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Traumatic brain injury (TBI) causes severe cognitive disability or death, resulting 

from common occurrences as car accidents, falls, high-impact sport, violence, or 

explosive blasts.  

Statistical data indicate that approximately 2 million people are affected annually 

by TBI in the United States alone. Most of the time, the symptoms are evident 

immediately or soon after the impact. The injury results in various symptoms, such as 

seizures, cognitive disability, loss of memory, visual disturbances and other debilitating 

neurological problems. The patients require long rehabilitative treatments at a high cost 

for them and their families. At the moment, there are limited treatments available, and no 

effective cure for cognitive disability after TBI. 

In this study, we investigated the potential role of the Reelin protein in 

neuroprotection and recovery after TBI. Reelin is a glycoprotein that regulates brain 

development during embryogenesis and synaptic plasticity during adult life. Reelin has 

been implicated in several developmental brain disorders, including epilepsy and 

schizophrenia, where its reduced expression may alter neuronal activity. A few studies 

also suggested that Reelin may play a role in the recovery after brain damage by 

stimulating adult neurogenesis, protecting tissue from cell death, and promoting tissue 
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repair by restoring synaptic connectivity. In this work, we used the controlled cortical 

impact (CCI) technique to model TBI in the mouse brain and found that Reelin 

expression changes in response to the injury, especially in the hippocampus, an area of 

the brain that plays an important role in learning and memory. We also conducted in vitro 

experiments using mouse neuronal cultures and observed that exogenous Reelin protects 

neuronal cells from the toxicity induced by high doses of glutamate, an excitatory amino 

acid that increases rapidly in the extracellular space after brain injury. Based on these 

findings, we hypothesize that Reelin may be beneficial for neuroprotection and functional 

recovery after TBI. To further investigate recovery, we also performed preliminary 

behavioral studies in mice to establish whether CCI results in cognitive and motor 

deficits.  

The long-term goal of this study is to firmly establish whether Reelin could be a 

new target for pharmacological intervention aimed at improving the quality of life for 

people affected by TBI. 
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Chapter I:  Introduction 
 

1.1 Traumatic Brain Injury 

 
Traumatic brain injury (TBI) is a complex injury often leading to severe 

neurological disability or death. TBI is largely caused by motor vehicle accidents, falls, 

violence, sport-related injuries, explosions or gunshot wounds. The injury can result in 

different levels of damage to the brain, as a blunt trauma or as a penetrating head injury 

that disrupts normal brain function. In the United States, it is estimated the TBI affects 

1.7 million people every year, and the number is increasing every year.  It is estimated 

that 10 million people will be affected annually by 2020 and TBI will be the major cause 

of death and disability (Humphreys et al., 2013; Hyder et al., 2007). According to the 

Centers for Disease Control and Prevention (CDC), in 2014 in the United Stated TBI 

affected 2,8 million people and most of them (85-90%) required emergency department 

visits, 288,000 hospitalizations, and 56,800 people died  (Taylor et al., 2017). TBI has a 

dramatic economic impact for the society. The estimated annual cost ranges from $60 

billion to $221 billion, including medical cost, loss of work and quality of life (Coronado 

et al., 2012; Faul M, 2010). Most of the insurance companies cover the acute period of 

the recovery, but a large number of the survivors from a severe brain injury also needs 

extensive rehabilitation (DeGrauw et al., 2018).  

The symptoms caused by TBI are widespread, and the disruption of the brain 

results in different clinical symptoms such as loss of consciousness, memory loss, 

dizziness, difficulty in thinking, and other neurological deficits like weakness and loss of 

balance (Blennow et al., 2016). Based on clinical neurological symptoms, like amnesia or 
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unconscious status, and brain imaging, TBI can be classified as mild, moderate or severe. 

The severity of the injury can be categorized based on the Glasgow Coma Scale (GCS) 

that classifies mild injury (score between 13-15); moderate (between 9-12) or severe 

(score < 9) in the first 24 hours (Prins et al., 2013) (Table 1). 

 

 Mild TBI Moderate TBI Severe TBI 

Structural Brain imaging Normal Normal or abnormal Normal or abnormal 

Loss of consciousness 

(duration) 

0-30 minutes 30 minutes to 24 hours >24 hours 

Altered mental state 

(duration) 

£ 24 hours >24hours >24 hours 

Post-trauma amnesia 

(duration) 

£ 1 day 1-7 days >7 days 

Glasgow Coma Scale score 13-15 9-12 <9 

 

 

Mild to moderate injury represents 80-90% of the total TBI cases (Blennow et al., 

2016; Eme, 2017). It is typically caused by non-penetrating head trauma, and the physical 

symptoms include headaches, dizziness, sleep disruption, nausea and vomiting; cognitive 

symptoms include poor concentration and amnesia, whereas emotional symptoms include 

the presence of irritability and loss of consciousness (Prince &  Bruhns, 2017). Mild TBI 

can resolve in 7-10 days, however, TBI can result in long-term cognitive problems like 

Table 1. Classification of TBI by the US Department of Veterans Affairs and the US 

Department of Defense. (Table adapted from Blennow et at., 2016). 
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seizures, anxiety, attention and memory deficits, and visual disturbance. These symptoms 

can occur soon after the injury, but in many cases, they appear sometime after the injury. 

If the symptoms persist (> 3 months), the patients are diagnosed with chronic post-

concussion syndrome (PCS) that can last up to 12 months (Silverberg &  Iverson, 2011). 

Thus, the injury can affect the quality of life of the patients and their family for extended 

periods of time (Okie, 2005). Severe injuries cause an accentuation of the symptoms of 

the mild TBI and often include loss of coordination, slurred speech, persistent headaches 

and can result in severe disability, vegetative state or death (Dekmak et al., 2018; Mena et 

al., 2011). Further studies indicate that a severe injury or repetitive mild-moderate 

injuries can promote the onset of neurodegenerative diseases such as Parkinson’s (Crane 

et al., 2016; Gardner et al., 2015)  and Alzheimer’s disease (Edwards Iii et al., 2019) 

associated with the development of a chronic traumatic encephalopathy (CTE). It is 

difficult to diagnose CTE because pathological examinations of the brain tissue can only 

be done post-mortem and there are no available biomarkers. However, it seems that in 

sports with repetitive head trauma, athletes like boxers, football players, ice hockey, and 

rugby players are more susceptible to the development of CTE  (Fesharaki-Zadeh, 2019; 

Risling et al., 2019; Sahler &  Greenwald, 2012). Not only athletes are at risk, but the 

physiopathology of CTE can also be found in soldiers and veterans (Blennow et al., 2016; 

Goldstein et al., 2012). Multiple studies reveal that repetitive episodes of TBI followed 

by the presence of chronic inflammation, pathological Tau, axonal damage, neuronal 

loss, glutamate release and free radicals increase the accumulation of amyloid-b (Ab) 

peptides (Gentleman et al., 2004; Kokiko-Cochran &  Godbout, 2018; Smith et al., 1999; 

Wei et al., 2018). Other studies report that the age, sex and the inheritance of the 
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apolipoprotein E (APOE) allele e4 increases the risk of developing Alzheimer’s disease 

following TBI (Mayeux et al., 1995; O'Meara et al., 1997; Teasdale et al., 2005). 

However, at the moment, the relationship between contact sports and CTE is 

incompletely defined, and there are no markers that uniquely differentiate CTE from 

Alzheimer’s disease. 

1.1.1 Preclinical animal models of TBI 

The incidence of TBI is increasing every year, and many of the patients present 

impaired cognitive behavior for a long time. Although there are no animal models that 

can accurately mimic the human injury, these are essential for dissecting the molecular 

and biochemical events that take place in the brain after TBI (Ma et al., 2019). Animal 

models have been important tools to replicate various aspects of TBI, understand the 

neuro-pathophysiology and investigate possible treatments. Brain damage varies as the 

result of different traumas, like a car accident, fall, sport impact, or explosions in war. In 

the same way, there are many TBI models that simulate different external mechanical 

forces to mimic as close as possible the reality of human TBI.  Although larger animals 

such as pigs (Kinder et al., 2019) have brains that are more similar in size and structure to 

the human brain, rodents are still the animals most widely used in TBI research due to 

their smaller size, lower cost and standardized behavioral tests. 

The most common experimental TBI models are the lateral fluid percussion 

(LFP), the controlled cortical impact (CCI), weight drop and blast injury.  

LFP inflicts an insult by a pendulum that swings against a piston filled with 

liquid, generating a pressure pulse to the intact dura exposed after craniotomy (Alder et 

al., 2011). The resulting concussion causes brain tissue deformation and leads to 
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inflammation. This model mimics TBI without skull fraction, and replicates many acute 

and chronic features of human TBI like intracranial hemorrhage and brain swelling (Van 

Putten et al., 2005). LFP also produces a memory deficit that is commonly seen in TBI 

patients (Fedor et al., 2010). 

CCI uses a pneumatic impact device that delivers the injury to the exposed intact 

dura (Romine et al., 2014; Schwulst & Islam, 2019). This model reproduces cortical 

tissue loss, acute subdural hematoma, axonal injury, and blood-brain barrier dysfunction 

seen in TBI patients (Osier &  Dixon, 2016). The damage can be widespread and result in 

acute cortical inflammation, hippocampal and thalamic degeneration (Hall et al., 2005). 

The CCI model produces many neurobehavioral deficits common in human TBI patients, 

including long-term cognitive problems and poor scores in functional motor task 

(Adelson et al., 2013; Chen et al., 2014). It is possible to control the severity of the injury 

by regulating CCI parameters such as velocity, dwell time and the depth of the impact. 

The weight drop model uses a free-falling weight that uses gravitational force to 

injure the brain, and can be done with or without craniotomy (Kalish &  Whalen, 2016). 

There are several weight drop models of TBI. The Feeney’s model generates a focal 

injury where the weight is dropped directly on the exposed dura (Feeney et al., 1981), 

whereas in the Shohami’s model (closed-head) the weight impacts the intact skull 

(Shapira et al., 1988),  resulting in cortical concussion, hemorrhage, blood-brain barrier 

damage and activation of immune cells. A diffuse injury is generated in the Marmarou’s 

model (Marmarou et al., 1994), where the injury is delivered to the whole head which is 

allowed to move, producing brain cell loss, hemorrhage, and diffuse axonal injury. This 

model is used to mimic a single acceleration impact such as a car accident, or a repetitive 
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mild injury like that frequently occurring during high-impact sport activity. 

The blast model of TBI mimics the diffuse, severe type of injury that can occur in 

a military environment or battlefield (Xiong et al., 2013). The design consists of a long 

metal shock tube that is closed on one end, and on the other contains the animal holder 

(Hue et al., 2016). Air-pressure wave or an explosion is released from the closed end and 

propagated through the tube. The position of the animal mimics the position of the soldier 

in the field, like for example supine or prone. The result is a diffuse, closed skull injury, 

and physically, it can produce a rotation of the head, with tissue distortion and brain 

swelling (Ma et al., 2019). At the neurological level the injury results in edema, 

contusion, diffuse axonal injury, hemorrhage, but since it is a whole-body injury it can 

also affect other organs such the eyes, heart and lungs (Jorolemon MR, 2019). 

1.1.2 Pathophysiology and neurochemical changes associated with TBI 

Subsequent to the initial mechanic injury, a molecular cascade of events induces 

an alteration of ions and neurotransmitters leading to further tissue damage (Cater et al., 

2007). Insults after TBI can be classified as primary or secondary damage. The primary 

damage is the direct result of the mechanical insult immediately after the trauma such as 

skull fractures, hemorrhages, contusions, cerebral laceration.  The secondary damage 

develops over an extended period of time, indirectly as a result of the trauma (Jassam et 

al., 2017).  The first response to TBI is an inflammatory reaction mediated by microglia 

cells and astrocytes that regulate the recruitment of leukocytes and chemokines to the 

injured brain (Xiong et al., 2018). In response to tissue damage, the microglia cells 

change morphology from a “normal” ramified to an “active” ameboid shape, and recruit 

peripheral macrophages that can further transform into microglia in response to TBI 
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(Donat et al., 2017). During the secondary damage phase, astrocytes work side by side 

with microglia to shape the micro-environment of the brain after injury (Barrett et al., 

2014). They migrate to the injury side, increase their activity and assume a hypertrophic 

state by enlarging the cell body and processes (astrogliosis) (Burda et al., 2016). 

Astrocytes have an important function in maintaining the homeostasis of the cell 

membranes and can regulate the excitotoxicity by controlling glutamate re-uptake (Karve 

et al., 2016). However, microglia and astrocytes play a dual role during inflammation. On 

one hand they promote recovery after TBI through these homeostatic mechanisms, on the 

other hand, they can cause an excessive inflammatory reaction, thereby increasing brain 

damage and delaying recovery. In fact, they release cytokines like interleukin (IL)-1b, 

IL-6, IL-17, tumor necrosis factor-a (TNF-a), interferon-g (IFN-g), the macrophage 

chemotactic protein-1 (MCP-1) (Xiong et al., 2018; Xu et al., 2017) and trigger a 

positive-feedback system that exacerbates the inflammatory response, causing more 

damage and cell death (Figure 1). In addition, astrocytes stimulate the TNF-a signaling 

that upregulates the aquaporin protein, AQPA, increasing the intake of water through the 

water channel and enhancing edema formation and cranial pressure (Dekmak et al., 

2018). The injury and the external force can generate a gradient pressure that stretches 

and damages the axons. If the damage is extended, it is called diffuse axonal injury (DAI) 

(Johnson et al., 2013; Mouzon et al., 2012).  

After the trauma, the emerging neuropathology includes inflammation, microglia 

activation, axonal damage, and hemorrhages (Wan et al., 2019). The cerebral damage is 

directly proportional to the mechanical force applied during the concussion (Blennow et 

al., 2016). This appears after the physical trauma, not as a secondary effect, and can be 
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detected immediately after the impact. The force of the impact stretches the axons and 

disrupts the microtubules, causing the formation of axonal varicosities, impaired axonal 

transport (Tang-Schomer et al., 2012), and impaired synaptic function. The axons present 

swelling regions (Johnson et al., 2013) in which axonal transport is discontinuous and 

there is an accumulation of amyloid precursor protein (APP). It has been suggested that 

accumulated APP can be used as a marker for axonal injury (Gentleman et al., 1993; 

Plummer et al., 2016). 
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Figure 1. Pathophysiology of TBI. 

Following the initial mechanical injury, there is a cascade of events that cause 
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Following TBI, there is an increase in membrane permeability that leads to 

membrane depolarization and excessive release of neurotransmitter like the excitatory 

neurotransmitter glutamate. This is due to the failure of the ATP-dependent ion pumps 

that maintain homeostasis, resulting in low levels of ATP, excessive production of lactic 

inflammation (microglia and astrocytes), membrane disruption, axonal damage 

(varicosity, impaired synapses) and an increased membrane permeability due to the 

failure of the ATP- dependent ion pumps. This leads to excessive levels of the 

neurotransmitter glutamate that binds to the glutamate receptors, inducing a perturbation 

of the membrane homeostasis by altering the NA+/K+/Ca2+ ion flux. Glutamate activates 

ion channels like NMDA and AMPA receptors that increase the depolarization of the 

cells and elevate the influx of Ca2+ and Na+. The excessive level of Ca2+ into the 

mitochondria promotes the synthesis of reactive oxygen species (ROS) that cause 

oxidative stress in the cells and alter the selective permeability of the membrane. Ca2+ 

also activate the caspases and calpains pathway as a result of apoptotic and necrotic 

events, cell death and debris accumulation. The change in the K+ channel activity makes 

the neurons more excitable and so more susceptible to seizures. The inflammatory 

response seems to have a dual role in the brain: astrocytes and microglia mediate the 

rapid immune response and promote regeneration, but they also cause the activation of 

several pro-inflammatory factors such as cytokines and neurotrophins such as TNFa that 

upregulate the aquaporin protein, AQP4. This protein increases the water flux inside the 

cells and results in edema, intracranial pressure and neuronal degeneration. 
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acid and reduced levels of glucose (Dekmak et al., 2018; Werner &  Engelhard, 2007). 

