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INTRODUCTION 

STATEMENT OF THE PROBLEM AND SPECIFIC AIMS 

Historically, astroglia were thought to provide only metabolic and physical support 

for neurons. It is now clear that astroglia are directly involved in neuronal signaling, even 

locally at synapses (Barres, 1991; Volterra et al., 2002; Hatton and Parpura, 2004; 

Bergles et al., 1997; Lin and Bergles, 2004; Volterra and Meldolesi, 2005; Allen and 

Barres, 2005). Astroglia synthesize and recycle glutamate (Hertz and Zielke, 2004) and 

respond to synaptic release of neurotransmitters with both calcium waves and release of 

gliotransmitters that can further influence synaptic activity (Cornell-Bell et al., 1990a; 

Grosche et al., 1999; Pascual et al., 2005; Schipke and Ketteumann, 2004; Perea and 

Araque, 2005). Perisynaptic astroglial processes may detect spill out of glutamate and 

other substances from active synapses (Rusakov and Kullmann, 1998; Diamond, 2005), 

and respond structurally by extending and modifying their processes (Cornell-Bell et al., 

1990b; Hirrlinger et al., 2004). Variation in synapse strength and the degree to which 

substances escape the perimeter might determine whether astroglial processes grow 

towards and ensheath parts of some synapses and avoid or retract from others (Cornell

Bell et al., 1990b; Hatton and Parpura, 2004). Recent studies show that astroglia secrete 

substances critical to the formation and function of synapses during development (Ullian 

et al., 2001; Goritz et al., 2005; Mauch et al., 2001; Christopherson et al., 2005; Ullian et 

al., 2004) and contain contact-mediated factors that influence synapse maturation 
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(Mazzanti and Haydon, 2003; Murai eta!., 2003; Hama et al., 2004). Thus, astroglia may 

influence where synapses form, how large they become, and how long they persist. 

Less is known about whether astroglia are similarly plastic or critical for synapse 

formation or persistence in the mature brain. In the mature brain, access to astroglial

secreted factors may be relatively limited because their levels decrease globally 

(Christopherson et a!., 2005) and intervening structures fill the extracellular space, which 

was substantially greater during development (Fiala et a!., 1998). The positioning of 

perisynaptic astroglia is diverse among mature brain regions (Spacek, 1985; Chao eta!., 

2002; Palay and Chan-Palay, 1974; Grosche et a!., 1999; Xu-Friedman et a!., 2001; 

Spacek, 1985; Ventura and Harris, 1999) and the structural plasticity of astrocytes in 

response to changes in synaptic plasticity are unknown. However, based on the above 

evidence, it is likely that astrocytes remain in a dynamic relationship in the structure of 

the tripartite synapse, a functional unit including presynaptic, postsynaptic and glial 

partners (Araque et a!., 1999). Here we are testing the hypothesis that astrocytes respond 

structurally to synaptic plasticity. Models of positive and negative synaptic plasticity 

were studied to quantify resultant changes in astrocytic structure at hippocampal 

synapses. Positive synaptic plasticity is defined as plasticity resulting in increased 

synaptic density, and was here studied in mature rat hippocampi in which synaptogenesis 

was induced in vitro. Negative synaptic plasticity is defined as plasticity that results in 

decreased synaptic density, and was here studied in epileptic human hippocampi where 

synapse density was pathologically decreased. The specific aims of this dissertation are: 

1. To test the hypothesis that astroglial processes are less associated with synapses in 

hippocampal slices where synapse density has increased. To test whether astroglial 
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processes are more or less likely to associate with smaller, presumably newer, or larger 

more established synapses during this model of positive synaptic plasticity in the mature 

brain. Acute hippocampal slices in which synaptogenesis was induced was compared to 

perfusion-fixed control hippocampus using serial section transmission electron 

microscopy (ssTEM). 

2. To test the hypothesis that pathological synapse loss will result in ultrastructural 

changes of dendritic spines typical of deafferentation pathologies as well as an 

increased level of astroglial synaptic apposition. This hypothesis was tested by ssTEM 

analysis of hippocampi resected from patients with medically-intractable epilepsy with 

increasing degrees of sclerosis as indicated by increased gliosis and decreased spine 

density (Scheibel 1979; Brines et al, 1997; Fiala et al, 2002). Neuronal loss and loss of 

dendritic spines is one of the most consistently reported findings associated with 

epilepsy, whether experimental (Jiang et al., 1998) or in vivo (Scheibel and Scheibel, 

1977), and thus the pathologic hippocampus provides an ideal system where the concept 

of negative synaptic plasticity can be explored. 

The research presented herein is novel and significant, as current literature 

contains little information on the dynamic ultrastructure of the tripartite synapse 

undergoing physiologic or pathologic remodeling. This work provides much needed 

information on astrocytic changes associated with synapse formation, including 

physiological changes important for learning and memory formation as well as changes 

of the tripartite synapse in states of neurodegeneration. Epilepsy provided an ideal 

pathological state for this study as it is highly prevalent in the population, results in a 

predictable pathology, affects the hippocampus, and very often results in hippocampal 



4 

resection for treatment. Although data describing functional changes in astrocytes in 

epilepsy exist in the literature (Tian et a!., 2005), little information exists on the structural 

dynamics of dendrites and astrocytes in this highly prevalent disease. As the structural 

relationship of the tripartite synapse is critical for synaptic function, information on 

structural change is critical to understanding this progressive disease process. The work 

presented herein provides a novel and significant approach which addresses these high! y 

relevant topics. 

LITERATURE REVIEW 

Physiological Functions of Astrocytes 

Historically, astroglia were thought to provide only metabolic and physical 

support for neurons. They are the primary source of energy for neurons (Brown et al., 

2004) and serve to control ionic homeostasis and neuronal excitability by buffering 

potassium (Kofuji and Newman, 2004). It is now clear, however, that astroglia are 

directly involved in neuronal signaling, even locally at synapses (Barres, 1991; Volterra 

et al., 2002; Hatton and Parpura, 2004; Bergles et a!., 1997; Lin and Bergles, 2004; 

Volterra and Meldolesi, 2005; Allen and Barres, 2005). Astroglia synthesize and recycle 

glutamate (Hertz and Zielke, 2004) and respond to synaptic release of neurotransmitters 

with both calcium waves and release of gliotransmitters that can further influence 

synaptic activity (Cornell-Bell et al., 1990a; Grosche et a!., 1999; Pascual et al., 2005; 

Schipke and Ketteumann, 2004; Perea and Araque, 2005). Perisynaptic astroglial 

processes may detect spill out of glutamate and other substances from active synapses 

(Rusakov and Kullmann, 1998; Diamond, 2005), and respond structurally by extending 
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and modifYing their processes (Cornell-Bell et al., 1990b; Hirrlinger et al., 2004). 

Variation in synapse strength and the degree to which substances escape the perimeter 

might determine whether astroglial processes grow towards and ensheath parts of some 

synapses and avoid or retract from others (Cornell-Bell et al., 1990b; Hatton and Parpura, 

2004). Recent studies show that astroglia secrete substances that are critical to the 

formation and function of synapses during development (Ullian et al., 2001; Mauch eta!., 

2001; Goritz et al., 2005; Christopherson et al., 2005; Ullian et al., 2004) and contain 

contact-mediated factors that influence synapse maturation (Mazzanti and Haydon, 2003; 

Murai et al., 2003; Hama et al., 2004). Thus, during development astroglia may influence 

where synapses form and how large they become. 

Astrocytic Change in Pathology 

Astrocytes are known to play a remarkable role in response to a wide variety of 

neurologic insults, including viral infections, spongiform encephalopathies, 

demyelinating diseases, traumatic brain injuries, neurodegenerative diseases, and 

epileptic disorders. While the exact role of astrocytes is not well understood, one well

documented response_ to epileptic CNS insult is reactive gliosis, a process that is 

associated with hypertrophy of the astrocytic soma, an increase in volume of the 

astrocytic stellae, and reorganization of the cytoskeleton marked by a widely increased 

amount of GF AP (glial fibrillary acidic protein, the astrocytic intermediate filament) 

(Khurgel and Ivy, 1996; Eddleston and Mucke, 1993) as well as vimentin, a marker of 

immature astrocytes (Stringer, 1996). 
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Though the GF AP protein is distributed selectively within astroglia, the totality of 

its function is presently not known. While the expansion of GF AP proteins generally is 

used to demonstrate the presence and growth of astrocytes in tissue, the many processes 

of astrocyte not containing GF AP are excluded. This can be a large portion of astrocytic 

processes in tissue, for a large portion of the cells do not express this protein (Nedergaard 

et a!., 2003). Past data indicates that during the process of reactive gliosis, the appearance 

of GF AP protein in tissue represents not growth or migration of astrocytic tissue, but 

rather a change in phenotype of astrocyte already present (Eddleston and Mucke, 1993; 

Wilhelrnsson et a!., 2006). While the phosphorylation state of GF AP is known to be 

- correlated with regulation of its assembly and can be related in the immature system to 

extracellular glutamate (Wofchuk and Rodnight, 1994), animal studies of the changes of 

GF AP proteins during reactive gliosis do not support correlative changes in the state of 

protein phosphorylation (Lenz et a!., 1997). Therefore, the functional implications of 

GF AP expansion remain elusive. 

A review by Eddleston and Mucke (1993) provides a possible molecular profile 

for reactive astrocytosis. For example, many proteins are known to be upregulated 

following injection of excitotoxic chemicals such as kainic, quinolinic, or ibotenic acids, 

or the addition of glutamate with other neurotransmitters. Upregulation has been 

documented in embryonic neural cell adhesion molecules (E-NCAM), laminin, brain

derived neurotrophic factor (BDNF), nerve growth factor (NGF), the protease calpain I, 

the protease inhibitor amyloid-Beta protein precrirsor, and sulfated glycoprotein 2 (SGP-

2) (Eddleston and Mucke, 1993). While specific details and functions remain unknown, 

two likely functions of reactive gliosis include walling off areas of tissue necrosis, and 

' 
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forming a barrier which slows or stops neural regeneration (Eddleston and Mucke, 1993). 

Some authors have hypothesized that reactive gliosis is independently epileptogenic, 

though this idea remains debated (Khurgel and Ivy, 1996). The potential outcomes of 

reactive gliosis, including the relationship between altered astrocytic morphology, 

pathophysiological functioning, and subsequent neuronal dysfunction remain 

controversial (Ostrow and Sachs, 2005). 

The conditions under which reactive gliosis can be observed are variable. While 

reaction of astrocytes has been traditionally linked with a response to neuronal 

degeneration, reactive gliosis has also been observed in absence of these neuronal 

changes. In multiple models of epilepsy, morphological changes in astrocytes are 

associated with neuronal hypertrophy, or even independent of neuronal changes (Khurgel 

and Ivy, 1996), and can be induced through seizure-induced modification of cytokines 

(Jankowsky and Patterson, 2001). 

Other pathologically-induced changes in astrocytic function have also been 

described. For example, neuronal calcium homeostasis may be modulated by growth 

factors such as NGF, known to be released by astrocytes in response to excitotoxic 

injection, providing a means of protecting cultured neurons against excitotoxicity 

(Eddleston and Mucke, 1993). A second example is that the extracellular level of 

calcium, as well as the propagation of multicellular calcium waves may be tied intricately 

to mechanically-induced stimulation in astrocytes (Ostrow and Sachs, 2005). Under 

pathological conditions, mechanical stimulation could be provided in the injured CNS by 

reactive gliosis, swelling, mass effects, or tissue hypertrophy (Ostrow and Sachs, 2005). 

Modified calcium processing by astrocytes is also implicated in the dysfunctional control 
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of blood flow to neural tissue, as changes in intracellular calcium signaling in astrocytes 

can result in the release of glutamate from astrocytes resulting in decreased vascular tone 

(Zonta et a!., 2003). Astrocytic dysfunction can also result in neuronal oxidative stress 

(Takuma et a!., 2004), as past reports indicate that failed support of dopaminergic 

neurons has been detected after astrocytes were experimentally deprived of glutathione 

(Drukarch et a!., 1997-). 

Pathological dysfunction has also been observed in the gap-junctional coupling of 

astrocytes. Along these lines, increases have been noted in the expression of connexin-43 

in experimental excitotoxic injuries (Haupt et a!., 2007) as well as from epileptic patient 

specimens (Naus et a!., 1991). Upregulation may result in increased intercellular 

signaling through calcium waves (Scemes and Giaume, 2006), an increased potential for 

astrocytic glutamate release (Parpura et a!., 2004), and may play a role in the potassium 

buffering capacity of astrocytes CW allraff et a!., 2006). Studies also indicate that, through 

gap junctions, astrocytes can exert neurotrophic and neuroprotective influences (Takuma 

eta!., 2004; Nauset a!., 2001). Conversely, gap junction communication can be reversed 

in pathological conditions such as · hypoxia (Martinez and Saez, 2000), potentially 

resulting in increased neuronal injury (Ozog eta!., 2002). 

A literature is also vastly expanding on the widely accepted role of astrocytes as 

modulators of neurotransmitters, and will be discussed thoroughly in a following section. 

It is commonly accepted that astrocytes play a large role in glutamate uptake, mostly 

through the GLT-1 transporter (Danbolt, 2001), also known as the excitatory amino acid 

transporter-2 (EAAT -2) transporter, assisted by additional uptake into astroglia via the 

EAAT-1 transporter (Shigeri eta!., 2004). Glutamate transporters have been shown to be 
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reduced in the epileptic hippocampus (Proper et a!., 2002). Astrocytes, through the 

regulation of extracellular glutamate diffusion, also appear to modulate intersynaptic 

crosstalk (Theodosis et al., 2006; Oliet et a!., 2001; Oliet et a!., 2006) and modulate 

synaptic function (Piet et a!., 2004b ). Astrocytic transporter placement may only be 

contributory to these effects, however, as glutamine synthetase plays a key role in the 

metabolism of uptaken glutamate (Magistretti, 2006) and therefore in transporter 

function. While glutamine synthetase has been shown to be upregulated in reactive 

astrocytes (Eddleston and Mucke, 1993), it appears to be reduced in the epileptic 

hippocampus (Eid et a!., 2004; van der He! et a!., 2005), indicating changes in the uptake 

potential of astrocytic transporters. Similarly, GABA release from interneurons may be 

proportionately increased by intracellular astrocytic calcium through activation of the 

kainic subtype of neuronal ionotropic glutamate receptors (Liu eta!., 2004). Disruption of 

this cycle could lead to a decrease in GABA release, and thus decreased inhibition of 

neurons. GABA and glutamate imbalance is believed to potentially be a key mechanism 

in pathologies such as epilepsy. 

Astroglial Plasticity during Positive Synaptic Plasticity 

Less is known about whether astroglia are similarly plastic or critical for 

synaptogenesis in the mature brain. In the mature brain, access to astroglial-secreted 

factors will be relatively limited because their levels decrease globally (Christopherson et 

a!., 2005) and intervening structures fill the extracellular space, which was substantially 

greater during development (Fiala et a!., 1998). The positioning of perisynaptic astroglia 

is diverse among mature brain regions (Spacek, 1985; Chao eta!., 2002; Palay and Chan-
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Palay, 1974; Grosche et al., 1999; Xu-Friedman et al., 2001; Spacek, 1985; Ventura and 

Harris, 1999), and the effect ofthis synaptic apposition on synaptic structure and function 

is unknown. It is therefore important to examine whether astroglial processes are more 

likely to associate with smaller, presumably newer, or larger more established synapses 

during synaptogenesis in the mature brain. Current knowledge does not address the 

important structural relationship between synaptogenesis and resultant astroglial 

plasticity. Specific Aim 1 directly addressed this lack of understanding in the dynamic 

relationship of the tripartite synapse modified during the addition of synapses in a model 

of positive synaptic plasticity. 

