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ABSTRACT 

 

Cerebral Palsy (CP) is an umbrella term that describes abnormal motor movements 

that is caused by damage in the brain and, depending on the region(s) of the brain affected, 

can cause additional deficits. Roughly 30-50% of children with CP also have co-morbid 

cognitive impairments. The underlying insults that cause brain damage in CP are not fully 

understood. Research has shown that neonatal hypoxia-ischemia combined with 

intrauterine infection are the most common underlying causes of white matter damage 

(periventricular leukomalacia) and CP. Most research to date has focused on the role of 

oligodendrocytes due to the correlation of PVL (oligodendrocyte loss) and the development 

of CP. However, although oligodendrocyte loss is the prevalent brain damage noted in CP, 

this research has not lead to a cure; therefore, our focus has shifted toward a different cell 

type: astrocytes. Astrocytes maintain glutamate homeostasis through the sodium-

dependent glutamate transporters, primarily GLT-1, protecting the neurons in the brain 

from excitotoxic injury.  

Our hypothesis is that underlying cellular changes, beginning with loss of 

astrocytes and their glutamate uptake functions through GLT-1, sets the stage for the 

development of CP, including: periventricular leukomalacia, neuronal cell death, and 

motor and cognitive deficits. To test our hypothesis, we use a neonatal mouse model of CP 

that combines hypoxia, ischemia, and inflammation to induce PVL and neuronal death.  

 Using a battery of neonatal motor tests 48 hours after injury, mice with CP show 

significant motor deficits compared to shams. Additionally, adult mice with CP display 

motor deficits, indicating that this model has long lasting motor deficits and is an 
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appropriate model to study CP. Interestingly, adult mice also display cognitive deficits, the 

most common co-morbid condition associated with CP  

Our preliminary data suggest a 6-8%, decrease in astrocytes in the ipsilateral 

hippocampus as early as six hours after injury and persists up to 24 hours. Similarly, there 

is a decrease in GLT-1 function 24 hours after injury. Interestingly, GLT-1 protein 

expression is not decreased in CP mice until 72 hours following injury, indicating that 

increased GLT-1 protein is not an early contributing factor in the observed functional 

changes. Neuronal cell damage is apparent 12 hours after injury and peaking at 18 hours; 

however, apoptosis begins 24 hours after injury, indicating that signs of neuron injury are 

delayed. To determine white matter injury, we examined two different white matter tracts: 

the corpus callosum and the pyramids in the brainstem. In both of these major white matter 

structures, examined in adulthood, volume is decreased.   

 Beta-lactam compounds are known to increase GLT-1 expression and function and 

are neuroprotective in injury models. Furthermore, they may offer a therapeutic treatment 

for CP. We show that MC-100093 (093), an experimental beta-lactam developed by our 

colleagues, and clavulanic acid (CA), a FDA-approved beta-lactam, can increase GLT-1 

transporter activity and protein expression in our CP model, reduce early neuron damage 

and death, and improve the brainstem pyramid volume loss seen in the adult after injury. 

In addition to improved cellular outcomes, drug treatment improved behavioral deficits. 

Neonatal CP mice have improved motor abilities and adult CP mice have improved motor 

and cognitive skills. These results show that the loss of astrocytes and glutamate uptake 

through GLT-1 play a role in CP pathophysiology and that beta-lactams may offer a viable 

treatment option following CP insults.   
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CHAPTER 1 

INTRODUCTION 

 

History of Cerebral Palsy 

Cerebral palsy (CP) was first described in the 1860s by Dr. William Little. Dr. Little 

correlated complicated births and deliveries as well as asphyxia with motor disorders 

including spasticity and rigidity (1). However, in 1893, Dr. Sigmund Freud believed that 

prenatal factors (not peri- or postnatal complications as hypothesized by Dr. Little) 

contributed to the development of CP. Dr. Freud hypothesized that a difficult birth is 

caused by a disruption to brain development in the womb (2). It would be over 100 years 

before Dr. Freud’s hypothesis would be widely accepted in the medical field. In 1993, a 

US-population based study found that congenital CP was more prevalent than acquired CP 

in children (3). In addition, two separate population based studies found that the incidence 

of CP increased with decreasing gestational age (4,5), suggesting that CP most often occurs 

during gestational development. Therefore, it is now believed that the majority of CP cases 

occur in utero.  

 

Cerebral Palsy Symptoms and Co-Morbid Conditions 

 Individuals with CP exhibit a wide variety of abnormal movements causing 

difficulty with fine and gross motor skills, such as hand preference and grasping, buttoning 

a shirt, or writing, and problems coordinating limb movement. In addition to motor 

disabilities, at least 40% of children with CP have some form of cognitive impairment that 

ranges from mild to severe (3,6,7). In fact, cognitive impairment is the most common co-
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morbid deficit associated with CP. Many patients with CP also experience associated 

psychological disorders, which range from social interaction impairments to anxiety and 

depression (7–9).  

 

Neuropathological Hallmarks of Cerebral Palsy 

There are two major neuropathological hallmarks of CP: cerebral dysgenesis (CD) 

and periventricular leukomalacia (PVL). A systematic review of the literature notes that 

only 10% of CP patients have CD, as detected with magnetic resonance imaging (MRI) 

(10). However, white matter damage or PVL is the most common pathological finding in 

children with CP (10). 

Clinically and epidemiologically, PVL is the most recognizable hallmark of CP 

(10). PVL typically occurs during the third trimester, when white matter is especially 

vulnerable to insults (11). One study found that PVL, detected by cerebral ultrasound, most 

commonly occurs in premature infants between 27-30 weeks of gestation (12). Three 

physiologic features of the immature brain make it vulnerable to insults causing white 

matter injury and PVL (13,14). First, the vascular supply to cerebral white matter is not 

well developed (15,16). This causes the cerebral blood flow (CBF) in white matter regions 

of the preterm infant to be around 5mL/100g/minute (17), which is far below the adult 

threshold of white matter viability of 15mL/100g/minute (18). Low CBF in the preterm 

brain is due to undeveloped anastomoses between the short and long vessels penetrating 

the periventricular white matter, which increase in the third trimester and post-term. 

Although the white matter in the preterm infant can survive low levels of blood flow, any 

perinatal insults leading to cerebral hypoperfusion, such as ischemia, causes white matter 
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distal from blood vessels to be highly vulnerable. Second, the immature infant has impaired 

cerebral blood flow regulation in response to changes in blood pressure (19,20). Part of 

this limited autoregulation is due to the absence of muscle in cerebral arterioles (21), which 

allows for arteriolar dilation and constriction. Thus, the normal range of arteriole pressure 

in preterm infants is narrow and decreases in systemic blood pressure are not well 

regulated. Third, the maturation state of immature oligodendrocytes appears to play a role 

in the development of PVL (22). In the third trimester, immature pre-myelinating 

oligodendrocytes (pre-OLs) are the predominant white matter cell type developing in the 

human brain while mature, myelinating oligodendrocyte numbers are still low (22). Pre-

OLs are highly vulnerable to free radical attack as well receptor- and nonreceptor-mediated 

glutamate excitotoxicity (as reviewed in (13)), which is not seen in mature 

oligodendrocytes. Thus, the physiology of the white matter regions of the brain leave 

oligodendrocytes vulnerable to CP pathogenesis and PVL development; however, years of 

oligodendrocyte and white matter research has not reduced the incidence of CP.  

 

Causes of Periventricular Leukomalacia and Cerebral Palsy 

Hypoxia-ischemia 

Hypoxia-ischemia (HI) can be caused by maternal or neonatal risk factors, 

including birth asphyxia, fetal or neonatal strokes, or maternal infection (23,24). However, 

early clinical studies (25–27) and a multi-variant analysis of the literature (28) show that 

birth asphyxia accounts for very few CP cases. On the other hand, it is thought that perinatal 

stroke, leading to HI in the developing brain, is a major cause of CP (29). A 2005 case-

controlled study found that perinatal stroke (reported as a stroke that happens in utero or 
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up to 28 days after birth) occurs in 20 of every 100,000 births (30) and a retrospective study 

found that 58% of neonates with perinatal stroke were subsequently diagnosed with CP 

(31). By comparing the incidence of stroke in the perinatal and antenatal periods, Wu and 

colleagues determined that an HI event is 17 times more likely to occur during perinatal 

development than during childhood (32), meaning the immature, developing brain is far 

more vulnerable to HI than the mature brain.  

After HI injury in animal models, glutamate is increased in the extracellular space 

(33) and persists in the damaged regions for a pro-longed period of time (34), possibly due 

to increased release of glutamate from presynaptic neurons or inhibited uptake of glutamate 

into astrocytes. High levels of extracellular glutamate can lead to overstimulation of 

glutamate receptors on neurons and immature oligodendrocytes, leading to excitotoxic cell 

death. To further implicate glutamate toxicity as a mechanism of cell loss in CP, mice were 

injected with ibotenate, a glutamatergic agonist, and a progressive loss of pre-

oligodendrocytes and an increase in white matter lesion size was found (35). Ibotenate 

administration in neonatal rats induces cortical neuron loss, PVL, and increased ventricle 

dilation, all of which can be reduced with a glutamate receptor antagonist (36). Glutamate 

neurotoxicity was further implicated in the development of PVL by the administration of 

glutamate receptor antagonists to neonatal rats following HI insults (37–39). In these 

studies, the antagonists reduced gray and white matter damage. These results indicate that 

glutamate excitotoxicity may play a role in the development of HI induced PVL.  

Infection and inflammation 

Intrauterine infections (IUI) are one of the most prevalent insults during pregnancy 

and can lead to PVL in the infant (40). As early as 1955, Eastman and DeLeon reported a 



 

5 
 

seven-fold increase in the risk of CP when mothers presented with intrapartum fever (41). 

Intrauterine exposure to placental inflammation or to maternal infection were significantly 

correlated to the development of spastic CP (42) and maternal infection before or during 

pregnancy increased the risk of the infant developing CP (43). IUIs associated with 

congenital CP include chorioamnionitis, bacterial vaginosis, and urinary tract infections, 

as well as group B streptococcus, and Escherichia coli (23,44). Therefore, it is clear that 

infection and inflammation play a role in the development of CP. 

Two human studies of neonates with PVL, showed that maternal infection lead to 

increased pro-inflammatory cytokine levels in umbilical cord blood or amniotic fluid 

(45,46). In addition, a postmortem case study of 22 human brains with PVL demonstrated 

increased immunohistochemical staining of pro-inflammatory cytokines in neurons of the 

hippocampus and cortex and, in one brain with astrogliosis, increased cytokines were noted 

in astrocytes (47). Furthermore, animal models support the human data. Pregnant rats, 

exposed to LPS, had pups with increased inflammatory cytokines in whole brain 

homogenates, increased apoptotic oligodendrocyte death, and decreased myelination (48). 

Lambs from LPS injected ewes showed similar patterns of damage (49,50). It appears that 

the mechanism by which infection causes PVL is through an increase in pro-inflammatory 

cytokines, which injure the developing brain.  

 

A Role for Astrocytes Immediately Following Cerebral Palsy Insults 

With research showing the role of glutamate excitotoxicity and cytokine-induced 

cell death of neurons and oligodendrocytes following neonatal HI and infection, identifying 

the status of astrocytes and their functions early after insults are important. Astrocytes are 



 

6 
 

responsible for many supportive functions in the central nervous system (CNS) (51). 

Among their roles, astrocytes provide ion balance, participate in synapse function, and 

maintain glutamate homeostasis, which are all very important for gray and white matter 

health. An early loss of astrocytes may cause the neonatal brain to lose the neurotrophic, 

ionic, and glutamatergic regulation normally provided by these cells after injury, leaving 

oligodendrocytes and neurons more susceptible to CP insults (Figure 1.1).  

Soon after HI brain injury in the adult, astrocytes become reactive and undergo 

astrogliosis, or go through an increase in the number of cells and cell body size. However, 

in the neonate, HI first causes significant glial fibrillary acidic protein (GFAP)-positive 

astrocyte loss followed by delayed astrogliosis (52). In the rat, both GFAP and vimentin-

positive astrocytes were lost after HI (52). In the neonatal brain of both humans and rats, 

apoptosis of at least 50% of GFAP and vimentin-positive astrocytes were noted early 

following HI insults (53). Studies of permanent and transient models of HI demonstrate 

decreased GFAP-reactive astrocytes early after injury, which precedes neuronal death 

(54,55). In addition, reversible neuron damage is noted within the first 16-22 hours after 

HI injury with irreversible damage increasing from 4-46 hours after injury (56). These 

studies suggest that astrocyte loss precedes neuron and oligodendrocyte damage and 

indicate that a critical period of astrocyte demise within the first 24-48 hours, which may 

cause neuron and oligodendrocyte vulnerability and death. 

In our neonatal mouse model of CP where HI and inflammation are combined, 

astrogliosis peaks 96 hours after injury and mirrors PLV (57) and hippocampal neuronal 

damage (58); however, early astrocyte loss was not studied. Astrocytes in the neonatal 

brain may decrease early after CP insults and precede PVL injury, neuron loss, and 
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astrogliosis (Figure 1.1). The loss of astrocytes and their functions may cause an early 

critical window in which the extracellular environment becomes toxic to neurons and 

oligodendrocytes. In addition to astrocyte loss, this critical window may indicate a 

treatment time frame to address the loss of astrocytic functions to prevent neuron and 

oligodendrocyte loss. 
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Figure 1.1. Astrocytes are lost early after neonatal insults. Astrocytes are the 
supportive cells in the brain. Among many roles, they provide energy support to nerve 
cells, maintain the extracellular ion balance, and provide glutamate removal from the 
synaptic cleft. When hypoxic-ischemic injury occurs in neonates, there is an early loss 
of astrocytes followed by delayed neuronal apoptosis and death of oligodendrocytes.  
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The Role of Glutamate 

Glutamate is the most abundant excitatory neurotransmitter in the mammalian 

brain. Glutamate concentrations in the brain are approximately 5-15mmol per kg of wet 

weight, but most of the glutamate is intracellular (59). Extracellular concentrations of 

glutamate are kept around 3-4µM and, therefore, concentration gradients across the 

plasma membrane are several thousand-fold with the highest concentrations in nerve 

terminals (60). It is estimated that the concentration of glutamate at the synapse can 

increase to the millimolar range following synaptic release of glutamate (60). Excess 

glutamate release, as seen following HI or other neurological insults, can cause PVL (61), 

a neuropathological hallmark of CP.  Excess glutamate can cause overstimulation of 

glutamate receptors, known as excitotoxicity, leading to increases in intracellular 

calcium, activation of proteases and caspases, and cell death, by apoptosis (62). 

Glutamate receptors 

During development, both α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 

acid (AMPA) and N-methyl-D-aspartate (NMDA) glutamate receptors are present on 

neurons and, to a lesser extent, oligodendrocytes. In the mature brain, AMPA receptors 

are calcium-impermeable because of a glutamate receptor subunit 2 (GluR2) that is 

highly expressed. However, in the immature brain, AMPA receptors are more calcium 

permeable due to lower GluR2 subunit expression (63). Also, calcium ion (Ca2+)-

permeable NMDA receptor expression is at its highest in the developing brain of both 

rodents (post-natal day 7) (64) and humans (26 weeks to term) (65), during the time-

period when CP is thought to occur in utero. Because glutamate stimulates both the 

AMPA and NMDA receptors, a glutamate-induced increase in intracellular Ca2+ occurs, 
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which, under pathological conditions, can contribute to cell death (61), primarily through 

caspase-activated cell death (66). 

The glutamatergic synapse 

The maintenance of extracellular glutamate concentrations is important for synaptic 

transmission and prevention of neurotoxicity. In addition, glutamate uptake is the only way 

to remove glutamate from the synapse or extracellular space to prevent exicitotoxicity. 

Under normal conditions, glutamate is released from the pre-synaptic neurons and 

stimulates the glutamate receptors located on the post-synaptic neuron and, to a lesser 

extent, pre-OLs. Extracellular glutamate is removed by glutamate transporters, mainly 

located on astrocytes (Figure 1.2a). Under HI conditions, excess glutamate is released from 

the pre-synaptic neuron and the high-affinity glutamate transporters, which are dependent 

on the sodium gradient, remove glutamate from the synapse by coupling the favorable 

transport of ions to the unfavorable transport of glutamate (Figure 1.2b). Thus, the 

glutamate transporters are coupled to the Na,K-ATPase, which requires adenosine 

triphosphate (ATP) to maintain the ion concentrations in and out of the cell. However, As 

the ATP-dependent pumps begin to fail due to the loss of glucose, the sodium gradient 

breaks down and the transporters stop working, leaving even more glutamate in the 

synaptic cleft. The excess glutamate causes overstimulation of the post-synaptic glutamate 

receptors on neurons and pre-OLs, leading to cell death.  

Once in the astrocyte, glutamate is converted to glutamine via the glutamate-

glutamine cycle by glutamine synthetase (60,67,68). Glutamine is not a neurotransmitter, 

therefore, it does not activate glutamate receptors and can be transported back to the pre-
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synaptic neuron at high concentrations (69,70) for glutamate recycling (71). 

Glutamatergic neurons express glutamine transporters (72–74). 

Glutamate transporters 

To date, five sodium dependent glutamate transporters have been cloned in human 

and mouse: excitatory amino acid transporter (EAAT) 1-5. The glutamate aspartate 

transporter (GLAST in mice, EAAT1 in humans) and glutamate transporter 1 (GLT-1 in 

mice and EAAT2 in humans) are primarily found on glia cells and are the most abundant 

in the brain (75,76). Specifically, GLT-1 is the predominant astrocytic glutamate 

transporter in the mammalian forebrain, accounting for 90% of glutamate uptake (77). 

Since GLT-1 is the predominant glutamate transporter in the cerebrum and accounts for 

the majority of glutamate clearance, it will be the focus of our research. GLAST is more 

predominant in the cerebellum (60). Excitatory amino acid carrier 1 (EAAC1), or EAAT3 

in humans, is expressed on neurons (75), primarily the post-synaptic neuron of a 

glutamatergic synapse, and oligodendrocytes (78). Rodent studies suggest that the 

glutamate clearance of EAAC1 is negligible compared to that of GLT-1 (79). EAAT4 is 

also a neuronal glutamate transporter, however, it is located on Purkinje cells in the 

cerebellum of mammals (80,81), and the concentration of EAAT4 in the forebrain is very 

low (80–82). EAAT5 is only found to be localized in the retina (83,84).  

