presents a leading cause of chronic disability including physical, cognitive and 

emotional difficulties. Recovery and rehabilitation procedures initiated early seem to 

correlate with better neurological outcomes [1].  

Medical research on TBI has long been underrepresented. The fact that the disease 

pattern of TBI is diverse and even therapy in clinical trials varies, complicates the 

management of TBI [10,13]. Because there are still no favorable options for the 

treatment of patients with TBI, the development of new therapeutic strategies is 

desperately needed.  

 

1.2. Ischemia/Reperfusion Injury 

The cessation of blood flow during an ischemic event leads to loss of oxygen and 

nutrient supply, accumulation of metabolites, and consequently to injured tissue. “Time 

is brain” means that the brain is the most sensitive organ towards a lack of oxygen. 

Reoxygenation (e.g. reperfusion, restoration of blood flow) of the injured brain tissue 

as early as possible is therapeutically indicated. Paradoxically, reperfusion leads to 

additional detrimental tissue damage that might exacerbate the initial ischemic injury. 

This process is termed I/R injury [14] (cf. Fig. 1).  

During ischemia, anaerobic metabolism and lactate accumulation lead to a lower pH 

and decreased adenosine triphosphate (ATP) levels. Consequently, ATP-dependent 

ion transporters become dysfunctional, which leads to a reduction in Ca2+ efflux 

resulting in an intracellular Ca2+ overload. Additionally, ATP-dependent Ca2+ reuptake 

by the endoplasmic and sarcoplasmic reticulum is reduced, thereby potentiating the 

intracellular Ca2+ overload [14,15].  
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As mentioned above, the reperfusion aggravates the primary ischemic injury. This 

implies the generation of reactive nitrogen and oxygen species (ROS) which can 

generally alter all cell components. Moreover, endothelial dysfunction, aggravation of 

intracellular Ca2+ overload, and apoptotic cell death are caused by reperfusion. The 

sodium/hydrogen (Na+/H+) exchanger excretes excess protons with resultant 

intracellular Na+ increase. Hence, Na+ competes with Ca2+ for extrusion by the 

Na+/Ca2+ exchanger leading to an accumulation of intracellular Ca2+ [15]. The opening 

of the mitochondrial permeability transition pore results in mitochondrial impairment as 

it further decreases the ATP production and leads to mitochondrial swelling, rupture 

and fragmentation. [14,15]. In addition, pro-inflammatory neutrophils, the activated 

complement system, chemokines and cytokines play an important role during I/R and 

contribute to cellular dysfunction and death [14].  

Studies to identify novel therapeutic strategies to lower I/R injury are crucial. In this 

context, ischemic pre- and postconditioning with short ischemic periods, as well as 

Figure 1: Graphic of relevant pathological events that appear during I/R injury 
according to Kalogeris et al. 2012 [14] 
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postconditioning with volatile anesthetics has been thoroughly investigated (cf. 4.3). 

Another intervention to counteract I/R injury is the supporting of cell integrity by sealing 

the cell membrane with copolymers [16]. Improved neuronal capability of membrane 

repairing might help attenuate the brain function and recovery, as well as the 

neurological outcome after suffering TBI [16–19]. 

 

1.3. Copolymer-Based Cell Membrane Stabilizers  

Copolymer-based cell membrane stabilizers (CCMSs) are among others used as drug 

delivery molecules, thermosensitive hydrogels or for chemo-sensitization in tumor 

therapy [20], but have recently gained more attention due to their auspicious potential 

for treating I/R injury through cell membrane repair in many clinical settings, among 

them TBI [17,21]. CCMSs – also known as poloxamers or pluronics – consist of diverse 

ratios of hydrophobic polypropylene oxide (PPO) and hydrophilic polyethylene oxide 

(PEO), thus, providing an amphiphilic character [17,21]. It has been demonstrated that 

CCMSs directly interact with cell membranes by sealing permeable pores, thus, 

achieving membrane stabilization [17,21,22]. Besides, by using atomic force field 

microscopy, it has been shown that the hydrophilic portions interact with the lipid 

bilayer membrane, remaining at the membrane surface, while the hydrophobic part 

inserts into the damaged part of the membrane, thus, finally sealing the pore [21].  

It has been suggested that, during the early phase of I/R, membrane integrity suffers, 

and endogenous membrane stabilization and repair mechanisms are overwhelmed. In 

this manner, it has been hypothesized that CCMSs function as a bridge to give the 

intrinsic membrane repair mechanisms time to react as they are delayed for a few 

minutes [17].  
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1.3.1. Poloxamer P188 

1.3.1.1. Chemical Properties and Principals of Biological Effects 

 

The triblock copolymer poloxamer 188 (P188) probably represents the most well-

studied CCMSs. With its amphiphilic character, P188 consists of a hydrophobic PPO 

center and two hydrophilic PEO chains (PEO – PPO – PEO structure) (Fig. 2), 

providing a PPO/PEO ratio of 0.17 and a molecular weight of 8,400 Dalton (Da) 

[17,21,23]. P188 is 80% hydrophilic, water-soluble, does not become metabolized, and 

is renally eliminated [24]. It was first approved by the Food and Drug Administration as 

an anticoagulant for its blood viscosity-lowering effects and has already been studied 

in clinical trials for sickle cell anemia and myocardial infarction [17]. More recently, 

P188 has shown to seal membranes in different cells and experimental settings 

[17,25,26] (Fig. 3). The outer leaflet of a cell membrane has been modelled through 

lipid monolayers. P188 has been shown to only insert into the lipid monolayer when 

the surface pressure is low. This indicates that P188 just integrates into damaged cell 

membranes with reduced lipid packing density that exhibit a lower surface pressure 

compared to cells with intact cell membranes. As soon as the membrane surface 

pressure is intact, P188 is pushed out and is, therefore, available to protect further 

membranes [17,27,28]. Also, P188 does not appear to cross the lipid bilayer 

membrane [26], thus, not entering the cytoplasm. 

Figure 2: Structural unit of Poloxamer 188 according to Merck KGaA: P188 
consists of a hydrophobic PPO center (y) linked to two hydrophilic ends (x,z) [30] 
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1.3.1.2. Effect on Myocardial Cells during Ischemia/Reperfusion 

Martindale et al. were the first to show that P188 is able to stabilize cardiomyocyte 

membranes, thus, achieving cellular protection after simulated myocardial I/R injury in-

vitro on adult rat cardiomyocytes [26]. P188 completely attenuated release of lactate 

dehydrogenase (LDH), as well as troponin release, intracellular Ca2+ overload, 

mitochondrial membrane depolarization, along with a full reduction in necrosis and 

apoptosis, thus, illustrating that P188 protects the sarcolemma [26]. Moreover, I/R 

injury in dysfunctional sarcolemma of genetically dystrophic mouse and rat hearts in-

vivo and ex-vivo was studied to investigate potential sarcolemma stabilization through 

P188. P188 treatment resulted in lower infarct size, less apoptosis and necrosis, as 

well as lower troponin levels [26].  

The Riess laboratory has been able to show that Langendorff isolated and perfused 

rat hearts, treated with P188 upon reperfusion, showed improved coronary flow and 

left ventricular function, as well as a reduction in infarct size [31].  

Also, the Riess research group observed that, in a simulated I/R model using 

hypoxia/reoxygenation (H/R) on isolated human cardiomyocytes, P188 attenuated 

LDH release suggesting a protection of human cardiomyocytes by CCMSs [32]. 

Furthermore, I/R injury was simulated in mouse cardiomyocytes; P188 was 

administered during reoxygenation and improved cell number/viability, decreased 

Figure 3: Membrane stabilization by P188 according to Poellmann and Lee et al. 
2017 [29]: P188 membrane stabilization occurs by incorporation of the hydrophobic 
PPO core (i.e. polypropylene glycol (PPG)) (red) and is stabilized by the two 
hydrophilic PEO chains (blue) which are necessary to maintain the copolymer at the 
surface devoid translocation across the membrane [27,29]. Once membrane integrity 
is restored, P188 is pushed out of the membrane [27,28]. 
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Caspase 3 activity as well as LDH release and FM1-43 dye incorporation – as markers 

of cell membrane interruption – and reduced intracellular Ca2+ influx [33,34]. 

 

1.3.1.3. Effect on Skeletal Muscle Cells during Ischemia/Reperfusion 

P188 does not only protect cardiac, but also skeletal muscle [16,20,27]. Because 

several studies have revealed positive effects of P188 on Duchenne muscular 

dystrophy models (a muscle disease including the heart), purified P188 is currently in 

a phase II clinical trial for patients with Duchenne muscular dystrophy [17].  

 

1.3.1.4. Effect on Endothelial Cells during Ischemia/Reperfusion 

Endothelial membrane damage has been observed to be ameliorated by P188 in-vivo 

in a rat model of hemorrhagic shock [35] as well as in-vitro in mouse brain endothelial 

cells [36,37].  

The Riess laboratory recently investigated the effect of P188 on mouse brain 

microvascular endothelial cells during reoxygenation in a simulated I/R injury/stroke 

model, as well as in a TBI model with compression and I/R injury [37]. In these 

experiments, P188 provided endothelial protection in the stroke model, by increasing 

cell number/viability and in both the stroke and TBI model by increasing mitochondrial 

viability and decreasing LDH release [37].  

 

1.3.1.5. Effect on Neuronal Cells during Ischemia/Reperfusion 

Neuroprotective effects of P188, amongst others on neurons, in stroke and mechanical 

injury models have been described by data from several studies (for detailed 

information cf. 7.1 Literature on Neuroprotection by P188).  

P188 was observed to attenuate neuronal cell death, membrane rupture and LDH 

leakage in an in-vitro simulation of I/R. In this stroke model, cerebral I/R was mimicked 

with glucose and oxygen deprivation and subsequent reoxygenation in mice 

hippocampal neuronal cells [25]. In the same manner, a stroke in-vitro model on mouse 

primary cortical neurons with hypoxia and glucose deficiency revealed neuroprotective 

effects of P188 inter alia by reducing neuronal cell death, LDH leakage and activation 

of apoptosis [38]. Besides the protective effect of the copolymer in stroke models, P188 

also preserved neuronal health in in-vitro experiments of TBI. P188 offered in-vitro 

neuroprotection through cell viability increase, reduction in LDH release, apoptosis and 

necrosis, and improved morphological appearances after mechanically induced TBI 
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with fluid shear stress [39,40]. In a recent study, rat primary cortical neurons were also 

exposed to fluid shear stress, resulting in a prompt disruption of membrane integrity. 

P188 protected neuronal morphology, attenuated neuronal cell death and LDH leakage 

and protected neurons from trauma-induced mitochondrial and lysosomal membrane 

permeabilization damage [19]. Similarly, fluid shear stress induced axonal beading of 

primary chick forebrain neurons, as a morphological correlate of diffuse axonal injury 

that occurs as a consequence of TBI. In this context, P188 was capable to reduce 

pathological axonal beadings and preserved membrane integrity [18,41,42]. Besides, 

after scratching neurons, P188 was observed to improve the wound healing rate [43]. 

Marks et al. exposed neurons to excitotoxic and oxidative injuries which resulted in a 

loss of neuronal membrane integrity. P188 reduced neuronal death and lipid 

peroxidation, and restored the membrane integrity after membrane rupture through 

electroporation [44].  

Literature has not only been published on neuroprotection through P188 in-vitro, but 

also in-vivo [24,25,38,45–56]. For instance, ischemic stroke was induced in mice 

through occlusion of the middle cerebral artery with subsequent administration of P188 

intravenously 5 minutes before reperfusion. In this experimental set-up, 24 hours after 

insult, P188 led to smaller infarct sizes, conserved plasma membrane integrity, 

reduced brain edema and showed better neurological behavior compared to control. 

Moreover, 3 weeks after the ischemic insult with daily intraperitoneal P188 treatment, 

P188 attenuated brain atrophy and motor impairments and increased survival rates 

[25]. In the same manner, middle artery occlusion in rodents was performed by Luo et 

al. and Riess et al. with P188 leading to smaller infarct sizes and improved neurological 

outcome compared to untreated rodents [38,54]. Furthermore, P188 showed 

neuroprotection in a spinal cord injury model in guinea pigs [45], in intracerebral 

hemorrhage models [46,48], in excitotoxic brain injury [24,49,51], as well as in TBI 

models through controlled cortical impact with a weight drop device on the laid open 

brain [43,47,56]. P188 showed positive effects on TBI induced blood brain barrier 

(BBB) dysfunctions and brain edema [46,47], attenuated motor and cognitive deficits, 

reduced lesion size, cell death and activation of apoptosis [47]. Moreover, 

neuroprotection by P188 has been described to be achieved through prevention of 

tight junction degradation ensuring the physiological function of the BBB [46]. 

Interestingly, P188 has been seen to activate autophagy both in-vivo and in-vitro. It 

has been hypothesized that the enhanced autophagy works as a self-control 
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mechanism to accomplish neuroprotection [43]. In this context, autophagy has been 

revealed to be protective in ischemic hearts, among others, through elimination of 

damaged mitochondria that might produce ROS [57]. 

In consideration of these findings, it is strongly suggested that P188 might operate as 

a novel and promising therapeutic agent to improve survival and neurological outcome, 

when administered after stroke and TBI.  

 

1.3.2. Polyethylene Glycol 

1.3.2.1. Chemical Properties and Principals of Biological Effects 

 

Polyethylene glycol (PEG) is a purely hydrophilic polymer (Fig. 4). It is provided in 

various molecular weights [58]. In the present work, PEG with a weight of 8,000 Da 

has been used as an osmotic control for P188 as it has nearly the same molecular 

weight as P188 and, consequently, comparable osmotic properties. The general idea 

of using PEG lies, therefore, in the clarification of possible osmotic properties of P188. 

As PEG – in contrast to P188 – does not feature an amphiphilic character, it is therefore 

not hypothesized to insert into damaged membrane regions, thus, sealing tears. PEG 

therefore operates as a basic osmotic control, used in this study as a way to ensure 

that possible P188 effects are not due to its osmotic properties, but rather due to its 

unique amphiphilic character. 

PEG has already been used as a control for P188 in previous studies investigating 

P188’s membrane sealing effects [23,26,34]. 

 

1.4. Objectives of this Study 

Each year, millions of people sustain TBI, leading to mental and physical debilitation, 

as well as death [1,2,4]. Current treatments for TBI are restricted to a few 

pharmacological and surgical therapies [2]. Therefore, in-vitro and in-vivo studies are 

crucial to determine potential targets for pharmacological strategies. While in-vivo 

Figure 4: Structural unit of polyethylene glycol (PEG) according to Merck KGaA 
[58] 
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models better mimic the complexity of TBI in the clinical context, in-vitro studies allow 

focusing on the pathophysiology and can be performed on individual cell types [59]. 

Among others, transection, compression, hydrostatic pressure, fluid shear stress, 

shear strain and stretch injury have been described as in-vitro methods to simulate the 

components of TBI [59].  

During TBI, the contusion to the head results in a primary lesion with an intracranial 

edema. Consequently, the ICP rises due to the limited intracranial space [2]. 

Compression can be performed on cell lines to simulate the collision of the head and 

the elevated ICP. In accordance to the increased ICP, the CP decreases and causes 

ischemia [2]. To simulate the secondary ischemia in models of TBI, hypoxia works as 

a tool. Not only ischemia, but also the restoration of blood flow to the brain (e.g. 

reperfusion, reoxygenation) injures the tissue. I/R injury describes the pathologies 

involved in the tissue damage precipitated by ischemia and subsequent reperfusion 

[14,15]. It presents a clinical conflict, since reperfusion is essential, but leads to 

additional harm. It is of utmost importance to develop strategies that prevent this 

incremental injury by reperfusion.  

The amphiphilic copolymer P188 has been shown to be protective in I/R injury models 

in the heart [17,23,26] and brain [17,25,38,54,60], among in-vivo and in-vitro TBI 

models [19,39,40,43,47,56]. P188 has been observed to seal membrane leakage, 

thus, preventing cell damage and death [17,21,29,44].  