The increased efflux of K+ renders the neurons more excitable and more susceptible to 

seizures (Wang et al., 2017). The increased release of glutamate also disrupts the 

Na+/K+/Ca2+ flux (Barrett et al., 2014; Mazzeo et al., 2009) and leads to the 

overstimulation of N-methyl-D-aspartate (NMDA) receptors and a-amino-3-hydroxy-5-

methyl-4 isoxazolepropionic acid (AMPA) receptors. This can lead to a neuronal 

dysfunction and cognitive abnormalities such as learning and memory loss. High levels 

of glutamate cause neuronal excitotoxicity even if cells are exposed to this 

neurotransmitter only for brief periods of time. Although the negative effects of the 

increased concentration of excitatory amino acids have been demonstrated in animal 

models of TBI (Cantu et al., 2015; Hinzman et al., 2010) the underlying mechanisms and 

the signaling pathways that are involved are not well understood. NMDA and AMPA 

receptors regulate Ca2+ influx in surrounding neurons and induce the polarization of 

mitochondrial membranes resulting in mitochondrial dysfunction and the production of 

reactive oxygen species (ROS) that produce additional damage (Hiebert et al., 2015). The 

elevated levels of Ca2+ activate proteases such as caspases and calpains to induce the 

apoptotic and necrotic pathways and cause cells death (Kim et al., 2002; Zhang et al., 

2005), and this has the potential to further impair cognitive functions.  Although 

glutamate seems to be the main trigger for the excitotoxicity events in traumatic brain 

injury, glutamate receptor antagonists tested in clinical trials so far have failed to prevent 

excitotoxicity (Ikonomidou &  Turski, 2002). It is possible that other molecular 

mechanisms are involved in glutamate excitotoxicity, such as, for example, the increase 

in intracellular calcium mediated by L-type voltage-dependent calcium channels 
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(VDCCs) (Cater et al. 2007) or other molecular mechanisms that occur as a result of the 

secondary damage after the injury. 

1.1.3 Treatments for TBI 
 

In most TBI cases, current treatments are aimed at stabilizing the patients and 

improving their chances of survival. Beside initial therapies focused on maintaining an 

adequate oxygen flow to the brain to reduce death incidence, rehabilitative physical 

recovery and surgery, to date there is no effective treatment for the neurological defects 

caused by TBI.  Given the complexity of the pathophysiological scenario in TBI, 

pharmacological treatments have been developed to target specific molecular 

mechanisms that are altered after TBI, and focus on different temporal stages (Dekmak et 

al., 2018). For instance, calcium blockers and NDMA receptors antagonists have been 

used in an attempt to prevent the emergence of neurological deficits in the early post-TBI 

stage. The calcium blocker Nimodipine, for example, has been shown to be effective in 

rodent models, but not in patients ("Clinical trial of nimodipine in acute ischemic stroke. 

The American Nimodipine Study Group," ; Vergouwen et al., 2006).  NMDA antagonists 

appeared initially to be promising, but a study was discontinued in phase III of the 

clinical trial because of inconsistent results (Ikonomidou &  Turski, 2002). Similarly, the 

use of cyclosporine to inhibit the entry of calcium in mitochondria, appeared to be 

promising in animal models (Karlsson et al., 2018), but was not effective in patients with 

TBI (Hatton et al., 2008). Another form of early stage treatment, namely hypothermia 

intervention, is aimed at reducing the temperature in the affected tissue. This showed 

promising results, however it must to be used within a specific time window from TBI, 

and it seems that is not sufficient to prevent damage due to severe injuries (Shaefi et al., 
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2016). Another early stage intervention, the treatment with oxygen (hyperbaric oxygen 

therapy), which is focused on normalizing cerebral metabolism, showed some positive 

neuroprotective effects, but resulted in complications like lung damage and altered vision 

(Hu et al., 2016). Treatments that aim to combat the later stages of TBI included the use 

of statins as anti-inflammatory, anti-apoptotic and antioxidant agents. Although there 

were some positive effects in clinical trials, there are still concerns about efficacy (Wible 

&  Laskowitz, 2010). Likewise, progesterone was used as a neuroprotective agent, 

appeared to be very promising in animal models, but failed in clinical trials (Espinoza &  

Wright, 2011; Stein et al., 2017). Pharmacological treatments such as antidepressants, 

anti-Parkinson’s, anticonvulsants are aimed at reducing specific secondary effects of TBI 

(Gultekin et al., 2016).  Antiepileptic drugs and vagal nerve stimulation were also used to 

reduce seizures associated with TBI. However, truly effective treatments are still lacking 

because the cellular and molecular mechanisms that underlie TBI are not completely 

understood. To date, there is no FDA-approved pharmacological treatment proved to 

prevent or ameliorate the effects of TBI (Dekmak et al., 2018). 

Despite the high impact of TBI on society, very little is known about the 

molecular basis of cognitive loss and functional recovery. Recent studies support the idea 

that neuronal progenitor cells (NPCs) present in mammalian brain during the life span, 

can play an important role in repair and regeneration in response to brain injury (Liu et 

al., 2014). In the mature mammalian brain, neurogenesis occurs primarily in the 

subventricular zone (SVZ) and the dentate gyrus (DG) of the hippocampus (Gage et al., 

1998; Li et al., 2013). Newborn cells in the adult granule layer of the DG, extend their 

axons to the CA3 hippocampal area where they establish new synapses onto the hilus and 
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pyramidal neurons of the CA3 area. 

Many TBI patients with cognitive problems present serious damage of the 

hippocampus area. Recent studies, in rats and mice, showed that TBI increases cell 

proliferation in SVZ and DG in models of brain injury, including LFP and CCI (Rolfe &  

Sun, 2015; Sun, 2014). Other studies showed that post-injury neurogenesis is more 

pronounced in juvenile than adult mice (Sun et al., 2005), and could explain why better 

functional recovery is observed at younger ages. The adult newborn granule cells 

integration into the existing hippocampal circuit represents an endogenous innate 

recovery mechanism following brain injury and they can be used as therapeutic target to 

induce the endogenous repair in response to TBI (Zheng et al., 2013). Although NPCs 

have the potential to repair the injured brain, secondary damage effects, like oxidative 

stress and inflammation, could create a hostile environment for the new neurons. 

Recently, many studies have focused on the transplantation of embryonic stem cell 

(ESCs) (Weston &  Sun, 2018)  or induced pluripotent stem cells (iPSCs), which are 

advantageous because they avoid the controversial ethical issue related to the use of 

human embryos, and they can be generated directly from patients without the risk of an 

immunological rejection. A study showed that rats subjected to CCI and receiving iPSCs 

exhibited improved motor and cognitive performance (Dunkerson et al., 2014). However, 

there are also limitations to the use of iPSCs, such as the risk of tumor development. 

Further studies are necessary to understand the possible application of iPSC-based 

therapies to treat TBI patients (Gao et al., 2016). Recent data also show that 

Mesenchymal Stem Cells (MSCs) have potential application to the treatment of TBI. Due 

to their self-renewal, proliferative and differentiation characteristics, and the capacity to 
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reduce the inflammation and secrete growth factors that facilitate the regrowth of neurons 

in the brain, MSCs seem to be the most promising therapy for TBI so far (Hasan et al., 

2017).  In a recent study mice subjected to CCI and infusion of MSCs cells exhibited 

improvement in motor skill (Zanier et al., 2011). In a different study, MSCs reduced cell 

loss and apoptosis and increased levels of the vascular growth factor (VGF) (Chuang et 

al., 2012). Many research groups are currently searching for additional molecules, 

hormones, or growth factors that can improve innate recovery and thus can improve 

cognitive function after TBI. Besides neurogenesis, another focus of current TBI research 

is to investigate mechanisms that would help to repair the neuronal circuitry after brain 

damage and to re-establish synaptic connections and network functions. Proteins that are 

involved in restoring the integrity of cellular systems may play an important role in 

functional recovery. 

 

1.2 Reelin  

 
Reelin is one of the most important proteins in mammalian brain development, 

controlling the formation of laminated cortical structures and synaptic circuits 

(D'Arcangelo et al., 1995). This extracellular protein is essential for cortical and 

hippocampal layer formation at embryonic stages, and also promotes dendrite growth, 

synapse formation and synaptic plasticity in the postnatal brain (D'Arcangelo, 2014; Niu 

et al., 2004). The Reelin gene was discovered based on the genetic analysis of reeler 

mutant mice, which lack Reelin expression and are characterized by ataxia and disruption 

of cortical layers (Lambert de Rouvroit &  Goffinet, 1998). The mouse Reelin gene is 

located on chromosome 5 and is composed of 65 exons spanning a region of 
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approximately 450Kb (Royaux et al., 1997). The first portion of the gene is characterized 

by large introns and small exons that encode the N terminus, whereas the remaining part 

presents exons that are close to each other and encode eight Reelin-specific repeats. One 

microexon close to the 3’ coding region is subject to alternative splicing, but the 

significance of this event is still unknown. Reelin mRNA first becomes detectable at 

embryonic stages, with higher levels present between 1 and 2 postnatal weeks, and then 

decreases at adult stages (D'Arcangelo et al., 1995). The Reelin protein consists of an N-

terminal region that contains a signal peptide, a F-spondin-like domain necessary for the 

oligomerization (Utsunomiya-Tate et al., 2000), followed by eight unique repeat regions. 

Each repeat consists of 350-390 amino acids, and contains two sub-repeats A and B, 

separated by an epidermal growth factor (EGF)-like motif. The C-terminal region has a 

positively charged sequence of amino acids that is needed for proper protein 

conformation and secretion (Kohno et al., 2015; Nakano et al., 2007). The full-length 

mouse protein is a large secreted protein of approximately 450 kDa. The protein is 

cleaved by proteases mainly at two different sites: the N-terminal cleavage occurs 

between repeats 2 and 3, whereas the C-terminal cleavage occurs between repeats 6 and 7 

(Figure 2). This cleavage results in three main fragments: the N-terminal (N-terminus to 

repeat 2, ~180 kDa); the central fragment (repeats 3 to 6, ~190 kDa); and the C-terminal 

(repeats 7 to C terminus, ~80 kDa) (Lambert de Rouvroit et al., 1999). In cultured cell 

medium containing Reelin and in brain tissue lysates these fragments are readily 

detectable in addition to intermediate fragments generated by only 1 proteolytic event: N-

terminus to repeat 6 (~370 kDa) and repeats 3 to C terminus (~270 kDa) (Jossin et al., 

2007). A study showed that the central fragment is sufficient to induce layer formation in 
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organotypic cortical slice cultures and signal transduction (Jossin et al., 2004). The N-

terminal fragment contains a signal peptide region required for secretion, and binds the 

monoclonal antibody CR50, the first Reelin antibody developed based on the presence of 

an antigen in wild type, but not reeler, Cajal-Retzius cells (D'Arcangelo et al., 1997). The 

C-terminal fragment is a conserved region (C terminal region = CTR) that is required for  

the optimal activation of downstream signaling (Nakano et al., 2007). 

Figure 2. Schematic representation of the Reelin protein. 

Reelin is an extracellular matrix protein composed by 3,461 amino acids, with a 

molecular mass of ~ 450 KDa. The full-length Reelin consists of: a N-terminus (Nt) that 

contains a signal peptide (S), a F-spondin domain and the antigen recognized region by 

the CR-50 antibody; eight Reelin Repeat (RR) domains, each consisting of two sub-

repeats, A and B, separated by a EGF-like-motif; and a C terminus (Ct) with a C 

Terminal Region (CTR) containing a positively charged stretch of amino acids. Reelin 

has two main proteolytic cleavage sites located between repeats RR2-RR3 and RR6-RR7 

(scissors). Cleavage at these sites produces three major fragments: N-terminal fragment 

(Nt-RR2, ~ 180 KDa), a central fragment (CF= RR3-6, ~ 190 KDa), and a C-terminal 

fragment (RR7-Ct, ~ 80 KDa). 
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During forebrain development, Reelin is secreted by Cajal-Retzius cells in 

superficial cortical and hippocampal layers, where it controls radial neuronal migration 

(D'Arcangelo et al., 1995). Reelin-expressing Cajal-Retzius cells are located in the 

marginal zone of the neocortex, as well as in the stratum lacunosum moleculare (SLM) of 

the hippocampus proper, and in the outer molecular layer (OML) of the dentate gyrus 

(DG) (Alcantara et al., 1998).  At postnatal stages, the levels of Reelin decrease 

drastically in marginal layers as Cajal-Retzius cells die out, but the residual protein still 

promotes axonal and dendritic outgrowth in these regions. In the postnatal and adult 

stages, Reelin is mainly secreted by a different cell population, consisting of a subset of 

inhibitory neurons that are located in all cellular layers throughout the forebrain. In the 

adult hippocampus, Reelin has been shown to modulate synaptic activity as well as 

plasticity (Rogers &  Weeber, 2008;Trotter et al., 2013). In addition to the forebrain, 

Reelin is also highly expressed in the cerebellum. In the embryonic cerebellum, Reelin is 

expressed by granule precursor cells in the external granular layer, where it directs the 

radial migration of Purkinje cells and the formation of these cells’ monolayer. At 

postnatal stages, as granule precursor cells migrate inward to form the internal granular 

layer, Reelin expression becomes mainly localized to this region (Hevner, 2008).  

Although the function of Reelin in directing radial migration during the 

development is well established, the role of this protein in the adult brain is not 

completely understood.  

1.2.1 The Reelin signaling pathway 
 

The Reelin signaling activity has been investigated using multidisciplinary 

approaches, and it was initially elucidated through the analysis of mutant mice. Double 
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knock-out mice lacking apolipoprotein E receptor-2 (ApoER2) and the very low-density 

lipoprotein receptor (VLDLR) exhibited a phenotype very similar to reeler mice, leading 

to the suggestion that these proteins may be Reelin receptors (Trommsdorff et al., 1999). 

Indeed, biochemical assays have demonstrated that full-length Reelin, or its central 

fragment, has a high binding affinity for ApoER2 and VLDLR on the cell surface or in 

vitro (D'Arcangelo et al., 1999; Hiesberger et al., 1999; Yasui et al., 2007). The receptor 

binding results in Reelin internalization and activation of Src-family kinases (SFKs). 

These tyrosine kinases (mostly Fyn and Src) phosphorylate the intracellular adapter 

protein Dab1 bound to the intracellular domains of the receptors, and this event leads to 

the activation of other signaling kinases, such as PI3K. The Dab1-dependent activation of 

PI3K by Reelin causes the downstream activation of Akt, which inhibits Gsk3b and this 

results in decreased Tau phosphorylation. Accumulation of phospho-Tau is found in 

reeler mice, and this observation could be relevant for the study of neurodegenerative 

diseases, like Alzheimer’s disease, that are associated with high levels of Tau 

phosphorylation (Wasser &  Herz, 2017).  The finding that activation of the Reelin 

pathway decreases the levels of Tau phosphorylation is also relevant to TBI because 

hyperphosphorylated Tau is a biomarker for brain injury  (Ramos-Cejudo et al., 2018; 

Rubenstein et al., 2017). PI3K and Akt activation by Reelin and Dab1 are also likely to 

result in neuroprotection, as these kinases are well-known to promote survival in many 

cellular systems (Bao et al., 2004; Datta et al., 1997; Hossini et al., 2016). Finally, Akt 

activation results in the phosphorylation and activation of downstream mTORC1, a 

kinase complex that is very important for neuronal growth and has been previously 

implicated in axonal regeneration and TBI (Nikolaeva et al., 2016). 
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In addition to PI3K, Dab1 interacts with actin-binding proteins such as N-WASP 

and Nckb, as well as the adapter protein CrkII and the microtubule-interacting protein 

Lis1. Together these proteins contribute the regulation of neuronal migration by affecting 

the dynamics of the cytoskeleton during brain development. At the synapse additional 

signaling mechanisms may be recruited. For example, Reelin-bound ApoER2 forms a 

complex with the NMDA receptor and the postsynaptic scaffold protein PSD95, leading 

to increased Ca2 influx, neurotransmission and plasticity (Wasser &  Herz, 2017). The 

NMDA receptor increases Ca2+ influx and long-term potentiation (LTP), and also 

promotes the maturation and the insertion of AMPA receptors in the plasma membrane. 