Neuropathology and Negative Synaptic Plasticity 

In contrast to the positive synaptic plasticity seen m synaptogenesis, many 

neuropathological conditions result in the loss of synapses (Fiala et al., 2002). It is 

therefore imperative to also understand how astrocytes change in response to synapse 

loss. While recent attention has focused on changes in glial function in neurological 

diseases such as epilepsy (Tian et al., 2005; Lee et al., 2006; Binder and Steinhauser, 

2006; Matute et al., 2006), associated changes in perisynaptic astrocytic structure have 

not been a focus. Alterations in the structure of the tripartite synapse (Araque et al., 1999) 

could include changes in dendritic structure (Fiala et al., 2002), changes in the number of 

synapses apposed by astroglia, or changes in the amount of astrocytic surround resulting 

in changes in the amount of extracellular space. In the epileptogenic human 

hippocampus, for example, where many functional changes have been described, one 

would expect such structural alterations. 
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One of the most consistently reported findings associated with seizure activity, 

whether a single event caused experimentally by focal application of convulsants (Jiang 

et a! 1998) or by repeated epileptic seizures in vivo (Scheibel, 1977), is hippocampal 

neuronal loss, subsequent deafferentation of dendritic partners, and loss of dendritic 

spines. Hippocampal alterations in mesial temporal lobe epilepsy (MTLE) include 

neuronal loss in the hippocampus, gliosis, and reorganization of subsets of neurons in the 

hippocampus (Sommer, 1880); (Spencer, 2002). Lesions of CAl, in particular, are 

associated with the classically described Ammon's Hom sclerosis (Duvernay, 2005; 

Mathern et a!., 1997), and greater loss of spines is associated with a greater degree of 

pathology. Other findings consistently reported in epileptic tissue include denuding of 

dendritic segments, as well as the formation of varicosities along dendritic shafts 

(Multani et a!., 1994a). The degree of synaptic loss can vary along individual dendrites 

(Scheibel and Scheibel, 1977). As reviewed by (Fiala et a!., 2002), these pathologies are 

also consistent with other neurodegenerative disorders, many of which cause' 

deafferentation of dendrites. This observation led to the hypothesis that deafferentation 

may be the cause of dendritic spine pathology associated with disorders including 

epilepsy (Swann et a!., 2000; Fiala et a!., 2002). Structural evidence including the 

presence of .giant spines, tortuous spines, an appearance of axon-free post synaptic 

densities (PSD) in dendritic spines, and aberrant synaptic partners (Chen and Hillman, 

1982b; Baloyannis and Kim, 1979; Raisman and Field, 1973) could support this 

hypothesis. 
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Potential Astrocytic Structural Changes in Negative Synaptic Plasticity 

Changes in the amount of synaptic astrocytic involvement would also be expected 

in the epileptic hippocampus. Important findings established or implicated in this form of 

epilepsy include increases in extracellular glutamate (During and Spencer, 1993), 

decreases in glutamate metabolism (Malthankar-Phatak et al., 2006), decreases in 

glutamate-stimulated GABA release (During et al., 1995), increased GABA transporter 

expression (Lee et al., 2006), and increased lactate levels (Cavus et al., 2005), all of 

which can be associated with astrocytic dysfunction. While previous studies have 

addressed the morphological changes of reactive astrocytes (Briellmann et al., 2002; 

Krishnan et al., 1994; Mitchell et al., 1999; Van Paesschen et al., 1997) ultrastructural 

alterations remain unstudied. Of primary importance is previous evidence, which, as 

shown below, contradictorily supports both increased and decreased association between 

synaptic partners and astrocytic processes. 

Multiple lines of evidence support the possibility of increased perisynaptic 

astroglial apposition. The first is that in the epileptic hippocampus, microdialysis studies 

indicate that extracellular glutamate levels rise prior to and during ictal onset, peaking at 

levels associated with potential neurotoxicity (During and Spencer, 1993). Previous work 

has shown that astrocytes are responsible for the removal of extracellular glutamate, and 

that astrocytic presence cari be neuroprotective (Rosenberg and Aizenman, 1989). 

Increased presence of perisynaptic astrocytic processes could therefore potentially serve 

as a mechanism by which to lower glutamate concentrations to baseline levels. It has also 

been shown that astrocytic processes are attracted to the neurotransmitter glutamate 

(Cornell-Bell et al., 1990b ). The source of extracellular glutamate is likely synaptic in 
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nature. It is therefore plausible that astrocytic processes would be drawn to these 

remammg synapses. 

Further supporting increased apposition are the findings that astroglial contact 

stabilizes larger synapses (Witcher et a!., 2007) and increases the efficacy of synaptic 

transmission (Pfrieger and Barres, 1997). The effects of increasing the amount of 

apposition at individual synapses is currently unknown, but previous research suggests 

that the amount of surround is not correlated to synapse size (Ventura and Harris, 1999) 

and that any amount of synaptic contact may be significant (Witcher et a!., 2007). N, 

synaptic loss is a known consequence of epilepsy, astrocytic apposition could function to 

stabilize remaining synapses. 

Finally, previously reported rncreases rn individual neurotransmitter receptor 

could support increased apposition, since MTLE is associated with an increase in 

glutamate receptors in the epileptic hippocampus. Human hippocampal astrocytes, 

similar to neurons, contain a wide variety of glutamate receptors, including AMP A 

receptors (Seifert et a!., 2004; Matute et a!., 2006), which are increased in CAl in human 

epileptic tissue (Brines et al., 1997). Given the established concomitant decrease in 

neuronal density in epileptic hippocampi, it is plausible that this glutamate receptor 

increase is in the astrocytic component of the neuropil. 

In contrast to the preceding evidence, other findings support the possibility that 

perisynaptic astrocytic apposition could instead be decreased in epilepsy. One line of 

evidence lies in the morphological changes which take place subsequent to neuronal 

deafferentation. Due to the decrease in hippocampal neuronal density and concomitant 

dendritic pathologies consistently reported in both experimental and human epilepsy 
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{Thompson et al., 1996; Drakew eta!., 1996; Belichenko and Dahlstrom, 1995; Scheibel 

and Scheibel, 1977), it has been hypothesized that epilepsy serves as a model of 

deafferentation (Swann et a!., 2000; Fiala et a!., 2002). In the 'hippocampus, Schaffer 

collateral axons provide excitatory input from CA3 pyramidal neurons to CAl pyramidal 

neurons via apical dendrites in CAl stratum radiatum. In MILE, where neuronal loss is 

prominent in both the hippocampal subfields of CA3 and CAl, loss of CA3 pyramidal 

neurons results in deafferentation of CAl pyramidal neurons. As reported from other 

brain regions, astrocytic withdrawal can result in increased signaling between 

postsynaptic and presynaptic partners (Oliet et al., 2001), as well as increased signaling 

between adjacent synapses (Piet eta!., 2004b). Similarly, astrocytic withdrawal has been 

shown to regulate synaptic connectivity in the arcuate nucleus (Fernandez-Galaz et a!., 

1997) and similar effects have been implicated in the hippocampal dentate hilus (Luquin 

et a!., 1993; Klintsova et a!., 1995). Therefore, decrease in astrocyte surround at the 

synapse could be a compensatory mechanism useful for increasing axonal input to 

deafferented dendrites. 

Modifications in the pattern of glutamate transporter expression in the sclerotic 

human hippocampus provide further support for astrocytic withdrawal. As many as five 

types of glutamate transporters have been described as present, and are designated as 

EAATl-5 (reviewed in {Danbolt, 2001). The major glutamate transporters associated 

with hippocampal astrocytes include EAATl (GLAST), EAAT2 (GLT), and EAAT3 

(EAAC) while the other EAAT subtypes are typically associated only with neurons 

(Danbolt, 2001). In addition to the astrocytic distribution of EAAT2, a presynaptic 

neuronal distribution was also recently shown in a subpopulation of excitatory 
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hippocampal terminals, including the CAl (Chen et al., 2002; Chen et al., 2004). In the 

CAl subfield, approximately 60% of astrocytic membranes contain EAAT2 transporter 

proteins compared to approximately 30% of neurons (Chen et al., 2004). EAAT2 

localizes in the cellular membrane of astrocytes, (Danbolt, 2001), while in neurons it 

appears to label in the membrane as well as the cytoplasm (Chen et al., 2002; Chen et al., 

2004). EAAT3 transporters, by contrast, appear to have a cytoplasmic distribution in both 

astrocytes and neurons (Danbolt, 2001). The distribution ofEAATl, however, is strictly 

astrocytic and localized almost exclusively to cytoplasmic membranes (Danbolt, 2001 ). 

The EAATl transporter concentration does not vary between the soma and 

processes of astrocytes, but varies relative to neighboring structures, where concentration 

is increased along membranes apposing neuropil, and decreased in membrane apposing 

cellular somata, pial surfaces, or capillary endothelium (reviewed in (Danbolt, 2001). 

The E~Tl transporter is therefore a reliable marker of astrocytic membrane in the 

neuropil, and can be particularly useful in the distal processes of astrocyte where GF AP 

filaments do not extend (Bushong et al., 2004; Bushong et al., 2002). While the EAAT2 

transporter is associated with the majority of glutamate uptake from the hippocampus, 

and a causative relationship has been shown between its knockout and the development 

of lethal, spontaneous seizures (Tanaka et al., 1997), its expression in neurons makes it 

nonspecific to astrocytic membranes. 

In the sclerotic human hippocampus, expression of the EAAT2 transporters are 

significantly decreased in CAl, and EAATl levels show a similar trend (Proper et al., 

2002). Paradoxically, a well-known consequence of sclerosis is the hypertrophy of 

astrocytes, demonstrated repeatedly through expansion of the GFAP protein unique to 
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astrocytic soma and perisomatic processes. This protein, however, is absent in small, 

distal astrocytic processes, such as those that appose synaptic membranes (Bushong et a!., 

2002). As the EAATl and EAAT2 transporters are localized in all portions of the 

astrocytic membrane regardless of distance from the soma, they serve as indicators of the 

astrocytic processes distal to the appearance of GF AP. While the decrease in EAA T2 is 

significant in TLE (Proper et a!., 2002), the trend towards a concomitant decrease in 

astrocyte-specific EAA T1 suggests that the decrease is likely contributed to by astrocytic 

changes. Decrease in these transporters suggests a decrease in non-GF AP containing 

perisynaptic astrocytic processes, thereby supporting a potential withdrawal of these 

processes. 

Although substantial evidence supports the likelihood that astrocytic structural 

change potentially plays an important role in pathologies causing synapse loss, astrocytic 

plasticity remains unaddressed. As discussed above, contradictory evidence supports both 

the increase and decrease of astrocytic apposition at the synapse. This contradictory 

evidence results in conflicting interpretations of the role of perisynaptic astrog!ia in the 

tripartite synapse. Specific Aim 2 thus addressed this conflict by direct measurement and 

quantification of astrocytic apposition in the human hippocampus where synapse density 

has been pathologically decreased. 
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PROJECT RATIONALE 

The first Specific Aim was designed to test the hypothesis that astroglial processes 

are less associated with synapses in hippocampal slices where synapse density has 

increased. All described above, little is known about the plasticity of astrocytes in the 

mature hippocampal system, or whether their apposition is critical for synaptogenesis. 

Therefore, the objective of this experiment was to quantitate the ultrastructural change of 

the tripartite synapse associated with increased synaptic density, in a model of positive 

synaptic plasticity. This was accomplished by comparing astroglial apposition of 

synapses in mature acute hippocampal slices, where synaptogenesis has been induced, to 

mature perfusion-fixed controls (Sorra and Harris, 1998; Kirov et al.; 1999). This 

approach is critical to understanding the role of astrocytic contact in synapse formation 

and function in the mature hippocampus. 

Similarly, the second Specific Aim was designed to test the hypothesis that negative 

synaptic plasticity will result in ultrastructural changes in the dendritic spine consistent 

with deafferentation as well as an increased level of astroglial synaptic apposition. 

Therefore, our objective was to quantifY changes in the ultrastructure ·of the dendritic 

spines and perisynaptic astroglial processes in the pathologic hippocampus of MTLE. 

These changes likely result from deafferentation of CAl pyramidal neurons by 

degeneration of Schaffer collateral axons caused by degeneration of CA3 pyramidal 

neurons (Swann et al., 2000; Fiala et al., 2002). Changes associated with spine 

pathologies can be categorized as changes in spine numbers and changes in spine 

morphology (Fiala eta!., 2002). Decreases in spine number have consistently been shown 

in epileptic tissue (Brines et a!., 1997), though potential changes in morphology remain 
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understudied. As we hypothesized that deafferentation of dendritic spines is responsible 

for their pathological changes, we examined for the appearance of spine structures 

typically associated with deafferentation. These ultrastructural changes include axonless 

spines forming synapse-like junctions with astroglia (Chen and Hillman, 1982a; Raisman 

and Field, 1973) and giant spines potentially formed in attempt to recover excitatory 

drive (Fiala et a!., 2002). Spine organelle restructuring also remains unstudied in epileptic 

tissue. Therefore, due to increased extracellular glutamate associated with human MTLE 

(During and Spencer, 1993), synaptic vesicle number was quantitated in synapses. 

As integral synaptic components, astroglia likely are also affected by the 

deafferentation of CAl pyramidal neurons. As the dynamic structure of perisynaptic 

astroglial processes in MTLE is currently unstudied, and, as shown above, evidence 

supports the potential for modification in synaptic apposition likely affecting both 

glutamate uptake and synaptic stability, a further objective was to quantify the amount of 

apposition of perisynaptic astrocytic processes. Finally, as extracellular glutamate can 

reach neurotoxic levels in the epileptic hippocampus (During and Spencer, 1993) by 

mechanisms currently not understood, we further addressed the potential for glutamate 

spillover from hippocampal synapses. 



II. MANUSCRIPT I 

Plasticity of Perisynaptic Astroglia during Synaptogenesis in the Mature Rat 

Hippocampus [Glia 55:13-23 (2007)] 

Running Title: Plasticity of perisynaptic astroglia 

Mark R Witcher1
.4, Sergei A Kirov1

,2, and Kristen M Harris1
•
3 

Synapses and Cognitive Neuroscience Center/ 

Departments ofNeurosurgerl and Neurolo~, and MD/PhD Program 4 

Medical College of Georgia, Augusta, GA 30912 

Corresponding Author: 

Kristen M. Harris, PhD 
Director, Synapses and Cognitive Neuroscience Center 
Georgia Research Alliance Eminent Scholar and Professor Neurology 
Medical College of Georgia 
1120 15th Street, CB-3731 
Augusta, GA 30912-2630 
email: kharris@mcg.edu 
Phone: 706-721-0693; 706-721-2059 
Fax: 706-721-8000 
website: http://svnapses.mcg.edu/ 

Number of figures and tables: 6 
Number of pages: 32 
Number of Words: 4593 
Keywords: Astrocyte, three-dimensional reconstruction, dendritic spine, ultrastructure, 
tripartite synapse 

19 



20 

ABSTRACT 

Astroglia are integral components of synapse formation and maturation during 

development. Less is known about how astroglia might influence synaptogenesis in the 

mature brain. Preparation of mature hippocampal slices results in synapse loss followed 

by recuperative synaptogenesis. Hence, this model system was used to discern whether 

perisynaptic astroglial processes are simihirly plastic, associating more or less with 

recently formed synapses in mature brain slices. Perisynaptic astroglia was quantified 

through serial section electron microscopy in perfusion-fixed or sliced hippocampus from 

adult male Long-Evans rats that were 65-75 days old. Fewer synapses had perisynaptic 

astroglia in the recovered hippocampal slices (42.4± 3.4%) than in the intact 

hippocampus (62.2 ± 2.6%), yet synapses were larger when perisynaptic astroglia was 

present (0.055 ± 0.003 J.1m2
) than when it was absent (0.036 ± 0.004J.1m2

) in both 

conditions. Importantly, the length of the synaptic perimeter surrounded by perisynaptic 

astroglia and the distance between neighboring synapses was not proportional to synapse 

size. Instead, larger synapses had longer astroglia-free perimeters where substances could 

escape from or enter into the synaptic clefts. Thus, smaller presumably newer synapses as 

well as established larger synapses have equal access to extracellular glutamate and 

secreted astroglial factors, which may facilitate recuperative synaptogenesis. These 

findings suggest that as synapses enlarge and release more neurotransmitter, they attract 

astroglial processes to a discrete portion of their perimeters, further enhancing synaptic 

efficacy without limiting the potential for cross talk with neighboring synapses in the 

mature rat hippocampus. 
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INTRODUCTION 

Historically, astroglia were thought to provide only metabolic and physical 

support for neurons. It is now clear that astroglia are directly involved in neuronal 

signaling, even locally at synapses (Barres, 1991; Volterra et a!., 2002; Hatton and. 

Parpura, 2004; Bergles et al., 1997; Lin and Bergles, 2004; Volterra and Meldolesi, 2005; 

Allen and Barres, 2005). They are the primary source of energy for neurons (Brown et 

a!., 2004) and serve to control ionic homeostasis and neuronal excitability by buffering 

potassium (Kofuji and Newman, 2004). Astroglia synthesize and recycle glutamate 

(Hertz and Zielke, 2004) and respond to synaptic release of neurotransmitters with both 

calcium waves and release of gliotransmitters that can further influence synaptic activity 

(Cornell-Bell et a!., 1990a; Grosche et a!., 1999; Pascual et al., 2005; Schipke and 

Kettenmann, 2004; Perea and Araque, 2005). Perisynaptic astroglial processes may 

detect spill out of glutamate and other substances from active synapses (Rusakov and 

Kullmann, 1998; Diamond, 2005), and respond structurally by extending and modifYing 

their processes (Cornell-Bell et al., 1990b; Hirrlinger eta!., 2004). Variation in synapse 

strength and the degree to which substances escape the perimeter might determine 

whether astroglial processes grow towards and ensheath parts of some synapses and 

avoid or retract from others (Cornell-Bell et a!., 1990b; Hatton and Parpura, 2004). 

Recent studies show that astroglia secrete substances, such as thrombospondins and 

cholesterol, that are critical to the formation and function of synapses during 

development (Ullian et al., 2001; Mauch et al., 2001; Goritz eta!., 2005; Christopherson 

et a!., 2005; illlian et a!., 2004). Astroglial membranes also contain contact-mediated 

factors that influence synapse maturation (Mazzanti and Haydon, 2003; Murai et a!., 
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2003; Hama et a!., 2004). Thus, astroglia may influence where synapses form and how 

large they become. 