In the present study, the overall objective is to simulate TBI on primary isolated murine 

neurons by exposure to 5 hours of hypoxia (humidified 0.01% O2, 5% CO2, 94.99% N2, 

serum- and glucose-free media) and compression (1,300 g/4.536 cm2, 28.1 kPa), with 

subsequent reperfusion for 2 hours in normal culture conditions ± P188 (or PEG) 

treatment. Here, both compression and hypoxia are used simultaneously on primary 

neurons to closely simulate the pathophysiology of TBI, setting this study apart from 

others. Moreover, while previous in-vitro studies have mostly investigated P188 as a 

preconditioning agent, which is not reliable to the clinical setting, the present research 

tends to focus on administrating P188 as a postconditioning agent at the onset of 

reperfusion. Thereby, the present study provides new insights into TBI simulation in-

vitro and focuses on a possible attenuation of I/R injury by P188 with conceivably direct 

reparative effects on neurons.  
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The aims of the present thesis are:  

1) Developing an in-vitro mouse brain cortex neuronal cell culture model that closely 

mimics the physiological state of neurons.  

2) Establishing a TBI model using compression and H/R to simulate I/R injury that 

leads to a moderate damage, still allowing P188 to attenuate cellular injury. 

3) Determining a protective effect of P188 when administered at the start of 

reoxygenation and using the completely hydrophilic polymer PEG as an osmotic 

control to elucidate if P188’s effect would be based on its amphiphilic character.  

 

The overarching goal of the present thesis is to verify the hypothesis: The amphiphilic 

triblock copolymer P188 protects neurons against H/R and compression injury by 

stabilizing the injured cell membrane. 
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2. Materials and Methods 

 

All experiments were conducted in the Riess Laboratory at the Vanderbilt University 

Medical Center (VUMC), Nashville, Tennessee, USA. 

 

2.1. Materials 

Table 1: Equipment 

Name Company Catalog No. 

Bio-Safety Cabinet NuAire NU425400 

Hypoxia Incubator Chamber (See Fig. 9) Stemcell Technologies 27310 

Single Flow Meter for Hypoxia Chamber Stemcell Technologies 27311 

Centrifuge Anstel Enterprises Inc.  4235 

Cell Counter Invitrogen  C10281 

Cell Culture Incubator  NuAire   Nu-5500 

Fridge (4oC, Cell Culture Room) Kelvinator  MRT18NREW1 

Synergy H1 Microplate Reader BioTek Instruments, Inc. H1MF 

UltraRockerTM Rocking Platform Bio-Rad Laboratories, Inc. 1660719 

Portable Pipet-Aid Drummond Scientific Company  XP-207717 

Weights 1,000 g Cole Parmer Instruments  EW01014-01 

Aluminum Lids for 96-Well Plates (See Fig. 8) Custom-made at the Vanderbilt 
University Machine Shop  

 

Nalgene Freezing Container VWR  414004-284 

Liquid Nitrogen Tank (Cell Storage) Thermo Fisher Scientific  CY509109 

Various Volume Pipets (Rainin Classic; Single & Multi 
channel) 

Mettler-Toledo Rainin, LLC 17008708 

Inverted Light Microscope Nikon TMS214343 

-20oC Freezer Frigidaire FFU17FHW4 

4oC Refrigerator Frigidaire FFU17G4JW25 

-80oC Freezer Revco ULT2186-5-A37 

Inverted Laboratory Microscope Leica Microsystems CMS GmbH  DM IL LED 

CCD Microscope Camera Leica Microsystems CMS GmbH  DFC365 FX 

Software platform for life science LAS X Life Science Leica Microsystems CMS GmbH  Version 2.0 

 

Table 2: Chemical Substances, Reagents, Solutions, Kits 

Name Company Catalog No. 

Kolliphor® P188  Sigma-Aldrich 15759 

PEG 8000 MP Biomedicals 194839 

PrestoBlue® Cell Reagent Invitrogen by 

Thermo Fisher Scientific 

A13262 

Pierce LDH Cytotoxicity Assay Kit  Thermo Fisher Scientific 88954 

CellTiter 96® AQueous One Solution Cell Proliferation 
Assay 

Promega G3580 

Membrane Impermeant Styryl Dye FM1-43 Molecular Probes T3163 

Dimethyl Sulfoxide  Sigma-Aldrich D2650-100ML 

Caspase 3/CPP32 Fluorometric Assay Kit BioVision K105-400 
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Ethanol, 200 Proof Fisher Scientific BP2818 

Sterile Water Fisher MT25055CM 

Isopropyl Alcohol Sigma I9030 

AquaGuard Water Bath Cleaner Fisher 19161E 

CO2 Cylinder for Cell Incubator A-L Compressed Gases UN1013 

0.01% O2 Cylinder (Hypoxic Mixture) A-L Compressed Gases UN1956 

Liquid Nitrogen Tank A-L Compressed Gases UN4052 

 

Table 3: Expendables 

Name Company Catalog No. 

Mouse Neuronal Cell Culture Extracellular Matrix – 

T25 Flasks (10/pk) 
Celprogen E1 1003-02-T25 

Mouse Neuronal Cell Culture Extracellular Matrix – 

T75 Flasks (5/pk) 
Celprogen E1 1003-02-T75 

Cell Scraper Fisher 8100241 

2 ml Pipette CELLSTAR Serological 
Pipettes;Greiner Bio-One 

710 180 

5 ml Pipette CELLSTAR Serological 
Pipettes;Greiner Bio-One 

606 180 

10 ml Pipette CELLSTAR Serological 
Pipettes;Greiner Bio-One 

607 180  

25 ml Pipette CELLSTAR Serological 
Pipettes;Greiner Bio-One 

760 180 

50 ml Pipette CELLSTAR Serological 
Pipettes;Greiner Bio-One 

768 180 

Mouse Neuronal Cell Culture Extracellular Matrix – 96 Black 
Wall Well Plates (5/pk) 

Celprogen E1 1003-02-96BW) 

Mouse Neuronal Cell Culture Extracellular Matrix – 96 Clear 
Wall Well Plates (5/pk) 

Celprogen E1 1003-02-96Well 

Flat-Bottom, Clear 96-Well Plate (no Lid) Fisher 12565226 

Titer Tops Sealing Membranes 50/Pack Membrane   Electron Microscopy Sciences 70538-05 

Glass Pipette 6 inch VWR 14672-200 

15 ml & 50 ml Tubes VWR 10026-090 & 10026-094 

Nitrile Gloves Fisher 19-181-609 

Cell Counting Chambers w/ Trypan Blue Dye Fisher C10228 

Microcentrifuge Tubes (1.5 ml) Research Products International 145515A 

Pipet Tips, Various Sizes to Fit Rainin Pipets VWR 83009-688 

Reagent Reservoirs Research Products International 246282 

Plastic Weigh Boats Fisher 13735744 

Paper Towels Fisher 191202484 

Bench Protectors (Blue Pads) VWR 82020-845 

Tissue Wipes VWR 82003-822 
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Table 4: Cell Culture 

Name Company Catalog No. 
Mouse Neuronal Cell Culture Celprogen 11003-02 
Mouse Neuronal Cell Culture Complete Growth Media with 
10% Fetal Bovine Serum (FBS) 

Celprogen M11003-02S 

Fetal Bovine Serum Certified One Shot 50 ml gibco by Thermo Fisher Scientific A3160401 
Mouse Neuronal Cell Culture Complete Growth Glucose and 
Serum Free Media 

Celprogen M11003-02GF 

1X Trypsin EDTA Solution in Hank’s Balanced Salt Solution 
(125 ml) 

Celprogen T1509-014 
 

Mouse Neuronal Cell Culture Freezing Media Celprogen M11003-02FM 
1X Phosphate Buffered Saline (PBS) Solution with EDTA 
(500 ml) (Ca2+ and Magnesium Free) 

Celprogen P1408-013 

PBS (Phosphate Buffered Saline) with MgCl2 & CaCl2 Sigma-Aldrich D8662 

 

2.2. Culture 

2.2.1. Mouse Neuronal Cell Culture Data and Maintenance 

Isolated neuronal cell cultures from mouse brain cortex (Fig. 5) were obtained from 

Celprogen (Torrance, CA, USA). Vials of neurons (lot # 18060501) were purchased 

and shipped frozen to be used for all experiments of this project.  

The manufacturer assured that the biochemical and molecular properties of the 

isolated neurons – carried out according to manufacturer's specifications – are 

analogue to those of in-vivo neurons. Cells were cultured in neuronal growth media 

containing FBS and antibiotics, pre-coated flasks with mouse neuronal cell culture 

(MNCC) extra-cellular matrix, and exposure to an environment of humidified 21% O2, 

74% N2, 5% CO2 at 37°C.  

To support MNCC growth and proliferation, neurons were treated with 20% FBS by 

adding 50 ml FBS to the MNCC complete growth media (500 ml) already containing 

10% FBS. In the following it will be referred to the complete growth media with 20% 

FBS.  

The neurons expressed a number of neuron markers, including neurofilaments, 

microtubule associated protein 2, Beta III tubulin, neuron specific enolase 2 and Tau 

protein.  

The mouse neurons were grown to confluency in T25 or T75 tissue culture flasks and 

covered with 7 ml or 21 ml complete growth media, respectively. For maintainability, 

cell culture media was changed 24 hours after passing, as well as when the media 

started to change color from pink to slight yellow or at the latest after 72 hours. The 

neuron cell cultures included a majority of attached adherent cells and a few floating 

cells in suspension. Due to the fast growth with a doubling time of 24 hours, the 
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neurons were sub-cultured for cell expansion when grown to confluency. The cells 

were used for up to 22 passages.  

The passing was performed under sterile conditions in a culture hood. The media was 

removed, cells were washed with 1X PBS sterile solution to remove all traces of FBS 

and trypsinized with 5 ml/10 ml of trypsin EDTA for T25/T75 flasks. The flasks were 

agitated gently, incubated at 37°C for 2 to 3 minutes and the progress of the enzyme 

treatment was checked under a light microscope. Once the cells rounded up, the 

trypsin solution was inactivated with media (10 ml for a T25 flask, 15 ml for a T75 flask). 

A cell-scraper was used to detach the cells from the plastic surface of the flask. The 

cell suspension was centrifuged in a 50 ml tube at 10.689,25 m/s2 to obtain a soft cell 

pellet. The cell pellet was resuspended in 5 ml media and then plated on a pre-coated 

flask adjusted to 21 ml (T75) or to 7 ml (T25) of total volume. The flasks were then 

incubated at 37°C in a humidified incubator and the media was changed after 24 hours. 

 

 

2.2.2. Plated Cell Culture for Experimental Set-up 

To plate cells for experiments on a 96-well plate, the confluent cell culture was rinsed 

with PBS and trypsinized as explained above. After the cell suspension was 

centrifuged and the cell pellet resuspended in 5 ml of media, a 100 μl aliquot was mixed 

Figure 5: Representative image of isolated neurons from mouse brain cortex 
(20X magnification, Leica Inverted Laboratory Microscope) 
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with 100 μl Trypan blue dye for cell counting and cell viability check. Neurons between 

passages 6-22 were plated at seeding densities of 70,000 and 80,000 cells/cm2 in clear 

as well as black-walled clear-bottom, 96-well plates pre-coated with extra-cellular 

matrix and placed in a normal culture environment (humidified 21% O2, 74% N2, 

5% CO2, 37°C). At a plating density of 70,000 cells/cm2 the neurons reached 

confluency in approximately 72 hours, whereas with 80,000 cells/cm2 confluency was 

accomplished within 48 hours. Therefore, experiments were generally performed 

between 48 and 72 hours after plating. The neurons were grown to confluency to mimic 

the normal in-vivo physiological state of the cells. Two replicate plates were plated for 

each endpoint assay within one experiment, because one plate underwent normoxic 

conditions ± compression, whereas the other hypoxic conditions ± compression.  

 

2.3. In-vitro Simulation of Traumatic Brain Injury and Stroke 

To simulate TBI in-vitro, mouse neurons were exposed to hypoxia and compression 

following a modified method of Lotze et al., who successfully investigated hypoxia and 

compression on mouse brain microvascular endothelial cells [37,61]. Furthermore, 

previous studies have shown, that hypoxia alone can be effectively used to simulate 

stroke [25,32–34,38]. In the present study, neurons underwent hypoxia followed by 

reoxygenation, referred to as H/R to mimic I/R injury in-vitro. During hypoxia, 

compression was added to simulate TBI in half of the cases, hence described as H/R 

plus compression (H/R+C). When compression was not performed, stroke was 

mimicked, termed as H/R without compression (H/R-C) (cf. Fig. 6, 7). As a control 

group for hypoxia, neurons were maintained in normoxic conditions under normal 

culture conditions, in the following referred to as control/normoxia (C/N). To control for 

any effects of media replacement, the normal media of C/N cells was changed at the 

same time the hypoxic media was changed to the normoxic media for reoxygenation. 

Similar to H/R+C, half the cases of C/N cells underwent compression to detect the sole 

influence of compression injury (C/N+C can be interpreted as a contusion similar 

scenario in-vitro). Hence, C/N cells were divided into C/N without compression (C/N-

C) and C/N plus compression (C/N+C) groups (cf. Fig. 6, 7).  
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2.3.1. Model Development  

To optimize the H/R ± compression protocol with mouse neurons, a series of 

experiments to injure the neurons were performed. 2.5, 5 and 10 hours of hypoxia ± 

compression, followed by 2 hours of reperfusion were evaluated.  

 

2.3.2. Experimental Design  

As shown in Fig. 7, plates with confluent neurons were randomly divided to normoxic 

conditions in regular media and normal environment or hypoxic conditions in a hypoxia 

chamber and cultivated in serum- and glucose-free media. Conditions in the hypoxia 

chamber were humidified 0.01% O2, 5% CO2, 94.99% N2. In addition, compression 

was performed in both normoxic and hypoxic conditions to achieve four groups: C/N-

C (1), C/N+C (2), H/R-C (3) to simulate stroke, and H/R+C (4) to simulate TBI.  

The Riess laboratory designed aluminum lids (Fig. 8) that matched the 96-well plates 

with 15 mm long x 4 mm diameter rods that fit in the wells to compress the neurons. 

An additional weight of 1,000 g was put on the 300 g empty weight aluminum lids to 

injure the cells appropriately. Accordingly, 1,300 g/4.536 cm2 with a pressure of 

28.1 kPa affected the neurons within one well.  

 

 

 

 

Figure 6: Schematic of 96-well plate: wells containing neurons marked with blue 
lines, neurons that underwent compression marked with a red C. In one plate with a 
plating density of 6 wells x 8 rows containing neurons, 24 wells were compressed, 
whereas 24 other wells were used as a non-compressed control. 
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Figure 7: Flow chart of experimental set-up:  
Four different conditions were investigated: control/normoxia without compression 
(C/N-C) and with compression (C/N+C), as well as hypoxia/reoxygenation without 
compression (H/R-C) and with compression (H/R+C). C/N-C is considered as 
control, whereas C/N+C mimics contusion, H/R-C stroke, and H/R+C TBI in-vitro. 
Within each condition, four different concentrations of P188 or PEG were tested: no 
treatment (media only), 100 µM P188/PEG, 300 µM P188/PEG and 1 mM 
P188/PEG. 
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2.3.3. Experimental Performance  

Hypoxic media was prepared in advance by flushing hypoxic gas (0.01% O2, 5% CO2, 

94.99% N2; 20 l/min) for 10 minutes before starting the experiment. 96-well plates with 

confluent mouse neurons were washed with 100 μl PBS/well and corresponding media 

was replaced (normal media for normoxic and glucose-/serum-free media for hypoxic 

treatment). The hypoxic group with compression lids (Fig. 8) on top was put in a 

humidified hypoxia chamber (Fig. 9). The hypoxia chamber was then flushed with 

hypoxic gas for 10 minutes (0.01% O2, 5% CO2, 94.99% N2, 40 l/min) and 

subsequently placed in the incubator for 5 hours. The normoxic control group was 

placed in the incubator without being in a hypoxia chamber. Compression and hypoxia 

were performed for 5 hours. After 5 hours of incubation, the cells of all groups were 

cultivated under normal conditions (regular media and normoxic culture conditions 

[21% O2, 5% CO2, 74% N2, 37°C]) for two hours. To control for any effects of media 

replacement, the media of C/N cells was changed at the same time the hypoxic media 

was changed to the normoxic media for the reoxygenation phase. At the start of 

reoxygenation, cells were treated with different concentrations of P188, as well as PEG 

for the entire reperfusion (cf. Fig. 7, 2.4.). Cell number/viability, mitochondrial viability, 

membrane damage by LDH release and FM1-43 dye incorporation, as well as 

Caspase 3 activity as a marker of apoptosis were determined.  