These mechanisms may be highly relevant to cognitive dysfunction resulting from 

neurodegenerative diseases and TBI. 
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Figure 3. Reelin signaling pathways. 

Reelin binds to the VLDLR and ApoER2 receptors and triggers the canonical pathway 

through the phosphorylation and activation of the adaptor protein Disabled-1 (Dab1) 

that is mediated by the src-family kinases (SFKs) like Fyn and Src. Phosphorylated 

Dab1 induces the activation of PI3K that in turn activates Akt. This latter 

phosphorylates and inhibits Gsk3b, resulting in suppressed levels of Tau 



 22 

 

 

 
1.2.2 Reelin: animal models 

The phenotypical analysis of spontaneous or engineered mutant mice has helped 

tremendously to identify Reelin or components of the Reelin signal pathway and to 

clarify their biological function (Table 2). 

 Spontaneous mutant mice completely lacking Reelin expression due to Reelin 

gene deletions (homozygous reeler) are characterized by tremor, ataxia, cerebellar 

hypoplasia and overall disruption of cortical and hippocampal layers (D'Arcangelo et al., 

1995), whereas heterozygous reeler mice exhibit only reduced synapse formation and 

alterations in synaptic composition (Niu et al., 2004; Ventruti et al., 2011). In 

homozygous reeler mice, radially-migrating principal neurons fail to reach their laminar 

destination during the formation of cortical cellular layers in the forebrain and in the 

cerebellum (Lambert de Rouvroit &  Goffinet, 1998). This observation suggested that 

Reelin affects primarily neuronal migration, and not neurogenesis, during embryonic 

forebrain or cerebellum development. Double ApoER2 and VLDLR knock-out mice 

exhibit neuroanatomical characteristics similar to reeler mice (Trommsdorff et al., 1999).  

phosphorylation. Akt also upregulates the mTOR pathway and thus increases protein 

translation. Dab1 also interacts with Lis1 resulting in microtubule stabilization, and with 

actin-binding proteins such as N-WASP and NcKb. Finally, Reelin induces synapses 

plasticity by inducing the formation of a complex between ApoER2 and the scaffold 

protein PSD95, NMDAR phosphorylation by SFK, Ca2+ influx and activation of 

CaMKII and CREB.  The increase of Ca2+ influx also enhances LTP and the insertion of 

AMPAR in the membrane. 
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Dab1 knock out mice and spontaneous Dab1 mutants yotari and scrambler (Sheldon et 

al., 1997) are also indistinguishable from reeler. These findings demonstrate that these 

molecules are essential for Reelin signaling and for its developmental function during 

layer formation and neuronal migration. Further studies (Teixeira et al., 2012) later 

demonstrated that Reelin signaling through Dab1 also controls neurogenesis in adult 

niches such as the subventricular zone of the cerebral cortex and the dentate gyrus. 

Mouse Gene Characteristics Reference 

reeler-
Edinburgh 
(maintained at 
The Jackson 
Labs) 

Reln Original spontaneous mutation named 
reeler (large Reln gene deletion); 
displays phenotype consisting of ataxia, 
dystonic posture and failure of layer 
formation in cortical structures 

(Falconer, 
1951) 

reeler-Orleans Reln Spontaneous mutation (small 3’ 
deletion); displays reeler-like phenotype 

(de Bergeyck 
et al., 1997) 

reeler-transgene Reln Fortuitous insertion of a fos transgene 
causing Reln gene deletion; displays 
reeler-like phenotype 

(D'Arcangelo 
et al., 1995; 
Miao et al., 
1994) 

Reln cKO Reln Engineered gene deletion by CreERT2 
(tamoxifen-inducible Reln knockout).  
Adult-specific mutants appear normal 
and have normal cortical lamination, but 
synapses are sensitive to amyloid 
proteins. 

(Lane-
Donovan et 
al., 2015) 

yotari and 
scrambler 

Dab1 Spontaneous mutations (gene deletions 
causing loss of Dab1); display reeler-
like phenotype 

(Sheldon et 
al., 1997) 
 

Dab1 KO Dab1 Engineered gene deletion (constitutive 
Dab1 knockout). displays reeler-like 
phenotype 

(Howell et al., 
1997) 

Dab1 cKO Dab1 Engineered gene deletion by Cre 
(promoter-inducible Dab1 knockout).  
Postnatal-specific mutants appear 
normal and have normal cortical 
lamination but show reduction of 
dendritic spine size, loss of hippocampal 
LTP and deficit in learning and memory. 

(Justin Trotter 
et al., 2013) 

VLDLR and 
ApoER2 double 

VLDLR; 
ApoER2 

Engineered gene deletions (constitutive 
VLDLR and ApoER2 double knockout); 

(Trommsdorff 
et al., 1999) 
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KO display reeler like phenotype 
Src and Fyn 

double KO 
Src; Fyn Engineered gene deletions (constitutive 

Src and Fyn double knockout); display 
reeler-like phenotype 

(Kuo et al., 
2005) 

 

To study the function of Reelin and Dab1, specifically in the postnatal brain, 

conditional knock out mice (cKO) were generated using the LoxP-Cre recombinase 

approach. Postnatal forebrain-specific Dab1 cKO mice presented with normal neuronal 

positioning, dendrite morphology and spine density, but exhibited synaptic plasticity 

defects as well as cognitive abnormalities (Trotter et al., 2013). Recently, adult-specific 

inducible Reelin cKO mice were generated that did not exhibit ataxia and performed 

normally in cognitive tasks (Lane-Donovan et al., 2015). These mice, however, showed 

increased susceptibility to amyloid-induced synaptic suppression, suggesting that Reelin 

may not be essential for synaptic function, but it may protect the adult brain from 

degeneration. The recent availability of inducible Reelin cKO mice now allows 

investigators to study the consequences of Reelin deficiency specifically in the adult 

brain, which has not been possible before with traditional animal models that have a 

defective brain architecture, reduced dendrite growth and abnormal synapses. 

1.2.3 Reelin: embryonic, postnatal, adult stage 
 

Reelin is essential for normal neuronal lamination in the neocortex, hippocampus 

and cerebellum. In the embryonic neocortex and hippocampus, Reelin is secreted by 

Cajal-Retzius cells and determines the correct locations of newborn principal (excitatory) 

neurons, which migrate radially from the ventricular zone to occupy specific layers 

Table 2. Mouse mutants for Reelin or other genes involved in the Reelin signaling 

pathway. 
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according to their birthdate (Frotscher, 2010). Similarly, in the developing cerebellum, 

Reelin is secreted by superficial granule progenitor cells and directs the radial migration 

of Purkinje cells from the cerebellar ventricular zone into the future Purkinje cell layer. 

Reelin regulates the formation of forebrain or cerebellar cellular layers by binding the 

receptors ApoER2 and VLDLR and activating SFKs and several Dab1-dependent 

signaling pathways, including CrkII and its downstream effectors such as the Rap1 

GTPase and N-Cadherin. Through these signaling molecules Reelin controls multiple 

steps of radial neuronal migration, including the transition to multipolar to bipolar 

neurons in the intermediate zone, and the somal or terminal translocation of neurons into 

the upper layers of the developing cortex that is essential for the ‘inside-out’ pattern of 

corticogenesis  (Chai &  Frotscher, 2016). 

At early postnatal stages, Reelin is still mainly secreted by the Cajal-Retzius in 

the forebrain, and promotes the initial  growth of axons and dendrites in the marginal 

layers through the ApoER2/VLDLR/Dab1-dependent activation of the PI3K, which in 

turn activates Akt and Cdc42 pathways to regulate cytoskeletal dynamics and the stability 

of the microtubule and actin scaffold to further stimulate the extension of the growth cone 

(Wasser &  Herz, 2017). This function is independent from neuronal migration. For 

instance, not only homozygous reeler mice exhibit reduced dendritic branches and a 

lower number of spines, but also heterozygous reeler mice exhibit this phenotype even 

though they do not have defects in neuronal positioning (Niu et al., 2004). Furthermore, 

the function of Reelin in promoting dendrite outgrowth can be observed in neuronal 

cultures, is impaired in reeler or Dab1 mutant neurons, and it is blocked by 

ApoER2/VLDLR or SFK inhibitors (Niu et al., 2004). The induction of the neurite 
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outgrowth is believed to be regulated by the activation of the mTOR pathway 

downstream of PI3K and AKT.  

At postnatal ages, Reelin is initially expressed by Cajal-Retzius cells but becomes 

increasingly expressed by a subpopulation of GABAergic (inhibitory) interneurons as the 

forebrain matures and Cajal-Retzius cells disappear in the adult stage. In the early 

postnatal hippocampus, Reelin has been demonstrated to promote targeting and 

synaptogenesis of entorhinal afferents to form the entorhinal-hippocampal projection (the 

perforant pathway) that innervates the superficial layers of the hippocampus (where 

Cajal-Retzius cells are located) (Borrell et al., 1999). This function is completely 

dependent on Dab1 as hippocampal projections are similarly disrupted in reeler and Dab1 

KO mutants (Borrell et al., 1999). In heterozygous reeler mice, further studies showed 

that Reelin controls synaptogenesis and the formation of excitatory postsynaptic 

structures (Ventruti et al., 2011). These mice also present delays in dendritic process 

formation and spine density (D'Arcangelo, 2014; Liu et al., 2001). These observations are 

consistent with previous reports that heterozygous reeler mice exhibit cognitive and 

behavioral defects, although they present normal layer formation and no ataxia 

(D'Arcangelo et al., 1995). Defects on spines were also found in the hippocampus and 

Dab1 KO mice, demonstrating that this function of Reelin is Dab1-dependent (Niu et al., 

2004). Transgenic mice that overexpressed Reelin under the control of CamKII promoter 

(active in the adult forebrain) also showed increased spine size (Pujadas et al., 2010). 

Long-term injection of Reelin (5 days) in vivo increased spines density, promoting long 

term potentiation (LTP) and improving performance associated with spatial and learning 

memory (Rogers et al., 2011). Thus, in the adult hippocampus, Reelin has been 
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demonstrated to play an important role in modulating synaptic activity as well as 

plasticity, and it can affect cognitive function. This is relevant to TBI research, since 

injuries can disrupt hippocampal-dependent functions, and the Reelin pathway could 

conceivably represent an excellent target for intervention. 

1.2.4 Reelin in brain development disorders 
 

The importance of Reelin signaling in brain development and cognitive function 

is underscored by the findings that reduced Reelin levels have been reported in several 

developmental brain disorders including epilepsy, schizophrenia, bipolar disorder, and 

autism. Bosch at al. showed that Reelin overexpression affects the trafficking of NMDA 

receptors and modulates glutamatergic neurotransmission (Bosch et al., 2016). Another 

study showed that the loss of Reelin correlated with dentate gyrus granule cells 

dispersion in epilepsy (Orcinha et al., 2016). These authors showed that the central 

fragment of Reelin rescues the abnormal migration of dentate gyrus cells, and so 

established a correlation between Reelin loss and granular cells dispersion in epilepsy. In 

a different study on temporal lobe epilepsy, the Gong group showed that Reelin supports 

the integration of the newborn neurons in the neonatal and mature hippocampal 

formation, and that the lack of Reelin contributes to aberrant plasticity (Gong et al., 

2007). Reduced levels of Reelin in GABAergic corticolimbic neurons were also found in 

post-mortem human tissue from schizophrenia patients. By comparing human post-

mortem tissue and animal models, it appears that the Reelin deficit disrupts synaptic 

connectivity not only in subjects with schizophrenia, but also those with bipolar disorder 

(Guidotti et al., 2016).  

In a different post-mortem human study, it was demonstrated that the 
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dysregulation of Reelin and Bcl-2 might be responsible for the brain structural and 

behavioral abnormalities seen in autism (Fatemi et al., 2001). The reduction of Reelin 

protein and mRNA, and the increase in VLDLR expression, seen in post-mortem studies 

highlighted the correlation between impairment of Reelin signaling and autism (Fatemi et 

al., 2005). Finally, the reeler phenotype, consisting of cerebellar hypoplasia and 

perturbed cortical and hippocampal layers, are also seen in humans carrying homozygous 

mutations in the REELIN gene. These patients are afflicted by the developmental disease 

lissencephaly with cerebellar hypoplasia (Hong et al., 2000). 

1.2.5 Reelin in neurogenerative disorders 

So far it appears that most, if not all functions of Reelin in the brain are mediated 

through binding of its 2 receptors, ApoER2 and VLDLR. The downstream pathway 

promotes synaptic plasticity and the ultimate consequence of this activity in the adult 

brain has been hypothesized to be the protection of synapses from the deleterious effects 

of Amyloid-b (Ab). A recent study using adult-specific, inducible conditional Reelin 

mutant mice, showed that the absence of Reelin did not disrupt synaptic plasticity or 

behavior under normal conditions, but exacerbated defects due to Aβ neurotoxicity 

(Lane-Donovan et al., 2015). The accumulation of this latter protein contributes to loss of 

cognitive function and memory in Alzheimer’s Disease (AD). In AD pathogenesis, tau is 

hyperphosphorylated, inhibits microtubule stability and the maintenance of the dendritic 

spines (Sabbagh &  Dickey, 2016). Reelin signaling pathway through ApoER2/VLDLR 

and Dab1/PI3K/Akt inhibits the glycogen synthase kinase-3b (GSK-3b), and this results 

in the reduction of tau phosphorylation, stabilization of the microtubules, and synaptic 

plasticity (Wasser &  Herz, 2017). These studies are in line with previous findings that 
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Reelin overexpression ameliorates neuropathology in animal models of AD (Pujadas et 

al., 2010). Not only did dysregulation of the Reelin/Dab1 pathway leads to a change in 

the type and morphology of spines (Bosch et al., 2016), but Reelin supplementation by 

stereotactic injection into the mouse brain was found to increase spine density and 

ameliorated learning and memory in several animal models (Hethorn et al., 2015; Rogers 

et al., 2011).  

1.2.6 Reelin in neurogenesis: injury and repair 

In the adult hippocampus, Reelin has been demonstrated to play an important role 

in modulating synaptic activity as well as plasticity. Reelin signaling also affects 

neurogenesis in adult niches such as the subventricular zone of the cerebral cortex and the 

dentate gyrus of the hippocampal formation (Teixeira et al., 2012). Furthermore, Reelin 

regulates neurogenesis in the dentate gyrus after epileptogenic insults and maintains the 

integrity in the newborn neurons (Gong et al., 2007). Although the role of Reelin in 

migration during the development is well known, the mechanism by which Reelin 

regulates the migration of neuronal progenitor cells in adult niches needs to be further 

explored. For instance, Reelin enhances neuronal progenitor cells migration after cortical 

ischemia (Courtès et al., 2011). It appears that Reelin leads progenitor cells in the 

subventricular-zone to migrate into the olfactory bulb using a mode of migration distinct 

from radial migration. In a different study, the level of Reelin was found to increase after 

injury in the ocular lesion (Pulido et al., 2007). This finding suggests that Reelin could 

play an active role after injury and may be involved in tissue repair. On the other hand, 

injuries could potentially disrupt Reelin production potentially leading to abnormal 

neurogenesis and impaired recovery. The interplay between brain injury, neurogenesis 
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and Reelin expression is presently unclear. 

