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Stroke typically occurs in one hemisphere and often results in long-term disability 

in the contralateral body side (paretic side). Greater reliance on the non-paretic body side 

is used to compensate for this disability. Meanwhile, the brain undergoes degenerative 

and plastic changes in both hemispheres. Many previous studies have investigated post-

stroke brain plasticity, and explored how it is shaped by behavioral experiences, to better 

understand the mechanisms of functional recovery. However, these studies have 

primarily focused on neurons and synapses. Given the abundant evidence that astrocytes 

actively control activity and plasticity of synapses, it seems reasonable to investigate how 

astrocytes are involved in behavior- and injury-driven brain plasticity. 

The central hypothesis of these studies is that synaptic plasticity underlying motor 

skill learning and post-stroke motor rehabilitation is coordinated with structural and 

functional plasticity of perisynaptic astrocytes. This was tested in a rat model of motor 

learning and "re-learning" after unilateral stroke-like damage to sensorimotor cortex. In 

the contralesional homotopic cortex, astrocytic volume varied with lesion size, as did the 
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number of synapses. In the remaining motor cortex of the injured hemisphere, 

rehabilitative training with the paretic limb increased the proportion of astrocytic 

membrane apposed with synapses along with density of synapses. Furthermore, the 

percentage of synapses with astrocytic contacts was significantly correlated with 

functional outcome. Training with the non-paretic limb also induced greater synaptic 

density than controls in peri-infarct cortex, but functional outcome was negatively 

correlated with this and was not correlated with astrocytic contacts with synapses. These 

findings suggest that plasticity of, and association between, synapses and astrocytes vary 

with the type of experiences. Moreover, pharmacological upregulation of astrocytic 

glutamate uptake, which is one of the key ways that astrocytes modulate synaptic 

activity, interfered with functional recovery, supporting a critical role for astrocytic 

glutamate uptake in functional outcome following a stroke. 

Taken together, these studies contribute to better understanding of how lesions 

and experiences affect plasticity of astrocytes and synapses. These findings suggest that 

post-injury experiences alter astrocytic association with synapses, and that the 

coordinated plasticity of astrocytes and synapses is likely to be a critical mediator to 

functional outcome.  
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Chapter 1:   

Introduction 

 

1.1 OVERVIEW 

Following unilateral stroke, bilateral behavioral changes occur. The contralateral 

body side (paretic side) undergoes significant loss of function and often long-term 

disability. To compensate for the loss of function, patients and animals naturally begin to 

rely heavily on the ipsilesional body side (non-paretic side). Meanwhile, the brain 

undergoes bilateral changes as well. In the perilesion cortex, stroke results in 

neurodegenerative cascades, including apoptosis and excitotoxicity (Lo et al., 2005), that 

cause brain damage. In a certain time window after stroke, however, the capacity for 

plasticity increases, enhancing the potential to regain lost functionality. This enhanced 

plasticity is often linked with functional recovery (Cramer, 2008; Murphy and Corbett, 

2009) and is shaped by post-injury experiences (Jones et al., 2009). In the contralesional 

cortex, denervation caused by the lesion and increased reliance on the non-paretic body 

side interact to give rise to plastic changes (Jones et al., 2009). Such lesion- and 

experience-dependent plasticity has been rigorously investigated to gain a better 

understanding of the underlying mechanisms of how plasticity and behavioral 

experiences improve or worsen functional recovery and to explore potential therapeutic 

targets and strategies for better outcome. Much of this research has adopted a 

neurocentric view, focusing primarily on neurons. However, evidence has accumulated 

that astrocytes play an important role in regulating neural and synaptic activities and 

plasticity (Barker and Ullian, 2010; Barres, 2008; Paixao and Klein, 2010; Panatier et al., 
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2006). It thus seems relevant to investigate how astrocytes are involved in lesion- and 

experience-induced plasticity and how their association with synapses is linked with 

functional outcome. 

The central hypothesis of these dissertation studies is that the synaptic 

plasticity underlying motor learning and re-learning after stroke is coordinated with 

perisynaptic astrocytes and that the association between synapses and astrocytes 

mediates behavioral outcome. This hypothesis was tested in diverse ways. The first 

study (Chapter 2) investigated at the ultrastructural level whether astrocytic and synaptic 

plasticity occurs in a coordinated way in the contralesional homotopic cortex following 

lesions. The second study (Chapter 3) determined how synaptic structural reorganization 

as a result of rehabilitative reach training after cortical lesions is coordinated with that of 

perisynaptic astrocytes and whether the association between synapses and astrocytes is 

related to functional recovery. The third study (Chapter 4) examined how synaptic and 

astrocytic plasticity are altered by maladaptive behavioral experiences after ischemic 

cortical lesions. The fourth study (Chapter 5) tested whether pharmacological 

upregulation of astrocyte glutamate transporters affects motor skill learning and post-

stroke re-learning. 

The remainder of this chapter covers the background and previous research that 

supports the approaches used in these dissertation studies.  The first part (section 1.2 – 

1.4) explains the current understanding of experience- and lesion-driven plasticity. 

Experience induces plastic changes in the adult intact brain. Brain damage introduces 

changes in both behavior and the brain. Post-injury experiences shape brain plasticity as 

well as determine functional outcome. The second part (section 1.5 – 1.7) introduces the 

accumulated evidence about the role astrocytes play in controlling synaptic plasticity and 

function, how astrocytes respond to lesions and different types of experience, and in what 
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ways astrocytic glutamate uptake is associated with synaptic plasticity and pathology as 

well as how this can be manipulated pharmacologically. The chapter concludes with a 

brief summary of the questions addressed in these dissertation studies.  

 

1.2 BRAIN PLASTICITY AND SKILLED REACH TRAINING 

1.2.1 Experience-induced plasticity in the adult brain 

Experiences can result in various types of plsticity in the adult brain. Rats reared 

in a complex environment have greater numbers of synapses per neuron (Turner and 

Greenough, 1985), greater lengths of synaptic contact zones (Sirevaag and Greenough, 

1985), more dendrites per neuron and larger capillary volumes (Sirevaag and Greenough, 

1987) in the visual cortex. Sensory experience, e.g., whisker stimulation, can increase the 

formation of spines with GABAergic synapses (Knott et al., 2002) and dendritic spine 

turnover along with synaptic plasticity (Trachtenberg et al., 2002) in the adult barrel 

cortex. Voluntary running increases cell proliferation and neurogenesis in the dentate 

gyrus of adult mice (van Praag et al., 1999) and induces long-term potentiation and 

increases brain-derived neurotrophic factor (BDNF) mRNA expressions in the dentate 

gyrus of rats (Farmer et al., 2004). These and numerous other studies demonstrate that 

experiences can induce brain plasticity from the molecular level to the structural level, 

even in the adult brain which is regarded as relatively stable compared to the developing 

brain. 

Experience-induced changes in the brain are also likely to underlie learning and 

memory. For example, fear conditioning, learning to fear a previously neutral stimulus, 

induces long-term potentiation at synapses in the amygdala (Rogan et al., 1997). Fear 

conditioning (Rattiner et al., 2004) and the consolidation of that memory (Ou and Gean, 
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2007) increase BDNF mRNA expression. Synaptic protein degradation also destabilizes 

fear memory consolidation (Lee et al., 2008). Fear conditioning has been found to be 

associated with larger synapses, whereas safety conditioning induces smaller synapses 

(Ostroff et al., 2010). Furthermore, eyeblink conditioning, a classic form of cerebellum-

dependent learning, induces a greater number of synapses in the rat cerebellum (Kleim et 

al., 2002b). In motor learning, rats that underwent acrobatic training, in which they are 

trained to traverse a complex series of obstacles, had more synapses per neuron (Kleim et 

al., 1997) and more multiple synaptic boutons (Federmeier et al., 2002) in the cerebellum. 

Such synaptogenesis was found only in acrobatic trained animals, not in those with a 

comparable amount of non-task-specific motor activity, confirming that synaptic addition 

results from learning a particular motor skill task, not from motor activity in general. 

Moreover, both the learned motor skills and the increases in synapse number persisted for 

at least four weeks after training was discontinued (Kleim et al., 1997).  

 

1.2.2 Skilled reach training and ensuing brain plasticity 

Skilled reach training in rodents is widely used to study brain changes involved in 

motor skill learning. In skilled reach training, animals are trained to extend a forelimb to 

grasp and retrieve a food pellet. Over several days to weeks, animals learn precise 

forelimb movements needed to increase successful retrievals. Skilled reach training has 

been found to induce neuroplastic changes in the motor cortex contralateral to the trained 

forelimb, including strengthening of horizontal cortical connections, indicated by greater 

amplitude of field potentials at synapses (Rioult-Pedotti et al., 1998) and modification of 

the synaptic level of long-term potentiation and long-term depression in layer II/III of the 

rat primary motor cortex (Rioult-Pedotti et al., 2000), and increases in dendritic 
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arborization in layer II/III (Greenough et al., 1985; Withers and Greenough, 1989) and 

synaptogenesis (Kleim et al., 2002a; Kleim et al., 2004) in layer V of the rat forelimb 

cortex. Furthermore, motor skill training can alter the functional organization of the 

cortex. As revealed in motor map topography studies using intracortical microstimulaion 

(ICMS), skilled reach training reorganizes the motor map, specifically resulting in an 

areal expansion of the distal forelimb (e.g., wrist and digit) representations in rats and 

non-human primates (Kleim et al., 1998; Nudo et al., 1996a).  Training-induced 

expansion of the distal forelimb corresponds to synaptogenesis in the same motor cortical 

region (Kleim et al., 2002a). Moreover, a recent study using two-photon microscopy 

showed that dendritic spine dynamics, presumably reflecting changes in synaptic 

connections, were altered in response to motor skill learning, and the spine formation rate 

was significantly correlated with reaching performance (Xu et al., 2009). These findings 

demonstrate that skilled reach training can induce plastic changes from the level of 

synapse to the functional organization of motor maps. 

 

1.3 CHANGES IN BEHAVIOR AND BRAIN PLASTICITY FOLLOWING UNILATERAL LESIONS 

1.3.1 Behavioral changes  

Unilateral sensorimotor cortex (SMC) lesions result in contralesional forelimb 

impairments that usually involve paresis and sensory loss. Such impairments include a 

reduction in use of the paretic (contralesional) limb and a hyper-reliance on the non-

paretic (ipsilesional) limb during upright exploratory movement (Adkins et al., 2004; Hsu 

and Jones, 2005; Kim and Jones, 2010; Napieralski et al., 1998; Schallert et al., 1997), 

and delayed responses to tactile stimulation (Napieralski et al., 1998). The paretic limb 

has deficiencies in vibrissae-stimulated forelimb placing responses (Adkins et al., 2004; 
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Hsu and Jones, 2006), a higher number of errors in coordinated locomotor forelimb use 

as measured in the footfault test (Adkins et al., 2004; Barth et al., 1990; Bury and Jones, 

2002; Hsu and Jones, 2006), and profound deficits in skilled reaching as assessed in rats 

(Gilmour et al., 2004; Whishaw, 2000), monkeys (Nudo et al., 1996a), and humans 

(Green, 2003). The severity and duration of these impairments vary according to several 

factors, including lesion size (Hsu and Jones, 2006; Kim and Jones, 2010) and age 

(Badan et al., 2003; Lindner et al., 2003).  

Following a unilateral lesion or stroke, there is often a partial recovery of 

function, which can be greatly enhanced with strategic rehabilitative training; however, 

most impairment persists to some degree regardless of the amount of rehabilitation 

(Cenci et al., 2002). Impairments often result in “learned non-use” of the paretic limb, in 

which animals/humans disproportionately rely on their non-paretic limbs and suppress 

the use of their paretic limb (Taub et al., 2002). This compensatory reliance is related to 

enhanced learning abilities in the non-paretic limb. Previous studies have shown that 

unilateral SMC lesions enabled rats to learn new motor skills (reaching tasks) with their 

non-paretic limbs better than controls with no brain damage (Allred and Jones, 2004; 

Bury and Jones, 2002; Hsu and Jones, 2005, 2006; Luke et al., 2004), though this effect is 

blunted with lager SMC lesions (Hsu and Jones, 2006; Kim and Jones, 2010). In humans, 

a virtual lesion in the primary motor cortex of one hemisphere induced by repetitive 

transcranial magnetic stimulation also improves ipsilateral finger movement (Kobayashi 

et al., 2004). 
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1.3.2 Lesion-induced changes in the brain 

Unilateral brain damage also results in a wide range of both neurodegenerative 

and neuroplastic events. Following a stroke-like lesion, brain damage in the perilesion 

cortex results from a series of complex events related to neuronal death, including peri-

infarct depolarization, ionic imbalance, excitotoxicity, oxidative stress, and apoptosis in 

the area surrounding and connected to the lesion (Doyle et al., 2008; Witte et al., 2000). 

Neuroplastic changes also occur in the ipsilesional cortex following brain damage. These 

include an upregulation of proteins related to dendritic growth (Li et al., 1998), enhanced 

excitability via the upregulation of the NMDA (N-methyl-D-aspartate) receptor (Que et 

al., 1999), and increases in growth and neurotrophic factors (Bernaudin et al., 1999; 

Carmichael et al., 2005; Kokaia et al., 1998). It also has been found that a focal ischemic 

lesion in the primary motor cortex results in axonal sprouting near the injury site and that 

the sprouting makes novel connections with a distant region (Dancause et al., 2005). 

Additionally, both neuroplastic responses and functional outcome are greatly affected by 

post-injury behavioral experiences (Jones et al., 2009; Murphy and Corbett, 2009), as 

discussed in depth later (section 1.4). 

In the contralesional cortex, unilateral brain damage has been found to induce 

neuroplastic changes, e.g., increases in neuropil volume (Hsu and Jones, 2005; Jones and 

Schallert, 1992), dendritic arborization of layer V pyramidal neurons (Adkins et al., 2004; 

Biernaskie and Corbett, 2001; Jones et al., 1996; Jones and Schallert, 1992; Voorhies and 

Jones, 2002), neuronal plasticity-related molecules (Hughes-Davis et al., 2005; Stroemer 

et al., 1995), neuronal excitability (Witte et al., 2000) and synapse number per neuron 

(Hsu and Jones, 2005; Jones, 1999; Jones et al., 1996; Luke et al., 2004). This neuronal 

structural plasticity is both denervation-triggered and experience-dependent (Bury et al., 

2000a; Jones and Schallert, 1994), and accompanies functional changes in the ipsilesional 
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limb, making the limb more sensitive to behavioral experiences and more effective at 

learning certain motor tasks. Thus, unilateral cortical lesions cause both behavioral and 

brain plastic changes, which are tightly linked to and affected by each other.  

 

1.4 POST-INJURY EXPERIENCES: EFFECTS ON FUNCTIONAL RECOVERY AND BRAIN 
PLASTICITY 

As stated in the previous sections, behavioral experiences alone induce brain 

plastic changes, and these changes are correlated with behavioral performance. Unilateral 

brain damage results in changes in behavior, such as impairments and learned non-use of 

a limb, and in the brain, including both neurodegenerative and neuroplastic events. 

Therefore, post-injury experiences greatly affect functional recovery and the neural 

plasticity that is thought to underlie the recovery. Given that a prominent focus of animal 

brain injury models has been on neural changes relevant to hand and arm function 

(Hendricks et al., 2002; Nudo, 2007), post-injury experiences focused on forelimb use 

such as skilled reaching have been a major topic of past research in animal models.  

 

1.4.1 Rehabilitative training with the paretic limb 

Following unilateral cortical lesions, rehabilitative training with the paretic limb 

on a skilled reaching task has been found to improve paretic limb function (Allred et al., 

2005; Biernaskie and Corbett, 2001; Gharbawie and Whishaw, 2006; Hsu, 2007; Nudo et 

al., 1996b; Whishaw, 2000), as has training on the tray reaching task, a less skilled 

reaching task in which animals are allowed to reach for a pile of pellets in a tilted tray 

(Maldonado et al., 2008). Given that exercise alone did not result in improvements in the 
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paretic limb (Maldonado et al., 2008), this functional improvement appears to require 

task specific practice rather than general motor activity. 