The exchange of glutamate from the extracellular space is catalyzed by co-

transport of three sodium ions and one hydrogen ion and the anti-transport of one 

potassium ion (85). Therefore, glutamate uptake is driven by the ion gradient across the 

membrane, namely sodium and potassium (85–87). The removal of glutamate includes a 

positive inward current (85), or the net exchange is electrogenic (positive charge moving 
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in), and requires a net negative charge within the cell. Since glutamate transporters need 

an ionic gradient to operate, they are coupled to the sodium potassium pump, or the 

Na,K-ATPase (88).  

The properties of the glutamate transporter subtypes vary. The reported affinities 

(Km) of GLAST, GLT-1, and EAAC1 are similar at, 7-20µM for GLAST, 12-18µM for 

GLT-1, and 8-30µM for EAAC1 (as reviewed in (60,89)). The reported Km for EAAT4 

is the highest at 0.6-3.3 µM and EAAT5 is the lowest at 61-63 µM (as reviewed in (89)). 

Glutamate transport in GLAST, GLT-1, and EAAC1 takes approximately 60-80 

milliseconds to complete a glutamate transport cycle (90–92); however, glutamate 

transport is much slower in EAAT4 and EAAT5 (89). It does appear that GLT-1 is more 

efficient in transport than GLAST as a glutamate molecule, bound to GLT-1, has a 

greater chance of being transported into the astrocyte than unbinding and remaining in 

the extracellular space (93). In terms of cellular concentration, GLAST is present on 

astrocytes at approximately 2300 molecules per µm2 of plasma membrane and EAAC1 is 

present on neuronal dendrites at approximately 90 molecules per µm2 of plasma 

membrane (89). GLT-1 is present on neuron terminals at 750 molecules per µm2 of 

plasma membrane but on astrocytes at 7500 molecules per µm2 of plasma membrane 

(89). Homozygote GLT1-knockout mice develop spontaneous epilepsy within the first 

three weeks of life and, by four weeks of age, approximately half of the mice die (77). 

Cell specific GLT-1 knockout mice show astrocytic GLT-1 knockout leading to epilepsy 

and a lethal phenotype, while neuronal-specific GLT1-knockout mice showed no 

phenotypic consequences (94). GLAST-deficient mice do not have as severe symptoms 

as GLT1-knockout mice and appear to develop normally after birth with decreased 
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glutamate uptake in regions where GLAST is highly expressed, such as the cerebellum 

(95). Mice lacking EAAC1 do not have epilepsy or neurodegeneration (96), consistent 

with the low expression levels of EAAC1. EAAT4 knockout mice appear normal with no 

lethal phenotype while EAAT5 is only expressed in the retina (89). These data indicate 

that astrocytic GLT-1 is responsible for neuroprotection against excitotoxicity and also 

show the importance of GLT-1 on astrocytes in synaptic glutamate clearance. 

Astrocytes and GLT-1 as underlying causes of cerebral palsy 

 Following neonatal HI in both animal models of cerebral palsy as well as human 

post-mortem specimens, there is up to a 50% loss of astrocytes, and then delayed 

astrogliosis (52). Glutamate uptake would be interrupted with a loss of astrocytes since 

GLT-1 is mainly expressed by astrocytes and accounts for the majority of glutamate 

uptake. If astrocytes are lost first, decreased GLT-1 protein and transporter function 

would leave the developing cortex and oligodendrocytes vulnerable to excitotoxic 

damage and death by increased extracellular glutamate and overstimulation of AMPA 

and NMDA receptors. Knocking down GLT-1 protein expression causes a neurotoxic 

increase in glutamate concentrations (97). Last, GLT-1 knockout mice have spontaneous 

seizures and are at a higher risk to develop acute brain injury (77,94). Thus, following HI 

in neonates, early astrocyte loss, along with loss of glutamate homeostasis, ionic gradient 

balance, and neurotrophic support may be an underlying cause of CP and represent a 

potential therapeutic target. 
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Figure 1.2. Schematic representation of a glutamatergic synapse under physiologic 
and hypoxic-ischemic conditions. A) Under physiologic conditions, glutamatergic 
synapses in the hippocampus and cortex are surrounded by astrocytes, which remove 
glutamate as it is released from the pre-synaptic neuron. Removal of glutamate by GLT-
1 on astrocytes prevents the overstimulation of glutamate receptors on the post-synaptic 
neuron. B) Early after hypoxic-ischemic insults, astrocytes are lost and GLT-1 can be 
translocated from the remaining astrocyte cell membranes. The pre-synaptic neuron 
releases excess glutamate, which is not quickly removed from the synapse. Glutamate 
can then increase stimulation of glutamate receptors on the post-synaptic neuron. 
Glutamate can also escape the synapse and stimulate glutamate receptors on other 
neurons or on oligodendrocytes, causing excitotoxicity in surrounding regions as well. 
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GLT-1 

GLT-1 was first cloned in 1992 from the rat brain (98). GLT-1 is highly 

expressed in the mammalian forebrain and plays an important role in glutamate 

homeostasis (as reviewed by (60)). The highest level of GLT-1 expression is noted in 

astrocytes, particularly in the hippocampus and the cortex (99,100). Furthermore, GLT-1 

accounts for approximately 1% of the total protein in the brain (76), and contributes to 

around 90% of total glutamate uptake activity in the mouse forebrain ((77) and reviewed 

by (60,101)). In addition, GLT-1 is localized at synapses (60,102). The high 

concentration of GLT-1 on astrocytes in close proximity of synapses ensures that 

glutamate can be cleared quickly, prevent excess extracellular glutamate, and keep 

glutamate receptor stimulation at normal physiologic levels (Figure 1.2a).  

GLT-1 structure 

GLT-1 is located on human chromosome 11 between p12 and p13. It is 

approximately 168,859 base pairs long. GLT-1 is comprised of 11 exons with a long 

intron of 101,432 base pairs between exons 1 and 2 (Figure 1.3a). A 958 base pair region 

of the promoter is maximally activated in transcription (103,104). This promoter region 

contains nine putative transcription factor binding sites, including: one activating 

enhancer binding protein 4 (AP4), one specificity protein 1 (Sp1), one cyclic adenosine 

monophosphate (cAMP) response element-binging protein (CREB), one E2 factor (E2F), 

two early growth response (EGR), and three nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-κB) sites (104) (Figure 1.3b). Translation of GLT-1 mRNA results 

in a 574 amino acid protein with a molecular mass of approximately 62 kilodaltons 

(kDa). 
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Various isoforms of GLT-1 have been noted in the literature in mice, rats, and 

humans (98,105–111). Specifically, at least 3 different C- (75,108,112) and four distinct 

N-termini (105,110,111) are predicted using alternative exon splicing. C-terminal 

isoforms of GLT-1 are created by alternative exon splicing and immunohistochemistry 

has noted all three C-terminal isoforms in the CNS (75,108,112). At the N-terminal, 

differential exon use creates the various isoforms; however, CNS expression of the N-

terminal isoforms has not been established (105,110,111). Thus, the combination of N- 

and C-termini can potentially predict that at least 12 isoforms exist; however, in mouse 

CNS, four major GLT-1 isoforms were found by mRNA analysis (113). GLT-1 subunits 

form oligomers (99,114–117), which predominantly include dimers and trimers 

(113,114,117). All four GLT-1 isoforms in the mouse brain can combine into homomeric 

and heteromeric complexes and these complexes are expressed at the surface of the 

astrocyte cell membranes (113). However, it does not appear that functional differences 

exist between the isoforms (113). GLT-1 isoform expression in astrocytes following 

neonatal HI injury has not been studied. 

Full-length mammalian glutamate transporters have yet to be crystalized. In the 

1990s, four groups tackled the topology of the mammalian glutamate transporters (118–

121) and arrived at different conclusions for the overall structure. All groups agree that 

the first six transmembrane domains are α-helices, with a long loop between 

transmembrane domains three and four, and the N- and C-termini are intracellular. 

However, in 2004, the prokaryotic orthologue Gltph was crystalized (115) and provides an 

understanding of mammalian glutamate transporters. The crystal structure of Gltph 

predicted a trimer with each subunit having eight alpha-helical transmembrane domains 



 

17 
 

and two hairpin loops (Figure 1.4 and Figure 1.5 a, b) (115). The trimer is concave at the 

extracellular surface and convex at the cytoplasmic surface (Figure 1.5 c, d) and subunits 

interact via transmembrane domain 4 (115). The hairpins appear to be the functional units 

where glutamate binding between the tips of the two hairpin loops occurs and the 

mechanism of transport is through gating of both hairpin loops where hairpin 2 forms the 

extracellular gate and hairpin 1 forms the intracellular gate (115). 
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Figure 1.3. Schematic representation of the GLT-1 gene and the maximally active 
promoter region. A) Exons are indicated as blue boxes. 11 exons comprise the GLT-
1 gene with a 101,432 base pair intron stretch between exons 1 and 2. B) A 958 base 
pair promoter region was found to be maximally active during GLT-1 transcription. 
Putative transcription factor binding regions are noted: activating enhancer binding 
protein 4 (AP4), early growth response protein (EGR), nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-κB), specificity protein 1 (SP1), cyclic 
adenosine monophosphate (cAMP) response element-binding protein (CREB), and E2 
factor (E2F). The three NF-κB regions appear to be important as their sequences are 
conserved between human, rat, and mouse. 
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Figure 1.4. A schematic representation of mammalian GLT-1 transmembrane 
topology based on the crystal structure of GLTph. When crystalized, GLTph was 
shown to have 8 alpha helical transmembrane domains (numbered 1-8). A long protease 
sensitive and proline rich linker is noted between transmembrane domains 3 and 4 with 
two hairpin loops (HP1 and HP2) between transmembrane domains 6 and 7 and 
between transmembrane domains 7 and 8. The N- and C-termini are intracellular. 
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Figure 1.5. The structure of GLTph as found by Yernool et al. in 2004. The 
quaternary ribbon structure of GLTph as viewed from the extracellular (A) and 
intracellular (B) surfaces as well as a view of the quaternary structure within the cell 
membrane (C). Note that the GLTph subunits (blue, green, and red) form a trimer. B) 
Crevice 1 is formed by the interaction of transmembrane domain 4 interacting with the 
neighboring subunit white crevice 2 is formed from the tertiary structure of each subunit 
and is a lipid exposed space of each subunit of the protein. D) Representation of polar 
(cyan) and non-polar (white) residues through the center of the protein. The authors 
note that the white molecule in the center is unknown. The inside and outside of the cell 
and lipid bilayer are represented by solid lines (C, D). This figure is directly from the 
published paper by Yernol et al., 2004 (115).  
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Regulation of GLT-1 expression 

Studies have shown that GLT-1 is transcriptionally regulated through NF-κB 

(122,123). NF-κB is ubiquitous in almost all mammalian cells and controls transcription 

of a wide variety of genes. NF-κB has also been shown to increase GLT-1 protein 

expression in astrocytes in a neuron-dependent manner (104), meaning the presence of 

neurons is necessary for astrocytic expression of GLT-1. The exact factor in neurons that 

modulates GLT-1 expression is currently unknown. In addition, CREB, in conjunction with 

NF-κB, has also been implicated in GLT-1 transcription (124,125). Basic helix-loop-helix 

protein 37 or N-myc proto-oncogene (N-myc) is also being explored as a negative regulator 

of GLT-1 gene transcription (123,126). 

Post-translational modifications of GLT-1 

Post-translational modification of GLT-1 occurs by many different mechanisms, 

including putative glycosylation, palmitoylation, and phosphorylation sites. GLT-1 in the 

mammalian brain is always glycosylated (113,116). However, glycosylation does not 

affect its transporting function or its localization at the cell surface as unglycosylated and 

glycosylated GLT-1 show similar uptake activity and localization at the surface of Xenopus 

oocytes (116). When subject to detergent, glycosylated GLT-1 was found to be more stable 

than unglycosylated GLT-1 (116), suggesting that glycosylation is needed for protein 

stabilization; however, the necessity of glycosylation is unknown.  

Palmitoylation is a reversible lipid modification of proteins catalyzed by the DHHC 

(aspartic acid-histidine-histidine-cysteine) family of enzymes (127–131). Palmitoylation 

modulates protein and receptor content at the neuronal synapse and contributes to 

regulating synaptic plasticity (as reviewed by (132)). Specifically, a palmitoylation site at 
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cysteine 38 in GLT-1 has been found to be important for normal GLT-1 function in a mouse 

model of Huntington disease (133). While GLT-1 protein is still localized to the membrane 

without palmitoylation, glutamate uptake is drastically reduced (133,134). Palmitoylation 

has not been studied in neonatal HI brain injury; however, it may play a similar functional 

role as seen in Huntington disease. 

Sumoylation may also occur on GLT-1. A fragment of the C-terminal of GLT-1 

accumulates in the spinal cord of a mouse model of amyotrophic lateral sclerosis (ALS) 

and GLT-1 has been shown to be sumoylated (135). Recently, using immunoprecipitation 

and western blotting, sumoylation has been shown to occur on full length GLT-1 protein 

at lysine residues and affect its localization and function in primary rodent astrocytes, rat 

cerebral cortex, and human spinal cord homogenates (136). Sumoylation causes increased 

intracellular localization, meaning GLT-1 function and cell surface expression are reduced. 

In oxygen-glucose deprived organotypic rat hippocampal slices, a cell culture model of HI, 

increased overall sumoylation was noted as early as one hour after injury (137). In addition, 

increased sumoylation preceded hippocampal cell death, as noted by propidium iodide 

staining (137), suggesting that proteins important for neuron health may be downregulated 

by sumoylation. However, more work needs to be completed to determine sumoylation of 

GLT-1, as well as regulation of the sumoylating enzymes following HI injury in the 

neonatal brain. 

Multiple phosphorylation sites are also noted on GLT-1 and phosphorylation of 

different sites may cause changes in GLT-1 localization. However, the role of 

phosphorylation in normal GLT-1 trafficking or in disease states, such as hypoxia-

ischemia, is widely unknown. The activation of protein kinase C (PKC) in vitro causes 
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both the phosphorylation and ubiquitination of GLT-1, although these processes are 

independent of one another (138). PKC also causes internalization of GLT-1 from the 

astrocytic process cell membrane (139–141). In primary cultures of mixed neurons and 

astrocytes from embryonic rats, PKC activation decreased GLT-1 membrane localization 

without decreasing total protein expression (140,142). Furthermore, in a rat model of 

transient HI, PKC increased in membrane fractions and decreased in the cytoplasmic 

fractions in the ischemic penumbra and core as early as one hour after injury (143). These 

results indicate that PKC is translocated to the cell membrane during HI insults, and may 

act on GLT-1, causing a decrease in GLT-1 membrane expression. However, more work 

needs to be completed to link PKC and GLT-1 in HI injury in the neonatal brain. 

 

Therapeutic Interventions to Treat Cerebral Palsy 

Many human and animal studies show that excitotoxicity underlies PVL and neuron 

death in CP. Originally, drugs that block glutamate receptors were used to reduce 

excitotoxic cell death.  Dixocilpine maleate (MK-801), which blocks the NMDA glutamate 

receptor, was shown to have neuroprotective benefits if given before or shortly after HI in 

neonatal rats (144,145); however, later experiments showed that blockage of glutamate 

receptors causes neuronal apoptosis in immature animals, without HI (146,147), indicating 

that inhibiting glutamate receptors can be detrimental to healthy neurons. Additionally, 

antagonizing glutamate receptors has not proven efficacious in humans. Therefore, other 

therapeutics may be more efficacious to treat excitotoxicity in CP injury. 

There is evidence that the function of glutamate transporters, specifically GLT-1, 

is abnormal in neurological disorders such as epilepsy and stroke (as reviewed by (148)). 
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Decreased GLT-1 function would leave the neonatal brain vulnerable to glutamate-induced 

excitotoxicity. Therefore, targeting glutamate uptake has been proposed as a therapeutic 

strategy to reduce or eliminate brain damage soon after CP insults occur. In a study from 

the Rothstein lab, 1,040 compounds from the United States Food and Drug 

Administration’s (FDA) approved compounds list were screened to find a drug compound 

that may modulate GLT-1 activity or function. Fifteen beta-lactams were found that 

increase GLT-1 protein levels (149). This study started a wave of research examining beta-

lactam compounds for their neuroprotective effects.  

Ceftriaxone 

Ceftriaxone is a broad-spectrum β-lactam antibiotic that is used in neonates to treat 

infections such as sepsis, meningitis, and ophthalmia neonatorum (150). Ceftriaxone was 

of particular interest in early experiments as Rothstein’s group showed a three-fold increase 

of GLT-1 protein levels in rats following 5-7 days of drug treatment and an increase in 

GLT-1 protein localized to the surface of astrocytes in cell co-cultures (149). Furthermore, 

ceftriaxone treatment caused an astrocyte-specific increase in GLT-1 promoter activity in 

GLT1-BAC-eGFP mice (green fluorescence protein (eGFAP) is expressed from activation 

of the GLT-1 promoter in a bacterial artificial chromosome (BAC)) and increased tritiated 

[3H]-glutamate uptake activity in spinal cord slices. Since pathological decreases in GLT-

1 transporters have been implicated in neuropathologies such as ischemia, Rothstein and 

colleagues pretreated cortical neuron/astrocyte co-cultures with ceftriaxone and showed 

decreased neuron death following oxygen-glucose deprivation, a method of mimicking 

ischemic insults in cell culture. Ceftriaxone administration in a mouse model of 

amyotrophic lateral sclerosis, which displays glutamate neurotoxicity and decreased 



 

25 
 

glutamate transporter expression, showed decreased neurodegeneration with increased 

GLT-1 expression (149). Furthermore, in a study of rat nucleus accumbens, ceftriaxone 

treatment reduced extracellular glutamate in cerebral spinal fluid, which was eliminated 

with the treatment of a GLT-1 specific inhibitor (151), indicating that ceftriaxone also 

increases GLT-1 function in addition to protein expression.  