 
 
Project rationale 
 
 

The Reelin signaling pathway is essential for neural migration and also plays an 

important role in dendrite branching and the development and maturation of synaptic 

connections. In the adult brain Reelin also protects synapses from Ab neurotoxicity, and 

promotes neurogenesis and integration of newborn neurons in the hippocampus (Teixeira 

et at., 2012); these findings could have significant implications for the treatment of 

neurological disorders and brain trauma. The role of Reelin in TBI has not been 

previously investigated. However, it is conceivable that Reelin may play a role in 

recovery after brain injury by affecting a number of mechanisms including stimulating 

adult neurogenesis, protecting neural cells from death, and promoting tissue repair by 

restoring synaptic connectivity and activity.  

My mentor, Dr. D’Arcangelo, discovered Reelin several years ago (D’Arcangelo, 

1995) and her lab elucidated many molecular and cellular aspects of its biological activity 

in the brain (reviewed by D’Arcangelo, 2014). In particular, Dr. D’Arcangelo’s lab 

previously demonstrated that Reelin is important not only during brain development, but 

also in the postnatal and adult brain where Reelin promotes neuronal maturation, spine 

formation and modulates synaptic activity. This project focused on TBI and aimed to 

understand whether Reelin may be involved in the post-injury recovery, a novel area of 

investigation. 

I first explored the potential link between Reelin expression and TBI using a 

mouse model in vivo. The objective of this study is to determinate whether Reelin is 
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induced after the trauma, and if it is beneficial for the recovery. We analyzed the 

expression of Reelin in the brain of adult mice that were subjected to lateral fluid 

percussion (LFP) or controlled cortical impact (CCI), two different TBI paradigms. My in 

vivo data show that Reelin expression in the brain is altered after TBI, especially in the 

hippocampus area. My in vitro data further show that Reelin reduces glutamate-induced 

excitotoxicity in hippocampal neurons. We reason that Reelin may play an important role 

in re-establishing neuronal network after TBI. Future goals will be to identify the 

molecular mechanisms that mediate Reelin-induced neuroprotection after TBI in order to 

reduced brain damage and improve the cognitive performance of TBI patients.  
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Chapter II:  Material and Methods 
 
 
Animal Handling  

Animals used in this study were handled in accordance with a protocol approved 

by the Association for Assessment and Accreditation of Laboratory Animal Care 

(AAALAC) committee at Rutgers, the State University of New Jersey.  For the LFP 

injury, Nestin-GFP transgenic mice on the C57BL/6 background were provided by Dr. 

Janet Alder at Rutgers University- Robert Wood Johnson Medical School. For the CCI 

injury and other experiments we purchased mice of the CD-1 strain from Charles River 

Laboratory. 

Lateral Fluid Percussion (LFP) injury model 

Adult mice (3-5 month-old) were anesthetized with 4-5% of isoflurane in 100% 

O2 and received buprenorphine (0.1 mg/kg) intraperitoneally for preemptive analgesia. 

The mice were then placed in a stereotaxis frame, the isoflurane flow was maintained at 

2%, and the animals were monitored during the entire procedure. An incision was made 

in the middle from the eyes to the neck and a topical anesthetic was applied on the skull 

(bupivacaine, 0.025% in saline). A craniectomy was made above the right hemisphere, 

halfway between bregma and lambda, with a 3 mm diameter trephine.  The dura was kept 

intact and animals which showed herniation or dura damage were discarded. A rigid 

Luer-lock needle hub (Becton Dickinson) was placed in the skull over the opening and 

fixed with dental acrylic (Butler Schein). The operated mice received an intraperitoneal 

saline injection and were placed in a cage for recovery. After 1 hour, some mice were re-

anesthetized and connected to the LFP device (Custom Design and Fabrication, Virginia 

Commonwealth University). When the mice resumed a normal breathing, but were not 
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completely conscious, they received a pulse generated through the Luer-lock hub with a 

pressure of 0.9-2.1 atmospheres and the pendulum set to 11.5°. After the impact, the 

righting reflex time was measured to define the severity of the injury. The injury was 

considered mild if the righting reflex time was 2-4 minutes, or it was considered 

moderate if the reflex time was 5-10 minutes. The scalp incision was sealed with 

Vetbond tissue adhesive (3M) and the animals were placed in the regular housing cage. 

Animals subjected to craniectomy but not LFP injury were used as shams. Both male and 

female mice were randomly selected to be included in the sham or LFP injury group. For 

more details about the LFP procedure see (Alder et al., 2011). 

Controlled Cortical Impact (CCI)injury model 

To prepare the mice for CCI injury a craniectomy was performed as described in 

the section above for LFP except that a 2.7 mm diameter trephine was used to remove a 

piece of the skull just above the parietal cerebral cortex using a stereotaxis apparatus 

equipped with a micromanipulator (Stoelting). Following craniectomy, the isoflurane 

anesthesia flow was stopped and the mice were prepared to receive a brain injury by CCI. 

Under microscopic control, the impactor of a Hatteras Instruments PinPoint Precision 

Cortical Impactor (Model PCI3000) was positioned over the exposed dura, tilted at a 4-

100 angle to ensure that the entire surface of the probe was in contact with the dura mater. 

As soon as the mice regained sternal recumbence the injury was delivered with the 

following parameters: 1.5 mm depth, 3 m/sec velocity and 500 msec contusion time. This 

results in a penetrating injury that directly affects the cerebral cortex, but not the 

underlying hippocampal formation. After delivering the brain injury the skin was closed 

with Vetbond tissue adhesive (3M) and the mice received an intraperitoneal saline 
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injection before being allowed to recover in their home cage. Control mice (shams) 

received the craniectomy, but not the CCI. 

Brain tissue section preparation  

Mice were sacrificed at different time points after injury. For immunofluorescence 

experiments they were anesthetized with Avertin (Sigma-Aldrich) and perfused 

transcardially with saline solution followed by 4% paraformaldehyde (PFA) in phosphate 

buffered saline (PBS). The brains were dissected, post-fixed in 4% PFA for 4 hours at 

4°C and cryoprotected by incubation at 4°C in a 30% sucrose solution in PBS. Brains 

were mounted onto a sliding microtome using OCT (Tissue-Tek) and sectioned for 

histology on glass slides. 

Immunofluorescence assays 

To detect Reelin or cellular markers in the brain, sections were washed in PBS for 

5 minutes 2 times to remove the OCT from the slides. Then the slides were permeabilized 

with 0.1% Triton X-100 in PBS for 20 minutes and incubated with blocking buffer (5% 

normal goat serum in 0.1 % Triton-X-100 in PBS) for 1 hour. The sections were 

incubated overnight at 4°C with a primary mouse monoclonal anti- Reelin (clone G10) 

antibody or another primary cell marker antibodies (see Table 3) diluted in blocking 

buffer, and then washed with PBS (3 x 5 min). 
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For indirect immunofluorescence assays, sections were incubated with Alexa-

Fluor 488- or 647-conjugated secondary antibodies (Invitrogen) for 1 hour at room 

temperature (Table 4). The sections were then washed again with PBS (3 x 5 min), and 

coverslips were mounted with Vectashield Mounting Medium containing DAPI (Vector 

Laboratories). For direct immunofluorescence detection with the Alexa Fluor 488- 

conjugated Reelin antibodies, coverslips were mounted immediately after washing with 

PBS (3 x 5 min). 

 

Antigen Antibody 
Isotype 

Manufacturer Catalog# Application Working 
Solution 

Calbindin Rabbit IgG Cell Signaling 2136 IF 1:250 

Calretinin Rabbit IgG Abcam Ab92341 IF 1:250 

Doublecortin Rabbit IgG Abcam Ab18723 IF 1:250 

GAD67 Mouse 
IgG2a 

Millipore MAB5406 IF 1:250 

Parvalbumin Rabbit IgG Abcam Ab11427 IF 1:250 

Reelin  Mouse IgG1 
(G10 clone) 

Hybridoma 
cells 

D’Arcangelo 
lab 

IF 1:50 

Reelin  Mouse IgG1 
G10 clone 
conjugated 
to Alexa 
Fluor 488) 

Millipore MAB5364A4 IF 1:500 

Table 3. List of primary antibodies. 

IF= Immunofluorescence. G10, a mouse monoclonal antibody against Reelin, was 

purified from hybridoma cell culture supernatants using Hi-Trap protein G columns (GE 

Healthcare). 
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Fluorophore Antibody type Manufacturer Catalog# Dilution 

Alexa Fluor â 488  Goat anti-mouse IgG Invitrogen A11001 1:1000 

Alexa Fluor TM 488  Goat anti-mouse IgG 
F(ab’)2 

Invitrogen A11017 1:1000 

Alexa Fluor TM 488 Goat anti-rabbit IgG Invitrogen A11008 1:1000 

Cy5 TM  Goat anti-mouse IgG Invitrogen A10524 1:1000 

Alexa Fluor TM  647 Goat anti-rabbit IgG Invitrogen A21245 1:1000 

Alexa Fluor TM 488 Goat anti-mouse IgG2a Invitrogen A21131 
 

1:500 

Alexa Fluor TM  647 Goat anti-mouse IgG1 Invitrogen A21240 1:500 

 

Multiple sections per brain sample were imaged using a Yokogawa CSU-10 

spinning disk confocal head attached to an inverted fluorescence microscope (Olympus 

IX50) for indirect immunofluorescence, or a Zeiss LSM800 confocal microscope for the 

direct immunofluorescence detection. 

mRNA Isolation and Quantitative Reverse Transcription PCR (RT-qPCR) Analysis 

Fresh cortical tissue close to the injury area, and hippocampal tissue were 

collected in the ipsilateral and contralateral side of the brain at different time points after 

TBI (24h and 72h). The total RNA was purified using the Qiagen RNeasy Kit and 

transcribed into cDNA using a High-Capacity cDNA Reverse Transcription kit (Applied 

Biosystems). The resulting cDNA was analyzed by RT-qPCR using primers specific for 

the genes of interest (Table 5).  Some of the primers were designed with the Primer-Blast 

software, others were reported in the literature. RT-qPCR was performed using the Power 

Table 4. List of secondary antibodies  
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SYBR Green master mix (Applied Biosystems). The expression level of specific genes 

was normalized to the level of the standard housekeeping gene encoding the ribosomal 

protein S12 using two Applied Biosystems Real-Time PCR machines. Reelin, CXCL10 

and GFAP expression was analyzed using the StepOne System and the StepOne Software 

v2.3, whereas Gad1, Parvalbumin, Somatostatin and Map2 expression was analyzed 

using the QuantStudio 3 and the QuantStudio Design&Analysis V1.4.3 software. 

 

F = Forward. R= Reverse. 

 
 
 

 

Gene Sequence  Reference 
CXCL10 F  5-ACCCAAGTGCTGCCGTCATT-3’ 

R  5-ATTCTCACTGGCCCGTCATC-3’ 
 

(Israelsson et al., 
2009) 

Gad1 F  5’-CGCTTGGCTTTGGAACCGACAA-3’ 
R  5’-GAATGCTCCGTAAACAGTCGTGC-3’ 
 

NM_008077 

GFAP F  5’-CGGGAGTCGCCAGTTACCAG-3’ 
R  5’-TTTCCTGTAGGTGGCGATCTC-3’ 
 

(Israelsson et al., 
2009) 

Map2 F  5’-GCCAGCCTCGGAACAAACA-3’ 
R  5’-GCTCAGCGAATGAGGAAGGA-3’ 
 

(Jones et al., 
2018) 

Reelin F  5’-CCCAGCCCAGACAGACAGTT-3’ 
R  3’-CCAGGTGATGCCATTGTTGA-3’ 

(Heinrich et al., 
2006) 

Parvalbumin F  5’-TGTCGATGACAGACGTGCTC-3’ 
R  5’-TTCTTCAACCCCAATCTTGC-3’ 

(Filice et al., 
2016) 

Somatostatin F  5’-TCTGCATCGTCCTGGCTTT-3’ 
R  5’-CTTGGCCAGTTCCTGTTTCC-3’ 

(Córdoba-Chacón 
et al., 2011) 

S12 F  5’-GGCATAGCTGCTGGAGGTGTAA-3’ 
R  5’-GGGCTTGGCGCTTGTCTAA-3’ 
 

(Heinrich et al., 
2006) 

Table 5. Primer sequences for RT-qPCR analysis. 
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Reelin Protein Expression and Purification  

Reelin conditioned medium was collected as the supernatant of a stable 

mammalian cell line (CER) derived from 293-EBNA cells (Invitrogen) that were 

transfected with a plasmid encoding the full length Reelin cDNA (pCER) cloned into the 

pCEP4 vector (Invitrogen). Hygromycin B-resistant clones were selected and tested for 

Reelin expression, and then pooled to generate the CER cell line (Niu et al., 2004). The 

cells were cultured in a serum free Neurobasal medium (Gibco by Life Technologies). 

The Reelin conditional medium (CER) and the mock control medium from the parental 

cell line (EBNA) were collected and stored at 4 °C with HEPES buffer (20nM) (Gibco by 

Life Technologies) until use.  

Full length mouse Reelin protein was purified by affinity chromatography from 

transiently transfected mammalian cells in the Comoletti’s laboratory according to an 

established protocol (Lee et al., 2014). The highly concentrated purified protein was 

detected by SDS-PAGE followed by Coomassie staining, whereas the more diluted 

Reelin protein present in the CER medium was detected by SDS-PAGE (4-12% gradient 

gel, ThermoFisher) followed by Western blot analysis using the G10 mouse monoclonal 

antibody. 

Dissociated cortical and hippocampal neurons 

The cerebral cortex and hippocampus were dissected from the brain of embryonic 

day (E) 16 CD-1 wild type mice, and cells were dissociated using Papain (Worthington) 

in HBSS buffer with the supplement of 1M of EDTA and 0.5M of CaCl2. Neurons were 

cultured in 24-well plates (1.0 x 105 cells/ well) coated with poly-L lysine in Neurobasal 

medium supplemented with 2% B-27 supplement and 0.5 mM L-glutamine (Invitrogen).   
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Cell Death Staining and Analysis. 

After 6 days in vitro (DIV) for cortical neurons, or 10-13 DIVs for hippocampal 

neurons, cells were pretreated with purified Reelin (50nM) or CER medium for 30 

minutes and then exposed to 30µM of glutamate to induce excitotoxicity. EBNA mock 

medium was used as a control for CER. 24 hours after glutamate exposure, cells were 

stained with 10 mg/mL Propidium Iodide (PI) (Fluka) to label the nuclei of dead cells, 

and with Hoechst stain (1:1000, ThermoFisher) to label all cell nuclei. Cultures were 

stained with these fluorescent dyes for 15 minutes in PBS at 37°C, and then washed 2 

times with PBS. Stained cells were imaged at the 10x magnification with an automated 

confocal fluorescence microscope (INCell Analyzer 6000, GE Healthcare). Multiple 

image fields (9 per well) were selected at random, and stained nuclei were manually 

counted in blind. The fraction of co-labeled PI/Hoechst over total Hoechst-labeled cells 

were calculated in each treatment group from multiple wells as an index of cell death. 

Locomotion test: rotarod 

Two different rotarod devices were used in two independent experiments. In the 

first experiment, the mice were placed on a rod rotating at 12 cycles/ minutes. The rod 

was positioned approximately 100 cm above a bedding-filled box. The latency time to 

fall from the rod was measured. The mice were subjected to 3 trials of 1 minute each. The 

mice were tested before the injury (to obtain a baseline) and 3 days after the injury. 