 

 

Figure 8: Image of aluminum compression lids: rods (15 mm length x 4 mm 
diameter) compress the neurons in the plate 
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2.4. Treatment with P188 and Polyethylene Glycol 

The effect of P188 on mouse neurons was tested at concentrations of 100 μM, 300 µM, 

and 1 mM. At concentrations ranging from 100 µM to 1 mM, P188 and the later 

mentioned PEG are ≥96% soluble, do not affect the pH value of the media, and exist 

in a dynamic solution of single molecules and grouped micelles (oral communication, 

Benjamin J. Hackel, PhD, at the University of Minnesota). 

Furthermore, the selected concentrations have been established in previous studies 

investigating P188. For example, P188 in concentrations ranging from 10 µM to 1 mM, 

administered during reoxygenation, protected mouse cardiomyocytes from I/R injury 

assessed by cell number/viability, LDH release, FM1-43 incorporation, Caspase 3 

activity and intracellular Ca2+ [34]. The effect of P188 has also been tested on murine 

myoblast cell membrane protection after exposure to hypotonic stress and isotonic 

recovery followed by evaluation of membrane integrity via LDH release. Herein, 14 µM 

P188 was needed to reduce LDH release to half [20]. Moreover, 150 µM P188 fully 

ameliorated sarcomere length stretch injury in dystrophin deficient cardiac myocytes 

[22]. In addition, in a mouse neuronal hippocampal stroke model in-vitro, P188 in 

concentrations ranging from 1 µM to 1 mM reduced cell death, LDH leakage and 

preserved plasma membrane integrity provoked by I/R [25].  

Analogous to P188, the same concentrations for PEG were examined for appropriate 

osmotic control (cf. 1.3.2.1.) Both P188 and PEG – dissolved in the media at the 

selected concentrations – were administered at the beginning of 2 hours of 

reperfusion.  

 

Figure 9: Image of hypoxia chamber including plates and compression lids on 
top 
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2.5. Endpoint Assays 

Neuronal endpoint assessment was performed by several well-established indices of 

cellular function (cell number/viability, mitochondrial viability, membrane damage by 

LDH release/FM1-43 dye cell incorporation and apoptosis initiation by Caspase 3 

activity).  

General information for experimental procedure: For colorimetric assays (membrane 

damage by LDH release, mitochondrial viability by MTS assay) clear plates were 

applied in the experiments, whereas for fluorometric assays (cell number/viability, 

membrane damage by FM1-43 incorporation, Caspase 3 activity) dark plates were 

used.  

 

2.5.1. Cell Number and Viability Assay 

Cell number and viability were assessed using the PrestoBlue® Cell Reagent. This 

assay is based on resazurin, a nonfluorescent cell-permeant compound of blue color. 

Once resazurin permeates through a cell membrane, it is modified by the environment 

of a healthy, viable cell’s cytosol to resorufin, which is red-colored and highly 

fluorescent. Since resazurin is reduced to resorufin only in healthy, viable cells, the 

PrestoBlue® Cell Reagent measures the number of metabolically active cells very 

accurately and can be used to quantify cell viability.  

At the end of each experiment, thus, after 2 hours of reperfusion, the cells were washed 

twice with 100 µl PBS/well. Next, 90 μl of media were added, then 10 μl of the 

PrestoBlue® Cell Reagent. The cells were incubated for 30 minutes at 37°C in a 

humidified incubator. Using a plate reader (bottom read), the fluorescence of each well 

was read at an excitation (Ex) of 560 nm and emission (Em) of 590 nm. Data are 

expressed as average number of vital cells per well.  

 

2.5.2. Mitochondrial Viability Assay (MTS Assay) 

Mitochondrial viability was assessed using the colorimetric CellTiter 96® AQueous One 

Solution Cell Proliferation Assay. This assay contains 3-(4,5-dimethythiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, MTS and an electron 

coupling reagent (phenazine ethosulfate; PES). MTS and PES combined form a stable 

solution. In metabolically active cells, dehydrogenase enzymes produce NADPH and 

NADH. These coenzymes, which donate H+ atoms, convert MTS into a colored 

formazan product. At the end of each experiment, thus, after 2 hours of reperfusion, 
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the cells were washed twice with 100 µl PBS/well. Then, 20 μl of the CellTiter 96® 

AQueous One Solution Reagent was added in each well containing fresh 100 μl of 

media and cells and incubated for 1-1.5 hours in a humidified, 5% CO2 atmosphere. 

The absorbance was recorded at 490 nm with a top-reading plate reader. Data are 

expressed as average absorbance units per well.  

 

2.5.3. Cellular Injury Assay (LDH Release) 

Cellular injury was assessed by the colorimetric measurement of the intracellular 

enzyme LDH using the LDH Cytotoxicity Assay Kit. Based on impaired cell membrane 

integrity, LDH leakage by injured cells from the cytoplasm into the surrounding culture 

media is measurable in the cell culture media. The analysis of extracellular LDH 

included a two-stage enzymatic process. Initially, the extracellular LDH oxidizes lactate 

to generate NADH. In the next step, diaphorase (NADH dehydrogenase) reduces the 

tetrazolium salt iodonitrotetrazolium (INT) in the presence of NADH to a red formazan 

product that can be measured at 490 nm. The level of formazan produced is directly 

proportional to the amount of LDH liberated into the media.  

To estimate the LDH release, two measurements had to be done: analysis of the LDH 

in the supernatant media/well and LDH in the lysed cells/well.  

At the end of each experiment, after 2 hours of reperfusion, 50 μl sample/well (out of 

100 µl culture media/well) were transmitted to the equivalent well of a new 96-well clear 

plate and mixed with 50 μl of prepared reaction mixture. After 30 minutes incubation at 

room temperature protected from light, the reactions were terminated by addition of 

50 μl stop solution. The absorbance of formazan, which displays the released LDH, 

was then measured at 490 nm using a plate reader (top read) to determine the LDH in 

the supernatant media/well.  

To assess the LDH in the lysed cells/well, the original experiment plate containing cells 

and the remained 50 µl media were lysed. Therefore, 10 μl of Lysis Buffer (10X) were 

added to the primary clear 96-well plate containing cells with 50 μl of media left and 

incubated at 37°C, 5% CO2 for 45 minutes. The signaling absorbance readings were 

too high for our plate reader sensitivity and the samples were diluted with a dilution 

factor of five. A fraction of 10 μl/well was mixed with 40 μl of PBS and 50 μl of reaction 

mixture and transferred in a new 96-well plate. After incubation at room temperature 

for 30 minutes protected from light, 50 μl stop solution were added and the absorbance 

was measured at 490 nm. The assay results had then to be multiplied with the dilution 
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factor five. The LDH leakage was calculated as follows: LDH per total = LDH culture 

media ÷ LDH cell lysate. Data are expressed as average absorbance of LDH culture 

media per absorbance of LDH cell lysate. 

 

2.5.4. Cell Membrane Disruption and Repair Assay (FM1-43 Dye Incorporation) 

Cell membrane injury was assessed using the membrane impermeant styryl dye FM1-

43. This compound is impassable to intact cell membranes. When the cell membrane 

is damaged, the fluorescent FM1-43 dye is incorporated into the lipid bilayer of the cell 

membrane [22,34,62]. It has been used to assess membrane damage and reparation 

in various cell types [22,34]. 

Following the media change at the start of the reoxygenation period, 5 μM of FM1-43 

was added to the media. As required for reoxygenation, the cells were then incubated 

for 2 hours. Prior to endpoint readings, non-internalized FM1-43 that remained 

extracellular was washed out using 100 μl PBS and replaced by 100 μl of fresh media 

with serum. The fluorescence was read at Ex = 488 nm and Em = 568 nm using a 

bottom-reading plate reader. Data are expressed as average relative fluorescent units 

(RFU) per well, with “well” referring to the corresponding well used to assess cell 

number/viability within the same experiment.  

 

2.5.5. Apoptosis Assay (Caspase 3/CPP32 Fluorometric Assay) 

Activation of caspase enzymes initiates programmed cell death (apoptosis) through 

the cleavage of protein substrates and therefore induces degradation of the cell. The 

Caspase 3/CPP32 Fluorometric Assay Kit was used to examine the Caspase 3 activity 

as an indicator of apoptosis. The synthetic substrate DEVD-AFC (AFC: 7-amino-4-

trifluoromethyl coumarin) emits fluorescence upon cleavage by Caspase 3. At the end 

of each experiment, cells were resuspended in 50 μl of chilled cell lysis buffer. Cells 

were incubated on ice for 10 minutes and afterwards 50 μl of 2X Reaction Buffer 

(containing 10 mM Dithiothreitol [DTT]) were added. DEVD-AFC with an amount of 5 μl 

of 1 mM (50 μM final concentration) were additionally added and plates were incubated 

for 1-2 hours at 37°C. The fluorescence was read at Ex = 400 nm and Em = 505 nm 

using a bottom reading plate reader. Data are expressed as average relative RFU per 

well, with “well” referring to the corresponding well used to assess cell number/viability 

within the same experiment.  

 



 26 

2.6. Statistics  

Data are presented as percentages, normalized to the condition C/N-C. In every 

experiment, for each endpoint assay, the absolute values were normalized to the 

values of C/N-C (without P188/PEG treatment). Therefore, C/N-C was set to 100% 

within one experiment per endpoint. 

For the model development, 2.5, 5 and 10 hours of hypoxia ± compression were 

performed. Data was normalized to C/N-C, then logarithmized and analyzed with linear 

regression analysis. Graphically, data are presented as linear regression with  

y = a ± SEMa ⋅ x + b ± SEMb; R2 (a = slope; b = intercept). Significance is expressed in 

the graphs as: † vs. 2.5 hours (of same condition); ‡ vs. 5 hours (of same condition); * 

vs. C/N-C (of same time group). 

The final results of the simulated stroke/TBI model with P188 and PEG treatment were 

tested for normal distribution with the Shapiro-Wilk test. In case the normality test was 

passed, equal variance was tested via Brown-Forsythe. Normal distribution and equal 

variance are requirements for parametric testing.  

For parametric testing, one-way-ANOVA was performed to compare the means of 

different groups. Not normally distributed values were expressed as median (25th; 75th 

quartile). Kruskal-Wallis One Way Analysis of Variance on Ranks testing was 

performed on non-parametric data.  

Post-hoc testing was applied to significant results. Differences were considered 

statistically significant with p<0.05 (two-tailed). After Kruskal-Wallis, Dunn’s Method for 

All Pairwise Multiple Comparison procedures was used as post-hoc testing. If data 

were normally distributed (Shapiro-Wilk), but the Equal Variance Test (Brown-

Forsythe) failed, data are expressed as median (25th; 75th quartile) and Kruskal Wallis 

with Dunn’s Method was performed as well.  

If the normality test (Shapiro-Wilk), as well as the equal variance test (Brown-Forsythe) 

were passed, Student-Newman-Keuls Method for All Pairwise Multiple Comparison 

Procedures was applied. Graphically, brackets indicate significance (p<0.05) between 

different conditions without treatment, and * expresses significance vs the same 

condition without treatment. All data were analyzed with SigmaStat 4.0 (San Jose, 

California, USA).   
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3. Results 

 

3.1. Model Development 

Durations of hypoxia ± compression of 2.5, 5 and 10 hours were compared. 

Subsequently, cells were reoxygenated for 2 hours. Samples were assayed for cell 

number/viability, membrane damage by LDH release and mitochondrial viability.  

  

Figure 10: Cell number/viability in dependence on the duration of applied 
injury  
C/N-C: light green; C/N+C: green; H/R-C: light red; H/R+C: red 
C/N: control/normoxia; H/R: hypoxia/reoxygenation; ±C: with/without compression; 
C/N-C (normoxia) equals 100% (lg[100]=2); 
† vs. 2.5 hours (of same condition); ‡ vs. 5 hours (of same condition); * vs. C/N-C 
(of same time group); n=3 experiments per time point 
Linear regression analysis of logarithmized percentage data (normalized to C/N-C) 
C/N-C: y = -0.0006 ±0.0009⋅x + 2.001 ±0.006; R² = 0.002 
C/N+C: y = -0.001 ±0.003⋅x + 1.828 ±0.019; R² = 0.0006 
H/R-C: y = -0.115 ±0.002⋅x + 2.302 ±0.015; R² = 0.926 
H/R+C: y = -0.089 ±0.002⋅x + 2.035 ±0.014; R² = 0.893 
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Figure 11: Mitochondrial viability in dependence on the duration of applied 
injury 
C/N-C: light green; C/N+C: green; H/R-C: light red; H/R+C: red 
C/N: control/normoxia; H/R: hypoxia/reoxygenation; ±C: with/without compression; 
C/N-C (normoxia) equals 100% (lg[100]=2); 
† vs. 2.5 hours (of same condition); ‡ vs. 5 hours (of same condition); * vs. C/N-C (of 
same time group); n=3 experiments per time point 
Linear regression analysis of logarithmized percentage data (normalized to C/N-C) 
C/N-C: y = 0.0004 ±0.001⋅x + 1.993 ±0.009; R² = 0.0004 
C/N+C: y = -0.004 ±0.002⋅x + 1.964 ±0.016; R² = 0.009 
H/R-C: y = -0.135 ±0.003⋅x + 2.455 ±0.021; R² = 0.897 
H/R+C: y = -0.129 ±0.003⋅x + 2.349 ±0.019; R² = 0.911 
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Hypoxia (H/R-C) impaired cell number/viability after 5 and 10 hours, whereas 2.5 hours 

did not show a decrease in cell number/viability. Compression (C/N+C) injured the 

neurons at each time, with no difference between 2.5, 5 or 10 hours. Hypoxia (H/R-C) 

or compression (C/N+C) alone for 5 hours decreased cell number/viability equally. 

When combining compression with hypoxia for 5 hours, an even greater decline of cell 

number/viability was detectable compared to each alone. H/R+C – contrary to H/R-C 

– already showed a significant decline in cell number/viability after 2.5 hours of injury. 

A large decrease of cell number/viability was observed after 10 hours of hypoxia, with 

no further injury added by compression (Fig. 10).  

Figure 12: LDH per total in dependence on the duration of applied injury 
C/N-C: light green; C/N+C: green; H/R-C: light red; H/R+C: red 
C/N: control/normoxia; H/R: hypoxia/reoxygenation; ±C: with/without compression; 
C/N-C (normoxia) equals 100% (lg[100]=2); 
† vs. 2.5 hours (of same condition); ‡ vs. 5 hours (of same condition); * vs. C/N-C 
(of same time group); n=3 experiments per time point 
Linear regression analysis of logarithmized percentage data (normalized to C/N-C) 
C/N-C: y = 0.0001 ±0.001⋅x + 1.995 ±0.007; R² = 0.00008 
C/N+C: y = 0.006 ±0.002⋅x + 2.039 ±0.014; R² = 0.034 
H/R-C: y = 0.128 ±0.002⋅x + 1.68 ±0.015; R² = 0.942 
H/R+C: y = 0.118 ±0.002⋅x + 1.846 ±0.011; R² = 0.962 
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Similar observations were made for mitochondrial viability, apart from a slighter 

decrease after 2.5 and 5 hours of H/R+C compared to cell number/viability: Hypoxia 

(H/R-C) impaired mitochondrial viability after 5 and 10 hours, but not after 2.5 hours. 

In contrast, H/R+C already impaired mitochondrial viability after 2.5 hours. 

Compression (C/N+C) injured the neurons at each time equally, although only 5 hours 

of C/N+C showed a statistical significance in regard to C/N-C. The single injury of 

5 hours hypoxia or compression decreased mitochondrial viability to the same extent. 

The combination of compression and hypoxia for 5 hours potentiated cell injury 

assessed by mitochondrial viability. The large decrease of mitochondrial viability seen 

after 10 hours of hypoxia could not be further augmented by the addition of 

compression (Fig. 11).  

Hypoxia (H/R-C) increased LDH per total progressively over time, with 2.5 hours of 

hypoxia (H/R-C) already leading to a slight but significant membrane damage. Such 

an increase over time could not be found for compression alone (C/N+C), which injured 

the neurons more consistently, even though there was a statistical difference between 

2.5 and 10 hours of C/N+C observable. The combination of both hypoxia and 

compression (H/R+C) (for 2.5 and 5 hours) aggravated membrane damage evaluated 

by LDH per total compared to hypoxia and compression applied separately. A great 

increase of LDH per total was observed after 10 hours of hypoxia, with no further 

increase added by compression (Fig. 12).  

These findings show that hypoxic injury in this model is time-dependent, whereas 

compression injury is not. While 2.5 hours of hypoxia injured insufficiently and 10 hours 

excessively, 5 hours of hypoxia lead to a moderate damage, still allowing an increase 

through compression, and further potential attenuation by protective strategies. 

