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Abstract 

EFFECT OF VEGF ON VASCULATURE IN A RAT MODEL OF EPILPESY 

By 

KERRI A. SCORPIO 

Advisor:  Professor Susan D. Croll 

Preliminary research has shown possible vascular morphological changes in the 

hippocampus of adult rats and humans after seizure activity.  Research has shown high blood 

vessel density associated with high seizure frequency (Rigau et al., 2007) and vessel diameter 

enlargement has been observed with SE.  We expected long term vascular morphological 

changes present in the hippocampus in rats after status epilepticus to be similar to the vascular 

morphological changes present in humans with temporal lobe epilepsy.  We found a greater 

mean density of blood vessels in the rat hippocampus after SE. In human temporal lobe epilepsy 

tissue we found a greater mean density of blood vessels in the CA3 region of the hippocampus.  

Research has shown that one day after SE, VEGF protein protects neurons from damage 

(Croll et al., 2004a; Nicoletti et al., 2008).  We were interested in whether VEGF might also 

drive changes in post-seizure vascular parameters.  We predicted that VEGF treatment would 

lead to less dense blood vessels after SE, closer to that of controls.  As predicted, we found less 

dense blood vessels after SE with VEGF. This could be a mechanism of VEGF’s 

neuroprotection.  

During SE there may be an increased need by neurons for oxygen and glucose and this 

can result in increased metabolic load and increased vasculature. One potential component of 

VEGF’s neuroprotective actions could be its role in decreasing electrical or metabolic activity 

during or after seizures. When applied to hippocampal slices, VEGF significantly decreases 
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circuit excitability (McCloskey et al., 2005).  VEGF may decrease metabolic activity via glucose 

transporters. We measured Glut-1 and Glut-4 expression after SE and found less Glut-1 and 

Glut-4 expression with VEGF. This change could be a mechanism of VEGF’s neuroprotection 

by decreasing metabolic load and vascular need. 

To explore if the transporter expression was functional the amount of glucose uptake in 

the hippocampus was measured. A study by Sheth et al., (2009) showed glucose uptake is 

significantly increased in the brain of an animal with seizures compared to controls.  Our results 

were consistent in showing greater glucose uptake in the hippocampus after SE and VEGF may 

reduce glucose uptake.  
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Chapter 1  

Epilepsy 

 According to the American Epilepsy Society, epilepsy is one of the most common 

neurological diseases worldwide and affects 1% to 3% of the population.  It is characterized by 

recurring seizures due to abnormal electrical activity in the brain. The symptoms of epilepsy are 

caused by episodic disturbances that are the result of hyperexcitable neurons firing in the brain 

(Lezak, 1995).   

 There are two types of seizures, generalized seizures and partial seizures.  Generalized 

seizures mainly involve disordered muscular contraction and neuronal discharge in widespread 

areas of in the brain, while partial seizures reflect a neuronal discharge from a more focal area of 

the brain.  Simple partial seizures arise from an even more localized area of the brain and may 

have motor symptoms but may not include impairment or loss of consciousness.  Complex 

partial seizures usually include loss or impairment of consciousness along with motor symptoms 

and may have evolved from simple partial seizures.  Most complex partial seizures arise in the 

temporal lobe and this condition is referred to as temporal lobe epilepsy. However, for about 

20% of individuals with epilepsy the seizures originate in other areas of the brain, typically the 

frontal lobe (Lishman, 1987).  The seizures can involve the whole cortex and may be non-

convulsive or convulsive, in which case there are various motor manifestations (Lezak, 1995; 

Walsh & Darby, 1999; Williamson et al., 1985).  

 The abnormal firing of the neurons can be caused by a host of different conditions such 

as genetic defects, birth trauma, head trauma, tumors, infections, and cerebrovascular accidents.  

For people prone to seizures, certain stimuli can invoke seizure activity.  High amounts of 
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alcohol consumption, illness, lack of sleep, and physical exhaustion can trigger seizure activity 

(Lezak, 1995).   

The hippocampus, a major structure within the temporal lobe, is part of the limbic system 

and has been widely known to be involved in epileptic activity.  The limbic system structures 

appear to work together in controlling memory and emotional behavior and could explain some 

of the memory and emotional deficits observed in those with temporal lobe epilepsy (Lezak, 

1995).  

Functional Consequences of Epilepsy 

 Cognitive dysfunction present in epilepsy does not manifest the same characteristics for 

every patient with epilepsy.  Cognitive dysfunction depends on the location where seizures 

originate and what areas are affected by the seizure episode, which can vary for each case.  There 

is usually, however, some form of cognitive dysfunction that is associated with seizure activity.  

Studies have shown that as the rate of seizures and the presence of epileptiform activity. 

increase, scores on cognitive tests decline (Bornstein et al., 1988; Dodrill, 1980).  The cognitive 

deficits seem to be correlated with decreased blood flow to the areas affected by the seizure 

(Homan et al., 1989).  The most common cognitive deficits that seem to be associated with 

epilepsy are attention, memory, and learning problems.  Individuals with temporal lobe epilepsy 

that includes involvement of the left temporal lobe tend to perform poorly on verbal material of 

learning and recall (Fowler et al., 1987).  Visuospatial learning tends to be poor in those with 

seizure involvement of the right temporal lobe. Short-term memory also tends to be impaired for 

those with temporal lobe epilepsy.  Impairments in both verbal and visuospatial memory can be 

found in those with temporal lobe epilepsy (Lezak, 1995; Walsh & Darby, 1999).   
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 The occurrence of personality and behavior disorders increases in those with epilepsy 

compared to those without a history of seizure disorder.  They are more likely to suffer from 

affective disorders and have a higher rate of suicide attempts (Mittan, 1986; Pincus & Tucker, 

1985).  For those who suffer from seizures as a result of brain damage, there are hosts of factors 

that can contribute to higher rates of depression and suicide attempts, including reduced social 

desirability and increased rates of affective disorders (Lezak, 1995).  

 Some epidemiological studies have suggested that patients with temporal lobe epilepsy 

have a higher frequency of psychopathology (Walsh & Darby, 1999).  They can have a variety of 

unpleasant personality characteristics, such as irritability, outbursts of anger, obsessional 

thinking, humorlessness, and religiosity, to name a few (Bear et al., 1982; Waxman & 

Geschwind, 1975). They may also exhibit excessive attention to details and it may be difficult 

for them to shift sets or topics in conversations (Blumer & Benson, 1975; Heilman et al., 1993).  

There may also be a higher prevalence of affective disorders such as anxiety and depression, 

even compared to other seizure disorders (Koch-Weser et al., 1988).  Those with temporal lobe 

epilepsy may also be prone to schizophrenic-like psychotic episodes with paranoid delusions and 

hallucinations and dissociative episodes sometimes encompassing multiple personalities (Neppe 

& Tucker, 1992).  For those with a temporal lobe seizure focus on the left side, behavior seems 

to include more ideational thinking and self-criticism. Those with left sided focus are also more 

prone to schizophrenic-like psychotic episodes than those with right-sided focus (Walsh & 

Darby, 1999).  

Seizure Pathophysiology 

 The hippocampus has been one of the most studied structures for epileptic activity.  In 

temporal lobe epilepsy, the hippocampus has been widely associated with neuronal loss, 
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particularly in the CA1 area. Metabolic abnormalities of the hippocampus have been found in 

temporal lobe epilepsy. A metabolite, N-acetyl aspartate, is thought to be a neuronal marker, and 

reductions in N-acetyl aspartate/choline and N-acetyl aspartate/creatine are usually interpreted as 

neuronal loss or increased gliosis. Measured by magnetic resonance spectroscopy, a reduction in 

N-acetyl aspartate/choline and N-acetyl aspartate/creatine levels has been shown in the 

hippocampus of those with temporal lobe epilepsy compared to the levels in those without 

epilepsy (Connelly et al., 1994; Matthews et al., 1990).  

 Many individuals with temporal lobe epilepsy also have Ammon’s horn sclerosis, which 

is one of the most common types of neuropathological damage represented by neuronal loss and 

gliosis in the hippocampal areas of CA1, CA3, CA4, and the dentate gyrus.  Since Ammon’s 

horn sclerosis is common among those with temporal lobe epilepsy, it has been theorized that it 

is caused by arterial spasm and anoxia that can occur during convulsive seizure activity.  

Development of epilepsy can have a genetic component, yet many individuals with Ammon’s 

horn sclerosis with temporal lobe epilepsy have no genetic history of epilepsy (Duncan, 1993).  

It seems that for these individuals the sclerosis preceded the seizure activity.  Repeated seizure 

activity occurring after the sclerosis may or may not increase atrophy in the hippocampal areas 

(Cendes et al., 1993). It seems that Ammon’s horn sclerosis is the result of possible central 

nervous system infection, encephalitis/meningitis, or other causes of cerebral anoxia that could 

later progress into temporal lobe epilepsy (Uesugi et al., 2002).   

 Other areas beyond the hippocampus, however, such as the parahippocampal region 

along with the perirhinal cortex and entorhinal cortex, have also been studied to understand their 

possible role in seizure origin in the temporal lobe (Bartolomei et al., 2005).  A review by 

Scharfman (2002) has shown that the parahippocampal area is highly predisposed to seizure 
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activity.  Seizures can be easily induced in the perirhinal cortex and the entorhinal cortex is often 

involved in hippocampal seizure activity. The entorhinal cortex is located in the medial area of 

the temporal lobe (Bragin et al., 1999; De Guzman et al., 2004).  The entorhinal cortex has 

reciprocal connections with the hippocampus and plays a role in processing sensory information.  

The neurons from superficial layers II and III send glutamatergic afferents to the hippocampus 

and the CA1 region (Scharfman, 2000; Du et al., 1995; Du et al., 1993).  With its many 

glutamatergic synapses, it is possible that spontaneous excitatory activity could lead to seizure-

like activity after a prolonged time period, thus making this area highly prone to seizures 

(Bartolomei et al., 2005; Dawodu et al., 2005).  

After status epilepticus in animal models there seems to be a vulnerability of neurons in 

layer III of the cortex.  Loss of layer III neurons in the entorhinal cortex seems to play a role in 

propagating seizures in the temporal lobe.  Abnormal discharges have been demonstrated in 

those regions of the entorhinal cortex suffering neuron loss (Dawodu et al., 2005). 

In animal studies, abnormalities found in the hippocampus can be found in the entorhinal 

cortex as well.  Electrolytic lesions in the hilus of the dentate gyrus lead to seizures (White et al., 

1987) and electrolytic lesions of the entorhinal cortex have been shown to lead to seizures as 

well (Dasheiff & McNamara, 1982).  Not only does an injection of kainic acid directly in the 

hippocampus induce seizure activity but an injection of kainic acid directly into the entorhinal 

cortex also induces seizure activity (Miettinen et al., 1998). In electrophysiological studies, in 

addition to the hippocampus, entorhinal cortical cells have been shown to be hyperexcitable in 

animal models of temporal lobe epilepsy (Scharfman, 2002). There can be considerable neuronal 

cell loss in the entorhinal cortex accompanying seizure activity that sometimes is even more 

striking than hippocampal damage.  It seems possible that damage to the entorhinal cortex 
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leading to such pathology could be a trigger for widespread cell loss found in temporal lobe 

epilepsy (Scharfman, 2002).   

 There have been several studies that have demonstrated that there is a reduction in the 

volume of the entorhinal cortex in those with temporal lobe epilepsy.  The amount of atrophy of 

the entorhinal cortex could correlate with its apparent sensitivity to seizure activity.  A study by 

Bartolomei et al. (2005) used magnetic resonance imaging to study the amount of atrophy in 

individuals with temporal lobe epilepsy and how it might relate to seizure activity.  The results 

showed a relationship between entorhinal cortex volume and its involvement in initiating seizure 

activity. The degree of atrophy of the entorhinal cortex was found to be correlated with the 

amount of involvement the entorhinal cortex has in generating seizures.  The results suggest that 

the more atrophic the entorhinal cortex, the more likely it is to interact with the hippocampus in 

generating seizures (Bartolomei et al., 2005).  

 It has been widely known that the hippocampus is vulnerable to seizure activity and  

studies have begun to show that the hippocampus and entorhinal cortex have reciprocal signals 

and there are intercortical networks between deep and superficial cortical layers. Any loss of 

layer III neurons in the entorhinal cortex could result in disruptions in the circuitry that could 

facilitate seizure spread (Scharfman, 2002; Dawodu et al., 2005). 

Metabolic dysfunction has also been implicated in the pathogenesis of temporal lobe 

epilepsy. A study by Kann et al. (2005) explored the cellular metabolic functions in the ex vivo 

hippocampus of individuals with temporal lobe epilepsy during neuronal activation.  Neuronal 

activation was elicited by electrical stimulation or glutamate application and NAD(P)+ 

fluorescence was used to monitor oxidative and glycolytic energy metabolism (Lipton, 1973; 

Schuchmann et al. 2001; Kann et al. 2003a, b; Shuttleworth et al. 2003). Pathological variances 
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in NAD(P)+ oxidation were observed in individuals with temporal lobe epilepsy mainly in the 

dentate gyrus, CA3, and CA1 regions.  Pilocarpine-treated rats have also demonstrated these 

changes, suggesting that these metabolic alterations are consistent across species (Du et al., 

1995; Mello et al., 1993).  These disruptions may be the result of dysfunction in cellular energy 

metabolism rather than because of neuronal cell loss (Henry et al., 1994; O’Brien et al., 1997). It 

could be that in chronic epileptic tissue there are defects on the mitochondrial enzyme level in 

neurons that could lead to deficits in glucose utilization.  There could also be dysfunction on the 

level of astrocytic glycolysis and/or neuronal-astrocytic metabolic coupling. Metabolic 

dysfunction in neurons and glial cells might significantly affect ATP homeostasis and 

excitability as well as intrinsic anti-oxidative mechanisms.  Under certain conditions, the 

disturbances may favor neuronal vulnerability and the manifestation of seizures and status 

epilepticus (Kann et al., 2005).    