As previously mentioned, a brain injury results in diverse neuroplastic changes, 

including upregulation of growth factors, dendritic growth, and extensive axonal 

sprouting, suggesting that significant potential exists for rewiring lost connections and 

restoring lost function. In fact, these plastic changes appear to be important for functional 

recovery. For instance, both post-stroke neurogenesis and functional recovery were 

impaired in mice with genetically mutated receptor for erythropoietin, one of growth 

factors that are upregulated in peri-infarct cortex (Tsai et al., 2006). Moreover, inhibited 

expression of brain-derived neurotrophic factor (BDNF) using antisense BDNF 

oligonucleotide hindered the effect of rehabilitation on functional recovery (Ploughman 

et al., 2009). Furthermore, many previous studies using electrophysiological mapping 

techniques have shown that training with the paretic limb induces reorganization of motor 

map representations in rats (Castro-Alamancos and Borrel, 1995), monkeys (Nudo, 2003) 

and humans (Liepert et al., 2000a, b). Ablation of the reorganized cortex (Castro-

Alamancos and Borrel, 1995) or inactivation by disruptive transcranial magnetic 

stimulation (Fridman et al., 2004) reverse the functional improvements and reinstates 

deficits, supporting the idea that rewiring in the perilesion cortex contributes to functional 

recovery.  

Compared to findings on motor map reorganization, the effects of rehabilitative 

training on structural plasticity at the neuropil level are less well understood. Recently, 

our group found that synaptic restructuring occurred in the perilesion cortex following 

unilateral SMC ischemic lesions in rats (Figure 1.1, Hsu, 2007). This synaptic structural 

plasticity includes increases in densities of all axo-dendritic synapses, multiple synaptic 

boutons, and synapses possessing perforated post-synaptic densities (perforated synapses) 
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in layer V of the perilesion cortex medial to the rostral extent of the SMC lesion site. 

These findings are an important clue for better understanding how the brain responds at 

the ultrastructural level to post-injury experiences. The present studies further 

investigated the restructuring that occurs during a period of convergent lesion- and 

experience-induced plasticity, with the hope that these findings will contribute to a better 

understanding of how the brain attempts to restore lost function. 

 

Figure 1.1: Rehabilitative reach training improves functional recovery after a unilateral 
ischemic lesion. Lesion animals receiving rehabilitation (Les+Rehab) had 
better reaching performance on probes 4 and 5 (3rd and 4th week of the 4-
week rehabilitation period) compared to no rehabilitation controls 
(Les+CTL). Without rehabilitation, lesion animals showed enduring 
impairments in reaching compared to sham animals (Sham+CTL). Electron 
micrographs of cortical samples from theses animals were used in the study 
presented in Chapter 3. This was modified from Hsu (2007), Figure 2.7, 
p.40.  
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1.4.2 Maladaptive training with the non-paretic limb 

Following unilateral brain damage, animals often rely more on the non-paretic 

side of their bodies and neglect to use their paretic limbs, a condition called “learned non-

use” (Taub et al., 2002). This is a very common compensation strategy, given the 

difficulties involved in using the impaired limb. Previous studies in humans and animals 

have demonstrated that the intact hemisphere has a disruptive influence on the injured 

one, which leads to worsened outcome (Ward and Cohen, 2004). In humans with chronic 

strokes, an abnormal interhemispheric inhibition from the intact primary motor cortex to 

the injured one has been found during the movement of the paretic hand (Murase et al., 

2004). Following a stroke, when the intact upper extremity was anesthetized, transient 

functional improvements in the impaired limb were found in humans (Voller et al., 2006) 

and in rats (O'Bryant et al., 2007). These findings suggest that the intact hemisphere may 

have some detrimental effects on the functional recovery mediated by the injured 

hemisphere. 

It has previously been found that rats trained on skilled reaching with the non-

paretic limb following unilateral SMC lesions have delayed functional recovery of the 

paretic limb (Figure 1.2, Allred, 2009) and decreased expression in the perilesion cortex 

of FosB/ΔFosB (Allred and Jones, 2008b; Allred et al., 2005), an indicative early gene 

that accumulates over time in response to repetitive neuronal activation (McClung et al., 

2004). The maladaptive effects are likely to be mediated by the contralesional SMC and 

interhemispheric connections. Decreases in the interhemispheric connections, by partial 

transection of the corpus callosum, mitigated the adverse effect of training with the non-

paretic limb, and the effect was absent in animals with bilateral SMC lesions (Allred et 

al., 2010). Furthermore, training with the non-paretic limb has also been found to result in 

smaller caudal forelimb motor map representations in the peri-lesion cortex compared to 
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controls (Allred, 2009), suggesting that the maladaptive effect of the intact limb training 

on functional recovery is linked to altered plasticity in peri-infarct motor cortex. Further 

investigations on how maladaptive post-injury experiences alter the capacity of the 

perilesion cortex to restore lost function can contribute to a better understanding of how 

brain plasticity can be shaped by post-injury experiences and which types of plasticity are 

linked to better functional outcome. 
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Figure 1.2: Non-paretic limb training during either early (A) or later (B) post-lesion 
time period significantly worsened subsequent performance with the paretic 
limb compared to control animals. Cont, control, IntactT, non-paretic limb 
training. This figure was adapted and modified from Allred (2009), Figure 
5.3, p.80. Cortical samples from theses animals were used in the study 
presented in Chapter 4. 
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Figure 1.3: Training with the non-paretic limb reduces the movement representation 
area of the paretic limb in the perilesion cortex. Representative perilesion 
motor maps (A) from an animal in the control group (Left, Cont) and an 
animal from the non-paretic limb training group (Right, IntactT). B, bregma, 
A, anterior, P, posterior, L, lateral. Rats with non-paretic limb training had a 
smaller area of caudal forelimb movement representations compared to 
control (B, *p < 0.05). There was no difference between groups in the area 
representation of the rostral forelimb. Cont, controls, IntactT, non-paretic 
limb training. A was adapted and modified from Allred (2009), Figure 5.9, 
p.94 and B was from Figure 5.8, p.93. The cortical samples from the CFA 
area (or anatomical equivalent when undetected) were used in the study of 
Chapter 4.  
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1.5. ASTROCYTES AND SYNAPTIC PLASTICITY 

Astrocytes are the major glial cells in the brain and they have a variety of roles. 

Astrocytes can be roughly classified into two groups based on their location and 

morphology: (1) protoplasmic astrocytes in the gray matter, which are highly ramified 

and ensheath both synapses and capillaries, and (2) fibrous astrocytes in the white matter, 

which are in contact with the nodes of Ranvier (Peters et al., 1991). Anatomically, 

thousands of fine processes of a single astrocyte infiltrate neuropil and ensheath synapses 

(Bushong et al., 2002; Chao et al., 2002; Reichenbach et al., 2010; Ventura and Harris, 

1999). The degree of ensheathment around synapses varies with the brain region 

(Reichenbach et al., 2010). For example, while about 57% of hippocampal synapses have 

astrocytic processes apposed to them (Ventura and Harris, 1999), most parallel fiber-

Purkinje cell synapses are ensheathed by Bergman glia, a type of astrocytes in cerebellum 

(Grosche et al., 1999). Velate protoplasmic astrocytes, the other type of cerebellar 

astrocytes, form ensheathments that partition glomeruli and granul cells into anatomical 

compartments (Chan-Palay and Palay, 1972). Additionally, three-dimensional analysis of 

dendritic spines have shown that, while most of dendritic spines of Purkinje cells in the 

cerebellum are greatly covered by the glial sheath, dendritic spines of pyramidal cells in 

the mouse visual cortex are less covered (Spacek, 1985). 

Historically more attention has been paid to the supporting role astrocytes play in 

maintaining an optimal physiological environment for neuronal function, for example by 

providing energy for neurons and releasing factors for neuronal survival. However, 

increasing evidence suggests that astrocytes play an active role in regulating synaptic 

plasticity and the microenvironment around synapses, giving rise to the term “tripartite 

synapse”, which refers to the pre- and postsynaptic elements and the perisynaptic 

astrocytic processes (Araque et al., 1999). The active role of astrocytes of controlling 
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synaptic plasticity has recently received intensive attention (Eroglu and Barres, 2010). 

Still, the role of perisynaptic astrocytes in post-stroke brain plasticity in the chronic 

period is not fully understood. 

  

1.5.1 Astrocytes in synaptic plasticity 

Perisynaptic astrocytes sense neuronal activity and affect synapse formation and 

function. In previous studies, the absence of astrocytes in cultures of retinal ganglion 

cells resulted in fewer synapses than in cultures that contain astrocytes, and those few 

synapses were functionally immature (Pfrieger and Barres, 1997; Ullian et al., 2001). One 

of the possible mechanisms by which astrocytes influence synaptic formation is the 

release of certain factors. Thrombospondins secreted from astrocytes have been found to 

promote synapse formation (Christopherson et al., 2005; Eroglu et al., 2009). Astrocyte-

derived cholesterol is required for the formation of mature synapses by enhancing 

presynaptic function (Mauch et al., 2001) and dendritic maturation (Goritz et al., 2005). 

D-serine from astrocytes controls activity-dependence of long-term potentiation and 

long-term depression of excitatory synapses (Panatier et al., 2006). Though the factors 

have not been identified yet, astrocytes have been found to release factors that induce the 

formation of post-synaptically active excitatory synapses, the formation inhibitory 

synapses, and GABAergic neurite outgrowth (Elmariah et al., 2005a, b; Hughes et al., 

2010). 

Perisynaptic astrocyte processes also affect synapse function and morphology of 

postsynaptic dendrites, possibly through contact-mediated signaling. During 

development, astrocytic contact enhances the capacity of postnatal retinal ganglion cells 

to acquire synaptic receptivity (Barker et al., 2008).  Moreover, astrocytes in the 
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hippocampus induce dendritic spine retraction by membrane bound ephrin/EphA4 

signaling, and inhibition of this signaling results in distorted spine shape and organization 

(Murai et al., 2003). It has also been found that astrocytic contacts change dynamically in 

coordination with dendritic spine changes, and the astrocyte-spine interaction are 

stabilized at larger spines (Haber et al., 2006). Synapses with astrocytic contacts tend to 

have bigger postsynaptic density (PSD) area in rat hippocampus (Witcher et al, 2007) and 

in human epileptic hippocampus (Witcher et al., 2010). Direct contacts of such motile 

astrocytic processes modulate the structural stability of dendritic protrusions and their 

subsequent maturations into spines (Nishida and Okabe, 2007). These previous studies 

suggest that dynamic structural plasticity of astrocytes concurs with that of dendritic 

spines, that this astrocytic plasticity controls the degree of synapse-astrocyte 

communication, and that direct astrocytic contact with synaptic elements strongly 

influence synaptic development and size.  

 

1.5.2 Experience- and lesion-induced astrocytic plasticity 

The ensheathment of astrocytes around synapses can be altered in response to 

physiological conditions and experiences. A good example of this has been found in the 

supraoptic nucleus (SON) of the rat hypothalamus. In response to dehydration or 

lactation, astrocytic processes apposed to synaptic clefts in oxytocin-releasing neurons 

retract, while dendritic bundling and new synapse formation occurr, all of which reverses 

when the stimulating physiological conditions ended (Hatton, 1997). The retraction of 

astrocytic processes from the synaptic clefts results in glutamate spillover, through less 

accessibility of astrocytic glutamate transporters (Oliet et al., 2001), and the excess 

glutamate diffuses to neighboring synapses, leading to inhibition of local inhibitory 
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circuits of the SON (Piet et al., 2004). These studies demonstrate that astrocytes are 

dynamically responsive to stimuli and that astrocytic ensheathment around synapses 

contributes significantly to control the intersynaptic communication.  

Perisynaptic astrocytic changes have also been found in other experimental 

models. Rats reared in a complex environment have more astrocytic contacts around 

synaptic elements in the primary visual cortex (Jones and Greenough, 1996). Increases in 

synapse formation following whisker stimulation (Genoud et al., 2004) are accompanied 

by greater astrocytic coverage around synapses in the barrel cortex of mice (Genoud et 

al., 2006). Moreover, acrobatic motor learning has been found not only to induce 

synaptogenesis (Kleim et al., 1997) but also to increase astrocytic volume in the rat 

cerebellum (Kleim et al., 2007). While increases in synapse number induced by motor 

learning persisted for four weeks after training ceased (Kleim et al., 1997), the increases 

in astrocytic volume tended to diminish once training stopped (Kleim et al., 2007), 

suggesting that astrocytic structural changes are highly activity-dependent. 

Astrocytic plasticity is also found with lesion-induced changes in the brain. As 

stated above, neuronal structural plasticity in the contralateral homotopic cortex 

following a unilateral lesion is linked with both the denervation of axons projecting from 

the infarct site and an increased use of the ipsilesional limb. In accordance with this, the 

density of processes expressing glial fibrillary acidic protein (GFAP, a marker for 

astrocytic main processes) in the SMC increases in response to both denervation resulting 

from callosal transections and intensive use of the non-paretic limb. Astrocytic reactions 

are exaggerated when denervation and behavioral asymmetries are combined (Bury et al., 

2000b). Furthermore, as described in Chapter 2, the volume of astrocytic processes and 

the degree of astrocyte-synapse contacts in the contralesional cortex have been found to 

vary with lesion size, as does the number of synapses per neuron. Astrocytic volume in 
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the contralateral cortex is also highly correlated with synapse number per neuron 

following lesions in middle-aged rats, suggesting that lesions induce alteration in the 

structural relationship between synapses and astrocytes (Kim and Jones, 2010; Chapter 

2).  

 

1.6. ASTROCYTIC GLUTAMATE TRANSPORTERS  

Glutamate, the primary excitatory neurotransmitter in the central nervous system, 

is released into the synaptic cleft and binds to receptors located on the surface of the 

postsynaptic membrane. Glutamate transporters remove excess amounts of glutamate 

from the synaptic cleft, and this process is important for terminating the effects of 

released glutamate, preventing excitotoxicity, and ensuring input specificity by limiting 

cross-talk between neighboring synapses (Danbolt, 2001). There are five glutamate 

transporter subtypes, and their distribution varies with regions, cell types, and 

developmental stages. Among them, GLAST (glutamate-aspartate transporter, or EAAT1 

in human) and GLT1 (glutamate transporter 1, or EAAT2 in human) are primarily 

localized in glial cells. GLT1 is predominantly located on astrocytic membrane and is 

responsible for most glutamate transport in adult brain (Danbolt et al., 1992; Tanaka et 

al., 1997).  

The location and extent of astrocytic ensheathment around synapses may affect 

astrocytic glutamate transport, leading to altered astrocytic regulation of synaptic activity. 

For example, as stated in the previous section, the retraction of perisynaptic astrocytes in 

the SON can affect synaptic efficacy via reduced accessibility of astrocytic glutamate 

transporters and a corresponding increase in the amount of glutamate in the extracellular 

space (Oliet et al., 2001). Furthermore, the plasticity of astrocytic ensheathment can 
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accompany upregulation of GLT1 expression. It has been found that mice have increased 

GLT1 protein expression as well as greater astrocytic coverage around synapses in the 

barrel cortex following intensive whisker stimulation (Genoud et al., 2006). Moreover, 

altered astrocytic glutamate transport is a possible mechanism by which direct astrocytic 

contacts around dendritic spines can control synaptic function and plasticity. Dendritic 

spines and perisynaptic astrocytes have cross talk via Eph receptors and their ephrin 

ligands on the membrane surface, and this signaling modulates spine morphology (Murai 

et al., 2003) and influences astrocytic glutamate transport (Carmona et al., 2009), leading 

to changes in synaptic function (Filosa et al., 2009).  

Dysfunction of astrocytic glutamate uptake has been found in various 

neurological pathologic conditions. In GLT1 knockout mice, the absence of this 

transporter resulted in epileptic seizures and neuronal loss in the hippocampus (Tanaka et 

al., 1997). In a transgenic rat model of superoxide dismutase 1 (SOD1) gene mutant-

mediated amyotrophic lateral sclerosis (ALS), there was more than a 90% reduction in 

GLT1 protein expression. The reduced expression of GLT1 was specifically evident in 

the ventral horns of the spinal cord and was highly linked with disease severity (Howland 

et al., 2002). In the studies with Parkinson’s disease models, denervation of striatal input 

resulted in reduced GLT1 and GLAST expression (Ginsberg et al., 1995), and while no 

changes in GLT1 expression were observed following nigrostriatal denervation, levodopa 

treatment induced increases in GLT1 expression (Lievens et al., 2001a). Though the role 

of glutamate uptake dysfunction in pathology of the disease is unclear, a progressive 

reduction of GLT1 expression has been found in R6/2 transgenic mice, a well-established 

transgenic model of Huntington’s disease (Behrens et al., 2002; Lievens et al., 2001b).  