Preconditioning with ceftriaxone followed by HI insults in neonatal rats increased 

GLTl-1 mRNA and protein expression (152), reduced white matter injury and neuronal 

apoptosis, and improved behavioral outcomes (153). These data suggest that ceftriaxone 

pretreatment reduces the effects of HI injury.  

Even with all of the positive outcomes of ceftriaxone, the drug has only shown 

effectiveness when administered prior to injury in neonatal HI models. Since CP occurs in 

utero and is not associated with a single specific event, it is almost impossible to predict 

which children will develop CP, severely limiting the therapeutic usefulness of this 

compound. Using ceftriaxone in neonates is of additional concern. The drug efficacy and 

safety data on ceftriaxone in the neonate are limited and fatal adverse events have been 

reported (150). Moreover, a literature review conducted by Steadman et al. confirmed that 

ceftriaxone may be unsafe for neonates less than 28 days of age (154). These data suggest 

that ceftriaxone is not a feasible compound to use in the treatment of CP. 

Clavulanic acid 

Another β-lactam drug that increases GLT-1 protein expression is clavulanic acid 

(CA) (155). Unlike ceftriaxone, CA does not have antibiotic properties, and therefore, can 

be administered without the concern of developing bacterial resistance. In addition, unlike 

ceftriaxone, it is orally bioavailable (156–158) and has a better blood-brain barrier 
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penetrability (159). Although experimental studies have not shown the effectiveness of CA 

when administered after HI insults, the pharmacokinetic properties of CA are better than 

ceftriaxone and, therefore, CA has the potential to be administered after insults have 

occurred. Interestingly, CA treatment in a model of excitotoxic insults delayed the onset of 

seizures, reduced seizure activity, and eliminated animal death (160). In addition, CA also 

abolished neuron cell death in the CA3 region of the hippocampus. Like ceftriaxone, CA 

also increases GLT-1 protein levels in the nucleus accumbens of mice (155), suggesting 

that CA has similar neuroprotective properties as ceftriaxone. 

 

Statement of Goals 

In summary, CP is a permanent, non-progressive movement disorder that is caused 

by damage to the developing fetal or infant brain. It occurs in approximately 2-4 of 1000 

live births and is a prevalent disorder affecting approximately 800,000 individuals in the 

United States alone (161). With the improvements in survival rate of premature and low 

birth weight infants, as well as those with complications in utero or at birth, it is likely that 

we will see an increase in the prevalence of CP in developed countries. With more 

individuals identified with CP, with or without co-morbid conditions, the cost of care will 

increase (161,162). Therefore, the need to find the underlying causes of CP, as well as a 

cure, is imperative. 

HI and inflammation are the most common insults contributing to the main 

pathological hallmarks of CP: PVL and neuron loss (29,40). When CP damage occurs in 

brain motor regions or their axonal projections, voluntary and postural movement can be 

compromised. If the injury extends beyond the motor regions to neighboring areas, sensory 



 

27 
 

and cognitive loss can also be seen. On a cellular level, HI and inflammation can lead to 

excess glutamate release and neuron and oligodendrocyte cell loss from excitotoxicity. 

Both developing oligodendrocytes, as well as neurons, contain glutamate receptors that are 

sensitive to excess extracellular glutamate. However, following HI, studies have shown 

that in the neonate, there is a loss of GFAP-immunoreactive astrocytes, as well as an 

increase in astrocyte apoptosis (52,53). This loss, along with the loss of the astrocyte 

glutamate transporter GLT-1, either due to astrocyte dysfunction/death or decreases in 

GLT-1 expression or function, will cause glutamate homeostasis at the synapse to fail, 

leading to neuron death and gray matter injury as well as oligodendrocyte death and PVL 

commonly seen in CP (54–56,163). 

Therefore, we believe that the early loss of astrocytes contributes to the 

pathogenesis underlying CP injury. The overall hypothesis for this work is that underlying 

cellular changes, beginning with the loss of astrocytes and their glutamate uptake 

functions, through GLT-1, set the stage for the development of CP, including: PVL, 

neuronal cell death, and motor and cognitive deficits. In order to test our hypothesis, we 

used an established mouse model of CP that combines the three most common insults 

leading to PVL and CP, hypoxia, ischemia, and inflammation (163).  We use post-natal 

day 6 mouse pups, as the brain development is similar to the third trimester in humans in 

terms of oligodendrocyte maturation and neuronal migration (164). Specifically, using this 

model system we tested our hypothesis with the following three aims: 
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Aim 1: Determine whether our CP mouse model has neonatal and adult motor and 

cognitive deficits following injury.  

Animal models of CP replicate some of the brain injuries or motor deficits seen in 

humans (57,165); however, comprehensive behavioral testing in a model of CP throughout 

development (in both the neonate and adult) has not been performed.  

Previous behavior testing by our colleague demonstrated both white and gray 

matter brain injury, as well as motor loss with spontaneous recovery two weeks following 

CP insults (57). However, these studies only examined one motor deficit (climbing), and 

did not use more sensitive motor testing to determine whether the deficit was due to 

weakness, coordination, or other motor/sensory problems. In addition, this study did not 

examine other types of behavior deficits, such as memory or sensory problems. As such, 

my first aim is to thoroughly characterize the behavioral deficits early after CP induction 

(post-natal day 8), as well as after the brain injury has stabilized in the adult (8 weeks old). 

We will use a battery of neonatal motor tests as well as adult motor and cognitive tests to 

determine behavioral deficits in our CP mice. 

Aim 2: Determine whether astrocytes, as well as GLT-1 protein expression or 

function, are lost early following injury in a mouse model of CP. 

Early astrocyte loss in the neonate is shown following HI insults (52,53); however, 

the status of astrocytes and glutamate uptake leading to CP injury is unknown. Astrocytes 

are critical for glutamate clearance from the mammalian forebrain through GLT-1 (65,162–

164). The immediate loss of astrocytes and/or their functions following insults may leave 

the neonatal brain susceptible to excitotoxic injury. Therefore, my second aim is to 
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investigate the timeline of cell death, as well as GLT-1 expression and function early after 

CP insults. 

In order to investigate this aim, we will use stereology to determine astrocyte and 

neuron counts, as well as hippocampal and white matter volume; fluoro-jade C and 

terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining to 

determine neuron damage and death, respectively; western blotting to determine GLT-1 

expression; and glutamate uptake assays with specific inhibitors to determine GLT-1 

function. 

Aim 3: Determine whether CA and 093 administration will increase GLT-1 

expression and/or function, leading to decreased neuron and white matter volume 

loss, and improve the motor and cognitive deficits in our CP model. 

Even with decades of oligodendrocyte and neuron research following CP injury, 

we are no closer to a cure for CP. Beta-lactams have been previously shown to increase 

GLT-1 expression and function (149). Furthermore, beta-lactams have been shown to be 

neuroprotective in models of HI (149,152,153). Up-regulating GLT-1 on astrocytes may 

help re-establish glutamate homeostasis and prevent CP pathogenesis.  

In this aim, we will use two beta-lactams, one FDA approved and one novel 

compound, and determine if these drugs can prevent brain damage in our mouse model of 

CP. To explore this aim, we will administer beta-lactams to mice immediately following 

CP insults. We then use our battery of neonatal and adult behavior tests to determine 

increased motor and cognitive function, stereology to count cells and determine white 

matter volume, western blots to determine increases in total GLT-1 protein expression, and 

glutamate uptake assays to specifically determine increased GLT-1 activity. In addition, 
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we will use fluoro-jade C and TUNEL staining to determine decreases in cell damage and 

death with beta-lactam treatment. 

 

Overall, my research is important as astrocytes and their glutamate transporters, 

specifically GLT-1, may be the underlying cause of both the white matter injury leading to 

PVL, as well as the neuronal loss seen in CP. More importantly, there is currently no cure 

for CP. This research will explore the first potential treatment for CP by using beta-lactam 

drug administration immediately following injury for neuroprotection in our mouse model 

of CP.  
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CHAPTER 2 

MATERIALS AND METHODS 

 

Animals 

All animal surgeries were performed in accordance with Temple University’s 

University Laboratory Animal Resources (ULAR) department and Institutional Animal 

Care and Use Committee (IACUC) policies and procedures. C57BL/6 dams and sires were 

purchased from Charles River Laboratories and were housed in a temperature and humidity 

controlled environment with a 12-hour light/dark cycle (light on 7:00-19:00) with free 

access to food and water. Breeding pairs produced litter sizes between 5-10 pups.  

 

Cerebral Palsy Induction Surgery 

CP was induced in post-natal day (PND) 6 C57BL/6 pups of both sexes using a 

hypoxia chamber infused to 6% oxygen with nitrogen gas to simulate hypoxia, unilateral 

carotid occlusion to cause permanent unilateral ischemia, followed by a single 

intraperitoneal injection of lipopolysaccharide to induce systemic inflammation (HIL), as 

previously described by Shen et al. (163). PND 6 mouse pups are used as their neuron 

migration and oligodendrocyte maturation are similar to third trimester humans. We 

learned this CP surgery technique from Dr. Wenbin Deng and his lab, our collaborators at 

Shriners Hospitals for Children in Sacramento, California. 

Briefly, pups were anesthetized on ice. Ischemia was induced by unilateral ligation 

of the right common carotid artery. Pups recovered for 1 hour, 30 minutes on a thermal 34 

°C heating pad to monitor breathing and movement, then returned to the dam for an 
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additional 30 minutes. Next, pups were placed in a temperature regulated hypoxia chamber, 

set at 6% oxygen, for 35 minutes, at 34°C. LPS was injected intraperitoneally at 1mg/kg 

body weight then pups were returned to the dam. Sham animals were subjected to a sham 

surgery, consisting of isolation and visualization of the carotid artery without ligation, no 

hypoxia, followed by a sham injection of saline. Sham animals were away from the dam 

during recovery periods along with their experimental littermates. 

 

Neonatal Motor Tests 

On PND 8, 48 hours after CP induction, mouse pups are tested for neurobehavioral 

development (169). Pups were tested within a four-hour block before noon in order to 

eliminate time of day differences in behavior. Pups were removed from the dam for no 

more than 15-minutes at a time to prevent rapid loss of body heat and hunger/separation 

issues. In addition, pups were allowed to rest in between tests so that maximal efforts were 

elicited on each test. Pups were blinded to the experimenter during testing. All equipment 

was pre-scented and wiped with paper towels between each test. 

The basis of the neonatal motor tests was adapted using Fox’s battery of tests 

(170,171) and Wahlsten’s adaption of Fox’s tests (172), as well as Treat-NMD and other 

behavior publications, as indicated, and as described in the Feather-Ferguson Battery of 

Neonatal Motor Tests.  

Ambulation 

Crawling is a behavior developed early in the mouse pup, followed by a transition 

to walking between 5-10 days old (173). At PND 8, the ambulation test takes advantage of 

this transitional time course and differences in limb movement. The open field was 
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prepared by covering the surface with a Wypall (Kimberly-Clark) to provide traction for 

the pups.  

 Pups were place in an open field and ambulation was visualized for 3 minutes and 

scored. The following ambulation scale was used: 0 = no movement, 1 = crawling with 

asymmetric limb movement, 2 = slow crawling but symmetric limb movement, and 3 = 

fast crawling/walking.  

Groups included sham, CP, CP+CA, and CP+093 with an n=7-10. An unpaired 

two-sample t-test was utilized to compare sham and CP mice using GraphPad Prism 6 

software. To compare CP with CP mice receiving beta-lactam treatment, one-way ANOVA 

with Tukey’s multiple comparisons was employed using GraphPad Prism 6 software. 

Hind limb foot angle 

There is a developmental change in the hind limb posture as the mouse matures 

from crawling to walking. When walking, the hind limbs are positioned under the body 

and the angle of the hind limbs is less than the angle seen in crawling. Even though the 

hind limb foot angle changes over time, mouse pups of the same age with different injury 

or diseases can be compared. This technique was developed by Feather and Ferguson and 

has been published (169). Again, the open field was prepared by covering the surface with 

a Wypall (Kimberly-Clark) to provide traction for the pups. 

To determine the hind limb angle, a video camera was mounted above an open field 

area and the pup was recorded for two minutes. Video recordings were prepared in 

Microsoft PowerPoint and the angle of the hind limbs was determined by drawing a line 

through the center of the heel through the middle toe of each foot and recording the angle. 
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Three to five measurements were used per pup to calculate the average foot angle for each 

pup tested.  

Groups included sham, CP, CP+CA, and CP+093 with an n=6-10. An unpaired 

two-sample t-test was utilized to compare sham and CP mice using GraphPad Prism 6 

software. To compare CP with CP mice receiving beta-lactam treatment, one-way ANOVA 

with Tukey’s multiple comparisons was employed using GraphPad Prism 6 software. 

Hind limb suspension 

The hind limb suspension test determines hind limb strength in neonates (174). This 

protocol was adapted from Treat-NMD (174).  

A pup was placed face down into a 50mL conical tube with its hind legs hung over 

the rim facing the experimenter. Once released, the hind limb and tail posture of the pup 

was observed for one minute or until the pup fell into the tube and a hind limb suspension 

(HLS) score was given for the following criteria: score of 4 indicates normal hind limb 

separation with tail raised; score of 3 means weakness is apparent and hind limbs are closer 

together but they seldom touch each other; score of 2 indicates hind limbs are close to each 

other and often touching; score of 1 shows a weakness is apparent and the hind limbs are 

almost always in a clasped position with the tail raised; a score of 0 indicates constant 

clasping of the hind limbs with the tail lowered or failure to hold onto the tube for any 

period of time.  

Groups included sham and CP pups with n=13. Statistical analysis was performed 

using an unpaired two-sample t-test to compare sham and CP mice with GraphPad Prism 

6 software.  
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Four limb grip strength 

This test examined the strength, rather than dexterity, of all four paws and was 

modified from the standard horizontal screen test in Fox’s studies. In our study, the screen 

was rotated from a horizontal position, through a vertical position, to a horizontal inverted 

position to challenge the grasping of all four paws (adapted from Fox (170)).  

A pup was placed on a piece of wire screen. After a five second habituation period, 

the screen was slowly inverted to 180 degrees (°). The angle of the screen when the pup 

fell off was measured with the protractor and recorded. The test was repeated three times 

and the average of the trials was recorded.  

Groups included sham, CP, CP+CA, and CP+093 with an n=9-18. Statistical 

analysis was performed using an unpaired two-sample t-test to compare sham and CP mice 

with GraphPad Prism 6 software. To compare CP with CP mice receiving beta-lactam 

treatment, one-way ANOVA with Tukey’s multiple comparisons was employed using 

GraphPad Prism 6 software.  

Grasping reflex 

In the grasping reflex test, each paw was tested individually in order to reveal front 

or hind limb issues, as well as side preference. This test does not distinguish grasping 

strength, only ability. 

While holding the mouse by the scruff of its neck, each paw was stroked with the 

blunt end of a razor blade. Grasping was determined if the pup closed its paws over the end 

of the blade after stimulation. Results for each paw were recorded.  

Groups included sham, CP, CP+CA, and CP+093 with an n=8-14. Statistical 

analysis was performed using an unpaired two-sample t-test to compare sham and CP mice 
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with GraphPad Prism 6 software. To compare CP with CP mice receiving beta-lactam 

treatment, one-way ANOVA with Tukey’s multiple comparisons was employed using 

GraphPad Prism 6 software.  

Hind limb right paw preference was determined with the following scoring system: 

grasping with only the right paw was given a score of 100%, grasping with only the left 

paw was given a score of -100%, and grasping with both paws was given a score of 0%. 

The average was then calculated If a pup didn’t grasp with either paw, they were given no 

score and were not calculated into the average.  

Groups included sham and CP mice with an n=12 for each group. Statistical 

analysis was performed using an unpaired two-sample t-test to compare sham and CP mice 

with GraphPad Prism 6 software.  

Surface righting 

The righting reflex demonstrates the ability for a mouse pup to be able to flip onto 

its feet from a supine position. This test examines coordination and trunk control (175).  

Pups were placed on their backs on a bench pad and held for 3-5 seconds. Following 

the acclimation, the pup was released and a timer was immediately started. The time to 

return to prone position was recorded along with the direction of righting (left or right). 

The test was repeated three times.  

Groups included sham (n=7) and CP (n=10) pups. Statistical analysis was 

performed using an unpaired two-sample t-test to compare sham and CP mice with 

GraphPad Prism 6 software. 
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Negative geotaxis 

The negative geotaxis test assesses motor coordination in young mice.  

 The pup was placed on a 45° incline with its head facing down the hill. Following 

a brief (3-5 second) acclimation, the pup was released and a timer was started. The time 

and direction (clockwise or counter clockwise) to turn up the hill was recorded. The test 

was repeated for a total of three trials.  

Groups included sham (n=7) and CP (n=10) pups. Statistical analysis was 

performed using an unpaired two-sample t-test to compare sham and CP mice with 

GraphPad Prism 6 software.  

Cliff aversion 

Cliff aversion tests labyrinth reflexes, as well as strength and coordination in 

neonatal mice (170,176). The box used was approximately 2.5 inches high and had a rough 

surface so the pups didn’t slide. A padded surface was placed against the testing edge of 

the box to prevent injury in mice that fell. 

 Pups were placed on the top surface of the box with the digits and snout over the 

edge. The pup was released and a timer was started immediately. The time and direction 

of turn (clockwise or counter clockwise) was recorded. The test was stopped once both the 

snout and paws had been removed from the edge. Three trials were repeated for each 

mouse.  

Groups included sham (n=9) and CP (n=12) pups. Statistical analysis was 

performed using an unpaired two-sample t-test to compare sham and CP mice with 

GraphPad Prism 6 software.  
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Adult Motor Tests 

 Motor tests were selected from Tests of Mouse Motor Behavior by Wahlsten, 2011 

as well as the Stanford Behavioral and Functional Neuroscience (177,178). A battery of 

tests in eight week old adult mice, seven weeks after CP insults and treatment, is used to 

determine motor deficits. All equipment was pre-scented and wiped with paper towels 

between each test. Mice were blinded to the experimenter during testing by marking the 

tails of mice in each cage.  

Gait analysis 

The gait analysis determines the angle between the hind paws of mice. The 

technique used here was developed in our lab. 