Therefore, 5 hours hypoxia and compression with 2 hours reoxygenation, appears to 

be a suitable in-vitro mouse neuron TBI model for testing novel treatments.  
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3.2. Changes in Neuronal Morphology after Injury 

The effect of injury was also evaluated by the cell morphology. Uninjured neurons, 

when grown to confluency, exhibited two different morphologic shapes (Fig. 13): Some 

neurons were – to a certain extent – attached to the surface and thereby of cuboidal 

morphology, whereas others were more rounded, floating on top of other cells. After 

neurons were exposed to compression for 5 hours (Fig. 14A), their shape resembled 

an icosahedron, with less contact to each other. Hypoxia, in contrast, lead to a more 

fusiform/spindle-shaped morphology of the neurons attached to the surface with many 

neurons bubbling and rounding up, providing less contact to each other (Fig. 14C). 

When hypoxia and compression were combined for 5 hours, many rounded-up and 

some fusiform-shaped cells could be observed (Fig. 14E). Remarkably, after additional 

2 hours of reoxygenation, cells looked even more injured under all 3 conditions 

(Fig. 14B, Fig. 14D, Fig. 14F), with a huge loss of confluency and cell contact 

observable. After hypoxia and reoxygenation (H/R-C) (Fig. 14D) cells exhibited a 

fusiform character; after compression and reoxygenation (C/N+C) (Fig. 14B) cells 

rounded up even more compared to compression with no reoxygenation afterwards. 

After hypoxia and compression with subsequent reoxygenation (H/R+C) (Fig. 14F), 

cell body shrinkage and rounding-up was detectable with the greatest deficit in 

confluency.  
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Figure 14: Morphology of neurons after exposure to different injury 
mechanisms (20X magnification, Leica Inverted Laboratory Microscope):  
A) 5 hours compression; B) 5 hours compression/2 hours reoxygenation (C/N+C); 
C) 5 hours hypoxia; D) 5 hours hypoxia/2 hours reoxygenation (H/R-C); E) 5 hours 
hypoxia and compression; F) 5 hours hypoxia and compression/2 hours 
reoxygenation (H/R+C)  
Compression (A, B): icosahedron similar shape; hypoxia (C, D): fusiform/spindle-
shaped cells; compression and hypoxia (E): massive rounding of neurons; after 
reoxygenation (B, D, F) cells lost confluency, rounded up; H/R+C (F) few shrunk and 
round cells, almost no contact  

A C 

B D 

E 

F 

Figure 13 : Morphology of neurons before injury (20X magnification, Leica 
Inverted Laboratory Microscope): confluent cells impose as cuboidal when attached 
to ground, as well as rounded up when floating above. 
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3.3. Effects of P188 on Simulated Traumatic Brain Injury in Neurons 

3.3.1. Cell Number and Viability 

There was a significant decrease of approximately 20% in cell number/viability after 

5 hours H/R-C, as well as after compression alone (C/N+C), compared to cells under 

C/N-C conditions. After H/R combined with compression (H/R+C) there was a nearly 

60% decrease of cell number/viability. No significant effect of P188 was observed 

throughout all normoxic and hypoxic conditions with or without compression on cell 

number/viability (Fig. 15).  

 

  

Figure 15: Cell number/viability after applied injury and P188 treatment 
C/N: control/normoxia; H/R: hypoxia/reoxygenation; ±C: with/without compression; 
C/N-C with no treatment (normoxia) equals 100%; brackets indicate p<0.05 between 
conditions without treatment; n = 12 experiments per group; RFU: relative 
fluorescence units  
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3.3.2. Mitochondrial Viability 

Compression alone (C/N+C) did not result in a significant decrease of mitochondrial 

viability compared to C/N-C. H/R-C slightly decreased mitochondrial viability compared 

to C/N-C, whereas the combination of H/R and compression (H/R+C) lead to a 25% 

decline of mitochondrial viability. Generally, no positive or negative effects of P188 

were observed on mitochondrial viability, except for a slight, but significant increase 

after 1,000 µM P188 in C/N+C conditions compared to no treatment (Fig. 16).  

  

Figure 16: Mitochondrial viability after applied injury and P188 treatment 
C/N: control/normoxia; H/R: hypoxia/reoxygenation; ±C: with/without compression; 
C/N-C with no treatment (normoxia) equals 100%; brackets indicate p<0.05 between 
conditions without treatment; * vs no treatment, same condition; n = 8 experiments 
per group; Abs: Absorbance 
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3.3.3. Membrane Damage by LDH per Total 

Compression alone (C/N+C) did not result in a significant increase of membrane 

damage, whereas hypoxia (H/R-C) did. The combination of both (H/R+C) resulted in 

an even greater damage. A more than two-fold increase of LDH per total after H/R+C 

was observed compared to C/N-C. No beneficial effect of P188 on LDH per total was 

observed. However, a mild, but significant decrease of LDH per total in 300 µM P188 

compared to no treatment was detectable in the C/N-C condition (Fig. 17).  

  

Figure 17: LDH per total after applied injury and P188 treatment 
C/N: control/normoxia; H/R: hypoxia/reoxygenation; ±C: with/without compression; 
C/N-C with no treatment (normoxia) equals 100%; brackets indicate p<0.05 between 
conditions without treatment; * vs no treatment, same condition; n = 8 experiments 
per group; Abs: Absorbance 



 36 

3.3.4. Membrane Damage by FM1-43 Dye Incorporation  

Compression (C/N+C) alone did not result in a significant FM1-43 dye incorporation, 

whereas hypoxia (H/R-C) induced membrane damage as assessed by FM1-43 dye 

incorporation. The combination of both hypoxia and compression (H/R+C) resulted in 

even greater membrane damage. A more than two-fold increase of FM1-43 dye 

incorporation compared to C/N-C was observed after H/R+C. Throughout all normoxic 

and hypoxic conditions with or without compression, no significant effect of P188 was 

observed on FM1-43 dye incorporation (Fig. 18).  

 

 

  

Figure 18: FM1-43 incorporation after applied injury and P188 treatment 
C/N: control/normoxia; H/R: hypoxia/reoxygenation; ±C: with/without compression; 
C/N-C with no treatment (normoxia) equals 100%; brackets indicate p<0.05 between 
conditions without treatment; n = 8 experiments per group; RFU: relative 
fluorescence units 



 37 

3.3.5. Induction of Apoptosis 

H/R-C as well as H/R+C increased Caspase 3 activity almost three-fold, whereas no 

statistical significance between C/N-C and C/N+C was observed. No significant effect 

of P188 was found on Caspase 3 activity throughout all normoxic and hypoxic 

conditions with or without compression (Fig. 19).  

 

 

  

Figure 19: Caspase 3 activity after applied injury and P188 treatment 
C/N: control/normoxia; H/R: hypoxia/reoxygenation; ±C: with/without compression; 
C/N-C with no treatment (normoxia) equals 100%; brackets indicate p<0.05 between 
conditions without treatment; n = 8 experiments per group; RFU: relative 
fluorescence units 
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3.4. Effects of Polyethylene Glycol on Simulated Traumatic Brain Injury in 

Neurons 

3.4.1. Cell Number and Viability 

There was a significant decrease of approximately 30% in cell number/viability after 

5 hours compression (C/N+C), as well as a 40% decrease after 5 hours hypoxia  

(H/R-C), compared to cells under C/N-C conditions. After H/R+C there was a nearly 

60% decrease of cell number/viability detectable. PEG did not attenuate cell 

number/viability, nor showed it any negative effect on cell number/viability (Fig. 20).  

 

 

  

Figure 20: Cell number/viability after applied injury and PEG treatment 
C/N: control/normoxia; H/R: hypoxia/reoxygenation; ±C: with/without compression; 
C/N-C with no treatment (normoxia) equals 100%; brackets indicate p<0.05 between 
conditions without treatment; n = 12 experiments per group; RFU: relative 
fluorescence units 
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3.4.2. Mitochondrial Viability 

Compression alone (C/N+C) did not result in a significant decrease of mitochondrial 

viability compared to C/N-C. H/R-C decreased mitochondrial viability by nearly 10% 

compared to C/N-C, whereas H/R+C lead to an approximate 25% decline of 

mitochondrial viability. Generally, neither protective nor harming effects of PEG were 

observed on mitochondrial viability (Fig. 21).  

 

 

  

Figure 21: Mitochondrial viability after applied injury and PEG treatment 
C/N: control/normoxia; H/R: hypoxia/reoxygenation; ±C: with/without compression; 
C/N-C with no treatment (normoxia) equals 100%; brackets indicate p<0.05 between 
conditions without treatment; n = 8 experiments per group; Abs: Absorbance 
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3.4.3. Membrane Damage by LDH per Total 

Compression (C/N+C) showed an approximate increase of LDH per total to 110%, 

whereas hypoxia (H/R-C) lead to an increase of LDH per total to nearly 180% 

compared to control. The combination of both (H/R+C) potentiated the damage. H/R+C 

increased LDH per total to approximately 240% compared to C/N-C conditions. Nearly 

no influence on the damage was found by PEG, except for a slight, but significant 

decline of LDH per total after treatment with 100 µM PEG compared to no treatment in 

the C/N-C condition (Fig. 22).  

 

 

  

Figure 22: LDH per total after applied injury and PEG treatment 
C/N: control/normoxia; H/R: hypoxia/reoxygenation; ±C: with/without compression; 
C/N-C with no treatment (normoxia) equals 100%; brackets indicate p<0.05 between 
conditions without treatment; * vs no treatment, same condition; n = 8 experiments 
per group; Abs: Absorbance 
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3.4.4. Membrane Damage by FM1-43 Dye Incorporation 

Compression alone (C/N+C) did result in a slight, but significant FM1-43 dye 

incorporation increase, whereas hypoxia (H/R-C) induced a two-fold higher FM1-43 

dye incorporation. The combination of both (H/R+C) resulted in greater membrane 

damage up to nearly 230% compared to C/N-C conditions, assessed by the 

incorporation of the fluorescent styryl dye. No significant difference between the 

damage induced by hypoxia alone (H/R-C) and hypoxia paired with compression 

(H/R+C) could be observed. Neither a positive nor a negative effect of PEG was 

observed throughout all normoxic and hypoxic conditions with or without compression 

(Fig. 23).  

 

 

  

Figure 23: FM1-43 incorporation after applied injury and PEG treatment 
C/N: control/normoxia; H/R: hypoxia/reoxygenation; ±C: with/without compression; 
C/N-C with no treatment (normoxia) equals 100%; brackets indicate p<0.05 between 
conditions without treatment; n = 8 experiments per group; RFU: relative 
fluorescence units 
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3.4.5. Induction of Apoptosis 

Compression alone (C/N+C) increased Caspase 3 activity to nearly 140%. Hypoxia 

(H/R-C), instead, increased Caspase 3 activity by more than five-fold, whereas H/R+C 

by almost five-fold. No significant difference in apoptosis activation between H/R-C and 

H/R+C was seen. Neither a positive nor a negative effect of PEG could be observed 

(Fig. 24).  

 

  

Figure 24: Caspase 3 activity after applied injury and PEG treatment 
C/N: control/normoxia; H/R: hypoxia/reoxygenation; ±C: with/without compression; 
C/N-C with no treatment (normoxia) equals 100%; brackets indicate p <0.05 between 
conditions without treatment; n = 8 experiments per group; RFU: relative 
fluorescence units 
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4. Discussion  
 

4.1. Study Conclusions 

Focusing on the pathomechanism of TBI, the effect of H/R (simulated I/R) and 

compression injury as components of TBI were investigated on primary mouse brain 

neurons in-vitro. Confluent neurons were randomized to either normoxic or hypoxic 

conditions. Additionally, compression was performed. Injury times of 2.5, 5 and 

10 hours were compared with each other. Subsequently, cells were reoxygenated for 

2 hours. The model development of the present study was evaluated by cell 

number/viability, mitochondrial viability and LDH per total. In the present model it 

became apparent that hypoxic injury was time-dependent, whereas compression injury 

was not. These findings are consistent with Cheng et al.’s investigations in which 

primary cortical neurons were injured by compressed gas treatment independently of 

the time up to a compression exposure of 24/48 hours in regard to cell number/viability 

and LDH release, respectively [63]. In the present model, cells were injured 

insufficiently after 2.5 hours hypoxia and excessively after 10 hours. Yet, 5 hours 

hypoxia lead to a moderate damage, still allowing compression to exert detrimental 

harm, and giving novel therapeutic strategies the possibility for attenuation. Hence, 

5 hours of hypoxia + compression with subsequent 2 hours of reoxygenation (H/R+C), 

appeared to be an appropriate in-vitro mouse neuron TBI model for testing novel 

treatments. Similar findings were made for hypoxia alone with subsequent 

reoxygenation (H/R-C) which were interpreted as a scenario mimicking stroke. 

Compression alone (C/N+C) may be construed as a contusion simulation. However, 

the present thesis mainly focuses on TBI and stroke.  

In five different cellular indices analyzed, 5 hours of hypoxia ± compression with 

subsequent reoxygenation led to neuronal injury. A significant decrease in cell 

number/viability and mitochondrial viability, as well as a significant increase in LDH per 

total, FM1-43 dye incorporation and activity of Caspase 3 as an end effector of 

apoptosis [15,26], compared to cells under C/N conditions were observed 

(cf. 3. Results).  

It has been revealed that reperfusion causes detrimental harm after ischemia and 

therefore illustrates a clinical challenge [14]. Previous in-vitro research on 

cardiomyocytes has demonstrated the additional harm of reoxygenation after hypoxia 

[34]. It has been therefore hypothesized that neurons also experience additional injury 
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after reperfusion which would represent the phase of I/R injury where P188 might have 

a clinical impact. Indeed, in the present thesis reoxygenation induced detrimental harm 

on the morphology of neurons (Fig. 14). 

Further, the amphiphilic CCMS P188, a membrane sealant known to stabilize 

membranes in I/R injury [17,25,26], was administered at the start of reoxygenation in 

different concentrations. The completely hydrophilic polymer PEG has also been 

administered. PEG offers a similar molecular weight [58] and therefore similar osmotic 

properties as P188 [30,34]. For that reason, it is considered the ideal control molecule 

for P188 to support the hypothesis that P188’s membrane sealing effects are due to 

its unique amphiphilic character and not to its osmotic properties.  

Hypoxia alone (H/R-C) as well as the combination with compression (H/R+C) injured 

the cells, although the combination (H/R+C) exerted a severer damage when assessed 

by cell number/viability, mitochondrial viability and LDH per total. Thus, the neuronal 

damage examined by these three endpoints seemed to be achieved by each hypoxia 

or compression alone, leading to an increased damage when combining those two. In 

contrast, Caspase 3 activity did not increase through the addition of compression 

indicating that apoptosis activation – while achieved through hypoxia – may not be 

provoked by compression injury. No precise statement could be made about FM1-43 

dye incorporation as additional dye incorporation after H/R+C compared to H/R-C was 

observed in the P188 data (Fig. 18), but not in the PEG data (Fig. 23). In C/N conditions 

compression exerted its damage more inconsistently so that not all assays and data 

sets (model development, P188, PEG data) showed concordant statistically significant 

differences between C/N+C and C/N-C. While this may very well be attributed to the 

limited number of experiments, compression might just exert less damage than 

hypoxia making it less statistically significant. 

Contrary to expectations, P188 administered at the start of reoxygenation did not 

attenuate neuronal cell injury. This was objectified by the five aforementioned end point 

assays. The scarce statistical significances after P188 treatment compared to no 

treatment only appeared in normoxic conditions and were just marginal 

(cf. Fig. 16, 17, 22), and are, therefore, interpreted as negligible. Because no relevant 

differences between the groups of P188 treatment and no treatment, as well as PEG 

treatment have been observed, it can be concluded that P188 was not able to restore 

neuronal vitality after induced injury in-vitro. 
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4.2. Different Simulation Techniques of Traumatic Brain Injury 

In this H/R ± compression model of TBI simulated in-vitro, P188 did not show 

neuroprotective properties on mouse brain cortex isolated neurons. However, there 

are different types of TBI simulations described in the literature [59,64–66] which are 

worth being briefly discussed in the following.  

Generally, in-vivo models better simulate clinical correlates through external stimuli, 

than in-vitro models. However, internal cascades on the cellular level are challenging 

to retrace in in-vivo models, while in-vitro models can focus on the biomechanics and 

pathophysiology of injury. In-vitro studies provide the chance to evaluate 

well-controlled circumstances, without the influence of systemic confounders such as 

humoral factors or systemic inflammation. They are easy to reproduce and can be 

segregated from the environmental influences. Furthermore, cells are easy to use and 

inexpensive, in-vitro studies can be performed on individual cell types and, ethically 

important, the need for animal studies can be reduced [59,64,65]. Additionally, in-vitro 

procedures are capable of predicting in-vivo studies and can be used to test 

therapeutic strategies [59].  