The expression and function of astrocytic glutamate uptake are likely to vary with 

the end time points, types of ischemic lesion models, and the brain region and this is 
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likely to contribute to some conflicting results across studies (Maragakis and Rothstein, 

2004). Abnormalities in the regulation of extracellular glutamate concentration are potent 

factors that lead to excitotoxicity-mediated neuronal damage after stroke. Hypoxia results 

in the suppression of glutamate transport in astrocytes in vitro (Dallas et al., 2007), and 

transient elevation of extracellular glutamate concentrations has been observed 

immediately after an ischemic insult (Yang et al., 2001), suggesting dysfunctional 

glutamate uptake after ischemic stroke. Furthermore, inhibition of GLT1 exacerbates 

ischemic-induced neuronal damage (Rao et al., 2001). While the importance of astrocytic 

glutamate transporters at the acute phase of ischemia or in vivo stroke has been taken into 

account with respect to neuroprotective effects in previous studies (Chu et al., 2007; 

Lipski et al., 2007), little is known about how GLT1 expression changes at later time 

points and over the course of chronic post-stroke recovery and whether it plays an 

important role in functional outcome.  

 

1.7. CEFTRIAXONE AS A PHARMOCOLOGICAL MANIPULATION OF ASTROCYTIC 
GLUTAMATE TRANSPORTERS 

It has recently been found that β-lactam antibiotics, such as penicillin, its 

derivatives, and cephalosporin antibiotics, induce remarkable increases in protein 

expression of GLT1 as well as a functional enhancement of astrocytic glutamate 

transport, leading to neuroprotective effects (Rothstein et al., 2005). Ceftriaxone has been 

used as a potent stimulator of GLT1 since it is effective within a dosage comparable to 

the known level for meningitis treatment and can easily penetrate the blood-brain barrier. 

In SOD1 mutant mice of an ALS disease model, ceftriaxone administered at disease onset 

delayed loss of muscle strength and body weight and increased survival (Rothstein et al., 

2005). Its neuroprotective effects have been seen in experimental stroke models. 
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Ceftriaxone injections prior to onset of ischemic stroke reduced infarct volume (Chu et 

al., 2007), and injections immediately after the onset of stroke decreased neuronal death 

in rats (Thone-Reineke et al., 2008).  

Ceftriaxone has been used in many of recent studies due to its selectivity in 

enhancing GLT1 expression and activity. The increases in GLT1 expression and 

glutamate uptake induced by ceftriaxone attenuated the Huntington’s disease phenotype 

in R6/2 transgenic mice, suggesting that impaired astrocytic glutamate uptake is a key 

factor underlying the pathophysiology of the Huntington’s disease (Miller et al., 2008). In 

non-disease models, the upregulation of GLT1 by ceftriaxone in rats impairs long term 

depression at mossy fibre-CA3 synapses (Omrani et al., 2009), attenuates cue-induced 

cocaine relapse (Sari et al., 2009) and impairs prepulse inhibition of the startle reflex 

(Bellesi et al., 2009). These studies demonstrate that ceftriaxone, with its selective 

upregulation of GLT1, is an appropriate choice for studying the role of GLT1 in various 

experimental models.  

 

1.8 CONCLUSION 

After injury, the adult brain undergoes diverse changes that are induced by either 

the injury or post-injury experiences. Numerous previous studies in the field have 

focused on neuronal plasticity to link brain changes with behavioral outcome. Despite 

increasing evidence that astrocytes actively regulate synaptic plasticity and their 

association with synapses dynamically changes with either lesions or experiences, little is 

known about coordinated plasticity between astrocytes and synapses in the course of 

lesion- and experience-induced plastic changes in adult brain. The purpose of these 

dissertation studies was to determine (1) whether astrocytic structural changes are 
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accompanied with synaptic changes in the contralateral cortex following ischemic 

lesions, (2) how synaptic structural reorganization in peri-lesion cortex resulting from 

rehabilitative reach training after cortical lesions is coordinated with that of perisynaptic 

astrocytes, (3) how plasticity of astrocytes and synapses in peri-lesion cortex is altered by 

maladaptive behavioral experiences, and (4) whether pharmacological upregulation of 

astrocytic glutamate transporters affects motor skill learning as well as post-stroke re-

learning.  
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 Chapter 2 

Lesion size-dependent synaptic and astrocytic responses in cortex 
contralateral to infarcts in middle aged rats 

 

2.1 ABSTRACT 

In young adult rats, unilateral lesions of the sensorimotor cortex lead to neuronal 

structural plasticity and synaptogenesis in the contralateral motor cortex, which is 

connected to the lesion site by transcallosal fibers. The contralesional neural plasticity 

varies with lesion size and results from the convergence of denervation-induced reactive 

plasticity and behavioral asymmetries. It was unknown whether similar effects occur in 

older animals. Furthermore, the coordination of synaptic responses with that of 

perisynaptic astrocytes had not been investigated. In this study, middle-aged rats (14-16 

months old) were given sham-operations or unilateral ischemic lesions of the 

sensorimotor cortex. Fifty days later, numerical densities of neurons and synapses and 

morphological characteristics of astrocytic processes in layer V of the contralesional 

motor cortex were measured using stereological light and electron microscopy methods. 

Lesions resulted in behavioral asymmetries, but no significant synapse addition in the 

contralesional motor cortex. Synapse number per neuron was negatively correlated with 

lesion size and reduced opposite larger lesions compared with smaller ones. Astrocytic 

changes were also lesion size-dependent. Astrocytic hypertrophy was observed only after 

smaller lesions and was associated with greater coverage and greater numbers of 

synapses. These findings are consistent with those in younger rats indicating an inverse 

relationship between lesion size and adaptive neuronal restructuring in denervated cortex. 

However, they indicate that the synaptogenic reaction to this lesion is relatively limited in 
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older animals. Finally, the results indicate that structural plasticity of perisynaptic 

astrocytes parallels, and could play a role in shaping, synaptic responses to post-ischemic 

denervation.  

 
(This is a published manuscript, but has been reformatted for this Dissertation: Kim SY 
& Jones TA. 2010. Lesion size-dependent synaptic and astrocytic responses in cortex 
contralateral to infarcts in middle aged rats. Synapse 64:659-671.) 
 

 

2.2 INTRODUCTION 

Animal models of CNS damage have been used for decades to understand how 

surviving neurons reorganize their connectivity after losing input from the site of an 

injury. It is hoped that such an understanding will facilitate efforts to improve adaptive 

neural restructuring and behavioral outcome. A prominent focus of animal brain injury 

models has been on neural changes relevant to hand and arm function because upper 

extremity impairments are a leading long-term disability resulting from stroke (Hendricks 

et al., 2002; Nudo, 2007). In rats, unilateral lesions of the forelimb representation regions 

of the sensorimotor cortex (FLsmc) result in sensory and motor deficits in the 

contralateral forelimb and a compensatory reliance on the less-affected (ipsilateral) 

forelimb. These and similarly placed injuries have been found to increase neuropil 

volume (Hsu and Jones, 2005; Jones and Schallert, 1992), dendritic arborization of layer 

V pyramidal neurons (Adkins et al., 2004; Biernaskie and Corbett, 2001; Jones et al., 

1996; Jones and Schallert 1992; Voorhies and Jones, 2002), neuronal plasticity-related 

molecules (Hughes-Davis et al., 2005; Stroemer et al., 1995), neuronal excitability (Witte 

et al., 2000), and synapse number per neuron (Hsu and Jones, 2005; Jones et al., 1996; 

Jones, 1999; Luke et al., 2004) in the contralesional cortex. The neuronal structural 
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plasticity reflects both denervation-triggered and experience-dependent plasticity (Bury et 

al., 2000a; Jones and Schallert, 1994) and it accompanies functional changes in the 

ipsilesional limb (reviewed in Allred and Jones, 2008a). It is important to note, however, 

that most of these studies of unilateral cortical lesion effects were conducted with young 

adult animals (~3-5 months of age). Given that stroke incidence increases with age, it 

seems pertinent to investigate these events in older animals.   

Aging involves microanatomical brain changes that include regressive alterations 

in dendritic arbor and spine numbers (Anderson and Rutledge, 1996; Duan et al., 2003), 

reductions in synaptic density (Peters et al., 1998), demyelination of axons (Peters and 

Sethares, 2002), and increased vulnerability in synaptic connectivity (reviewed in Hof 

and Morrison, 2004). Such age-related changes might modify the brain’s response to 

injury.  For example, Yurek and Fletcher-Turner (2000) found that young rats had 

increased expression of brain-derived neurotrophic factor (BDNF) in the striatum 

following a unilateral 6-hydroxydopamine lesion, but that aged rats did not.  Astrocytic 

alterations in the aged brain may play a critical role in how it responds to trauma. 

Astrocytic reactivity is increased with aging (Cotrina and Nedergaard, 2002) and 

excitotoxicity, an important contributor to cell death following brain injury, induces early 

astrogliosis in the aged brain (Castillo-Ruiz et al., 2007). Furthermore, early and 

extensively elevated glial reactivity in response to a stroke-like lesion has been correlated 

with reduced functional recovery in aged rats (Badan et al., 2003, Popa-Wagner et al., 

2007).  Because astrocytes also play many critical roles in synaptic plasticity (Jones and 

Greenough, 2002; Stevens, 2008), it seems important to further characterize the 

coordination of astroglial and synaptic responses to injury in older brains.  

The goals of this study were: (i) to determine whether unilateral ischemic 

sensorimotor cortex (SMC) lesions in middle aged rats result in synaptic structural 
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changes in the contralesional homotopic cortex, as many previous studies conducted with 

young adult rats have shown; (ii) to investigate whether synaptic alterations are 

accompanied by significant morphological changes in astrocytic processes and their 

contact with synaptic elements; (iii) to assess whether lesion size correlates with 

differential responses. We used endothelin-1 (ET-1), a vasoconstrictive peptide, to make 

unilateral focal ischemic lesions in the FLsmc. Asymmetrical forelimb use was measured 

with the Schallert cylinder test. Stereological measures and light and transmission 

electron microscopy (TEM) were used to measure quantities of neurons, degenerating 

neurons, synapses, astrocytic processes and synaptic-astrocytic contact in layer V of the 

contralateral homotopic motor cortex 50 days after the lesions.   

 

2.3 MATERIALS AND METHODS 

2.3.1 Animals 

Thirty-four male Long-Evans hooded rats were used. Rats were 14-16 months old 

at the time of surgery (mean ± SEM weight = 686.0 ± 19.5 g).  This strain was chosen 

for comparison purposes with numerous previous studies of SMC lesion effects in young 

adults of the same strain (e.g., Adkins et al., 2004; Hsu and Jones, 2005; Jones et al., 

1996; Jones, 1999; Jones and Schallert, 1992; Luke et al, 2004).  For the TEM study, 24 

rats, obtained from Charles River Laboratories (CR; n = 10, retired breeders) and from 

the Animal Resources Center at the University of Texas at Austin (ARC; n=14), were 

used. Rats were randomly assigned in equal proportions from each breeder source to two 

groups of 12 (lesion and sham). Another ten rats (15 months old) from Harlan were used 

for the analysis of neurodegeneration with Fluoro-Jade B. All animals were received at 

least ten months before the onset of experimental procedures and were made tame by 
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handling to reduce the effects of stress during behavioral assessment. Frequent handling 

was maintained throughout the course of the study. Rats were housed in pairs on a 12:12 

hour light/dark cycle and received food and water ad libitum. All animal use was in 

accordance with a protocol approved by the Animal Care and Use Committee of the 

University of Texas at Austin. 

 

2.3.2 Surgical procedure 

Rats received either sham-operations or unilateral ischemic lesions to the forelimb 

representation region of the sensorimotor cortex (FLsmc). Rats were anesthetized with 

either Equithesin (150 mg/kg chloral hydrate and 37.5 mg/kg pentobarbital), with 

atropine sulfate (1.25 mg/kg) used to counteract respiratory depression, or with a cocktail 

of ketamine (100 mg/kg) and xylazine (10-13 mg/kg). Lesions and lesion-induced 

behavioral effects are similar with these anesthetics (Adkins et al., 2004, 2006; Hsu and 

Jones 2005; Luke et al., 2004). The skull and dura were removed between 0.5 mm 

posterior and 1.5 mm anterior to bregma and 3.0 to 4.5 mm lateral to midline. Ischemic 

damage to the SMC was then created by topical application of 1.5 µL of ET-1 (120 pmol, 

0.2g/L in sterile saline) aimed at the overlapping primary somatosensory and motor 

cortical representation regions of the forelimb (i.e., the forelimb "overlap zone"; 

Donoghue and Wise, 1982).  ET-1 application results in a potent vasoconstriction 

followed by gradual reperfusion over 24 h (Biernaskie et al., 2001) and this method was 

chosen for its ability to produce highly localized cortical infarcts (Adkins et al, 2004; 

Fuxe et al., 1997; Gilmour et al., 2004). Ten minutes after ET-1 administration, the scalp 

was sutured. Sham-operated animals received identical treatment up to, but not including, 
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removal of the skull, since it has been previously demonstrated that skull removal can 

cause behavioral and neurochemical asymmetries (Adams et al., 1994). 

 

2.3.3 Schallert cylinder test 

Animals were tested for behavioral asymmetries once pre-operatively and at 

multiple time points post-operatively. The Schallert cylinder test (Schallert et al., 1997, 

2000) was used to detect decreased use of the impaired limb (contralateral to the lesion) 

for postural support behaviors. Rats were videotaped as they explored the walls of a 

transparent cylinder. The first 30 instances of sole use of either forelimb (ipsilateral or 

contralateral to the lesion) or simultaneous bilateral forelimb use for upright support 

against the cylinder wall were recorded from slow-motion playbacks of each session. The 

percentage of impaired limb use was calculated using the formula: % (contralateral 

support observations)/(total forelimb use observations). The data were analyzed as 

differences between post- and pre-operative scores. For post-operative data, the scores for 

every two to three time points were pooled into the following three categories: Early 

(pooled over three time points during the first two weeks post-surgery), Mid (pooled over 

three time points during weeks 3-5), and Late (pooled over two time points during weeks 

6-7). 

 

2.3.4 Stereological light and electron microscopy 

2.3.4.1. Tissue processing 

The time point chosen for the analysis of astrocytic and synaptic changes was 50 

days after the lesions.  In younger animals, neuronal structural changes in the cortex 

opposite FLsmc lesions have been reported at time points between 7-120 days postlesion 
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(e.g., Jones and Schallert, 1992, Jones et al., 1996; Hsu and Jones, 2005).  Synapse 

addition here takes time to occur, but then it appears to be relatively enduring. Using 

TEM methods similar to the present study, significant increases in synapse number per 

neuron were evident at 25, 30 and 46 days, but not yet at 18 days, in younger animals 

(Hsu and Jones, 2005; Jones et al., 1996).  We chose 50 days to allow for the potential 

age-related slowed reactive synaptogenic responses to denervation, which has been found 

in other systems (e.g., Schauwecker et al., 1995; Scheff, 2003). 

Rats were anesthetized with a lethal dose of sodium pentobarbital (100mg/kg) and 

transcardially perfused with 0.1 M phosphate buffer with heparin sodium salt (0.05 g/L). 

This was followed by a fixative solution made of 2% paraformaldehyde and 2.5% 

glutaraldehyde in the same buffer. Brains were extracted and sliced with a Leica 

VT1000S vibratome within 24 h of perfusion. Coronal sections were collected in 

alternating sets of 200 µm, 100 µm, and two sets of 50 µm thicknesses. For volume 

measurement of the remaining cortex and lesion reconstruction, 50 µm-thick sections 

were Nissl stained with Toluidine Blue.   