Models of Epilepsy 

Ictogenesis, or the induction of seizures, is due to excessive discharges from groups of 

neurons that can be initiated by depolarization of voltage-dependent sodium channels and 

activation of ionic glutamate receptors (Sasa, 2006). Repeated episodes of ictogenesis can lead to 

epileptogenesis, the result of prolonged anatomical and biochemical alterations and 

reorganizations of neuronal networks. In rat models of temporal lobe epilepsy, after the initiation 

of a prolonged seizure event, known as status epilepticus there is a period of latency that can last 

from 4-44 days and this is followed by a chronic period of recurrent spontaneous seizures (Leite 

et al., 1990; Cavalheiro, 1995). Status epilepticus can trigger an epileptogenic process that results 

in spontaneous recurrent seizures later in life. These events can lead to the development of 

chronic epilepsy.  
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During the chronic period, three to four weeks after status epilepticus, neuronal loss is 

most evident in pyramidal layers of CA1, CA3, and CA4 and has been associated with severe 

dilatation of lateral ventricles surrounding the shrunken dorsal hippocampus (Rigau et al., 2007). 

The acute status epilepticus model in rats mimics the development of epilepsy in humans.  

 In the rat model, metabolic and mitochondrial functions in the hippocampus have been 

characterized and compared to that of pharmaco-resistant human temporal lobe epilepsy 

individuals (Kann et al., 2005). Hippocampal tissue from human temporal lobe epilepsy 

individuals is generally characterized by neuronal loss and astrogliosis, network reorganization, 

and alterations of receptor and ion channel functions (Babb et al., 1984; Sutula et al., 1989; 

Steinhauser & Seifert, 2002). In the pilocarpine-treated rat model, neuronal loss is predominant 

in the entorhinal cortex and in the hippocampal formation, with the hilus, CA3, and CA1 areas 

generally most affected. This pattern corresponds to histopathological alterations seen in tissue 

from human temporal lobe epilepsy individuals (Kann et al, 2005).  Neuroimaging studies have 

also shown a decrease in glucose utilization (suggesting hypometabolism) in seizure foci 

(interictally) and could explain dysfunction of mitochondrial oxidative and/or glycolytic energy 

metabolism (Kuhl et al., 1980; O’Brien et al., 1997). 

Metabolic changes and pathology 

During seizures the brain becomes more active and as a result requires more energy.  

Glucose levels may play a role during this process as glucose has an important role in energy 

supply for brain function. Glucose must cross several membranes before it can be available as an 

energy source for neurons. Glucose transporters on cerebral blood vessels, astrocytes and 

neurons facilitate the process by which glucose is able to pass through or between endothelial 

cells that form cerebral blood vessels, leave the blood, and enter the brain parenchyma (Pellerin, 
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2010).  Astrocytes and neurons display different glutamate receptors-transporters and different 

Glut isoforms. Two Glut isoforms, Glut1 and Glut3, are known to be expressed in the brain on 

cells other than vasculature. Glut1 is predominantly localized in astrocytes. Astrocytes have 

several projections in contact with neurons, especially in the peri-synaptic area where they 

ensheath the synapse. Astrocytes may play a role in the regulation of energy supply to neurons as 

a result of glucose uptake by astrocytic end-feet (Pellerin, 2010). Glut 4 is expressed in muscles, 

fat cells, brain, and kidney. Glut 4 seems to work between intracellular membrane sites and cell 

surface membranes. It is less specifically localized and more broadly localized within systems 

(Ploug & Ralston, 2002).  

Glut-1 is a specific glucose transporter on the membrane of astrocytic end-feet, which 

contact blood vessels.  The astrocytic end-feet are sites for glucose uptake as it leaves the blood 

to enter the brain parenchyma. Glut1 is a member of the Na+ independent glucose transporter 

gene family (Mueckler, 1994). The Glut1 gene is most commonly expressed in the brain at the 

microvascular endothelium under normal physiologic conditions. The microvascular 

endothelium comprises the blood brain barrier in vivo (Gerhart et al., 1989; Brightman, 1977). 

Studies have shown glucose uptake by astrocytes in vivo following neuronal activation (Pellerin 

et al., 2007). Astrocytic glucose transport has been shown to be stimulated by glutamate, perhaps 

because of increased demand for energy in the face of this excitatory transmitter (Porras et al., 

2004).  Cultured astrocytes respond to glutamate by activating the glucose transporter Glut1 and 

this response may be mediated by sodium influx (Loaiza et al., 2003; Pellerin & Magistretti, 

1997).  The effects of glutamate on glucose transport by astrocytes and neurons help to explain 

why glucose uptake in vivo correlates better with the expression of Glut1 than Glut3 (Duelli et 
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al., 2001).  Glutamate has been shown to strongly inhibit glucose transport in neurons (Porras et 

al., 2004).   

During neuronal activation, glutamate can prevent glucose from entering neurons, 

perhaps via AMPA activation and the resultant influx of sodium (Porra et al. 2004, Pellerin & 

Magistretti, 1997; Voutsinos-Porche et al. 2003). In epithelial cells, Glut1 modulation by 

metabolic stress is associated with the activation of the AMP-activated protein kinase which is an 

enzyme that may be sensitive to the increased ATP expenditure caused by glutamate-induced 

sodium entry in neurons (Porras et al., 2004;). This pattern suggests that glutamate redistributes 

glucose toward astrocytes and away from neurons (Porras et al., 2004; Abbud et al., 2000).  

Astrocytes appear to metabolize glucose into lactate, and neuronal firing may be 

supported preferentially by lactate.  Lactate production is stimulated by glutamate and glutamate 

activation of glycolysis and, along with stimulated glucose transport, can release lactate and 

make lactate available to neurons as an energy supply (Pellerin, 2010; Pellerin & Magistretti, 

1994; Loaiza et al., 2003).  Lactate can sustain firing in cultured neurons more effectively than 

glucose (Bouzier-Sore et al., 2003).   

Astrocytic lactate production by glutamate (Pellerin & Magistretti, 1994) may explain the 

large increase in local extracellular lactate that follows cortical activation (Hu & Wilson, 1997). 

Support for the astrocyte-to-neuron lactate shuttle has come from in vivo experiments in knock-

out mice (Voutsinos-Porche et al., 2003). It has been shown that lactate does not interfere with 

the effect of glutamate on glucose transport. In vitro studies have shown a preferential use of 

lactate over glucose by neurons (Bouzier-Sore et al., 2003). In vivo studies in the hippocampus 

have shown that stimulation of glutamatergic afferents cause a decrease in extracellular lactate, 

presumably attributable to neuronal uptake (Hu & Wilson, 1997).  
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One argument against the astrocyte-to-neuron lactate shuttle has suggested that glucose 

metabolism, by competing for NAD+, should obstruct lactate usage by neurons (Chih et al., 

2001). Early during neuronal activation, a specific mechanism triggered by glutamate and 

dependent on the influx of sodium via AMPA receptors actively prevents glucose from entering 

the neurons. Lactate may be used by neurons if the glycolytic flux is small but it seems unlikely 

as there are a large number of glucose transporters on these cells (Vannucci et al., 1997). A surge 

of NAD+ as a result of neuronal activation and the rapid inhibition of glucose uptake in neurons 

should create a thermodynamic sink for lactate in favor of glucose. When the lactate from 

astrocytes reaches the neuron, NAD+ depletion may further inhibit glycolytic flux (Porras et al., 

2004; Cruz et al., 2001).  

Changes in astrocytic/vascular Glut1 expression have been observed in varying 

pathophysiological conditions such as cerebral ischemia and possibly epilepsy (for review see 

Boado, 1998).  Upregulation of Glut1 has been observed following glucose deprivation in brain 

endothelial cultured cells. Neuropathological conditions may be related to changes in glucose 

metabolism or glucose transport to the brain because neurons may require more glucose and 

oxygen as well as more blood supply when metabolic activity is increased (Boado, 2001).     

During seizure activity there is increased metabolic activity that could result in an 

increase in oxidative production and an increased need for glucose. A study by Sheth et al. 

(2009) showed that glucose uptake is significantly increased in the brains of animals with 

seizures compared to controls. There may be an increase in the amount of glucose uptake by 

astrocytic end-feet thus resulting in greater amounts of lactate to be released to neurons. If there 

is an increase in metabolic load then there may be an increased need for more blood supply, 

which could lead to alterations in vasculature to try to meet that need. 



12 

 

Vascular changes in epilepsy 

The possible need for a greater vascular supply during epileptic activity could result in an 

angiogenic process in order to attract more blood vessels. Preliminary research has shown 

possible vascular morphological changes in the hippocampal fissure, CA1, and CA3 regions of 

the hippocampus after status epilepticus.  Specifically, high blood vessel density has been 

associated with high seizure frequency (Rigau et al., 2007). One week after status epilepticus 

induction in the rat model of temporal lobe epilepsy there was a 30% increase in microvessel 

density in the hippocampus as compared to controls. An average 35% increase in microvessel 

density in rats that developed spontaneous seizures was identified compared to controls (Marcon 

et al., 2009). High blood vessel density could contribute to the development of epilepsy if there 

is damage to existing vessels or leakage of newly developed ones.  Vessel diameter enlargement 

has also been observed, primarily in the hippocampal fissure region, during status epilepticus 

compared to controls. This result was found in animals 2 days, 4 days, and 14 days after status 

epilepticus induction.  The length of vessels increased by 29% at 14 days after status epilepticus 

compared to 2 days after status epilepticus (Ndode-ekane et al., 2010). It has been proposed that 

angiogenesis, inflammation, and blood brain barrier damage contribute to epileptogenesis and/or 

ictogenesis in experimental and human epilepsy (Ates et al., 1999; Roch et al., 2002), so that 

these changes may not just be compensatory, but also pathogenic. 

Angiogenesis is the development of new blood vessels from pre-existing vasculature and 

although it is essential for organ growth and repair, an imbalance in this process may contribute 

to pathology.  Vascular endothelial cells can proliferate in the brain resulting in the growth of 

new vessels as demonstrated under various disease conditions such as epilepsy and ischemia 

(Greenberg & Jin, 2005; Rigau et al., 2007). After brain injury, angiogenesis occurs in the most 
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damaged hippocampal areas with the highest need of tissue repair. Recent data has shown that 

endothelial cell proliferation and angiogenesis occur after epileptogenic brain injuries. The 

formation of new vessels may also affect neuronal function (Marcon et al., 2009).    

 In both adult epileptic rats and in human temporal lobe epilepsy tissue, increased vascular 

density was found to be associated with areas of blood brain barrier damage consistent with an 

increase in the levels of angiogenic factors causing an increase in vascular permeability (Rigau et 

al., 2007; Nagy et al., 2008). In human temporal lobe epilepsy, blood vessel density in 

hippocampal tissue has been found to be higher compared to that of non-epileptic hippocampal 

tissue (Rigau et al., 2007). Vessels in epileptic tissue appear longer, more tortuous and more 

numerous, especially in layers containing neuronal cell bodies, compared to non-epileptic tissue. 

Vessel density has been found to be positively correlated with seizure frequency (Rigau et al., 

2007).  The less frequent the seizure activity the lower the density of vessels. In the rat model of 

temporal lobe epilepsy triggered by pilocarpine-induced status epilepticus, the vascular network 

has been shown to increase with more numerous microvessels accompanied by the 

immunohistochemical expression of angiogenic markers (Rigau et al., 2007).  

Increased vessel density may compensate for elevated metabolic needs of neurons during 

seizures leading to increased cerebral blood flow and delivery of oxygen and nutrients to the 

tissue. However, increased metabolic activity may not explain all of the need for increased 

vascular investment in epileptic tissue.  It seems plausible that vascular damage and angiogenesis 

induced by epileptogenic brain insult are most prominent in regions with the most severe 

neurodegeneration because of the need for more oxygen, glucose, and immune cells to facilitate 

the clean-up and repair of damaged areas (Fabene et al., 2003; Rigau et al., 2007).  
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Leaky vessels in the regions of angiogenesis suggest newly formed vessels do not express 

a mature blood brain barrier (Alon et al., 1995).  Maintenance of the blood brain barrier is 

dependent on normal functioning of pericytes, perivascular microglia, astrocytes, and the basal 

lamina.  Under normal conditions the blood brain barrier provides protection of the central 

nervous system by regulating the entry of plasma-borne substances and immune cells into the 

nervous system. Central nervous system injuries including seizures and ischemic events can 

cause transient changes in the physiologic and structural features of the blood brain barrier. In 

adult rats, angiogenesis and blood brain barrier opening has been induced during epileptogenesis 

and these vascular changes could be facilitory for inflammation. 