Mice were placed on a clear acrylic walkway and video recorded from underneath 

for 5 minutes. Video recordings were prepared in Microsoft PowerPoint and the angle of 

the hind limbs was determined by drawing a line from the center of the heel through the 

middle toe of each foot and recording the angle. Three angles were recorded per mouse 

and the average angle between the hind limbs was calculated. The acrylic walkway was 

cleaned between each mouse. 

Groups included sham, CP, CP+CA, and CP+093 with an n=5-6 mice. Statistical 

analysis was performed using an unpaired two-sample t-test to compare sham and CP mice 

with GraphPad Prism 6 software. To compare CP with CP mice receiving beta-lactam 

treatment, one-way ANOVA with Tukey’s multiple comparisons was employed using 

GraphPad Prism 6 software.  
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Cylinder rearing 

The cylinder test for rearing assesses front paw and front limb impairment by 

observing weight support and limb strength during spontaneous vertical exploration of a 

cylinder. The cylinder was clear and was prepared by placing a precut piece of grade 1 

filter paper (Whatman) at the bottom. 

Mice were placed in the cylinder and observed from all sides using mirrors. The 

number of independent wall placements as well as paw use (right or left or both 

simultaneously) was observed and recorded for five minutes. Right paw preference was 

calculated as a percentage of total paw touches using the equation: (right − left)/(right + 

left + both) × 100. The cylinder was cleaned between each mouse. 

Groups included sham, CP, CP+CA, and CP+093 with an n=9-26. Statistical 

analysis was performed using an unpaired two-sample t-test to compare sham and CP mice 

with GraphPad Prism 6 software. To compare CP with CP mice receiving beta-lactam 

treatment, one-way ANOVA with Tukey’s multiple comparisons was employed using 

GraphPad Prism 6 software.  

Rotarod 

The rotarod is considered a test for motor coordination and balance. A single first 

pass is used to determine balance and coordination deficits in mice (179,180). Mice who 

did not participate in the test, by immediately falling off the rod, were given another trial. 

This type of behavior is rare and conspicuous (181). Mice with continued non-participation 

were excluded from the study. 

The rotarod was set with an initial start speed of four rotations per minute (rpm) 

with an accelerating protocol up to 40rpm over five minutes (the speed of the rotarod 
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increased 1rpm every eight seconds). Once the mice were placed on the rotarod and facing 

forward, acceleration was started. Speed of the rod as well as latency to fall was recorded. 

The apparatus was wiped between each mouse. 

Groups included sham, CP, CP+CA, and CP+093 with an n=7-12. Statistical 

analysis was performed using an unpaired two-sample t-test to compare sham and CP mice 

with GraphPad Prism 6 software. To compare CP with CP mice receiving beta-lactam 

treatment, one-way ANOVA with Tukey’s multiple comparisons was employed using 

GraphPad Prism 6 software.  

 

Adult Cognitive Tests 

 Cognitive deficits often manifest as co-morbid conditions along with the motor 

deficits seen in CP patients. Cognitive tests are used to determine learning and memory in 

mice. The specific tests here were selected from Tests of Mouse Motor Behavior by 

Wahlsten, 2011 as well as the Stanford Behavioral and Functional Neuroscience 

Laboratory based on their relevance for comparing cognitive abilities between mice 

(177,178). Tests were performed on eight week old adult mice. At least one week before 

testing, mice were handled every day. Prior to transporting the mice to the behavior room 

on the day of testing, the tails of the mice in each cage were marked to differentiate between 

the animals and to blind the researcher to injury and/or treatment. At least 1 hour prior to 

testing, the mice were brought to the quiet, dark behavior room and left in their home cage 

to acclimated to the behavior room. Thirty minutes before testing, mice were placed in the 

pre-scented object box and freely explored for five minutes to acclimate to the testing box. 
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Video recordings were obtained with a video camera attached to a Dell laptop running the 

AnyMaze (Stoelting, Illinois, USA) video tracking software. 

Novel object recognition 

Novel object recognition (NOR) is a cognitive test that assesses recognition memory. NOR 

exploits a mouse’s spontaneous tendency to explore new items over familiar ones. A 12x12 

inch open field box was used in this test. Bedding was added to the bottom of the box at a 

thickness of approximately 1cm to cover the floor. The box and bedding was pre-scented 

by naïve mice, not included in the study. 

At the beginning of the test, two identical objects were placed in the corners of the 

box and mice were allowed to explore these object at will for five minutes. Following a 

two-hour delay in their home cage in the quiet behavior room, mice were placed back in 

the novel object box with one of the objects previously explored and one new object. The 

mice freely explored these objects for five minutes. Both the habituation and the 

experimental trials were recorded using a video tracking software (AnyMaze, Stoelting, 

Illinois, USA). Novel object exploration was determined as a percent by the formula 

((Novel Object Exploration – Old Object Exploration)/(Novel Object Exploration + Old 

Object Exploration))*100%. An exploration of 50% indicates that the mouse does not 

prefer either object.  

Groups included sham, CP, CP+CA, and CP+093 with an n=10-19. Statistical 

analysis was performed using an unpaired two-sample t-test to compare sham and CP mice 

with GraphPad Prism 6 software. To compare CP with CP mice receiving beta-lactam 

treatment, one-way ANOVA with Tukey’s multiple comparisons was employed using 

GraphPad Prism 6 software.  
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Object location memory 

The object location memory task evaluates spatial memory and discrimination, an 

aspect of cognition. A 12x12 inch open field box was used in this test. The walls of the 

exploration box were marked with visual cues of different shapes and colors. This allows 

the mice to distinguish relocation of an object. Bedding was added to the bottom of the box 

at a thickness of approximately 1cm to cover the floor. The box and bedding was pre-

scented by naïve mice, not included in the study.  

Two different objects were placed near two corners of the box. Mice freely explored 

the objects for five minutes then were placed back into their home cage in the quiet 

behavior room. After a two-hour delay, mice were place back into the box where one object 

was moved to another location. Both the habituation and the experimental trials were video 

recorded using a video tracking software (AnyMaze, Stoelting, Illinois, USA). The ability 

of mice to discriminate object location is determined by the formula (New Object Location 

– Old Object Location)/(New Object Location + Old Object Location). An exploration of 

0 indicates that the mouse does not prefer either object.  

Groups included sham (n=6) and CP (n=7) mice. Statistical analysis was performed 

using an unpaired two-sample t-test to compare sham and CP mice with GraphPad Prism 

6 software.  

Elevated plus maze 

The elevated plus maze measures anxiety in mice. The maze consisted of two open 

arms and two enclosed arms with each pair of arms positioned opposite each other. The 

surface of the plus maze was painted gray and the walls of the closed arms were black. The 

apparatus was elevated 1.5 feet off of the floor and was lit evenly with two desk lamps. 
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Mice were video recorded from above for five minutes. The test was initiated by placing 

the mouse in the center of the maze, facing one of the open arms, and letting it move freely. 

The amount of time spent in each arm was recorded by the AnyMaze video tracking 

software system (Stoelting, Illinois, USA) attached to a video camera during five minutes 

of testing. The total distanced traveled, the time spent in each arm, the number of entries 

into each arm, and the percent of entries into the open arms were calculated by the 

AnyMaze software. The maze was carefully wiped down with water after each use.  

Groups included sham (n=8) and CP (n=7) mice. Statistical analysis was performed 

using an unpaired two-sample t-test to compare sham and CP mice with GraphPad Prism 

6 software.  

 

Synaptosomal Uptake Assays of [3H]-glutamate 

Glutamate uptake assays are used to determine the amount of glutamate removed 

from the synapse over time. DHK and TBOA are used as competitive inhibitors of  

GLT-1.  

CP mice were euthanized at 6, 12, 18, 24, 48 and 96 hours, 1 week and seven weeks 

following insults. Sham surgical animals were used as controls, as was the contralateral 

non-injured side of each surgical brain. Glutamate uptake assays were performed using a 

synaptosomal tissue preparation as previously described (182). Briefly, animals were 

euthanized and the brain was rapidly removed on ice, microdissected, and weighed. Tissue 

samples were placed into cold 0.32M sucrose, 20 times weight/volume, homogenized at 

400rpm, and centrifuged at 2,500rpm for 10 minutes at 4°C. The supernatant was collected 

and centrifuged at 12,000rpm for 20 minutes at 4°C. The remaining pellet was washing in 
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2 times the initial volume of 0.32M sucrose and centrifuged at 12,500rpm for 20 minutes 

at 4°C. The resulting pellet was suspended in 2.5 times the initial volume in 0.32M sucrose 

and homogenized for use in the uptake assay.  

The uptake assay contains pre-warmed test tubes (37°C) with 450µL sodium or 

choline buffer (140mM NaCl or choline chloride, 2.5mM KCl, 1.2mM CaCl2, 1.2mM 

MgCl2, 1.2mM K2HPO4, 10mM glucose, 5mM Tris base, and 10mM HEPES), 50µL of 

hot cocktail (sodium or choline buffer with a mixture of 9.9µM glutamate and 0.1µM [3H]-

glutamate (PerkinElmer)), and the addition of 50µL of inhibitor (3mM DHK or 20µM 

TBOA (Tocris)). 50µL of the synaptosomes were added to the tubes in duplicate every 15 

seconds. The assay is stopped after three minutes by adding 2ml of ice-cold choline buffer 

and placing samples on ice. Samples were collected onto glass filter paper using a cell 

harvester, washed three times with cold choline buffer, and read by a liquid scintillation 

counter. Controls included tubes with hot cocktail and choline buffer as well as glutamate 

transporter inhibitors, DHK and TBOA, in sodium buffer with hot cocktail. A BCA protein 

analysis kit (Pierce) was used to determine protein concentration of duplicate samples. 

GLT-1 specific glutamate uptake activity, expressed as pmol/mg*minute, was 

determined by subtracting the average uptake after DHK inhibition from the average of 

total uptake to determine relative GLT-1 activity in disintegrations per minute (DPM). 

Relative GLT-1 activity is divided by (milligrams of protein x specific activity of the [3H]-

glutamate in curies/mol x DPM/curie of the scintillation counter x the length of the assay).  

Groups included sham, CP, CP+CA, and CP+093 with an n=3-5. Statistical analysis 

was performed using an unpaired two-sample t-test to compare sham and CP mice with 

GraphPad Prism 6 software. To compare CP with CP mice receiving beta-lactam treatment 
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at the same time point, one-way ANOVA with Tukey’s multiple comparisons was 

employed using GraphPad Prism 6 software.  

 

SDS-PAGE and Western Blot Analysis 

To measure GLT-1 protein expression in sham, CP, and CP drug treated brains over 

time, protein samples were gathered from the contralateral and ipsilateral cortex and 

hippocampus.  

Sham and CP mice were euthanized at 6, 12, 18, 24, 48 and 96 hours, 1 week and 

seven weeks following injury. Whole brains with the cerebellums and brainstems removed 

were hemisected, the hippocampus removed and stored on ice, then the remaining brain 

structures were removed until only the cortex remained. Each sample was then weighed 

and lysed in 100uL NP40 lysis buffer (Novex) with 500µM phenylmethylsulfonyl, 1mM 

dithiothreitol, and 1µg/mL protease inhibitor cocktail. Protein analysis was determined in 

duplicate using a BCA protein analysis kit (Pierce). 20µg of protein was mixed with 5µL 

of four times concentrated Laemmli buffer and lysis buffer up to 20µL. 20µL The mixed 

samples were subject to SDS-PAGE on 4-10% SDS polyacrylamide gels (Bio-Rad) and 

transferred to Immuno-Blot nitrocellulose membrane. Membranes were stained with 

Ponceau S solution (Sigma) to visualize protein then blocked with Odyssey blocking buffer 

(Licor), and incubated with antibodies specific to GLT-1 (Millipore) and actin (Sigma) at 

4°C overnight. Blots were washed three times with phosphate buffer saline at room 

temperature for a total of 30 minutes then incubated with near-infrared secondary 

antibodies (goat anti-rabbit, goat anti-mouse; Licor) and analyzed on an Odyssey Imaging 

System (Licor). Densitometric measurements were obtained using ImageJ (NIH) and 
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normalized to actin (Sigma), as a loading control. Controls included protein samples from 

sham contralateral and ipsilateral cortex and hippocampus for each time point. 

Groups included sham, CP, CP+CA, and CP+093 with an n=3-5. Statistical analysis 

was performed using an unpaired two-sample t-test to compare sham and CP mice with 

GraphPad Prism 6 software. To compare CP with CP mice receiving beta-lactam treatment 

in each time point, one-way ANOVA with Tukey’s multiple comparisons was employed 

using GraphPad Prism 6 software.  

 

Immunohistochemistry 

Tissue processing 

Sham and CP C57BL/6 mice were euthanized at 6, 12, 18, 24, 48 and 96 hours, one 

week, and seven weeks following injury. Sham surgical animals were used as control in 

addition to the contralateral non-injured side. Animals were transcardially perfused with 

cold phosphate-buffered saline (PBS) followed by 4% paraformaldehyde, post-fixed 

overnight in 4% paraformaldehyde, and cryoprotected in buffered 30% sucrose for at least 

48 hours at 4°C. Sections were frozen in OCT embedding compound (Tissue Tek) and cut 

on a cryostat at 12µm or at 60µm. 

Staining for apoptosis 

DNA fragmentation was detected using an in situ cell death detection terminal 

dUTP nick-end labeling (TUNEL) apoptosis detection kit (Roche Applied Sciences, 

Germany), following the manufacturer's instruction. Briefly, sections were cut at 12µm, 

every 20th section through the entire brain. Tissue sections were mounted onto gelatin 

subbed slides. Slides were washed twice with phosphate buffered saline (PBS). 50µL of 
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TUNEL reaction mixture was applied to each slide and covered with parafilm. Samples 

were placed in a dark slide box and incubated for one hour at 37°C. Cell nuclei were 

visualized using 4’,6’-diamidino-2-phenylindole (DAPI). Slides were rinsed three times 

with PBS and mounted with ProLong Gold antifade medium (ThermoFisher Scientific).  

Positive controls were made by incubating sections with DNAse I enzyme in 

1mg/mL buffered bovine serum albumin (BSA) for 10 minutes at room temperature. 

Negative controls were obtained by incubating slides with the labeling solution only, 

without terminal deoxynucleotidyl transferase (TdT) enzyme, for one hour at 37°C. 

Staining for neurodegeneration 

Fluoro-Jade C (FJC) staining is used to visualize degenerating neurons regardless 

of insult, damage, or cell death mechanism. Of the neurodegenerative dyes, FJC has the 

highest signal to noise as well as the highest resolution (183).  

To identify any damaged or degenerating neurons, a FJC ready-to-dilute staining 

kit (Biosensis, USA) was used according to manufacturer’s instructions. Briefly, tissue 

sections were cut at 12µm and every 20th section was mounted onto gelatin subbed slides. 

Slides were incubated for five minutes in sodium hydroxide then rinsed in 70% ethanol 

followed by distilled water. Slides were incubated in potassium permanganate for 10 

minutes followed by two rinses of distilled water. Finally, slides were incubated in a 

solution of FJC, DAPI, and distilled water for 10 minutes followed by three rinses of 

distilled water. Slides were dried on a slide warmer at 56°C and cleared by an immersion 

in xylene. Coverslips were applied with DPX mounting media. Neurons were determined 

based on location and morphology.  
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GFAP-immunoreactivity staining 

Tissue sections were cut at 60µm and floated in PBS. First, endogenous peroxidases 

were inactivated with 0.3% hydrogen peroxide for 30 minutes. Sections were washed with 

PBS then incubated for 20 minutes in 5% fish gelatin block followed by incubation in 

GFAP primary antibody (Abcam) diluted 1:100 in 5% fish gelatin overnight at 4°C. 

Sections were washed 3x10 minutes with PBS then incubated for 30 minutes in biotinylated 

secondary antibody (Vectastain Elite ABC kit, Vector Laboratories) followed by a second 

3x10 minutes rinse in PBS and incubation for 30 minutes in avidin-biotin complex (ABC) 

reagent (Vectastain Elite ABC kit, Vector Laboratories). Sections were washed with PBS 

and incubated in 3,3’-diaminobenzidine (DAB) substrate (MP Biomedicals) for 

approximately one minute until desired stain intensity developed. Sections were rinsed 

with PBS, float mounted onto gelatin subbed slides, counterstained with cresyl violet, and 

coverslipped with Permount (Sigma). 

Cresyl violet staining 

Cresyl violet was used for staining nissl substance, ribosomes and rough 

endoplasmic reticulum, predominantly in neurons.  

The protocol is from neurosciencecourses.com (184). Briefly, 0.2g cresyl violet 

acetate (Sigma) was dissolved in 150mL deionized water and buffered to pH 3.5 with acetic 

acid and sodium acetate. Tissue was cut at 60µm and mounted on subbed slides and dried. 

Sections were rehydrated in deionized water for five minutes then submerged in pre-

warmed cresyl violet solution for eight minutes at 60°C. Slides were washed for 5 minutes 

in deionized water followed by three minutes in 70% alcohol. Slides were switched to 90% 

alcohol with 0.1% sodium acetate for one minute followed by a quick immersion in 100% 
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ethanol and cleared in fresh citrus clearing solvent (Thermo Scientific) and coverslipped 

with Permount (Sigma). 

Klüver-Barrera staining 

 Luxol-fast blue is a copper phthalocyanine dye that stains lipoproteins in the myelin 

sheath.  

 Briefly, tissue was cut at 60µm and mounted on subbed slides and dried. Slides 

were rehydrated in distilled water and incubated in Luxol Fast Blue (Sigma) stain for one 

hour at 60°C then rinsed in distilled water. Slides were quickly immersed in 0.05% lithium 

carbonate then in two changes of 70% alcohol to clearly distinguish white and gray matter. 

Slides were rinsed in distilled water then stained with cresyl violet and coverslipped as 

outlined above. 