For TEM, 200 µm-thick sections were collected into the same fixative solution 

used for perfusion until they were osmicated. From these 200 µm-thick sections, the 

primary motor cortex (MI) in the contralesional hemisphere, inclusive of the forelimb 

overlap zone, was dissected under a stereomicroscope. The region was identified based 

on macrostructural landmarks and unique cytoarchitectural characteristics that are evident 

in unstained sections, as previously described (Jones et al., 1996). In the rat, the forelimb 

representation includes an "overlap zone" of the primary somatic sensory (SI) and MI 

cortex which is easily identifiable in coronal sections. The lateral agranular cortex (AGl) 

medial to the forelimb overlap zone is reliably the non-overlapping forelimb MI 

representation area (Donoghue and Wise, 1982). However, the anterior and posterior 
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borders of the forelimb MI lack as clear anatomical boundaries. Since this identifiable 

region of interest is reliably found in about two of the 200 µm-thick sections, these two 

sections were processed for TEM.  A limitation of this strategy is that the anterior 

regions (and to lesser extent, the posterior region) of the forelimb MI and overlap zone 

are undersampled. The advantage is that the forelimb region is reliably sampled in each 

animal.  

The samples were osmicated  (2% osmium tetroxide in 0.05 M cacodylate buffer 

with 0.75% potassium ferrocyanide), stained en bloc with 2% uranyl acetate, dehydrated 

in ascending ethanol and acetone, sandwich embedded in resin and polymerized in a 

60°C oven. One of two sections was randomly selected for stereological analysis. The 

sections were mounted on a resin block, and serial coronal semithin (0.8 µm) and 

ultrathin (70 nm) sections were made using a Leica Ultracut R microtome. Samples were 

coded so that data collection was blind to experimental conditions. Semithin sections 

were mounted onto gelatin-coated slides, stained with Toluidine Blue, and used to 

identify and to measure neuronal densities in layer V of the motor cortex using light 

microscopy. After collecting semithin sections, the resin blocks were trimmed to retain 

only layer V of the motor cortex and then used to obtain serial ultrathin sections.  These 

were mounted onto formvar coated slotted copper grids and stained with lead citrate.  

 

2.3.4.2 Estimation of changes in synapse number per neuron  

Synapse number per neuron is a measure sensitive to quantitative changes in the 

total number of synapses when neuron number is stable (e.g., Jones et al., 1996; Kleim et 

al., 2004; Luke et al., 2004; Turner and Greenough, 1985). In contrast, the numerical 

density of synapses may not reflect a change in synapse number when neuropil volume 
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also changes, a potential concern in this study because the contralateral homotopic cortex 

was previously found to have increased dendritic arborization (Biernaskie and Corbett, 

2001; Jones et al., 1996; Jones and Schallert 1992) and reactive astrocytic responses 

(Bury et al., 2000b) in younger animals. Synaptic density and neuronal density were both 

estimated from the same resin embedded samples, using unbiased stereological analysis 

(described below). Synapse number per neuron was calculated by dividing synaptic 

density by neuronal density. 

 

2.3.4.3 Neuronal density (Nvneuron) and neuropil volume per neuron  

In the presence of stable neuronal number the volume of neuropil can be 

estimated as the inverse of neuronal density. Neuronal density (Nvneuron) was measured 

using the physical disector method (Sterio, 1984). Digital images of semithin sections 

were obtained using a high-resolution digital camera (DVC Co., Austin, TX) and a Nikon 

Optiphot-2 light microscope equipped with a rotating stage (1140X final magnification; 

40X objective). The sampling strategy and disector pairings were the same as previously 

described (Hsu and Jones, 2005), except that greater numbers of samples were used for 

estimates of neuronal density.  This was done based on pilot data which indicated that a 

larger sample was needed to reduce the coefficient of error (West and Gundersen, 1990) 

and compensate for an expected higher level of sample-to-sample variation in the older 

brains used in the study. Briefly, two sample fields in layer V of each section (0.7–1.0 

mm apart medially to laterally) were selected with systematic random sampling. Images 

within the same sample field were obtained from five alternating semithin sections. 

Adjacent sections served as disector pairs using the following combinations of reference 

and look-up sections: sections 1 and 2, 2 and 3, 3 and 4, 4 and 5, 5 and 4, 4 and 3. Ten 
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sets of samples were taken so that a total of 50 images and 60 disector pairs were used 

per animal. Neuron nuclei were counted when they appeared in a reference section and 

disappeared in a look-up section. The coefficient of error (CE) of the neuronal density 

estimates from individual brains ranged from 0.030 to 0.054 (median=0.041) and mean 

CE’s were similar between groups (Sham: 0.038; Lesion: 0.041). Neuronal density was 

calculated by the formula: Nv = ΣQ-/Σv(frame), where ΣQ- is the sum of neurons counted 

per brain and Σv(frame) is the sum of the sample volume (4,828,800 µm3), which was 

calculated as the product of the area of one sample frame (50,300 µm2), distance between 

section planes (1.6 µm), and number of disector pairs (60). As described below, the 

pattern of results suggests that the changes in neuronal density observed in the present 

study primarily reflect changes in neuropil volume. Thus, these data are reported as the 

neuropil volume per neuron. 

 

2.3.4.4 Synaptic density (Nvsynapse)  

Axodendritic synaptic density was also estimated using the physical disector 

method. Four sets of four serially positioned digital electron micrographs per brain were 

obtained using a Philips EM 208 transmission electron microscope with an AMT 

advantage HR 1MB digital camera (14,000X image capture magnification; digitally 

viewed at a final magnification of 42,000X). All images were coded to insure the 

measurer was blind to experimental conditions. A total of 24 disector pairs were used per 

brain because every section for synaptic density was used as both a reference and a look-

up section. Synaptic density was calculated with the formula: Nvsynapse = ΣQ-/Σv(frame), 

where ΣQ- is the sum of synapses counted per brain and Σv(frame) is the sum of the 

sample volume (188.0 µm3), which was calculated as the product of the sample frame 
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area (111.9 µm2), the section thickness (70 nm), and the number of disector pairs (24). 

Two principle criteria were used to identify a synapse: the presence of (i) a postsynaptic 

density and (ii) at least three presynaptic vesicles in the apposing presynaptic process. All 

synapses formed between a bouton and a dendritic process (spines and shafts) were 

included in the measures (Figure 2.1). Thus, the estimates include intrinsic and 

transcallosal cortical connections, thalamic projections and other connections. Synapses 

were also classified as being formed by multiple synaptic or single-synaptic boutons and 

as possessing perforated or simple postsynaptic density, as described previously (Hsu and 

Jones, 2005). However, the data on these synaptic types are not reported herein since 

there were no lesion-related effects in middle-aged rats. Synapse number per neuron was 

determined using the formula: (Nvsynapse) / (Nvneuron). 

 

 

Figure 2.1: Axodendritic synapses (white arrows) on a transmission electron 
micrograph (scale bar = 500 nm) 
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2.3.4.5 Estimation of astrocytic volume fraction, astrocytic volume per neuron, and 
percentage of synapses with astrocytic contact  

To determine whether astrocytic hypertrophy occurs in the contralesional motor 

cortex, the layer V volume fraction of astrocytic processes was estimated. One electron 

micrograph from each of the four series used for the synaptic measures was chosen. 

Astrocytic processes were identified by their relatively transparent cytoplasm, irregular 

and sheet-like shape, absence of dendritic and axonal characteristics (e.g., highly ordered 

microtubules, small vesicle clusters, myelination) and, occasionally, the presence of 

intermediate filaments (Peters et al., 1991). The software program RECONSTRUCT 

(Fiala, 2005; available from http://synapses.clm.utexas.edu/tools/index.stm) was used to 

trace astrocytic processes and estimate their areas. The volume fraction of astrocytic 

processes was calculated as astrocytic process area divided by sample area. The volume 

of astrocytes per neuron was calculated by dividing the astrocytic volume fraction by 

neuronal density, as previously described (e.g., Kleim et al., 2007).  

The percentage of synapses with astrocytic apposition was estimated using the 

same micrographs that were used to estimate astrocytic volume fraction. When astrocytic 

processes were found in direct contact with pre- and/or postsynaptic elements, the 

location of this contact was noted.  This included astrocytic processes positioned at the 

(i) axon-dendrite interface of the active zone, (ii) the presynaptic element only, (iii) the 

postsynaptic element only, or (iv) both pre- and postsynaptic elements, but not the axon-

dendrite interface.  

 

2.3.5 Lesion analyses 

Lesion sizes were estimated by calculating the volume differences between 

injured and intact hemispheres. Estimation of volume was based on the Cavalieri 
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principle (Gundersen et al., 1988). The perimeters of Nissl-stained coronal sections were 

traced using Neurolucida software (MicroBrightField, Colchester, VT) to estimate the 

area of cortex in each section. Moving caudally, the first section was selected when 

forceps minor corpus callosum appeared (~2.7 mm anterior to bregma). An additional 

five more caudal sections (800 µm apart) were then traced so that a total of six sections 

were used for estimation of cortical volume. Volume was calculated by the formula: V = 

ΣA

€ 

×T, where ΣA is the sum of the area of all the sections and T is the distance between 

section planes (800 µm). This strategy focuses the volume estimation in the region of the 

sensorimotor cortex and the lesions, which permits more sensitive estimation of inter-

animal variability in lesion volume than estimation of the entire cortex. As described 

below, animals with lesions were divided into two groups, one with smaller lesions 

(Small Lesion) and one with larger lesions (Large Lesion). Additionally, to characterize 

the approximate lesion placement and extent, lesions were reconstructed onto schematic 

coronal section templates adapted from Paxinos and Watson (1986).  

 

2.3.6 Fluoro-Jade B neurodegeneration labeling 

As described above, when neuronal number is stable the volume of neuropil can 

be estimated using neuronal density. Although these cortical lesions have not been found 

to result in significant neuronal death in the contralesional cortex in younger animals, this 

had not been established in older rats. Fluoro-Jade B (FJB) labeling was used to detect 

presumed degenerating neurons in the perilesion and contralesional FLsmc. For FJB 

analysis, the same surgical procedures for lesion and sham operations were used as in rats 

used for TEM analysis. Rats were sacrificed at 24 h or 3 days after surgery (one sham-

operate, four rats with lesions per time point). These time points were based on a 
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previous study which found extensive neuronal degeneration in perilesion cortex at 24 h 

after similar lesions and more subtle degeneration 3 and 14 days post-lesion  (Adkins et 

al., 2006). Rats were anesthetized with a lethal dose of sodium pentobarbital as described 

above and transcardially perfused with 0.1 M sodium phosphate buffer, followed by a 4% 

paraformaldehyde solution in the same buffer. Extracted brains were stored in the fixative 

solution at 4°C for at least 24 hours. Coronal sections (50 µm) were then collected and 

stored in cryoprotectant solution at -20°C. The staining of tissue using FJB (Chemicon, 

Temecula, CA) and the quantification of degenerating neuron density has been previously 

described in detail (Adkins et al., 2006). Briefly, slides were treated with sodium 

hydroxide and potassium permanganate followed by 0.0004% FJB solution, dried 

overnight and coverslipped using Krystalon (EMD Chemicals, Gibbstown, NJ). In three 

sections between 0.2 and 1.2 mm anterior to bregma, the sample areas of the ipsilesional 

cortex and the contralesional homotopic cortex were outlined using Neurolucida (39X 

magnification). All FJB positive cells within the outlined areas (all layers) were then 

counted (622X). The density of FJB positive neurons was calculated by the formula: Nv = 

ΣQ-/Σv, where ΣQ- is the sum of FJB positive neurons and Σv is the sum of the sample 

volume, which was calculated as the product of the estimated area of the outlined sample 

region of each section and the thickness of the section (50 µm). Sham results from 24 h 

and 3d after surgery were pooled since there was no difference between these two time 

points.  

 

2.3.7 Statistical analysis 

The Statistical Package for the Social Science (SPSS) general linear model 

procedure (GLM) for one-way analyses of variance (ANOVA) was used to compare 
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means. Bivariate correlations were used to examine relationships between anatomical 

variables and lesion size. To further characterize lesion-size dependent effects, a median 

split was used to subdivide the lesion group (as described below) and pair-wise planned 

comparisons (Sham vs. Small Lesion; Sham vs. Large Lesion; Small vs. Large Lesion) 

were used to assess differential responses due to lesion size. For Fluoro-Jade B data, 

planned comparisons were used to determine (i) the evident difference in neuronal 

degeneration in the ipsilesional cortex compared with the contralesional side at both time 

points and (ii) the time-dependent effect on neuronal degeneration in each side. The 

Schallert cylinder data were analyzed using SPSS repeated measures ANOVA, and 

Fisher Least Significant Difference (LSD) post hoc analyses were used to further analyze 

group differences when needed.  

 

2.4 RESULTS 

2.4.1 Synapse number per neuron in the contralesional motor cortex was negatively 
correlated with lesion size. 

Synapse number per neuron (Nvsynapse/Nvneuron) was estimated using the physical 

disector method. Fifty days after an ischemic lesion, synapse number per neuron in layer 

V of the contralesional homotopic cortex was not significantly different in middle-aged 

rats with SMC lesions compared with sham-operates (mean ± SEM synapses/neuron = 

20,829 ± 896 in Sham and 21,788 ± 1381 in Lesion). However, as shown in Figure 2.2, 

synapse number per neuron in the contralesional cortex was negatively correlated with 

lesion size as estimated by the volume difference between the two cortices (r = -0.86; 

p=0.001, two-tailed), excluding one outlier (with the outlier included, the correlation 

coefficient was r = -0.21; p=0.51, two-tailed). This outlier was discarded based on 
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particularly unusual values on regression diagnostic statistics: a Studentized residual of 

2.87, Cook’s distance of 3.16 and a leverage of 0.353. There was no correlation between 

interhemispheric volume difference and synapse number per neuron in sham-operates (r= 

-0.27; p=0.39, two-tailed). 

 

 

Figure 2.2: Synapse number per neuron was negatively correlated with lesion size. 
Excluding one outlier, synapse number per neuron was negatively correlated 
with lesion size as estimated by volume difference (r=-0.86, p < 0.01, two-
tailed). A median split divided the lesion group into two subgroups. 

 

Since these results suggested an effect of lesion size on plasticity of the 

microanatomy of the contralesional homotopic cortex, we probed this effect further by 

dividing the lesion group into two using a median split: (1) one with smaller amounts of 

tissue loss (n=6), (2) one with larger amounts of tissue loss (n=5, excluding the outlier).  
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The lesion sizes between these two subgroups were significantly different (mean ± SEM 

lesion size = 10.7 ± 1.29 mm3 in Small and 19.0 ± 1.90 mm3 in Large; F (1,9) = 13.96, p 

= 0.005). Furthermore, these mean lesion sizes approximate those that were found to 

result in differential contralesional neuronal structural plasticity in younger rats (Hsu and 

Jones, 2006). Thus, we consider results with respect to these small and large lesion 

subgroups below. Representative Nissl-stained sections and schematic lesion 

reconstructions are shown for the two lesion groups in Figure 2.3. 

 

 

Figure 2.3: Representative Nissl-stained sections and lesion reconstructions. The open 
rectangle in the contralesional cortex of the photomicrographs indicates the 
layer V sample region of the synaptic and neuronal density estimates. Scale 
bar = 1 mm.  Numbers are coordinates in mm relative to bregma. Lesion 
reconstructions from different animals are overlaid so that the darker color 
indicates greater overlap of lesion territory between brains. 
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2.4.2 Unilateral lesions induced behavioral asymmetries in postural support 
behavior. 

Animals had a significant post-lesion decrease in use of the impaired forelimb for 

postural support behavior in the Schallert cylinder test. When comparing the Sham and 

two Lesion groups (small and large, excluding the outlier, Figure 2.4), there was a 

significant main effect of Group (F(2,20) = 4.04, p = 0.034). In post hoc multiple 

comparisons (LSD), the Large Lesion group was found to have significantly greater 

forelimb use asymmetries than the Sham group (p = 0.02). The Small Lesion group 

tended to have greater forelimb use asymmetries than the Sham group, but the results 

failed to reach significance (p = 0.057). There was no significant difference in forelimb 

use asymmetries between the Small and Large Lesion groups (p > 0.05). The 

asymmetrical behavioral was evident throughout the time span examined (7 weeks post-

lesion). There was neither a significant interaction effect of Group by Time post-lesion 

nor a main effect of Time post-lesion.  

 

 

Figure 2.4:  Behavioral asymmetries following unilateral lesions. In the Schallert 
cylinder test, the Large Lesion group had significantly reduced use of the 
impaired limb compared to the Shams (*p<0.05). 
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2.4.3 Layer V neuropil volume per neuron and synapse number per neuron was 
significantly decreased after larger lesions compared to smaller lesions. 