Inflammation is often triggered by the presence of an array of pro-inflammatory 

molecules produced by cells in response to infection or pathological threat. Experimental studies 

show that inflammatory reactions in the brain can enhance neuronal excitability (Vezzani et al., 

1999), impair cell survival (Viviani et al., 2003; Allan et al., 2005), and increase the permeability 

of the blood brain barrier (Allan et al., 2005; Naldini & Carraro, 2005). Inflammatory processes 

have been shown to be initiated in the brain by events such as status epilepticus and can persist 

during epileptogenesis in the absence of the initial seizure activity. Inflammatory reactions can 

occur in epilepsy disorders that do not feature an inflammatory pathophysiology (Sheng et al., 

1994; Maldonado et al., 2003) such as temporal lobe epilepsy and this raises the possibility that 

activation of inflammatory pathways is a common factor contributing to the etiopathogenesis of 

seizures. Seizures provoke a pattern of inflammatory mediators in the brain and increase 

cytokines.  Experimental findings have found an induction of cytokines in glia and neurons after 

acute seizures in areas involved in the seizure activity (Eriksson et al., 1999; Vezzani et al., 
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1999; De Simoni et al., 2000; Plata-Salaman et al., 2000). These events could contribute to the 

microvascular changes observed during epileptogenesis.  

In the rodent model, seizure activity increases pro-inflammatory cytokines such as IL-

1beta and TNF-alpha.  IL-1beta and TNF-alpha messenger RNA and protein levels are rapidly (< 

30min) increased after seizure induction. Expression of IL-1beta and TNF-alpha during seizures 

may mediate neuronal excitability and the resultant generation of seizures, and may also 

contribute to neuronal cell loss, astrogliosis, and blood brain barrier damage (Vezzani et al., 

1999; De Simoni et al., 2000; Vezzani et al., 2000). Intracerebral application of IL-1beta in adult 

rats induces new blood vessel growth in the cerebral cortex indicating that this cytokine elicits 

angiogenic effects (Giulian et al., 1988).  

IL-1beta and its receptor IL-1 receptor type 1 are rapidly upregulated in the brain 

following seizure activity (Jankowsky & Patterson, 2001; Vezzani & Granata, 2005). They are 

also responsible for activation of downstream cascades of inflammatory events (Dinarello, 1996; 

Nguyen et al., 2002).  Their activation has relevant functional consequences on neuronal 

excitability and cell survival. IL-1beta decreases the threshold of seizure induction (Dube et al., 

2005), prolongs epileptic activity (Vezzani et al., 1999), and promotes excitotoxic neuronal cell 

death (Allan et al., 2005). IL-1beta can affect the permeability properties of the blood brain 

barrier (Abraham et al., 1996; de Vries et al., 1996) via disruption of the tight junction 

organization (Del Maschio et al., 1996) or production of nitric oxide and matrix metalloproteases 

in endothelial cells (Allan et al., 2005).   During acute phases of status epilepticus, upregulation 

of IL-1beta occurs in both microglial cells and astrocytes. Previous studies have shown IL-1beta 

has pro-icotogenic and pro-neurotoxic properties that are mediated by IL-1 receptor type 1 and 

the effects seem to occur via either direct effects of IL-1beta on neurons or indirect effects on IL-
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1beta mediated by astrocytes (Ravizza et al., 2007). Chronic exposure of brain tissue to elevated 

IL-1beta levels increases glutamate mediated neuronal cell death (Allan et al., 2005; Viviani et 

al., 2003).   IL-1beta inhibits glial reuptake of glutamate (Ye & Sontheimer, 1996) and may 

increase its glial release via TNF-alpha production thus resulting in elevated extracellular 

glutamate levels (Bezzi et al., 2001; Marcon et al., 2009).  

IL-1beta and IL-1 receptor type-1 immunoreactivity in perivascular astrocytic endfeet 

impinging on blood vessels and in endothelial cells of microvasculature in areas of blood brain 

barrier damage have been reported in both hippocampal tissue of temporal lobe epilepsy 

individuals and rat chronic epileptic tissue (Zucker et al., 1983; van Vliet et al., 2006; Ravizza et 

al., 2007).  Clinical evidence in brain tissue of individuals with epilepsy that show both IL-1beta 

and IL-1 receptor type 1 is overexpressed (Ravizza et al., 2006).   

IL-1 therefore represents one potential factor mediating vascular and inflammatory 

changes after seizures, but there are likely to be others.  Because vascular changes may play an 

important role in epilepsy, elucidating the potential role of other pro-inflammatory and pro-

angiogenic factors in epilepsy could lead to a better understanding of epilepsy pathogenesis.  

Growth factors and cytokines that are known to act on vascular cells, such as vascular 

endothelial growth factor, are especially good candidates for other factors that may play an 

important role in epilepsy and vascular changes.  

Vascular Endothelial Growth Factor (VEGF) 

Vascular endothelial growth factor (VEGF) is a vascular growth factor that has also been 

shown to protect neurons from cell death.  It is a secreted protein and mitogen for micro and 

macrovascular endothelial cells (Ferrara & Davis-Smyth, 1997). VEGF acts as a potent 

angiogenic factor, stimulating the development of new blood vessels from pre-existing blood 
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vessels (Carmeliet & Storkebaum, 2002). Angiogenesis is crucial for normal development and 

homeostasis and is involved in a number of pathological conditions. It is essential for repair, 

remodeling, and regeneration of tissues (Veikkola et al., 1999), both by providing increased 

metabolic support, and by delivering immune cells to damaged regions. VEGF is a regulator of 

both physiological and pathological neovascularization (Ferrara & Davis-Smyth, 1997). VEGF 

has also been studied as a mediator of inflammation, vascular permeability and as a possible 

neuroprotective factor (Proescholdt et al., 1999; Heil et al., 2000; Croll et al., 2004a). Receptors 

for VEGF in the brain have been localized to vascular endothelium, neurons, and glia (Croll et 

al., 2004a).   

The VEGF family includes: VEGF, PIGF, VEGF-B, VEGF-C, VEGF-D, and VEGF-E. 

VEGF mRNA is expressed in the brain and its transcription is induced by a variety of growth 

factors and cytokines. These include: platelet-derived growth factor-BB, epidermal growth 

factor, tumor necrosis factor alpha, TGF-beta1 and IL-1beta (Veikkola et al., 1999). Receptors 

for members of the VEGF family of proteins include VEGFR1 (Flt-1), VEGFR2 (Flk-1 or 

KDR), VEGFR3 (Flt-4), and the neuropilins.  Except for neuropilins, all of the VEGF receptors 

are tyrosine kinase receptors that mediate downstream signaling of the mitogen-activated protein 

kinase (MEK)/extracellular-signal-regulated kinase (ERK) and phosphatidylinositol 3-kinase 

(PI3-K)/Akt signaling pathways (Gerber et al., 1998; Pedram et al., 1998).  VEGF (also known 

as VEGF-A), the original VEGF family member, binds to VEGFR1, VEGFR2, and the 

neuropilins, but not VEGFR3. 

VEGFR1 and VEGFR2 are densely localized to vascular endothelium including to 

cerebral endothelium. Neuronal localization of VEGFR2 has also been reported in cultured 

hippocampal or dorsal root ganglion cells, and on neurons after various brain insults, including 
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after seizures (Nicoletti et al., 2008). VEGFR2 has been described on glial cells, most notably 

after cerebral ischemia.  VEGFR2 is important in vasculogenesis during development (Shalaby 

et al., 1995) and has been identified as the primary receptor involved in the signal transduction 

cascade that results in VEGF-mediated angiogenesis in adult animals (Shalaby et al., 1995).  

VEGFR1 has been shown to be localized to vascular endothelium but has also been described on 

circulating inflammatory cells and VEGF-treated astroglia. Gene deletion studies have shown 

VEGFR1 and VEGFR2 null mutants are early embryonic lethal and show a lack of vasculature 

(Croll et al., 2004a). VEGFR1 and VEGFR2 bind to VEGFA (Kawakami et al., 1996; Chedotal 

et al., 1998). There are five known isoforms of VEGFA in humans: VEGF 121, 145, 165, 189, 

and 206 (Ferrara & Davis-Smyth, 1997). All isoforms of VEGFA bind with high affinity to both 

VEGFR1 and VEGFR2, though binding to the neuropilins is isoform-specific, with the shortest 

isoform, VEGF-121, failing to bind to neuropilin. Glial cells do not appear to express 

neuropilins, but do express the other VEGF receptors (Gluzman-Poltorak et al., 2000).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  The VEGF family members, their receptors, the receptor tyrosine kinases VEGR-1, VEGFR-2, 

and VEGFR-3 and co-receptors Neuropilin-1 and Neuropilin-2 (adapted from Croll et al., 2006).  
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Under various disease conditions, such as epilepsy, endothelial cells can proliferate and 

lead to the growth of new vessels, and VEGF may contribute to these processes. In addition, 

blood-brain barrier disruption is common in neurological disease, and VEGF induces a dramatic 

leak of the blood brain barrier (Croll et al., 2004b).  Indeed, vascular permeability precedes, and 

may be involved in, the initiation of pathological angiogenesis (Croll et al., 2004b; Krum et al., 

2002; Bauters et al., 1994; Takeshita et al., 1994). VEGF-treated vasculature has been shown to 

be grossly abnormal with profound permeability and disorganized and dilated morphology 

(Krum et al., 2002; Rosenstein et al., 1998; Springer et al., 1998; Croll et al., 2004b).  

The increased vascular density observed in human temporal lobe epilepsy may be based 

on up-regulation of VEGF in neurons after acute, short or long lasting seizures and result in the 

increase of vascular density (Rigau et al., 2007).  High expression of VEGF and tyrosine kinase 

receptors suggests angiogenesis may be recurrently activated by spontaneous seizures. 

Experimentally, VEGF is upregulated after seizures in rats (Nicoletti et al., 2008), in 

concordance with results obtained in human tissue. 

VEGFR2 becomes expressed in response to brain insult and VEGF signaling (Neufeld et 

al., 1999; Ferrara & Gerber, 2001). Quantification of VEGFR2-immunopositive blood vessels in 

the hippocampal regions of CA1, CA2, CA3, dentate gyrus, and hilus has been conducted in 

tissue after brain insult both short term (14-33 days) and long term (90-180 days) in a study by 

Dombrowski et al. (2006).  Results of this study showed that in tissue after brain insult more 

VEGFR2-immunoreactive cells and blood vessels were observed compared to normal controls. 

A hypoxic response, as a result of brain insult, activates VEGF and VEGFR-2 mechanisms in 

neurons, glial, and endothelial cells involved in adaptive processes such as angiogenesis.  Blood 



20 

 

vessel density after seizures has been found to be approximately twice that of normal controls for 

all hippocampal areas for both short and long term groups. This is in line with studies showing 

blood vessel proliferation can be attributed to decreased cerebral blood flow (Dombrowski et al., 

2006) and oxygen delivery several weeks after the initial insult (Fukuhara et al., 2001; 

Dombrowski et al., 2006).   

Studies have reported that after an initial insult VEGFR2 expression increases as early as 

6 hours after seizures and peak expression is observed after 5-7 days, returning to normal after 

approximately 3 weeks (Dombrowski et al., 2008).  However, similar expression has been 

observed as early as 2 weeks and as late at 12+ weeks after initial insult. This suggests that an 

adaptive process of VEGFR-2 induced angiogenesis may be active as early as two weeks after 

insult and may continue for up to 12 weeks (Marti & Risau, 1998; Issa et al., 1999; Marti & 

Risau, 1999).  Newly formed vessels may have fewer and more immature endothelial cells and 

may have different structural properties such as a permeable blood brain barrier which could 

contribute to VEGF’s involvement in pathological angiogenesis (Rosenstein et al., 1998; Fischer 

et al., 2002).  However increased expression may also indicate certain adaptive mechanisms for 

recovery as studies have reported less cell loss in the hippocampus (Dombrowski et al, 2008; 

Cobbs et al., 1998; Jin et al., 2000a).  

Evidence suggests that angiogenesis occurs as an adaptive response to hypoxia (Fukuhara 

et al., 2001; Luciano et al., 2001).  During hypoxic conditions VEGF expression is induced, 

driven by a response element on the VEGF promoter for the hypoxia inducible transcription 

factor HIF-1alpha (Semenza, 2000).  Indeed, upregulation of VEGF mRNA occurs both in vivo 

and in vitro under hypoxic conditions (Marti et al., 2000; Chiarugi et al., 1999; El Awad et al., 

2000). This pathway provides a mechanism by which tissues can increase oxygen levels by 
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inducing new blood vessel growth (Veikkola et al., 1999). VEGF can also be induced in response 

to intracellular signals of metabolic stress or to extracellular stimuli such as certain cytokines 

(Pages & Pouyssegur, 2005) that are known to occur during seizure activity in both the human 

and experimental model (Kann et al., 2005; Vezzani & Granata, 2005).  Therefore, there are 

multiple mechanisms available for the induction of VEGF after seizures. 

While VEGF has been shown to be involved in pathological angiogenesis, (Vezzani et 

al., 1999), there has been growing evidence suggesting VEGF has a neuroprotective role in 

various pathological conditions such as epilepsy. VEGF’s effects may be in protecting against 

neuronal cell damage or death and mediating pathways for cell survival (Croll et al., 2004b). 