In-vitro procedures to mimic the injury mechanisms underlying TBI, as described so far 

in the literature, contain transection to rebuild axotomy on cells due to tissue laceration, 

scratching, fluid shear stress to deform cells, shear strain which mimics non-

penetrating TBI, or stretching to imitate in-vivo brain deformation [59]. Moreover, TBI 

has been simulated via hydrostatic pressure [59,67]. The production of transient 

pressure waves by weight drop on a sealed chamber containing cells has been 

described to reproduce the change in pressure waves occurring during closed head 

TBI [59]. A blast-induced generation of micro sized bubbles and the subsequent 

collapse on cells to create microcavitation has also been illustrated [36,68,69]. 

Furthermore, the impact of compression through weight-drop and impactors has been 

studied on live neocortical brain slices [70] and on rat co-cultures of the thalamus and 

neocortex [71]. Exposure through compression can be controlled by duration, weight, 

shape of the impactor, force and depth [59]. Compressed gas exposure to primary 

cortical neurons has been used to simulate an elevated ICP with compression leading 

to cell number/viability decrease, elevated LDH release, induced apoptosis with 

cleavage of Caspase 3, as well as oxidative, mitochondrial and endoplasmic reticulum 

stress. Compression-induced neuronal injury has been observed to be dependent on 

strength and duration of hydrostatic pressure exposure [63]. 
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Data from several studies have revealed neuroprotection through P188 in in-vitro TBI 

models achieved through fluid shear stress [18,19,39–42]. In this process, mechanical 

injury was only carried out for a total loading duration of 200 ms and achieved through 

a controlled cell shearing device with a short high peak velocity fluid shear stress for 

15 ms, followed by a lower steady shear stress which was performed for 185 ms [39]. 

This method stands in stark contrast to the method of this thesis where compression 

has been executed for 5 hours.  

Most in-vitro studies of TBI and stroke have been carried out on compression and/or 

hypoxia alone [25,31–33,38,63,72]. The present work is focused on the combination 

of both, which is a novel model combination established by the Riess laboratory [61] 

to simulate both components that occur simultaneously during TBI.  

 

4.3. Therapeutic Strategies against Ischemia/Reperfusion Injury during Stroke 

and Traumatic Brain Injury  

Oxygen deprivation in the brain occurs during ischemic stroke or after suffering TBI. 

As described previously in detail (cf. 1.2.), the restoration of blood flow and oxygen 

supply to ischemic tissue (reperfusion, reoxygenation), while necessary, aggravates 

the ischemic injury itself. The complex pathophysiological mechanisms underlying this 

circumstance are summarized as I/R injury [14,15]. Notably, tissue injury caused by 

reoxygenation has been found to be susceptible to therapeutic interventions in 

experimental settings. However, the clinical translation of novel therapies that can 

attenuate reperfusion injury has not been very successful yet, thus, necessitating 

studies that investigate further potential strategies against I/R injury, specifically when 

delivered upon reperfusion [14,15,17,23].  

Several studies have identified ischemic preconditioning as a promising strategy to 

treat I/R injury in general [14,57] and in the brain specifically [73–75]. Ischemic 

preconditioning is characterized by several short periods of subcritical I/R before a 

severe ischemic event (e.g. heart attack or stroke) that are believed to induce ischemic 

tolerance, thus, forearming tissue to ischemia [74,76]. Murry et al. introduced ischemic 

preconditioning in 1986 when achieving myocardial infarct size reduction by the 

described strategy [76]. A few years later, ischemic preconditioning in the brain has 

been described as promising towards carotid occlusion in-vivo [77]. The protective 

effect of ischemic preconditioning has been attributed to post-translational 

modifications of essential proteins like membrane receptors or the mitochondrial 
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respiratory chain, as well as gene up- and down-regulations in the long term [74]. In 

the clinical setting, transitory ischemic attacks (TIAs) as the correlate of experimental 

ischemic preconditioning have been identified as neuroprotective, when experienced 

before a stroke. A stroke with a TIA in the past was associated with smaller infarct 

sizes and a milder clinical outcome compared to a stroke as a first ischemic event in 

the brain, suggesting the brain getting accustomed to ischemia [74,75].  

Not only ischemic preconditioning, but also ischemic postconditioning has been 

described as protective towards myocardial infarction [78,79], on cardiac and 

neurological outcome after cardiac arrest [80], and primary in the brain [74,81]. 

Ischemic postconditioning defines several short periods of I/R after reperfusion [74], 

and is therefore more practical to apply after TBI compared to preconditioning. 

However, it is important to note that re-exposing the already injured brain to ischemia 

in the clinical setting is – at least in theory – fraught with risk. Some animal studies 

have even revealed detrimental harm with ischemic postconditioning [74].  

Alternatively, so-called remote pre- [82] and postconditioning [83] have been 

examined. Here, the research has tended to focus on exposing more distant parts of 

the body, mostly the extremities, to short periods of I/R and not the brain itself [74,84]. 

Such studies have been successful, but illustrate an urgent beginning of therapy and 

are therefore difficult to put into praxis [74].  

However, pharmacological postconditioning with inhaled volatile anesthetics like 

sevoflurane and isoflurane positively affected I/R injury in the brain and heart and are 

more preferred in a practical setting [74,85–90]. Isoflurane appeared to be 

neuroprotective amongst others by decreasing apoptosis and hypoxia-induced 

neurotransmitter increase such as aspartate and glutamate [88]. Moreover, in a 

porcine model of cardiac arrest, sevoflurane postconditioning showed functional 

cardioprotection and alleviated cardiac mitochondrial dysfunction by improving ATP 

synthesis, coupling of oxidative phosphorylation and Ca2+ retention capacity [89]. 

Nevertheless, there is evidence that volatile anesthetics have dose-dependent toxic 

side effects and, therefore, might not illustrate an optimal strategy to prevent I/R injury. 

However, “the dose makes the poison” and, therefore, this possibly illustrates a simple 

explanation for the two-edged effect of volatile anesthetics [88].  

Taken together, reperfusion remains critically important as it demonstrates the earliest 

possibility of beginning the therapy of TBI and stroke. It is, therefore, the purpose of 

many study groups including this thesis to investigate novel strategies that target the 
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critical reperfusion phase, thus, preventing additional harm added by reperfusion after 

an ischemic event in the brain.  

 

4.4. P188 as a Novel Therapeutic Strategy towards Ischemia/Reperfusion Injury 

The nontoxic, nonionic triblock copolymer P188 consists of two hydrophilic portions 

that surround a hydrophobic center. This hydrophobic part is proposed to plug 

membrane damages, thus, sealing membrane leakage and ensuring intact 

membranes and cell viability [16,17,21,22,29] (Fig. 2). Administration of P188 has 

been shown to be a protective strategy towards I/R injury in many experimental set-

ups in-vivo, ex-vivo and in-vitro [16,17,25,54], probably most studied in cardiac muscle 

[17,23,26,91] (cf. 1.3.).  

Due to these promising results, P188 recently gained interest as a therapeutic option 

towards I/R injury, although it already had been examined as a blood viscosity lowering 

agent in a clinical study that had to be stopped due to its high side effect profile. More 

precisely, the effect of P188 on ST-elevation myocardial infarction (STEMI) was 

investigated in a phase II clinical trial – the Collaborative Organization for RheothRx 

Evaluation (CORE) trial – in the 1990s, without observing any benefits of P188 

[17,23,92]. However, several limitations of this study have been emphasized by Bartos 

et al. to depict that P188 could still find use in the clinical setting [23]. The limitations 

of the CORE trial include a delay in P188 delivery of approximately 30 minutes after 

the beginning of reperfusion. At present time, it is known that P188 provides beneficial 

effects when delivered in the early vulnerable phase of reperfusion. P188 was applied 

peripherally and intravenously in the CORE-trial, whereas intracoronary treatment 

showed favorable outcomes after STEMI in another experimental setting [23]. 

Furthermore, acute kidney failure was observed in the CORE trial – but it has to be 

mentioned that in elderly people and patients with already persisting renal dysfunction 

acute kidney failure is more frequent. More importantly, non-purified P188 was given, 

whereas purified P188 without low molecular weight contaminates did not show kidney 

deficiency appointed by the creatinine value [17,23]. To demonstrate these study 

limitations, as outlined above, Bartos et. al investigated P188 treatment in I/R injury of 

a porcine STEMI model. They were able to show, that a 30-minute delay of P188 

delivery peripherally did not diminish cardiac injury, but P188 immediately delivered at 

the start of reoxygenation intracoronarilly did show beneficial outcomes, such as 

reduction of infarct size and serum troponin levels as well as improved mitochondrial 
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function. Thus, it illustrates the importance of the immediate timing and intracoronary 

administration of P188 treatment. Moreover, Bartos et al. performed a percutaneous 

coronary intervention – which is standard practice for STEMI – to diminish coronary 

occlusion thus, allowing reperfusion, whereas the CORE-trial did not. Without 

facilitating reperfusion, attenuation of reperfusion-induced injury with P188 is utterly 

impossible and, therefore, a considerable limitation of the CORE-trial [17,23].  

 

4.5. Effect of P188 on Neuroprotection  

A considerable amount of literature has been published on neuroprotective properties 

of P188 in stroke and TBI injury models (cf. 1.3.1.5. and for detailed information 

7.1. Literature on Neuroprotection by P188). There is evidence that P188 attenuates 

cerebral I/R and mechanical injury amongst others through improvement of cell 

membrane integrity, provision of a functional impermeable BBB, reduction in neuronal 

cell death, as well as suppression of apoptosis [17,25,47].  

Despite these promising results, no beneficial effect of P188 was apparent in the 

present model. The compound did neither increase cell viability or mitochondrial 

viability, nor diminish membrane degradation or LDH per total, nor did it reduce the 

rate of programmed cell death/apoptosis.  

Indeed, relatively little literature has been published on findings where P188 has not 

been shown to be neuroprotective. However, one example can be found in an in-vivo 

study of a spinal cord ischemia model in rats. Spinal cord ischemia was accomplished 

through the occlusion of both subclavian arteries and the aorta for 13 minutes leading 

to paraplegia. Secondly, P188 was administered immediately before surgical ischemic 

initiation and for 48 hours after spinal cord ischemia. As a result, P188 did neither 

prevent paraplegia, nor could it extenuate the progress, objectified through the 

histology and functional recovery of the hind limbs [93]. In a stroke model through 

middle cerebral artery occlusion in rats, the increase of blood flow through P188 

administration was investigated. However, a reduction in the lesion size could not be 

directly found [94]. Recently, after simulated TBI in-vivo, membrane sealing and 

neuroprotective properties of the copolymer Kollidon VA64 and P188 were compared. 

Interestingly, Kollidon VA64 showed better membrane resealing qualities as P188. 

Also, P188 did not reduce BBB damage, brain edema, lesion size, and post injury 

motor deficits after controlled cortical impact, whereas Kollidon VA64 did [95,96].  
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In order to comprehend why P188 might not have protected neurons in the present 

model, it is important to examine studies where P188 positively affected neurons, to 

illustrate the differences among the models. To begin with, in the present thesis, only 

an in-vitro model of H/R paired with compression injury in isolated neurons was used. 

In contrast, in-vivo studies have revealed neuroprotective effects of P188 

[24,25,38,45–56], thus, identifying the potential importance of the physiological 

condition and environment of the brain with all its cell components and tissue perfusion.  

However, as previously mentioned (cf. 1.3.1.5.), P188 also protected neurons against 

excitotoxicity and oxidative injury [44], mechanically induced stress [18,19,39–43] and 

oxygen and glucose deprivation [25,38] in-vitro. Furthermore, as noted above (cf. 4.2.), 

a recent review compared the therapeutic efficiency of compounds from in-vivo and in-

vitro studies in which it was demonstrated that in-vitro studies are suitable to predict 

in-vivo models and are accordingly effective to test novel treatments [59].  

For example, Gu et al. deprived HT22 mouse hippocampal neuronal cells from oxygen 

and glucose, and reoxygenated them thereafter to simulate I/R injury in an in-vitro 

stroke model. P188 administration in concentrations ranging from 1 µM to 1 mM 

reduced cell death, LDH leakage and preserved plasma membrane integrity [25]. 

However, there are a few differences to the present model that are important to note. 

Firstly, Gu et al. investigated hippocampal neurons, more explicitly HT22, a sub-line 

derived from parent HT4 cells that were originally immortalized from primary mouse 

hippocampal neuronal culture [25,97]. The present thesis, however, has focused on 

primary neurons derived from the cortex. Secondly, cells were seeded one day before 

an experiment, whereas in the current setting, an experiment was performed 48 hours 

or 72 hours after seeding. It is conceivable that in the present model the cells have 

been less healthy than 24 hours before. However, the same concentrations of P188 

administered in the present study were used by Gu et al. and the simulation of I/R 

injury was executed similarly – as in the present model, H/R was achieved by glucose 

deprivation and exposure to hypoxia in a hypoxia chamber and subsequent 

reoxygenation under normal culture conditions. Unlike 5 hours of hypoxia followed by 

2 hours of reoxygenation in the present study, Gu et al. exposed the hippocampal cells 

to hypoxia for 18 hours, and reoxygenated them thereafter for 24 hours. The biggest 

difference to the present model, however, is that P188 administration was performed 

1 hour before oxygen and glucose deprivation until the end of reoxygenation. Hence, 

hippocampal cells were exposed to P188 for 43 hours (in contrast to 2 hours of 
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reoxygenation in the present experimental set-up). Thus, it does not surprise that P188 

attenuated cell injury in Gu et al.’s experiments, as P188 was applied as a preventive 

measure. It might also be possible that P188 needs to be exposed to cells for a long 

duration to act out its membrane sealing properties. Contradicting this argumentation 

is the fact that Salzman et al. and Lotze et al. administered P188 to cardiomyocytes 

and brain endothelial cells, respectively, during 2 hours reoxygenation after hypoxia 

with the result that P188 still alleviated cellular injury [32–34,37]. However, the present 

thesis investigated specifically the effect of P188 on neuronal cells.  

Similar to their in-vitro study, Gu et al. also simulated stroke with I/R injury in-vivo. In 

that case, middle cerebral artery occlusion for 2 hours with subsequent reperfusion 

was performed and P188 administered 5 minutes before reperfusion. It significantly 

reduced infarct size, preserved plasma membrane integrity, attenuated brain edema 

and ischemia induced BBB permeability and showed better neurological outcome 

24 hours after I/R. Furthermore, in the long-term outcome 3 weeks after the I/R insult, 

with daily intraperitoneal P188 treatment (in addition to the already mentioned 

administration intravenously 5 minutes before reperfusion) brain atrophy and motor 

impairments were ameliorated and survival rates increased [25]. It is important to note 

that akin to their in-vitro study, in Gu et al.’s in-vivo I/R model, P188 treatment begun 

5 minutes before reperfusion, thus, highlighting the difference in treatment 

administration to the present model.  

Similarly, Bao et al. treated mice injured with TBI with P188 30 minutes before cortical 

impact and revealed that pretreatment reduced lesion size and BBB permeability. 

Moreover, brain edema, neurological deficits, neuronal cell death and apoptosis were 

attenuated [47]. This strengthens the argument that in the present thesis, it might not 

have been possible to observe a membrane sealing effect by P188 because P188 was 

only administered upon reoxygenation. Nevertheless, the present approach depicts a 

more clinically applicable situation, since cerebral ischemia is not a foreseeable event, 

unless it occurs under specific circumstances such as vascular or neurosurgery.  

On the other hand, numerous studies, in which P188 has been only administered upon 

reperfusion/reoxygenation were still able to demonstrate neuroprotection 

[18,19,24,38–46,48,49,51,54,56]. Riess et al. and Luo et al. for example were able to 

show that after 90 minutes or 60 minutes, respectively, of middle cerebral artery 

occlusion in rats, treatment with P188 upon beginning of reperfusion was able to 

reduce infarct size and rescue locomotor function post-ischemia [38,54]. Additionally, 
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Zhang et al. administered Vepoloxamer (purified P188) 2 hours post-TBI in rats, which 

still provided improved functional outcome as well as neuroprotection and anti-

inflammation [56].  