As with synapse number per neuron, when all lesions were considered together, 

there was no change in neuropil volume in layer V of the contralesional motor cortex 

compared with sham operates (mean ± SEM neuropil volume per neuron in mm3 = 26.6 ± 

0.89 in Sham and 27.1 ±1.02 in Lesion before median split). However, neuropil volume 

per neuron was significantly greater in rats with smaller compared with larger lesions 

(F(1,9)= 5.82; p = 0.039, Figure. 2.5A). Neuropil volume per neuron in the Sham group 

was not significantly different from that of the Small or the Large Lesion group (F(1,16) = 

2.18, p = 0.159; F(1,15) = 1.31, p = 0.271, respectively). Despite a significant difference in 

the neuropil volume between the two lesion groups, there was no significant difference in 

synaptic density (Table 2.1). This resulted in the Large Lesion group having significantly 

fewer synapses per neuron than the Small Lesion group (F(1,9)=7.68; p = 0.022, Figure 

2.5B). There was no significant difference in synapse number per neuron between Sham 

and Small Lesion groups (F(1,16) =2.55; p = 0.130). Although the Large Lesion group had 

the fewest synapses per neuron on average, this failed to reach significance when 

compared with the Sham group (F(1,15) =3.10; p = 0.099).  

Table 2.1: Synaptic density and astrocytic volume fraction 

 Sham Small Lesion Large Lesion 

Synaptic density 
(per 103µm3) 786.79 ± 27.07 814.72 ± 45.64 724.46 ± 37.66 

Astrocytic volume 
fraction 0.0717 ± 0.0032 0.0836 ± 0.0045* 0.0787 ± 0.0045 

 *p < 0.05 vs. Sham. Data are means ± S.E. 
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Figure 2.5:  Neuropil volume per neuron and synapse number per neuron. Both neuropil 
volume per neuron and synapse number were significantly decreased in the 
Large Lesion group compared to the Small Lesion group (*p<0.05). Neither 
lesion group was significantly different from Sham. 
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2.4.4 Degenerating neurons were increased in the ipsilesional, but not 
contralesional, cortex. 

To determine whether a unilateral FLsmc lesion results in major degeneration of 

neurons in the contra- as well as the ipsilesional cortex in middle-aged rats, we quantified 

neurons labeled by Fluoro-Jade B (FJB) in both hemispheres (Figure 2.6). There were 

few clearly FJB labeled neurons in the contralesional homotopic cortex at either 24 h or 3 

days after lesions and the subtle labeling was similar to that found in sham-operates. In 

contrast, in the peri-lesion cortex, there was abundant labeling at either time point. The 

density of FJB labeled cells was significantly increased in the ipsilesional cortex 

compared with the contralesional cortex (p < 0.001 at both time points). As was shown in 

a previous study with young adults (Adkins et al., 2006), the density of FJB positive 

neurons in the peri-lesion cortex at 24h post-lesion was considerably higher than that at 3 

days post-lesion (F(1,6)=145.64; p < 0.001). There was no significant difference in the 

density of FJB stained neurons in the contralesional side between the two time points 

(F(1,6)= 2.63; p = 0.16). These data do not rule out the presence of subtle contralesional 

neuronal loss, but they do suggest that it is unlikely to be a major contributor to lesion-

induced structural differences in the contralesional cortex. 
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Figure 2.6: Fluoro-Jade B (FJB) staining for degenerating neurons in the contralesional 
(Contra), ipsilesional (Ipsi) and sham-operated (Sham) cortices. The open 
rectangle in each lower magnification image (A-D, I) indicates the region 
shown in the accompanying higher magnification image (E-H, J). FJB (+) 
neurons were abundant in the peri-infarct area on post-lesion day 1 (B and 
F). They were less abundant by post-lesion day 3 (D and H).  Clearly 
labeled neurons were rarely found in either the contralesional cortex (E and 
G) or in sham-operates (J).  In quantitative analyses (K), there were 
significantly more FJB (+) neurons in the peri-infarct region at each time 
point compared with the contralateral side (*p < 0.001 vs. Contra).  There 
were significantly fewer FJB+ cells in peri-infarct cortex at Day 3 compared 
with Day 1 (†p < 0.001 vs. Day1 Ipsi). There was no significant difference 
in the contralesional cortex between two time points. 

 



 46 

2.4.5 Astrocytic hypertrophy in the contralesional homotopic cortex was observed in 
the Small, but not Large, Lesion group. 

As shown in Figure 2.7A, astrocytic processes were identified in electron 

micrographs and the volume fractions of astrocytes (Vv) were estimated. Astrocytic 

volume per neuron was then determined (Vv/Nvneuron) as a measure of astrocytic 

hypertrophy (e.g., Kleim et al., 2007). While synapse numbers in the Small Lesion group 

were significantly different only from the Large Lesion group (Figure 2.5B), astrocytic 

volume per neuron in the contralesional homotopic cortex was significantly increased in 

the Small Lesion group compared to both the Sham (F(1,16)=4.89; p = 0.042) and the Large 

Lesion groups (F(1,9) = 17.51; p = 0.002) (Figure 2.7B). In contrast, the Large Lesion 

group’s astrocytic volume per neuron was not significantly different from the Sham 

group (F(1,15) = 0.77; p=0.395). The volume fraction of astrocytes (i.e., astrocytic volume 

per unit volume of neuropil) was also significantly increased in the Small Lesion group 

compared to the Sham group (F(1,16) = 4.56; p = 0.048), but not to the Large Lesion group 

(F(1,9) = 0.56; p = 0.47), as shown in Table 2.1. 
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Figure 2.7: Astrocytic hypertrophy in the contralesional homotopic cortex. Astrocytic 
processes (asterisks) were identified in electron micrographs (A, scale 
bar=500nm). Increased astrocytic process volume per neuron was observed 
only in the Small Lesion group compared with Sham (B, *p < 0.05, †p < 
0.01).  
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2.4.6 Astrocytic hypertrophy in the contralesional homotopic cortex was highly 
correlated with synapse number per neuron. 

To investigate whether astrocytic hypertrophy is associated with synaptic 

responses to lesions, correlations between synapse number per neuron and astrocytic 

volume per neuron were examined. Astrocytic volume per neuron was highly correlated 

with synapse number per neuron in the Lesion group (large and small lesions together, 

r=0.745; p=0.008, two-tailed, Figure 2.8A). Note that Large and Small lesion animals 

near the center of the scatter plot in Figure 2.8A are also close to the median split shown 

in Figure. 2.2. The Sham group did not have a significant correlation (r=0.369; p=0.237, 

two-tailed, Figure 2.8B).  

 

2.4.7 The Small Lesion group had more synapses with astrocytic apposition than the 
Large Lesion group. 

Table 2.2 shows the percentage of synapses with astrocytic contact subdivided by 

the location of the contact. In all groups, astroglia processes most frequently contacted 

the axon-dendrite interface (ADI). The Small Lesion group tended to have more frequent 

astrocytic contact at the ADI when compared to the Large Lesion group, but this failed to 

reach statistical significance (F(1,9) = 4.32; p = 0.067). However, the total percentage of 

synapses with any direct astrocytic apposition was significantly increased in the cortex 

contralateral to small lesions compared to the cortex contralateral to large lesions (F(1,9) = 

5.37; p = 0.046, Table 2.2). 
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Figure 2.8: Correlations between astrocytic hypertrophy and synapse numbers in the 
contralesional homotopic cortex. Astrocytic process volume per neuron was 
significantly correlated with synapse number per neuron in the Lesion group 
(A, p < 0.01), but not in Sham (B). 
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Table 2.2: Percent of synapses with astrocytic contact 

 Synaptic Position of Astrocytic Process 

 ADI Pre only Post only Pre + Post Total† 

Sham 49.41 ± 2.21 10.31 ± 0.99 13.16 ± 1.15 6.29 ± 0.67 79.17 ± 
1.74 

Small Lesion 55.26 ± 2.03 10.86 ± 0.97 12.86 ± 1.05 4.49 ± 0.96 83.46 ± 
2.04* 

Large Lesion 48.37 ± 2.70 10.27 ± 1.87 11.26 ± 1.13 5.85 ± 0.62 76.10 ± 
2.49 

ADI, axon-dendrite interface. †Total % of synapses with any astrocytic apposition. Data 
are means ± S.E. *p < 0.05 vs. Large Lesion 
 

 

2.5 DISCUSSION 

Although many previous studies have found that unilateral brain damage results 

in lesion-induced neural restructuring in the contralesional cortex of young adult rats 

(e.g., Biernaskie and Corbett, 2001; Hsu et al. 2005; Jones, 1999; Jones and Schallert, 

1992; Luke et al., 2004; Stroemer et al., 1995), the present study suggests that, at least at 

the synaptic level, this lesion-induced plasticity is relatively limited and markedly 

sensitive to lesion sizes in middle-aged (14-16 months old) rats. Although the middle-

aged rats of this study had similar lesion-induced behavioral asymmetries as those found 

in young adults, there was no corresponding increase in synapse number per neuron in 

the contralesional cortex, in contrast to findings in younger rats. This reduced 

neuroplastic response is consistent with evidence that aging attenuates the 

deafferentation- and lesion-induced expression of neurotrophic factors (Woods et al., 

1998, Yurek and Fletcher-Turner, 2000). However, it is in contrast to findings that even 
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older animals are capable of a significant, though slowly developing, reactive 

synaptogenic response in the denervated hippocampus (Scheff, 2003), as discussed more 

below. Despite the lack of lesion-induced synapse addition in middle-aged rats of the 

present study, it is notable that quantities of synapses, astrocytic processes, and astrocyte-

synapse contacts in the contralesional cortex varied with lesion size. There was a negative 

correlation between lesion size and synapse number per neuron in layer V of the 

contralesional cortex, with larger lesions resulting in reduced synapse numbers per 

neuron compared to smaller lesions. Furthermore, astrocytic hypertrophy in the same 

cortical region was observed only after smaller lesions and was highly correlated with 

synapse number per neuron after lesions, but not in sham-operates. This result suggests a 

lesion-induced alteration in the structural relationship between synapses and astrocyte.  

In young adults, neuroplastic changes in the contralesional cortex have been 

found to depend upon at least two events: lesion-induced partial denervation and 

increased reliance on the ipsilesional forelimb (Adkins et al., 2002; Bury et al., 2000a; 

Jones and Schallert, 1994). The motor cortices of the two hemispheres are interconnected 

by transcallosal fibers, and unilateral FLsmc lesions result in a loss of some of these 

connections with the contralesional motor cortex. The degeneration of transcallosal 

projections is believed to trigger growth-promoting changes associated with reactive 

synaptogenesis that, in turn, enhance the sensitivity of cortical pyramidal neurons in the 

contralesional cortex to experience-dependent plasticity (reviewed in Allred and Jones, 

2008a). In the presence of transcallosal denervation, increased activity and learning with 

the ipsilesional forelimb results in greater neuronal structural plasticity in the motor 

cortex than can be found with similar experiences in intact animals (Adkins et al., 2002; 

Bury et al., 2000a; Bury and Jones, 2004). We found that middle-aged rats were similar 

to younger rats in their development of lesion-induced behavioral asymmetries and in the 
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absence of significant neural death in the contralesional homotopic cortex, as indicated 

by Fluoro-Jade B staining, but not in their synaptic response. This suggests that aging 

limits this aspect of post-injury experience-dependent plasticity in the contralesional 

cortex. This could be due to age-related changes in either degeneration-triggered 

plasticity, as previously reported in hippocampus  (e.g., Hattiangady et al., 2008; 

Schauwecker et al., 1995; Shetty and Turner et al., 1999), or in experience-dependent 

plasticity. 

A feature of the contralesional events in younger animals is that synapse numbers 

are increased relative to intact animals (e.g., Hsu and Jones, 2005; Jones et al., 1996), 

indicating that this type of reactive synaptogenesis is not merely replacing synapses lost 

to denervation but also adding more than the equivalent amount of lost synapses (Cotman 

et al., 1981). The failure of the lesions to result in significant change in synapse number 

per neuron compared to sham-operates in the present study suggests that any 

synaptogenesis that did occur in response to denervation in the contralesional cortex was 

sufficient only to replace those lost. Furthermore, the reduction in synapse number per 

neuron in large versus small lesion groups suggests that this response could be limited in 

the presence of greater tissue damage. 

The inverse relationship between lesion size and neuronal structural plasticity is 

consistent with previous findings in younger rats.  In young adult rats (3-4 months of 

age), smaller FLsmc lesions result in greater dendrite addition in the contralesional cortex 

than do larger lesions (Hsu and Jones, 2006). The small (~8 mm3) versus large (~22 mm3) 

lesions in this previous study were similar to those of the present study. However, young 

adults showed considerable neuronal structural growth in the contralesional cortex 

regardless of lesion size, whereas the middle-aged rats of the present study did not, at 

least as evidenced by synapse numbers per neuron in layer V. Moreover, in the younger 
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rats, the dendritic and synaptic plasticity found in contralesional cortex are linked with 

functional changes in the ipsilesional forelimb, including enhancement in its rate of skill 

learning (Allred and Jones, 2008a; Hsu and Jones, 2006). Additional work is needed to 

determine whether these behavioral correlates of the contralesional plasticity are also lost 

in middle-aged rats. 

It is well established that astrocytes play an active role in regulating the 

microenvironment around neurons (Araque et al, 1999) and in modulating neuronal 

activities, synaptic transmission and synaptogenesis (Ullian et al., 2001). Astrocytes in 

the sensorimotor cortex react to both denervation resulting from callosal transections and 

increased use of the ipsilesional limb, and these astrocytic reactions are exaggerated 

when denervation and behavioral asymmetries are combined (Bury et al., 2000b). Aged 

brains have elevated astrocytic reactivity to lesions and denervation (Badan et al., 2003; 

Gordon et al., 1997; Goss and Morgan, 1995). Considering this and the interactive 

relationship between astrocytic and synaptic plasticity, we hypothesized that any synaptic 

structural changes in the contralesional cortex might be associated with a corresponding 

change in perisynaptic astrocytic processes. In fact, astrocytic volume per neuron was 

tightly correlated with synapse number per neuron in the contralesional cortex of both 

lesion groups, but not in the cortex of sham-operates.  Furthermore, the hypertrophy of 

astrocytic processes was linked with their greater coverage of synapses. The failure to 

find similar astrocytic hypertrophy after larger lesions could mean that the greater 

degeneration resulting from larger lesions overwhelmed the capacity, or prolonged the 

time course, of the astrocytic reactions. Alternatively, it could indicate a diminished 

astrocytic responsiveness that contributed to both greater lesion size and fewer synapses 

in the contralesional cortex in comparison to the small lesion group.  
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The present study focused on a relatively late stage of remote neural adaptation to 

injury and it is likely that examination of earlier time points will be needed to understand 

the age-related differences in response to the injury. For example, ischemic lesions result 

in severe oxidative stress and induction of the 70 kD heat shock proteins (Hsp 70) helps 

counter the oxidative damage (Sharp et al., 2000). Young adults have dramatic Hsp 70 

induction in perilesion cortex at one day after focal ischemic cortical lesions and this 

response is comparatively limited in aged rats, despite a greater extent of oxidative 

damage (Li et al., 2005). The reduced neuroprotective response to lesions coincides with 

a time point in which remaining tissue is vulnerable to further insults (Weimar et al., 

2002). Furthermore, the induction of the 72 kD Hsp in perilesion cortex precedes 

functional improvements (Fredduzzi et al., 2001) and massive protein synthesis in 

synaptosomes (Marriucci et al., 2007). Induction of Hsp 72 expression also occurs in the 

contralateral homotopic cortex at a delayed time point compared with perilesion cortex. 

Microglia are also principal contributors to inflammatory, neuroprotective and 

regenerative responses, e.g., they contribute to spine turnover in after cortical ischemia 

(Wake et al., 2009) and the removal of synapses after inflammatory lesions (Trapp et al., 

2007), and their function is compromised with age (Streit et al., 2008). Such age-related 

differences in early neuroprotective responses, even in the contralateral cortex, may 

contribute to differences in subsequent neuroregenerative responses. 