Endogenous VEGF may have a mild effect in protecting against cell loss during seizures as 

suggested by Nicoletti et al., 2008. Greater neuronal cell loss was shown during seizures when 

endogenous VEGF was blocked. This then leads to the notion that infusion of exogenous VEGF 

would provide additional protection to neurons. The dual role of VEGF may also be the result of 

actions at two different receptors.  VEGFR1 may induce inflammation and vascular leak (Luttun 

et al., 2002).  VEGFR2, however, has been shown to be the receptor that mediates the protective 

effects of VEGF in vitro (Matsuzaki et al., 2001).    

VEGF has been shown to protect cultured hippocampal neurons against glutamate 

excitotoxicity (Matsuzaki et al., 2001). It is possible that VEGF directly protects cells from 

excitotoxic damage via the PI3-K/Akt pathway and MEK/ERK pathway.  Inhibition of PI3-K 

inhibits VEGF-induced activation of Akt without affecting ERK.  Conversely, MEK inhibitors 

block activation of ERK without affecting Akt.  VEGF increases activity of one of the pathways, 

which is sufficient to prevent neuronal death (Matsuzaki et al., 2001; Mazure et al., 1997; Gerber 

et al., 1998).   This protective effect has been shown to be mediated through VEGFR2. VEGFR2 
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been implicated as the primary receptor involved in the signal transduction cascade that activates 

Erk/MEK and Akt signaling pathways and results in neuroprotection (Rosenstein et al., 2003; 

Mazure et al., 1997; Gerber et al., 1998).    

 Inhibition of VEGFR2 signaling blocks axonal outgrowth in response to VEGF (Sondell 

et al., 2000). Signaling through VEGFR2, PI3-kinase, and Akt protects cells against death from 

deprivation of oxygen and glucose (Jin et al., 2000a). It also protects cortical neuron cultures that 

are subjected to hypoxia. In hypoxic neurons, caspase-3 levels increase when VEGF is blocked 

adding to the evidence of a direct effect of VEGF on pathways mediating cell survival (Jin et al., 

2001; Croll et al., 2004a). VEGF also has mitogenic effects on astrocytes.  The proliferative 

effect of VEGF on astrocytes seems to be mediated by VEGFR1 (Storkebaum et al., 2004). 

One further bit of evidence of VEGF protecting adult neurons has been shown by the 

deletion of the hypoxia response element from the VEGF promoter, which results in motor 

neuron disease in adult mice (Oosthuyse et al., 2001). Hypoxia is a major contributor to VEGF 

gene expression and the insufficient levels of VEGF seem to result in a lack of neuroprotection. 

Reduced VEGF levels may promote motor neuron degeneration by limiting neural tissue 

perfusion and VEGF-dependent neuroprotection (Storkebaum et al., 2004). 
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Figure 2.  VEGF mediates various effects based on its receptor localization.  During adverse conditions 

in which the system has become compromised, binding to specific receptors leads to beneficial effects 

while binding to other receptors leads to detrimental consequences (adapted from Croll et al., 2006) 

 

During status epilepticus cells become more metabolically active and increase the need 

for glucose and oxygen and may therefore experience a state of relative hypoxia.  Prolonged 

seizures can lead to hypoxic states due to breathing compromise during tonus and hypoxia can 

trigger VEGF upregulation. This hypoxic state could lead to upregulation of VEGF through HIF-

1alpha, which would then induce increased vascular flow metabolically supporting their 

increased activity.  The upregulation of VEGF during the hypoxic state could lead to VEGF’s 

neuroprotective effects in part by eliminating the potentially damaging hypoxic state.   

 Studies of glioblastoma tumor cells have shown anti-VEGF treatment leads to major 

vessel remodeling, resulting in reduced perfusion and an increase in hypoxia in tumor 

microenvironments and activation of the PI3K-Wnt signaling pathways according to a study by 
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Keunen et al. (2011). In this well-defined model, it becomes possible to carefully study the 

impact of VEGF inhibition or enhancement on metabolism in local tissues.  Hypoxia in these 

cells leads to a metabolic shift in tumors toward glycolysis that is reflected in an increase in 

lactate production and a stabilization of hypoxia-inducible factor 1alpha (HIF1alpha), 

accompanied by an increase in cell invasion into the normal brain.  Upregulated gene transcripts 

in this model include those in the PI3K and Wnt signaling pathways and increases in tumor 

hypoxia leading to the activation of alternative angiogenic pathways. The PI3K/Akt pathway is 

known to be involved in several steps of both anaerobic and aerobic glycolysis regulation such as 

the localization of glucose transporters at the cell surface and maintenance of hexokinase 

function (Beckner et al., 2005; Bjerkvig et al., 2009).  The activation of Akt in hypoxia may 

increase intracellular glucose and stimulate anaerobic glycolysis and lactate production and 

promote cell invasion (Keunen et al., 2011).   

In epilepsy, little is known about the effects of VEGF upregulation on metabolism or 

vascular density of the brain.  VEGF treatment has, in fact, been shown not to induce an increase 

in vascular density 24 hours after status epilepticus (Nicoletti et al., 2008). However, this finding 

does not rule out the possibility that VEGF alters other vascular parameters with the potential to 

impact brain function after seizures, particularly given that VEGF does appear to impact seizures 

and/or their sequelae.  For instance, when applied to hippocampal slices, VEGF significantly 

decreases circuit excitability (McCloskey et al., 2005), suggesting that one potential component 

of VEGF’s neuroprotective actions could be its role in decreasing electrical or metabolic activity 

during or after seizures. While this could be a direct effect of VEGF on neurons, VEGF could 

also reduce the amount of glucose uptake by astrocytic end-feet at the blood-brain barrier, thus 

resulting in less production of lactate being released to neurons and reducing the neuronal 
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metabolic load. This hypothesis of VEGF limiting glucose transport could serve as one potential 

explanation about how glucose restriction may reduce seizure susceptibility by reducing brain 

glycolytic energy (Greene et al., 2001).  This effect forms the basis for one well-established 

mechanism of limiting seizures, the ketogenic diet.  This diet induces changes in excitability that 

lead to reduced seizure occurrence in chronic epilepsy by decreasing the consumption of glucose 

so that the brain needs to rely on ketones, rather than glucose, for fuel.  By understanding the 

acute impact of VEGF after seizures, it might be possible to better understand its longer-term 

therapeutic potential in epilepsy. 

The vascular and metabolic changes observed in epilepsy, as well as the changes seen 

with the administration of VEGF lead to important questions that can be addressed. It is unclear 

whether acute treatment of VEGF around the time of the initiating seizure has long-lasting 

effects on vasculature and/or glucose uptake in the hippocampus.  To investigate this further in a 

rodent model, one could take advantage of the fact that a single initiating status epilepticus event 

leads to chronic epilepsy starting approximately 1 month after status.  

   As previously mentioned, research has shown a relationship between angiogenesis and 

seizure activity.  High blood vessel density has been associated with high seizure frequency in 

the hippocampal fissure, CA1, and CA3 regions during both the latent and chronic period after 

status epilepticus induction (Rigau et al, 2007).  Vessel diameter enlargement has also been 

observed during status epilepticus (Ndode-Ekane et al., 2010). It therefore may be of interest to 

examine and provide further evidence for the effect of status epilepticus on vascular morphology 

(density and diameter) in the hippocampus during the chronic epileptogenic phase one month 

after initiating a seizure event, and how VEGF alters that effect. It may also be of interest to 

examine vascular parameters in human temporal lobe epilepsy, specifically the hippocampus, as 
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a comparator of the rat model of epilepsy in the temporal lobe. Histopathological alterations in 

the pilocarpine treated rat model have been seen to correspond with alterations seen in tissue 

from temporal lobe epilepsy individuals.   

 In addition, because components of the blood-brain barrier modulate metabolic load, one 

potential component of VEGF’s neuroprotective actions could be a role in decreasing metabolic 

activity during or after seizures. By studying the long-term glucose transport effects of acutely 

administered VEGF, we could determine whether VEGF induces changes in the tissue that lead 

to alterations in metabolic load.  

Specific Aims 

 Previous research has demonstrated vascular changes associated with seizure activity.  

Persistent angiogenic processes, activated by seizures, can be deleterious for brain tissue, 

probably due to increased blood brain barrier permeability.  Chronic blood brain barrier 

permeability can lead to neovascular uncoupling, inflammation, and excitability. VEGF, while 

involved in the induction of vascular permeability, inflammation and vascular leak, has been 

shown to protect neurons after seizures.  The role of VEGF and its possible effects on long-term 

vascular morphology is, however, unclear.   

Functional effects of VEGF on vasculature after seizures are also unclear. VEGF’s 

neuroprotective mechanism may work by reducing neuronal excitability as VEGF has been 

shown to reduce neuronal excitability when applied to hippocampal slices.  Reduction in 

neuronal excitability by VEGF during seizure activity may reduce the need by neurons for 

increased oxygen and glucose.   The following aims were employed to address these questions: 

Specific Aim 1:  To examine the effect of status epilepticus on vascular morphology (density 

and diameter) in the hippocampus one month after the initiating seizure event.   
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Specific Aim 2:  To examine vascular parameters in human temporal lobe epilepsy, specifically 

the hippocampus, as a comparator to the rat model of epilepsy in the temporal lobe.  

Specific Aim 3:   To examine the effect of early VEGF treatment on vascular morphology 

(density and diameter) in the hippocampus one month after status epilepticus.  

Specfic Aim 4:   To examine the effect of early VEGF treatment on glucose transport in the 

hippocampus one month after status epilepticus, including glucose uptake via transporters.  

Specific Aims Rationale 

Specific Aim 1:  To examine the effect of status epilepticus on vascular morphology (density 

and diameter) in the hippocampus one month after initiating seizure event.   

   During the latent period after acute seizure activity (from 4 days to 2-4 weeks after 

seizure induction) the number, size, and complexity of microvessels has been shown to be 

increased.  Vascular density and diameter measurements were shown to be increased during this 

time period (Ndode-Ekane, et al., 2010).   Angiogenic processes increase during this period.  We 

focused on the chronic period (beginning 21-28 days after seizure induction) during which time 

spontaneous seizures develop.  We investigated the changes in vascular morphology in this time 

period to determine if an increase in density and diameter is present.  It has been suggested that 

angiogenesis continues during the chronic period and is either chronic or recurrently activated by 

the spontaneous seizures.  

 In determining vascular changes, our primary focus was on the hippocampus.   The 

hippocampus is highly susceptible to seizure activity and plays a critical role in learning and 

memory.  We specifically focused on the hippocampal fissure, CA1, and CA3 regions of the 

hippocampus as high blood vessel density has been associated with high seizure frequency in 

these areas (Rigau et al, 2007).   
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Specific Aim 2:  To examine vascular parameters in human temporal lobe epilepsy, 

specifically the hippocampus, as a comparator to the rat model of epilepsy in the temporal 

lobe.   

 In human temporal lobe epilepsy vessel density has shown to be increased, and is often 

characterized by many complex tortuous microvessels.  Blood brain barrier permeability and 

leak occurs as well as increased inflammation in temporal lobe epilepsy.   We expected that in 

the rat model of temporal lobe epilepsy, vascular morphology in the chronic period with 

spontaneous seizures would be similar to vascular morphology in human temporal lobe epilepsy.  

To determine that this would be the case in our hands, we quantified vasculature in the human 

hippocampus using the same stereological methodology as that used to quantify rat vasculature 

in Specific Aim 1.   

 We focused on the hippocampus region, more specifically CA1, CA3, and fissure, to be 

consistent with measurements in the rat hippocampus.  The focus was also on the hippocampal 

region due to its susceptibility to seizures and the functional consequences of seizure damage to 

the hippocampus on learning and memory.    

Specific Aim 3:   To examine the effect of VEGF on vascular morphology (density and 

diameter) in the hippocampus one month after status epilepticus.  

 VEGF has been shown to mediate both angiogenesis and neuroprotection in the brain.  

Continuous intra-hippocampal infusion of VEGF has been shown to protect hippocampal 

neurons from cell death 24 hours after status epilepticus without significantly increasing vascular 

density. One month after status epilepticus, however, neuronal preservation was not sustained 

(Nicoletti et al., 2010).   Therefore, any long-term changes in vascular morphology one month 
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after status epilepticus as a result of VEGF treatment would likely be the result of changes 

occurring during the initial seizure event or due to prolonged changes in excitability. 

 In determining the effects of early VEGF treatment on long-term vascular changes we 

specifically focused on the hippocampal fissure, CA1 and CA3 regions of the hippocampus.  

High blood vessel density has been associated with high seizure frequency in these areas (Rigau 

et al., 2007) and any significant changes as a result of VEGF treatment would mostly likely have 

been observed in these areas.  

Specific Aim 4:  To examine the effect of VEGF on glucose transport, including glucose 

uptake via transporters, in the hippocampus after status epilepticus. 

 During status epilepticus, there may be an increased need by neurons for oxygen and 

glucose, which could result in a relative hypoxic state.  This hypoxic state may lead to an 

increase in the amount of glucose uptake by astrocytic end-feet, which may play a role in 

regulation of energy supply and can result in increased metabolic load and increased vasculature.   