Less is known about whether astroglia are similarly plastic or critical for 

synaptogenesis in the mature brain. In the mature brain, access to astroglial-secreted 

factors will be relatively limited because their levels decrease globally (Christopherson et 

a!., 2005) and intervening structures fill the extracellular space, which was substantially 

greater during development (Fiala et a!., 1998). The positioning of perisynaptic astroglia 

is diverse among mature brain regions (Spacek, 1985; Chao eta!., 2002). For example, in 

mature cerebellar cortex parallel fiber and climbing fiber synapses have astroglial 

processes ensheathing most of their perimeters (Palay and Chan-Palay, 1974; Grosche et 

a!., 1999; Xu-Friedman et a!., 2001), contrasting with cerebral cortex and hippocampus 

where only about half of the synapses have a relatively smaller portion of their perimeters 

ensheathed by perisynaptic astroglia (Spacek, 1985; Ventura and Harris, 1999). Here we 

compared perisynaptic astroglial processes in perfusion fixed hippocampus and in

hippocampal slices that had undergone substantial synapse loss and recuperative 

synaptogenesis (Kirov et a!., 2004; Kirov et a!., 1999) to test whether astroglial processes 

were more likely to associate with smaller, presumably newer, or larger more established 

synapses during synaptogenesis in the mature brain. 
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MATERIALS AND METHODS 

Tissue Preparation: Four mature male rats of the Long-Evans strain were used, 

two each for perfusion fixation and preparation of acute hippocampal slices (Sarra and 

Harris, 1998; Kirov et al., 1999). Intracardiac perfusions with fixative were done under 

pentobarbital anesthesia (80 mglkg) and started within one minute after opening the chest 

cavity to minimize hypoxia-ischemia. The fixative contained 2% paraforrnaldehyde and 

6% glutaraldehyde in 0.1 M cacodylate buffer with 2 mM CaCh and 4 mM MgCh at pH 

7 .4. Fixative was delivered to the body at 3 7°C and 4 psi backing pressure of 95% 02 and 

5%C02. 

Briefly, the acute hippocampal slices were prepared from mature, 65-75 d old 

male rats of the Long-Evans strain in accordance with National Institutes of Health 

guidelines and approved animal care protocols (Sarra and Harris, 1998; Kirov et al., 

1999). One rat was first anesthetized with 80 mglkg pentobarbital to mimic the "pre

fixation" conditions of the perfusion protocol; the second rat was rapidly decapitated 

without prior anesthesia to avoid potential artifacts of anesthesia. The hippocampus was 

cut at 400 J.Lm thickness and slices were received into ice-cold artificial cerebral spinal 

fluid (ACSF, containing 117 mM NaCl, 5.3 mM KCl, 26 mM NaHC03 , 1 mM 

NaH2P04, 2.5 mM CaCh, 1.3 mM MgS04, and 10 mM glucose at pH 7.4 and bubbled 

with 95% 0 2-5% C02). Slices were equilibrated at 30-32°C at the interface of the same 

ACSF and humidified 02 (95%) and C02 (5%) for 9 or 4.5 hours, respectively (Sorra and 

Harris, 1998; Kirov et al., 1999). The slice from the first rat received control stimulation 

for 30 minutes prior to fixation (Kirov et al., 1999). The sampled region of the slice from 

the second rat received three sets of tetanic stimulation at 100 Hz for 1 sec at half-
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maximal stimulation followed by recording 2 hours of stable potentiation (Sorra and 

Harris, 1998). Both slices were then rapidly fixed during 8 seconds of microwave 

irradiation in mixed aldehydes (2% paraformaldehyde and 6% glutaraldehyde in 0.1 M 

cacodylate buffer at pH 7.4 and containing 2 mM CaCh and 4 mM MgCh) and stored 

overnight in fixative at room temperature. 

Perfusion-fixed hippocampus and hippocampal slices were both subsequently 

fixed in reduced osmium (1% Os04 with 1.5% K¢e(CN)6) followed by 1% Os04, to 

enhance membranes, and then exposed to 1% uranyl acetate, dehydrated, and embedded 

in Epoxy Resins and hardened for 48 hours prior to collecting serial thin sections. The 

serial thin sections were stained with ethanolic uranyl acetate followed by Reynolds' lead 

citrate. Serial sections were photographed in the middle of stratum radiatum at a location 

about 150-200 J.Lm from the CAl pyramidal cell body layer at an optimal depth of 100-

180 J.Lm from the cut surfaces. These protocols produced well-stained and readily 

identifiable astroglial processes (Fig. 1 .and 5). Detailed serial EM methods are posted on 

our website "Synapse Web" under "lab protocols". 

Quantification through serial section electron microscopy: Series were 

photographed a( the JEOL (Peabody, MA) 1200EX or 1230 electron microscopes and 

negatives were scanned or images were digitally captured (Gatan, Inc., Pleasanton, 

California). The series were coded and analyzed blind as to condition. Images were 

digitally optimized for brightness and contrast to visualize structures of interest, and 

reconstructions were colorized for clarity of presentation. Three-dimensional 

reconstructions and analyses were performed using the software entitled 

''RECONSTRUCT" ((Fiala, 2005), and freely available from (http://synapses.bu.edu). 
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Pixel size was calibrated relative to a diffraction grating replica (Ernest F. Fullam, Inc., 

Latham, NY) and section thickness was calibrated using the cylindrical diameters 

method; dividing the diameters of longitudinally sectioned mitochondria by the number 

of sections they spanned (Fiala and Harris, 200la). 

Surface areas of cross-sectioned synapses were computed by measuring their 

lengths on individual sections, multiplying by section thickness and summing over 

sections. Synapses cut enface were outlined and the enclosed area calculated. A total of 

16 dendritic segments were analyzed, four from each series, which were photographed in 

the middle of s. radiatum in area CAl. The sample dendritic segments ranged in diameter 

from 0.39 11m to 0.92 11m in the intact perfusion fixed hippocampus and 0.45 11m to 0.97 

11m in the recovered slices. These lateral dendrites were readily distinguished from the 

thicker apical dendrites. A total of 201 synapses were evaluated along 8 dendritic 

segments in the intact perfusion-fixed hippocampus from two animals. Similarly, 210 

synapses were evaluated along 8 dendritic segments in the hippocampal slices from two 

animals. EM and statistical analysis of synaptic and astroglial ultrastructural features 

revealed no significant differences between the two acute slices, hence they were grouped 

for comparison in subsequent analyses. 

A subset of synapses were selected for further analysis of nearest neighbor 

distance and extracellular tortuosity (Figure 6). A power analysis indicated that 30 

synapses were needed to detect a difference. The subpopulation of synapses was selected 

by dividing the overall population into two groups based on the presence or absence of 

astroglia at the axon-spine interface (see Figure 1 below). Within each group, synapses 

were subsequently sorted into ascending order by PSD size, and then selected along 
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ranked percentiles to represent all sizes equally between the two groups. A total of 64 

synapses were selected. Linear and curvilinear nearest neighbor distances were measured 

directly through the extracellular space in 2-D or 3-D as determined by the location of the 

nearest neighbor. Tortuosity was calculated by dividing the curvilinear distance through 

extracellular space by the straight distance ignoring intervening structures as shown in 

Figure 6 below. 

Statistics: Excel software (Microsoft, Redwood, CA) was used to organize the 

data and Statistica (StatSoft, Tulsa, OK) was used to obtain means and standard 

deviations, to graph the data and perform regressions and statistical analyses of nested 

ANOV As and ANCOVAs by dendrite, animal, and condition. Criterion p was < 0.05. 
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RESULTS 

Locations ofperisynaptic astroglia 

Astroglial processes were identified by their irregular shapes interdigitating 

among neuronal processes and by the presence of glycogen granules, intermediate 

filament bundles, and a relatively clear cytoplasm (Fig. 1; see also Ventura and Harris, 

1999). Thin astroglial processes were traced through serial sections to larger processes to 

confirm their identities. The perisynaptic location of astroglia in relationship to the axon

spine interface (ASI), and the presynaptic and postsynaptic partners were defined as 

illustrated in the intact perfusion-fixed hippocampus (Fig. la, c, d, referred to as "intact" 

from here on) and in acutely recovered hippocampal slices (Fig. 1 b, d, f). At some 

synapses, an astroglial process was located at the perimeter of the AS! (Fig. la, b). At 

other synapses an astroglial process was located next to the postsynaptic dendritic spine 

(Fig. lc, d), or the presynaptic axonal bouton "(Fig. 1 e, f), but did not enter the perimeter 

of the AS!. Other synapses had no perisynaptic astroglia. These images also accurately 

reflect the equally low extracellular volume in the intact and acutely sliced mature 

hippocampus. 

Complete three-dimensional reconstructions illustrated the complex relationships 

between a single astroglial process (colored light blue) and synapses along dendritic 

segments (colored red, yellow, gold and dark blue); presynaptic axons and other dendrites 

are excluded for clarity (Fig. 2a). For example, this astroglial process surrounded part of 

the ASI of a large mushroom spine (Fig. 2b) but encountered only the neck of another 

spine on a different dendrite (Fig. 2c ). Other reconstructions show that spines of similar 

sizes can be devoid of perisynaptic astroglial processes (Fig. 2d) or richly ensheathed 
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(Fig. 2e). These findings illustrate the nonuniform distribution of astroglial processes 

among dendritic spine synapses. 

Quantification of Perisynaptic Astroglia at the Perimeter of the AS/ 

A quantitative analysis was performed to determine whether astroglial processes 

are preferentially located at specific synapses in slices or intact hippocampus. A lower 

percentage of synapses had perisynaptic astroglia at their ASis in the acutely recovered 

slices than in the intact hippocampus (Fig. 3a). In both conditions, relatively few 

synapses had perisynaptic astroglia at the presynaptic or postsynaptic side only (Fig. 3a). 

Conversely, a higher percentage of synapses had no perisynaptic astroglia in the 

recovered slices than in the intact hippocampus (Fig. 3a). 

Synapses with astroglia at the ASI were also categorized by spine and synapse 

shape (Fig. 3b ). Only 40-60% of the thin spines and thin or mushroom spines with 

macular synapses had astroglia at the ASI. In contrast, 60-99% of the larger mushroom 

spines and spines with perforated synapses had perisynaptic astroglia. The presence of 

perisynaptic astroglia was greater in intact hippocampus for all spine and synapse shapes 

than in the acutely recovered slices (Fig. 3b ). Branched and other spine shapes (stubby 

and multisynaptic) did not differ significantly between conditions with respect to 

perisynaptic astroglia (Fig 3b ). These observations show that perisynaptic astroglial 

processes are not restricted to particular spine or synapse shapes. 

Larger synapses were more likely to have perisynaptic astroglia 

The next question was whether differences in synapse size were related to the 

presence or absence ofperisynaptic astroglia. The surface area of the PSD was measured 

across serial sections for each synapse. Mean synapse size was greater when perisynaptic 
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astroglial processes were present at the ASI (0.055 ± 0.003 J.un2
) than when they were 

absent (0.036 ± 0.004 JJ.m2
; p< 0.0005) (Fig 4a). Similarly, PSD area was significantly 

larger when astroglia was present either at the perimeter of the ASI or along the dendritic 

spine head; but not when astroglia was present only along the presynaptic axonal bouton 

(Fig 4a). Synapses were significantly larger when astroglial processes were present at the 

ASI in both the intact and the sliced and acutely recovered hippocampus (Fig 4b ). 

Partial ensheathment of synapses by perisynaptic astroglia 

Membrane associated molecules interact at the neuron-glial interface and can 

have both supportive and detrimental effects _on spine and synapse structure and function. 

We determined whether the amount ofperisynaptic astroglial ensheathment was related 

to spine type or synapse size, and if it was altered in the acutely recovered slices that had 

undergone recuperative synaptogenesis. We determined the length and fraction of the 

ASI perimeter that was surrounded by perisynaptic astroglia. A green dot or line was 

positioned where astroglia was present and a red dot or line was positioned where 

astroglia was absent, and then the length of ensheathment was determined by summing 

across serial sections as illustrated in Figure 5. For cross sectioned synapses (Fig. 5 a-e), 

the fraction of the ASI surrounded by perisynaptic astroglia was computed by dividing 

the number of sections with perisynaptic astroglia apposed to the ASI by the total number 

of sections that the ASI spanned. For irregularly-shaped and en face synapses the relative 

lengths of apposition were measured and summed across serial sections as illustrated in 

Figure 5f-j. Lengths where the astroglia apposed only the spine or the axon was not 

included; and synapses without astroglia at the ASI were also excluded from this 

analysis. 
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The average length of the ASI apposed by perisynaptic astrogl.ia did not differ 

between sliced and intact hippocampus (Fig. Sk). Similarly, the fraction of the ASI 

perimeter ensheathed by astroglia did not differ significantly between intact (0.38 ± 0.02) 

and sliced hippocampus (0.35 ± 0.02, p = 0.75, data not shown), nor between different 

spine shapes (p=0.4; data not shown). Although a strong correlation exists between PSD 

area and ASI area (Ventura and Harris, 1999); there is only a weak correlation between 

PSD area and the length of ASI that was apposed to perisynaptic astroglia (Fig. 51, r= 

0.26; p <0.05). 

Conversely, the degree to which glutamate and other substances can spill out from 

or enter into the perimeter of the synapse will depend upon the length of the astroglia-free 

interface. The vast majority of synapses (99.5%) had some portion of their ASI perimeter 

that was free from astroglia. In fact, only 2 of 408 synapses were completely ensheathed. 

The length of the astroglia-free ASI perimeter was computed as described above, 

measuring the astroglia-free length instead (red dots and lines in Figure Sa-j). There was 

a strong correlation between the astroglia-free length of the perimeter and PSD area 

whether some portion (r=0.74, p<O.OOOl) or no portion (r=0.68; p<O.OOOl) of the 

perimeter was in direct apposition to perisynaptic astroglia. Synapses without astroglia at 

the ASI had a longer unapposed length (0.79 ±0.021J.m) than synapses with astroglia at 

the ASI (0.58 ± 0.021J.m; p< 0.0001, Fig Sm). These findings suggest that larger synapses 

with their greater capacity for neurotransmitter release (Harris and Stevens, 1989; Lisman 

and Harris, 1993; Harris and Sultan, 1995; Schikorski and Stevens, 2001) also have a 

longer interface from which glutamate and other substances can escape from or enter into 

the synapse. 
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Distance along Astroglia-free Path to Nearest Neighboring Synapse 

One important role that astroglial processes are thought to perform is controlling 

glutamate spillover and crosstalk between neighboring synapses. Whether glutamate or 

other substances spilling out can influence neighboring synapses depends on the 

extracellular distance and tortuosity in the path between neighboring synapses. Here we 

determined these lengths based on astroglia-free paths because it is known that astroglial 

membranes contain a high density of glutamate transporters, which could rapidly remove 

glutamate from the extracellular space. A subpopulation of synapses in each condition 

was selected, as described in the methods, to represent the distribution of synapse sizes 

both with and without astroglia at some portion of their perimeters. The shortest 

astroglia-free route to a neighboring synapse was measured from the astroglia-free 

portion of the perimeter through extracellular space. The nearest neighboring synapse 

was determined by viewing serial sections and measuring the shortest three-dimensional 

linear distance within (Fig. 6a) or across (Fig. 6b) serial sections. The curvilinear distance 

was measured through extracellular space between the centers, edges, and the center-to

edge of neighboring synapses. None of the curvilinear distances differed between intact 

and slice conditions, nor did they correlate with synapse size, as illustrated for the center

center measurement (Fig. 6c). The center to center measurements showed that most 

. synapses had neighbors located within 1 micron and all of the synapses had neighbors 

located within 2 microns along an astroglia-free path through the extracellular space 

(ECS). The tortuosity was computed based on the ratio of the curvilinear to the straight 

linear paths and was less than 3 for all distances, and did not correlate with PSD area 

(Fig. 6d). Similarly, whether or not astroglia occurred along some pait of the ASI did not 
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influence the curvilinear path length or tortuosity (data not shown). These fmdings 

indicate that once substances leave the astroglia-free perimeter of a synapse there is a 

relatively short diffusion path to a neighboring synapse for all synapse sizes under both 

conditions. 
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DISCUSSION 

More synapses had perisynaptic astroglia in perfusion fixed hippocampus than 

acutely recovered hippocampal slices, suggesting that recuperative synaptogenesis 

occurred without sustained contact by astroglia in mature hippocampus. Perisynaptic 

astroglial processes were more likely to be present at larger synapses; thus, eventual 

contact with astroglia permitted or enhanced synapse growth. Alternatively, as a synapse 

enlarged and released more neurotransmitter, it may become attractive to astroglial 

processes as glutamate escapes its perimeter (Cornell-Bell et a!., 1990b ). Most of the 

perimeter was not ensheathed by perisynaptic astroglia, so that substances in the 

extracellular space could escape from or enter into both new and established synapses in 

mature hippocampus. The distances along astroglia-free paths were usually less than a 

micron so that spillover could be detected among neighboring synapses in mature 

hippocampus (Diamond, 2005). Thus, sharing of neurotransmitter such as glutamate, 

could facilitate the integration of smaller "silent" synapses into active networks during 

recuperative synaptogenesis in mature hippocampus, although glutamate spillover must 

be controlled to avoid seizures (Tanaka et a!., 1997). Our structural analyses suggest that 

astroglial glutamate transport may control spillover across relatively large domains of 

neuropil, while neuronal glutamate transport may be required to provide local control 

near individual hippocampal synapses (He et a!., 2000; Diamond, 2001; Chen et a!., 

2004). 