Given the analysis of a single time point (50 days post lesion), it remains possible 

that synapse addition in middle-aged rats occurs at a later time point after the lesions. The 

slower course of reactive synaptogenesis in hippocampus (Scheff, 2003) and other 

slowing of neural plastic responses in older animals (Burke and Barnes, 2006) were 

considerations in the selection of the 50 day time point of the present study. Dendritic 

arborization in the contralesional cortex has been found to be increased at time points 
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between 14 days and 9 weeks after the lesion (Jones and Schallert, 1992; Biernaskie and 

Corbett, 2001) and greater numbers of synapses have been observed at 25, 30 and 46 

days post lesion, but not at 18 days post lesion in younger rats (Hsu and Jones, 2005; 

Jones et al., 1996). Thus, the process would have to be extremely delayed, or transient, 

relative to younger animals for it to have been missed in the present study.  

In summary, we found that the neuroplastic changes previously reported to occur 

in the contralesional cortex of younger adult rats following a unilateral ischemic lesion do 

not similarly occur in middle-aged rats. Furthermore, we found that lesion size limits the 

extent of reactive synaptogenesis and astrocytic hypertrophy in middle-aged rats and that 

the number of synapses was tightly correlated with astrocytic plasticity as a response to 

lesions. Taken together with previous findings, these results suggest that middle-aged rats 

have a reduced capacity for lesion-induced synaptogenesis in the contralesional 

homotopic cortex and suggest that denervation extent strongly interacts with astrocytic 

reactivity to influence recuperative synaptogenesis.  
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 Chapter 3 

Coordinated reorganization of perisynaptic astrocytes and synapses in 
layer V of perilesion motor cortex after ischemic lesions and motor 

rehabilitation 

 

3.1 ABSTRACT 

Post-injury experiences influence brain plasticity and functional outcome. It has 

been previously found that rehabilitative reach training following an ischemic lesion 

improves function of the paretic limb and results in synaptogenesis in the perilesion 

motor cortex (Hsu, 2007). Given the accumulating evidence that astrocytes actively 

control synaptic activity and plasticity, it was hypothesized that rehabilitative reach 

training following lesions elicits astrocytic plasticity along with synaptic restructuring, 

and that associations between astrocytes and synapses are related to functional recovery. 

Electron micrographs were taken from the previous study (Hsu, 2007), and stereological 

analyses were used to examine structural features of astrocytes, synapses and dendrites. 

The fraction of synapses with astrocytic contacts was significantly correlated with 

functional outcome in lesion animals. The proportions of astrocytic appositions to 

synapses were increased as results of both lesions and reach training. Reach training 

increased astrocytic appositions to synapses, yet not in the vicinity of synaptic clefts. 

Lesions resulted in a reduced volume fraction of dendritic shafts, but the density of axo-

spinous synapses was increased in animals with rehabilitative training. The surface 

densities and volume fractions of the spines and boutons of synapses with astrocytic 

contacts were increased in animals that underwent rehabilitative reach training. These 

findings indicate that rehabilitative training repositions astrocytic processes apposed to 
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synapses in perilesion cortex and suggest that astrocytic association with synapses plays 

an important role in functional recovery. 

 

3.2 INTRODUCTION 

The adult brain undergoes plastic changes to compensate for lost function after 

damage. The extent of this plasticity is shaped by behavioral experiences and in turn 

mediates functional outcome (Johansson, 2000; Murphy and Corbett, 2009). In the 

perilesion cortex, there are lesion-induced increases in corticocortical connections 

(Carmichael, 2003), alterations of axonal projections (Dancause et al., 2005), and 

upregulations of plasticity-related proteins (Kleim et al., 2003). Brain plasticity in the 

perilesion cortex is highly associated with functional recovery, and post-lesion behavioral 

experiences can affect this plasticity and alter functional recovery (Biernaskie and 

Corbett, 2001; Gharbawie et al., 2007; Jones et al., 2009; Murphy and Corbett, 2009). 

Motor rehabilitation focused on the paretic limb after a stroke-like ischemic lesion results 

in synaptogenesis in peri-lesion cortex as well as improved functional recovery of the 

paretic limb in rats (Hsu et al., 2007). On the other hand, when rats are trained to use their 

non-paretic limb for skilled reaching after injury, neuronal activity (as indicated by 

FosB/ΔFosB expression) in the perilesion cortex is reduced, accompanied by slower 

functional recovery of the paretic limb (Allred and Jones, 2008a, b). While many studies 

have focused on the lesion- and experience-dependent plasticity of neurons, much less is 

known about the concurrent responses of astrocytes.  

There is extensive evidence that astrocytes play an active role in regulating    

the microenvironment around synapses and in modulating synaptic transmission and 

plasticity (Allen and Barres, 2005; Araque et al., 1999; Barker and Ullian, 2010; Barres, 
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2008). Astrocytes have been shown to directly regulate synapse number (Ullian et al., 

2001), release soluble factors for synaptic plasticity such as cholesterol (Mauch et al., 

2001) and thrombospondins (Christopherson et al., 2005; Eroglu et al., 2009), and release 

glutamate to modulate synaptic function (Jourdain et al., 2007). Furthermore, astrocytic 

contact with synapses controls synaptic receptivity (Barker et al., 2008) and regulates 

spine morphology by membrane-bound signaling (Murai et al., 2003). The fine processes 

of astrocytes ensheath synapses (Chao et al., 2002), and this ensheathment can change in 

response to physiological conditions and experiences. In the supraoptic nucleus (SON) of 

the rat hypothalamus, astrocytic coverage around synaptic clefts of oxytocin-releasing 

neurons is decreased in response to lactation (Hatton, 1997). The absence of astrocytic 

processes in the vicinity of synaptic clefts results in glutamate spillover (Oliet et al., 

2001) and this excess glutamate diffuses from the synaptic cleft to neighboring synapses, 

resulting in inhibition of local inhibitory circuits in the SON (Piet et al., 2004). These 

findings demonstrate that astrocytic coverage modulates intersynaptic crosstalk by 

influencing extracellular concentrations of neurotransmitters.  

Changes in astrocytic coverage around synapses have been found with behavioral 

manipulations. For example, rats reared in a complex environment have more astrocytic 

contacts around synaptic elements (Jones and Greenough, 1996). Whisker stimulation 

results in increased astrocytic coverage around synapses and an upregulation of astrocytic 

glutamate transporters in the barrel cortex of mice (Genoud et al., 2006). Acrobatic motor 

training also induces hypertrophy of astrocytes in the rat cerebellum (Kleim et al., 2007). 

This evidence suggests that astrocytes dynamically respond to many of the same stimuli 

that induce other types of brain plasticity. 

Brain injury also induces diverse reactions in astrocytes. Neuronal structural 

plasticity occurs in the contralesional homotopic cortex following a unilateral lesion, and 
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this is linked with both the denervation of axons projecting from the infarct site and an 

increased use of the ipsilesional limb (Bury et al., 2000a). The density of processes 

expressing glial fibrillary acidic protein (GFAP) in the contralesional cortex increases in 

response to both denervation resulting from callosal transections and intensive use of the 

non-paretic limb, and this response is exaggerated when denervation and intensive use of 

the non-paretic limb are combined (Bury et al., 2000b). Furthermore, a significant 

correlation has been found between astrocytic volume and synapse number in the 

contralesional homotopic cortex of rats with unilateral sensorimotor cortical lesions (Kim 

and Jones, 2010).  

Following ischemic stroke, astrocytes increase in number, in particular those of a 

reactive phenotype (e.g., increases in GFAP expression), to form a glial scar at the border 

of the infarct site (Stoll et al., 1998). This formation of a glial scar during the acute phase 

following a stroke has been thought to impede the regeneration of surrounding tissue and 

to be possibly linked with delayed functional recovery (Badan et al., 2003). However, 

some previous studies involving behavioral manipulations have found that astrocytic 

plasticity in the remaining perilesion area is positively associated with chronic functional 

recovery. For example, both rehabilitative skilled reaching and an enriched environment 

increase the survival of newly generated astrocytes as well as promote sensorimotor 

function (Keiner et al., 2008). Animals housed in an enriched environment following 

ischemic stroke have an increase in GFAP expression in hippocampal astrocytes, which 

is positively correlated with performance in the water maze test (Briones et al., 2006). 

Therefore, it seems likely that astrocytic plasticity is important for post-lesion functional 

recovery and it is mediated by behavioral experience. However, little is known at the 

ultrastructural level about the effect of chronic motor rehabilitation on astrocytic 

plasticity.  
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Motor rehabilitation on a skilled reaching task after ischemic sensorimotor cortex 

lesions was found to enhance functional recovery (Chapter 1; Figure 1.1) and induce 

synaptic restructuring in layer V of the perilesion motor cortex in rats (Hsu, 2007). The 

densities of axodendritic synapses increased, including perforated synapses, which are 

thought to be a synapse subtype responsible for increasing efficacy of neuronal 

communication (Ganeshina et al., 2004a, b; Geinisman et al., 1991). By using the 

electron micrographs generated in the previous study (Hsu, 2007), the present study 

investigated whether this synaptic plasticity resulting from lesions and motor 

rehabilitation is accompanied by structural plasticity of astrocytic processes. 

Stereological analyses were used to characterize structural plasticity in synapses and 

astrocytic processes in the neuropil of the perilesion motor cortex, including how their 

coverage around synapses varies with lesions and reach training, and whether this 

structural plasticity is correlated with functional recovery. 

 

 

3.3 MATERIALS AND METHODS 

3.3.1 Animals, surgeries, and experimental design overview 

The present study used electron micrographs generated from a previous study 

examining the effect of motor rehabilitation on synaptogenesis following ischemic 

lesions (Hsu, 2007). Thirty-four adult 3 to 4 month old male Long-Evans hooded rats 

(Harlan Laboratories, USA) were used in the study and all animal use was in accordance 

with a protocol approved by the Animal Care and Use Committee of the University of 

Texas at Austin. The single pellet retrieval task was used for pre- and postoperative reach 

training as described previously (Hsu, 2007). Briefly, following 3 to 4 days of shaping to 
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determine the limb preference for reaching, rats were preoperatively reach training with 

their preferred limb (30 trials per day) for 7-10 days until they performed at a level of at 

least 40% of successful reaches per attempt (defined as successfully retrieving a pellet 

and placing it into the mouth). One or two days after the end of preoperative training, rats 

underwent sham operations or were given lesions in the cortex opposite their preferred 

limb. A craniectomy was made between 0.5 mm posterior to 2.5 mm anterior to bregma 

and 3.0 and 4.5 mm lateral to midline). Following removal of the underlying dura, a focal 

ischemic lesion was made by topical application of 2.5 μL of endothelin-1 (80µM, 

0.2µg/µl in sterile saline), a vasocontrictive peptide. Ten minutes later the incision was 

sutured and animals were returned to their home cages. Sham-operated rats received all 

procedures up to, but no including, skull removal to avoid behavioral and neurochemical 

asymmetries produced by craniectomies (Adams et al., 1994).  

The animals were randomly divided into four groups with the exception of 

matching for initial post-operative reaching performance: (1) sham + no reach training 

(Sham+CTL), n=8; (2) sham + reach training (Sham+RT), n=8; (3) lesion + no reach 

training (Les+CTL), n=9; (4) lesion + reach training (Les+RT), n=9. Beginning 5 days 

post lesions, animals in the reach training groups received skilled reach training on the 

single pellet retrieval task with the paretic limb (lesion) or the preferred limb (sham) for 

four weeks. Each week consisted of five days of reach training (60 trials per day) 

followed by a weekly probe test (10 trials) on Day 6 and then by a day off. Controls 

animals were placed in the reaching chamber for the same amount of time and food 

pellets were given on the chamber floor. The percentage of successful reaches (defined as 

successfully retrieving a pellet and placing it into the mouth) per reach attempt was 

measured. 
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3.3.2 Histological methods and electron microscopy 

On post-lesion day 33, and one day after the last probe test, animals were perfused 

intracardially with 0.1 M phosphate buffer followed by fixative solution (2% 

paraformaldehyde, 2.5% glutaraldehyde in 0.1M phosphate buffer) and brains were 

sectioned with a vibratome. The perilesion motor cortical regions, inclusive of the medial 

and lateral agranular region between 1.2 and 1.6mm anterior to bregma, were dissected 

from 200μm coronal sections using a stereomicroscope. All samples were osmicated, en 

bloc stained with 2% uranyl acetate, and sandwich-embedded in Eponate-12 resin as 

described previously (Hsu, 2007; Kim and Jones, 2010). Serial ultrathin sections (70 nm 

thick) were obtained from layer V using a Leica Ultracut R microtome, mounted onto 

slotted copper grids coated with formvar film, and stained with lead citrate. Four sets of 

four serial electron micrographs per brain were taken with a Hamamatsu 1394 digital 

camera installed in a Philips 208 transmission electron microscope.  

 

3.3.3 Stereological quantitative analysis 

The objective of this study was to link characteristics of brain anatomy with 

behaviors that inherently have between-subject variability. This objective requires a 

reasonably large number of subjects per experimental condition in order to strengthen 

statistical power and to permit correlation analyses between anatomical and behavioral 

variables. Therefore, a relatively small volume from a large number of brains was chosen 

over more intensive sampling within smaller number of brains. The stereological analyses 

conducted in the previous (Hsu, 2007) and the present studies used four sample areas 

spreading across at least 13 serial sections per brain. In the previous study (Hsu, 2007), 

four sets of four serial electron micrographs per brain were used to estimate synaptic 

density using a physical disector method (Sterio, 1984). In the present study, one electron 
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micrograph from each of the series of four (four micrographs per animal) was used to 

investigate the ultrastructural relationships between synapses and astrocytes, as described 

previously (Kim and Jones, 2010). For morphological quantification of astrocytes, 

dendrites, and synaptic elements, either the second or third electron micrograph out in 

each series of four was chosen in order to use adjacent sections to help identify structures 

in the micrographs being analyzed. All micrographs were coded so that data collectors 

were blind to experimental conditions. The software program, RECONSTRUCT (Fiala, 

2005) was used to trace astrocytic processes, boutons, spines, and dendritic shafts and 

estimate various parameters to determine the astrocytic structural plasticity that 

accompanied synaptic plasticity. 

 

3.3.3.1. Identification of astrocytic processes, boutons, spines, and dendritic shafts  

As previously described (Kim and Jones, 2010; Peters et al., 1991), astrocytic 

processes in electron micrographs were identified by their relatively transparent 

cytoplasm, irregular and sheet-like shape, absence of dendritic and axonal characteristics 

(e.g., highly ordered microtubules, synaptic vesicle clusters, myelination) and, 

occasionally, the presence of intermediate filaments. Presynaptic axonal boutons were 

identified by the existence of presynaptic vesicles, absence of myelination, and often the 

presence of mitochondria. For boutons en passant, which are boutons that occur along the 

lengths of axonal segments, bouton boundaries were identified based on edges of axonal 

swelling and the presence of vesicles. Postsynaptic spines were identified by the lack of 

presynaptic vesicles, absence of mitochondria, and frequent presence of spine 

apparatuses. Spine necks were included in the spine morphology measures. Presynaptic 

boutons and spines were included only when they formed synapses identified on the 
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sampled electron micrograph. In this measure, the total number of synapses from 

individual brains ranged from 75 to 131 (median = 99.5, total 3443 synapses) and the 

average number of synapses per group was as follows: Sham+CTL, 99.5, Sham+RT, 

95.8, Les+CTL, 97.9, Les+RT, 111.1). Dendritic shafts were identified by their orderly 

arrangement of microtubules, irregular contours (vs. the smooth contours and cylindrical 

shapes of axons), the presence of mitochondria (vs. their absence in dendritic spines), the 

lack of vesicles or myelin sheaths, and the frequent presence of synapses and spines 

(Peters et al., 1991).  