 

Stereology for Volume and Hippocampal Cell Numbers 

To accurately count astrocytes and neurons in the hippocampus, 60μm serial 

sections were collected throughout the entire hippocampus according to standard 

stereological practice (185), as well as course material from the Neurostereology 

Workshop, Marine Biology Laboratory, Woods Hole, Massachusetts attended by Danielle 

Feather on March 15-20, 2014, taught by Dr. Mark J. West. Dr. West also reviewed the 

stereological methodology to be used in this study. Sections were stained as follows: cresyl 

violet for volume measurements of the hippocampus and neuron counts in eight week old 

adult mice; GFAP and DAB staining for astrocyte counts in neonatal mice; Klüver-Barrera 

staining of myelin to determine volume of white matter regions. The ipsilateral and 

contralateral hippocampus, corpus callosum, and brainstem pyramid were treated as 
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separate regions. We used the Cavalieri’s unbiased estimate of volume to determine white 

matter volume in the brainstem pyramids and corpus callosum and the optical fractionator 

technique to determine total cell numbers throughout the hippocampus. Stereological 

analysis was performed on a dedicated stereology rig, which included StereoInvestigator 

(Microbrightfield Bioscience, Williston, VT), attached to a Leica DM6000 microscope 

with scanning stage motor and a focus measure encoder, SOLA SE light source, 

Hamamatsu ORCA-Flash 4.0 sCMOS camera and separate QImaging CCD camera, all run 

by a Dell Precision T5600 workstation. 

Cavalieri’s estimator of volume was performed under 10x magnification. A grid of 

specified size (Table 2.1) was used to determine volume. Volume was calculated using the 

equation:  

 

where Ap: area associated with a point, g: grid size, m’: section evaluation interval, t: mean 

section cut thickness, pi: points counted on grid. All measurements were determined based 

on pilot studies for precise estimates versus number of points in the grid. 

 

 

Table 2.1. Sampling parameters used to determine brainstem pyramid and corpus callosum 

volume using StereoInvestigator. 

 Pyramids Corpus Callosum 
Grid Size (µm) 50 50 
Associated Area (µm²) 2500 2500 
Section Cut Thickness (µm) 20 60 
Section Evaluation Interval 10 6 
Associated Volume (µm³) 500000 900000 
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Optical fractionator counts were performed under 40x magnification by placing n 

dissectors over the region of interest and counting the total number of cells within the 

dissector. The parameters for the dissector are as listed (Table 2.2). Total number of cells 

were calculated using the equation: 

 

where Q-: Particles counted, t : Section mounted thickness, h: Counting frame height, asf: 

Area sampling fraction, and ssf: Section sampling fraction. The guard zone was chosen 

based on previous studies (186) and cells were analyzed when the top of the cell body first 

came into focus. The other parameters were determined based on a pilot study of cell 

number as well as discussions with Dr. Mark J. West.  

Groups included sham, CP, CP+CA, and CP+093 with an n=3-6. Statistical analysis 

was performed using an unpaired two-sample t-test to compare sham and CP mice with 

GraphPad Prism 6 software. To compare CP with CP mice receiving beta-lactam treatment 

in each time point, one-way ANOVA with Tukey’s multiple comparisons was employed 

using GraphPad Prism 6 software.  

 

 

 

 

 

 

 



 

52 
 

Table 2.2. Sampling parameters used to count astrocytes versus neurons using the optical 

fractionator in StereoInvestigator. 

 Astrocytes Neurons 
Counting Frame Area (XY) (µm²) 625 2500 
Dissector Height (Z) (µm) 12 35 
Dissector Volume (XYZ) (µm³) 7500 87500 
Guard Zone Distance (µm) 5 5 
Counting Frame Width (X) (µm) 25 50 
Counting Frame Height (Y) (µm) 25 50 
Sampling Grid (X) (µm) 300 500 
Sampling Grid (Y) (µm) 300 500 
Sampling Grid Area (XY) (µm²) 90000 250000 
Section Thickness (µm)  60 60 
Section Evaluation Interval 6 6 

 

 

 

Beta-lactam Treatment 

Beta-lactams are given to mice to increase GLT-1 expression and function and to 

determine their efficacy as a treatment for CP. Clavulanic acid (Sigma) or 093 (Moulder 

Center for Drug Discovery, Temple University), were administered as an intraperitoneal 

injection at 10mg/kg immediately following LPS injection as well as every 24 hours for 

four days after surgery (five injections total; Figure 2.1). The concentration as well as the 

repeated injection schedule is based off of previous studies of clavulanic acid in mice and 

neonates as well as previous studies using ceftriaxone (149,155,157,187,188).  

Behavioral analysis was conducted on CP mice with drug treatment at PND 8 

(neonatal motor tests) and at eight weeks old (adult motor and cognitive tests). CP mice 

with drug treatment were euthanized at 6, 12, 18, 24, 48 and 96 hours, 1 week and seven 

weeks following injury and appropriate experiments were completed. 
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Figure 2.1. Timeline of CP insults, treatment, and termination. Hypoxia, ischemia, 
and inflammation are induced in PND 6 mouse pups. Behavioral tests are performed 48 
hours after insults (PND 8) in the neonate and seven weeks after insults (eight weeks 
old) in adult mice. Beta-lactam drug treatment is performed immediately after CP is 
induced and a single injection is given every 24 hours over the next four days (five 
injections total from PND 6-10). Termination for further experiments was from six 
hours to seven weeks after insults. 
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Statistical Analysis 

As experimental gender differences were not noted, male and female mice were 

analyzed as a cohort. Pups from at least two different breeding pairs were used. GraphPad 

Prism 5 was used to graph and analyze results. Data are expressed as mean ± standard error 

of the mean (SEM) except where noted. Parametric tests are analyzed by a t-test or multiple 

t-test. Data comparing CP to CP with beta-lactam drug treatment were analyzed using one-

way ANOVA with Tukey’s multiple comparisons to determine significance. Data 

comparing values over time use a two-way ANOVA to determine overall significance with 

a post-hoc one-way ANOVA with Tukey’s multiple comparisons to determine significance 

within each time point. Data are considered to be statistically significant when p<0.05. 
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CHAPTER 3 

BEHAVIORAL DEFICITS IN A MOUSE MODEL OF CP 

 

The most classic definition of CP was suggested by Dr. Bax and an international 

working group, which stated that CP is “a disorder of movement and posture due to a defect 

or lesion in the immature brain” (189). Gait abnormalities are one of the main symptoms 

noted in CP patients. In addition, individuals with CP also have weakened trunk muscles 

and deficient postural control (190–192) and hand preference can also be a sign of CP 

(193,194). Muscle weakness often underlies motor problems as adolescents with CP have 

been shown to be up to 50% weaker than their non-CP counterparts (195). Furthermore, 

co-morbid conditions, the most common being cognitive deficits, and associated 

psychological problems are often reported in CP patients (8,9). 

Motor deficits have been found in rodents following combined neonatal HI and 

LPS insults. Two to three weeks after insults, Girard and colleagues found that rats subject 

to combined fetal exposure of LPS and neonatal HI had less spontaneous locomotor activity 

and increased anxiety-like behavior in an open-field test (165). Furthermore, well after 

combined LPS and HI in the neonate, adult rats also demonstrated balance and coordination 

deficits on a rotarod test. In our neonatal mouse model of CP, combining HI and LPS 

injections at post-natal day 6, our collaborators found that mice with CP had neurological 

deficits when assessed for spontaneous activity, symmetrical limb movement, and 

climbing. However, they also showed spontaneous recovery in these tests 15 days after 

injury. Cognitive deficits were not assessed in our CP model. Therefore, by using neonatal 

and adult specific behavior tests, we determined whether CP mice had long-lasting motor 

and cognitive deficits that could be recorded. 
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Aim 

Aim: Determine whether our CP mouse model causes neonatal and adult motor and 

cognitive deficits following injury. 

 

Neonatal Motor Results 

Transition from crawling to walking is delayed in CP 

Ambulation was assessed in pups by scoring gait symmetry and limb-paw 

movement during a straight walk. At 48 hours after surgery (PND 8), CP mice had less 

symmetric limb movement and a “crawling” gait as compared to their sham counterparts 

(Figure 3.1a). By one week after injury (PND 13), both CP and sham mice have transitioned 

to walking, which occurs between 5-10 days of age. 

Hind limb foot angle is increased in neonatal CP mice 

Hind limb foot-angle was measured to determine gait stability. Eight-day-old sham 

mouse pups walk with their hind paws lateral to their body but facing forward, compared 

to CP mice, who have splayed hind paws when walking in a straight line (Figure 3.1b). 

The angle between the hind-limbs of sham mice is approximately 55°, whereas CP mice 

display a hind limb angle of almost 80°.  

CP mice have weaker hind limbs 

Hind limb strength was assessed in CP mice at 48 hours following injury (PND 8) 

using the hind limb suspension test. When suspended from the side of a conical tube, the 

hind limbs in CP mice were closer together than those in sham mice and the limbs of CP 

mice occasionally touched, indicating hind limb weakness (Figure 3.1c). Sham mice 
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consistently displayed a strong posture where their hind limbs were spread wider than their 

body width and their tails were straight up.  

Paw strength is decreased in neonatal CP mice 

Four limb grip tests strength, rather than dexterity or linear force, in the digits and 

paws. CP pups (PND 8, 48 hours after injury) were not able maintain their grip while the 

surface was inverted and fell of the mesh at 69°, which was significantly less then sham 

mice (96°) (Figure 3.1d).  

Grasping reflex is diminished in CP mice 

The grasping reflex test is used to demonstrate fine motor skills in young mice. At 

48 hours after injury (PND 8), CP mice demonstrate a decrease in grasping reflex. They 

grasp with fewer paws than sham mice (Figure 3.1e). In addition to grasping with fewer 

paws, there was a significant right paw preference in the hind limbs (Figure 3.1f), 

indicating fine motor deficits contralateral to injury. One week after injury (PND 13), HIL 

mice still grasp with fewer paws, indicating that they continue to have deficits in grasping 

(Figure 3.1g).  

Surface righting does not show distinguishable differences 

Postural assessment in CP patients show less trunk control while performing tasks 

such as sitting, standing and walking. Hence, surface righting was used to assess trunk 

control in CP mice (48 hours after injury, PND 8). Compared to sham pups, CP mice do 

not show significant deficits when righting (data not shown). CP mice can quickly right 

themselves and do not show a preference to turn toward one side or the other. 
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No variations are detected in negative geotaxis testing 

CP patients often have spasticity, which interferes with coordinated movements. In 

young pups, negative geotaxis tests motor coordination and balance while turning up an 

incline. CP mice (PND 8) do not show coordination deficits when challenged with negative 

geotaxis, nor do they demonstrate balance issues on the incline, as compared to sham mice 

(data not shown). Additionally, CP mice did not show a preference to turn toward one side 

versus another when re-orienting. 

Deficits are not present in the cliff aversion test 

The cliff aversion test also determines coordinated movement of all four limbs. 

However, rather than turning up an incline, mice must balance with part of their body 

weight unsupported, then turn away from the edge of cliff. CP mice (PND 8) did not show 

delayed movement away from the cliff, preference to turn toward one side or another, or a 

decreased ability to support themselves on the side of the cliff before turning (data not 

shown). 
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Figure 3.1. Neonatal CP mice show motor deficits 48 hours after insults are 
induced. Motor tests were performed in PND 6 pups, 48 hours after injury, to determine 
deficits in gait (ambulation: A, p<0.0005; hind limb angle: B, p<0.0001), hind limb (C, 
p<0.05) and paw (D, p<0.005) strength, as well as deficits in grasping (E, p<0.0005) 
and paw preference (F, p<0.05). One week after injury (PND 13), grasping deficits 
were still noted in CP mice (G, p<0.05). In A-G, sham is represented by black bars and 
CP is represented by white bars. A two-sample t-test was performed comparing sham 
and CP animals and p<0.05 (*) was considered significant. Data are shown as a bar 
graph and expressed as mean ± SEM, n = 6-18.   
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Adult Motor Results 

CP mice show gait abnormalities into adulthood 

Since gait abnormalities were found in neonatal CP mice, hind limb angle was also 

assessed in adult mice with CP. Hind-limb angle in adult mice decreased compared to 

neonatal pups. However, similar to neonatal mice with CP, adult CP mice ambulate with a 

greater angle between their hind limbs, 60°, when compared to shams, who have an angle 

of 43° between their hind limbs (Figure 3.2a).  

Left paw weakness is noted in adult CP mice  

The cylinder rearing test indicates paw preference as well as limb weakness. In the 

rearing test, CP mice display significant right paw preference (Figure 3.2b). This indicates 

left side weakness, which correlates with right sided ischemic injury. Sham mice display a 

slight propensity for left side preference; however, these data are not statistically significant 

and C57BL/6 mice, the strain used in our study, are generally ambidextrous (196). 

Adult CP mice have balance and coordination deficits 

The rotarod test was used to determine balance and coordination deficits. Using a 

protocol in which speed is increased over time, the speed at which the mice fell off was 

recorded and deficits in CP mice were determined. Compared to sham mice, adult mice 

with CP performed worse on the rotarod and sham mice run at speeds greater than 50% of 

CP mice (Figure 3.2c).  
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Figure 3.2. Seven weeks after injury, adult CP mice have motor deficits. Motor tests 
were performed on eight week old mice, seven weeks after injury, to determine motor 
deficits. Increased hind limb angle (A, p<0.005), increased right paw preference (B, 
p<0.05), and balance and coordination deficits (C, p<0.0001) were noted in adult CP 
mice. In A-C, sham is represented by black bars and CP is represented by white bars. 
A two-sample t-test was performed comparing sham and CP animals and p<0.05 (*) 
was considered significant. Data are shown as a bar graph and expressed as mean ± 
SEM, n = 5-26.   
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Adult Cognitive Results 

Adult CP mice show short-term recognition memory deficits 

As cognitive deficits are the most common co-morbid condition associated with 

human CP, cognition was assessed in our mouse model. Novel object recognition was used 

to determine short-term recognition memory. When compared to shams, adult CP mice 

show deficits in recognizing a novel object (Figure 3.3a). Object recognition in CP mice is 

reduced by about 30% compared to sham animals. However, CP mice do not spend less 

time exploring the objects (total exploration time) or ambulating around the field (total 

time and distance moved) (data not shown), showing that differences are not due to anxiety 

or immobility.  

Short-term spatial discrimination deficits are noted in CP mice 

The object-location memory task is used to determine short-term spatial 

discrimination, another aspect of cognition. CP mice do not discriminate between the new 

and old location of an object (Figure 3.3b). In fact, discrimination is reduced by 

approximately 40%. Again, total exploration time and ambulation time and distance are 

not affected in CP mice (data not shown).  

CP mice display normal anxiety behaviors 

The elevated plus maze is used to test anxiety related behaviors in mice. Both sham 

and CP mice spend significantly less time in the open arms compared to the closed arms 

(data not shown); however, there is no difference in length of time spent in open arms 

between sham and CP mice. Additionally, no difference was seen in the number of entries 

into the closed or open arms or the amount of time spent in the arm regions between sham 

and CP mice (data not shown).  



 

63 
 

 

Sham CP
40

50

60

70

80
N

o
ve

l O
b

je
ct

 E
xp

lo
ra

ti
o

n
(p

er
ce

n
t)

**

O
b

je
ct

 E
xp

lo
ra

ti
o

n
(D

is
cr

im
in

at
io

n
 R

at
io

)

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Adult CP mice have cognitive deficits. Seven weeks after CP insults were 
induced (mice were eight weeks old), cognitive tests were performed. CP mice 
demonstrated significant cognitive deficits in the novel object recognition test (A, 
p<0.005) and object location memory (B, p<0.05). In A, the dotted line represents 50% 
exploration, indicating that mice do not explore the novel object more than the old 
object. In A and B, sham is represented by black bars and CP is represented by white 
bars. A two-sample t-test was performed comparing sham and CP animals and p<0.05 
(*) was considered significant. Data are shown as a bar graph and expressed as mean ± 
SEM, n = 6-19.   
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Discussion 

The aim of this study was to determine whether our mouse CP model causes motor 

and cognitive deficits. Using a battery of neonatal motor tests, which we published in the 

Journal of Visualized Experiments earlier this year (169), as well as standard adult motor 

and cognitive tests, we determined that mice receiving the combination of HIL have motor 

deficits early in life that persist into adulthood. In addition, we showed that adult CP mice 

also have cognitive deficits.  

CP mice display mobility and gait abnormalities 48 hours after injury and at eight 

weeks old, as evidenced by overall ambulation as well as the hind limb angle (Figure 3.1a, 

b and Figure 3.2a). Gait abnormalities are one of the key features of CP (197) and any 

animal model should display similar motor deficits. Impairments in neonatal strength and 

grasping reflexes were also apparent (Figure 3.1c-g), another early sign of CP (7). In the 

adult, CP mice have limb weakness and paw preference (Figure 3.2b). These results are 

analogous to the human condition as hand preference and reduced strength are seen in CP 

patients (193–195).  In addition to motor deficits, adult CP mice also have cognitive 

deficits, as evidenced by decreased ability to learn or remember an object’s novelty or 

location (Figure 3.3a, b, respectively). These results are supported by Huang and 

colleagues, who demonstrated that perinatal HI in the rat caused long-term cognitive 

deficits in the adult (198). Similarly, CP patients have difficulties in short-term memory 

(199,200).  

Three neonatal tests, negative geotaxis, cliff aversion, and surface righting reflex, 

did not show significant changes between sham and CP mice. Negative geotaxis and cliff 

aversion tests determine coordinated movement in response to vestibular input. Any results 
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in these tests would have been interesting as difficulties in motor and balance, such as those 

seen in CP patients and mice, can suggest vestibular problems (201), possibly indicating 

cerebellum or brainstem injury. However, occlusion of the common carotid artery and 

hypoxia for 35 minutes causes selective white matter injury in the cerebrum without 

significant cortical gray matter damage (58); therefore, our mice do not show vestibular 

deficits. CP patients presenting with vestibular problems may have had an ischemic insult 

affecting blood flow to the cerebellum or brainstem, which can disrupt sensory pathways 

and lead to vestibular problems. The surface righting test determines trunk control when 

turning over to a prone position. CP patients have been shown to have impaired trunk 

control and muscle weakness while sitting and walking (192,202,203). However, since 

mice are quadrupeds, they do not use their trunk muscles for upright sitting and walking; 

therefore, muscular organization is not as defined in the mouse as it is in the human (204). 

Because of this, CP mice do not show impaired trunk control.  