Role of Delayed Contact between Astroglial Processes and Synapses 

Astroglial processes were absent from the perimeter of more synapses in the 

hippocampal slices where there had been a recent loss, recovery, and proliferation of 
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synapses (Kirov et a!., 1999; Fiala et a!., 2003; Kirov et a!., 2004; Petrak et a!., 2005). 

This finding suggests that, in the mature system, new synapses are more likely to form 

where astroglial processes are not in direct contact with them. Astroglia respond during 

. . 
slice preparation with a complete loss of glycogen that requires 1-3 hours to recover in 

vitro (Fiala et a!., 2003). During this reactive period, astroglia may also release soluble 

substances that promote synaptogenesis in the slices. Preliminary strengthening of 

synapses during the 4-9 hours that these slices remained in vitro could have been 

supported by cholesterol and other substances released from astroglia (Mauch et a!., 

2001; Goritz et a!:, 2005). Consistent with this hypothesis there are more synapses in 

astrocyte-rich than in astrocyte-poor cortical cultures (Harris and Rosenberg, 1993). 

Furthermore, soluble substances in astrocyte conditioned medium also promote 

synaptogenesis on developing retinal ganglion cells isolated on postnatal day 5 and 

maintained in culture (Christopherson eta!., 2005). 

In contrast, direct contact with astroglial processes might be detrimental during 

the early phases of synaptogenesis. Contact with astroglial processes augments calcium 

influx through N-type calcium channels on cultured hippocampal neurons (Mazzanti and 

Haydon, 2003), which in turn can cause depolyrnerization of actin filaments and 

retraction of filopodia or loss of unstable new spines (Oertner and Matus, 2005). Contact 

with astroglia may also cause ephrin-mediated remodeling or collapse of nascent 

dendritic spines (Murai et a!., 2003). These observations suggest that synaptogenesis in 

mature hippocampus might be restricted to paths through the neuropil where new 

filopodia do not physically contact astroglial processes, but still have access to soluble, 

synapse-promoting factors released from distant astroglial processes. 
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Why and how might larger synapses attract astroglial processes to their 

perimeters? Previous studies have shown that the number of presynaptic vesicles 

increases proportionately with the area of the PSD on dendritic spines (Lisman and 

Harris, 1993; Harris and Sultan, 1995; Schikorski and Stevens, 2001). Here we show that 

astroglial processes were preferentially positioned at the perimeters of synapses with 

larger PSDs. The astroglial processes could have been attracted to the elevated release of 

glutamate or other substances escaping the ASI of larger synapses (Cornell-Bell et a!., 

1990b; Hirrlinger et a!., 2004). Subsequent contact with astroglia attracted to these larger 

synapses could facilitate growth and further maturation of the synapse. For example, 

puncta adherens junctions between astroglial processes and dendritic spines (Spacek and 

Harris, 1998) contain a variety of cell adhesion molecules such as integrins, NCAM, 

cadherins and others (Schuster et a!., 2001 ). Integrins can activate the protein kinase C 

signaling cascades in astroglia, which serve to enhance synaptic efficacy (Hama et a!., 

2004). GAP43, another contact-mediated growth associated protein, activates the MAP 

kinase pathway and facilitates elaboration of dendrites via astroglial contact (Piontek et 

a!., 2002). Thus, as synapses gain strength, contact with astroglial processes could further 

enhance their efficacy as the spine cytoskeleton matures and stabilizes (Smart and 

Halpain, 2000). 

How might Glutamate Spillover Awake11 Newly Recovered Sy11apses? 

A persistent question has been whether astroglial processes serve as barriers to 

glutamate spillover and crosstalk between neighboring synapses. It is likely that at least 

some glutamate escapes from hippocampal synapses, because synaptically driven 

transporter currents can be recorded from hippocampal astroglia in acute slices (Bergles 
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and Jahr, 1997; Diamond et a!., 1998). Furthermore, we show here that nearly all 

hippocampal synapses had regions along their perimeter along which substances could 

escape or enter the synaptic cleft without encountering astroglia. The amount of time 

required to clear glutamate from the extracellular space decreases as the expression of 

glial glutamate transporters increases during hippocampal maturation (Diamond, 20~5). 

In the absence of glutamate transporters, synapses separated by distances less than a 

micron would likely be affected by glutamate spillover (Diamond, 2005). The distance 

along the shortest glia-free extracellular route between neighboring synapses was usually 

less than 1 micron and there were no obvious differences in the volume of extracellular 

space between the intact hippocampus and acutely recovered hippocampal slices 

suggesting that most of the synapses could experience about the same amount of 

glutamate spillover from neighboring synapses. More release of glutamate can occupy 

more of the transporters allowing subsequently-released glutamate to diffuse farther 

(Diamond, 2005). Glutamate transporters located in neuronal membranes can also 

remove glutamate from the extracellular space (Chaudhry et a!., 1995; He et a!., 2000; 

Diamond, 2001 ). If neuronal glutamate transporters were concentrated at the perimeter of 

synapses without astroglia (Chen et al., 2004), then they might prevent significant 

spillover of glutamate during recuperative synaptogenesis in mature hippocampus. 

The smaller synapses in the mature hippocampal slices are reminiscent of early 

development (Fiala et a!., 1998) where small synapses are relatively silent and contain 

only NMDA glutamate receptors (Liao et a!., 1999; Isaac et a!., 1997; Takurni et a!., 

1999). The small developing synapses might also be presynaptically silent under normal 

conditions, increasing neurotransmitter release during synaptic plasticity (Ma et a!., 
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1999). The absence of perisynaptic astroglia from small synapses might allow sufficient 

glutamate to enter the cleft from the extracellular space to activate NMDA receptors 

(Asztely et al., 1997; Kullmann et al., 1996) while other synapses on the neuron are 

firing. This co-activation would facilitate insertion of AMP A receptors and incorporation 

of the new small synapses into a functional network. 

Astroglia-free microdomai11s for sy11aptoge11esis 

Astroglia form multiple domains within hippocampal CAl neuropil. Individual 

astroglia serve as one large domain with little overlap among processes of neighboring 

astroglia (Bushong et al., 2002). The whole astroctyte spans the dendritic arbors of many 

neurons. An individual astroglial process can coordinate neuronal excitability among a 

few neurons by amplifying calcium signaling (Pascual et al., 2005; Fellin et al., 2004). 

Here we demonstrate astroglia-free microdomains through which new filopodia could 

emerge to form synapses without contacting astroglial processes·. Our measurements 

suggest that this astroglia-free domain can occupy lengths of at least 2JJ.m through the 

extracellular space. This length would be sufficient to accommodate new thin spines 

(Harris et al., 1992; Fiala et al., 1998). Regulation of the composition of the extracellular 

matrix, e.g. through secretion of proteases or reduced secretion of protease inhibitors 

from astroglia, may also be important to provide an unobstructed path for new spine 

outgrowth (Pavlov et al., 2004; Giau et al., 2005). Ongoing maintenance of astroglia-free 

microdomains could be important for synaptic plasticity in the mature hippocampus. 

Plasticity of perisy11aptic astrog/ia 

The degree to which astroglial processes surround synapses depends on many 

factors including age, brain region, local neuropil, and experience. For example, 
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astroglial ensheatbment of parallel fiber synapses increases with maturation (Grosche et 

al., 1999), and the astroglial volume per Purkinje neuron increases with acrobatic 

learning but not exercise alone (Anderson et al., 1994). Astroglial volume also increases 

in visual and motor cortex proportionately with synaptogenesis and expansion of the 

dendritic arbor during environmental enrichment and motor learning (Jones and 

Greenough, 2002). In hippocampal neuropil, astroglial volume fluctuates with 

synaptogenesis during the oestrus cycle (Klintsova et al., 1995) and increases during 

long-term potentiation (Wenzel et a!., 1991) or following kindling (Hawrylak et al., 

1993). These findings show that perisynaptic astroglial processes undergo dynamic 

reorganization during synaptic plasticity. Whether these and other forms of synaptic 

plasticity result in astroglial processes preferentially ensheathing portions of recently 

stabilized synapses remains to be determined. 
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Figure 1: Locations of perisynaptic astrocyte in area CAl of intact, perfUsion-fiXed 
hippocampus (Intact) or hippocampal slices (Slice) from mature rats. a, b) Astroglial 
processes at the axon-spine interface (ASL astra = astroglial process (blue), psd = 

postsynaptic density (red), sp= dendritic spine head (yellow), ax = axonal bouton 
(green). c, d) Astroglial processes apposed to the postsynaptic dendritic spine only. e, f) 
Astroglial processes apposed to the back surface of a presynaptic axon only. Scale bar 
infisfor a-f. 
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Figure 2: Reconstructed dendrites, synapses, and associated astroglial processes. a) 
Three dimensional reconstruction of a single astroglial process (blue) interdigitating 
among many dendrites, four ·of which are reconstructed here (gold, yellow, red, purple). 
Axonal boutons are not displayed. b) Approximately 50% of the ASI of a mushroom spine 
was apposed by astroglia (arrows). c) Only the neck of this thin dendritic spine was 
qpposed by astroglia (arrows). Scale bar in c is for b and c. Synapses on mushroom 
dendritic spines without (d) and with (e) perisynaptic astroglia (sv=synaptic vesicles). 
Scale cube shows 500nm ford and e. 
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Figure 3: Nonuniform distribution of perisynaptic astroglia among synapses. a) The 
percentage of synapses with perisynaptic astrocyte at the AS/ was greater in the intact 
hippocampus (61.9 ± 3.7%) than in slices (43.0 ± 3.5% **p<0.0005). Astroglial 
processes were located only at the postsynaptic dendritic spines for 6.6 ± 2.9 and 10.6 ± 
2.8% of the synapses and the presynaptic boutons for 8.1± 2. 7% and 6.3± 2. 7% of the 
synapses for intact hippocampus and slices, respectively. Fewer synapses had no 
perisynaptic astroglia {"none'? in intaCt hippocampus (23.9 ± 3.4%) than in the slices 
(39.6 ± 3.3%, *p<0.005). b) Spines of both thin or mushroom shapes with macular or 
peiforated synapses were more likely to have astroglia at the perimeter of their AS/s in 
the intact hippocampus than slices (*p<0.05; **p<0.005). There were no significant 
differences among the other spine types (branched, multisynaptic, or stubby) regarding 
perisynaptic astroglia. n at the base of each bar is the total number of synapses in each 
category by condition. 
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Figure 4: Mean synapse size was larger for synapses wi~h perisynaptic astroglia apposed 
to the ASI or postsynaptic spine. a) Mean synapse size was larger when astroglia was 
present at the ASI (0.055± .003 pm2

) than when it was absent (0.036± .004 pm2
; **p< 

0.0005). Mean synapse size was also greater when astroglia was present at the 
postsynaptic dendritic spine only (0.047 ± .006pm2 vs 0.033 ± 0.002pm; *p< 0.05). b) 
Mean synapse size was larger when perisynaptic astrocyte was present at the ASI in both 
the intact (**p< 0.005) and sliced (*p<0.05) hippocampus. 
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Figure 5: Reconstruction and quantification of perisynaptic astroglia. a-e) For cross
sectioned synapses, the length of the AS! perimeter associated with (green dots) or 
without (red dots) astroglia was calculated by counting the number of dots and 
multiplying by the n!Jmber of sections spanned and section thickness. f-j) For obliquely
sectioned and enface synapses, the fraction of AS! apposition was measured as the 
fractional length of entire perimeter with (dotted green line) or without (dotted red line) 
astroglia. k) The length of the AS! ensheathed.by astroglia was similar in the intact (0.32 
± 0.019 p.m) and sliced hippocampus (0.29 ± 0.02 p.m; p= 0.23). Synapses without 
astroglia were excluded. I) Synapse size was only weakly correlated with the length of the 
AS! apposed to astroglia (r= 0.26; p<0.05). m) The length of AS! perimeter that was 
unapposed by astroglial process was strongly correlated with PSD area whether 
astroglia was present at the AS! (r=O. 74; p<0.0001) or absent from the AS! (r=0.68; 
p<0.0001). Synapses without astroglia at the AS! had a longer length open for the flow of 
glutamate and other substances to and from the synapse (0.79 ±0.02p.m and 0.58 ± 
0.02p.m, respectively; p< 0.0001). 
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Figure 6: Distances and tortuosity of the glia-free path between nearest neighboring 
synapses. a) The curvilinear distances were measured between the edges (solid red line), 
centers,(dashed red line) and center to edge (distance along dashed and solid lines from 
al to a2) of nearest neighboring synapses in both conditions (n=64). The tortuosity in 
these paths was computed as the curvilinear distance through extracellular space divided 
by the straight linear distance between the points (e.g. dotted red line for center to center 
on this synapse). b) Sometimes the extracellular path distance between nearest 
neighboring synapse had to be measured through 3D reconstruction (red= extracellular 
path; black= psd 1 and 2; gold= dendrite] [Den 1] and spinel [sp 1]; yellow= dendrite2 
[Den 2] and spine2 [sp 2]; green= axon] [ax 1] and axon2 [ax 2]. Distances to nearest 
neighboring synapses were similar in intact and sliced hippocampus when measured c) 
center to center (0.87 ± 0.07 pm and 0.82 ± 0.07, respectively; p=0.97) or edge to edge 
(0.41 ± 0.08 and 0.40 ± 0.05 pm, respectively; p = 0.95, data not shown), or center to 
edge (0.63 ± 0.07 pm and 0.59 ± 0.05 pm, respectively; p = 0.90, data not shown). d) 
Tortuosity of extracellular paths between nearest neighboring synapses also did not 
differ between intact and sliced hippocampus when computed center to center (1.39 ± 
0.05 pm and 1.47 ± 0.06pm, respectively; p=0.70) edge to edge (1.16 ± 0.04pm and 
1.34 ± 0.06pm, respectively; p = 0.17, data not shown), or center to edge (1.34 ± 0.07 
pm and 1.36 ± 0.5 pm, respectively; p = 0. 74, data not shown). 
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ABSTRACT 

Mesial temporal lobe epilepsy (MTLE) is highly prevalent worldwide. Consistent 

neuronal findings in MTLE include predictable neuronal loss, and reduced dendritic spine 

numbers on remaining neurons. Widespread gliosis composed of reactive astrocytes is 

also a common finding, though the implications of gliotic changes have not been 

reported. Similarly, unbiased, three-dimensional ultrastructural changes of synapses and 

perisynaptic astroglia in the epileptic hippocampus have not been explored. 

Using three-dimensional reconstruction with serial section transmission electron 

microsopy (ssTEM) on acutely recovered human hippocampal slices, we tested the 

hypothesis that pathological synapse loss would result in ultrastructural changes of 

dendritic spines as well as change in astroglial apposition at remaining synapses. Using 

unbiased three-dimensional brick analyses, we found that synaptic density decreased as 

gliosis increased from mild (10 syns/10J.Lm3
) to moderate (5 syns/10J.Lm3

) to severe (1 

syn/1 OJ.Lm3
). The morphology of the remaining synapses was altered, and in severe 

pathology, multi-afferented giant spines comprised approximately 96% of synapses. In all 

stages of pathology, however, axons had similar numbers of docked synaptic vesicles, 

approximately 2-3 vesicles/bouton. 

We also report that perisynaptic astrocytic ultrastructure changes significantly with 

pathology, including an approximate 300% increase in the occurrence of astrocytic gap 

junctions in moderate pathology. In comparison to mild pathology, the volume of 

astrocytic processes increased significantly from 4.8 ± 0.6% to 8.7 ± 2% in moderate 

pathology and 10.4 ± 1% in severe pathology. Similarly, astrocytic membrane surface 

area was greater in severe pathology. However, despite increased astrocytic volume, the 
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proportion of synapses with perisynaptic astroglia was significantly reduced in severe 

pathology. Interestingly, astrocytic processes incompletely surround synapses, hence 

glutamate spillover might contribute to the expansion of epileptic discharge. In all stages 

of pathology, however, synapses with perisynaptic astroglia were larger. Therefore, 

synaptic efficacy could be increased by astroglial apposition in the epileptic human 

hippocampus. 