In a second experiment, the mice were placed in a different rotarod device with an 

automatic accelerator from 4 to 40 cycles/ minutes and 5 minutes for each trial. The mice 

were subjected to 3 trials the day before injury (baseline), 1 day and 3 days after injury. 
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Morris Water Maze (MWM) 

The water maze is a task designed for assessing memory impairment. Mice were 

placed in one quadrant of a ~70 cm diameter tub (small pool) or a ~120 cm diameter 

(bigger pool) filled with room-temperature water made opaque with non-toxic latex paint. 

In another quadrant of the tub, submerged just under the surface, a platform was placed 

(6 cm diameter). The task during a 4 days training period (memory acquisition) consists 

of finding the platform from any point in the tub. Mice were released into the tub and 

allowed to swim to the platform in a 60 secs maximum trial. When they failed to find it, 

they were placed on the platform for a 30 secs intertrial interval. There was 5 trials/day 

with the critical measure being latency to find the platform. Mice were dried before being 

returned to their home cage. At the completion of this learning phase, the mice were 

tested for their ability to remember the location of the platform (probe test); this consisted 

of a 60 sec probe trial (conducted on day 7) in which there the platform had been 

removed from the pool. The performance of the mice was measured as percentage of time 

spent in the correct (target) quadrant compared to the time spent in other quadrants, using 

the behavioral tracking software ANY-maze (Anymaze). Two weeks after the probe trial, 

the mice were introduced back into the water maze for a one trial memory retention test 

with the platform available submerged.  

Statistical Analysis  

All data were plotted as the mean values for each group (+/- SEM), and 

statistically analyzed using the GraphPad Prism7 software. p<0.05 was considered 

significant. 
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For the distribution of Reelin expression in the cortex and hippocampus after CCI 

the indirect immunofluorescence signal was analyzed in 6 serial coronal sections cut near 

the injury site (–1.06 to -2.54 mm from bregma) and was measured as the average of the 

intensity values of the ROIs (6 for the cortex and 3 for the hippocampus) using the 

measurement tool of ImageJ.  The sham samples were shown for comparison but they 

were not included in the analysis because they were obtained only from one subject. The 

data were analyzed by two-way ANOVA (Distance and Injury Type as factors) followed 

by Sidak’s multiple comparisons test of CCI Ipsilateral (Ipsi) vs CCI Contralateral 

(Contra). 

For the direct fluorescence, the density of Reelin positive cells/ROI in the cortex 

or the total number of Reelin-positive cells in the entire hippocampus was manually 

determined using 3 different sections/mouse at the -1.50, -2.00, -250 mm distance from 

bregma. Outliers identified with the ROUT test were eliminated from the analysis. The 

data were first analyzed for normality distribution with the Shapiro’s test. If the 

distribution was normal the values were analyzed by ordinary one-way ANOVA or, if it 

not normal, by the non-parametric Kruskal-Wallis test. The data were analyzed by using 

paired t-tests (if normal distribution) or Wilcoxon matched-paired tests (if not normal 

distribution) comparing contralateral (C) and ipsilateral (I) values from the same CCI 

mice, or one-way ANOVA to compare all groups including shams. 

RT-qPCR data were analyzed by paired t-test or Wilcoxon matched-paired tests to 

compare contralateral (C) and ipsilateral (I) values within Sham or CCI groups. 

For the behavioral data in the Morris Water Maze, repeated measures (RM) 2-way 

ANOVA with Turkey’s multiple comparison was used for the training data. One-way 
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ANOVA with Turkey’s multiple comparison was used for the analysis of the probe test, 

whereas the non-parametric Kruskal-Wallis test with Dunn’s multiple comparison was 

used for the retention test when all groups were compared to each other. 

Ordinary one-way ANOVA was used for the statistical analysis of glutamate 

excitotoxicity data using hippocampal or cortical neurons treated with glutamate +/- 

purified Reelin or conditioned medium. 
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Chapter III:  Results 
 
 
 

 The objective of this study is to investigate the possible link between Reelin 

activity and TBI, and specifically to understand whether Reelin expression is altered by 

the trauma and whether this protein is beneficial for neuroprotection or functional 

recovery.  

 
Expression of Reelin after TBI using the LFP model 
 

In order to establish whether Reelin expression is altered by trauma we initially 

used lateral fluid percussion (LFP) as a TBI paradigm. For LFP experiments our 

collaborator, Dr. Janet Alder at Rutgers University- Robert Wood Jonson Medical 

School, provided direct training and technical support. The LFP experiments were 

conducted in Dr. Alder’s laboratory after performing a small craniotomy on anesthetized 

mice. The animals that after craniotomy showed damage in the dura were excluded from 

the study. Mice that were 2-5 month-old were subjected to LFP or sham surgery (see 

Materials and Methods section for details). To determine whether LFP alters Reelin 

protein expression, we prepared coronal brain sections using a cryostat, and performed 

indirect immunofluorescence staining with a highly specific anti-Reelin mouse 

monoclonal antibody (G10) (de Bergeyck et al., 1998), which was produced in our lab 

from a hybridoma cell line. Secondary anti-mouse IgG antibodies were conjugated to 

either Alexa-Fluor488 or Alexa- Fluor647. Images were collected from multiple sections 

with a confocal or an epifluorescence microscope.  

The results of these experiments were variable. In 19 mice subjected to LFP, 9 

mice showed no detectable Reelin signal, 5 mice showed a high level of Reelin 
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expression, and 4 mice showed few Reelin-positive cells. In some cases, Reelin appeared 

to be upregulated in the injured brain of mice exposed to LFP even in regions distant 

from the injury. For example, in a few experiments Reelin expression was clearly 

detected in some cells of the dentate gyrus on the side ipsilateral to the injury 24h after 

LFP, but it was barely detectable in the contralateral side (Figure 4). However, when 

these experiments were repeated using additional mice, the results were quite variable, 

and Reelin expression was similar in both side.  

 

 

 

Figure 4. Reelin expression after LFP.  

Reelin immunofluorescence using G10 antibody in coronal brain sections from 3 month-

old mice. High levels of Reelin expression were detected in the dentate gyrus on the 

ipsilateral side (B). Few and faint Reelin-positive cells were detected in the contralateral 

side (A). Scale bars: 100 μm. 
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Identification of the cell types that express Reelin after TBI  

 
Even though the levels of Reelin expression were not consistently increased after 

TBI using the LFP model, we nevertheless set out to identify the cell types that expressed 

Reelin in samples that clearly showed positive cells after injury. 

Since some Reelin positive cells were clearly in the dentate gyrus where 

neurogenesis occurs even at adult ages, we first investigated whether they might be 

neuronal progenitor cells. This idea was based on previous studies that showed an 

increase in neurogenesis in the subventricular zone (SVZ) of the cortex and in the 

hippocampus after brain injury in a rat LFP model (Chirumamilla et al., 2002). Also, the 

activation of the neurogenic niche was reported in the mature brain of several models of 

brain injury (Chang et al., 2016). 

To visualize neural progenitor cells, we took advantage of transgenic Nestin-GFP 

mice, provided by our collaborator Dr. Alder. In these mice, the green fluorescent protein 

(GFP) is expressed specifically in neural progenitor cells under the control of the nestin 

promoter. Coronal brain slides were obtained from these mice after LFP, and processed 

by indirect double immunofluorescence using anti-Reelin G10 (mouse IgG) and anti-GFP 

(rabbit IgG) antibodies to amplify the signal in nestin-positive cells. The Reelin signal did 

not co-localize with GFP, indicating that Reelin-expressing cells after TBI are not 

neuronal progenitor cells (Figure 5, A-C). We also considered the possibility that Reelin 

positive cells in the dentate gyrus might newly born, immature neurons. However, they 

do not co-label with antibodies against doublecortin (Figure 5, D-F), a marker for 

immature neurons. 
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Figure 5. Reelin does not colocalize neuronal progenitor cells and immature neurons.  

Indirect immunofluorescence of coronal brain sections after TBI (LFP) in the ipsilateral 

side (Ipsilateral=L). In the hippocampus Reelin did not colocalize with the neuronal 

progenitor marker Nestin (A-C), nor with the immature neuron marker Doublecortin 

(DCX) (D-F). Scale bars: 100 μm. 

 

Next, we hypothesized that Reelin-positive cells after TBI may represent the same 

subset of GABAergic interneurons that normally express this protein in the intact adult 

brain (Alcantara et al., 1998). To test this hypothesis we conducted indirect 

immunofluorescence experiments using several inhibitory neuronal markers, including 

GAD67 (which labels all interneurons), calbindin (which labels a subset of interneurons 

that partially overlaps with the Reelin-expressing subset), and parvalbumin (which labels 

a different subset of interneurons not expressing Reelin). We double labeled brain slides 
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obtained from mice subjected to LFP or CCI with rabbit antibodies against these 

interneuron markers and mouse monoclonal antibodies against Reelin (G10). The results 

show that many of the cells that are positive for Reelin are also positive for GAD67 

(Figure 6,A-C) and calbindin (Figure 6, G-I), but not parvalbumin (Figure 6, D-F). These 

data suggest that after injury Reelin is expressed by the same cells that normally express 

this protein in the intact forebrain, namely a subset of interneurons (Alcantara et al., 

1998; D'Arcangelo, 2014; Pohlkamp et al., 2014). 
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Figure 6. Reelin colocalization with interneuron markers. 

Indirect immunofluorescence of coronal brain sections after TBI (LFP and CCI) in the 

ipsilateral side (Ipsilateral=L). Reelin-positive cells (red) were readily detected and co-

labeled primarily with cortical interneurons expressing GAD67 (A-C), but not with the 

subpopulation of interneurons positive for Parvalbumin (PV) (D-F). In the hippocampus 

Reelin partially colocalized with the interneuron subpopulation expressing Calbindin (G-

I). Scale bars: 100 μm. 

 

Expression of Reelin after TBI using the CCI model 
 
We suspected that the variability of our immunofluorescence results may be due at least 

in part to the variability of the injury inflicted by LFP. Therefore, after a pilot experiment, 

we decided to switch to the controlled cortical impact (CCI) model of TBI, which 

reportedly confers reproducible injuries (Lu &  Mao, 2019; Osier & Dixon, 2016; Siebold 

et al., 2018).  

Our collaborator Dr. David Crockett, at Rutgers University- Robert Wood 

Johnson Medical School, provided the necessary training and equipment to use the CCI 

model after craniectomy (sham injury). All the mice subjected to CCI in this study were 

young adult (1-2 month-old) mice of the CD-1 strain. The parameters for CCI were 

selected based on previous literature, and were as follows: 1.5 mm depth, 3m/sec velocity 

and 500 ms dwell time (Figure 7). The craniectomy size was 2.7 mm and the impactor tip 

diameter was 2 mm. Based on the velocity and the depth of the impact used for the 

procedure, this injury was considered moderate (Ma et al., 2019; Siebold et al., 2018) 
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To examine Reelin expression after CCI we used the same indirect 

immunofluorescence method described above for LFP experiments. Preliminary results 

indicated that mice subjected to CCI appeared to have a dramatic increase in Reelin 

expression in the injury side on the hippocampus and cortex (Figure 8), compared to the 

contralateral side or to sham controls. These results were in agreement with our LFP 

results and with previous findings from other groups that showed that Reelin is 

upregulated around the injury lesion in an ischemia mouse model (Courtès et al., 2011) 

and after ocular tissue injury (Pulido et al., 2007). 

 

 

Figure 7. The Controlled Cortical Impact (CCI) model. 

Representative images of whole mouse brains 24h following injury (CCI) (B) or 

craniectomy only (Sham) (A). The injury was delivered to the right hemisphere, in the 

somatosensory cortical area, approximately halfway between bregma and lambda 

(arrow). (C) Parameters used for this CCI model. Based on the velocity and the depth of 

the impact used for the procedure, this injury was considered moderate. 
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Figure 8. Reelin indirect immunofluorescence after CCI.  

Indirect immunofluorescence of coronal brain sections using the Reelin G10 mouse 

monoclonal antibody followed by anti-mouse IgG secondary antibody conjugated to 

Alexa-Fluor 488. (A) Low magnification image reveals high signal in the cortex 

surrounding the site of injury (arrow). High magnification images show many cells with 

high levels of fluorescence signal in the dentate gyrus (D) and in the cortex on the 

ipsilateral side (B). Few and faint Reelin-positive cells were detected in the contralateral 

side (C). CX= Cortex; HP = Hippocampus. Scale bars: 5000 µm (A) and 100 μm (B, C, 

D). 
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Quantitative analysis of Reelin expression in response to TBI by indirect 

immunofluorescence 

In order to examine in detail the levels of overexpression, the timing and the 

spatial distribution of Reelin-expressing cells after injury, we subjected a set of mice to 

CCI or sham injury. Brain samples were collected 24h or 72h after injury, sectioned 

serially with cryostat at the 20 µm thickness, and 6 coronal sections per brain were 

mounted on each slide. To obtain these sections we selected 6 locations surrounding the 

injury using as reference the mouse brain atlas, at the following distances from bregma: -

1.06, -1.22, 1.46, -1.70, -2.06, and -2.54. For each immunofluorescence experiment all 

slides were processed at the same time with primary mouse monoclonal Reelin antibodies 

(G10) and fluorophore-conjugated secondary anti-mouse-IgG antibodies. Images were 

collected with a confocal microscope at the same exposure time. For each slide we 

analyzed Reelin expression in the ipsilateral and contralateral hippocampus and 

neocortex, using three different ROIs (regions of interest) selected at random for each 

structure, and averaging the fluorescence intensity value of the ROIs. The levels of 

fluorescence intensity were determined using the Image-J software, plotted and 

statistically analyzed using two-way ANOVA (distance and injury side as factors). Thus, 

CCI-Ipsilateral (experimental) values from n=3-4 mice per time point were compared to 

CCI-contralateral (control) values at each distance from bregma. Values obtained from 

sham mice were shown for comparison but were not included in the analysis because they 

were obtained from only one mouse. The results showed that the Reelin signal was 

significantly induced in the injury side of both the neocortex and hippocampus at 24h, 

and in the neocortex only at 72h after injury (Figure 9). The results also showed a 



 52 

 

distribution of the Reelin cortical signal intensity that was more intense close to the 

injury. These results suggested that TBI causes an upregulation of Reelin expression in 

the cerebral cortex and hippocampus and led us to hypothesize that this may have 

functional significance in protecting the brain from the deleterious effects of the injury 

and promoting recovery. 
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Problems with indirect immunofluorescence experiments  
 

The results of the experiments described above strongly suggested that Reelin 

expression is upregulated in the brain tissue surrounding the injury. However, we noted 

that the tissue ipsilateral to the injury was very frail and tended to break during 

processing, suggesting that cell permeability may be altered. To ensure that the signal 

was specific, we conducted further immunofluorescence experiments including controls 

consisting of samples incubated only with the fluorophore-conjugated secondary anti-

mouse IgG antibodies used to detect Reelin primary antibodies. Surprisingly, secondary 

anti-mouse IgG antibodies produced a strong immunofluorescence signal in the ipsilateral 

side even in the absence of primary anti-Reelin antibodies (Figure 10). 

 

Figure 9. Quantification of Reelin expression after CCI. 

Analysis of the indirect immunofluorescence Reelin signal intensity using 6 serial 

coronal sections cut near the injury site (–1.06 to -2.54 mm from bregma) (see A). In the 

cortex the Reelin signal was stronger in the ipsilateral side of the injury than in the 

contralateral side or sham samples at 24h or 72h after CCI (B, D). In the hippocampus the 

Reelin signal was also stronger in the ipsilateral side at 24h (C), but less so at 72h (E). 