 VEGF is upregulated in neurons during status epilepticus and can be induced in response 

to metabolic stress.   VEGF has been shown to reduce neuronal excitability (McCloskey et al., 

2005) and may reduce the need by neurons for increased oxygen and glucose.  While this 

response is likely to occur during the initial seizure event, there may be a carryover effect that 

can be observed long-term if VEGF was able to eliminate the initial metabolic increase via 

glucose transporters. If VEGF reduces metabolic load during status epilepticus then there may be 

a reduction in the need for increased oxygen and glucose and a reduction in the amount of 

glucose uptake by glucose transporters.  A change in glucose transporter expression and the 

reduction in glucose uptake as a result of VEGF’s effect may carryover long-term if the 

metabolic increase was eliminated during the initial seizure event.   
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 We studied the potential long-term effects of VEGF on glucose transport by staining for 

Glut-1 and Glut-4, as a confirmatory to any changes observed in Glut-1, in the hippocampus one 

month after status epilepticus.  We also explored glucose uptake at this same time point to verify 

the functionality of the transporters.   
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Chapter 2 

General Methods 

1. Subjects, Protein, and Surgeries 

Subjects 

 All subjects were adult male Sprague Dawley rats 10 and 13 weeks old and weighing 

250-350g. Animals were housed 2 to 3 per cage within a temperature-stabilized animal facility 

with food (Rat LabDiet 5001, Purina Mills, LLC, St. Louis, MO) and water was available ad 

libitum.  Animals were maintained on a 12:12 light:dark cycle (lights on 07:00) and were 

acclimated to their colony environment at least one week prior to any manipulations. 

Proteins 

   The active VEGF used for protein infusions was human recombinant VEGF-A165 

(generously provided by Regeneron Pharmaceuticals, Inc.).  VEGF was stored frozen until used 

and then diluted in sterile phosphate buffered saline (PBS) (Sigma-Aldrich, St. Louis, MO) to 

attain a dose of 45ng/day in a 12µl volume delivered .5µl/hour via Alzet (Durect Corporation, 

Palo Alta, CA) osmotic minipump.  PBS was autoclaved before being used as a diluent for 

protein reagents.  The dose was chosen based on pilot data (not shown) demonstrating no 

significant effect of VEGF in our model when infused at a dose of 15ng/d or lower.   Inactivated 

VEGF was used as a control.  VEGF was inactivated by repeated freeze-thaw cycles, which has 

previously been shown to eliminate VEGF’s bioactivity, rather than by heat, which results in a 

precipitate.   

Pump implantation and protein infusion 

 Animals were anesthetized by an injection of 65mg/kg sodium pentobarbital.  The scalp 

was shaved and treated with iodine.  Animals were placed in a stereotaxic apparatus and a 
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longitudinal incision was made along the scalp.  For unilateral infusions, two burr holes were 

drilled and anchor screws (Plastics One, Roanoke, VA) were inserted.  A sterile 4mm cannula 

(Plastics One), with an attached heat-sealed polyvinyl catheter (Plastics One) containing sterile 

PBS, was implanted unilaterally into the dorsal hippocampus (3.8mm posterior and 2.7mm 

lateral as measured from bregma, so that the tip was positioned in the lateral portion of the 

dentate hilus) of each animal.  This location was chosen based on data demonstrating that VEGF 

diffuses over a 1.5mm radius (Croll et al., 2004a).  Dental acrylic was then applied to secure the 

cannula and anchor screws in place.  Polyamid nylon suture thread (CP Medical) was used to 

close the incision, topical antimicrobial ointment was applied, and animals were placed under a 

heat lamp to recover.   

 After one week animals were re-anesthetized with 2.5% isoflurane in oxygen and an 

incision was made at the nape of the neck.  The heat-sealed tip of the catheter was snipped and 

an Alzet osmotic minipump (Durect Corporation, Palo Alta, CA) containing active VEGF or 

inactive VEGF, infusing 0.5 µl per hour, was attached to the catheter with cyanoacrylate glue.  

The pump was inserted into the subcutaneous space at the nape of the neck and the incision was 

closed with nylon sutures.  Animals were placed under a heat lamp to recover.          

Acute seizure induction 

 Five days following pump implantations for protein infusions, animals were pre-treated 

with 1mg/kg atropine methylbromide (Sigma-Aldrich) injected subcutaneously 30 minutes prior 

to receiving either 350mg/kg pilocarpine hydrochloride (Sigma-Aldrich) or an equivalent volume 

of saline intraperitoneally.  Seizures were scored from stages 1-4 based on Racine’s scale (1972) 

and modified to include stage 5, defined as sudden but transient, whole-body tonus, stage 6, 

defined as status epilepticus, stage 7, defined as status with a period of tonus, and stage 8, death 
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occurring during status epilepticus (Rudge et al., 1998).  Status epilepticus was defined as 

seizures with no intervening return to normal behavior for greater than five minutes.  Status 

epilepticus was truncated with 10mg/kg diazepam after 60 minutes.  Animals not achieving 

status epilepticus received diazepam 90 minutes after pilocarpine.  Status epilepticus is typically 

induced 30 minutes after pilocarpine administration, therefore, animals that achieved status 

epilepticus and those that did not, received diazepam injections in approximately the same time 

frame.  Animals were hydrated immediately following diazepam injections with 3cc of a glucose 

and saline solution and received apple slices for further hydration.  Animals received hydration 

injections daily for one week.       

2.  Tissue Collection and Processing 

 2-NBDG injection:   The 2-Deoxy-D-Glucose (NBDG) was light protected and was 

mixed with PBS at a 1:1 dilution (5mg of 2-NBDG to 5ml of PBS).  Each animal received a 1cc 

injection of the 2-NBDG solution 90 minutes prior to fixed tissue collection to measure glucose 

uptake.  Animals were injected intraperitoneally.  Animals were placed in 3 different enriched 

environments for 30 minutes each prior to fixed tissue collection.  This was to stimulate glucose 

uptake in each animal.     

Fixed Tissue Collection for Histology:  One month after induction of status epilepticus, animals 

were euthanized using Euthasol, a pentobarbital-based euthanasia solution. The chest cavity was 

opened, a needle was inserted into the left ventricle of the heart, and an incision was made in the 

right auricle for release of fluids. The animals were exsanguinated with 200ml heparinized 

isotonic (0.9%) saline perfused through the heart.  Following exsanguination, animals were 

perfusion-fixed first with 200ml of 4% paraformaldehyde in acetate and then 200ml of 4% 
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paraformaldehyde in borate buffer, as previously described (Croll et al., 1999).  The brains were 

removed and placed in 30% sucrose borate buffer at 4°C until sectioned.   

Sectioning 

After 3-7 days in the buffered sucrose solution, brains were sectioned coronally at 50µm 

using a sliding microtome (American Optical Company, Buffalo, New York).  Sections were 

placed in a 24-well plate and stored in an ethylene glycol-based cryoprotectant solution (Watson 

et al., 1986) at -20 degrees Celsius until stained.   

Histology 

Immunocytochemistry:  Sections were immunostained for anti-rat endothelial cell antigen-1 

(RECA) for vasculature (mouse monoclonal, 1:500, Serotec, Raleigh, NC; secondary antibody 

horse-anti-mouse, 1:1500, Vector Laboratories) using a Vectastain Elite ABC kit (Vector 

Laboratories, Burlingame, CA). Additional sections were immunostained with anti-glucose 

transporter-1 (rabbit polyclonal, 1:1000, Millipore, Billerica, MA; secondary antibody goat-anti-

rabbit, 1:1500, Vector Laboratories) and anti-glucose transporter-4 (rabbit polyclonal, 1:500,  

Millepore, Billerica, MA; secondary antibody goat-anti-rabbit, 1:1500, Vector Laboratories).  All 

tissues were exposed using a nickel sulfate-intensified diaminobenzidene (DAB) chromagen 

reaction.    

3.  Anatomical Quantification  

 Vasculature:  Vascular density and vascular diameters in hippocampal fissure, CA1, and 

CA3 regions of the hippocampus were measured in RECA-immunostained tissue sections.  

Images were viewed under a Nikon Eclipse E400 microscope (Morrell Instruments, Melville, 

NY) captured with a digital video camera into Pictureframe software and imported into the 

public access image analysis program, NIH Image J (National Institutes of Health, Bethesda, 
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MD).  Vascular density was measured as the proportion of area occupied by RECA-positive 

lumens at 40x magnification using area fraction as an estimate of volume fraction, which has 

been mathematically demonstrated, by point-count stereology using a randomly-oriented acetate-

grid overlay.  Vascular diameters were measured by taking the smallest diameter across cross-

sectional vascular profiles, and the perpendicular distance across longitudinally-oriented vessels.  

Both measures were taken using the NIH Image J length function on those vessels randomly 

selected by the grid used in point-count stereology.    

 Vasculature in human tissue:  Vascular density in the CA1, CA3, and dentate gyrus 

regions of the hippocampus was measured in previously Nissl stained tissue sections.  Images 

were viewed under a Nikon Eclipse E400 microscope (Morrell Instruments, Melville, NY) 

captured with a digital video camera into Pictureframe software and imported into the public 

access image analysis program, NIH Image J (National Institutes of Health, Bethesda, MD).  

Vascular density was measured as the proportion of area occupied by blood vessels at 40x 

magnification using area fraction as an estimate of volume fraction, which has been 

mathematically demonstrated,  by point-count stereology using a randomly-oriented acetate-grid 

overlay.    

 Glucose Transporters:  Glucose transporter 1 and glucose transporter 4 on vasculature in 

the CA1 and dentate gyrus regions of the hippocampus were measured in GLUT-1 and GLUT-4-

immunostained tissue sections.  Images were viewed under a Nikon Eclipse E400 microscope 

(Morrell Instruments, Melville, NY) captured with a digital video camera into Pictureframe 

software and imported into the public access image analysis program, NIH Image J (National 

Institutes of Health, Bethesda, MD).   GLUT-1 on vasculature was measured as the proportion of 

a randomly selected area occupied by transporters at 10x magnification by threshold technique in 
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Image J using binary settings.  GLUT-4 on vasculature was measured as the proportion of a 

randomly selected area occupied by transporters at 40x magnification by threshold technique in 

Image J using binary settings.   

 2-NBDG glucose uptake:  Glucose uptake in the CA1, CA3, and dentate gyrus areas of 

the hippocampus was measured in tissue sections of animals that have been injected with 

fluorescently-tagged 2-NBDG prior to sacrifice.  Images were viewed under a fluorescent 

microscope and captured with a digital video camera into SPOT software and imported into the 

public access image analysis program, NIH Image J (National Institutes of Health, Bethesda, 

MD).   Glucose uptake was measured as the proportion of a randomly selected area occupied by 

fluorescence at 40x magnification by threshold technique in Image J using binary settings.   

4.  Data Analysis 

 To determine if there were any statistical differences between groups, quantitative data 

was analyzed with an independent groups t-test, one-way analysis of variance (ANOVA) or a 

factorial analysis of variance (ANOVA), depending on the design of the experiment.  All 

statistical analyses were conducted using SPSS software (version 11.5) using an alpha value of 

0.05.   

Specific Methods 

Specific Aim 1:  Effect of status epilepticus on vascular morphology (density and diameter) 

in the hippocampus one month after initiating seizure event.   

Experiment 1: 

 In order to determine if there were changes in vascular morphology (density and 

diameter), animals initially received injections of pilocarpine to induce status epilepticus or 
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saline as a control as previously described (See General Methods).   The experiment consisted of 

2 groups as shown in the table below.   

 

     Group 1 N=10 Pilocarpine 

Group 2 N=14 Saline 

 

Animals were sacrificed 28 days after initial injections and tissue was perfusion fixed and 

sectioned for RECA immunostaining for vascular analysis in the hippocampus as previously 

described (See General Methods).   

Specific Aim 2: Vascular parameters in human temporal lobe epilepsy, specifically the 

hippocampus, as a comparator to the rat model of epilepsy in the temporal lobe.   

 In order to determine vascular parameters in human temporal lobe epilepsy as a 

comparator to the rat model of epilepsy, human tissue previously collected, sectioned, stained 

and mounted on gelatin coated slides was used (See General Methods).   2 groups were used as 

shown in the table below.  

Group 1 N=4 TLE 

Group 2  N=3 Control  

 

Specific Aim 3:  Effect of VEGF on vascular morphology (density and diameter) in the 

hippocampus one month after status epilepticus. 

Experiment 1:  

 To determine the effect of VEGF on vascular morphology (density and diameter) a 

cannula attached to a catheter and pump was inserted in the hippocampus containing either active 



38 

 

VEGF or inactive VEGF (See General Methods).  5 days later animals received injections of 

pilocarpine to induce status epilepticus or saline as a control as previously described (See 

General Methods).    The experiment consisted of 4 groups as shown in the table below.  

 

 

 

 

 

Animals were sacrificed 28 days after initial injections and tissue was perfusion fixed and 

sectioned for RECA immunostaining for vascular analysis in the hippocampus as previously 

described (See General Methods).   

Specific Aim 4:  To examine the effect of VEGF on glucose transport, including glucose 

uptake via transporters in the hippocampus after status epilepticus.  

Experiment 1: 

We chose to examine glucose transporter 1 as Glut-1 is predominantly localized in 

astrocytes and astrocytes may play a role in the regulation of energy supply to neurons. To 

determine the effect of VEGF on glucose transporter-1 expression, a cannula attached to a 

catheter and pump was inserted in the hippocampus containing either active VEGF or inactive 

VEGF (See General Methods).  5 days later animals received injections of pilocarpine to induce 

status epilepticus or saline as a control as previously described (See General Methods).    The 

experiment consisted of 4 groups as shown in the table below.  