Key Words: ultrastructure, tripartite, perisynaptic, Temporal Lobe Epilepsy, gliosis, 

dendritic spines, stereology, unbiased brick. 
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INTRODUCTION 

Epilepsy is a highly prevalent condition affecting approximately 50 million people 

worldwide (World Health Organization, 2001). Though epileptic foci can be located in 

many brain regions, mesial temporal lobe epilepsy (MTLE) is among the most prevalent 

and most refractory to !)1edical treatment (Spencer, 2002). Consistently reported findings 

associated with hippocampal seizure activity include neuronal loss, variable loss of 

dendritic spines along dendritic segments, and the formation of dendritic shaft 

· varicosities (Scheibel and Scheibel, 1977; Jiang et al., 1998; Swann et al., 2000; Multani 

et al., 1994b). Spine loss can be produced by the partial deafferentation of pyramidal cells 

resulting from death of their afferent neurons, or from activity-dependent spine pruning 

induced by recurring seizures (Swann et al., 2000; Fiala et al., 2002). Remaining 

synapses have shown pathologies at the ultrastructural level including giant spines, 

tortuous spines, axon-free post synaptic densities (PSDs ), and aberrant synaptic partners 

(Chen and Hillman, 1982b; Baloyannis and Kim, 1979; Raisman and Field, 1973; Fiala et 

al., 2002). 

Astrocytes also show gross alterations in MTLE, especially of widespread gliosis 

(Sommer, 1880; Spencer, 2002) by reactive astrocytes (Briellmann et al., 2002; Krishnan 

et al., 1994; Mitchell et al., 1999; Van Paesschen et al., 1997). Lesions within area CAl, 

in particular, are associated with the classically described Ammon's Hom sclerosis 

(Duvernay, 2005; Mathern et al., 1997), where increased pathology is associated not only 

with greater spine loss but also with increased gliosis. Recent studies have also 

implicated glial dysfunction in neurological diseases such as epilepsy (Tian et al., 2005; 

Lee et al., 2006; Binder and Steinhauser, 2006; Matute et al., 2006). Despite these 
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important findings, however, it has previously not been possible to examine astrocytic 

structural changes at the level of the synapse. 

It is therefore imperative to understand how perisynaptic astrocytic processes 

change in the epileptogenic hippocampus, as these changes are believed to be critical in 

MTLE. Previous studies indicate that astroglial processes, in addition to providing 

neuroprotection (Rosenberg and Aizenman, 1989) can also increase the efficacy of 

synapses (Pfrieger and Barres, 1997), influence synapse maturation (Mazzanti and 

Haydon, 2003; Murai et a!., 2003; Hama et a!., 2004), and stabilize larger synapses 

(Witcher et al., 2007). As synaptic loss is a known consequence of epilepsy, astrocytic 

apposition may function to stabilize remaining synapses through contact mediated 

factors, as well as through the uptake of synaptically-released glutamate through 

glutamate receptors (Seifert et a!., 2004; Matute et al., 2006; Brines et a!., 1997) and 

transporters (Danbolt, 2001 ). Thus, in the pathologic hippocampus where synapses have 

been eliminated, astroglia may influence where synapses remain and how they function. 

To analyze tripartite synaptic structural changes, we uniquely used serial section 

transmission electron microscopy (ssTEM) to complete three dimensional reconstruction 

from acutely recovered human hippocampal slices. This novel approach to human 

epilepsy allowed us to visualize, analyze and reconstruct synapses and all associated 

structures. While previous studies well-utilized two-dimensional visualization techniques, 

our approach allowed unbiased analysis and quantification of neuronal and astrocytic 

changes in human epilepsy. Specifically, we tested the hypothesis that pathological 

synapse loss would result in ultrastructural changes of dendritic spines as well as change 

in astroglial apposition at remaining synapses. 
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METHODS 

Patient selection and tissue collection 

Acute hippocampal slices (Kirov et al., 2004) were prepared from tissue resected 

from three patients undergoing hippocampectomy as treatment for medically-refractory TLE. 

Informed consent documents and children's assent documents were obtained from each 

patient involved in the study. All protocols were approved by the Institutional Review Board 

at the Medical College of Georgia. Patients were screened according to a series of clinical 

tests performed during routine presurgical assessment including clinical history, neurological 

tests, neuroimaging studies indicating unilateral hippocampal changes, neurodevelopment 

assessments, scalp electroencephalogram (EEG), and clinical pathologic examination. 

Results of all clinical and histopathological assessments were accessible from the patient's 

medical records for purposes of correlation with laboratory findings. All patients were 

seizure-free at a follow-up period of at least 12 months following surgery. 

The patients were all of female gender in the second decade of life (Table 1 ). All 

were treated with two or three anti-epileptic drugs (AEDs) for refractory epilepsy for at least 

4 years without successful control of seizures. Surgical anesthetic and enbloc 

hippocampectomy were similar between patients. In each case, it required less than 2 minutes 

to resect the hippocampus after cutting the main blood supply. The fast resection speed 

resulted in superior tissue quality and viability. A small sample of hippocampal tissue (-2 

em) was immediately cut and collected into ice-cold oxygenated sucrose based ACSF 

(Sucrose-ACSF) (containing 210 mM sucrose, 2.5 mM KCl, 25 mM NaHC03, 1 mM 

NaH2P04, 8 mM MgS04 and 10 mM glucose, pH 7.4, osmolality 290 Mosm!kg H20) and 

transferred from the operating room to a research laboratory that functions adjacent to the 

operating suite. 
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Human hippocampal slice preparation and solutions. Acute hippocampal slices ( 400 J.Ull, 

Fig. la) were prepared with ice-cold Sucrose-ACSF using a vibrating-blade microtome 

(VTlOOOS, Leica Instruments). Slices were transferred by a wide-bore pipette into an 

incubation chamber and placed onto 0.4 J.Lm mil!icell inserts (Millipore, Bedford, MA) 

positioned over wells containing standard ACSF and maintained at the interface of 

humidified 95% Or5% C02 atmosphere at 32°C, pH 7.4. The standard ACSF contains 

120 mM NaC!, 2.5 mM KCl, 25 mM NaHC03, 1 mM NaHzP04, 2.5 mM CaC[z, 1.3 mM 

MgS04 and 10 mM glucose, pH 7.4, osmolality 290 Mosmlkg HzO. The average delay 

between surgical resection and placing the first slice into the incubation chamber was 

about 5 minutes. 

Electron microscopy. After 3-4 hours of incubation to allow recovery of ultrastructure 

(Fiala et al., 2003), all slices were rapidly fixed during 8 seconds of microwave 

irradiation in mixed aldehydes (2% paraformaldehyde and 6% glutaraldehyde in 0.1 M 

cacodylate buffer at pH 7.4 and containing 2 mM CaC[z and 4 mM MgC[z) and stored 

overnight in fixative at room temperature. 

A small piece containing the CAl region was microdissected (Fig. 1b) and 

subsequently fixed in redl!ced osmium (1% Os04 with 1.5% ~e(CN)6) followed by 1% 

Os04, to enhance membranes, and then exposed to 1% uranyl acetate, dehydrated, and 

embedded in Epoxy Resins and hardened for 48 hours prior to collecting serial thin 

sections. Series of 40-50 sections each were cut on an Ultracut T ultramicrotome (Leica 

Instruments) from the middle of stratum radiatum at an optimal depth of approximately 

150-200 J.Lm from the cut surfaces. Three series were cut from each patient from 
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trapezoids placed approximately 100 flm away from neighboring series to minimize 

overlapping astrocytic areas. A total of nine series were picked up on Pioloform-coated 

slot grids (Synaptek, Electron Microscopy Sciences) and stained with ethanolic uranyl 

acetate followed by Reynolds' lead citrate. These protocols produced well-stained and 

readily identifiable astroglial processes (Fig. 1c-j). 

Quantification through serial section transmission electron microscopy (ssTEM). Series 

were photographed at the JEOL (Peabody, MA) 1230x electron microscope and images 

were digitally captured at a magnification of SOOOx (Gatan, Inc., Pleasanton, California). 

The series were coded and analyzed blind as to patient. Images were digitally optimized 

for brightness and contrast to visualize structures of interest, and some images were 

colorized for clarity of presentation (Figs. 1,3). Pixel size was calibrated relative to a 

diffraction grating replica (Ernest F. Fullam, Inc., Latham, NY) and section thickness was 

calibrated using the cylindrical diameters method; dividing the diameters of 

longitudinally sectioned mitochondria by the number o~ sections they spanned and 

averaging across mitochondria spaced throughout the series (Fiala and Harris, 2001a). 

Surface areas of cross-sectioned synapses were computed by measuring their lengths 

on individual sections, multiplying by section thickness and summing over sections 

(Witcher et a!., 2007). Synapses cut enface were outlined and the enclosed area 

calculated. Synaptic density was quantified using unbiased three dimensional brick 

procedures (Fiala and Harris, 2001 b) in three samples of approximately 100 f!m3 each 

from each hippocampal slice, for analysis of approximately 900flm3 (Fig. 2). Within each 

series, every section included three inclusion planes and three exclusion planes for 
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unbiased sampling of synapses within the series (Fiala and Harris, 2001b). Asymmetric 

and symmetric synapses within the sampling frame or intersected by the inclusion edges 

of the frame were counted one~ within each series at the first section intersecting their 

electron dense postsynaptic density (PSD) (Fig. 3a). Synapses were excluded from 

counting if they intersected the exclusion faces or if they were not included within the 

sampling frame (Fig. 2). 

Three-dimensional alignment, reconstructions and analyses were performed using the 

software entitled "RECONSTRUCT" (Fiala, 2005), and freely available from 

(http:l/svnapses.bu.edu). The reconstruction of astrocytic processes in Fig 5e were 

completed using OsiriX software (Rosset et al., 2004). Image rendering (Cosmocyte, Inc, 

Ellicott City, MD) was completed using Cinema 4D (Maxon Computer GmbH, Newbury 

Park, CA) . 

Statistics. Excel software (Microsoft, Redwood, CA) was used to organize the data and 

Statistica (StatSoft, Tulsa, OK) was used to obtain means and standard deviations, 

perform regression analyses and ANOV As, ANCOVAs, and post-hoc t-tests. Data from 

series were grouped by patient where appropriate. Criterion p was< 0.05. 
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RESULTS 

Locations of perisynaptic astroglia and presence of astrocytic gap junctions 

Neuronal and astroglial processes were analyzed from acute hippocampal slices 

recovered from humans with demonstrated hippocampal epileptic foci (Table 1 and Fig. 

Ia). Microdissections of the CAl region demonstrated a typical architecture of this region 

(Fig. 1 b) (Duvernoy, 2005). 

Subsequent to hippocampectomy and routine pathologic examination, Patient A 

was diagnosed as having mild hippocampal gliosis with unremarkable neuronal changes 

considered to represent a Mild pathology; Patient B was diagnosed with changes 

consistent with mild mesiotemporal sclerosis considered to represent a Moderate 

pathology. Patient C was diagnosed with changes consistent with severe mesiotemporal 

sclerosis and is considered to represent Severe pathology. 

In hippocampal slices representing Mild and Moderate pathology, synapses had a 

typical appearance. Astroglial processes were identified by their irregular shapes 

heterogeneously located among neuronal processes as well as by the presence of 

glyco~en granules, intermediate filament bundles, and a relatively clear cytoplasm (Fig. 

lc-h; (Ventura and Harris, 1999). In Severe pathology, astrocytes were identified by their 

irregular shapes, heterogeneous location in the neuropil, and a high density of electron

dense intermediate filament bundles (Fig lj; See also Figs. 6a-d). Distal astroglial 

processes were traced through serial sections to larger processes to confirm their 

identities. The perisynaptic locations of astroglia in relationship to the axon-spine 

interface (ASI) were defined as demonstrated (Figs. lc-j). Small astrocytic gap junctions 

were also found to be present in the hippocampi. Three astrocytic processes are shown 
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apposing each other at these specialized structures m the moderately sclerotic 

hippocampus (Fig. lk). 

Synaptic density decreases with increasing pathology. 

Unbiased bricking analyses (Fiala and Harris, 2001 b) were made through multiple 

series sampled from each hippocampal slice (Fig. 2). The density of asymmetric and 

symmetric synapses was correlated with pathologic change (Fig. 3). Relative to mild 

gliosis, there was a significant decrease in the density of asymmetric synapses in 

moderately (p<0.05) gliotic tissue. Severely gliotic tissue showed a significant decrease 

in both asymmetric (p<0.0005) and symmetric (p<0.05) synapse density. Severely gliotic 

tissue also showed a significant decrease in asymmetric and symmetric synapses relative 

to moderately gliotic tissue (p<0.05 and p<0.0005, respectively). In contrast to this 

decrease, however, moderate gliosis showed a significant increase in the density of 

symmetric synapses (p<0.05) (Fig. 3a). 

The density of astrocytic gap junctions also increased with gliosis, as moderately 

gliotic tissue showed a significant increase over mildly gliotic tissue (p<0.05) (Fig. 3b ). 

Gap junctions were not quantified in severely gliotic tissue because the astrocytes were 

very dark and possibly degenerating. 
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Multi-afferented giant dendritic spines appear with severe gliosis and synapse loss 

As the pathologic degree of gliosis increased, a corresponding change was seen in 

the spine types present in the neuropil. Mildly and moderately pathologic samples 

demonstrated normal-appearing spines with both thin (Figs. 4a-b) and mushroom (Figs. 

4c-d) shapes. In severe gliosis, however, synapses were located on multiply-afferented 

giant spines (Chen and Hillman, 1980). These spines are defined by their hypertrophied 

spineheads, multiple postsynaptic densities (PSD) forming synapses with separate axonal 

boutons, a paucity of perisynaptic astroglia, and non-congruence with expected synaptic 

morphology (Harris and Stevens, 1989) (Figs. 4e and f and Supplemental Figs. 1-2). 

Quantitation of synapses within the increasingly gliotic tissue corresponded to an 

increase in the fraction of synapses located on spines with multiple afferentation (Fig. 

4g). Tissue with mild to moderate gliotic pathology contained similar fractions of 

synapses partnering with multiple boutons (7% and 18%, respectively; p=O.l4). Of the 

synapses in severely pathologic tissue, however, approximately 96% were located on 

dendritic spines with multiple afferentation, a significantly higher amount than other 

pathologies (p<0.0001) (Fig. 4g). 

Increasing pathology also corresponded to changes in the distribution of spine 

types present at asymmetric synapses (Fig. 4h). The fraction of spines with thin 

morphology, which accounted for approximately 84% of all asymmetric spines in the 

mildly gliotic hippocampus, increased to approximately 89% in moderate pathology 

(p<0.005). In severe pathology, the fraction of thin spines decreased to approximately 4% 

of all spines measured (p<0.005). Similarly, the fraction of mushroom spines was 

significantly reduced from an initial 15% in mild gliosis to approximately 5% in the 
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moderately gliotic hippocampus (p<0.005), and were completely absent in severe 

pathology (p<O.OS). 

In contrast to these findings, stubby spine presence increased significantly from 

an initial 1% of total spines in the mildly pathologic tissue to approximately 6% in 

moderate gliosis (p<0.005) but were completely absent in the severely gliotic tissue (Fig. 

4h). Multi-afferented giant spines also increased greatly as gliosis progressed, since they 

were not present in either of the mildly or moderately gliotic samples, but comprised 

approximately 96% of spines in the severely pathologic tissue. This was significantly 

different from both mild (p<0.005) and moderate (p<0.005) pathologies (Fig. 4h). 

The number of docked vesicles does not correlate with increasing pathology. 

Previous microdialysis studies have indicated that increased extracellular 

glutamate is present in epileptic hippocampi (During and Spencer, 1993) and its source 

has since been investigated (Fellin et al., 2006; Tian et al., 2005). To determine if this 

increase might be related to increased release from neurons, we counted the number of 

docked vesicles present in axonal boutons from mild, moderate, and severely gliotic 

hippocampi (Figs. Sa-c, respectively). Quantification revealed that the number of docked 

vesicles .correlated well with the size of the PSD in mildly (r=0.69, p<0.0001) and 

moderately (r=0.68; p<0.0001) pathologic hippocampi. This relationship did not hold true 

for boutons in severely pathologic hippocampi, however, which contained a similar 

number of docked vesicles regardless of the size of the synapse (r=0.04; p=0.82) (Fig. 

5d). 



59 

There was not, however, an increase in the number of axonal vesicles correlating 

with increased pathology. When compared to boutons from mildly pathologic tissue at 

average synapse size (0.056)lm2
), boutons in moderately pathologic tissue showed a 

slight decrease in docked vesicle number (2.91 ± 0.12 vs. 2.44 ± 0.15; p<0.02). Vesicle 

number in severely pathologic tissue (2.16 ± 0.32), however, was not different from mild 

(p= 0.45) or moderate (p=0.99) pathology in vesicle number (Fig. 5e). 

Astrocytic ultrastructure changes with pathology 

The appearance of astrocytes was varied through the series examined. Though its 

appearance was consistent within series from particular degrees of gliosis, its appearance 

changed markedly as pathology increased. The least pathologic, mildly gliotic tissue 

showed typical looking astrocytes with asynnnetrical morphology, clear cytoplasm, 

glycogen granules (Fig. 6a) (Witcher et a!., 2007; Ventura and Harris, 1999b). 

Moderately gliotic tissue contained astrocytes both with a typical appearance as well as 

cells with a modified cytoplasmic appearance (Fig. 6b ). Individual filaments were 

approximately 9-10 nm in diameter, and were bundled together within the astrocytic 

cytoplasm. Based on this appearance and placement, these filaments are believed to be 

intermediate filaments composed mainly ofGFAP (Peters eta!., 1991). 