In conclusion, it is technically possible to achieve a neuroprotective effect of P188 in 

models of TBI and stroke. However, in the in-vitro model discussed here, no beneficial 

properties on isolated primary neurons could be observed. This might be due to the 

use of an in-vitro model and as well treatment timing (pre- vs. postconditioning). Also, 

it is simply explainable by the fact that P188 might not exert its beneficial effect directly 

on neurons, because the model per se did induce appropriate injury.  

It remains unclear if brain cells other than neurons, such as glial cells – specifically 

astrocytes, oligodendrocytes, ependymal cells and microglia/macrophages – or brain 

endothelial cells, do mediate the neuroprotection obtained by P188. Indeed, P188 has 

protected both astrocytes and brain endothelial cells in in-vitro settings of blast-induced 

TBI [36,68,69]. Furthermore, endothelial neuroprotection by P188 has been revealed 

in an experimental setting close to the present model with compression and I/R injury 

in-vitro [37]. P188 was additionally observed to reduce ischemia-induced BBB 

permeability in-vivo [25,46,47]. The BBB consists of neurons, but also of endothelial 

cells, the foot processes of astrocytes and pericytes, as well as cellular elements like 

tight junctions and the basal lamina [46,47,98]. This further supports the hypothesis 

that neurons might not represent a target in the neuroprotection mediated by P188, but 

rather other brain cells. P188 did not only diminish BBB permeability, but also reduced 

brain edema development in a rat model of TBI. In this regard, the downregulation of 

Aquaporin 4 by P188 was assessed, which is located on astrocytes and endothelial 

cells [47], thus, indicating the potential role of both these cell types in the attenuation 

of brain edema by P188. In investigations of Langendorff-isolated rat hearts with P188 

treatment, increasing concentrations of P188 resulted in an elevated nitric oxide (NO) 

production. Furthermore, this inducible effect was completely abolished by NO 

synthase inhibition [99]. NO synthase inhibition also abolished the functional 

improvement and infarct size reduction by P188 in ischemic Langendorff-isolated rat 

hearts [31]. The protective effect of P188 may be therefore mediated by NO production 

[31,99]. The vasodilatory signaling molecule NO that is important for vascular 

homeostasis is produced by endothelial cells [100], further strengthening the 

hypothesis that endothelial cells play a part in P188’s cell protection. 
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Recently it has been demonstrated that P188 ameliorates dopaminergic 

neurodegeneration in the substantia nigra and alleviates hippocampal synapse loss, 

as well as behavioral impairment – which might be caused by microglial phagocytic 

activity – in a neurotoxicity-induced mouse model of Parkinson’s disease. Microglia 

activation might be a therapeutic target of P188 not only in Parkinson’s disease but 

also in other neurological disorders [101]. Consistently, it has been also reported that 

P188 has a neuroprotective and anti-inflammatory effect by reduction of 

microglia/macrophage activation and astrogliosis in the brain after TBI in rats [56].  

Taken together, there is evidence that P188 might not exert neuroprotection directly 

through neurons, but rather through microglia, astrocytes or endothelial cells in the 

brain. 

 

4.6. Copolymer Interaction with the Lipid Bilayer on a Molecular Level 

Block copolymers can be synthesized in various forms depending on the PPO/PEO 

ratio and in different molecular weights. The well-researched triblock copolymer P188 

consists of 80% hydrophilic PEO chains and 20% hydrophobic PPO core, and provides 

a molecular weight of 8,400 Da [17,102]. P188 has been shown to be effective as a 

membrane sealant during stress as evidenced by a reduction in the electroporation-

induced leakage of a fluorescent dye from cells, which indicates direct restoration of 

plasma membrane integrity following physical disruption [44]. P188 has been further 

shown to protect membranes in a wide range of settings. This includes stabilization of 

damaged muscle membranes in Duchenne muscular dystrophy models [27], as well 

as I/R injury in myocardial infarction [23], cardiac resuscitation [103], stroke [25,38,54], 

and TBI [18,19,39–42,47]. The PPO core adsorbs into the lipid membrane while the 

PEO tails are located on the water rich outer leaf, thus, stabilizing the poloxamer on 

the membrane leak [102] (Fig. 2, 25A left). This interaction is suggested to be precisely 

concerted by the molecular weight and hydrophilic-lipophilic ratio of the triblock 

copolymer [102,104,105].  

Since the purely hydrophilic PEG has a similar molecular weight as P188, the former 

has been used as an osmotic control for P188 under the anticipation that P188 would 

improve neuronal viability and membrane balance, whereas PEG would not. If P188 

would have been significantly protective compared to no treatment as well as PEG 

treatment, it could have been suggested that P188’s amphiphilic character is 

responsible and needed for membrane repair and stabilization after induced damage 
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by above described interaction with the cell membrane. Since neither P188 nor PEG 

had any effect on the injured cells, it is impossible to make any assumptions on how a 

conceivable effect of P188 would actually work. It can only be concluded, that the 

osmotic properties of both compounds did not affect neuronal viability. A possible 

explanation for the missing neuroprotection by P188 could be that its architecture did 

not provide enough hydrophobicity, emphasizing the question if different copolymer 

blocks could be more potent in stabilizing neuronal membranes.  

Diverse block copolymers with different chemical properties can be designed by 

varying the length of the PEO and PPO groups [27,102]. Lately, diblock copolymers 

(PEO-PPO structure) have been investigated towards membrane stabilization and 

interaction with molecular dynamic simulations in-vitro and in-vivo [20,27,102]. PEO-

PPO diblock constructions can be produced custom-made by controlling the PPO end 

group configuration without impacting the molecular weight or structure. Diblocks have 

been proven effective in membrane stabilization through providing an “anchor and 

chain” mechanism in which controlling the hydrophobicity of the PPO block end group 

determines membrane interaction and stabilization (Fig. 25, 26). The addition of a 

hydrophobic end group to the PPO (e.g. tert-butoxy terminated) “anchors” the PPO 

block near the center of the lipid bilayer, whereas a hydrophilic end group (e.g. hydroxyl 

group) positions the end of the PPO block more externally at the periphery of the 

bilayer (Fig. 25 middle/right, 26) [102].  

These findings might suggest that P188 indeed interferes with the lipid bilayer thus, 

stabilizing stressed cells, but possibly not with the same strength a diblock copolymer 

with a hydrophobic end group could provide (cf. Fig. 25A).  
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Figure 25: Model of copolymer membrane interactions according to Houang et 
al. 2017 
A) triblock PEO-PPO-PEO/P188 (left), diblock PEO-PPO-H (hydroxyl) with 
hydrophilic end group (middle), diblock PEO-PPO-C4 (tert-butoxy) with hydrophobic 
end group (right). Blue represents hydrophilic PEO block, red hydrophobic PPO 
block. Water molecules are depicted blue-white; B) chemical structures of 
copolymers; C) corresponding chemical nomenclatures [102] 
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4.7. Study Limitations  

The present study naturally does have limitations: 1) the use of merely an in-vitro model 

of H/R ± compression injury to simulate stroke and TBI; 2) the investigation of a primary 

culture – developed of immature tissue – which cannot appropriately simulate adult 

TBI; 3) the focus on only one brain cell line, explicitly neurons; 4) the potential loss of 

vitality of cells after reaching confluency; 5) the compression with heavy aluminum lids 

and H/R injury used in this model which might not be adequate for attenuation by P188; 

6) the potentially excessive injury of neurons, perhaps causing irreversible damage; 

and 7) the administration of P188 only after 5 hours of injury and for just 2 hours. 

 

1) In-vitro experiments are indispensable in basic research as they provide a tool in 

the commencement of investigating novel therapeutic strategies and help identify 

pharmacological targets [64,65]. However, the use of an in-vitro protocol generally 

implies that the applied mechanism to generate cellular damage might not represent 

the actual pathophysiological state of injury in a living body [64].  

 

2) Primary neuronal cultures were harvested from newborn C57B/6 mouse tissue (oral 

communication, Jay Sharma, CEO/CSO, Celprogen Inc.) Thus, it could be argued that 

experiments on primary neurons might not be optimal for mimicking adult TBI but rather 

for investigations of the infantile brain. Indeed, neurons derived from embryonic tissue 

do not exhibit glutamate-mediated excitotoxicity because they do not express 

glutamatergic receptors. Excitotoxicity, however, plays an important role in adult 

neuronal injury. Moreover, for harvesting primary cultures mechanical and enzymatic 

Figure 26: Molecular dynamics simulations of hydrophilic hydroxyl (-H) vs 
hydrophobic tert-butoxy (-C4) end groups of PEO-PPO according to Houang et 
al. 2017 [102] 
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dissociation processes are necessary, which can already lead to cellular disruption and 

injury [65]. 

 

3) Brain tissue not only consists of neurons but also of other cells like glial and 

endothelial cells [64,106], making the use of primary neurons out of their environment 

not fully representative. 

 

4) As discussed previously, cell growth seems to have an impact, as in investigations 

where neurons only grew for 24 hours after seeding until experimental procedure, 

P188 did alleviate neuronal injury (cf. 4.5). In the present experimental set-up, cells 

were grown to confluency to mimic a condition close to in-vivo tissue. However, cells 

that are in the exponential growth phase feature a different metabolism and growth 

behavior than cells in stagnation [107,108]. Cell cultures that reached confluency have 

shown to lead to cell-cell contact inhibition of proliferation, which is especially typical 

for primary cultures [108]. It is therefore possible that the present cell culture was not 

as vital as it would have been in a sub-confluent growth state.  

 

5) Different techniques to simulate TBI in-vitro have been considered in other studies 

(cf. 4.2.), some of which might be better suited to study membrane resealing properties 

and, consequently possible positive effects of P188 on neuronal regeneration after TBI. 

TBI models with fluid shear stress have been observed to exert neuronal damage that 

can be abolished by P188 [18,19,39–42]. One might suggest that the injury induced by 

shear stress might be more adequate for investigating P188’s neuroprotective 

properties, possibly due to a shorter duration of damage and perhaps different cellular 

targets that might experience injury. Thus, the model used in the present investigation, 

while effective, might not have injured the neurons in a way that can be alleviated by 

P188. 

 

6) In the present model, cells in the middle of a well suffered more mechanical injury 

than cells at the edge of a well due to the placement of the rods. Hence, it is possible 

that cells – especially in the center of a well – were excessively and irreversibly injured 

by compression, thus, making it possible that the injury was beyond what can be 

attenuated by potential sealing strategies. However, cells that did not undergo 
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compression, could also not be rescued by P188. Yet, it is additionally possible that 

the applied H/R injury was too excessive for being alleviated by P188.  

 

7) Neurons were only treated with P188 after 5 hours of injury. It is possible that an 

earlier beginning of P188 treatment could have allowed a better neuronal outcome. 

This hypothesis is supported by previous investigations: Serbest et al. observed a 

neuroprotective effect of P188 after injuring neuronal cells for a short duration 

(200 ms), and a consequent earlier P188 administration, already after 15 minutes 

(cf. 4.5). Furthermore, cells were treated with P188 for 24 hours. [39,40]. Another study 

by Gu et al. (cf. 4.5) achieved neuroprotection through a 43-hour exposition to P188 

[25]. Exposing the cells to P188 for no longer than 2 hours in the present study, might 

not have been enough time for the neurons to regenerate. However, previous 

investigations of H/R and compression injury in different cells have revealed a 

protective effect of P188 after only 2 hours of reoxygenation [32–34,37]. 

 

Briefly, one might think that only mildly injured cells may recover with the help of P188. 

However, the fact that P188 was not able to rescue even less injured neurons that only 

underwent H/R without compression, raises the possibility that P188 does not directly 

interfere with neurons at all.  

Nevertheless, it is also conceivable that the injury used here cannot be diminished by 

the membrane sealant P188. Because it is not possible to ascertain if the exerted H/R 

and compression damage in this study extends to more than just membrane leakage, 

it is possible that P188 did not protect neurons because it is proposed to only exert 

neuroprotection through sealing membranes. It is, therefore, possible that neurons 

injured with only membrane damage – caused in a different and more controlled 

manner – could be saved by P188 and that, especially in in-vivo studies and in clinical 

trials, P188 might exert more robust neuroprotective properties.  

 

4.8. Future Directions 

If neurons are directly affected by P188’s membrane resealing properties remains to 

be elucidated. Future research directions should focus on identifying which cells are 

involved in the protective effect of P188. Prospective investigations should explore if 

brain cells other than neurons, such as glial cells – specifically astrocytes – or brain 

endothelial cells, do mediate the neuroprotection. As mentioned above, P188 has 
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indeed protected both astrocytes and brain endothelial cells in in-vitro settings of TBI 

[36,37,68,69] and was able to attenuate ischemia-induced BBB impermeabilities, 

specifically [25,46,47] (cf. 4.5.). The impact of P188 on the BBB should therefore be 

pursued in a more detailed fashion. 

The proposed form of brain preservation through P188 could be investigated via 

different cell culture systems and tissue preparations as alternatives to primary neuron 

culturing [65]. This could help to simulate a more physiological state of the brain 

through the interplay between different cell components. While, in this regard, co-

culturing seems to be a simple approach, organotypic culturing – where thin brain 

slices are cultivated in-vitro without cell dissociation [64,65] – may work as an even 

more physiologic model. In the same manner, three-dimensional (3D) cell culturing 

systems are of great interest. Here, cells are grown in 3D matrix gels to closely mimic 

physiological cell differentiation and organization, which is not possible in regular two-

dimensional culturing [109]. Furthermore, for studying TBI simulation more 

approximately to in-vivo, cerebral organoids can be used. Organoids are 3D in-vitro 

culturing systems, that are grown from stem cells and can closely depict the 

architecture and functionality of in-vivo tissue [110]. All these culturing systems will be 

important for the development of appropriate TBI simulations to, finally, discovering a 

more defined pathophysiological mechanism of P188. 

Finally, in-vitro settings could extend to guide in-vivo neuronal membrane protection 

through P188. Therefore, in-vivo TBI studies with weight drop and subsequent P188 

administration would be recommended to better simulate the pathophysiological 

mechanisms of TBI and to describe if P188 might work as a potential therapy towards 

I/R and compression injury.  

P188 was observed to only weakly adsorb into the lipid bilayer, hypothetically provoked 

by the two PEO chains (cf. Fig. 25A) (cf. 4.6.). This suggests that removal of one PEO 

chain alleviates and strengthens the PPO interaction with the lipid bilayer without losing 

the amphiphilic character [27]. In this subject, diblock copolymers (PEO-PPO structure) 

have been recently examined in regard to resealing properties on stressed myoblast 

membranes. The interaction of diblocks with the lipid bilayer has been described as an 

“anchor and chain” mechanism. Accordingly, diblocks that have a hydrophobic end 

group flanked to their PPO block are capable to anchor deeply into the cell membrane, 

thus, potentially sealing membranes with more strength than triblocks [17,20,27,102] 

(Fig. 25, 26). In this context, diblocks can be synthesized individually with different 
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sizes and chemistry of end groups to ultimately refine membrane resealing. However, 

the interaction of diblock copolymers with injured neurons was outside the scope of the 

current work; yet, it represents a subject of increasing scientific inquiry. 
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5. Summary 
 

I/R injury occurs during stroke and TBI. It represents a complex pathological event 

including several processes that can lead to cell membrane disruption, cellular 

dysfunction and death. The reintroduction of blood flow after the ischemic event may 

cause detrimental injury to the brain beyond the harm caused by ischemia itself and, 

therefore, represents a clinical challenge. This so-called I/R injury damages cells in a 

variety of ways including poration of cell membranes. Hence, methods to improve the 

endogenous membrane resealing capacity are crucial to prevent neuronal injury.  

In the present work, treatment during reoxygenation with the probably most studied 

CCMS, P188, was investigated in an in-vitro simulation of stroke and TBI in primary 

isolated cortical mouse neurons. P188 offers a unique hydrophilic/lipophilic character 

that has been reported to protect different cells and tissues in various experimental 

settings against I/R and mechanical injury by sealing membranes. The aim of this study 

was to establish an in-vitro stroke and TBI model and further investigate if P188 directly 

interacts with neurons after compression and H/R (simulated I/R) injury, when 

administered at the start of reoxygenation. 

The outcome of this treatment was evaluated in regard to cell number/viability, 

mitochondrial viability, membrane damage by LDH release and FM1-43 incorporation 

as well as activation of apoptosis by Caspase 3.  

It could be demonstrated that 5 hours hypoxia ± compression with 2 hours 

reoxygenation appear to be a suitable model for testing novel treatments. Compared 

to normoxic cells not exposed to compression, cell number and mitochondrial viability 

decreased, whereas membrane injury by LDH per total/FM1-43 dye incorporation and 

Caspase 3 activity increased in cells exposed to hypoxic conditions ± compression 

followed by reoxygenation. 