The elevated plus maze did not show differences between sham and CP mice, 

indicating that CP mice do not have increased anxiety compared to sham animals. This 

finding is in contrast to findings by Girard, showing that the combination of HI and LPS in 

the neonate increased anxiety-like behavior in an open field (165). Girard showed that rats, 

subjected to HIL, travel less distance, are immobile for longer periods of time, and do not 

explore the center of the open field box. They also show that, in contrast, control rats travel 

greater distances and explore more of the box; however, Girard did not address anxiety-

like behavior, or thigmotaxis, in control rats. Girard also noted that CP rats perform worse 

on the rotarod test, which indicate ambulatory deficits. However, rather than increased 

anxiety, exploration of CP rats in the open field could decrease because of ambulatory 



 

66 
 

issues, and this was not addressed in Girard’s research. Furthermore, research conducted 

on human CP patients note anxiety issues that are centered around social interaction 

(205,206). Therefore, future studies should be conducted on CP mice to determine 

increased anxiety during social interaction.  

The results presented here provide evidence of short- and long-term behavioral 

deficits in CP mice and suggest a continuum of motor and cognitive deficits from the 

neonate to the adult. These findings are similar to those seen in humans with CP. 

Collectively, these data are the first evidence that a mouse model recapitulates many of the 

behavioral deficits seen in CP patients. Furthermore, researchers can now use this model 

to determine the efficacy of treatment on both cellular and behavioral changes in CP.  
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CHAPTER 4 

GFAP-POSITIVE ASTROCYTE LOSS, INCLUDING THE LOSS OF GLT-1, 

OCCURS VERY EARLY AFTER CEREBRAL PALSY INSULTS 

 

The role of astrocytes in the CNS is ever-changing. Once thought to be the glut of 

the brain and of no purpose other than as holding material for the might neuron, the 

astrocyte is now recognized for a variety of essential functions. One major function is its 

response after injury. Contrary to cell culture data (207), astrocytes in the neonate are 

susceptible to HI insults. In the neonatal human, approximately 80% of GFAP-positive 

astrocytes were apoptotic early after HI insults (53). In rat models of permanent (54) and 

transient (55,208) ischemic insults, significant astrocyte cell loss occurred within the first 

48 hours of injury. In neonatal rat models of HI, apoptotic GFAP-positive astrocytes 

increased over the first 72 hours following insults (53) with apoptotic astrocytes in the 

white matter (as a percent of total apoptotic cells) accounting for 31% at four hours, 51% 

at 12 hours, and 57% at 72 hours of cells lost (52). These studies suggest that astrocyte loss 

occurs following HI insults. The loss of astrocytes may cause a decrease in glutamate 

uptake and an increase in glutamate concentrations, which could become toxic very 

quickly. 

To support this idea, GLT-1 protein knockdown in rats caused a 58% loss in GLT-

1 protein with a 56% loss in glutamate transport and a 32-fold increase in extracellular 

glutamate, with neuron degeneration also found (97). GLT-1 knockout mice show 

increased extracellular glutamate, selective neuronal degeneration in the hippocampus, and 

increased injury following neurotrauma (77). When GLT-1 was knocked down in an adult 
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rat model of HI, a significant increase in infarct volume and exacerbated neuronal damage 

was noted in the cortex and striatum (209). Furthermore, in animal models of HI, decreased 

GLT-1 expression and activity has been noted within 24 hours following insults (210,211) 

and precedes neuronal death (211). The decrease of GLT-1 protein and increase in 

extracellular glutamate and neuron death, suggests that neurons died via excitotoxic 

mechanisms.  

Therefore, it seems that a decrease in glutamate clearance by GLT-1 could 

accompany astrocyte loss and increase excitotoxic damage of neurons and 

oligodendrocytes early after neonatal CP insults. The contribution of astrocytes and 

glutamate clearance to excitotoxic cell death in CP brain injury will be examined. 

 

Aims 

 Aim 1: To determine whether astrocytes are lost following injury in a mouse model 

of CP. 

 Aim 2: To determine whether GLT-1 protein expression or function changes 

following CP induction.  

 

Results 

GFAP-positive astrocyte loss is apparent very early after insults 

Recent studies show that astrocytes may play an early role in HI brain damage 

(52,212). In our model, even as early as 6 hours following injury, there is an approximately 

36% decrease in GFAP-immunoreactive astrocytes in the ipsilateral hippocampus of CP 

mice when compared to the contralateral hippocampus (Figure 4.1a). In the ipsilateral 
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versus contralateral hippocampus, at 12, 18, and 24 hours after injury, GFAP-

immunoreactive astrocytes are significantly decreased by 23%, 27%, and 38%, 

respectively. By 48 hours following injury, GFAP-positive astrocyte numbers on the 

ipsilateral side have returned to contralateral and sham levels. The combination of hypoxia 

and lipopolysaccharide, contralateral to ischemic injury, does not cause GFAP-

immunoreactive astrocyte cell loss compared to sham animals.  

Neuron damage occurs very early after injury but death is delayed 

The total number of neurons was determined in the hippocampi of adult mice at 

eight weeks old. Counts were determined in the ipsilateral sham hippocampus as well as 

the contralateral and ipsilateral CP hippocampi. Total neurons in the ipsilateral hippocampi 

of CP mice were approximately 40% less than that of sham or the contralateral CP 

hippocampi (Figure 4.1b). The combination of hypoxia and inflammation in the 

contralateral hippocampus did not cause neuron loss compared to sham mice. Interestingly, 

with the loss of neurons and astrocytes after CP insults, the ipsilateral hippocampus did not 

decrease in size (Figure 4.1c). The hippocampus does appear to increase in size normally 

over development. 

FJC staining is used to detect damaged and degenerating neurons. Analysis of FJC 

staining from six hours to one week after injury revealed hippocampal neuron damage 

beginning at 12 hours, peaking at 18-24 hours, and minimal damage around 48 hours post-

injury (Figure 4.2). Substantial damage is mostly noted in the cornu amonis 1 (CA1) and 

CA3 regions. Neuron damage in the motor cortex is not present.  

DNA strand breaks, indicating apoptosis, were detected using the TUNEL assay. 

TUNEL positive cells were noted at 24 hours with a peak in cell death 48 hours following 
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CP injury (Figure 4.3). Apoptosis was most prevalent in CA1 (data not shown) and CA3 

regions of interest. The other time points tested did not have TUNEL-positive cells. 

TUNEL-positive cells were determined to be neurons based on morphology and location. 

White matter volume is decreased after injury 

In patients with CP, diffusion tensor imaging shows decreased density, and, hence, 

decreased volume, in white matter regions of the brain (213). Therefore, using stereology 

and Cavalieri’s estimator of volume, we determine total volume in two important white 

matter regions of the mouse brain shown to decrease in adult CP patients: the corpus 

callosum and the pyramidal tracts in the brainstem. Seven weeks after injury, both white 

matter regions showed decreased volume in the ipsilateral brain hemisphere (Figure 4.4). 

Total volume in the corpus callosum ipsilateral to injury was approximately 13.5% smaller 

compared to the contralateral side (Figure 4.4a). The white matter volume in the brain stem 

pyramids decreased by approximately 16.5% in the ipsilateral pyramidal tract compared to 

the contralateral pyramidal tract (Figure 4.4b). Both the contralateral corpus callosum and 

pyramidal tract were not significantly different from sham animals.  

GLT-1 protein levels are decreased 72 hours after injury 

Changes in GLT-1 protein expression leading to neurological injury has been 

implicated in many neurological disorders (as reviewed by (214)), including ischemia. 

Therefore, we evaluated GLT-1 protein expression in the ipsilateral hippocampus and 

cortex as well as the contralateral hippocampus and cortex. Of these four regions, the 

ipsilateral hippocampus is the only region of interest that showed decreased GLT-1 protein 

amounts. GLT-1 protein is not decreased within the first 48 hours after injury (Figure 4.5a); 

however, a 15% decrease of GLT-1 protein is noted 72 hours following injury, with a 53% 
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decrease at 96 hours, 51% decrease at 1 week, and a 33% decrease 7 weeks after CP insults 

compared to the sham ipsilateral hippocampus. GLT-1 protein levels were normalized to 

actin and compared to sham at the same time point and in the ipsilateral regions of the brain 

(Figure 4.5b). GLT-1 protein expression in the ipsilateral hippocampus was also decreased 

compared to the contralateral hippocampus. 

GLT-1 function decreases after injury 

Changes in GLT-1 protein amounts are delayed after injury; however, it is thought 

that GLT-1 plays a significant role in excitotoxic brain damage following insults (214). 

Therefore, we used crude synaptosomal preparations from the contralateral and ipsilateral 

hippocampi and cortices to determine GLT-1 functions following injury. With glutamate 

transporter specific inhibitors, we were able to isolate GLT-1 function in synaptosomes. 

Of the four regions monitored, the ipsilateral hippocampus is the only region that showed 

significant changes in GLT-1 function. Following a small but insignificant increase in 

GLT-1 12 hours after injury, a 40% decrease was noted in GLT-1 function 24 hours after 

injury (Figure 4.5c).  Moreover, when using TBOA to block all glutamate transporters, no 

detectable differences in glutamate transport were noted in the hippocampus over the 12 to 

24-hour time course of GLT-1 dysregulation, indicating that GLAST and EAAC1 function 

in the hippocampus are unchanged following injury (Figure 4.5d). 
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Figure 4.1. The total number of GFAP-positive astrocytes are decreased early 
after injury and neuron loss is apparent once injury is established. (A) Astrocyte 
counts were obtained using stereological methods. GFAP-immunoreactive astrocytes 
were counted in the ipsilateral sham hippocampus (black bars) as well as the 
contralateral (white bars) and ipsilateral (gray striped bars) CP hippocampus from 6-48 
hours after injury. The total number of astrocytes in the ipsilateral hippocampus were 
significantly decreased 6-24 hours after injury (p<0.05). Overall significance was 
determined using a two-way ANOVA with Tukey’s multiple comparisons where 
p<0.05 within each time point. (B) Seven weeks after injury, sections were taken 
throughout the entire hippocampus and stained with cresyl violet. Neurons were 
determined based on location and morphology. The total number of neurons in the 
ipsilateral sham (black bar), CP contralateral (white bar), and CP ipsilateral (gray 
striped bar) hippocampus were determined using stereological technique. The total 
number of neurons was decreased in the ipsilateral hippocampus (p<0.05). Significance 
was determined using one-way ANOVA with Tukey’s multiple comparisons. (C) 
Hippocampal volume was measured using Cavalieri's estimator of volume. Although 
cell numbers decrease at all time points counted, hippocampal volume does not change. 
Overall significance was determined using two-way ANOVA. Data are expressed as 
mean ± SEM, n=3-6.  
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Figure 4.2. Neuron damage is noted in the ipsilateral hippocampus of CP mice. 
Fluoro-jade C staining of hippocampal sections was used to detect neuron damage. The 
third column shows nuclear staining (DAPI, blue) and apoptotic neurons (green) with 
regions of greatest damage highlighted (white arrow heads). Representative sections are 
shown. Sham mice were stained at 18 hours. CP mice were stained at all time points 
but damage was only noted from 12-48 hours, as shown. Scale bar, 200µm, applies to 
all panels. Sham DAPI staining is labeled with the anatomical regions in each image, 
DG = dentate gyrus, CA = cornu amonis. n = 3-5 
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Figure 4.3. Apoptotic neurons are noted in the ipsilateral hippocampus in CP mice. 
Apoptotic cells were detected using a TUNEL assay. A few apoptotic neurons first 
appear 24 hours after injury. The number of TUNEL positive apoptotic neurons 
increases at 48 hours but only minor apoptosis is noted in neurons of CP mice after 48 
hours. Sham mice do not show TUNEL staining at any time point. The third row of 
panels shows nuclear staining (DAPI, blue) and apoptotic neurons (green) with regions 
of greatest damage highlighted (white arrow heads). Representative sections are shown. 
Sham mice were stained at 48 hours. CP mice were stained at all time points but damage 
was only noted at 24 and 48 hours, as shown. Scale bar, 25µm, applies to all panels. All 
images show ipsilateral CA3 hippocampal staining, noted in the sham image. n = 3-5 
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Figure 4.4. White matter volume is decreased seven weeks after CP injury. Seven 
weeks after injury (mice were eight weeks old), sections were taken throughout the 
entire corpus callosum (A) or brainstem pyramids (B) and sections were stained. 
Volume was determined using stereological methods and Cavalieri’s estimator of 
volume. Volume of the white matter regions in the ipsilateral sham (black bar), CP 
contralateral (contra, white bar), and CP ipsilateral (ipsi, gray striped bar) were 
determined. The total volume of each white matter regions was decreased in the 
ipsilateral hemisphere of CP brains compared to sham (p<0.05) Significance was 
determined using one-way ANOVA with Tukey’s multiple comparisons. Data are 
expressed as mean ± SEM, n=3-6.
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Figure 4.5. GLT-1 protein expression and function is decreased in the ipsilateral 
hippocampus following CP injury. A) Densitometric analysis from western blots of 
GLT-1 and actin in ipsilateral sham and CP hippocampus. GLT-1 was normalized to 
actin (loading control) and the ratios were plotted on a bar graph. GLT-1 protein 
expression was decreased in CP (white mice) compared to sham (black bars) mice, 72 
hours after CP insults. Significance was determined using two-way ANOVA with post-
hoc Tukey’s multiple comparisons with p<0.05. Data are expressed as mean ± SEM, n 
= 3-5. B) Representative western blots showing GLT-1 and actin loading. Sham mice 
= S, Cerebral palsy mice = CP. GLT-1 was detected at 62kDa and actin was detected at 
42 kDa. Synaptosomes were prepared from sham (gray bars) and CP (white bars) 
ipsilateral hippocampus and GLT-1 (C) mediated and GLAST/EAAC1 (D) mediated 
glutamate uptake was determined over an early time course following CP injury. GLT-
1 function was decreased 24 hours after injury, which was restored by 48 hours. GLT-
1 function is determined by DHK inhibition. GLAST/EAAC1 function was not changed 
over the early time course. GLAST/EAAC1 function is determined by TBOA 
inhibition. In C and D, data are expressed as a box and whisker plot with upper and 
lower bars at the minimum and maximum values, the line at the median, and the + at 
the mean n = 3-5. Overall significance was determined using a two-way ANOVA with 
post-hoc Tukey’s multiple comparisons with p<0.05. 
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Discussion 

Our results show that GFAP-positive astrocyte loss precedes neuron and 

oligodendrocyte death in CP injury. A decrease in glutamate clearance through GLT-1 is 

also shown early, and suggests that glutamate-sensitive neurons and oligodendrocytes are 

left vulnerable to excitotoxicity early after CP insults. Gray and white matter damage can 

cause neonatal motor deficits that persist into adulthood and may include cognitive 

disability. GFAP-positive astrocyte loss and GLT-1 dysfunction early after injury may be 

an underlying cause for the behavioral deficits noted in our CP mice (Chapter 3). 

Current studies have not established the role of GLT-1 in a triple-hit (hypoxia-

ischemia-inflammation) injury model of CP. Our results show that GFAP-immunoreactive 

astrocytes in the ipsilateral hippocampus are lost within 6 hours after CP insults and are 

not restored to sham levels until 48 hours after injury (Figure 4.1a). In addition to this early 

loss in GFAP-positive astrocytes, we also found significantly decreased GLT-1-dependent 

glutamate uptake at 24 hours (Figure 4.5b). Glutamate uptake by GLT-1 was not restored 

until 48 hours after injury, the same time that GFAP-reactive astrocytes were restored.  

Neuron damage was noted 12 hours after injury (Figure 4.2), when GLT-1 first 

appears dysregulated, and neuronal apoptosis begins 24 hours after injury (Figure 4.3). 

Moreover, data from the Deng lab reported that white matter injury is most robust 96 hours 

following CP insults (163). These results provide evidence that astrocyte loss and 

dysfunctional GLT-1 precedes neuron and oligodendrocyte death. 

One of the significant findings in this study was the loss of GFAP-positive 

astrocytes prior to neuron damage and gray and white matter death. Astrocyte loss early 

after neonatal insults have been implicated in human ischemic insults (52,53). Astrocytes 
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can be lost or injured due to oxygen and glucose depletion from HI (215). However, in our 

model, GFAP-positive astrocytes were lost early following injury but apoptotic astrocytes 

were not noted. In agreement with these findings, a model of transient ischemia in an adult 

rats did not cause astrocyte apoptosis, but did downregulate GFAP-immunoreactivity in 

astrocytes (216). Downregulation of GFAP in astrocytes could indicate astrocyte 

dysfunction early after injury, which may cause loss of potassium homeostasis, tropic 

support, and extracellular glutamate clearance. 

GLT-1 was found to be dysfunctional in the ipsilateral hippocampus very early after 

insults. Although we show abnormalities in GLT-1 glutamate uptake activity, we found no 

changes in protein levels. Glutamate uptake into synaptosomes can be either through 

neurons, which contain very low levels of GLT-1, or through astrocytes, which contain the 

majority of GLT-1 protein (217). Weller and colleagues showed that the specific 

upregulation of GLT-1 in astrocytes increased DHK sensitive glutamate uptake in 

synaptosomes (218). However, recently, Petr and his group isolated synaptosomal 

preparations from transgenic mice with neuron- or astrocyte-specific GLT-1 knockouts and 

found that uptake mediated by neuronal GLT-1 was over-represented in synaptosome 

preparations (94). However, in Petr’s studies, up to 40% of synaptosomal glutamate uptake 

was still due to GLT-1 expressed in astrocytes ((94) and reviewed by (219)). Using 

radioactive aspartate, an amino acid that can also be taken up by glutamate transporters, it 

has been shown that unlike aspartate uptake in hippocampal slices from the adult rodent 

brain (220), neurons in the immature, developing rodent brain (up to post-natal day 10) do 

not accumulate aspartate (221), suggesting that immature neurons do not express GLT-1. 

Furthermore, we did not detect changes in glutamate uptake from GLAST, which is 
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expressed at low levels in the immature hippocampus (80), and EAAC1, which is expressed 

primarily in neurons (60), with TBOA inhibition, indicating that changes in GLT-1 are 

probably due to astrocytes. Decreased glutamate uptake due to neuronal damage would 

include a decrease in EAAC1-mediated glutamate uptake, which is not seen. Therefore, the 

amount of glutamate uptake is attributed to astrocytic GLT-1. 