 

 VEGF Inactive VEGF 

Pilocarpine  N=14 N=10 

Saline  N=10 N=14 
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Animals were sacrificed 28 days after initial injections and tissue was perfusion fixed and 

sectioned for GLUT-1 immunostaining for glucose transporter analysis in the hippocampus as 

previously described (See General Methods).  

Experiment 2: 

We chose to examine glucose transporter-4 to confirm if any changes observed in glucose 

transporter-1 expression would also be observed in other glucose transporters in the brain.  Any 

changes in Glut-4 expression would also help determine that any effects observed in transporter 

expression would not be attributed solely to the blood brain barrier. To determine the effect of 

VEGF on glucose transporter-4 expression, a cannula attached to a catheter and pump was 

inserted in the hippocampus containing either active VEGF or inactive VEGF (See General 

Methods).  5 days later animals received injections of pilocarpine to induce status epilepticus or 

saline as a control as previously described (See General Methods).    The experiment consisted of 

4 groups as shown in the table below.  

 

 

 

 

 

 VEGF Inactive VEGF  

Pilocarpine  N=9 N=9 

Saline  N=6 N=6 

 VEGF Inactive VEGF  

Pilocarpine  N=5 N=4 

Saline  N=5 N=6 
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Animals were sacrificed 28 days after initial injections and tissue was perfusion fixed and 

sectioned for GLUT-4 immunostaining for glucose transporter analysis in the hippocampus as 

previously described (See General Methods).  

Experiment 3:  

We chose to explore glucose uptake to verify the functionality of the glucose transporters. 

To explore the effect of VEGF on glucose uptake a cannula attached to a catheter and pump was 

inserted in the hippocampus containing either active VEGF or inactive VEGF (See General 

Methods).  5 days later animals received injections of pilocarpine to induce status epilepticus or 

saline as a control as previously described (See General Methods).    The experiment consisted of 

4 groups as shown in the table below.  

 

 

 

 

Animals were sacrificed 28 days after initial injections.  Animals were injected with 2-NBDG 90 

minutes prior to perfusion fixed tissue collection.  Tissue was sectioned and mounted within one 

week of perfusion fixed tissue collection for fluorescence analysis as previously described (See 

General Methods).   

 

 

 

 

 

 VEGF Inactive VEGF 

Pilocarpine  N=3 N=3 

Saline  N=3 N=2 
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Chapter 3 

Specific Aims Results 

Specific Aim One 

Effect of status epilepticus on vascular morphology (density and diameter) in the 

hippocampus one month after initiating seizure event.   

During the latent period after acute seizure activity (from 4 days to 2-4 weeks after 

seizure induction) the number, size, and complexity of microvessels has been shown to be 

increased.  Vascular density and diameter measurements were shown to be increased during this 

time period (Ndode-Ekane, et al., 2010).   Angiogenic processes increase during this period.  We 

focused on the chronic period (beginning 21-28 days after seizure induction) during which time 

spontaneous seizures develop.   

In order to determine any differences in vascular morphology in the hippocampus one 

month after initiating seizure event, the experiment consisted of two groups as shown in the table 

below. 

     Group 1 N=10 Pilocarpine 

Group 2 N=14 Saline 

 

Tissue was stained for anti-RECA-1, a vascular marker in rats, to evaluate vascular 

density and diameter analysis in the CA1, CA3, and hippocampal fissure regions of the 

hippocampus. Measurements were taken at random points across layers in CA1, CA3, and 

hippocampal fissure regions.    
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Vascular Density 

Data revealed a significantly greater mean vascular density in animals one month after 

pilocarpine-induced status epilepticus (group effect F=7.370, p<0.05, see Figure 3).  Therefore, 

there were a significantly greater numbers of vessels in the hippocampus one month after status 

epilepticus.  

 

 

Figure 3: Vascular density one month after status epilepticus. 
Graph illustrates a significantly greater amount of vascular density in the pilocarpine-induced status 

epilepticus group.  * Statistically significant difference from saline group (p<0.05), error bars are SEM  
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A.                                                                B.                                                      

                                                                                   

                                                                                                                
 

Figure 4:  CA1 of the hippocampus one month after saline or pilocarpine-induced status epilepticus  

Sections from a saline-treated (A) rat and a pilocarpine-treated (B) rat one month after status epilepticus. 

Sections were immunostained with anti-RECA-1.  An increase in vascular density is seen after 

pilocarpine-induced status epilepticus.  Scale bar = 50µm.  

 

Vascular Diameter 

 Data revealed no statistically significant differences in vascular diameter in the 

hippocampus one month after animals received pilocarpine-induced status epilepticus or saline 

(group effect F=0.816, p=0.371, see Figure 5).  Therefore, while there were a significantly 

greater number of vessels in the hippocampus one month after status epilepticus, there was no 

statistically significant change in vessel diameter, suggesting that there were more, rather than 

larger, vessels contributing to the increased vascular density.    
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Figure 5:  Vascular diameter one month after status epilepticus 

Graph illustrates no significant difference in vessel diameter in the pilocarpine-induced status epilepticus 

group and the saline group (p>0.05), error bars are SEM 

  

A.                                                               B.  

                      

                                                                                                                       
 

Figure 6:  CA1 of the hippocampus one month after saline or pilocarpine-induced status epilepticus  

Sections from a saline-treated (A) rat and a pilocarpine-treated (B) rat one month after status epilepticus. 

Sections were immunostained with anti-RECA-1. No significant increase in vascular diameter is seen 

after pilocarpine-induced status epilepticus.  Scale bar = 50µm. 
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Specific Aim 2 

Vascular parameters in human temporal lobe epilepsy, specifically the hippocampus, as a 

comparator to the rat model of epilepsy in the temporal lobe. 

 In human temporal lobe epilepsy vessel density has shown to be increased, and is often 

characterized by many complex tortuous microvessels.  Blood brain barrier permeability and 

leak occurs as well as increased inflammation in temporal lobe epilepsy.  In order to determine 

vascular parameters in human temporal lobe epilepsy as a comparator to the rat model of 

epilepsy, 2 groups were used as shown in the table below.  

Group 1 N=4 TLE 

Group 2  N=3 Control  

 

 We expected that in the rat model of temporal lobe epilepsy, vascular morphology in the 

chronic period with spontaneous seizures would be similar to vascular morphology in human 

temporal lobe epilepsy.   

 

Vascular Density 

Data revealed a significantly greater mean vascular density in humans with temporal lobe 

epilepsy compared to controls, although this effect was limited to the CA3 region of the 

hippocampus (group effects:  Hilus F(1,5)=0.304, p=0.605;  CA1 F(1,5)=0.773, p=0.420; CA3 

F(1,5)=84.396, p<0.000, overall MANOVA for group shows significantly more vessels in TLE 

than controls, p<0.02, see Figure 7).  Therefore, there were significantly more vessels in the 

hippocampus of TLE patients compared to controls. 
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Figure 7:  Vascular density in human TLE patients 

TLE patients show significantly greater vascular investment in the CA3 region of the hippocampus than 

control patients (p<0.05), error bars are SEM 

 

 

 

 

 

 

 

 

 

 

 

 

 

   * 
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Specific Aim 3: 

Effect of VEGF on vascular morphology (density and diameter) in the hippocampus one 

month after status epilepticus. 

 VEGF has been shown to mediate both angiogenesis and neuroprotection in the brain.  

Continuous intra-hippocampal infusion of VEGF has been shown to protect hippocampal 

neurons from cell death 24 hours after status epilepticus without significantly increasing vascular 

density. One month after status epilepticus, however, neuronal preservation was not sustained 

(Nicoletti et al., 2010).   Therefore, any long-term changes in vascular morphology one month 

after status epilepticus as a result of VEGF treatment would likely be the result of changes 

occurring during the initial seizure event or due to prolonged changes in excitability. To 

determine the effect of VEGF on vascular morphology (density and diameter), the experiment 

consisted of 4 groups as shown in the table below.  

 

 

 

 

  

Tissue was stained for anti-RECA-1 for vascular density and diameter analysis in the 

CA1, CA3, and hippocampal fissure regions of the hippocampus.  Measurements were taken at 

random points across layers in CA1, CA3, and hippocampal fissure regions.    

 

 

 

 VEGF Inactive VEGF 

Pilocarpine  N=14 N=10 

Saline  N=10 N=14 
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Vascular Density 

 As to whether there were long-term changes in vascular density as a results of VEGF 

treatment, data revealed a significantly greater mean vascular density in the hippocampus in 

animals one month after pilocarpine-induced status epilepticus receiving inactive VEGF 

treatment than VEGF treatment (treatment effect, F=5.665, p< 0.05, see Figure 8).   Therefore, 

there were a significantly greater number of vessels in the hippocampus one month after status 

epilepticus in the inactive VEGF treatment group than the VEGF treatment group.  

   

 

Figure 8:  VEGF effect on vascular density one month after status epilepticus 

Graph illustrates a statistically significant greater vascular density one month after status epilepticus in the 

inactive VEGF group than the VEGF group.  * statistical difference from VEGF group (p<0.05), error 

bars are SEM 
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A.    B. 

                                                       

 

 

 

 

 

 

 

 

 

   

                                                       
  C.                                                                          D. 

 

Figure 9:  CA1 of the hippocampus one month after saline or pilocarpine-induced status epilepticus 

with VEGF or inactive VEGF treatment 

Sections from an inactive VEGF-treated (A) rat one month after status epilepticus and a VEGF-treated 

(B) rat one month after status epilepticus. Controls were inactive VEGF-treated (C) with saline and 

VEGF-treated (D) with saline. All were immunostained with anti-RECA-1. Significantly greater vascular 

density is seen in the inactive VEGF-treatment after pilocarpine-induced status epilepticus.  Scale bar = 

50µm.  

 

Vascular Diameter 

 As to whether there were long-term changes in vascular diameter as a results of VEGF 

treatment, data revealed no statistically significant difference in vessel diameter one month after 

status epilepticus in animals receiving either VEGF treatment or saline treatment (treatment 

group, F=0.227, p=0.636, see Figure 10).  Therefore, while there were a significantly greater 

number of vessels in the hippocampus one month after status epilepticus in the inactive VEGF 
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group than VEGF group, there was no statistically significant change in vessel diameter with 

inactive VEGF or VEGF treatment.  In addition, there was no significant group (saline vs. 

pilocarpine) by treatment (VEGF vs. inactive VEGF) interaction.  

 

 

Figure 10:  Effect of VEGF on vascular diameter one month after status epilepticus 

Graph illustrates no statistically significant difference in vascular diameter in the VEGF treatment and 

inactive VEGF treatment groups (p>0.05), error bars are SEM  
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A.                                                              B. 

                                                                

  

                                                                
             C.                                                                   D. 

Figure 11:  CA1 of the hippocampus one month after saline or pilocarpine-induced status 

epilepticus with VEGF or inactive VEGF treatment 

Sections from an inactive VEGF-treated (A) rat one month after status epilepticus and a VEGF-treated 

(B) rat one month after status epilepticus. Controls were inactive VEGF-treated (C) with saline and 

VEGF-treated (D) with saline. All were immunostained with anti-RECA-1. No change in vascular 

diameter is seen in the inactive VEGF-treatment after pilocarpine-induced status epilepticus.  Scale bar = 

50µm.  

 

 

We also looked at seizure score to determine if there any significant differences between 

treatment groups regarding scores on the Racine seizure scale.  We found no significant 

difference between treatment groups (F=0.037, p=0.849, See Figure 12).   



52 

 

 

Figure 12: Mean seizure score 

Graph illustrates no statistically significant difference between treatment groups on mean seizure 

score, p>0.05, error bars are SEM 
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Specific Aim 4 

To examine the effect of VEGF on glucose transport, including glucose uptake via 

transporters in the hippocampus after status epilepticus 

During status epilepticus, there may be an increased need by neurons for oxygen and 

glucose, which could result in a relative hypoxic state.  This hypoxic state may lead to an 

increase in the amount of glucose uptake by astrocytic end-feet, which may play a role in 

regulation of energy supply and can result in increased metabolic load and increased vasculature.   

 VEGF is upregulated in neurons during status epilepticus and can be induced in response 

to metabolic stress.   VEGF has been shown to reduce neuronal excitability (McCloskey et al., 

2005) and may reduce the need by neurons for increased oxygen and glucose.  While this 

response is likely to occur during the initial seizure event, there may be a carryover effect that 

can be observed long-term if VEGF was able to eliminate the initial metabolic increase via 

glucose transporters. If VEGF reduces metabolic load during status epilepticus then there may be 

a reduction in the need for increased oxygen and glucose and a reduction in the amount of 

glucose uptake by glucose transporters.   A change in glucose transporter expression and the 

reduction in glucose uptake as a result of VEGF’s effect may carryover long-term if the 

metabolic increase was eliminated during the initial seizure event.   

Experiment 1 

Glucose Transporter-1 

We chose to examine glucose transporter 1 as Glut-1 is predominantly localized in 

astrocytes and astrocytes may play a role in the regulation of energy supply to neurons. To 

determine the effect of VEGF on glucose transporter-1 expression the experiment consisted of 4 

groups as shown in the table below.  
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 Tissue was stained for anti-GLUT-1 for glucose transporter analysis in the CA1 and DG 

regions of the hippocampus. Measurements were taken at random points across layers in CA1 

and DG regions.    