The cytoplasm of some astrocytic processes in the moderately pathologic tissue 

contained an electron-dense, laminar structure (Fig. 6c ). In severely pathologic 

hippocampal tissue, the prevalence of these dark, laminar structures increased greatly, 

and all astrocytic processes contained them (Fig. 6d). Immunohistochemical staining of 

glial fibrillary acidic protein (GF AP) was used to confirm a high density of astrocytes 
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within stratum radiatum of the severely pathologic tissue, and hematoxylin!eosinic 

staining revealed that stratum pyramidale was vastly depopulated of neuronal cell bodies 

(data not shown). These dark, laminar structures had diameters ranging from 

approximately 0.20-0.35 ~m and showed a complex heterogeneous three-dimensional 

arrangement within the neuropil (Fig. 6e ). These structures had little variation in 

appearance, and contained no recognizable intracellular organelles. Some processes could 

be seen occasionally to partially enwrap neuronal processes, though very few were placed 

perisynaptically. 

As would be expected in tissue known to have increasing amounts of gliosis, the 

volume fraction of astrocytes was shown to increase significantly in the moderately {8.7 ± 

2%) and severely {10.4 ± 1%) pathologic tissue when compared to the mildly gliotic 

tissue (4.8 ± .6%) {p<O.OS and p<O.OOS, respectively) (Fig. 6f). The ratio of surface area 

to volume (SAN) of astrocytic processes was also marked increased in the severely 

gliotic tissue when compared to mildly (p<O.OS) or moderately (p<0.001) gliotic tissue 

(Fig. 6g). 

Distance to the nearest neighboring synapse varies with gliosis 

An important role that astroglial processes are thought to perform is controlling 

glutamate Spillover and crosstalk between neighboring synapses. The ability of glutamate 

to influence neighboring synapses depends on the extracellular distance between 

neighboring synapses. We determined these lengths based on astroglia-free paths, due to 

the astrocytic capability of removing glutamate from the extracellular space. A subset of 

73 synapses was selected at equal intervals across the range of PSD sizes from all levels 



61 

of gliosis from synapses both with and without glia at the AS!. For each synapse, the 

shortest astroglia-free route was measured from the edge of the ASI through extracellular 

space to a neighboring synapse either within or across serial sections (Witcher et a!., 

2007). The distance between neighboring synapses was then measured through 

extracellular space. Distances did not correlate with synapse size when grouped by 

degree of sclerosis (Fig. 7a) or perisynaptic astroglia at the ASI (Fig. 7b ). Most synapses 

had neighbors located within 1.5 microns and the greatest distance measured along an 

astroglia-free path through the extracellular space (ECS) was 3.3 microns (Figs. 7a and 

b). Synapses measured within moderately gliotic tissue had a greater distance than mildly 

(0.46 ± O.OSf!m; p<O.OOS) gliotic tissue (Fig. 7c). These findings indicate that if 

substances leave the astroglia-free perimeter of a synapse in the moderately gliotic tissue, 

there is increased distance to a neighboring synapse. 

Astroglial apposition at the ASI supports larger synapses. 

Reconstruction of synapses within each degree of pathology revealed synapses 

with astroglia present and absent at the AS!. Normal appearing spines with perisynaptic 

astroglia were prevalent in mild and moderate pathology (Figs. 8a and 8b, respectively), 

though severely pathologic tissue was dominated by multi-afferented giant spines which 

tended to not have astroglia at the ASI (Fig. 8c). A quantitative analysis was performed to 

determine if astroglial processes were preferentially located at synapses in the pathologic 

hippocampi. When compared to the mildly gliotic hippocampus, moderately gliotic tissue 

had a similar fraction of synapses with astroglial apposition at the ASI (p=0.58). The 

severely pathologic hippocampus, however, had a significantly smaller portion of 
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synapses with astroglia at the AS! than the mildly (p<0.05) or moderately (p<O.Ol) gliotic 

tissue (Fig. 8d). 

We then measured the fraction of particular synapse types with astroglial 

apposition at the ASI to determine how different synapse types were related to 

perisynaptic astroglia. Analysis indicates that only approximately 13% of giant spine 

synapses, prevalent in severe pathology, are apposed by astroglia. Other spine· types were 

significantly more apposed by astrocyte. Approximately 80% of symmetric shaft 

synapses, presumably inhibitory, were apposed by astroglia (p<O.OOOl), while 

approximately 55% of mushroom (p<O.Ol) and 40% of thin spine (p<0.05) synapses were 

apposed. Of other spine types, including stubby spines and a single identified axon-free 

PSD, approximately 33% were apposed by astroglia at the ASI (ND) (Fig. 8e). 

We then measured whether the amount of perisynaptic astroglial apposition was 

related to spine type or synapse size, since astrocytic apposition can have both positive 

and negative impacts on synapses. We determined the length and fraction of the ASI 

perimeter that was surrounded by perisynaptic astroglia as described previously (Witcher 

et al., 2007). When present at synapses, the average fraction of the ASI perimeter 

ensheathed by astroglia did not differ significantly between mild (0.35 ± 0.02), moderate 

(0.33 ± 0.03), or severely gliotic hippocampus (0.28 ± 0.08, p = 0.67, Supplemental Fig. 

4). Although a strong correlation exists between PSD area and ASI area (Ventura and 

Harris, 1999), only a weak correlation exists between PSD area and the length of ASI that 

was apposed by astroglial processes (r= 0.28; p <0.005; Supplemental Fig. 2). 

Interestingly, almost all measured synapses (98.8%) had at least some portion of 

their ASI perimeter free from perisynaptic astroglia, leaving open the potential for 
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spillout of glutamate and other substances. The length of the astroglia-free AS! perimeter 

was computed as described previously (Witcher et al., 2007). There was a strong 

correlation between the astroglia-free length of the AS! perimeter and PSD area for 

mildly (r=0.73; p<O.OOOl) and moderately pathologic hippocampi (r=0.58; p<0.0001) 

(Fig. 8£). In contrast, severely pathologic hippocampus did not show this relationship 

(r=0.27; p<0.18) (Fig. 8£). When calculated at average synapse size (0.056um2
), the mean 

length ofastroglia-free AS! decreased from mildly (0.57 ± 0.0211m) to moderately (0.52 ± 

0.0211m; p<(l.05) pathologic hippocampus, but then increased significantly in severely 

pathologic tissue (0.69 ± 0.051-lm; p<0.005). 

Lastly, synapse size was measured for synapses where astroglia was present and 

absent at the AS!, as previous findings indicate that larger hippocampal synapses have 

more vesicles, suggesting a greater capacity for glutamate release (Lisman and Harris, 

1993; Harris and Sultan, 1995; Harris and Stevens, 1989; Schikorski and Stevens, 2001). 

When comparing synapses from all tissues, regardless of degree of pathology, the 

presence of astrocyte at the AS! was associated with increased synapse size (0.064 ± 

0.00611m2 vs. 0.050± 0.003!1m2; p<0.05)(Fig. 8g). 
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DISCUSSION 
We here tested the hypothesis that pathological synapse loss and gliosis occurring 

in the epileptic hippocampus would result in ultrastructural changes of remaining 

dendritic spines as well as an increased level of perisynaptic astroglial apposition. Using 

unbiased three-dimensional brick analysis, we showed that synaptic loss is indeed 

associated with the increasing degree of pathology during epileptogenesis in the human 

hippocampus, and that synaptic density decreases as gliosis increases. We then showed 

that the morphology of remaining synapses was altered, and in severe pathology, normal-

appearing spines were replaced by giant spines which could have unique physiological 

properties. We also showed that neurons do not display increased numbers of synaptic · 

vesicles. We further showed that astrocytic ultrastructure changes in pathology, including 

increases in the appearance of cytoplasmic filamentous structures, as well as an increase 

in the volume fraction and morphological characteristics of astrocytic processes. 

Furthermore, astrocytic processes appear not to limit remaining synapses from 

intersynaptic communication through glutamate spillover, likely contributing to the 

epileptogenic process in the severe pathologic state. Finally, we showed that while the 

proportion of synapses with perisynaptic astroglia is significantly less in severe 

pathology, the apposition of perisynaptic astroglia supports larger synapses. 

Sample Selection 

While previous studies have utilized post-mortem controls, synaptic 

ultrastrucutral analysis does not lend itself to tissue derived from this origin, as ischemia 

results in ultrastructural degradation almost inunediately (Petit and LeBoutillier, 1990; 

Martone et a!., 2000). Instead, live collection and recovery of tissue is a necessity for 
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ultrastrucutral integrity (Kirov et al., 1999b; Witcher et al., 2007; Fiala et al., 2003). 

Therefore, collection and recovery of live tissue was utilized to produce intact 

ultrastructure (Harris and Sultan, 1995; Witcher et al.,-2007; Fiala et al., 2003) from the 

in vivo state for analysis with ssTEM. 

A potential concern in using human tissues relates to the possible influences of 

anti-epileptic drugs (AEDs) used by patients prior to surgical intervention. Medical 

refractiveness is a finding common in hippocampal epilepsy (Spencer et al., 2005), which 

often necessitates multiple medications used over long time periods. The site of action of 

medications used for seizure control typically are categorized as modulators of voltage

gated ion charmels, GABA receptor agonists, and ionotropic glutamate receptor 

antagonists (Rogawski and Loscher, 2004). As reported in Table 1, medications used by 

each patient studied included a combination of levetiracetam (Patients B and C; sites of 

action are high voltage activated Ca2+ charmels and possible enhancement of synaptic 

inhibition), oxcarbazepine; (Patients A, B, and C; site of action is fast Na+ charmels) 

and/or topiramate (Patients A and B; mixed sites of action including Na+ and Ca2+ 

charmels, GABA and glutamate receptors) (Stefan and Feuerste_in, 2007; Rogawski and 

Loscher, 2004). While the effects of some AEDs (valproate; gabapentin and phenytoin) 

on astrocytic Ca2+ signaling have been studied (Tian et al., 2005), the potential effects on 

astrocytic ultrastructure have not been reported. For that reason, we included only 

patients with comparable medication profiles which likely had limited influence on our 

findings. For example, oxcarbazepine was used by all patients, and significant structural 

differences were found between these samples in a number of reported parameters. 

Similarly, topiramate was used by both Patients A and B, and significant differences were 
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found between these patients in dendritic spine distribution and astrocytic volume. 

Levitiracetam was used by both Patients B and C. While we report ultrastructural changes 

in the astrocytes from the hippocampi of both of these patients including dark, laminar 

inclusions within astrocytic cytoplasm, increase in astrocytic volume fraction, and 

decreased synaptic density, we also report unique changes found only in Patient C, 

including giant spines, changes in the astrocytic SA/volume ratio, and the fraction of 

astrocytes with glia present at the ASI. Therefore, comparable medication profiles 

reduced our concern of medication effects confounding our findings. 

Neuronal and Glial Changes are Pathologic 

A potential concern in using hippocampi resected from female patients is the 

effect that estrogen may have on neuronal and astrocytic plasticity. As indicated by 

previous studies of hippocampi from ovariectomized rat and nonhuman primates, neurons 

have shown phasic fluctuation in synapse number (Woolley et a!., 1990; Woolley and 

McEwen, 1992; Woolley eta!., 1996; Woolley, 1999; Murphy and Segal, 1996; Leranth 

et al., 2002) under the influence of gonadal hormonal manipulation. Similarly, estradiol 

treatment has been associated with an increased presence of multi-synaptic boutons 

(MSBs) (Woolley eta!., 1996). 

Our data indicate that, in severely sclerotic tissue where synapse density was 

lowest, multi-afferented giant spines were present (Fig. 4), but multisynaptic boutons 

(MSBs) were not increased (data not shown). Similarly, our data indicate an approximate 

90% decrease in hippocampal synaptic density (Fig. 3), which is much greater than that 

reported With estrogen fluctuation (Woolley and McEwen, 1992; Parducz et a!., 2006), 
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and is consistent with spine loss reported in epilepsy. As we also report changes in the 

distribution of spine types associated with increasing pathology, as well as the overt 

presence of giant spines in the severely sclerotic hippocampus (Fig. 4), our data indicate 

that synaptic loss is associated with pathology. 

Astrocytes have shown a similar plasticity under the effects of estrogen treatment 

including reduction in the density of astroglial processes in CAl and CA3 (Lam and 

Leranth, 2003). While our study did not directly measure the density of astrocytic 

processes, our data show that the volume fraction of astrocytes consistently increased 

with increasing pathology (Fig. 6). Previous findings also indicate that the astrocytic 

volume fraction in stratum radiatum of CAl increases physiologically during estrus 

(K.lintsova et al., 1995) at a time when synaptic density is known to decrease (Woolley et 

al., 1990; Woolley and McEwen, 1992), as well as an increase in the SANolume ratio of 
' 

astrocytes during late proestrus and early estrus in the dentate gyrus (Luquin et al., 1993). 

Though stage of menstrual cycle was not analyzed in our study, our data similarly 

indicate that astrocytic volume increased as synaptic density decreased, and that, in the 

most severely sclerotic tissue, the SA/volume ratio of astrocytes is increased. However, 

we also describe several differences in our tissue that appear to correlate these changes 

with pathologic rather than the phasic, physiologic changes previously reported. In 
' 

particular, we noted that the ultrastructure of astrocyte changed from a typical appearance 

(Ventura and Harris, 1999;Witcher et al., 2007) to an appearance including an increase in 

the prevalence in linear filamentous bodies, culminating in astrocytic processes 

consisting only of these structures in severe pathology, as well as a decrease in the 

fraction of synapses with astrocytic surround. 
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Astrocytes support the maintenance of larger synapses without limiting their 

potential for crosstalk 

Our study also indicates synapses were larger when perisynaptic astroglia was 

apposed at the AS! (Fig. 8). Astroglial processes could have been attracted to a greater 

amount of glutamate or other substances escaping the AS! of larger synapses (Cornell

Bell et al., 1990b; Hirrlinger et a!., 2004) during normal or epileptic synaptic function. 

Continued contact with astroglia attracted to these larger synapses could then maintain 

the persistence of the synapse during pathologic synaptic loss. For example, integrins can 

activate the protein kinase C signaling cascades in astroglia, which serve to enhance 

synaptic efficacy (Hama et a!., 2004). Similarly, puncta adherens junctions between 

astrocytes and dendritic spines (Spacek and Harris, 1998) may contain a variety of cell 

adhesion molecules such as NCAM, integrins, cadherins and others (Schuster et a!., 

2001). GAP43, also a contact-mediated protein, activates the MAP kinase pathway and 

facilitates elaboration of dendrites through astrocytic contact (Piontek et a!., 2002). Thus, 

contact with astroglial processes could enhance the efficacy and persistence of synapses 

in pathology (Smart and Halpain, 2000). In addition, though glutamate uptake by 

astrocytes could be reduced due to dysfunction in the glutamate transporters (Eid et al., 

2004; Cavus et al., 2005) apposition by astroglia may still transport enough glutamate 

away from apposed synapses to provide a neuroprotective effect (Rosenberg and 

Aizenman, 1989; Harris and Rosenberg, 1993). 

Interestingly, the length of perimeter apposed by perisynaptic astroglia was not 

correlated with synapse size (r=0.22; Supplemental Fig. 3). Instead, in mildly and 

moderately pathologic tissue, larger synapses had an increasingly longer astroglia-free 
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perimeter where substances, such as glutamate, could escape from or enter into the 

synaptic cleft of neighboring synapses allowing crosstalk between synapses. Conversely, 

synapses in severely sclerotic tissue did not share this relationship, as all sizes of 

synapses had similar lengths of perimeter open for neurotransmitter entrance and egress 

(Fig. 8). 

At average synapse size, the length of the non-apposed ASI was much lower in 

the moderately gliotic tissue than in the mildly gliotic tissue. This decrease in the non

apposed ASI would be expected due to the volume expansion of astrocyte associated with 

increased pathology (Fig. 6) as well as suspected higher concentrations of extracellular 

glutamate (During and Spencer, 1993; Cavus et al., 2005) which would be expected to 

cause expansion of astrocytic processes (Cornell-Bell et al., 1990b). We also expected 

that the open perimeter length would be smaller in severely sclerotic tissue as well. We 

instead found that the open perimeter length in severely gliotic tissue was much greater 

than in the mildly or moderately gliotic tissue. 

As this length reflects the potential surface area open for crosstalk with 

neighboring synapses, it appears that as pathology increases from mild to moderate, there 

is an attempt to isolate synapses from their nearest neighbors, which could potentially 

decrease the propagation of seizure activity. This could be caused by the attraction of 

astroglia to active synapses which could be increased by crosstalk. Further support for 

this comes from the observation that distance was significantly greater between nearest 

neighboring synapses in the moderately gliotic hippocampus (Fig. 7) which could also 

lead to isolation. 
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Increasing pathology appears to overwhelm this compensatory mechanism, 

however, as astrocytes in severely sclerotic hippocampus appear to contract away from 

the AS! (Fig. 8). While epileptic injury is lmown to modify astroglial function and 

structure (Binder and Steinhauser, 2006), the details and outcomes of these modifications 

are still under investigation. One possibility is that, as gliosis increases, the non-GF AP

containing compartments of astrocyte could be decreased, as overall volume of gliotic 

astrocytes has been shown to not increase (Wilhelmsson et al., 2006) despite local 

volume increases (Fig. 6). 