However, it could not be shown that P188 is capable to protect isolated neurons from 

H/R and/or compression injury when administered purely as a postconditioning agent. 

It therefore seems likely that P188 does not directly affect isolated neurons. Yet, it may 

be able to provide neuronal protection in a different experimental setting. 

In conclusion, this work contributes a new model of simulated stroke and TBI in-vitro. 

In addition, further knowledge about the impact of P188 on injured neurons can be 

gained. The extent to which the in-vitro results can be transferred to in-vivo 

mechanisms is yet unclear and offers opportunities for further investigations. 
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7. Appendix 
 
7.1. Literature on Neuroprotection by P188 
 
Table 5: List of Literature about the Effect of P188 on Neuroprotection in Various In-Vitro and In-Vivo Models Sorted by the Year of 
Publication; Includes Literature from 1989 to 2020 

Author Year Simulation Model Injury Treatment Findings Ref. 
Colbassani  1989 stroke in-vivo 

New Zealand White rabbits 
(3.5-4.5 kg) 

occlusion of the parietal part of the 
middle cerebral artery following retro-
orbital craniectomy 

50 mg/kg P188 infusion 
intravenously 30 minutes 
after injury  

- P188 increased the blood flow in brain 
areas of severe, moderate and mild 
ischemia with the severest ischemic areas 
showing the greatest improvement of the 
blood flow with P188 treatment. 
- no improvement of the blood flow in areas 
with minimal or no ischemia 
- no changes in hematocrit or viscosity with 
P188 treatment compared to only saline 
administration 
- P188 did not directly reduce the lesion 
size. 

[94] 

Follis  1996 spinal cord 
ischemia/ ischemic 
paraplegia 

in-vivo 
male Sprague-Dawley rats, 
3-4 month, weighing 
250-300 kg 

occlusion of both subclavian arteries 
and the thoracic aorta for 13 minutes  

Intravenously P188 
administration (200 
mg/kg) immediately 
before insult and for 
48 hours afterwards (250 
mg/kg/h at a rate of 0.942 
ml/h) 

- Paraplegia was evoked in all cases. 
- P188 did not prevent paraplegia, nor could 
it extenuate the progress, objectified 
through the histology and functional 
recovery of the hindlimbs 30 days after 
insult. However, neurologic recovery initially 
increased after P188 treatment compared 
to placebo, but vanished after 30 days. 

[93] 

Marks 2001 excitotoxic and 
oxidative injuries 
resulting in loss of 
neuronal membrane 
integrity 

in-vitro 
fetal rat hippocampal 
neurons, embryonic 
cerebellar Purkinje neurons 

1. N-methyl-D-aspartate (NMDA) 
exposure of hippocampal cells for 
15 minutes  
2. toxicity studies with kainate 
(cerebellar Purkinje neurons), 
menadione, tert-butyl-hydroperoxide, 
staurosporine (hippocampal cells) 
3. plasma membrane electroporation 
of hippocampal neurons 
4. induction of lipid peroxidation with 
Fe2+ and H2O2 (hippocampal cells) 

1./2. 100 µM P188 
dissolved in the media 
where neurons were 
placed following toxicity 
3. 30 µM P188 perfusion  
following electroporation  
4. 30 µM P188 during 
Fe2+ and H2O2 

administration 

1.) - assessment of neuronal death 
48 hours after NMDA exposure (NMDA 
receptor stimulation leads to neuronal death 
where necrosis plays a major role) 
- P188 reduced NMDA induced neuronal 
mortality completely; (in addition, P188 did 
not block NMDA receptors directly) 
2.) - reduced neuronal survival as assessed 
48 h after toxin exposure 
- P188 increased neuronal survival after 
kainate, menadione and tert-butyl-
hydroperoxide induced cell death (necrosis 
induction) 
- P188 did only slightly attenuate neuronal 
death after staurosporine exposure (in 
contrast to the other toxins, cell membrane 

[44] 
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remained intact, making apoptosis instead 
of necrosis responsible for cell death)  
3.) - electroporation directly disrupted 
neuronal membranes leading to a loss of 
intracellular contents (assessed with a 
fluorescent dye) 
- P188 initiated within 20 s following shocks 
(not thereafter) arrested loss of intracellular 
contents, thus, restored plasma membrane 
integrity 
4.) - P188 blocked induced lipid 
peroxidation 

Borgens 2004 spinal cord injury at 
mid-thoracic level 
 

in-vivo 
adult guinea pigs  

exposure of the spinal cord at T12-
L1 by dorsal laminectomy with 
subsequent crushing for 15 s with 
blunt forceps 

single subcutaneous 
injection of 100 mg/kg 
P188 6 hours after spinal 
cord compression 
 

- P188 treatment showed neurological 
recovery by histologic outcome, 
electrophysiologic enhancement of nerve 
impulse conduction through the spinal cord 
lesion, as well as behavioral recovery by 
return of a spinal cord reflex 

[45] 

Frim 2004 glutamate toxicity in 
the brain  

in-vivo 
Sprague Dawley rats  

excitotoxic lesion through striatal 
infusion of quinolinic acid (NMDA 
receptor agonist) 

intracisternal (40 mg/kg) 
or intravenous (400 
mg/kg) administration of 
P188 directly after 
quinolinic acid injection 

- smaller lesion size after intracisternal 
P188 treatment compared to controls  
- smaller lesion size after intravenous P188 
treatment compared to controls, but not 
statistically significant  

[51] 

Curry 2004 excitotoxicity as a 
model for traumatic, 
ischemic or 
degenerative 
neuronal cell death  

in-vivo 
Sprague Dawley rats 

stereotactic lesioning of the right 
striatum: production of a spherical 
excitotoxic lesion via striatal infusion 
of quinolinic acid (NMDA receptor 
agonist) 

intrathecal administration 
of P188 (50 µl) at 
10 minutes or 4 hours 
after excitotoxicity or at 
both time points (cisterna 
magna injection) 

- 1 week after injuring, smaller lesion sizes 
with early P188 treatment at 10 minutes or 
at 10 minutes plus 4 hours, but not after 
P188 only after 4 hours post-surgery 

[24] 

Curry 2004 excitotoxic TBI in the 
rat’s striatum  

in-vivo 
Sprague Dawley rats 

production of a spherical excitotoxic 
lesion via striatal infusion of 
quinolinic acid (NMDA receptor 
agonist) in the right striatum 

intrathecal administration 
of P188 (40 mg/kg/50 µl) 
at 10 minutes and 
4 hours after 
excitotoxicity (cisterna 
magna injection) 

- quinolinic acid injection produced a lesion 
with necrosis and inflammation 
- 1 week after injuring, less tissue damage 
and less macrophage (inflammatory) 
infiltrate perilesional striatum in rats with 
cisternal P188 administration  

[49] 

Serbest 2005 TBI in-vitro 
neuronal PC2 cells (a 
subline derived from 
pheochromocytoma of the 
rat adrenal medulla, similar 
to primary neurons in 
terminal differentiation 
when treated with nerve 
growth factor) 

mechanical injury through controlled 
cell shearing device (200 ms fluid 
shear stress with short high peak 
velocity, followed by lower, steady 
shear stress)  

10-15 minutes after injury 
P188 treatment (30, 100, 
1000 µM) 

- 100 µM and 1 mM P188 completely 
restored cell viability 24 hours post-injury 
- P188 reduced LDH release 15 minutes 
after injury 

[39] 

Serbest 2006 TBI in-vitro 
neuronal  
PC2 cells 

fluid shear stress 
same protocol as described in 
Serbest et al. 2005 

10 minutes after injury 
100 µM P188 treatment 

- P188 decreased apoptosis (inhibition of 
p38 activation) and prevented necrosis at 
24h postinjury 

[40] 
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- morphologic recovery through P188 

Cadichon 2007 intracranial 
hemorrhage  

in-vivo 
Sprague Dawley rats 
(205-240 g) 

experimental induced 
intraparenchymal hemorrhage with 
striatal infusion of 50 µl autologous 
blood  

- intracisternal P188 
administration 10 minutes 
after induced 
intracerebral hemorrhage 
(50 µl P188 solution 
(180 mg P188/ml)) 
- in a 2nd experimental 
set-up daily intracisternal 
administration of P188 for 
5 days   

- when measured 2 days post injury, lesion 
sizes in single dose P188 treated rats were 
smaller compared to no P188 treatment 
control rats, but measurement after 7 days 
did not show differences between single 
dose P188 treated rats and controls  
- lesion volumes rats with repeated daily 
P188 treatment were smaller after 7 days 
post-injury compared to controls  

[48] 

Kilinc  2007 TBI in-vitro primary chick 
forebrain neurons 

controlled cell shearing device (fluid 
shear stress, for 20 ms), thereby the 
device applies uniform shear stress 
over the coverslip containing cells via 
a rotating cone 

5 minutes after injury 
100 µM P188 treatment 

- fluid shear stress injury induced axonal 
beading and beads were colocalized with 
microtubule disruptions (signs of diffuse 
axonal injury). 
- P188 treatment completely reduced 
axonal beadings to a control-level. 

[41] 

Quinn 2008 transplantation of 
fetal dopaminergic 
neurons in a rat’s 
Parkinson model 
(associated 
mechanical trauma 
decreases neuronal 
cell survival) 

1. in-vivo 
2. in-vitro 
 
embryonic day 14 Wistar 
rat fetuses’ ventral 
mesencephalic cells for 
transplantation and in-vitro 
cell culture 
 
female Wistar rats 
(200-225 g) for in-vivo 
experiments  

1. Parkinson in one hemisphere was 
induced in rats via lesioning the right 
nigrostriatal dopaminergic pathway 
through 2 stereotactic injections of 6-
hydroxydopamin, subsequent  
neuronal transplantation of fetal 
dopaminergic cells in the rat’s 
striatum  

P188 exposure during 
cell preparation and 
transplantation:  
fetal dopaminergic tissue 
dissociated in media with 
P188 (200 µM) 
1) transplanted into rat’s 
striatum or 2) cultured for 
1 week 

- in-vitro: exposure of fetal ventral 
mesencephalic cells to P188 during tissue 
dissociation increased cell viability 6 hours 
after dissociation and cell survival and fiber 
outgrowth following 7 days of culture 
- in-vivo: fetal dopaminergic cell survival, 
fiber outgrowth (striatal reinnervation) and 
graft volume increased with P188 exposed 
transplants, but no behavioral differences 
4 weeks after transplantation in rats with 
P188 exposed transplants versus not P188 
exposed transplants  

[53] 

Kilinc 2008 TBI in-vitro  
primary chick forebrain 
neurons  

controlled cell shearing device (fluid 
shear stress, for 20 ms) 

5 minutes after injury 
100 µM P188 treatment 

- Mechanical injury lead to membrane 
permeability (Lucifer dye incorporation in 
the cell), focal microtubule disruptions and 
axonal beads (microscope pictures), both 
features of diffuse axonal injury (component 
of TBI).  
- P188 preserved membrane integrity, 
axonal beading and microtubule structure, 
indicating that membrane permeability 
marks a primary cause and therapeutic 
target of axonal pathologies.  

[18] 

Kilinc 2009 TBI in-vitro  
primary chick forebrain 
neurons  

controlled cell shearing device (fluid 
shear stress, for 20 ms) 

5 minutes after injury 
100 µM P188 treatment 

- Mechanical injury lead to Ca2+ influx and 
subsequent calpain activation that resulted 
in axonal beading.  
- P188 blocked intracellular Ca2+ increase 
and calpain activity in axons, thus, 
suggesting that membrane permeability is 

[42] 
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responsible for the Ca2+ influxes and 
calpain activation. 

Mbye 2012 TBI in-vivo 
12-week-old adult male 
CD1 mice (25-35 g) 

craniotomy, controlled cortical impact 
device on the left brain (velocity 
6 m/s, depth 0.5 mm, duration 
100 ms), subsequently craniotomy 
closed  

- intravenous injection of 
the copolymers Kollidon 
VA64 (1 mmol/l, 500 µl) 
and P188 (5 mmol/l, 
500 µl) 1 hour after 
controlled cortical impact 
 

- Kollidon VA64 showed membrane 
resealing, reduced acute cellular 
degeneration, lesion volume, Caspase 3/7 
activity, brain edema, BBB damage 
(reduction of Evans blue extravasation into 
the brain) and post-injury motor deficits 
- however, Kollidon VA64 did not rescue 
cells from eventual death at later time (after 
7 days) 
- P188 resealed membranes, but Kollidon 
VA64 resealed more cells compared to 
P188 
- P188 did not reduce BBB damage, brain 
edema, lesion size nor post-injury motor 
deficits 

[95] 

Bao 2012 TBI in-vivo 
mature male CD1 mice 
(20 -25 g) 

craniotomy, controlled cortical impact 
with a weight drop device on the left 
brain (40 g weight dropped from 20 
cm height on a plate placed on the 
dura (2 mm diameter) with a 
controlled depth of 1 mm), thereafter 
craniotomy directly closed 

P188 administration 
intravenously via tail vein 
(4 mg/ml, 100 µl) 
- 30 min before TBI 
- 15 min, 30 min, 1 hour, 
2 hours, 4 hours after TBI 

- P188 attenuated brain edema when 
administered 30 minutes before, but also 
when administered 15 or 30 minutes after 
TBI, measured via brain water content 
- pretreatment with P188 reduced BBB 
permeability (measured by Evans blue 
perfusion) by reducing Evans blue leakage 
to the injured brain, attenuated TBI-induced 
motor and cognitive deficits, reduced brain 
lesion volume, diminished TBI-induced 
neuronal cell death (measured by propidium 
iodide (PI) labeling that marks loss of 
membrane integrity and cell death), 
suppressed apoptosis through intrinsic and 
extrinsic pathways, and downregulated 
Auquaporin4 which is involved in brain 
edema development 

[47] 

Misra 2013 TBI  in-vivo 
adult male Long Evans rats 

implantation of recording electrodes 
(a therapeutic option after TBI to 
restore communication between 
central nervous system and 
periphery, but failure over time in 
neuronal recording most likely 
through glial cell immigration and 
loss of neurons) 

coating of implants with 
P188 by immersion in 
100 µM P188 for 
5 minutes with 
subsequent air drying  

- at 2 and 4 weeks after implantation, fewer 
glia cells, less acute proinflammatory 
response and more neurons detectable 
near the implants, these findings lost after 
6 weeks post-implantation 
 

[52] 

Luo 2013 TBI in-vitro 
primary cortical neurons 
from embryonic day 18 
Sprague Dawley rats 

cell shearing device  
same protocol as described in 
Serbest et al. 2005 

P188 treatment added 
into the media 10 minutes 
following cell shearing 

- cell shearing resulted in a prompt 
disruption of membrane integrity 
- recovery of morphologically detectable 
neuronal injury after 100 µM P188 24 hours 
post-injury 

[19] 
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- 50, 100, 150 µM P188 
for cell viability assay 
(MTT) 
- 100 µM P188 for all the 
other endpoints 

- 50, 100, 150 µM P188 attenuated 
neuronal cell death after 6 and 24 hours  
- 100 µM P188 attenuated injury induced 
LDH leakage after 6 and 24 hours 
- P188 protected neurons from trauma-
induced mitochondrial and lysosomal 
membrane permeabilization damage: 
100 µM P188 protected mitochondrial 
membrane potential from injury induced 
dissipation after 6 and 24 hours, 100 µM 
P188 reduced injury-induced cytochrome c 
(indicator of apoptosis) release from 
mitochondria to cytosol, 100 µM P188 
attenuated injury-induced lysosomal 
membrane permeabilization damage by 
decreasing the cell shearing-induced 
lysosomal protease cathepsin B release 
from lysosome into the cytosol (which 
initiates apoptotic pathways) 

Gu  2013 Stroke in-vitro 
HT22 mouse hippocampal 
neuronal cells 

1. 18 hours glucose/oxygen 
deprivation, subsequent 24 hours 
reperfusion  
2. direct neuronal membrane 
damaging with Triton X-100 

1. P188 (1 µM to 1 mM) 
treatment 1 hour before 
hypoxia and glucose 
deprivation until the end 
of reperfusion 
2. 100 µM P188 for 
10 minutes 

- 1. P188 in all concentrations reduced cell 
death, LDH leakage and preserved plasma 
membrane integrity 
- 2. P188 ameliorated Triton X-100 
membrane damage by resealing 50% of the 
cells 