 As to whether there is an increase in glucose transporter-1 expression after status 

epilepticus, data revealed a statistically significant difference in glucose transporter expression in 

the hippocampus of animals receiving pilocarpine-induced status epilepticus than animals 

receiving saline one month after initial induction (group effect, F=16.332, p<0.05, see Figure 

13).  Therefore, there was a significantly greater amount of glucose transporter-1 expression in 

the hippocampus one month after status epilepticus.   

 As to the effect of VEGF on glucose transporter-1 expression, data revealed a statistically 

significant difference in glucose transporter expression one month after status epilepticus in 

animals receiving inactive VEGF treatment than VEGF treatment (treatment effect, F=13.196, 

p<0.05, see Figure 14).  Therefore, there was a significantly greater amount of glucose 

transporter-1 expression in the hippocampus one month after status epilepticus in the inactive 

VEGF treatment animals than VEGF treatment animals.   

 There was also a statistically significant group (pilocarpine vs. saline) by treatment 

(VEGF vs. inactive VEGF) interaction with a statistically significant greater amount of glucose 

 VEGF Inactive VEGF  

Pilocarpine  N=9 N=9 

Saline  N=6 N=6 
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transporter expression in the inactive VEGF treatment pilocarpine group than the VEGF 

treatment saline group (group x treatment effect, F=20.139, p<0.05, see Figure 14).  

 Data also revealed significantly greater glucose transporter-1 expression the CA1 region 

of the hippocampus than the DG region (region, F=4.870, p<0.05).    

   

 

 

Figure 13:  Glucose transporter-1 expression one month after status epilepticus 

Graph illustrates a significantly greater amount of glucose transporter expression in the pilocarpine-

induced status epilepticus group.  * Statistically significant difference from saline group (p<0.05), error 

bars are SEM 
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Figure 14:  Effect of VEGF on glucose transporter-1 expression one month after status epilepticus 

Graph illustrates significantly greater amount of glucose transporter expression in the inactive VEGF 

treatment group than the VEGF treatment group, * statistically significant from VEGF group, p<0.05  
There was also a statistically significant group (pilocarpine vs. saline) by treatment (VEGF vs. inactive 

VEGF) interaction with a statistically significant greater amount of glucose transporter expression in the 

inactive VEGF treatment pilocarpine group than the VEGF treatment saline group, * statistically 

significant from VEGF saline group (p<0.05), error bars are SEM 
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A.                                                                    B. 

                                                            
 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

                                                                
      C.                                                                    D. 

Figure 15:  GLUT-1 transporter expression in the CA1 region one month after saline or 

pilocarpine-induced status epilepticus with VEGF or inactive VEGF treatment 

Sections from an inactive VEGF-treated (A) rat one month after status epilepticus and a VEGF-treated 

(B) rat one month after status epilepticus. Controls were inactive VEGF-treated (C) with saline and 

VEGF-treated (D) with saline. All were immunostained with anti-GLUT-1. Significantly greater glucose 

transporter expression is seen in the inactive VEGF treatment group than the VEGF treatment group. 

Scale bar = 100µm 

 

 

We normalized for blood vessel density using Glut-1.  Data revealed a statistically 

significant group (pilocarpine vs. saline) by treatment (VEGF vs. inactive VEGF) interaction 

with the pilocarpine inactive VEGF group having a greater mean density than the pilocarpine 

VEGF group.  (group x treatment effect, F=7.890, p<0.05, See Figure 16).  
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Figure 16: Normalized density with Glut-1 

Graph illustrates significantly greater amount of density in the inactive VEGF treatment pilocarpine group 

than the active VEGF treatment pilocarpine group, * statistically significant from VEGF group, p<0.05, 

error bars are SEM  
 

 

 

Experiment 3 

Glucose Transporter-4 

We chose to examine glucose transporter-4 to confirm if any changes observed in glucose 

transporter-1 expression would also be observed in other glucose transporters in the brain.  Any 

changes in Glut-4 expression would also help determine that any effects observed in transporter 

expression would not be attributed solely to the blood brain barrier. To examine the effect of 

VEGF on glucose transporter-4 expression the experiment consisted of 4 groups as shown in the 

table below.  
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 Tissue was stained for anti-GLUT-4 for glucose transporter analysis in the CA1 and DG 

regions of the hippocampus. Measurements were taken at random points across layers in CA1 

and DG regions.    

 As to whether there is an increase in glucose transporter-4 expression after status 

epilepticus, data revealed a trend toward significance in glucose transporter expression in the 

hippocampus.  This suggests a slightly greater amount of glucose transporter expression in 

animals receiving pilocarpine-induced status epilepticus than animals receiving saline one month 

after initial induction (group effect, F=3.35, p=0.086).   

 As to the effect of VEGF on glucose transporter-4 expression, data revealed a statistically 

significant difference in glucose transporter expression one month after status epilepticus in 

animals receiving inactive VEGF treatment than VEGF treatment (treatment effect, F=13.46, 

p<0.05, see Figure 17).  Therefore, there was a significantly greater amount of glucose 

transporter-4 expression in the hippocampus one month after status epilepticus in the inactive 

VEGF treatment animals than VEGF treatment animals.   

 There was also a trend toward significance in the group (pilocarpine vs. saline) by 

treatment (VEGF vs. inactive VEGF) interaction.  This suggests a slightly greater amount of 

glucose transporter expression in the inactive VEGF treatment pilocarpine group than the VEGF 

treatment saline group (group x treatment effect, F=4.46, p=0.051). 

 VEGF Inactive VEGF  

Pilocarpine  N=5 N=4 

Saline  N=5 N=6 
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Figure 17:  Effect of VEGF on glucose transporter-4 expression one month after status epilepticus 

Graph illustrates significantly greater amount of glucose transporter expression in the inactive VEGF 

treatment group than the VEGF treatment group, * statistically significant from VEGF group (p<0.05), 

error bars are SEM  
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A.                                                                                 B. 

                                                    
 

 

 

 

 

 

 

 

 

 

 

                                                      
       C.                                                                                    D. 

Figure 18:  GLUT-4 transporter expression in the CA1 region one month after saline or 

pilocarpine-induced status epilepticus with VEGF or inactive VEGF treatment 

Sections from an inactive VEGF-treated (A) rat one month after status epilepticus and a VEGF-treated 

(B) rat one month after status epilepticus. Controls were inactive VEGF-treated (C) with saline and 

VEGF-treated (D) with saline. All were immunostained with anti-GLUT-4. Significantly greater glucose 

transporter expression is seen in the inactive VEGF treatment group than the VEGF treatment group. 

Scale bar = 50µm 

 

 We normalized for blood vessel density using Glut-4.  Data revealed a no statistically 

significant results for group (pilocarpine vs. saline) or treatment (VEGF vs. inactive VEGF).  

There were no significant interaction effects.  ( p>0.05, See Figure 19).  
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Figure 19: Normalized density with Glut-4 

Graph illustrates no significant difference in density in the pilocarpine x saline groups or active VEGF x 

inactive VEGF groups, p>0.05, error bars are SEM  
 

 

Experiment 3: Glucose Uptake 

We chose to explore glucose uptake to verify the functionality of the glucose transporters. 

To explore the effect of VEGF on glucose uptake, the experiment consisted of 4 groups as shown 

in the table below.  

 

 

 

 

 Animals were injected with 2-NBDG 90 minutes prior to perfusion fixed tissue 

collection.  Tissue was sectioned and mounted within one week of perfusion fixed tissue 

collection for fluorescence analysis as previously described (See General Methods).  

 VEGF Inactive VEGF 

Pilocarpine  N=3 N=3 

Saline  N=3 N=2 
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Measurements were taken at random points across layers in CA1, CA3, and DG regions of the 

hippocampus.    

 As to whether there is an increase in glucose uptake after status epilepticus,  data revealed 

a statistically significant difference in glucose uptake in the hippocampus of animals receiving 

pilocarpine-induced status epilepticus than animals receiving saline one month after initial 

induction (group effect, F=16.635, p<0.05, see Figure 20).  Therefore, there was a greater 

amount of glucose uptake in the hippocampus one month after status epilepticus.   

 As to the effect of VEGF on glucose uptake, data revealed no statistically significant 

difference in glucose uptake one month after status epilepticus in animals receiving either VEGF 

treatment or inactive VEGF treatment (treatment group, F=0.355, p=0.57, see Figure 21).  

Therefore, while there was a greater amount of glucose uptake in the hippocampus one month 

after status epilepticus there was no significant change with VEGF added.   

 There was a significant treatment (VEGF vs. inactive VEGF) by group (saline vs. 

pilocarpine) interaction with a statistically significant greater amount of glucose uptake in the 

inactive VEGF treatment pilocarpine group than the VEGF treatment saline group (group x 

treatment interaction, F=6.668, p<0.05, see Figure 21).   
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Figure 20:  Glucose uptake one month after status epilepticus 

Graph illustrates a significantly greater amount of glucose uptake in the pilocarpine-induced status 

epilepticus group.  * Statistically significant difference from saline group (p<0.05), error bars are SEM 

 

 

 

Figure 21:  Effect of VEGF on glucose uptake one month after status epilepticus 

Graph illustrates significantly greater amount of glucose uptake in the inactive VEGF treatment 

pilocarpine group than the VEGF treatment saline group (p<0.05), error bars are SEM 
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A.                                                                    B. 

                                                          
 

 

 

 

 

 

 

 

 

 

 

                                                                                                                                            

                                                          
    C.                                                                      D. 

Figure 22:  Glucose uptake in CA1 region one month after status epilepticus 

Sections from an inactive VEGF-treated (A) rat one month after status epilepticus and a VEGF-treated 

(B) rat one month after status epilepticus. Controls were inactive VEGF-treated (C) with saline and 

VEGF-treated (D) with saline. All injected with 2-NBDG fluorescent glucose marker.  Significantly 

greater glucose uptake is seen in the inactive VEGF-treated pilocarpine group. Scale bar = 50µm 
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Chapter 4 

Discussion 

Overview  

 Vascular morphological changes, angiogenesis, inflammation, and blood brain barrier 

damage may contribute to epileptogenesis in both experimental and human epilepsy and these 

changes may be pathogenic. Vessels may increase in density and size, vessels may become more 

tortuous, and there may be an increase in vascular permeability. Our results have shown 

significant changes in vascular density in both human epilepsy and in animals assessed one 

month after status epilepticus.  Growth factors and cytokines that are known to act on vascular 

cells, such as vascular endothelial growth factor, may play a role in these vascular changes in 

epilepsy.   

 In epilepsy, vascular endothelial growth factor (VEGF) may alter vascular parameters 

with the potential to impact brain function.  VEGF has also been shown to protect neurons from 

cell death. In epilepsy, our results have shown a lower mean vascular density in experimental 

groups receiving active VEGF than experimental groups receiving inactive VEGF.  This might 

seem to be counterintuitive given VEGF's well-known role as a pro-angiogenic factor, but given 

that VEGF receptors are dramatically upregulated on neurons and glial cells after epilepsy 

(Nicoletti et al., 2008), VEGF's effects could be more potent on these cell types than on 

vasculature in this context.  That is, the neural cells could become a "sink" for VEGF binding in 

the context of epilepsy, so that parameters of the vasculature could be more driven by neural 

activity than direct effects of VEGF on vascular VEGF receptors.  One component of VEGF’s 

neuroprotective action on neural cells could be in decreasing electrical or metabolic activity 

during or after seizures, as suggested by ex vivo work (McCloskey et al., 2005).   



67 

 

 During epileptic events the brain becomes more active and as a result requires more 

energy.  Changes in glucose metabolism or glucose transport may occur because neurons require 

more glucose and oxygen as well as more blood supply when metabolic activity is increased.   

Our results have shown a significantly greater mean glucose uptake and glucose transporter-1 

expression in pilocarpine-treated experimental groups (seized groups) than in saline-treated 

controls. Results have also shown greater mean glucose transporter-1 and glucose transporter-4 

expression in experimental groups receiving inactive VEGF than in experimental groups 

receiving active VEGF.  

Vasculature after status epilepticus 

 We found that there was a significantly greater mean density of blood vessels in the 

hippocampus one month after status epilepticus relative to in normal animals, and also in CA3 of 

human TLE patients relative to human controls.  These results are consistent with literature that 

has shown high blood vessel density associated with high seizure frequency and an increase in 

microvessel density in rats that developed spontaneous seizures (Rigau et al., 2007; Marcon et 

al., 2009).  Measurements of vascular diameter were used to elucidate whether changes in 

vascular density were caused by increased vascular size or increased number of blood vessels in 

our seized rats.  We found no significant change in vascular diameter, suggesting that there were 

more blood vessels present in the hippocampus rather than larger blood vessels.  Although we 

found no significant change in vascular diameter, previous research (Ndode-Ekane et al., 2010) 

has found significant vessel length increase 2 weeks post status epilepticus.  This suggests there 

are longer term morphological changes including density and diameter occurring.   