Our data indicate that, with the decreased number of GFAP reactive astrocytes, 

comes a decrease in GLT-1 activity. Supporting decreased GLT-1 function, transient global 

HI in adult rats caused a significant reduction of the inward current evoked by astrocytic 

GLT-1 within the first 24 hours after insults (222). However, mechanisms exploring 

reduced GLT-1 function following HI are unknown. 

Since GLT-1 transporter activity was less but protein levels were not changed, this 

could indicate post-translational modifications of GLT-1, causing transporter function to 

decrease, and leading to increased extracellular glutamate and excitotoxicity. 

Palmitoylation, a process in which a fatty acid is selectively attached to a cysteine, is 

important for changing the hydrophobicity of proteins, possibly for insertion into the cell 

membrane. In addition, palmitoylation may be involved in protein-protein interactions and 

in trafficking proteins within the cell. GLT-1 has putative palmitoylation sites and was 

found to be important for astrocytic GLT-1 function in a mouse model of Huntington’s 

disease, a neurodegenerative disease that may involve an excitotoxic mechanism of cell 

death (133,134). Although not studied in hypoxia-ischemia, mutating GLT-1 at cysteine-

38, the preferred palmitoylation site in the HD model, and expressing the mutation in cell 

culture, a 40% reduction in glutamate uptake activity was noted (133). Interestingly, 24 

hours after insults in our model, there was an approximately 40% decrease in GLT-1 
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mediated glutamate uptake in CP mice. Thus, decreased palmitoylation of GLT-1 may be 

responsible for decreasing glutamate transporter activity following HIL in our model. 

Sumoylation has been shown to cause GLT-1 internalization from the plasma 

membrane (136). In cell cultures, sumoylation of GLT-1 decreased glutamate uptake by 

changing GLT-1 localization and lowering the levels of GLT-1 protein at the cell surface 

but not lowering the protein expression of GLT-1 (136). In rat organotypic slice cultures 

following oxygen-glucose deprivation to mimic HI injury, total sumo-conjugated protein 

was increased (137). Therefore, increased sumoylation of GLT-1 could also reduce GLT-

1 function without changing the amount of total GLT-1 protein expression.  

It is also possible that protein kinase C (PKC) pathways are activated following CP 

insults causing internalization of GLT-1, thus, reducing GLT-1 function without changing 

total protein expression. Following transient HI, PKC increased in membrane fractions 

from the ischemic core (143), showing that PKC localization is changed after insults. 

Activation of PKC causes internalization of GLT-1 from the astrocyte cell surface 

(138,140,142). Therefore, the internalization of astrocytic GLT-1 by PKC may occur very 

early following CP insults, which would also decrease GLT-1 activity without changing 

total protein levels. Furthermore, post-translational modifications of proteins can occur 

quickly to change their activity or location. 

In our studies, GLT -1 protein expression was decreased 72 hours after injury and 

continued to be lower for as long as seven weeks after injury. Multiple studies have shown 

decreased GLT-1 mRNA after HI insults (222–224). Following HI insults in the rat, GLT-

1 mRNA was decreased in the CA1 region of the hippocampus 55-71% one day after 

insults and 68-75% four days after insults (224). If PKC or sumoylation mechanisms are 
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causing the internalization of GLT-1 after HI insults in our CP mouse model, it is possible 

that internalized GLT-1 protein remains stable very early after insults while GLT-1 mRNA 

is degraded. A paper by Zelenia and Robinson, published in 2000, showed that GLT-1 

protein is stable for approximately 24 hours and was hyper-stabilized during periods of 

GLT-1 mRNA degradation in cell cultures (225). Hyperstabilization of internalized GLT-

1 protein during early GLT-1 mRNA degradation could cause decreased GLT-1 function 

without changes in GLT-1 protein expression early after injury, followed by a delayed 

decreased in protein expression.  

Interestingly, we found that neuron damage occurred 12 hours after injury in the 

ipsilateral hippocampus, neuron death in the ipsilateral hippocampus occurred maximally 

48 hours after injury, and neuron loss was apparent seven weeks after injury. However, the 

loss of GFAP-reactive astrocytes began as early as 6 hours following injury and decreased 

GLT-1 function was noted 24 hours following injury. These data indicate that the loss of 

astrocytes and their functions precede neuron loss in our mouse model of CP.   

It is clear from decades of studies that oligodendrocytes and neurons are extremely 

sensitive during development and an insult, such as HIL, may lead to cerebral palsy. 

However, illuminating the role of astrocytes very early after CP insults may change the 

way in which CP is studied and treated. In addition, future studies may determine 

disruptions in potassium homeostasis as well as decreased trophic support and increased 

harmful cytokines following CP insults, as astrocytes also contribute to these functions in 

the brain.   
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CHAPTER 5 

BETA-LACTAM DRUG TREATMENT IS NEUROPROTECTIVE IN OUR 

MODEL OF CEREBRAL PALSY 

 

Ceftriaxone has been shown to be neuroprotective and improve motor and cognitive 

outcomes following HI injury in the adult and neonatal rat (152,153,226,227). Studies have 

correlated the neuroprotective potential of ceftriaxone to an increase in GLT-1 function 

and protein expression (152,160,228). It appears that the increase in GLT-1 protein 

expression is through NF-κB-mediated transcriptional regulation. To elucidate if 

ceftriaxone increases GLT-1 protein expression through NF-κB, Lee and colleagues used 

primary human fetal astrocytes cultured with ceftriaxone and NF-κB inhibitors and found 

that the inhibition of  NF-κB caused a decrease in GLT-1 promoter activity and protein 

expression (228). Furthermore, ceftriaxone caused the cytoplasmic degradation of IκBα 

(nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha) and 

the translocation of p65, a subunit of NF-κB, into the nucleus, as well as an increase in 

luciferase activity driven by an NF-κB promoter region. These results suggest that 

ceftriaxone mediates GLT-1 protein expression through transcriptional regulation by NF-

κB. Ceftriaxone treatment leading to NF-κB activation and translocation was also 

confirmed in a rat model of hemorrhage (229). Thus, ceftriaxone regulates GLT-1 protein 

expression and function through NF-κB and is neuroprotective in HI and excitotoxic brain 

insult models.  

Although ceftriaxone seems like the perfect neuroprotective compound, it must be 

given in very high concentrations to reduce neurodegeneration in the brain due to its poor 
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blood brain barrier penetrability. Ceftriaxone also has antibiotic properties, making its 

clinical usefulness limited. When the ability of Ceftriaxone to increase GLT-1 expression 

was first reported (149), other compounds besides ceftriaxone were discovered, but they 

did not have as great an effect on GLT-1. One of the key features of all the compounds was 

that all of them had a beta-lactam ring. If the ring is the part of the structure that is able to 

modulate GLT-1 expression, then other compounds with a ring may work as well. 

Clavulanic acid (CA) is similar to ceftriaxone in that it has a beta-lactam ring. 

However, CA also has a much better brain penetrability and can be given at lower doses 

than ceftriaxone. In addition, CA does not have antibiotic properties that would cause 

antibiotic resistance. Although CA has not been administered in a model of HI, it has been 

shown to reduce neuron death in mouse and rat models of neurological disease (160). 

Furthermore, CA administration showed a 2.5-fold increase in GLT-1 protein expression 

over control mice (155).  

In addition to CA, we tested another beta-lactam compound, MC-100093 (093), 

designed by the Moulder Center for Drug Discovery Research at Temple University. 

Preliminary results obtained by the Moulder Center show that 093 does not have antibiotic 

properties.093 has also been used in a rat drug addiction study and shown to be both safe 

and efficacious. Following chronic cocaine administration, GLT-1 protein expression is 

decreased in the nucleus accumbens; however, 093 administration increases GLT-1 protein 

expression to sham levels. 

We will test the neuroprotective properties of CA and 093 in our mouse model of 

CP. Since these compounds are beta-lactams, similar to ceftriaxone but with better blood 

brain barrier penetration, the hypothesis is that CA and 093 treatment after neonatal CP 
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insults will increase GLT-1 function and protein expression, reduce excitotoxicity 

following HI, and will confer neuroprotection. 

 

Aims 

Aim 1: Determine whether CA and 093 administration in our mouse CP model will 

increase GLT-1 expression and/or function.  

Aim 2: Determine whether CA and 093 can decrease neuron and white matter 

volume loss in our CP model. 

Aim 3: Determine whether CA and 093 can improve the motor and cognitive 

deficits in our CP model. 

 

Results 

GLT-1 function and protein expression are increased  

in CP mice with beta-lactam treatment 

 Many studies have shown that administration of beta-lactam compounds increases 

GLT-1 function and protein levels (149,155). In our early studies, we determined that GLT-

1 function was decreased very early after CP insults with a recovery of function by 48 

hours (Chapter 4). Additionally, we showed that GLT-1 protein was significantly decreased 

72 hours to seven weeks after CP insults (Chapter 4).  

With beta-lactam treatment, GLT-1 function did not show the small increase 12 

hours after injury compared to injured, untreated animals and was normalized closer to 

sham levels by 18 and 24 hours after CP insults (Figure 5.1a). 093 treatment showed a 

significant increase in GLT-1 activity in CP mice at 18 and 24 hours after insults. CA 
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treatment showed a trend in improved GLT-1 activity 18 hours after injury and 

significantly increased GLT-1 function at 24 hours compared to CP mice without 

treatment. All other time points tested (72 hours to seven weeks after insults) did not show 

significant differences in GLT-1 function with treatment.  

Glutamate aspartate transporter (GLAST; primarily in astrocytes of the cerebellum) 

and excitatory amino acid carrier 1 (EAAC1; primarily in neurons) activity, which was 

determined by TBOA inhibition, showed a trend in glutamate uptake in CP mice with beta-

lactam treatment 18 and 24 hours after insults, with no significant changes noted at other 

time points (Figure 5.1b). 

Beta-lactam administration increased GLT-1 protein levels from 48 hours to one 

week after insults (Figure 5.1c, d). With 093 treatment, GLT-1 protein was increased from 

48 hours to 1 week, while CA administration produced a mild increase in GLT-1 protein 

levels at 48 to 96 hours after insults but was only significant 1 week following CP insults 

(Figure 5.1c). This may indicate that, like ceftriaxone, CA requires longer treatment to 

increase GLT-1 protein expression. All other time points tested (six hours to 24 hours) 

were not significantly different from GLT-1 protein levels in sham and CP. 

Total number of GFAP-positive astrocytes in the  

hippocampus do not change with drug treatment  

 We have shown that GFAP-positive astrocyte numbers decrease 6-24 hours after 

injury in the ipsilateral hippocampus. The number of GFAP-positive astrocytes does not 

improve with beta-lactam drug treatment (data not shown).  
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CA treatment preserves neurons while 093 treatment delays  

neuron damage and reduces neuron death in the hippocampus early after injury 

 Previous studies have shown that CA reduced neuron loss in rodent models of 

neurological diseases (160). In our studies, beta-lactam treatment results in less or delayed 

neuron damage in the ipsilateral hippocampus early after injury (Figure 5.2). CA treatment 

shows an overall reduction in neuron damage while 093 treatment delays neuron damage. 

Additionally, beta-lactam treatment reduces neuronal apoptosis within the first few days 

following CP insults (Figure 5.3). Interestingly, specific to 093 treatment, apoptotic cell 

also death appears to be delayed compared to untreated CP mice.  

When examining hippocampal volume, the volume was not significantly different 

between all groups (Sham, CP, and CP+drug) (Figure 5.4a). In beta-lactam treated animals, 

ipsilateral hippocampal volume shows a downward trend compared to mice without beta-

lactam treatment. However, in the ipsilateral hippocampi treated with beta-lactams, there 

was a trend toward increased total neuron numbers (Figure 5.4b).  

Beta-lactam treatment preserves white matter loss 

Previously we showed that white matter volume decreased in two major regions 

following CP injury (Chapter 4). After beta-lactam treatment, the pyramidal tracts of CP 

mice show slight but significant improvement in volume on the ipsilateral side compared 

to CP mice without treatment (Figure 5.5a). No difference was noted in the shams or 

contralateral sides (Figure 5.5b). 

Neonatal motor deficits are improved with beta-lactam administration 

Neonatal CP mice were shown to have motor deficits 48 hours after injury (Chapter 

3). Mid-way through the beta-lactam treatment protocol, 48 hours following insults, 
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neonatal mice were tested for motor deficits and compared to age-matched CP mice 

without treatment as well as sham mice. Beta-lactam treatment improved neonatal motor 

deficits, specifically ambulation score, ambulation angle, four limb grip strength, and 

grasping (Figure 5.6). CP mice with beta-lactam treatment had an improved ambulation 

score, indicating that their walking posture was more normal (Figure 5.6a). In addition, 

their hind limb ambulation angle decreased from 79° to 58° and 44° with CA and 093 

treatments, respectively (Figure 5.6b). When testing four limb grip strength, the angle at 

which pups fell off improved from 69° to 93° with CA treatment and 96° with 093 

treatment, demonstrating an improvement in paw strength (Figure 5.6c). Lastly, with beta-

lactam treatment, grasping reflexes in CP mice developed similarly to shams and mice were 

able to grasp with more paws (Figure 5.6d). These tests, taken together, show that beta-

lactam treatment helps preserve both gross and fine motor skills in our CP model.  

Beta-lactam treatment in sham animals did not demonstrate any difference in motor 

testing from sham animals who were not treated (data not shown). 

Adult behavior is improved with beta-lactam treatment 

Adult CP mice were shown to have both motor and cognitive deficits following 

neonatal CP insults (Chapter 3). As a reminder, beta-lactam treatment was administered 

from PND 6-10, at which point the animals were allowed to live freely with its littermates 

until they reach 8 weeks old (adult).  

Adult CP mice given beta-lactam compounds had improvements in both motor and 

cognitive abilities when compared to adult CP mice without treatment (Figure 5.7). Beta-

lactam treatment reduced hind limb angle in CP mice from 60° to 48.5° (either treatment), 

close to sham levels (43.5°) (Figure 5.7a). Paw preference was abolished from an 18% 
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right paw preference to around 0% when comparing non-treated adult CP mice to treated 

mice, respectively (Figure 5.7b).  

Rotarod testing revealed that adult CP mice treated with beta-lactam treatments 

were able to reach speeds of approximately double that of untreated CP mice (Figure 5.7c), 

indicating that early beta-lactam treatment improve balance and coordination in adult CP 

mice. These results show that beta-lactam treatment improves long-term motor deficits. In 

determining cognitive improvements with the novel object recognition test, beta-lactam 

treatment caused a 14% improvement in object recognition in CP mice (Figure 5.7d). No 

change was noted in motor or cognitive performance in sham mice with or without 

treatment (data not shown). 
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Figure 5.1. Beta-lactam administration increased GLT-1 function and protein 
expression. A) Increased GLT-1 activity is noted from 18 to 24 hours in CP mice with 
beta-lactam treatment. Although not significant, CA treatment in CP mice shows a trend 
toward increasing GLT-1 function in CP mice 18 hours after injury with a significant 
increase at 24 hours. 093 treatment in CP mice displays a significant increase in GLT-
1 function at 18 and 24 hours following injury. GLT-1 activity in CP treated mice was 
compared to CP mice with sham as a reference. B) GLAST/EAAC1 mediated glutamate 
uptake was determined over an early time course following CP injury and beta-lactam 
treatment. In A and B, specific activity was determined with glutamate transporter 
inhibitions (DHK and TBOA). Synaptosomes were prepared from sham (gray bars), CP 
(white bars), CP with CA treatment (red striped bars), and CP with 093 treatment (blue 
bars) ipsilateral hippocampus and GLT-1. A, B) Data are expressed as a box and 
whisker plot with upper and lower bars at the minimum and maximum values, the line 
at the median, and the + at the mean n = 3-5. Overall significance was determined using 
a two-way ANOVA with post-hoc Tukey’s multiple comparisons with p<0.05 to 
determine significance within time points. C) Densitometric analysis from western blots 
of GLT-1 protein expression normalized to actin in ipsilateral sham (black bars), CP 
(white bars), CP+CA (red striped bars), and CP+093 (blue striped bars) hippocampus. 
Beta-lactam treatment increased GLT-1 protein expression. Overall significance was 
determined using two-way ANOVA and Tukey’s multiple comparisons with p<0.05 to 
determine significance within each time point. Data are expressed as mean ± SEM n = 
3-5. D) Representative western blots from 48 hours to seven weeks showing GLT-1 and 
actin loading. Sham mice = S, Cerebral palsy mice = CP. GLT-1 was detected at 62kDa 
and actin was detected at 42 kDa. Sham mice = S, Cerebral Palsy mice = CP, CP + CA 
= CA, CP + 093 = 093. GLT-1 was detected at 62kDa and actin was detected at 42 kDa. 
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Figure 5.2. Neuron damage is decreased with CA treatment and delayed with 093 
treatment. Fluoro-jade C staining of hippocampal sections was used to detect neuron 
damage. Representative sections are shown with nuclear staining (DAPI, blue) and 
apoptotic neurons (green) with regions of greatest damage highlighted (white arrow 
heads). In CP mice (top), injured neurons first appear at 12 hours, peak around 24 hours, 
and subside at 48 hours after injury. With CA treatment (middle), neuron damage is 
reduced from 12-48 hours after injury. 093 treatment (bottom), shows delayed apoptotic 
neuron staining at 18 hours and persisting until 48 hours. Scale bar, 200µm, applies to 
all panels. n = 3-5.  
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Figure 5.3. Beta-lactam treatment reduces apoptotic neurons in the ipsilateral 
hippocampus of CP mice. Apoptotic cells were detected using a TUNEL assay. A few 
apoptotic neurons first appear in CP mice 24 hours after injury and increase at 48 hours.  
Twenty-four hours after injury, decreased apoptosis is noted in CP mice with beta-
lactam treatment (CA = middle, 093 = bottom) with no apoptosis noted at 48 hours. 
White arrow heads indicate apoptotic cells with DAPI (blue) and TUNEL (green) 
overlay. Representative sections are shown. Sham mice were stained at 48 hours. CP 
mice were stained at all time points but damage was only noted at 24 and 48 hours, as 
shown. Scale bar, 25µm, applies to all panels. All images show ipsilateral CA3 
hippocampal staining. n = 3-5 