 

3.3.3.2. Estimation of volume fractions and surface densities 

The volume fractions (Vv) of astrocytic processes, boutons, spines, and shafts 

were calculated as traced area (closed traces used in RECONSTRUCT) divided by 

sample area (111.9 µm2). The surface densities (Sv) of membranes of identified structures 

(closed and open traces used in RECONSTRUCT) were estimated by the formula: Sv = 

Sa / v, where Sa was the surface area (calculated as a product of the trace length and the 

section thickness in RECONSTRUCT) and v was the sample volume (7.84 µm3), which 

was calculated as a product of the area of one sample frame (111.9 µm2) and the 

thickness of the section (70nm). The sampling strategy was evaluated by coefficient of 

error (CE), which was calculated as the formula:  (coefficient of variance)/√(the number 

of samples per brain). The value of CE was relatively low and there were no significant 

differences between groups in variables (e.g., Svast: Sham+CTL, 0.08 ± 0.02, Sham+RT, 

0.05 ± 0.01, Les+CTL, 0.07 ± 0.01, Les+RT, 0.06 ± 0.01; Vvden: Sham+CTL, 0.09 ± 0.01, 

Sham+RT, 0.11 ± 0.02, Les+CTL, 0.15 ± 0.02, Les+RT, 0.10 ± 0.02, Data are means ± 

S.E. of CE). Additionally, the surface density of the astrocytic membrane apposed to 



 65 

dendritic shafts and the percentage of the membrane of dendritic shafts apposed by 

astrocytic processes was separately estimated. Average volume and surface area of spine 

and boutons were also estimated as the volume fraction and the surface density divided 

respectively by the numerical synaptic density (the density of axo-spinous synapses used 

for spines; the density of axodendrite synapses for boutons).      

In quantification analyses of spines and boutons, those of synapses with or 

without astrocytic contacts were separately examined. The location of contacts (described 

in section 3.3.3.3) with synaptic elements was not considered in these measures. 

Astrocytic contacts with synapses were counted only when they were identified on the 

sampled electron micrograph. Synapses with no astrocytic contacts can be assumed to be 

overestimated because there may be astrocytic contacts out of the sampling region with 

the synaptic elements. However, given that there were no significant differences between 

groups in the surface area of astrocytic membrane apposed per synapse, the average size 

of spines/boutons, and the fraction of the spine/bouton membrane apposed with 

astrocytes, as reported below, the estimated values of synapses without astrocytic direct 

contacts can reflect group difference.  

 

3.3.3.3 Quantification of astrocytic contact with synapses 

Quantification of astrocytic appositions with synaptic elements 

Astrocytic membranes apposed to synaptic elements were additionally traced 

(open traces used in RECONSTRUCT) and their surface densities (Svapposed) were 

estimated as described above. The synaptic elements included in this measures consisted 

of synaptic boutons, spines, and axon-dendrite interfaces, the latter of which included 

both axon-spine and axon-dendritic shaft synapses. Dendritic shafts were not included 
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due to the ambiguity of defining the boundaries of the postsynaptic element. The 

percentage of astrocytic membrane apposed to synaptic elements out of total astrocytic 

membrane was calculated as the formula: (%) Svapposed/Svast. To estimate astrocytic 

coverage per synapse, the surface area of astrocytic membrane per synapse (Saapposed per 

synapse) was calculated as the surface density of astrocytic membrane apposed to synaptic 

elements (Svapposed) divided by the numerical density of synapses (Nv), which was 

estimated in the previous study (Hsu, 2007).  

   

Quantification of synapses with astrocytic direct contacts 

To address the importance of the synaptic subregion of astrocytic contact, the 

locations of apposition were further categorized as (i) axon-dendrite interface (ADI), (ii) 

presynaptic axon only (Pre), (iii) postsynaptic spine only (Post), and (iv) both pre- and 

postsynaptic elements with no apposition at the synaptic interface (Pre+Post), and (v) no 

astrocytic contacts as shown in Figure 3.2. For each location of apposition, the number of 

synapses with astrocytic contact at that location was counted and the percentage at each 

location was estimated as the formula: %(the number of synapses with astrocytic 

contacts)/(the total number of synapses per sample).  
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Figure 3.1: Representative electron micrograph. Astrocytic processes (light yellow) are 
indicated by asterisks. Note their relatively clear cytoplasm and irregular 
and sheet-like shape. Scale bar = 1μm. 
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Figure 3.2: Locations of astrocytic contacts around synapses. Astrocytic processes (light 
blue) are indicated by asterisks. A, Axon-dendrite interface (ADI); B, 
Presynaptic axon only (Pre); C, Postsynaptic spine only (Post); D, Pre- and 
postsynaptic elements with not at the synaptic junction (Pre+Post); E, no 
astrocytic contacts (NA). Scale bar = 500nm 

 

3.3.3.4 Numerical densities of spinous synapses and synapses on dendritic shafts 

To examine whether ischemic lesions and reach training resulted in differential 

distributions of axo-spinous and axo-shaft synapses, their densities were estimated 

separately using a physical disector method (Sterio, 1984). As in the estimation of 

synaptic density, Nvshaft was calculated by the formula: Nvshaft = ΣQ-/Σv(frame), where ΣQ- 

was the sum of shaft synapses counted per brain and Σv(frame) was the sum of the 

sample volume (188.0 µm3), which was calculated as the product of the sample frame 

area (111.9 µm2), the section thickness (70 nm), and the number of disector pairs (24). 

Nvspinous was estimated by subtracting Nvshaft from the total synaptic density, Nvsyn. 
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3.3.4 Statistical analysis 

The Statistical Package for the Social Science (SPSS) general linear model 

procedure for analyses of variance (ANOVA) was used to perform planned comparisons. 

Comparisons were made to determine whether anatomical measures varied as a result of: 

(1) lesion alone (Sham+CTL vs. Les+CTL), (2) reach training alone (Sham+CTL vs. 

Sham+RT), and (3 & 4) the combination of both (Sham+RT vs. Les+RT, and Les+CTL 

vs. Les+RT). SPSS bivariate correlations were also used to related anatomical measures 

to behavioral outcome. Results were considered significant at p < 0.05. Descriptive 

results are presented as means ± S.E.  

  

 

3.4 RESULTS 

3.4.1 The percentage of synapses with astrocytic direct contact was significantly 
correlated with functional recovery following ischemic lesions. 

The percentage of synapses with any astrocytic direct contacts was similar across 

experimental conditions (Table 3.1). However, this measure was significantly correlated 

with the averaged reaching performance (averaged over the 3rd and 4th week of 4-week 

rehabilitation period) in all lesion animals (r = 0.58, p = 0.011, Figure 3.3A), but not in 

sham animals (r = -0.30, p = 0.27, two-tailed; Figure 3.3B). In the previous study (Hsu, 

2007), the correlation between numerical synaptic density and reaching performance in 

lesion animals approached but did not reach significance (r = 0.42, p = 0.085). 
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Table 3.1 The percentage of synapses with astrocytic contacts and astrocytic surface area 
of coverage 

Group % Synapses with astrocytic 
contacts 

Astrocytic surface area of 
coverage per synapse (µm2) 

Sham+CTL 
(n=8) 72.4 ± 3.16 0.151 ± 0.012 

Sham+RT 
(n=8) 76.4 ± 3.19 0.159 ± 0.008 

Les+CTL 
(n=9) 74.2 ± 2.17 0.155 ± 0.012 

Les+RT 
(n=9) 77.9 ± 2.67 0.166 ± 0.015 

Data are means ± S.E. 
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Figure 3.3: The percentage of synapses with astrocytic contacts was significantly 
correlated with reaching performance in lesion animals (A, r = 0.58), but not 
sham animals (B, r = -0.30). Reaching performance was measured as % 
successful reaches per reach attempt averaged over the last two probe tests 
from the four-week rehabilitative reach training period. CTL, control; RT, 
reach training. Note difference in scales in A and B. 
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3.4.2 Astrocytic volume fraction and surface density were not significantly different 
across treatment conditions. 

Astrocytic volume fraction and surface density in neuropil were examined to 

determine whether there were morphological changes in astrocytic processes in response 

to lesions or reach training. As shown in Table 3.2, astrocytic volume fraction and 

surface density were not significantly different in planned comparisons (p’s > 0.05).  

 

Table 3.2 Various structural features of astrocytes 

Group Vvast Svast (µm-1) Svapposed (µm-1) 

Sham+CTL 0.064 ± 0.004 0.940 ± 0.048  0.113 ± 0.007 

Sham+RT 0.058 ± 0.003 0.935 ± 0.036 0.126 ± 0.006 

Les+CTL 0.055 ± 0.002 0.905 ± 0.056 0.127 ± 0.010 

Les+RT 0.062 ± 0.003 0.972 ± 0.050 0.154 ± 0.013 

Vvast, astrocytic volume fractions; Svast, surface densities of astrocytic membrane; Svapposed, 
astrocytic membrane apposed with synaptic elements. Data are means ± S.E. 

 

3.4.3 The proportion of astrocytic membrane apposed to synapses increased as a 
result of reach training and lesions. 

The percentage of astrocytic membrane apposed with synaptic elements 

(calculated as % surface density of astrocytic membrane apposed with synapses/total 

surface density of astrocytic process membrane) was increased as a result of reach 

training and lesions, as shown in Figure 3.4. Both lesion alone (Sham+CTL vs. 

Les+CTL, F(1,15) = 13.1, p = 0.003) and reach training alone (Sham+CTL vs. Sham+RT, 

F(1,14) = 6.25, p = 0.025) increased the proportion of astrocytic membrane apposed to 
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synapses. In lesion groups, animals that underwent rehabilitative reach training after a 

lesion (Les+RT) tended to have a higher percentage of astrocytic membrane apposed to 

synapses than controls (Les+CTL), but this failed to reach statistical significance 

(Les+CTL vs. Les+RT, F(1,16) = 3.11, p = 0.097). The Les+RT group had an increased 

proportion of astrocytic membrane apposition compared with training alone (Sham+RT 

vs. Les+RT, F(1,15) = 4.60 p = 0.049).  

Astrocytic coverage per synapse was estimated as the surface area of astrocytic 

membrane apposed per synapse (calculated as surface density of astrocytic membrane 

apposed to synapses (Svapposed )/ the numerical density (Nv) of synapses). Though the 

proportion of astrocytic membrane contacting synaptic elements varied with treatment, 

the average contact per synapse (Table 3.1) did not. These indicate that lesions and reach 

training reposition astrocytic processes to be apposed with synapses.  
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Figure 3.4: The proportion of astrocytic membrane apposed to synapses increased as a 
result of reach training and lesions. An example of astrocytic apposition 
with synaptic elements (lines and a white arrow) is shown in A. The 
proportion was estimated among total astrocytic membrane in neuropil 
(black arrow). Astrocytic processes are indicated by asterisks. B, Both lesion 
alone and training alone increased the proportion of astrocytic membrane 
appositions (Sham+CTL vs. Les+CTL and Sham+CTL vs. Sham+RT) and 
Rehabilitative training after lesions further increased the proportion 
(Sham+RT vs. Les+RT). *p < 0.05, **p < 0.01. Data are means ± S.E. 
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3.4.4 Reach training induced greater fractions of synapses with astrocytic 
appositions at both pre- and postsynaptic elements but not close to the junction. 

To assess whether reach training or lesions influenced the location of astrocytic 

contacts on synapses, the percentages of synapses having astrocytic contacts at the 

following locations were investigated: (i) axon-dendrite interface (ADI), (ii) presynaptic 

axon only (Pre), (iii) postsynaptic spine only (Post), (iv) both pre- and postsynaptic 

elements with no apposition at the synaptic interface (Pre+Post), and (v) no astrocytic 

contacts (NA). The mean relative to that of Sham+CTL (where the value of Sham+CTL = 

1) was plotted for each group at each location (Figure 3.5A). While there were no 

differences between groups at other locations, the proportion of synapses with astrocytic 

contacts at Pre+Post was significantly higher in animals with reach training than in 

controls (Sham+CTL vs. Sham+RT, F(1,14) = 6.46, p < 0.05, Figure 3.5B). With lesions, 

reach training effect was not significant (Les+CTL vs Les+RT, F(1,16) = 2.50, p = 0.133). 

However, there was a significant difference when both training groups were compared 

with no-training control groups combined (F(1,32) = 7.96, p = 0.008). There was no effect 

of lesion alone (Sham+CTL vs. Les+CTL, F(1,15) = 0.58, p = 0.46).  
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Figure 3.5: Reach training induced a greater proportion of synapses with astrocytes at 
pre- and postsynaptic elements but not at the synaptic junction. The mean 
value relative to Sham+CTL at each location was plotted for each group (A, 
Sham+CTL = 1). ADI, axon-dendrite interface; Pre only, presynaptic axon 
only; Post only, postsynaptic spine only; Pre+Post, both axon and spine with 
no apposition at the synaptic junction; NA, no astrocytic contacts. In 
animals with reach training, a greater proportion of synapses have astrocytes 
at Pre+Post compared to controls (*p < 0.01, B). In sham-operates, reach 
training increased the proportion of synapses with astrocytes at Pre+Post 
(Sham+CTL vs. Sham+RT, †p < 0.05, B). Data are means ± S.E. 
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3.4.5 Ischemic lesions decreased the volume fraction of dendritic shafts in the 
perilesion motor cortex. 

To determine whether lesions or reach training affected morphological features of 

dendritic shafts, quantitative analyses (e.g., volume fraction and surface density) were 

performed (Figure 3.6). There was no significant effect of reach training alone on the 

volume fraction of dendritic shafts (Sham+CTL vs Sham+RT, F(1,14) = 0.57 p = 0.46). 

Though the effect of lesion alone was not significant (Sham+CTL vs. Les+RT, F(1,15) = 

2.59, p = 0.13), there was a strong tendency for the effect of lesions combined with reach 

training on the volume fraction of dendritic shafts (Sham+RT vs. Les+RT, F(1,15) = 4.41, p 

= 0.053). Interestingly, when both lesion groups combined were compared to sham 

groups, there was a significant effect of lesion on the volume fraction of dendritic shafts 

(F(1,32) = 7.16, p = 0.012. Figure 3.6B), indicating that ischemic lesions decreased the 

volume fraction shaft in the perilesion motor cortex.  

There was no effect of reach training alone on the surface density of dendrite 

shafts (Sham+CTL vs. Sham+RT, F(1,14) = 0.17, p = 0.69). There was tendency toward a 

decrease as an effect of lesion alone (Sham+CTL vs. Les+CTL, F(1,15) = 3.50, p = 0.081). 

As in the volume fraction, both lesion groups were compared to sham-operates combined 

and this did not reach statistical significance, yet there was a strong tendency (F(1,32) = 

4.02, p = 0.053, Figure 3.6C). Despite the tendency toward a decrease in surface density 

in lesion animals, the proportions of dendritic shaft membrane apposed to astrocytes (% 

surface density of dendritic shaft membrane apposed with astrocytic membrane/total 

surface density of dendritic shaft membrane) were similar across conditions (Figure 

3.6D).  
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Figure 3.6: Lesions decreased the volume fraction of dendritic shafts in the perilesion 
motor cortex. Dendritic shafts (A, asterisks) were identified by the orderly 
arrangement of microtubules, irregular contours, the presence of 
mitochondria (black arrows), the lack of vesicles or myelin sheaths, and the 
frequent presence of synapses (white arrows). Scale bar = 1 µm. Ischemic 
lesions decreased the volume fraction of dendritic shafts in perilesion motor 
cortex (B, *p < 0.05). Though there was a tendency toward a decrease in 
surface density of dendritic shafts in lesion animals, this did not reach 
significance (C, p = 0.053). The proportion of shaft membrane apposed with 
astrocytes did not differ significantly across experimental conditions (D). 
Data are means ± S.E. 
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3.4.6 Rehabilitative reach training following lesions increased axo-spinous synapses, 
but not axo-shaft synapses. 

To determine which types of synapses were increased the most as a result of 

rehabilitative reach training following ischemic stroke, numerical densities of axo-

spinous and axo-shaft synapses were respectively estimated (Figure 3.7). There was no 

effect of training alone on the density of axo-spinous synapses (Sham+CTL vs. Sham 

+RT, F(1,14) = 1.02, p = 0.330). The effect of lesion alone was not significant as well 

(Sham+CTL vs. Les+CTL, F(1,15) = 2.88, p = 0.110). However, the effect of lesion within 

reach training groups was significant (Sham+RT vs. Les+RT, F(1,15) = 10.3, p = 0.006), 

indicating that lesion animals with rehabilitative training had a greater density of axo-

spinous synapses than training-matched sham-operates. The Les+RT group tended to 

have more axo-spinous synapses than Les+CTL, but this did not reach significance (F(1,16) 

= 3.50, p = 0.080). On the other hand, there were no differences in the densities of axo-

shaft synapses in planned comparisons. 
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Figure 3.7: The density of axo-spinous synapses was increased in lesion animals with 
rehabilitative training compared to sham animals that received reach 
training, whereas the density of axo-shaft synapses remained the same 
across conditions. Error bars shown are the S.E. of all axodendrite synapses.  
*p < 0.05 and **p < 0.01 in comparisons of axodendrite synapses. †p < 0.01 
in comparisons of axo-spinous synapses. In electron micrograph, axo-shaft 
synapses are indicated by black arrows and an axo-spinous synapse is 
indicated by a white arrow (spine apparatus, white arrowhead). Scale bar = 1 
µm.  