Astrocytic withdrawal may be a mechanism to increase excitatory input at synapses 

Changes in the amount of synaptic astrocytic involvement would also be expected 

in hippocampal focal epilepsy. Important fmdings established or implicated in this form 

of epilepsy include increases in extracellular glutamate (During and Spencer, 1993; 

Cavus et al., 2005), decreases in glutamate metabolism (Malthankar-Phatak et al., 2006), 

decreases in glutamate-stimulated GABA release (During et al., 1995), increased GABA 

transporter expression (Lee et al., 2006), decreases in glutamine synthetase (Eid et al., 

2004), perturbed distribution of AQP4 charmels (Lee et al., 2004; Eid et al., 2005) and 

increased lactate levels (Cavus et al., 2005), all of which can be associated with astrocytic 

dysfunction. This evidence therefore supports that structural associations between 

synaptic partners and astrocytic processes may also be modified. 

Multiple lines of evidence initially supported the possibility of increased 

perisynaptic astroglial apposition. Astrocytic processes may be drawn to remaining active 

synapses (Cornell-Bell et al., 1990b; Hirrlinger et al., 2004) in the epileptic hippocampus. 
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Secondly, synapses with astrocytic surround may be better protected from the neurotoxic 

effects of increased extracellular glutamate common in epilepsy (Rosenberg and 

Aizenman, 1989; Cavus et al., 2005; During and Spencer, 1993) and thus remain 

stabilized (Witcher et al., 2007). Finally, given the widespread neuronal decrease, it is 

possible that glutamate receptors which are shown increased in the epileptic hippocampus 

(Brines et al., 1997), are located within astrocytes (Seifert et al., 2004; Matute et al., 

2006). 

Our findings, however, support that perisynaptic astrocytic apposition is actually 

decreased in the severely gliotic hippocampus. Findings from other brain regions indicate 

that astrocytic withdrawal is a viable mechanism by which neurons can regulate the 

amount of synaptic input they receive. In hypothalamic magnocellular neurons, for 

example, astroglial processes reversibly withdraw from synapses on stimulation such as 

lactation (Piet et al., 2004a), dehydration; and parturition (Theodosis et al., 2006). The 

effects of this withdrawal include increased signaling to the presynaptic bouton (Oliet et 

al., 200lb) and increased signaling between adjacent synapses (Piet et al., 2004a) by 

diffusion through the extracellular space. In the supraoptic nucleus (SON), the functional 

consequence of this spillover is heterosynaptic depression of surrounding synapses (Piet 

et al., 2004a), indicating that synaptically released glutamate can reach neighboring 

synapses in concentrations great enough for signaling. Astroglia also function in synaptic 

remodeling in the hypothalamus. As reviewed by (Femandez-,Galaz et al., 1997), 

astroglial cells are directly involved in the interaction between gonadal steroids and 

neurons in the arcuate nucleus and regulate synaptic connectivity through expausion and 

retraction of processes and hormone-induced variations in synaptic apposition. 



72 

Astrocytic changes may explain increased extracellular glutamate 

We have here shown that, as the process of gliosis increases, the volume fraction 

of neuropil occupied by astrocyte increases as does the appearance of intracellular 

filaments likely composed of GF AP (Fig. 6). While recent reports have shown that 

reactive astrocytes do not increase their domain volume (Wilhelmsson et a!., 2006), the 

local volume occupied was not studied. Previous studies have indicated that astroglial 

volume increases physiologically in visual and motor cortex proportionately with 

synaptogenesis during environmental enrichment and motor learning (Jones and 

Greenough, 2002), as well as, during long-term potentiation (Wenzel et a!., 1991) or 

following kindling (Hawrylak eta!., 1993). We have also shown that in severely sclerotic 

hippocampi, the SA/volume ratio increases significantly (Fig. 6). As previous studies 

have indicated that astrocytic glutamate transporters are placed predictably along 

astrocytic membranes and are responsible for most of the uptake of synaptically released 

glutamate (Chaudhry et a!., 1995; Bergles and Jahr, 1998; Lehre and Danbolt, 1998), it 
. 

would be expected that increases in astrocytic surface area would increase the number of 

glutamate transporters available in the hippocampus. 

Previous studies indicate, however, that glutamate transporter proteins are 

actually reduced in the epileptic hippocampus (Proper et al., 2002) and that hippocampi 

lacking these transporters potentially show an increased extracellular glutamate and 

increased neurotoxic damage (Rothstein et al., 1996), though the reduction of these 

transporters is insufficient to explain the increases commonly seen in extracellular 

glutamate (Bjornsen et a!., 2007). These changes could therefore indicate expansion of 

astrocytic membrane devoid of glutamate transporters, decreased replacement of 
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astrocytic glutamate transporters undergoing turnover, decreased ability of astrocyte 

glutamate transport or metabolism (Eid et al., 2004; Cavus et al., · 2005), as well as a 

potential non-synaptic source of released glutamate. 

An interesting fmding from our work was an increase in the density of gap 

junctions located between apposed astrocytes (Figs. 1 and 3). It has recently been shown 

that an upregulation of gap junction proteins is associated with reactive gliosis (Haupt et 

al., 2007). Astrocytes communicate through these gap junctions with calcium signaling 

(Verkhratsky and Kettenmann, 1996; Cornell-Bell and Finkbeiner, 1991; Finkbeiner, 

1992; Dani et al., 1992; Scemes and Giaume, 2006), which likely results in glial 

glutamate release (Montana et al., 2006), and their coupling could increase the potential 

for glutamate uptake (Figiel et al., 2007). Therefore, the increased presence of these 

specializations could indicate that, as gliotic pathology increases, so to does the coupling 

between neighboring astrocytes as well as the potential for increased glutamatergic' 

release. To the detriment of nearby surrounding neurons, this release may be associated 

with a decrease in the ability of astrocytes to reuptake or metabolize glutamate. 
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PATHOLOGICAL FEBRILE HIPPOCAMPAL AGE AT FOLLOW-UP SEIZURE 
PATIENT FINDINGS SEIZURES MRI FINDINGS DURATION SURGERY (months) FREEDOM GENDER AEDs 

Trileptal, 
A Hippocampal Gliosis No Signal Change 9.9 VIS 10v 15 Yes F Topamax 

Keppra, 
Tn1eptal, 

B MildMTS No Signal Change 4.5"" 17y 12 Yes F Topamax 

Keppra, 
c Severe MTS Yes Signal Change 4yrn 13y 15 Yes F Trileptal 

Table 1: Patients selected for study inclusion. 
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Figure 1: Synapses and perisynaptic astroglia in area CAl of hippocampal slices from 
three epileptogenic human hippocampi. a: Acute slice from Severely pathologic epileptic 
human hippocampus (DG= Dentate Gyrus; CA3-CA1= Cornu Ammonis 3-1; Sub= 
Subiculum Scale bar = lmm). b: Microdissection from Area CAl embedded in Epoxy 
resin (SM= Stratum moleculare; SLM= S. laconosum-moleculare; SR= S. radiatum; SP= 
S. pyramidale; SO= S. Oriens; A= Alveus) c-e: Astroglial processes present at axon
spine interface (ASJ) in example mushroom (c) and thin (d,e) spines from Mild pathology 
(as, astroglial process [blue]; sp, dendritic spine head [yellow]; ax, axonal bouton 
[green]. f-h: Perisynaptic astroglia present (j) and absent (g-h) at ASI of example spines 
from Moderate pathology. i-j: Multi-afferented giant spines from Severe pathology with 
no astroglia at ASL Scale bar in e is for c-j. k: Gap junctions (arrows) between apposed 
astrocytic processes. Glycogen granules are seen as dark spots (arrowhead) (Scale bar = 

500nm). 
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Figure 2: Unbiased three-dimensional brick analysis us~d for calculating synaptic 
density within each series. Synapses counted (blue spheres) at first appearance of their 
PSD (red) if located within sampling frame completely or intersected by inclusion edges 
(solid blue). Synapses excluded (yellow spheres) if they intersected exclusion frames 
(interrupted yellow) or not included within sample frame (see Methods). · 
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Figure 3: Density of neuronal asymmetric and symmetric synapses and astroglial gap 
junctions varies with severity of pathology. a: Pathological states differ in asymmetric 
(black) and symmetric (gray) synaptic density(* Differs from Mild, p<0.05;** Differs 
from Mild, p<O. 0005; t Differs from Moderate, p<O. 05; I Differs from Moderate 
p<0.0005). b: There was a greater density of astrocytic suiface specializations in 
Moderate when compared to Mild pathology (*p<0.05). -



a 

d 

,L-_. .. L_ __________ __ 

Mild Moderate 
Pathology 

Severe 

h 

Mild Moderate 

Pathology 

".t 

78 

•Thin 
•Mush 
I!!'J Mu!tl 
E3 Stubby 

Figure 4: Spine morphology changed as pathology increases. a-b.3D reconstructions of 
thin dendritic spine synapses from Mild (a) and Moderate pathology (b). (as, astroglial 
process [blue]; sp, dendritic spine head [yellow]; ax, axonal bouton· [green]; PSD, 
postsynaptic density [red]; SV- docked synaptic vesicles [purple]). c-d. 3D 
reconstructions of mushroom spine synapses with docked synaptic vesicles from Mild (c) 
and moderate pathologies (d). Scale cube 500 nm, a-d. e: EleCtron micrograph of a 
single giant spine (yellow) with unique boutons (green) and.PSDs. f 3D reconstruction 
of a single giant spine innervated by 9 unique boutons at unique PSDs (7/9 unique PSDs 
shown [red]). g: A greater fraction of synapses on spines receiving multiple afferentation 
are present in Severe pathology (** Differs from Mild, p<O.OOOJ; J Differs from 
Moderate p<O.OOOJ). ). h: Spine type distribution varies between pathologic states for 
thin (Thin), mushroom (Mush), multi-afferented giant (Multi), and stubby (Stubby) spines 
(statistical markers same as in Fig 3e). 
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Figure 5: Docked vesicle number in axonal boutons· does not increase with sclerotic 
pathology. a-c. Docked vesicles (chevrons) and PSDs (arrows) shown at synapses from 
Mild (a), Moderate (b), and Severe (c) pathologies. Scale bar in c is for a-c. d: Vesicle 
number correlated to PSD area in Mild (r=0.69, p<O.OOOJ) and Moderate (r=0.68, 
p<O.OOOJ) pathology only. No correlation for Severe pathology (r=0.04, p=0.82). e: 
Mean number of docked vesicles lower in Moderate than Mild pathology at mean PSD 
area (0.056pm2) (AAp<0.02). 
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Figure 6. Presence of astrocytic filaments and astrocytic volume fraction increased with 
pathology. a-d: Presence of intracellular electron-dense filaments (arrows) more 
prevalent in Moderate (b and c) and Severe (d) when compared to Mild (a) pathology. 
Astrocytic gap junction ~!so shown (c, chevron). Scale bar ·in a is for a-d. e: Three
dimensional image of astrocytic processes from Severe pathology showed thin processes 
with many branch points. f: Moderate and Severe pathologies had greater volume 
fraction of astrocyte than Mild (*p<0.05 and **p<0.005, respectively).g. Astrocytic 
processes from Severe pathology had greater swface area/volume ratio than Mild (* 
p<0.05) or Moderate(** p<O.OOJ). 
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Figure 7: Distance to nearest neighboring synapse not correlated with synapse size or 
asymmetric synapse density but varied with pathology. a. Distance to nearest 
neighboring synapse not correlated to synapse size in Mild (r= -.095, p=0.52) or 
Moderate (r=0.05, p=0.80) pathology (Correlation in Severe pathology incalculable due 
to non-variation [intersynaptic distance =0.001 pm for all measured synapses]). b. 
Distance to nearest neighbor not correlated to synapse size for synapses with astroglia 
Present (r=-0.06, p=0.71) or Absent (r=-0.24, p= 0.16) at ASL c. Distance to nearest 
neighboring synapse greater in Moderate than Mild (**p<0.01) pathology (Mean± SE). 
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Figure 8: Perisynaptic astrocytic apposition decreased as pathology increased but still 
supported larger synapses. a-c. 3D reconstructions of dendritic spine synapses from Mild 
(a), Moderate (b) and Severe (c) pathologies demonstrated astroglial apposition at ASL 
(as, astroglial process [blue}; sp, dendritic spine head [yellow}; ax, axonal bouton 
[green]; PSD, postsynaptic density [red}; SV- docked synaptic vesicles [purple}). d. 
Fraction of synapses with glia at AS! less in Severe than Mild (*p<0.05) or Moderate 
(**p<O.Ol) pathology. e. Fraction of multi-afferented giant spines with astroglial 
apposition at the AS! is significantly less than the fraction of shaft synapses 
(***p<O.OOOJ), mushroom spines (**p<O.Ol} and thin spines (*p<0.05).f Length of AS! 
perimeter unapposed by astroglial process was correlated with PSD area for Mild 
(r=0.73, p<O.OOOJ) and Moderate (r=0.58, p<O.OOOJ) but not Severe (r=0.28, p=O.JB) 
pathology. g: Regardless of condition, synapses larger when astrocyte present at AS! 
(*p<0.05). 



83 

Supplemental Figure 1: 3D reconstructed multi-afferented giant spine. Scale cube = 
500nm. 
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Supplemental Figure 2: Length of AS! does not correlate with synapse size in Severe 
pathology. Total length of ASI perimeter correlated with PSD area for Mild (r=0.77, 
p<O. 0001) and Moderate (r=O. 70, p<O. 0001) but not Severe (r=0.24, p=0.25) pathology. 
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Supplemental Figure 3: Length of AS! apposed by astroglia does not correlate with 
synapse size in any pathologic state. Length of AS! perimeter apposed by astroglia not 
correlated with PSD area for Mild (r=O.J5, p=0.04), Moderate (r=0.37, p<O.OOOJ), or 
Severe(r=O. 02,p=0.91 )pathology. 
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Supplemental Figure 4: Perisynaptic apposition length at ASI does not vary between 
pathologies. Amount of surround approximately 35 ± 2% (Mild), 33 ± 3% (Moderate), 
and 28 ± 8% (Severe). 
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IV. DISCUSSION 

Summary of Specific Aims 

The first specific aim of this dissertation was to characterize the plasticity of perisynaptic 

astrocytes during the process of induced synaptogenesis in the mature hippocampus. We 

proceeded to show that more synapses had perisynaptic astroglia in perfusion fixed 

hippocampus than acutely recovered hippocampal slices, which suggested that 

recuperative synaptogenesis occurred without sustained contact by astroglia in the mature 

hippocampus. We also showed that perisynaptic astroglial processes were more likely to 

be present at larger synapses, indicating that eventual contact with astroglia permitted or 

enhanced synapse growth. An alternative interpretation is that as a synapse enlarges and 

releases more neurotransmitter, it may become attractive to astroglial processes as 

glutamate escapes its perimeter (Cornell-Bell eta!., 1990b). We further showed that most 

of the perimeter was not ensheathed by perisynaptic astroglia, so that substances in the 

extracellular space could escape from or enter into both new and established synapses in 

the mature hippocampus. Finally, we showed that the distances along astroglia-free paths 

were typically less than one micron, indicating that spillover could likely be detected 

among neighboring synapses in mature hippocampus (Diamond, 2005). Thus, sharing of 

neurotransmitters such as glutamate, could facilitate the integration of smaller "silent" 

synapses into active networks during recuperative synaptogenesis in the mature 

hippocampus, although glutamate spillover must be controlled to avoid seizures (Tanaka 
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et a!., 1997). Our structural analyses suggest that astroglial glutamate transport may 

control spillover across relatively large domains of neuropil, while neuronal glutamate 

transport may be required to provide local control near individual hippocampal synapses 

(He eta!., 2000; Diamond, 2001; Chen et al., 2004). 

The second specific aim of this dissertation was to test the hypothesis that 

pathological synapse loss would result in ultrastructural changes of dendritic spines 
' 

typical of deafferentation pathologies as well as an increased level of astroglial synaptic 

apposition. We proceeded to show using three-dimensional unbiased brick analysis that 

synaptic loss is indeed associated with the process of epileptogenesis in the human 

hippocampus, and that synaptic density decreases as gliosis increases. We then showed 

that the morphology of remaining synapses is altered, ·and in severe. pathology, normal-

appearing spines are replaced by giant spines which likely have unique physiological 

properties. We also showed that increased neuronal vesicular release is not a likely 

explanation of high extracellular glutamate (During and Spencer, 1993; Cavus et al., 

2005), as neurons do not display increased numbers of synaptic vesicles. We further 

showed that astrocytic ultrastructure changes in pathology, including increases in the 

appearance of cyptolasmic filamentous structures, as well as an increase in the volume 

fraction and changes in the morphological characteristics of astrocytic processes. 