For the 24h data point n=4 CCI and n=1 sham mice were used. For the 72h point n=3 

mice CCI and n=1 sham were used. Statistical test: two-way ANOVA (Distance and 

Injury Type) followed by Sidak’s multiple comparisons test of CCI Ipsilateral (Ipsi) vs 

CCI Contralateral (Contra) values. *p≤0.05, **p<0.01, ***p<0.001. 
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This artefactual signal was present only near the injury and only in conjunction 

with anti-mouse IgG secondary antibodies. Secondary antibodies directed against the 

contralateral side (Figure 10, E) or a different species, such as fluorophore-conjugated 

 

 

Figure 10. Secondary anti-mouse IgG antibody artifact. 

Coronal brain sections from mice subjected to CCI were processed of indirect 

immunofluorescence with a primary mouse monoclonal antibody (mAB) against Reelin 

(clone G10), followed by Alexa Fluor 488 (H+L) secondary anti-mouse IgG antibodies 

(A, B) or by secondary antibodies alone as a control (C, D). An intense signal was 

detected in many cortical cells in the ipsilateral injury side using either both primary and 

secondary antibodies or secondary antibodies alone. No cells were labeled by secondary 

antibodies alone in the contralateral side (E). Scale bars: 100 μm (A, C, E) and 10 μm (B, 

D). 
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anti-rabbit IgG antibodies, did not produce the artefactual signal. It is possible that anti-

mouse IgG secondary antibodies labeled injury-induced immunoglobulins produced by 

macrophages, raising doubts on the specificity of the signal we had measured by indirect 

immunofluorescence.  

We considered different ways to circumvent the technical problem related to the 

use of secondary anti-mouse-IgG antibodies. A simple solution would have been to use a 

Reelin antibody produced in a different host species, but unfortunately, at the time of 

these experiments, the only available Reelin antibodies suitable for immunofluorescence 

experiments were raised in mice. We tried to minimize the problem using secondary anti-

mouse IgG antibodies conjugated to a different fluorophore, or secondary antibodies 

raised against the antigen-binding fragment (Fab) of the mouse immunoglobulin. We also 

tried to block the tissue prior to the staining with serum obtained from a different serum, 

but the problem remained. Finally, a newly developed Reelin mouse monoclonal 

antibody (same G10 clone) that is already conjugated with the Alexa-Fluor 488 

fluorophore became commercially available. This reagent enabled us to perform direct 

immunofluorescence experiments, thereby avoiding the use of anti-mouse IgG secondary 

antibodies altogether. We performed a pilot experiment with mice subjected to CCI and 

determined that the Reelin signal obtained with this approach was now clear and 

unequivocal in both, the contralateral and ipsilateral side of the brain (Figure 11). 

However, there was no apparent difference in expression between the injury sides, 

prompting us to re-examine the issue of Reelin expression after TBI in a new set of 

experiments. 
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Figure 11. Detection of Reelin by direct immunofluorescence.  

Reelin-positive cells were unequivocally identified in mouse coronal brain sections after 

CCI using only a primary mouse monoclonal anti-Reelin antibody (clone G10) directly 

conjugated to Alexa Fluor 488. Reelin-positive cells were clearly detected in the 

ipsilateral cortex and hippocampus (A, C) as well as in the contralateral cortex and 

hippocampus (B, D). Scale bars for all panels: 100 μm. 
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Analysis of protein expression by direct immunofluorescence reveals loss of hippocampal 

Reelin-expressing cells after CCI  

Using this improved direct immunofluorescence approach, we conducted a new 

set of experiments to have a good understanding of whether Reelin protein expression 

changes or not after injury. We collected brain samples and analyzed Reelin expression 

data at 3 different time points (24h, 72h, and 7 days) after CCI injury or sham surgery, in 

both the ipsilateral and contralateral sides. To analyze expression in the neocortex for 

each group we counted the number of Reelin+ cells in 6 ROIs/section and 3 different 

sections/brain collected at -1.50, -2.00, -250 µm distance from bregma; we then divided 

these values by the total area of the ROIs to obtain density values (# of Reelin+ cells/µm2 

cortex). Using the same brain sections, we also measured the total number of Reelin+ 

cells in the entire hippocampus proper and in the dentate gyrus. All counts were done in 

blind by 2 different persons. We then plotted and statistically analyzed the data using the 

GraphPad Prism 7 software. When data in each CCI or sham group were normally 

distributed, we compared contralateral and ipsilateral values in the same mice using 

paired t-tests. Data that were not normally distributed were analyzed using Wilcoxon 

matched-paired tests. The results show that the density of Reelin+ cells was not altered 

24h after injury (n= 3-4 CCI and n=4 sham mice) (Figure 12, D). 
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Figure 12. No change in the number of Reelin+ interneurons 24h post-CCI. 

Direct immunofluorescence with a Reelin antibody conjugated to Alexa Fluor 488 using 

brain sections 24h post-injury. (A) Representative image at low magnification of the 

contralateral injury side, double labeled with Reelin antibodies (green) and Dapi (blue). 

High magnification images showing Reelin+ cells in the cortex (B) and hippocampus 

(C). (D) Quantification of the density of Reelin+ cells in n=4 CCI or n=3-4 Sham mice. 

The analysis is based on 3 different sections/mouse at -1.50, -2.00, -250 mm distance 

from bregma. Cortex data includes 6 image fields/section for each group. Hippocampus 

and Dentate Gyrus data include all Reelin+ cells identified in the entire structure in each 
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A similar result was obtained at 72h post-TBI in all regions analyzed (n= 3 CCI 

and n=4 sham mice) (Figure 13). 

 

section. No statistical difference was found comparing contralateral (C) and ipsilateral 

(I) CCI groups using paired t tests, or CCI (I) versus CCI (C) and Sham samples using 

ordinary one-way ANOVA. The scatter plots show each mouse data point and the mean 

value of each group (+/- SEM). CX= cortex; HP= hippocampus; DG= dentate gyrus. 
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Figure 13. No change in number of Reelin+ interneurons 72h post-CCI. 

Direct immunofluorescence with a Reelin antibody conjugated to Alexa Fluor 488 using 

brain sections collected 72h post-injury. Representative images showing Reelin+ cells 

(green) in the cortex (CX) (A), hippocampus (HC) (B) or dentate gyrus (DG) (C). (D) 

Quantification of the density of Reelin+ cells in n=3 CCI and n=4 Sham mice. The 

analysis is based on 3 different sections/mouse at -1.50, -2.00, -250 mm distance from 

bregma. Cortex data includes 6 image fields/section for each group. Hippocampus and 

dentate gyrus data include all Reelin+ cells identified in the entire structure in each 
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section. No statistical difference was found comparing contralateral (C) and ipsilateral 

(I) CCI groups using paired t tests or Wilcoxon tests, or CCI (I) versus CCI (C) and 

Sham samples using ordinary one-way ANOVA or non-parametric Kruskal-Wallis test. 

Scale bar for all panels: 100 μm. 

 

However, 7 days after injury the number of Reelin+ cells were significantly 

reduced, but only in the hippocampus, whereas it remained unaltered in the cortex and 

dentate gyrus (n= 4 CCI and n=2 sham mice) (Figure 14). These results are similar to 

those obtained in a recent study (June 2019) where mice showed reduced levels of Reelin 

expression 14 days after cryoinjury in the motor cortex and no difference 1 day after the 

injury (Arimitsu et al., 2019). 
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Figure 14. Loss of Reelin+ hippocampal interneurons 7 days post-CCI. 
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In summary, these results contradicted my preliminary results obtained by indirect 

immunofluorescence, and the idea that injury may upregulate Reelin expression. Rather, 

the direct immunofluorescence data revealed that brain injury causes a delayed loss of 

Reelin expression that specifically affects the hippocampus. Given the role of this 

structure in cognition and memory, and the critical function of Reelin in maintaining the 

adult hippocampal circuitry and synaptic plasticity (Jiang et al., 2016; Trotter et al., 

Direct immunofluorescence with a Reelin antibody conjugated to Alexa Fluor 488 using 

brain sections collected 7 days post-injury. (A) Representative low magnification image 

of a Sham brain on the ipsilateral injury side labeled with Reelin antibodies (green). 

High magnification images showing Reelin+ cells in the cortex (CX) (B), hippocampus 

(HC) (C) and dentate gyrus (DG) (D). (E) Quantification of the density of Reelin+ cells 

from n=4 CCI and n=2 Sham mice. The analysis is based on 3 different sections/mouse 

at -1.50, -2.00, -250 mm distance from bregma. Cortex data includes 6 image 

fields/section for each group. Hippocampus and Dentate Gyrus data includes all Reelin+ 

cells identified in the entire structure in each section. The density of Reelin+ cells in the 

hippocampus was significantly reduced in ipsilateral CCI (I) compared to contralateral 

CCI (C) samples (p= 0.0031). No significant differences were found between CCI 

groups in the cortex or dentate gyrus. The scatter plots show each mouse data point and 

the mean value of each group (+/- SEM). Statistical analysis: paired t-tests comparing 

CCI (C) and CCI (I) values for cortex and hippocampus data; Wilcoxon matched-pairs 

test for dentate gyrus data **p<0.01. Scale bars: 500 μm (A) and 100 μm (B-D). 
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2013), the data suggest that learning and memory deficits after TBI may be due at least in 

part to loss of Reelin. 

 

TBI leads to decreased mRNA levels of Reelin and other inhibitory neuron markers  

To further investigate the effect of TBI on the expression of Reelin and other 

markers of inhibitory neurons, we performed RT-qPCR at 24h and 72h after injury. We 

collected freshly dissected brain samples from CCI, Sham or naive mice and extracted the 

total mRNA. Since the level of Reelin is high in the embryonic brain and decreases at 

postnatal ages, we used as a positive control a wild type mouse cortex and hippocampus 

sample collected at postnatal day (P) 5. The data were normalized first to the internal 

qPCR control S12, and then to the P5 reference sample or to the average of sham 

contralateral values. The data were then plotted and statistically analyzed in a paired 

fashion, comparing contralateral to ipsilateral values in each mouse brain.  

At 24h after injury, the level of Reelin mRNA was unaltered in the ipsilateral side 

of the cortex and hippocampus (Figure 15, C and D). This result is in agreement with the 

previous analysis of Reelin expression by immunostaining. We also measured the 

expression level of other inhibitory markers such as Somatostatin, Parvalbumin, and 

Gad1 (the gene encoding GAD67). The expression of all these inhibitory neuron markers 

was similar between ipsilateral and contralateral samples in the CCI and sham groups.  

Also, Map2, a marker for all mature neurons, is unaltered by the injury at the 24h time 

point (n=4-7 CCI, n=1-3 sham, n=naïve). 
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Figure 15. RT-qPCR shows inflammation but no change in Reelin or other neuron 

marker gene expression 24h post-CCI.  

RT-qPCR analysis of mRNA expression of inflammatory markers (GFAP, CXCL10), 

Reelin, a pan-neuronal marker (Map2), and interneuron markers (Gad1, Somatostatin, 

Parvalbumin) in the cortex and hippocampus 24h after injury. (A) Representative image 

of the whole brain 24h post-CCI. (B) Low magnification image of the ipsilateral side of a 

brain section stained with the nuclear dye Dapi (blue). Analysis of the RT-qPCR data in 

the cortex (C) or hippocampus (HC) (D) shows increased levels of GFAP and CXCL10 

in ipsilateral CCI (I) versus contralateral CCI (C) samples, consistent with the induction 

of inflammatory response by injury. The expression of Reelin, Map2 or interneurons 

markers was not significantly altered by the injury in CCI or Sham mice. RT-qPCR data 

for each gene were normalized to the gene encoding ribosomal protein S12 (a 

housekeeping gene). Data for GFAP, CXCL10 and Reelin: n=3-8 CCI, n=3-4 sham and 1 

naïve mouse was used. These data were further normalized to a postnatal day 5 WT 

mouse sample used as a reference. Data for interneuron markers (Somatostatin, 

Parvalbumin, Gad1) and Map2 data: n= 3 CCI and n=2 Sham mice were used, and the 

data were normalized to the average Sham (C) value. The scatter plots show each mouse 

data point and the mean value of each group (+/- SEM). Statistical analysis: when data 

were normally distributed, a paired t-test was used to compare contralateral (C) and 

ipsilateral (I) values within Sham or CCI groups. For data that were not normally 

distributed the Wilcoxon matched-pairs test was used instead. *p<0.05, **p<0.01.  
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As positive controls for the injury, we also performed a RT-qPCR to detect the 

levels of GFAP (Okonkwo et al., 2013) and CXCL10 (Israelsson et al., 2010), two 

mRNAs that are known to be activated by the immunological response after injury. The 

GFAP levels were indeed strongly and significantly elevated in mice subjected to CCI. In 

the cortex, the sham ipsilateral group also showed high levels of GFAP expression 

compared to the contralateral. The levels of CXCL10 were also elevated in the cortex in 

the ipsilateral side of the CCI mice and in the sham group, but the difference was not 

statistically significant due to a large sample variation. In the hippocampus GFAP levels 

were significantly elevated in CCI mice on the ipsilateral side (Figure 15, C and D). 

CXCL10 levels were also elevated, but the difference was not statistically significant. 

Together these results indicate that 24h after injury there is substantial inflammatory 

response to CCI in both the cortex and hippocampus, and some inflammation is also 

present in the cortex as a result of the craniectomy alone. Despite this, the expression of 

Reelin or other neuronal markers is not altered at this early time point. 

To determine whether TBI causes a delayed change in gene expression, we 

conducted similar RT-qPCR experiments at 72h post injury. At this time point 

inflammation (as indicated by the increased GFAP expression) persisted both in the 

ipsilateral cortex and hippocampus of CCI samples, but it was no longer present in Sham 

samples (Figure 16, C). We analyzed the levels of Reelin mRNA in CCI samples and 

found that they were significantly lower in the ipsilateral side of the cortex and 

hippocampus compared to the contralateral values (Figure 16, C).  No change was seen in 

Sham samples. We also performed RT-qPCR analysis with inhibitory neuron markers to 

see whether they are affected by injury or sham surgery. Gad1, a marker for all inhibitory 
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neurons was significantly downregulated in the CCI cortex and hippocampus in the 

ipsilateral side. Parvalbumin was also reduced after TBI in the cortex (Figure 16, C). In 

the hippocampus, the level of Parvalbumin was reduced in the ipsilateral side, but the 

difference was not statistically significant compared to the contralateral values. The level 

of Somatostatin, another gene expressed in a different set of inhibitory neurons, was 

downregulated but only in the ipsilateral hippocampus 72h after CCI. These data are 

consistent with a recent study showing that cortical GABAergic interneurons expressing 

Parvalbumin or Somatostatin are decreased in mice 2-4 week after TBI by 

immunostaining analysis (Cantu et al., 2015). No change in any gene expression was 

detected in Sham samples. 
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Figure 16. RT-qPCR shows a decrease in the expression of Reelin and other neuronal 

genes 72h post-CCI.  