[25] 

Gu  2013 Stroke in-vivo 
male ICR mouse (25-30 g) 

transient middle cerebral artery 
occlusion (2 hours) with subsequent 
reperfusion 

- Acute: intravenous 
P188 5 minutes before 
reperfusion (0.2, 0.4, 
0.8 g/kg); 
- Long-term: intravenous 
P188 5 minutes before 
reperfusion (0.4g/kg), 
thereafter 
daily intraperitoneal P188 
(0.4 g/kg) for 3 weeks 

- Acute 24 hours after I/R: 0.4 and 0.8 g/kg 
P188 reduced infarct size, attenuated 
increased brain water-content (brain 
edema), preserved plasma membrane 
integrity, showed better neurological 
outcome (less motor deficits), 0.4 g/kg P188 
reduced ischemia induced BBB 
permeability; 100 µM and 1 mM P188 
decreased cell viability in normal conditions 
- long term outcome: ameliorated brain 
atrophy and motor impairments, increased 
survival rate 

[25] 

Shelat 2013 Stroke in-vitro 
hippocampal neurons from 
embryonic day 18 Sprague 
Dawley rats 

glucose/oxygen deprivation for 30, 
45, or 60 minutes  

P188 treatment for 48 
hours (0.3, 3, 30, or 
100 µM) after 
glucose/oxygen 
deprivation 

- P188 rescued hippocampal neurons after 
injury, optimally, at a concentration of 
30 µM  
- moreover, P188 rescued neuronal injury 
with a delivery delay of up to 12 hours after 
injury 
- hypoxia-induced death was induced by 
apoptosis and was prevented by P188 

[111] 
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- specifically, P188 prevented caspase 
activation after glucose/oxygen deprivation  
- P188 interfered with the mitochondria by 
preventing the release of the pro apoptogen 
cytochrome c from the mitochondria to the 
cytoplasm and the translocation of the pro-
apoptogen BAX from the cytosol to the 
outer mitochondrial membrane; moreover, 
P188 treatment alleviated the hypoxia-
induced dissipation of mitochondrial 
membrane potential 

Miller 2014 TBI in-vivo 
12-14-week-old adult male 
CD1 mice (33-37 g) for 
water intoxication model 
and C57BI/6 mice (25-30 g) 
for cortical impact model 

- craniotomy, controlled cortical 
impact device on the left brain 
(velocity 6 m/s, depth 0.5 mm, 
duration 100 ms), subsequently 
craniotomy closed  
- water intoxication model (cytotoxic 
brain edema) 

1. intravenous injection of 
the copolymers Kollidon 
VA64 (1 mmol/l, 700 µl) 
and P188 (5 mmol/l, 
700 µl) 24 or 48 hours 
after controlled cortical 
impact 
2. single intravenous 
injection of Kollidon VA64 
and P188 1 hour after 
controlled cortical impact 
3. for water intoxication 
model: intravenous 
1 mmol/l Kollidon VA64 
and 5 mmol/l P188 co-
administered with water 

- 1. membrane resealing properties of 
Kollidon VA64 and P188 observable, but 
reduced after 48 hours compared to after 
24 hours after cortical impact 
- 2. after 120 minutes only a very little 
number of cells remained resealed (<5%) 
by Kollidon VA64, with P188 even less cells 
remained resealed (<1%) 
- 3. Kollidon VA64 reduced brain water 
content, whereas P188 did not 
  

[96] 

Wang 2015 intracerebral 
hemorrhage  

in-vivo 
male ICR mice (25-30 g) 

infusion of type IV collagenase into 
the left striatum to induce 
intracerebral hemorrhage (with 
craniectomy, that was closed 
afterwards) 

3 or 12 mg P188 in 
400 µl saline intravenous 
via tail vein 1 hour after 
surgery of induced 
intracerebral hemorrhage  

- 12 mg P188 (not 3 mg) improved the 
neurological symptoms, brain edema, 
attenuated BBB permeability (reduced 
Evans blue extravasation), reduced cell 
insults (less plasmalemma permeability) 
and injury volume 24 hours and 72 hours 
after injury 
- 12 mg P188 maintained the protein levels 
of tight junctions by prevention of their 
degradation through nuclear factor-kappaB 
and matrix metalloproteinases 72 hours 
after insult (tight junctions and endothelial 
cells mainly form BBB) 

[46] 

Luo 2015 Stroke  in-vitro 
primary cortical neurons 
from embryonic 14-16-day-
old C57BL/6 mice 

hypoxia and glucose deprivation for 
3 hours  

- P188 treatment for 
10 minutes after ischemia 
simulation 
- for LDH assay 0.1 nM – 
100 µM P188 

- 10 nM – 100 µM P188 reduced ischemia 
induced LDH release in a dose dependent 
matter 
- 10 nM, 100 nM, 1 µM P188 attenuated 
ischemia induced neuronal cell death dose-
dependently 

[38] 
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- for MTT assay (cell 
viability) 10 nM, 100 nM, 
1 µM P188 
- for the measurement of 
mitochondrial membrane 
potential, 3 hours glucose 
and oxygen deprivation 
with or without 1 µmol/l 
P188  

- P188 moderated dissipation of 
mitochondrial membrane potential induced 
by ischemia  
- 100 µM P188 prevented the release of the 
pro apoptogen cytochrome c from the 
mitochondria to the cytoplasm, activation of 
Caspase 3 (apoptosis) and autophagy 
activation  

Luo 2015 Stroke in-vivo 
male, 5- 7-weeks old 
C57BL/6 mice (20-25 g) 

mouse middle cerebral artery 
occlusion for 60 minutes 

P188 treatment (0.8 g/kg) 
10 minutes after middle 
cerebral artery occlusion 
via tail vein 

- P188 reduced infarct size and neurological 
deficits  
- P188 counteracted stroke-induced 
decrease of mTOR phosphorylation 

[38] 

Riess 2015 Stroke in-vivo 
Sprague Dawley rats 
(male, 9-weeks-old) 

middle cerebral artery occlusion for 
90 minutes, subsequent reperfusion 

upon reperfusion 
intravenous bolus of 
P188 (250 mg/kg) 

- P188 treated rats showed markedly 
decreased infarct sizes and better 
behavioral locomotor functions 24 hours 
post-stroke compared to not P188 treated 
rats.  

[54] 

Yildrim  2015 cortical spreading 
depression (CSD) 

in-vivo 
Swiss albino mice (25-32 g) 

a single CSD induced by a pinprick 
to the frontal cortex 

P188 (480 mg /kg, 
intraperitoneally) and 
another membrane 
stabilizing agent citicoline 
(500 mg/kg, 
intraperitoneally) 
administeration 
60 minutes and 90 
minutes before CSD 
induction 

- a pinprick to the frontal cortex led to PI 
positivity in the cortex and hippocampal 
dentate gyrus (PI was administered 
intraventricularly and PI uptake into neurons 
indicates an increase of membrane 
permeability or megachannel opening 
during CSD)  
- P188 and citicoline administration 
significantly decreased the CSD-induced PI 
influx to neurons, suggesting a modification 
of megachannel opening by membrane 
sealing.  

[55] 

Bao 2016 TBI in-vitro 
PC12 cells 

- scratch test 
(3 scratches via 200 µl pipette tips in 
each well) 
- stretch injury with a cell injury 
controller (not further specified) 

100 µM P188 dissolved 
in PBS 

- increased wound healing rate after scratch 
test with P188 treatment at 12 and 24 hours 
post-injury  
- increased autophagy activation after 
stretch injury following P188 administration  

[43] 

Bao 2016 TBI in-vivo 
CD1 mice (20-25 g) 

craniotomy, controlled cortical impact 
with a weight drop device on the left 
brain (40 g weight dropped from 
20 cm height on a plate placed on 
the dura (2 mm diameter) with a 
controlled depth of 1 mm), thereafter 
craniotomy directly closed 

P188 administration 
intravenously via tail vein 
(4 mg/ml, 100 µl) 
30 minutes post-injury 

- increased autophagy activation following 
P188 administration 

[43] 

Wang 2017 Stroke in-vitro 
hippocampal neurons from 
embryonic day 18 Sprague 
Dawley rats 

glucose/oxygen deprivation for 
45 minutes 

P188 (30 µM) treatment 
for 2 hours after injury 

- Super-resolution microscopy showed that 
P188 localized within mitochondria of 
injured neurons, but not in mitochondria of 
control neurons that were not injured 

[112] 
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Wang 2017 Stroke in-vitro 

rat cerebral cortex isolated 
mitochondria 

1.5 nM of recombinant mouse, 
caspase-8-cleave, truncated BID for 
30 minutes 

1, 3, 10, 30, or 100 µM 
P188 treatment  

- P188 acts directly on mitochondria by 
preventing mitochondrial outer membrane 
permeabilization 

[112] 

Wang 2017 Stroke in-vivo 
Mongolian gerbils 

transient occlusion of both carotid 
arteries and induced systemic 
hypotension for 3 minutes with 
subsequent reperfusion 

- 10 mM P188 in artificial 
cerebrospinal fluid 
delivered at 1µl/hour for 
7 days into the left lateral 
cerebral ventricle after 
brain ischemia 

- P188 reduced hippocampal injury and 
improved behavioral function 

[112] 

Zhang 2018 TBI in-vivo 
male Wistar rats, 2-3-
month-old (326 ± 14 g)  

craniotomy, controlled cortical impact 
on left brain (dura intact) with a 
pneumatic piston (6 mm diameter tip 
at a rate of 4 m/s and 2.5 mm of 
compression) 

300 mg/kg Vepoloxamer 
administered (purified 
P188, impurities of P188 
removed that were 
associated with renal 
failure) iv via tail vein 
over 60 minutes starting 
at 2 hours post-injury 

- Vepoloxamer improved sensorimotor 
functional recovery and spatial learning, 
reduced the lesion volume, the number of 
astrocytes and microglia/macrophages in 
the brain (anti-neuroinflammatory effect), 
brain microthrombosis and hemorrhage, 
and normalized bleeding time 
- no body weight differences between 
vepoloxamer treatment, saline treatment 
and sham controls, thus indicating a good 
renal tolerance 

[56] 

Kanagaraj 2018 blast-induced TBI in-vitro 
mouse astrocytes C8-D1A 

in a blast chamber 
through an electrical discharge 
system shockwaves and subsequent 
microbubbles (20- 30 µm in size) 
were created. These highly-
pressurized shockwave-induced 
microbubbles rise to the top of the 
chamber and collapse onto the 
seeded cells, thus, detaching cells 
from the substrate through a 
secondary shear-stress. This area is 
called “crater”. Moreover, cells at the 
periphery of the crater get impacted, 
too.  

after exposure to 
shockwave and 
microcavitation 
astrocytes that remained 
attached to the substrate 
(partially injured cells at 
the periphery of the 
crater) were incubated 
with 0.5 mM P188 for 3 or 
24 hours  

- P188 treatment for 3 hours of injured cells 
increased cell viability and decreased the 
amount of dead cells 
- 3 and 24 hours P188 treatment partially 
restored physiological Ca2+ spiking to the 
same extent (with regulating Ca2+ dynamics 
astrocytes play a major role in synaptic 
transmission, therefore spontaneous Ca2+ 
spiking is found in normally functionating 
astrocytes. A loss of the capability in 
regulating Ca2+ dynamics is believed to 
mark dysfunctionality of astrocytes or the 
possible way to cell death.)  
- 3 and 24 hours P188 treatment decreased 
the ROS production to the same extent  

[69] 

Chen 2019 blast-induced TBI in-vitro 
mouse astrocytes C8-D1A 

microcavitation, for more detail see 
Kanagaraj et al., 2018 

following the exposure to 
microcavitation, the 
astrocytes were treated 
with 0.5 mM P188 for 3-
18 hours  

- 6 hours P188 treatment after injury 
restored Ca2+ spiking, with no further 
increase in Ca2+ spikes with a longer P188 
incubation 

[68] 

Dong 2019 induction of 
Parkinson’s disease  

in-vivo  
adult male C57BL/6 mice 
(25-30 g) 
  

- oxidative toxin treatment to induce 
damage in dopaminergic neurons 
(Parkinson like pathology): 
 - subacute model: 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine 
(MPTP) treatment intraperitoneally 
for 5 consecutive days (apoptosis 

- subacute model: P188 
administration 30 minutes 
after MPTP treatment 
with 0.4 or 0.8 g/kg via 
tail vain in the first 5 days 
and then twice a week in 
the next 21 days 

- subacute model (0.4 and 0.8 g/kg P188 
treatment): P188 recued dopaminergic 
neuron loss in the substantia nigra pars 
compacta, reduced lysosomal dysfunction 
and decreased MPTP induced Caspase 3 
cleavage. 

[50] 
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assessment 1 day after MPTP 
treatments, the rest of mouse were 
sacrificed after 21 days for the other 
endpoint testing) 
- chronic model: intraperitoneal 
injection of MPTP and probenecid 
twice a week, (performance of 
behavioral test 5 weeks after MPTP 
and probenecid treatment) 
  

- same dosage of P188 
for chronic model  

- chronic MPTP model: P188 improved 
behavioral testing and reduced MPTP 
induced α-synuclein accumulation  

Dong  2019 induction of 
Parkinson’s disease 

in-vitro  
human neuroblastoma (SH-
SY5Y) cells 

- 1-methyl-4-phenylpyridinium 
(MPP+) treatment (100 µl) of cells 

pretreatment with P188 
1 hour before MPP+-
treatment (1 µM - 1 mM 
for cell viability assay, for 
the other endpoints 
10 µM P188) 

- 1 and 10 µM P188 restored MPP+-induced 
cell viability decrease 
- 10 µM P188 rescued injury induced 
lysosomal dysfunction and impaired 
autophagy flux  
- 10 µM P188 reduced lysosomal 
membrane permeabilization mediated 
apoptosis, amongst others by reduced 
Caspase 3 cleavage  
 

[50] 

Lotze 2019 stroke, TBI in-vitro 
mouse brain microvascular 
endothelial cells  

I/R injury ± compression  administration of P188 
(10 μM, 100 μM, 1 mM) 
at the onset of 
reperfusion 

- I/R ± compression induced a decrease in 
cell number/viability and metabolic activity 
and an increase in LDH release  
- In hypoxic cells, 1 mM P188 increased cell 
number, while 10, µM, 100 µM and 1 mM 
P188 increased metabolic activity and 
100 µM and 1 mM P188 decreased LDH 
release.  
- In hypoxic compressed cells, 10 μM, 
100 μM and 1 mM P188 increased 
metabolic activity and 1 mM P188 
decreased LDH release.  
-10 μM, 100 μM and 1 mM P188 increased 
metabolic activity in normoxic compressed 
cells, although no significant difference 
between normoxic compressed and non-
compressed cells could be detected 

[37] 

Inyang 2020 blast-induced TBI in-vitro 
mouse brain primary 
vascular endothelial cells  

- mechanical trauma with 
microcavitation, for more detail see 
Kanagaraj et al., 2018 
(- side project: chemical trauma 
induced via TNFα exposure) 

treatment with 0.5 mM 
P188 for 6 hours after 
microcavitation  

- P188 resealed disrupted cell membranes 
as it recovered the cell membrane 
permeability, downregulated  
matrix metalloproteinases through 
decreasing ROS production, and 
subsequently restored the tight junctions.  
- Moreover, P188 prevented crater 
expansion after microcavitation. 

[36] 
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Ding 2020 induction of 

Parkinson’s disease 
in-vivo 
adult male C57BL/6 mice 
(25-30 g) 

paraquat (10 mg/kg) and maneb 
(30 mg/kg) treatment (neurotoxins) 
intraperitoneally twice a week for 
6 consecutive weeks to induce mild 
cognitive impairments 

P188 (0.8 g/kg) injection 
via tail vein 30 minutes 
after injury induction 

- neurotoxin administration lead to cognitive 
deficits and synapse loss in hippocampus, 
as well as dopaminergic neuron damage in 
the substantia nigra pars compacta.  
- P188 restored the number of 
dopaminergic neurons numbers in the 
substantia nigra and synapse density in the 
hippocampus, and alleviated the cognitive 
function impairment 
- Moreover, P188 prevented phagocytic 
state changes of microglia, upregulated 
microglia plenty in the hippocampus, 
downregulated neurotoxicity-induced 
microglia activation-correlated genes 
expression and decreased. proinflammatory 
cytokines, presenting that P188 alleviates 
the activation of microglia which may lead 
to synaptic loss and cognitive impairments 
in Parkinson’s disease. 

[101] 

 

 
 