Furthermore, astrocytic processes were shown not to limit remaining synapses from 

intersynaptic communication through glutamate or other neurotransmitters. Finally, we 

showed that while the proportion of synapses with perisynaptic astroglia is significantly 

less in severe pathology, the apposition of perisynaptic astroglia supports larger synapses. 
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Integrated Discussion 

Astrocytic apposition supports larger synapses both in synaptogenesis and synapse 

elimination 

One of the most intriguing findings of the projects included in this dissertation 

indicates that, in both mature synaptogenesis as well as in pathologic synapse 

elimination, synapses are larger when they are apposed by astroglia at the ASI. There are 

several potential factors mediating this effect. First, astroglial processes could have been 

attracted to a greater amount of glutamate or other substances escaping the ASI of larger 

synapses (Cornell-Bell et al., 1990b; Hirrlinger et al., 2004) during normal or epileptic 

synaptic function, as previous studies have shown that the number of presynaptic vesicles 

increases proportionately with the area of the PSD on dendritic spines (Lisman and 

Harris, 1993; Harris and Sultan, 1995; Schikorski and Stevens, 2001). 

Continued contact with astroglia attracted to these synapses could then maintain 

the development of the synapse. For example, integrins can activate, the protein kinase C 

signaling cascades in neurons, which serve to enhance synaptic efficacy (Hama et al., 

2004). Similarly, puncta adherens junctions between astroglial processes and dendritic 

spines (Spacek and Harris, 1998) contain a variety of cell adhesion molecules such as 

NCAM, integrins, cadherins and others (Schuster et al., 2001) which may provide 

structural support. GAP43, also a contact-mediated protein, activates the MAP kinase 

pathway and facilitates elaboration of dendrites via astroglial contact (Piontek et al., 

2002). Thus, contact with astroglial processes could enhance synaptic efficacy (Smart 

and Halpain, 2000). 



91 

We also showed that more synapses had perisynaptic astroglia in perfusion fixed 

hippocampus than acutely recovered hippocampal slices, indicating that delayed contact 

with astroglia permitted or enhanced synapse growth during synaptogenesis in the mature 

hippocampus. Interestingly, astroglial processes were absent from'the perimeter of more 

synapses in the hippocampal slices where there had been a recent loss, recovery, and 

proliferation of synapses (Fiala et a!., 2003; Kirov eta!., 1999b; Kirov eta!., 2004; Petrak 

eta!., 2005). This finding suggests that, in the mature hippocampal system, new synapses 

are more likely to form where astroglial processes are not in direct contact with them. It 

was previously shown that astroglia respond during acute hippocampal slice preparation 

with a complete loss of glycogen that requires 1-3 hours to recover in vitro (Fiala et a!., 

2003). During this reactive period, astroglia may also release soluble substances that 

promote synaptogenesis in the slices. For example, preliminary strengthening of synapses 

during the 4-9 hours that these slices remained in vitro could have been supported by 

cholesterol and other substances released from astroglia (Goritz et a!., 2005; Mauch eta!., 

2001). Consistent with this hypothesis, there are more synapses in astrocyte-rich than in 

astrocyte-poor cortical cultures (Harris and Rosenberg, 1993). Furthermore, soluble 

substances in astrocyte conditioned medium also promote synaptogenesis on developing 

retinal ganglion cells isolated on postnatal day 5 and maintained in culture 

(Christopherson eta!., 2005). 

Direct contact with astroglial processes, however, might initially be detrimental 

during the early phases of synaptogenesis. It has been shown that contact with astroglial 

processes augments calcium influx through N-type calcium channels on cultured 

hippocampal neurons (Mazzanti and Haydon, 2003), which has been shown to cause 
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depolymerization of actin filaments and retraction of filopodia, as well as loss of unstable 

new spines (Gertner and Matus, 2005). Contact with astroglia may also cause ephrin

mediated remodeling or collapse of newly-formed dendritic spines (Murai et al., 2003). 

These observations suggest that synaptogenesis in mature hippocampus might be 

restricted to locations within the neuropil where newly-formed filopodia do not 

physically contact astroglial processes, but still have access to soluble, synapse

promoting factors released from distant astroglial processes. 

In support of this hypothesis, we demonstrated astroglia-free microdomains 

through which new filopodia could emerge to form synapses without contacting astrog!ial 

processes. Our measurements suggest that this astroglia-free domain can occupy lengths 

of at least 211m through the extracellular space. This length would be sufficient to 

accommodate new thin spines (Harris et a!., 1992; Fiala et al., 1998). Regulation of the 

composition of the extracellular matrix, for example through direct secretion of pro teases 

or reduced secretion of protease inhibitors from astroglia, may also be important to 

provide an unobstructed path for new spine outgrowth (Pavlov et al., 2004; Giau et a!., 

2005). Ongoing maintenance of astroglia-free microdomains could therefore be important 

for synaptogenesis in the mature hippocampus. 

In the pathologic hippocampus, though, where synapses are undergoing loss and 

not development, delay in astrocytic contact likely is not significant. Instead, the 

supportive role of astrocytic contact is likely much more significant. In addition to the 

contact-mediated factors discussed above, glutamate uptake by appropriately-positioned 

astrocytes is likely necessary to maintain synapses (Rothstein et al., 1996). Though 

glutamate uptake by astrocytes could be reduced due to reduction or dysfunction of 
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astrocytic glutamate transporters (Proper et al., 2002; Bid et al., 2004), perisynaptic 

astroglia apposed at the ASI with intact transporters may still provide a neuroprotective 

effect (Rosenberg and Aizemnan, 1989; Harris and Rosenberg, 1993), and thus support 

the persistence of synaP.ses during widespread elimination. 

Glutamate spillover may awaken newly recovered synapses and serve as a method 

of restoring lost synaptic input 

A persistent question has been whether astroglial processes serve as ·barriers to 

glutamate spillover and crosstalk between neighboring synapses. It is likely that at least 

some glutamate escapes from hippocampal synapses, because synaptically driven 

transporter currents can be recorded from hippocampal astroglia in acute slices (Bergles 

and Jahr, 1997; Diamond et al., 1998). Furthermore, we show here that nearly all 

hippocampal synapses had regions along their perimeter where substances could escape 

or enter the synaptic cleft without encountering astroglia. The amount of time required to 

clear glutamate from the extracellular space decreases as the expression of glial glutamate 

transporters increases during hippocampal maturation (Diamond, 2005). 

In the absence of glutamate transporters, synapses separated by distances less than 

a micron would likely be affected by glutamate spillover (Diamond, 2005). The distance 

along the shortest glia-free extracellular route between neighboring synapses was usually 

less than 1 micron in the synaptogenic hippocampus and 2 microns in the epileptic 

hippocampus. In the mature synaptogenic hippocampus, there was no obvious difference 

in the volume of extracellular space between the intact hippocampus and acutely 

recovered hippocampal slices suggesting that most of the synapses could experience 



94 

about the same amount of glutamate spillover from neighboring synapses. Similarly, the 

mildly and moderately gliotic hippocampi showed similar amounts of extracellular space, 

while the severely sclerotic hippocampus showed greatly increased amounts of 

extracellular space. 

More release of glutamate can occupy more of the transporters allowing 

subsequently-released glutamate to diffuse farther (Diamond, 2005). Glutamate 

transporters located in neuronal membranes can also remove glutamate from the 

extracellular space (Chaudhry et al., 1995; He et al., 2000; Diamond, 2001). If neuronal 

glutamate transporters were concentrated at the perimeter of synapses without astroglia 

(Chen et al., 2004), then they might prevent significant spillover of glutamate during 

recuperative synaptogenesis in mature hippocampus. 

The smaller synapses in the mature synaptogenic hippocampal slices are 

reminiscent of early development (Fiala et al., 1998) where small synapses are relatively 

silent and contain only NMDA glutamate receptors (Liao et al., 1999; Isaac et al., 1997; 

Takumi et al., 1999). The small developing synapses might also be presynaptically silent 

under normal conditions, increasing neurotransmitter release during synaptic plasticity 

(Ma et al., 1999). The absence of perisynaptic astrog1ia from small synapses might allow 

sufficient glutamate to enter the cleft from the extracellular space to activate NMDA 

receptors (Asztely et al., 1997; Ku11mann et al., 1996) while other synapses on the neuron 

are firing. This co-activation would facilitate insertion of AMP A receptors and 

incorporation of the new small synapses into a functional network. 
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In the epileptic hippocampus, where synapse elimination is widespread, 

perisynaptic astrocytic withdrawal may be a mechanism which increases excitatory input 

at synapses. Important findings previously established or implicated in this form of 

epilepsy include increases in extracellular glutamate (During and Spencer, 1993; Cavus et 

al., 2005), decreases in glutamate metabolism (Malthankar-Phatak et al., 2006), decreases 

in glutamate-stimulated GABA release (During et al., 1995), increased GABA transporter 

expression (Lee et al., 2006), decreases in glutamine synthetase (Eid et al., 2004), 

perturbed distribution of AQP4 channels (Eid et al., 2005; Lee et al., 2004) and increased 

lactate levels (Cavus et al., 2005), all of which can be associated with astrocytic 

dysfunction. This evidence therefore supports that structural associations between 

synaptic partners and astrocytic processes may also be modified. 

Initially, multiple lines of evidence supported the possibility of increased 

perisynaptic astroglial apposition. Astrocytic processes could be drawn to remaining 

active synapses (Cornell-Bell et al., 1990b; Hirrlinger et al., 2004) in the epileptic 

hippocampus. Secondly, synapses with astrocytic surround may be better protected from 

the neurotoxic effects of increased extracellular glutamate common in epilepsy 

(Rosenberg and Aizenman, 1989; During and Spencer, 1993; Cavus et al., 2005) and thus 

remain stabilized. Finally, given the widespread neuronal decrease, it is possible that 

glutamate receptors which are shown increased in the epileptic hippocampus (Brines et 

al., 1997), are located within astrocytes (Seifert et al., 2004; Matute et al., 2006). 

Our findings, however, support that perisynaptic astrocytic apposition is actually 

decreased in the severely gliotic hippocampus. In the epileptic hippocampus, the length 

of the non-apposed ASI was much lower in the moderately gliotic tissue than in the 
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mildly gliotic tissue. This decrease would be expected due to the volume expansion of 

astrocyte associated with increased pathology as well as suspected higher concentrations 

of extracellular glutamate (During and Spencer, 1993; Cavus et a!., 2005) which could 

be expected to cause volume expansion through the attraction of astrocytic processes 

(Cornell-Bell et a!., 1990b). We also expected that the open perimeter length would be 

smaller in severely sclerotic tissue as well. We instead found, however, that the open 

perimeter length in severely gliotic tissue was much greater than in the mildly or 

moderately gliotic tissue, and that all synapses in the severely pathologic hippocampus 

had similar lengths of perimeter open for neurotransmitter entrance and egress. 

At> this length reflects the potential surface area open for crosstalk with 

neighboring synapses, a potential reason for our findings is that decrease in astrocyte 

surround at the synapse could be a compensatory mechanism useful for increasing axonal 

input to deafferented dendrites. Findings from other brain regions indicate that astrocytic 

withdrawal is a viable mechanism by which neurons can regulate the amount of synaptic 

input they receive. In hypothalamic magnocellular neurons, for example, astroglial 

processes reversibly withdraw from synapses on stimulation such as lactation (Piet eta!., 

2004a), dehydration, and parturition (Theodosis et a!., 2006). The effects of this 

withdrawal include increased signaling to the presynaptic bouton (Oliet eta!., 2001) and 

increased signaling between adjacent synapses (Piet et a!., 2004a) by diffusion through 

the extracellular space. In the supraoptic nucleus (SON), the functional consequence of 

this spillover is heterosynaptic depression of surrounding synapses (Piet et a!., 2004a), 

indicating that synaptically released glutamate can reach neighboring synapses in 

concentrations great enough for signaling. Ai>troglia also function in synaptic remodeling 
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in the hypothalamus. As reviewed by (Femandez-Galaz et a!., 1997), astroglial cells are 

directly involved in the interaction between gonadal steroids and neurons in the arcuate 

nucleus and regulate synaptic connectivity through expansion and retraction of processes 

and hormone-induced variations in synaptic apposition. 

Studies in the hippocampal dentate hilus show similarly regulated fluctuations in GF AP 

levels during the estrous cycle (Luquin et a!., 1993; Klintsova et a!., 1995), which 

indicate potential astrocytic roles in regulating hippocampal synaptic connectivity. In the 

pathologically deafferented hippocampus, where presynaptic boutons are reduced, 

intersynaptic crosstalk could be a mechanism providing excitatory input to deafferented 

postsynaptic partners. Withdrawal of synaptic astrocytic processes could therefore result 

in increased postsynaptic excitation, thus restoring lost synaptic input. 

Perisynaptic astrocytic proc~ses are highly plastic 

The degree to which astroglial processes surround synapses depends on inany 

factors including age, brain region, local neuropil, and experience. For example, 

astroglial ensheathment of parallel fiber synapses increases with maturation ( Grosche et 

a!., 1999), and the astroglial volume per Purkinje neuron increases· with acrobatic 

learning but not exercise alone (Anderson et a!., 1994). Astroglial volume also increases 

in visual and motor cortex proportionately with synaptogenesis and expansion of the 

dendritic arbor during environmental enrichment and motor learning (Jones and 

Greenough, 2002). In hippocampal neuropil, astroglial volume (Klintsova et a!., 1995) 

and surface area (Luquin et a!., 1993) both fluctuate with synaptogenesis during the 

oestrus cycle, increases during long-term potentiation (Wenzel eta!., 1991) or following 
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kindling (Hawrylak et al., 1993). Astrocytes have shown a similar plasticity under the 

effects of estrogen including reduction in the density of processes in CAl and CA3 (Lam 

and Leranth, 2003). These findings show that perisynaptic astroglial processes undergo 

dynamic reorganization during synaptic plasticity. 

Our data indicate that the volume fraction of astrocytes consistently increased 

with increasing pathology, and similarly that astrocytic volume increases as synaptic 

density decreased, and that, in the most severely sclerotic tissue, the SA/volume ratio of 

astrocytes is also increased. However, we also describe several differences in our tissue 

that appear to correlate these changes with pathology rather than the physiologic changes 

previously reported. In particular, we noted that the appearance of astrocytes changed 

from a typical appearance (Ventura and Harris, 1999; Witcher et al., 2007) to an 

appearance including an increase in the prevalence in linear filamentous bodies (believed 

to be composed of GF AP), culminating in astrocytic processes consisting only of these 

structures in severe pathology, as well as a decrease in the fraction of synapses with 

astrocytic surround. Similarly, we showed specific associations between perisynaptic 

astroglia and particular spine types. The structural associations and modifications here 

analyzed are a critical step for understanding the functional consequences of plasticity of 

the tripartite synapse. 



V.SUMMARY 

• Perisynaptic astroglia can be positioned at the axon-spine interface (ASI), or also 

along the pre- or postsynaptic partners. Its ultrastructure can vary from a typical to 

modified appearance. 

• Processes of a single astrocyte can interdigitate among many dendrites, indicating 

that a single astrocyte may interact with or control the interactions between 

adjacent neurons. 

• The probability of apposition of astrocytic processes at synapses varies with the 

plasticity of synapses. Perfusion-fixed hippocampal synapses are more likely to 

have glial apposition than synapses in acute hippocampal slices. This may 

indicate that delayed contact with astrocytes is beneficial. Similarly, giant spines 

in pathological tissue are least associated with astrocytic surround. Astrocytic 

withdrawal from synapses likely increases glutamate spillover, which may 

function to awaken newly recovered synapses in models of positive synaptic 

plasticity and also serve as a method of restoring lost synaptic input when 

synaptic plasticity is negative. 

• Most synapses have a length of ASI non-apposed by astrocyte, and the length of 

this edge correlates with synapse size. This increased length may also allow 

glutamate spillover from larger synapses, enabling intersynaptic crosstalk and 

diffuse signaling. 
99 
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• Synapses are likely to be larger when astrocyte is apposed at the ASI or along the 

postsynaptic membrane. Astrocytic contact may be serve as a mechanism to 

support larger, functioning synapses, may allow the maturation and enhanced 

efficacy of contacted synapses, or may protect synapses from demise during 

widespread pathologic elimination. 

• The distance along an astroglia-free path to neighboring synapses does not 

correlate to synapse size, condition, or the presence of astrocyte at the AS!. Most 

synapses are located within distances capable of being reached by glutamate 

diffused through extracellular space. 

• Asymmetric synaptic density is decreased in epileptic human hippocampi and the 

spine type distribution is modified by pathology. Mushrooms spines are lost and 

multi-afferented giant spines dominate the severely sclerotic hippocampus. This 

may serve as a mechanism to increase synaptic input in the deafferented 

hippocampus. 

• Axonal vesicle number does not increase with sclerotic pathology, indicating that 

glutamate from neurons is not increased. 

• As pathology increases in the epileptic human hippocampus, astrocytic gap 

junctional density increases, as does the volume fraction of astrocyte in the 

neuropil. This may indicate increases intersynaptic signaling, and may indicate 

the potential for increased glutamate release from affected astrocytes. 
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