RT-qPCR analysis of mRNA levels of an inflammatory marker (GFAP), Reelin, a pan-

neuronal marker (Map2), and interneuron markers (Gad1, Somatostatin, Parvalbumin) in 

the cortex and hippocampus 72h after injury. (A) Representative image of the whole 

brain 72h post-CCI. (B) Low magnification image of the ipsilateral side of a brain section 

stained with the nuclear dye Dapi (blue). Analysis of the RT-qPCR data in the cortex (C) 

or hippocampus (D) shows increased levels of GFAP in ipsilateral CCI (I) versus 

contralateral CCI (C) samples, indicative of a persistent inflammatory response. This 

difference however, was statistically significant only in the cortex. Reelin expression was 

significantly downregulated in CCI (I) samples in both cortex and hippocampus. All 

other markers analyzed were also downregulated, although the values did not always 

reach statistical significance. All RT-qPCR data for each gene were first normalized to 

the gene encoding ribosomal protein S12. Cortical data for GFAP and Reelin: n=4-7 CCI, 

n=1-2 sham and 1 naïve mouse was used. These data were further normalized to a 

reference postnatal day 5 WT mouse. Data for cortical interneuron markers 

(Somatostatin, Parvalbumin, Gad1) and Map2, n= 4 CCI and n=1 Sham mice were used, 

and the data were normalized to the Sham (C) value. For all hippocampal data: n= 4 CCI 

and n=1 Sham mice were used; GFAP data were normalized to a WT reference, whereas 

all other genes were normalized to Sham (C). The scatter plots show each mouse data 

point and the mean value of each group (+/- SEM). Statistical analysis: all data were 

normally distributed and a paired t-test was used to compare contralateral (C) and 
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We wondered whether brain injury affected gene expression specifically in 

interneurons or in all neurons. The level of the pan-neuronal marker Map2 was also 

reduced in the ipsilateral side of CCI samples compared to the contralateral side, but not 

in Sham samples, indicating that the effects of the injury on gene expression were not 

limited to the interneuron population. Together, these data suggest that CCI caused a 

delayed downregulation of many neuronal markers, including Reelin, possibly leading to 

alterations of neuronal structure and functional  

 
Behavioral analysis of mice after CCI 
 

The experiments above raised the possibility that loss of Reelin may contribute to 

the deficit in memory and cognitive function after TBI. This may be because, even 

though Reelin expression is low in the adult brain, it still plays an important function in 

the control of synaptic formation, activity and plasticity (D'Arcangelo, 2014; Trotter et 

al., 2013). Mice subjected to CCI have been previously reported to display motor and 

cognitive impairment (Fox et al., 1998; Xiong et al., 2013). They fall off more quickly 

from the rotarod (Bajwa et al., 2016) and they exhibit learning and memory deficits in the 

Morris water maze (Washington et al., 2012). The deficits can persist up to one year post 

CCI, and are often associated with brain atrophy (Dixon et al., 1999). 

To investigate the contribution of Reelin expression loss to the CCI sequela, we 

had planned to use adult-specific inducible conditional mutant mice that exhibit complete 

loss of Reelin in the brain after tamoxifen induction (cKO). These mice were generated in 

the laboratory of Dr. Joachim Herz, University of Texas Southwestern Medical Center, 

ipsilateral (I) values within Sham or CCI groups. *p<0.05, **p<0.01.  
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Dallas, and would be suitable for this study because they do not exhibit a developmental 

phenotype that would confound the analysis of the injured, adult brain (Lane-Donovan et 

al., 2015). Before acquiring the cKO Reelin mice, we set out to reproduce the reported 

deficits in locomotion and cognitive function after TBI. We tested a group of wild type 

mice subjected to CCI and conducted behavioral experiments, including the Rotarod as a 

test for locomotion to assess motor function, and the Morris Water Maze (MWM) to 

assess learning and memory abilities. We performed behavioral tests (see Figure 17 for 

the experimental design) under the supervision of an experienced collaborator, Dr. 

George Wagner and his research group in the Department of Psychology at Rutgers 

University. 
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Figure 17. Timeline of the behavioral testes.  

CCI is inflicted on day 0. To test for motor function the rotarod test is performed 1 day 

before (baseline) and 3 days after the injury (3 trials, 60s each). Morris water maze 

(MWM) is used to assess cognitive functions. The training period starts 3 days after 

injury and lasts for 4 consecutive days (5 trials, 60s each). A probe test is conducted 1 

day after the end of the learning period (7 days after injury), and a memory retention test 

is conducted after 14 additional days (21 days after CCI). 

 

A first pilot experiment was conducted using CD-1 mice that were 2 month-old. 

Groups were as follows: completely naïve mice (n=3); naïve-iso, (n=4) (control mice 

subjected to 5 minutes of isoflurane anesthetic similar to that used during the CCI and 

sham surgery); sham (n=4) (craniectomy surgery only but no cortical impact); CCI mice 

(n=4). The rotarod test was performed one day before the surgery to set up a baseline and 

to get the mice familiar with the apparatus; we used 3 trials, 60 seconds each, at the 12 



 74 

 

RPM speed. The rotarod was used again 3 days after injury to see whether CCI or other 

control conditions caused a locomotion deficit. Surprisingly, the CCI mice did not show 

any locomotion deficit (Figure 18). One possible explanation for this result is that the 

rotarod parameters were not optimal; alternatively, it is possible that locomotion was not 

affected because we delivered the injury to the somatosensory cortical area, a brain 

region that does not primarily affect motor control. 

 

 

Figure 18. No motor function defect after CCI injury.  

To test for motor function, the rotarod test was performed on 2 month-old wild type mice 

one day before injury (baseline) and 3 days after injury (3 trials/60s each). Groups 

consist of n=3-4 mice/each: Naïve, Naïve (Iso) (control mice exposed to 5 minutes of 

isoflurane anesthetic), Sham, and Injury (CCI). The latency to fall off the rotating rod 

was recorded (in seconds). (A) The scatter plot shows the quantification of the data from 
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The same mice were used for the Morris Water Maze (MWM) test using a small 

swimming pool (~70 cm in diameter) containing an elevated platform. On day3, after the 

surgery, the mice were subject to a training period for 4 consecutive days, involving 5 

trials of 60 seconds each. During the training period, the mice are supposed to learn in 

which quadrant of the pool the platform is located. The mice were released inside the 

pool facing the edge of the pool; visual clues were placed around the pool to provide 

spatial information to help them locate the platform. The CCI mice performed 

consistently poorly for all 4 days of the training period compared to all control groups 

(naïve, naïve-iso and sham), which performed very similarly and learned the location of 

the platform somewhat on the first day (Figure 19, A and B). However, controls mice did 

not show a definite learning curve (improvement) during the training period, indicating 

that the experimental set up was not optimal. A probe test in which the platform was 

removed to assess whether mice remembered the location of the platform was performed 

on the 5th day. The ANY-maze software was used to measure the time that the mice spent 

in the quadrant were the platform used to be during the training period (target quadrant). 

The injury mice spent significantly less time in the target quadrant compared to the naïve 

(iso) controls (Figure 19, C). Other control groups also appeared to perform better than 

CCI mice, suggesting that the brain injury disrupted the mice learning and memory. 

a single experiment; each dot represents the average latency from 3 trials in each mouse, 

and the error bars show the mean values of each group (+/- SEM). No group shows any 

deficit in locomotion after injury compared to baseline values. (B) The image shows the 

rotarod apparatus used for this analysis (12 RPM speed for each trial). 
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Figure 19. Cognitive defects detected after CCI using the MWM test.  

(A) Schematic representation of the swimming pool used for the Morris Water Maze 

(MWM) test. A small pool (~ 70 cm in diameter) is divided in four equal quadrants (Q1-

4). One of the quadrant contains a hidden platform, placed about 1cm below the water 

surface. Tempera is added to the water to render it opaque. The test is designed to test 
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spatial acquisition and long-term memory by recording the latency time required for 

each mouse to reach the hidden platform.  The acquisition time is a training period 

(lasting 4 days) during which the platform is hidden, and the mice learn where it is 

located in 5 trials per day. (B) Quantification of the learning curve for each indicated 

group during the training period. The values represent the mean latency time (± SEM) to 

reach the platform. Mice were CD1 WT, 2 month- old (female and male). All groups did 

not improve significantly during the training period. However, injury mice, n=4 (in red) 

exhibited a longer latency compared to all control mice (naïve, n=3; naïve (iso), n=4; 

and sham, n=4).  (C) Quantification of the probe and retention tests. For the probe test 

the platform was removed and the mean (± SEM) time spent in the quadrant in which 

the platform was located during the training days was measured. The injury mice spent 

significantly less time in the correct quadrant compared to the naïve (iso) controls. For 

the retention test (performed 14 days after the probe test) the platform was placed back 

in the pool and the mean (± SEM) time to find the platform was measured. The injury 

mice required more time to find the platform compared to all controls, although the 

difference was not statistically significant. The panels in (D) show the swimming track 

of individual representative mice during the retention test obtained with ANY-maze 

tracking software. Naïve and Sham mice reach the platform in a shorter time compared 

to injury mice. Statistical analysis. For training data: repeated measures (RM) 2-way 

ANOVA with Turkey’s multiple comparison, *p<0.05 (Injury vs Naïve or Naïve (iso)). 

For the probe test: ordinary one-way ANOVA with Turkey multiple comparison. All 

groups were compared to each other, *p<0.05 (Injury vs Naïve (Iso)). For the retention 

test: Kruskal-Wallis test with Dunn’s multiple comparison. 
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A memory retention test was also performed 7 days after the probe test. For this 

test the platform was added back and hidden in the same quadrant as for the training 

period. The test tracks the latency time that the mice take to reach the platform. Injury 

mice took longer to find the platform compared to the controls, although considerable 

subject variation was present (Figure 19,C and D). 

Because control mice did not show the expected learning curve during the 

acquisition time in this first pilot experiment, we decided to perform the MWM 

experiment again using a bigger pool with double diameter (~120 cm) (Figure 20, A), 

testing the same mice 21 days after injury.  

This time, the control mice showed a learning curve by improving the latency 

time to find the platform every day from day 1 to day 4 of the training period. This 

indicated that the larger pool set up was more appropriate to the size of the adult mice 

than the original one. On the other hand, as in the first MWM experiment, the injury mice 

performed similarly for the entire duration of the training period (Figure 20, C), 

suggesting that the injury affects the acquisition of spatial memory for at least 3 weeks 

after the trauma. A probe test was conducted on these mice after removing the platform. 

Again, CCI mice on average performed worse than all control groups, although the 

difference was not statistically significant due to a larger subject variation. 
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Figure 20. Repeated MWM experiment in a bigger swimming pool.    

The MWM experiment in figure 16 was repeated using the same animal groups, but with 

a bigger pool (~120 cm diameter) (A). (B) Quantification of the data during the 4 days 

training period. The control mice, naïve n=3, naïve (iso) n=4, and sham n=4 showed an 

improvement in the latency time to find the platform compared to the first day of training 

(day 1). The injury mice n=4 did not improve during this learning phase, and performed 

very similarly each day, with a longer latency time to find the platform at day 3 and 4 
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Having optimized the experimental conditions, we conducted more behavioral 

tests with a second cohort of CCI and sham mice. The cohort again consisted of CD-1 

mice (female and male, as previously), however this time the mice were younger (1 

month-old). Groups were: naïve (n=4); sham (n=4); CCI (n=4). The rotarod test was 

performed as above prior to the injury, then again one day and 3 days after the injury, 

except that we used a different equipment and different experimental conditions in an 

effort to reveal possible motor defects that had previously gone undetected. The test 

consisted of 3 trials with auto accelerator from 4 RPM to 40 RPM for 5 minutes. The 

result confirmed that injury mice did not have any motor dysfunction and performed 

similar to the control mice (sham and naïve) (Figure 21, B).  

compared to the control groups. (C) Quantification of the probe test. The injury mice 

show impaired learning and memory and spend less time in the quadrant with the 

platform compared to the controls. Statistical tests. For the Training data: mean ± SEM, 

RM 2-way ANOVA with Dunnett’s multiple comparison test. Injury and Sham values 

were compared to Naïve (iso), *p<0.05 Injury vs Naïve(iso). For the probe test: ordinary 

one-way ANOVA with Dunnett’s multiple comparison (Naïve group was excluded). 

Sham or Injury groups were compared to Naïve (iso) control. *p<0.05 Injury vs control. 
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Figure 21. Normal behavioral performance in a one month-old CCI mouse cohort.  

In (A) schematic representation of the experimental design used in the behavioral 

analysis of a one month-old CD-1 mouse cohort. Mice performed the rotarod test before 

injury (baseline), 1 day and 3 days after injury. The MWM training began 7 days after 
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To probe for spatial memory dysfunction in this young CCI cohort, we again 

conducted the MWM test in the bigger pool, using the same set up as for the previous 

experiment. Unexpectedly, we found that the injury mice performed similarly to the 

controls during the training period, learned the location of the platform and gradually 

improved up to day 4, similarly to controls. Also, in the probe test with the removed 

platform, the CCI mice performed very similarly to the controls (Figure 21, C). This 

result suggests that perhaps younger mice (2nd cohort) recover from the injury faster than 

older mice (1st cohort) possibly because they have more brain plasticity and can more 

efficiently re-build neuronal circuits in the damaged brain. Indeed, a visual inspection of 

the whole brain dissected from the 2nd mouse cohort used for behavioral analysis suggests 

that the brain tissue heals faster in younger mice (Figure 22).   

 

injury (acquisition time). Probe test was conducted 1 day after the end of the training 

period, 11 days after injury. Naïve: n=4, sham: n=4, injury: n=4. The rotarod test does 

not show any motor dysfunction after the injury (B). The plot shows the mean latency 

time to fall ± SEM. (C), quantification for the MWM test. The training test and the 

probe test do not show any difference in learning and memory tasks between injury and 

controls. Statistical analysis: for the training test: mean ± SEM, repeated measurements 

2 way ANOVA with Turkey’s multiple comparison. For the probe test: mean ± SEM, 

ordinary one-way ANOVA with Turkey’s multiple comparison. 
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Given the conflicting results obtained with the 2 cohorts of mice analyzed, we 

could not conclusively determine whether or not CCI results in behavioral abnormalities. 

Unfortunately, due to technical difficulties and time limitations, we were not able to 

perform additional behavior experiments and resolve this issue; thus we did not pursue 

the initially proposed studies with the cKO mice to determine if the lack of Reelin affects 

functional recovery after injury. 

 

Figure 22. One month-old mice recovery faster from CCI than older mice.  

Representative pictures of the whole brain of mice injured at 2 months (top) or 1 month 

(bottom) of age. All mice were subjected to the same CCI injury and behavioral tests. 

By macroscopic tissue’s examination, it seems that the injury heals better in younger 

mice. 
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Reelin protecs hippocampal neurons from glutamate excitotoxicity in vitro 
 

In addition to the initial mechanical insult, TBI causes a secondary cascade of 

chemical insults that take place in neighboring cells or even in cells further away from 

the initial site of injury (Kwak &  Nakamura, 1995). One of the best-known secondary 

effects of TBI is the transient increase in excitatory amino acids, such as glutamate, 

which causes widespread excitotoxic cells death. To determine whether Reelin can 

protect brain cells from glutamate excitotoxicity we conducted a set of in vitro 

experiments using cortical and hippocampal neuronal cultures that were treated with 

Reelin prior to glutamate exposure (see Figure 23 for experimental design). Two sources 

of recombinant Reelin were used in these experiments: conditioned medium and purified 

protein. Reelin conditioned medium was collected from a stably transfected cell line 

(CER) that was previously established in our laboratory (Niu et al., 2004). Mock medium 

from a parental cell line (EBNA) was used as a control. Purified Reelin was obtained as 

previously described and provided from our collaborator Dr. Davide Comoletti at Rutgers 

University- Robert Wood Johnson Medical School, Child Health Institute of New Jersey 

(Lee et al., 2014). Purification buffer was used as a control for this reagent. The quality of 

the Reelin reagents was verified by SDS-PAGE followed by Coomassie staining for the 

purified protein, or by Western blot for the conditioned medium (Figure 24, A and B). As 

expected, these reagents contain a mixture of full-length Reelin protein, as well as several 

proteolytic fragments. We collected hippocampal and cortical neurons from wild type 

CD-1 pregnant mice at embryonic stage E16, cultured hippocampal neurons for 10-13 

days in vitro (DIV) and cortical neurons for 6 DIV in a serum-free medium (Figure 24).  
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Figure 23. Schematic representation of the experimental design for glutamate 

neurotoxicity studies in vitro.  