 A greater number of blood vessels present after status epilepticus may be due to an 

angiogenic process designed to attract more blood vessels, or possibly make blood vessels more 
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tortuous.  This process might begin at the initial insult of seizure activity and then be sustained 

throughout the one month period after the initial insult, particularly given that earlier work from 

our laboratory showed increased vascular density in the first week after status epilepticus 

(Nicoletti et al., 2008). Therefore, the greater vessel density we observed one month after status 

could be the result of chronic angiogenesis; however, there is no direct evidence to support this 

idea.  One alternative explanation is that the vessels formed in the first week after status matured 

and stabilized, becoming relatively permanent. Another alternate explanation is de novo 

angiogenesis.  Spontaneous seizure activity has been reported to begin to occur in the rat model 

of epilepsy one month after initial insult.  Therefore, a resulting increase in vessel density may be 

due to an angiogenic process that is activated by new spontaneous seizures, and the vessels 

developed during this process would therefore be new.  If spontaneous epileptic activity is 

leading to an increase in metabolic need and hyperexcitability in the neurons and other cells of 

the brain, then a greater vascular supply would be needed and the angiogenic process would 

occur in order to attract more blood vessels to deliver additional glucose and oxygen to these 

overactive brain regions.   

 The greater amount of vascular density observed could be attributable to hippocampal 

shrinkage.  A loss of hippocampal volume could lead to an observation of a greater amount of 

vessels present in a given area.  However, it seems unlikely vessel density is the result of 

hippocampal shrinkage.  Nicoletti et al., 2008 showed a reduction in neuronal cells 24 hours after 

seizure induction compared to controls with hippocampal volume between both groups 

remaining equal.  Nicoletti et al., 2010 also showed no significant difference in hippocampal 

volume between status epilepticus control and status epilepticus VEGF groups at one month.  
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The one month time point is the same time point we measured, therefore, it has already been 

shown there is no change in hippocampal volume at the one month time point.    

 While vascular changes have been reported in epileptic rats, literature has also shown 

vascular changes in human temporal lobe epilepsy tissue.  Literature has shown greater blood 

vessel density in human temporal lobe epilepsy hippocampal tissue compared to that of non-

epileptic hippocampal tissue (Rigau et al., 2007). In our examination of human temporal lobe 

epilepsy tissue, we were able to confirm this increase in blood vessel density, albeit only at a 

statistically significant level in the CA3 region.  Unlike the rat tissue used which was in the early 

stages of epilepsy, the only human tissue available was from individuals with severe refractive 

chronic temporal lobe epilepsy, making direct comparisons between our rat and human tissue 

difficult.  

VEGF’s effect on vasculature after status epilepticus 

 VEGF has been shown to protect neurons 24 hours after initial seizure insult (Nicoletti et 

al., 2008), however, this neuroprotection was not sustained one month after the initial insult 

(Nicoletti et al., 2010).  Behavioral function has been shown to be preserved long term by VEGF 

after seizures (Nicoletti et al., 2010).  As for vascular changes, 24 hours after initial seizure insult 

VEGF treatment has not been shown to induce any changes in vascular density as reported by 

Nicoletti et al. (2008).  This does not rule out the possibility that VEGF does have an effect on 

vascular parameters long term.   

 The reduced mean vascular density for the VEGF group that we observed one month 

after status could be the result of VEGF’s neuroprotective effect, as VEGF has been shown to 

protect hippocampal neurons against glutamate excitotoxicity (Matsuzaki et al., 2001).  VEGF 

has also been shown to significantly decrease circuit excitability when applied to hippocampal 
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slices suggesting that VEGF could be decreasing electrical activity during or after seizures 

(McCloskey et al., 2005).  Decreased electrical activity is likely to translate to decreased 

metabolic activity, thereby leading to a decreased need for oxygen and glucose and therefore less 

need for more blood vessels.   

 VEGF is a potent angiogenic factor (Carmeliet & Storkebaum, 2002), therefore, its 

infusion would be expected to induce an increase in vascular density or diameter in the 

hippocampus.  However, in the current study exogenous VEGF was no longer present one month 

after status epilepticus.  Rather, it had only been present for five days before and a week and a 

half after status.  Therefore, acute effects normally associated with VEGF would not have been 

expected in our experiment.  Of course, the lack of effect of VEGF on vascular density reported 

24 hours after status epilepticus when exogenous VEGF was still present suggests that increased 

vascular density is not necessarily a given after administration of exogenous VEGF, particularly 

at the sub-angiogenic doses defined in earlier work (Croll et al., 2004) and then used in our 

experiments (see Nicoletti et al., 2008). Although we know that VEGF receptors were increased 

on neurons and glia in the first few days after seizures, it's possible that this “sink” for VEGF 

could have been present throughout our entire infusion period.  Additional experiments would be 

needed to further assess this possibility.      

 Although the acute neuroprotective effects of VEGF do not last over time, the report of 

sustained functional improvement by VEGF is intriguing (Nicoletti et al., 2010).  It is unclear if 

the early protective changes as a result of VEGF treatment are only on neurons or are also on 

vasculature or vascular changes.  It seems more likely that the entire hippocampal system is 

involved and that interaction between systems (i.e. between neurons, vasculature, glia, etc.) 

could be involved in the effects of VEGF over time.  In terms of vasculature, one could propose 
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that the effect of early VEGF treatment in reducing the number of vessels long-term may result if 

VEGF initially quiets the system, thereby preventing post-status plasticity and the resultant 

development of recurrent excitation.  That is, VEGF may have the effect of quieting neuronal 

excitability and preventing recurrent excitation over time, perhaps preventing the development of 

the chronic epileptic state.   There is, however, no evidence that VEGF alters the severity of the 

initial status epilepticus insult.  It would be of great value if treatment with VEGF during the 

latent period following an acute, initiating seizure event could prevent the establishment of all 

changes leading to or associated with the development of chronic epilepsy.  More work will need 

to be done to determine if this possibility is indeed a major contributor to our results. 

Glucose transport 

 If VEGF is suppressing metabolic activity during or after status epilepticus, and therefore 

preventing seizure-induced increases in vascular density, one might expect a corresponding 

dampening effect on glucose uptake and glucose transport.  Increased vasculature as a result of 

seizures may be supporting an increase in glucose utilization that VEGF can then prevent.   

 We examined glucose transporter expression and glucose uptake one month after status 

epilepticus.  We found a significantly greater amount of glucose transporter-1 (Glut-1) 

expression in the hippocampus one month after pilocarpine-induced status epilepticus relative to 

one month after control injections of saline. We also found a statistical trend toward a greater 

amount of glucose transporter-4 (Glut-4) expression in the hippocampus one month after status 

epilepticus. These findings support the idea that increased metabolic activity as a result of status 

epilepticus results in an increase in glucose transporter expression. This interpretation is also 

supported by our finding of a significantly greater amount of glucose uptake into the 

hippocampus one month after status epilepticus compared to one month after saline injection.  
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This finding suggests that the increase in glucose transporter expression is present to mediate an 

increase of glucose to the more metabolically active seized hippocampus.  

It is possible the increase in hippocampal glucose uptake could be attributed to increases 

in blood perfusion through vasculature, perhaps due to changes in vascular tortuosity. We 

examined tissue histologically for evidence of poor tissue perfusion (eg. trapped red blood cells, 

etc.), and found when visually observed, that there were no differences between the treatment 

groups in poor perfusion-related findings such as pooled red blood cells  

When looking at VEGF treatment, we also found a significantly lower amount of glucose 

transporter-1 and glucose transporter-4 expression in the VEGF group compared to the animals 

treated with inactivated VEGF as a control.  This supports the idea that increased VEGF during 

and shortly after status epilepticus led to a quieting of metabolic activity resulting in less 

transporter expression long-term.  

It is possible, of course, that VEGF suppressed actual baseline metabolic activity 

necessary for normal neuronal function.  However, there would likely be hypoxic damage as a 

result of VEGF causing decreases in glucose levels below that necessary for normal activity to 

occur.  If VEGF directly suppresses the metabolic activity of the epileptic hippocampus it could 

explain why the ketogenic diet works in quieting seizure activity.   We would have expected to 

see a decrease in the active VEGF saline group if exogenous VEGF alone suppressed baseline 

metabolic activity, but our data did not show a decrease in this group.   However, we do not have 

data to demonstrate whether or not VEGF acutely decreases the metabolic activity of the 

epileptic hippocampus, because our animals no longer had VEGF treatment at the time points we 

studied.  Future work studying acute effects of VEGF on chronic epilepsy, rather than the effects 

of early VEGF on later epilepsy, would be necessary to answer this question. 
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Conclusions 

 Our finding of lower vascular density in the hippocampus of post-status animals who had 

received early VEGF treatment versus those who hadn't suggests that VEGF may alter vascular 

parameters, and these changes can be observed even when exogenous VEGF is no longer 

present.  VEGF could have played a role in reducing the severity of the initial status epilepticus, 

however, this was not observed behaviorally. There are, perhaps, differences in electrical activity 

between animals receiving active VEGF and animals receiving inactive VEGF during initial 

status epilepticus, which in future research could be measured using EEG technology. 

McCloskey et al. (2005) demonstrated in vitro, VEGF administration to hippocampal slices 

decreases neuronal excitability of neurons.  Nicoletti et al. (2004) observed in vivo; animals 

treated with VEGF exhibited behaviorally less severe seizures. In our current work it was 

observed behaviorally that animals treated with VEGF seemed to exhibit less severe seizures 

long term.  EEG could determine if VEGF reduced the severity of the initial electrographic status 

epileticus event.   

 Although the exogenous VEGF did not stop or diminish the initial status epilepticus 

event, as observed behaviorally, it is possible that VEGF prevented long term vascular 

remodeling, and that this prevention of abnormal vasculature could have contributed to the 

preservation of function seen long term.  While Nicoletti et al. (2010) did not find long term 

neuronal preservation with VEGF, they did find long term preservation of behavioral function.   

If VEGF is preventing long term vascular remodeling and preventing eventual epileptogenesis 

from occurring, then this effect could contribute to why behavioral function is preserved.   

 We do not know if VEGF is preventing vascular remodeling during the latent phase 

between the initial status epilepticus event and the period one month later, although our results 
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support that it may.  Future research would be necessary to see if there are any vascular changes 

with VEGF observed during the period between initial status epilepticus and one month.  These 

results could lend further support to the idea that VEGF is preventing initial vascular remodeling.   

  Along with possibly preventing vascular remodeling, VEGF may also be decreasing 

metabolic or electrical activity during or after status epilepticus that could also contribute to 

long-term preservation of function.  Our findings may support this as glucose transport was 

shown to be greater without VEGF treatment present. Increased glucose transporter expression 

suggests glucose transporters may be accommodating for an increased need for oxygen and 

glucose during status epilepticus and an increase in vasculature, which we also observed. There 

is also evidence to support that increased glucose levels can contribute to an increase in damage 

during a cerebral insult, specifically in cerebral ischemia. Severe hyperglycemia (>400mg/dl) has 

been shown to be associated with increased volume of blocked and damaged tissue (Duverger & 

MacKenzie, 1988).  It is possible that increased glucose levels during status epilepticus could be 

associated with increased damage in hippocampal tissue and that VEGF may prevent eventual 

damage by preventing the increase in glucose levels.  A possible mechanism of VEGF’s 

neuroprotection could be decreasing glucose transporter expression which could in turn decrease 

metabolic capacity of the tissue, making the region non-permissive for increased metabolic and 

excitatory activity.  

Overall reduction in metabolic or electrical activity by VEGF could contribute in 

preventing vascular remodeling by reducing the need for more blood vessels.  While our current 

research suggests overall reduction of metabolic activity by VEGF, as supported by our results of 

glucose transporter expression and glucose uptake levels at one month, it is unclear how soon 

after the initial status epilepticus event these changes occur.  It would be necessary to measure 
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glucose transporter expression and glucose uptake at varying time points between the initial 

status epilepticus event and one month in order to lend greater support that VEGF is reducing 

metabolic activity during the time frame that initial vascular remodeling may be occurring thus 

possibly preventing epileptogenesis from occurring.   

 Even if VEGF is not preventing vascular remodeling or preventing epileptogenesis, the 

current research has shown that early VEGF is still having a long-term effect on vasculature and 

metabolic activity.  The effects of VEGF long term shown here on vasculature and metabolic 

activity coupled with results from Nicoletti et al. (2010) of long term preservation of behavior 

lends strong support to the idea that VEGF does have some long term protective effect after 

status epilepticus.  If the vasculature or metabolic system is not the mechanism by which VEGF 

is generating the protective effects, VEGF is still having an impact long term on these systems.  

VEGF may be producing its effects by decreasing activity in the overall system of the brain.  

VEGF may also be directly generating its effects through astrocytes, which through a cascade 

effect lead to the changes seen in metabolic activity and vasculature.  That is, VEGF's effects on 

metabolism may be indirect. 

While it is necessary to determine how long after the initial event these effects start to 

occur it is also necessary to determine if these effects persist beyond one month, to three months 

or six months.  Not only would it be necessary to determine if the effects persist beyond one 

month, but it would also be necessary to determine whether VEGF given acutely after an initial 

insult, unlike what is shown in the current experiments, would produce the same long term 

effects. This would be crucial to help determine VEGF’s long term efficacy as a potential 

treatment for chronic epilepsy.  If VEGF could prevent long term changes after seizures, it could 

potentially be used as an anti-epileptogenic, or as an aid to prevent the progression of epilepsy 
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from a more mild to a more severe form.  Future research will be necessary to determine whether 

VEGF carries promise as an anti-epileptogenic therapeutic. 
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