 

96 
 

 

 

Figure 5.4. Hippocampal volume was not changed and neuronal cell numbers only 
slightly increased with beta-lactam treatment. Seven weeks after injury, sections 
were taken throughout the entire ipsilateral (ipsi) hippocampus and stained with cresyl 
violet. (A) The volume of the hippocampus was measured using Cavalieri’s estimator 
of volume. The volume of the ipsilateral hippocampus with drug treatment (CP+CA = 
red striped bar, CP+093 = blue striped bar) does not change significantly from sham 
(black bar) or the ipsilateral (white bar) hippocampus in CP brains. (B) Neurons were 
counted throughout the entire hippocampus using systematic random sampling and the 
optical fractionator method. Ipsilateral hippocampi of both drug treatments (CP+CA = 
red striped bars, CP+093 + blue striped bars) show a trend toward increased neuron cell 
number but are not significant compared to neuron cell counts in the ipsilateral 
hippocampus of CP mice (white bar). Sham ipsilateral hippocampus is represented by 
the black bar. In both A and B, one-way ANOVA with Tukey’s multiple comparisons 
post-hoc analysis was performed and p<0.05 (*) was considered significant. Data are 
expressed as mean ± SEM, n=3-6.   
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Figure 5.5. White matter volume in the ipsilateral brainstem pyramid is improved 
in CP mice treated with beta-lactam drugs. White matter staining was performed 
seven weeks after injury by Klüver-Barrera staining and stereology using Cavalieri's 
estimator of volume. A) Treatment of CP mice with beta-lactam compounds (CP+CA 
= red striped bar, CP+093 = blue striped bar) increased the volume of the ipsilateral 
(ipsi) pyramid compared to CP mice without treatment (white bar). Sham mice (black 
bar) was used as a control. B) The contralateral (contra) pyramid volumes are not 
significant between sham (black bar) and CP (white gray stripes) mice with or without 
administration of beta-lactams (CA = red with white stripes, 093 = blue with white 
stripes). In A and B, data are expressed as mean ± SEM, n=3-6. Statistical analysis was 
performed using a one-way ANOVA followed by Tukey’s multiple comparison post-
hoc analysis where p<0.05 (*). 
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Figure 5.6. Neonatal motor deficits in CP mice are improved with beta-lactam 
treatment. Motor tests were performed in PND 6 CP pups, 48 hours after injury, with 
and without beta-lactam treatment to determine improvements in motor deficits. CA 
(red striped bar) and 093 (blue striped bar) improved gait analysis (ambulation: A, 
p<0.0005; hind limb ambulation angle: B, p<0.0001), four paw suspension (C, p<0.05), 
and grasping (D, p<0.05). In A-D, sham is represented by black bars, CP is represented 
by white bars, CP+CA is red striped bars, and CP+093 is blue striped bars. One-way 
ANOVA with Tukey’s multiple comparisons post-hoc analysis was performed and 
p<0.05 (*) was considered significant. Other statistics include p<0.005 (**), p<0.0005 
(***), and p<0.0001 (****). Data are expressed as mean ± SEM, n = 6-18.   
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Figure 5.7. Behavioral deficits in adult CP mice are improved with beta-lactam 
drug treatment.  Motor tests were performed on eight week old CP mice, seven weeks 
after injury, to determine improvements in motor deficits following beta-lactam 
treatment. Increased hind limb ambulation angle (A, p<0.05), right paw preference (B, 
p<0.05), and rotarod speed (C, p<0.05). (D) CP mice with beta-lactam treatment 
demonstrate improved cognition in the novel object recognition test (p<0.05). The 
dotted line represents 50% exploration, indicating that mice do not explore the novel 
object more than the old object. In A-D, sham is represented by black bars, CP is 
represented by white bars, CP+CA is red striped bars, and CP+093 is blue striped bars. 
One-way ANOVA with Tukey’s multiple comparisons post-hoc analysis was 
performed and p<0.05 (*) was considered significant. Other statistics include p<0.005 
(**), p<0.0005 (***), and p<0.0001 (****). Data are expressed as mean ± SEM, n = 5-
26.   
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Discussion 

Our results show that beta-lactams maintain GLT-1 function near sham levels early 

after injury, with significant improvements in GLT-1 activity noted at 24 hours with 093 

treatment. GLT-1 protein levels are increased with beta-lactams later after injury, between 

48 hours and 1 week. Furthermore, early neuron damage (Figure 5.2) as well as apoptotic 

neuron death (Figure 5.3) was decreased with beta-lactam drug treatment. An increasing 

trend in TBOA-sensitive glutamate uptake was also noted with beta-lactam treatment 18 

and 24 hours after injury, with 093 treatment significantly increasing TBOA-sensitive 

GLAST and EAAC1 glutamate uptake 24 hours following insults. We also noted a trend 

in increased hippocampal neuron number seven weeks after injury and beta-lactam 

administration (Figure 5.4). In addition to reduced neuron damage and death, white matter 

was increased in CP mice treated with beta-lactams as evidenced by increases in brain stem 

pyramid volume (Figure 5.5).  

Not only are cellular changes improved following CP insults with beta-lactams, 

neonatal and adult behavioral deficits were improved with beta-lactam treatment (Figure 

5.6 and 5.7). Overall, these results show that beta-lactam treatment immediately following 

insults improve GLT-1 dysfunction and are neuroprotective in CP. 

An important finding in these studies is that GLT-1 function and expression is 

increased with beta-lactam treatment. Early after injury, beta-lactam treatment caused a 

normalization of GLT-1 function with a trend in increased GLT-1 activity 18 and 24 hours 

after insult, but no changes in protein expression were detected. In an HI model in 

hippocampal slice cultures, administration of ceftriaxone decreased glutamate receptor 

stimulation in individual neurons and delayed hippocampal field potentials without an 
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increase in GLT-1 protein expression, indicating an increase in glutamate transporter 

function with beta-lactam treatment (227). Furthermore, in primary astrocyte cultures, 

ceftriaxone treatment increased glutamate uptake without increasing GLT-1 protein levels 

(226), supporting the ability of beta-lactams to increase GLT-1 function without protein 

expression.  

It is possible that, in addition to improved GLT-1 activity, beta-lactams are 

decreasing injury early after insults through other mechanisms. Transition metals such as 

copper and iron can convert superoxide into aggressive reactive oxygen species and 

increase following ischemia (as reviewed by (230)). CA, however, is potentially 

neuroprotective by reducing ROS (231). Iron chelators can be neuroprotective against 

neonatal HI (232), and beta-lactams have been shown to be metal chelators (233), possibly 

reducing the damage done by transition metals and reactive oxygen species following CP 

insults. Transition metals can be detected in the blood serum of CP mice using ion 

chromatography and could be tested with and without beta-lactam administration.  

Another potential beta-lactam mechanism of action early after insults is through the 

N-acetylated alpha-linked acidic dipeptidase (NAALADase), also called glutamate 

carboxypeptidase II (GCPII). GCPII is a neuropeptidase responsible for the extracellular 

hydrolysis of the neuropeptide N-acetyl-aspartyl-glutamate (NAAG) into N-acetyl-

aspartate (NAA) and glutamate (234). The generation of extracellular glutamate through 

NAAG hydrolysis could lead to increased excitotoxicity under insults such as hypoxia-

ischemia and inflammation. GCPII is observed in the human brain (235) and is expressed 

in the hippocampus (236), predominantly by astrocytes (237). The active site of GCPII is 

very similar to that of beta-lactamase, therefore, beta-lactams could potentially inhibit 
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GCPII cleavage of NAAG into NAA and glutamate. Consistent with this theory, studies 

have shown that the inhibition or deletion of GCPII is neuroprotective against excitatory 

insult in models of ischemia (238,239). Interestingly, beta-lactams are able to inhibit 

GCPII, reduce glutamate, and were protective against inflammation in a rat model of paw 

edema (240). The contribution of GCPII to injury in CP mice can be determined by 

inducing CP in GCPII deletion mice and determining the outcomes of injury with and 

without administration of beta-lactam compounds.  

In our studies, increased GLT-1 protein expression without function was noted later 

after injury. Increased protein expression following beta-lactam administration may occur 

by activation of the NF-κB pathway, consistent with other findings (104,122,123). Future 

experiments could elucidate the contribution of NF-κB to GLT-1 protein levels by 

manipulation of the NF-κB pathways (241). However, GLT-1 protein levels do not appear 

to be important early after injury as levels are not increased until at least 48 hours and, at 

this time, GLT-1 activity is not significantly increased, indicating that the increased protein 

in our model is not active. GLT-1 protein localization could be determined through cellular 

fractionation of whole brain into cytoplasm and membrane samples followed by western 

blotting.  

Beta-lactam treatment also decreased neuron damage and apoptosis early after 

injury; however, treatment showed a trend in improving long term neuronal survival but 

did not significantly improve total neuron numbers. These data suggest tertiary injury may 

occur causing the loss of mature neurons at a later time point, which is not blocked by the 

early time course of beta-lactam treatment. Tertiary injury in HI insults can include 

increased accumulation of transition metals (242), increased exposure to glucocorticoids 
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(243), and the generation of oxidative stress (244). In addition, as reviewed by Thorton, 

tertiary cell loss can also occur due to prolonged inflammatory responses, increased 

susceptibility to glutamate signaling, as well as impaired oligodendrocyte maturation and 

myelination (245). These mechanisms could cause neuron death that is delayed by weeks.  

Another important finding in these studies is that beta-lactams improve behavioral 

deficits in CP mice. Minor but significant improvements in white matter and only a trend 

in increasing ipsilateral hippocampal neuron number suggests that functional 

reorganization and neuronal plasticity may occur following injury or during juvenile 

development. Functional reorganization without a significant increase in white matter 

volume may include synaptic rearrangement and reorganization (246,247) and axonal 

growth and new synapse formation (248) (as reviewed by (249)). Our data, showing a trend 

but not significant improvements in total hippocampal neuron numbers but improvements 

in adult motor and cognitive deficits, indicate that synaptic plasticity is likely occurring in 

the CP mice. It is possible that beta-lactam administration reduces extracellular glutamate 

through increased GLT-1 activity, allowing for less gray and white matter damage and an 

environment that facilitates synapse strengthening and reorganization. 

The data presented here are the first pre-clinical evidence that beta-lactams may be 

efficacious immediately following HI and inflammatory insults leading to CP. Currently, 

there are no cures for CP and beta-lactam compounds may present a viable option. 
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CHAPTER 6  

CONCLUSION 

 

For decades, the focus of CP injury has been on oligodendrocytes because of PVL, 

the neuropathological hallmark in human CP patients. Here, we focus on astrocytes as an 

underlying cause to white matter injury. By using a novel CP mouse model that combined 

hypoxia, ischemia, and inflammation to better replicate the neuropathological findings of 

CP, we were able to establish an overall time course of cell death, implicate astrocyte and 

GLT-1 loss as a possible underlying mechanism for gray and white matter damage, and 

show changes in gross and fine motor behavior in both neonates and adults.  

By establishing the time course of cell death, we predicted that there would be a 

treatment window within the first 48 hours after insults. By using beta-lactam compounds 

to increase GLT-1 function during the proposed treatment window, we were able to 

reduced neuron damage and apoptosis early after injury, increased white matter volume in 

the adult, and improve behavioral deficits in the neonate and the adult. This is the first time, 

to our knowledge, that astrocytes and GLT-1 have been implicated in CP pathophysiology 

and that a treatment window immediately after insults has been proposed. In conclusion, 

we have shown that underlying cellular changes, beginning with loss of astrocytes, sets the 

stage for the development of CP, including: PVL, neuronal cell death, and motor and 

cognitive deficits. 
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CHAPTER 7 

FUTURE DIRECTIONS 

 

Determining the Ideal Course of Beta-lactam Treatment 

 In the studies here, the dosing protocol of beta-lactam compounds were based off 

of previous studies of clavulanic acid as well as ceftriaxone (149,155,188) as well as the 

recommended doses from the Moulder Center for Drug Discovery Research, who provided 

the 093 compound. However, this treatment course may not offer the best neuroprotective 

outcomes. Therefore, other treatment protocols should be considered.  

 CA has a low half-life, approximately one hour, compared to ceftriaxone, which 

has a half-life of around 6-9 hours. Single daily dosing protocols, such as those for 

ceftriaxone, may not be appropriate for CA with a short half-life, suggesting that the 

neuroprotective potential of CA may increase with multiple daily dosing. When 

Augmentin, amoxicillin mixed with CA, is administered to neonates with infections, the 

recommended dose is 30mg amoxicillin/7.5mg CA per kg/day, divided every 12 hours. 

Calculating the concentration of CA indicates that neonates receive approximately 

3.75mg/kg/dose. Clinical trials suggest that pediatric patients (2 months to 12 years of age) 

can receive doses of Augmentin containing 10mg/kg/day of CA divided every eight house. 

Although not tested in animals, these studies suggest that our dose of beta-lactam 

compounds may be appropriate, but spreading the dose over multiple daily injections may 

be beneficial. 

 In addition, the current administration protocol is five intraperitoneal injections of 

beta-lactam compounds over the first 96 hours following injury. Since our studies showed 
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that CA appears to exert its neuroprotective effects within the first 48 hours, a shorter 

course of beta-lactam administration, over the first 48 hours, should be tested. Last, it 

would be imperative to determine if beta-lactam administration could be delayed after 

insults and still exert the same neuroprotection. Administering beta-lactam compounds 

hours or days after injury would help narrow down the treatment window following insults.  

 

Transcriptional or Post-Translational Changes of GLT-1 Following CP Injury 

 Our studies, and those of ceftriaxone, indicate that post-translational modifications 

early after insults may increase glutamate clearance in addition to increasing GLT-1 protein 

expression. However, mechanisms of GLT-1 function and expression following neonatal 

CP insults as well as CA and 093 treatment are unknown. 

Post-translational modifications, such as palmitoylation or sumoylation, may play 

a role in GLT-1 function early after injury. Palmitated GLT-1 can be detected using acyl-

biotin exchange (250). Sumoylation of GLT-1 in our model of CP could be determined by 

immunoprecipitation of SUMO proteins from whole brain extracts followed by western 

blotting for GLT-1 (135).  

Transcriptional regulation of GLT-1 can also be explored in our model. GLT-1 

mRNA can be detected by real-time quantitative polymerase chain reaction (RT-PCR) 

(222). Transcription of GLT-1 through the NF-κB pathway can be determined by inhibiting 

the NF-κB pathway at various proteins (241). The use of GLT1-BAC-eGFP reporter mice 

could also help to elucidate transcription of GLT-1 by NF-κB. 
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Biomarkers to Detect CP Brain Injury 

In order to progress toward a cure for CP, we need to find better and earlier 

identification methods of neonatal HI and other risk factors. One of the major problems 

with early CP diagnosis is that imaging techniques are not sensitive enough to detect early 

or diffuse signs of brain injury (251). In CP, detection is complicated further by the fact 

that the majority of cases occur in utero, with no indication that fetal injury has occurred. 

Therefore, it may be weeks, months, or even years after the initial insult before the first 

confirmatory imaging studies are performed, delaying treatment or rendering certain 

therapeutic interventions useless. Biomarkers can be used to detect brain injury and predict 

outcomes (252) and may be used to assess the efficacy of therapeutic interventions.  Since 

our studies show an early decrease in GFAP positive astrocytes, followed by later neuron 

and oligodendrocyte loss, multiple biomarkers may be used to determine the presence of 

CP injury as well as the progression of cell loss. In a 2006 study, maternal biomarkers were 

used to detect in utero intraventricular hemorrhage (253), demonstrating that maternal 

blood sampling may be used to monitor the health status of the fetus. However, no studies 

have examined whether biomarkers can be used to detect in utero PVL (254) or CP.  

Current common biomarkers of brain injury include GFAP and serum protein 100-

beta (s100β) for astrocytes, neuron-specific nuclear protein neuronal nuclei (NeuN) and 

ubiquitin protein hydrolase-1 (UCH-L1) to detect neurons, and myelin basic protein (MBP) 

for oligodendrocyte detection (as reviewed by (254)). An enzyme-linked immunosorbent 

assay (ELISA) can be used to measure the concentration of antibodies in blood serum. 

ELISAs can be constructed with the ELISA development kits. Blood serum can then be 

added and the markers will be captured and detected and concentrations can be determined. 
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Testing Beta-lactam Neuroprotection in Humans 

Currently, there is no cure for CP or HI insults before or during birth. In our mouse 

model of CP, the FDA-approved compound CA and a novel compound with similar 

structure (093) displayed neuroprotection early after neonatal HIL insults. Furthermore, 

these compounds improved neonatal and adult motor and cognitive deficits in this model 

without harmful behavioral outcomes in sham mice. To determine if our results could 

translate to humans, preliminary studies in neonates could be conducted.  

Studies may include the administration of beta-lactam compounds to infants with 

complicated births and deliveries or clinical hypoxic-ischemic encephalopathy (HIE). 

These insults occur during labor and, therefore, drug administration could occur at time of 

insult, similar to our mouse model of CP. Currently in the Philadelphia, PA area, neonates 

from difficult labors are being transferred to St. Christopher’s Hospital in Philadelphia 

where they are administered drugs and undergo hyperthermia in an attempt to reduce brain 

injury. A small pilot study could be conducted on these infants where beta-lactams are 

administered within the first six hours of insults. Based on the administration of 

Augmentin/clavulanic acid and tolerance in pediatric patients, dosing of beta-lactams 

would begin at 10mg/kg/day administered in half doses every 12 hours (5mg/kg/day 

administered twice a day) (157).  

Additionally, beta-lactams could be administered to women that present with CP 

risk factors during the third trimester of their pregnancy. Clavulanic acid is already FDA 

approved for use in pregnant women and infants. Studies would first have to be performed 

to determine how well beta-lactam compounds cross the placenta as well as the amount of 

beta-lactam that penetrates the fetal brain when administered to mothers. However, because 
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clavulanic acid does not have antibiotic properties and because sham animals with beta-

lactam administration do not have adverse cellular or behavioral outcomes, it may be a 

viable option for administration in pregnant women with CP risk factors. 
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