Cortical and hippocampal neurons are collected at the embryonic stage E16 from WT 

CD-1 mice. After several days in vitro (DIV) (DIV 6 for cortical neurons or DIV 10-13 

for hippocampal neurons) the cells are pre-treated with Reelin conditional medium, 

purified Reelin protein or appropriate mock medium or buffer controls for 30 minutes, 

and then exposed to 30µM glutamate or buffer control overnight. 24h later, the cells are 

stained with Propidium iodide (PI, red fluorescent) to label dead cells, and Hoechst dye 

(blue fluorescent) to label all cell nuclei. The ratio of PI+/Hoechst+ cells is calculated to 

determine the fraction of dead cells in each treatment group. 

 

Cultures were pretreated with purified Reelin or conditioned/mock medium for 30 

min, and then exposed to 30 μM Glutamate overnight. We then performed a cell death 

assay involving staining the cultures with propidium iodide (PI, red fluorescent) to label 
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the nuclei of dead cells, and Hoechst stain (blue fluorescent) to label all nuclei, collected 

images from multiple random fields, and measured the fraction of cell death. For the 

hippocampal neurons the different conditions analyzed were: control untreated cells, 

glutamate alone, Reelin alone, glutamate plus Reelin, CER alone, CER with glutamate, 

EBNA (mock medium) alone, and EBNA plus glutamate. We performed two 

independent experiments with hippocampal neurons and analyzed 15-20 fields in n=4 

wells for each condition in blind. In these two experiments, Reelin caused a significant 

reduction in cell death compared to the glutamate alone group (Figure 24, C), suggesting 

that Reelin protects hippocampal neurons from glutamate-induced excitotoxicity. This is 

an exciting and novel result and future experiments are planned to test whether Reelin 

treatment helps neurons retain their cell morphology, such as the complexity of dendritic 

branching measured by Scholl analysis, after glutamate exposure. 
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Figure 24. Reelin protects hippocampal neurons, but not cortical neurons, from 

glutamate-induce excitotoxicity. 

 (A) Coomassie staining of purified full-length (FL) Reelin protein analyzed by SDS-

PAGE. The purification buffer was used as a negative control. FL Reelin consists of a 
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major high MW band (~400 kDa). Proteolytic fragments of lower MW are also detected. 

(B) Western blot analysis of conditioned medium from a stably-transfected cell line 

expressing FL Reelin (CER). FL Reelin plus proteolytic fragments are detected using 

the mouse monoclonal G10 antibody. Mock medium (EBNA) from a parental cell line 

was used as control. (C) Cortical neurons or hippocampal neurons were pretreated with 

50 nM purified FL Reelin or Reelin conditioned medium (CER) for 30 minutes and then 

exposed to 30μM glutamate (GLU) overnight. The cells were stained 24h later with PI 

(red, dead nuclei) and Hoechst (blue, all nuclei). Representative images were randomly 

acquired using the INCell Analyzer 6000. (D) Quantitative analysis of DIV6 cortical 

neurons treated as indicated and imaged as above. The ratio of PI/Hoechst-positive 

nuclei in each condition was measured in blind from 5 fields/well and n=3 wells/group 

in 1 culture experiment. CER and CER+GLU groups contained only 2 measurements 

and were excluded from the analysis. GLU alone or GLU+Reelin caused a significant 

increase in cell death compared to control. Reelin alone (FL or CER) had no effect. 

Ordinary one-way ANOVA, **p<0.01. (E) Quantitative analysis of DIV9-13 

hippocampal neurons treated and imaged as above. The ratio of PI/Hoechst-positive 

nuclei in each condition was measured in blind from 5 fields/well and n=4 wells/group 

in 2 independent culture experiments. EBNA alone and EBNA+GLU groups contained 

only 2 measurements and were excluded from the analysis. GLU alone caused a 

significant increase in cell death compared to control, but the addition Reelin in Reelin 

FL+GLU or CER+GLU resulted in cell death values that were significantly reduced 

compared to GLU alone. Reelin alone (FL or CER) had no effect. Ordinary one-way 

ANOVA, ***p<0.001, ****p<0.0001.  
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However, we did not see the same neuroprotection effect in cortical neurons. In 

the only experiment in which we were able to detect a significant increase in cell death 

due to Glutamate exposure, but Reelin treatment did not reduce cell death ( Figure 24, D). 

Together, these findings suggest that Reelin specifically protects hippocampal 

neurons from glutamate excitotoxicity. However, further experiments are necessary to 

confirm these data and to define the molecular mechanism that mediates Reelin-induced 

neuroprotection. 
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Chapter IV:  Discussion 
 

In this work, we investigated the potentially novel link between Reelin and TBI 

using in vivo mouse models of TBI to examine Reelin expression and behavior, and in 

vitro neuronal culture models to study the effect of Reelin on glutamate-induced 

excitotoxicity, a secondary effect of TBI. Our initial in vivo studies were conducted using 

the LFP model of TBI. However, due to the experimental variability we encountered, we 

later switched to the CCI model that is reported in the literature to generate more 

reproducible injuries (Schwulst &  Islam, 2019; Kim et al., 2018; Osier &  Dixon, 2016). 

Our preliminary in vivo indirect immunofluorescence data with both the LFP and 

the CCI models appeared to show that Reelin expression was strongly induced in the 

ipsilateral cerebral cortex and hippocampus 1-3 days after TBI. This exciting result was 

in line with the data published by other groups, showing that Reelin was upregulated in 

two different lesion models: unilateral cortical ischemia and focal demyelination (Courtès 

et al., 2011). Reelin immunoreactivity was also reported to be increased in the mouse 

cornea and retina following ocular injury (Pulido et al., 2007). However, further control 

experiments demonstrated that the Reelin signal obtained with indirect fluorescence in 

the ipsilateral side of the injured brain was largely an artefact resulting from the 

secondary fluorophore-conjugated anti-mouse IgG antibodies used in our assays. This 

technical problem specifically affected the damaged, injured brain tissue (ipsilateral), and 

confounded the interpretation of our initial immunofluorescence results. Other groups 

previously reported cellular autofluorescence after TBI, and cautioned that this can hinder 

immunofluorescence analysis (Turtzo et al., 2015; Turtzo et al., 2013). In addition, intact 
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blood cells are known to be autofluorescent, and in fact, can be used to detect 

hemorrhages in postmortem studies (Cullen et al., 2005). Also, in hemorrhagic areas, 

clotted chromo-lipids called “hemoceroids” are ingested by macrophages that give out 

autofluorescence (Edelson et al., 1985). However, it seems unlikely that autofluorescence 

was responsible for the artifact we detected, since this was not observed when secondary 

anti-rabbit IgG antibodies were used. It appears that the artifact was specifically linked to 

the use of anti-mouse IgG antibodies in damaged brain tissue. It is conceivable that these 

secondary antibodies bind to endogenous immunoglobulin-like antigens expressed or 

exposed specifically in damaged brain cells. Because the only available Reelin antibodies 

reported to work in immunofluorescence assays were monoclonals produced in mouse, 

we were not initially able to circumvent this problem.  Finally, a new reagent became 

commercially available that enabled us to perform direct, instead of indirect, 

immunofluorescence assays, avoiding the use of secondary anti-mouse IgG antibodies 

altogether. The same Reelin mouse monoclonal antibody (G10 clone) used in our 

previous assays was conjugated to the Alexa Fluor 488 fluorophore, and generated a 

strong and highly specific Reelin signal with virtually no background or artefactual signal 

even in damaged brain tissue. 

The results of this improved direct immunofluorescence approach were surprising 

and showed that Reelin expression was either unaffected or decreased after TBI, contrary 

to our previous interpretation. Specifically, our direct immunofluorescence data 

demonstrated that the density of Reelin-positive cells was unaltered in the cerebral cortex 

at any time point examined, but it was reduced in the hippocampus at a late time point (7 

days after TBI). These new results contradicted the initial hypothesis that the injury may 
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upregulate Reelin expression. The fact that other studies reported the upregulation of 

Reelin after ischemia and demyelination in the corpus callosum could be explained by 

differences in the injury model or brain region. Our findings that the number of Reelin-

positive cells decrease in the hippocampus after CCI are consistent with a previous study 

that showed decreased Reelin protein levels after cerebral ischemia by Western blot 

analysis (Stary et al., 2015). Interestingly, this study also showed that ischemia causes the 

upregulation of the microRNA miR-200c, which targets and suppresses Reelin gene 

expression, suggesting that this could contribute to stroke-induced injury. Reelin was also 

shown to be targeted by miR27b-3p, a microRNA that is elevated in cerebrospinal fluid 

(CSF), blood and saliva of TBI patients (Atif &  Hicks, 2019). These studies raise the 

intriguing possibility of targeting Reelin-suppressing microRNAs after TBI to prevent 

Reelin downregulation and improve clinical outcome. 

Our immunofluorescence data revealed that brain injury causes a delayed loss of 

Reelin expression that specifically affects the hippocampus. These data are consistent 

with the literature, showing that GABAergic neurons are particularly susceptible to injury 

and become compromised by the increased glutamate excitability following TBI (Cantu 

et al., 2015; Nichols et al., 2018). One study reported that Calretinin-positive cells (a 

subpopulation of interneurons) exhibit reduced dendrite length 7 days post injury, 

concurrent with a reduction in the frequency of miniature inhibitory postsynaptic currents 

in layer V of the neocortex (Brizuela et al., 2017).  

In the adult forebrain, Reelin is expressed mostly by inhibitory neurons (Alcantara 

et al., 1998; Gabriella D'Arcangelo, 2014). A previous study showed that the number of 

inhibitory neurons positive for parvalbumin and somatostatin decreases 2-4 weeks after 
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injury (Cantu et al., 2015). The results of our RT-qPCR are consistent with this finding 

and showed that Reelin and other inhibitory markers like Gad1, Parvalbumin and 

Somatostatin were unaltered 24h after TBI, but were significantly decreased in the injury 

side of the cortex and hippocampus 72h post-injury. Also, most inhibitory markers, 

including Reelin, were reduced in the injured cortex at this later time point. These data 

suggested that TBI results in a global deficit of inhibitory neurons, which may alter 

connectivity and function in both the cortex and hippocampus. Indeed, one study 

provided evidence that the loss of inhibitory neurons following TBI leads to 

hyperexcitability and epilepsy (Cantu et al., 2015). However, we found that the 

expression of the pan-neuronal marker Map2 was also reduced 72h post-injury, 

suggesting that neuronal loss after TBI is not limited to interneurons. This widespread 

cell loss may relate to the activation of cells death mechanisms following the secondary 

effect of brain injury, namely glutamate excitotoxicity. Our novel finding that Reelin 

expression is reduced in the forebrain after injury suggests that this event may contribute 

to the cortical and hippocampal circuit dysfunction, leading to cognitive defects or 

memory loss after TBI. These observations also imply that recovery after TBI may be 

facilitated by molecules that can prevent Reelin downregulation or re-activate the Reelin 

signaling pathway.  

Our in vitro data indicate that Reelin reduces glutamate-induced excitotoxicity in 

hippocampal neurons. We found that the addition of Reelin to the medium of cultured 

hippocampal neurons exposed to glutamate significantly suppressed cells death. 

However, the same effect was not found in cultured cortical neurons. Possible 

explanations for the discrepancy in our findings could be related to the age or the type of 
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culture, since we used older (DIV 10-13) hippocampal neurons and younger (DIV 6) 

cortical neurons. Reelin regulates the homeostasis of NMDAR in hippocampal neurons 

through SFK and Dab1 signaling  (Chen et al., 2005). It is possible that these receptors 

mediate the neuroprotective effect of Reelin in older cultures, but may not be expressed 

at high levels in younger cultures. Alternatively, hippocampal neurons may express 

different signaling molecules that make them especially responsive to Reelin. The age of 

the cultures may also dictate which signaling events can be activated by Reelin. For 

example, although the Reelin canonical pathway (Dab1- and Akt-dependent) can be 

readily activated in young neurons at DIV 4-5, Reelin is known to also activate a non-

canonical Erk-dependent pathway leading to increased gene expression of c-Fos and 

other immediate-early genes preferentially in mature cortical neurons (10-12 DIV) (Lee 

et al., 2014). Finally, it should be noted that our in vitro data are very preliminary, and is 

based only on 2 hippocampal cultures and 1 cortical neuron culture. 

Further studies are necessary to confirm the findings and to identify the molecular 

mechanisms that mediate neuroprotection by Reelin. 

In conclusion, based on our findings, we reason that Reelin may play an important 

role in restoring the function of forebrain neuronal networks after TBI, and reducing the 

extent of glutamate-induced cells death in the hippocampus. It would be interesting in the 

future to understand the mechanisms that lead to the decrease in Reelin expression and 

the loss of Reelin-positive cells in the hippocampus. Similarly, it would be interesting to 

understand how Reelin protects hippocampal neurons from excitotoxicity, and to 

investigate how the Reelin signaling could be exploited to facilitate functional recovery 

in TBI patients. 
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Future directions  
 

In this study we were able to demonstrate that cognitive deficits are present in our 

CCI model at 2 months of age. These young adult mice exhibited spatial learning and 

memory deficits as assessed by the Morris Water Maze (MWM) test up to 3 weeks after 

injury. However, we were not able to reproduce these findings in a younger cohort (1 

month-old). It is presently unclear whether this is simply the result of experimental 

variability, or whether our CCI paradigm is not sufficient to induce significant cognitive 

abnormalities in the juvenile brain, which may be more plastic and recover more readily 

from injury than the adult brain. 

Although Reelin overexpression in the adult brain is known to induce 

hypertrophic dendritic spines in the hippocampus (Pulido et al., 2007) and hippocampal 

slices treated with Reelin show increased LTP (Weber et al., 2001), it is presently unclear 

if Reelin actually promotes functional recovery after TBI.  We were not able in this study 

to address this point due to space and time limitations. However, future experiments 

involving the injection of purified Reelin (provided by our collaborator Dr. Davide 

Comoletti), stereotaxically in the brain just before CCI could be conducted to determine 

if this protein improves the mice performance in behavioral tests. A complementary 

approach to study the role of Reelin in functional recovery would be to use adult-specific 

inducible Reelin mutant mice that exhibit completely loss of Reelin in the brain after 

tamoxifen injection (Lane-Donovan et al., 2015). Because these mice do not exhibit brain 

structural abnormalities or behavioral deficits, it should be possible to determine whether 

they perform better or worse (as we hypothesize) than wild type mice in behavioral tasks. 
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In addition to behavioral analysis, future experiments could address the specific role of 

Reelin in reducing cell death or alleviating the neuroinflammation resulting from TBI. 

Cell death could be assayed in wild type mice after Reelin injection, or in Reelin cKO, by 

immunofluorescence with markers such as Caspase 3. Neuroinflammation could be 

analyzed by immunofluorescence or by RT-qPCR analysis of GFAP and CXCL10 mRNA 

levels, which are strongly induced by CCI as we have already shown in this study. 

Reelin is crucial for neuronal migration during brain development, and the Dab1-

dependent canonical signaling pathway is essential for this function (Honda &  Nakajima, 

2016). A recent study showed that Reelin canonical signaling also critically controls the 

migration of neural stem/progenitor cells (NSPCs) transplanted in the adult motor cortex 

after cryogenic injury, and the functional recovery of hemiplegic mice (Arimitsu et al., 

2019). The effect is entirely dependent of Dab1 signaling since yotari (Dab1-mutants) 

NSPCs failed to migrate into the cortex and contribute to functional recovery. 

These findings raise the exciting possibility that Reelin signaling may be 

exploited in the future to aid stem cells therapy as a possible approach for treating TBI 

patients 
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