 

3.4.7 Rehabilitative training after lesions increased membrane surface densities and 
volume fractions of spine and boutons among synapses with astrocytic contacts.  

To determine whether lesions and rehabilitative training influence the surface 

density and volume fraction of synapses, morphological quantitative analyses of synaptic 

spines and boutons were performed. Synapses with astrocytic direct contacts and those 

with no contacts were separately estimated. As described earlier (Section 3.3.3.2), if 

spines or boutons form a synapse having astrocytic contacts at any location of synaptic 
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elements, their surface densities and volume fractions were separately measured as those 

with astrocytic contacts.  

The Les+RT group had a significantly increased surface density (surface area/unit 

volume) of spine membrane compared to Sham+RT (F(1,15) = 7.33, p = 0.016) and 

Les+CTL (F(1,16) = 7.45, p = 0.015, Figure 3.8A). In planned comparisons of synapses 

with astrocytic contacts, the Les+RT group had also an increase in the surface density of 

spines compared to Sham+RT (F(1,15) = 6.05, p = 0.027) and Les+CTL (F(1,16) = 7.20, p = 

0.016). Among synapses without astrocytic contacts, there were no group differences in 

the surface density of spine membrane. 

 In volume fractions of spines (Figure 3.8B), the Les+RT group had a increases 

in comparisons of synapses and of those with astrocytic contacts compared to Sham+RT 

(F(1,15) = 7.32, p = 0.016; with astrocyte, F(1,15) = 6.65, p = 0.021) and Les+CTL (F(1,16) = 

8.89, p = 0.009; with astrocyte, F(1,16) = 8.85, p = 0.009). However, in comparisons of 

synapses with no astrocytic contacts, the volume fraction of spine did not differ 

significantly between groups. 

As with spines, the Les+RT group had an increased surface density (F(1,15) = 6.20, 

p = 0.025) and volume fraction (F(1,15) = 9.39, p = 0.008) of boutons compared to 

Sham+RT (Figure 3.8C, D). There was a tendency toward increases in the bouton surface 

density (F(1,16) = 3.12, p = 0.096) and volume fraction (F(1,16) = 3.01, p = 0.102) of the 

Les+RT group when compared with Les+CTL, but theses did not reach significance. 

Among the population of synapses with astrocytc contacts, the Les+RT had significantly 

a greater surface density (F(1,15) = 6.67, p = 0.024) and volume fraction (F(1,15) = 7.15, p = 

0.017) of boutons than Sham+RT. In planned comparisons of synapses without astrocytic 

contacts, there were no differences between groups.  
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Figure 3.8: Rehabilitative reach training following lesions increased surface densities 
and volume fractions of spines (A, B) and boutons (C, D) of synapses with 
astrocytic contacts. Surface densities (A) and volume fractions (B) of 
dendritic spines of all axo-spinous synapses and those with astrocytic 
contacts were significantly increased in Les+RT compared to Sham+RT and 
Les + CTL (* p < 0.05 and ** p < 0.01 in comparisons of all axo-spinous 
synapses, †p < 0.05 and ‡ p < 0.01 of those with astrocytic contacts). 
Surface density (C) and volume fraction (D) of synaptic boutons in 
axodendrite synapses and those with astrocytic contacts were significantly 
increased in Les+RT compared to Sham+RT (*p < 0.05 and **p < 0.01 of 
all axodendrite synapses, †p < 0.05 of those with astrocytic contacts). There 
were no differences between groups in surface densities or volume fractions 
among synapses without astrocytic contacts. Error bars shown are the S.E. 
of all axo-spinous (A, B) and all axodendrite synapses (C, D) measured. 
AST, astrocyte. CTL, control, RT, reach training. 

 

3.4.8 Average volume and surface area of synaptic spines and boutons and their 
astrocytic contacts were maintained across conditions.   

The average size of spines and boutons, as measured by their volume and surface 

area, did not vary significantly between groups. Average volume and surface area were 

estimated as the volume fraction and the surface density divided respectively by the 

numerical synaptic density. The proportion of membrane apposed to astrocytes, which 

was calculated as %(surface densities of boutons or spines apposed by 

astrocytes)/(surface densities of boutons or spines), remained the same across conditions. 
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Table 3.3 Comparisons of spine morphology measures  

Group Surface area of spine 
per synapse (µm2) 

Spine volume per 
synapse (µm3) 

% Spine membrane 
apposed to astrocytes 

Sham+CTL 
(n = 8) 0.480 ± 0.020 0.050 ± 0.002  16.65 ± 1.08 

Sham+RT 
(n = 8) 0.462 ± 0.020 0.047 ± 0.003 17.62 ± 0.91 

Les+CTL 
(n=9) 0.440 ± 0.019 0.043 ± 0.003 16.80 ± 1.11 

Les+RT 
(n=9) 0.471 ± 0.027 0.049 ± 0.003 16.70 ± 1.34 

Data are means ± S.E. 
  

Table 3.4 Comparisons of bouton morphology measures 

Group Surface area of bouton 
per synapse (µm2) 

Bouton volume per 
synapse (µm3) 

% Bouton membrane 
apposed to astrocytes 

Sham+CTL 
(n = 8) 0.648 ± 0.031 0.078 ± 0.005  11.13 ± 0.71 

Sham+RT 
(n = 8) 0.623 ± 0.029 0.081 ± 0.004 12.46 ± 0.45 

Les+CTL 
(n = 9) 0.625 ± 0.030 0.083 ± 0.005 11.70 ± 0.83 

Les+RT 
(n = 9) 0.636 ± 0.035 0.085 ± 0.005 13.52 ± 1.22 

Data are means ± S.E. 
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3.5 DISCUSSION 

Motor rehabilitative training has been found to promote functional recovery and 

induce synaptic reorganization in the perilesion motor cortex, including increasing the 

densities of axodendritic synapses and the efficacious subtype, perforated synapses (Hsu, 

2007). The present study found that astrocytic structural plasticity accompanies this 

synaptic restructuring. Typical astrocytic coverage of synaptic elements maintained as the 

synapse number increased. While in the previous study, synaptic density was not strongly 

correlated with functional recovery following lesions (Hsu, 2007), a significant 

correlation between the percentage of synapses with astrocytic direct contacts and 

functional outcome was found in the present study. In addition, ischemic lesions reduced 

the volume fraction of dendritic shafts, but the percentage of the dendritic shaft 

membrane apposed to astrocytic processes was maintained. The present study also found 

that rehabilitative training increased the density of axo-spinous synapses, but not axo-

shaft synapses in the perilesion motor cortex, indicating that the previous findings of 

increases in the density of axodendritic synapses is largely driven by the addition of 

synaptic spines. Rehabilitative training was also found to increase the surface density and 

volume fraction of spines and boutons among the population of synapses with astrocytic 

contacts. The present study demonstrates that ischemic lesions and rehabilitative reach 

training induce astrocytic plasticity and affect the structural association between 

astrocytes and synapses and that this might mediate functional recovery. 

Though general structural features (e.g., surface density and volume fraction) of 

astrocytic processes in the perilesion motor cortex did not vary with lesion and 

rehabilitative training, the proportion of astrocytic membrane apposed to synapses 

increased as a result of lesions and reach training. This resulted in maintenance of 
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astrocytic coverage around synapses while a large number of new synapses were formed 

following post-stroke motor rehabilitation. It should also be noted that the proportion of 

astrocytic membrane apposed to synapses increased both in sham animals that underwent 

post-operative practice on the reaching task and in lesion animals with no rehabilitative 

reach training compared to sham control animals. In the sham-operates, this cannot be 

considered as an effect of motor learning, because this group was practicing a previously 

well-established skill, as all animals in this study established proficiency in reaching 

before surgeries. Given that there were no significant differences in synaptic density 

among these groups (Hsu, 2007), this finding indicates that astrocytic association with 

synapses is highly sensitive to both lesions and skilled reach training regardless of the 

absence of changes in synapse number.  

The increased apposition of astrocytes to synaptic elements in the perilesion 

cortex accords with the previous finding that unilateral ischemic lesions result in stronger 

associations between synapses and astrocytes in the contralesional cortex (Kim and 

Jones, 2010). These findings suggest that the relationship between synapses and 

astrocytes changes in response to injury. Furthermore, the present study found a 

significant correlation between synapses with astrocytic direct contacts and post-injury 

functional outcome, indicating that this greater structural association between astrocytes 

and synapses is linked with functional recovery. Given that there was no strong 

correlation between the numerical density of all axodendritic synapses and reaching 

performance (Hsu, 2007) despite the robust effect of motor rehabilitation on 

synaptogenesis, this positions perisynaptic astrocytes as a strong mediator of the 

functional relevance of rewiring neuronal circuits in peri infarct cortex, which is 

supported by accumulated evidence that astrocytes are important for synaptic function 

and maturation (Eroglu and Barres, 2010; Paixao and Klein, 2010; Panatier et al., 2006; 
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Pfrieger and Barres, 1997; Ullian et al., 2004). Furthermore, there are previous studies 

showing the direct association between astrocytes and enhanced functional recovery after 

damage. For example, rehabilitative training following a stroke helps the survival of 

newly generated astrocytes in the perilesion cortex as well as improves behavioral 

outcome (Keiner et al., 2008). Skilled reach training induces greater expression of glial 

fibrillary acidic protein (GFAP), a marker for astrocytic thick processes, in the forelimb 

sensorimotor cortex following intracerebral hemorrhage (Mestriner et al., 2011). Further 

investigation is needed to understand the underlying mechanisms by which perisynaptic 

astrocytes interact with synapses to improve functional outcome following a lesion. 

It should be noted how the training affects the location of contacts with astrocytic 

processes. Reach training increased the fraction of synapses with astrocytic contacts at 

both pre- and postsynaptic elements but not in the vicinity of the synaptic junction. 

Previous studies using 3D reconstruction to examine the ultrastructural features of 

perisynaptic astrocytes and synapses in the hippocampus seem to explain this in part. In 

the hippocampus, synapses with a bigger postsynaptic density (PSD) area on the dendritic 

spine have a greater capacity for neurotransmitter release, which can be estimated by the 

strong correlation between the number of presynaptic vesicles and the PSD area (Harris 

and Sultan, 1995; Schikorski and Stevens, 2001). Hippocampal synapses with astrocytic 

direct contacts have bigger PSD areas; however, those with larger PSD areas also have 

longer astrocyte-free perimeters around their synaptic clefts, which increases the potential 

for synaptic cross talk by enabling glutamate or other substances to diffuse into 

neighboring synapses (Witcher et al., 2007). The retraction of astrocytic processes from 

the synaptic junction has also been found to result in potent crosstalk with neighboring 

synapses in the supraoptic nucleus, resulting in massive hormonal secretion (Piet et al., 

2004). Therefore, it seems likely that skilled reach training induces astrocytic membrane 
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apposed to synaptic elements in a manner that avoids liming cross talk with neighboring 

synapses. 

Differences in extended training in intact animals vs. re-learning following the 

loss of function due to brain damage should be taken into account. The latter is likely to 

involve vigorous lesion-driven plastic changes to rewire neuronal circuits, including 

axonal sprouting (Carmichael, 2003), enhanced neural activity (Brown et al., 2009), and 

upregulation of growth factors (Carmichael et al., 2005). Rehabilitative training promotes 

synaptogenesis, which seems likely to be a central component of this rewiring, along with 

an association of perisynaptic astrocytes with synapses. On the other hand, in intact 

animals, astrocytes are likely to be more sensitive to ongoing task practice than synapses, 

perhaps as a result of repeated activation of the motor cortical circuits contributing to the 

ongoing skill learning. Similar findings have been observed in the cerebellum. Acrobatic 

motor training induces synaptogenesis and astrocytic hypertrophy in the cerebellum. 

While the increased synapse number was maintained for at least four weeks after training 

ended (Kleim et al., 1997), astrocytic hypertrophy was found only in animals whose 

training continued, not in those whose training ended four weeks prior (Kleim et al., 

2007). These previous findings along with those of the present study support the notion 

that astrocytic plasticity is highly sensitive to activity (Markham and Greenough, 2004). 

Ischemic lesions decreased the volume fraction of dendritic shafts but increased 

axo-spinous synaptic density. Recent studies using in vivo two-photon microscopy have 

reported controversial findings on dendritic plasticity in the peri-infarct cortex following 

stroke, which seems to vary with the experimental model of stroke being used and the 

distance from the region of interest to the infarct core. Brown et al. (2010) found that 

peri-infarct dendrites underwent dynamic remodeling and preferentially grew away from 

the infarct site following a photothrombotic stroke. Mostany and Portera-Cailliau (2011), 
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reported finding temporary shrinkage and loss of dendritic branches, rather than dendritic 

growth and arborization, in peri-infarct regions over a three-month period following 

middle cerebral artery occlusion. The latter authors suggested their finding differed from 

that of Brown et al. (2010) due to the sample region used in Brown et al. (2010) being 

very close to the infarct border, which can reflect tissue distortion. While caution should 

be used in comparing findings from in vivo two-photon imaging analyses and those from 

electron microscopy, the finding in the present study that the volume fraction of dendritic 

shafts decreased in an area of the perilesion motor cortex distant from the infarct core 

seems accordant with that of Mostany and Portera-Cailliau (2011). The present study also 

found increases in the density of axo-spinous synapses following rehabilitative reach 

training, indicating that addition of dendritic spines might play a more important role in 

compensating for the loss of dendrites to permit ‘re-learning’. Another study has reported 

that spine dynamics are important for motor memory formation (Xu et al., 2009), further 

suggesting that spines play a critical role in the post-injury re-learning process. 

Furthermore, it seems likely that perisynaptic astrocytic association is a key factor in this 

process, based on the finding that the surface densities and volume fractions of the spines 

and boutons of synapses with astrocytic contacts increased with motor rehabilitation. 

Further investigation is necessary to determine how astrocytes affect spine dynamics 

during the formation of axo-spinous synapses and what differences there are in the 

interactions between astrocytes and spines during learning vs. re-learning after brain 

damage.  

The present study provides further insight into how lesions and reach training 

influence astrocytic plasticity along with synaptic restructuring. It also suggests that 

astrocytic perisynaptic association with synapses is likely to mediate functional recovery 

following ischemic lesions. 
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Chapter 4 

Effects of functionally maladaptive behavioral experience on structural 
plasticity of synapses and astrocytes in perilesion cortex 

 

4.1 ABSTRACT 

Following unilateral stroke, the contralateral (paretic) body side is often severely 

impaired, and individuals naturally rely more on the non-paretic body side. It has been 

previously found that training with the non-paretic limb in rats following a lesion 

worsens functional recovery of the paretic limb and that it reduces the area of forelimb 

movement representation, as estimated with intracortical microstimulation (ICMS) 

mapping (Allred, 2009). The present study investigated how synapses and astrocytes in 

the perilesion cortex respond to this maladaptive experience and how it is related to 

functional outcome. Cortical samples from the previous study (Allred, 2009) were 

processed for transmission electron microscopy analyses. Stereological analyses were 

used to examine ultrastructural features of astrocytes and synapses. It was found that the 

density of axodendrite synapses, especially axo-spinous synapses, was increased in the 

perilesion cortex as a result of non-paretic limb training. The density of multiple synapse 

boutons, but not perforated synapses, was also increased. In contrast to the effects of 

rehabilitative training, functional outcome was negatively correlated with the density of 

synapses in animals receiving non-paretic limb training and uncorrelated with the fraction 

of synapses with astrocytic direct contacts. These findings indicate that the reduction in 

activity-dependent plasticity in the perilesion cortex driven by non-paretic limb training 

is linked with a higher density of synapses. The pattern of synaptic and astrocytic effects 

also raises the possibility that decreased elimination and maturation of synapses may be 
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the underlying mechanism by which training with the non-paretic limb has detrimental 

effects on the functionality of the perilesion cortex. 

 

4.2 INTRODUCTION 

Experiences can influence brain plasticity and the plasticity often seems likely to 

underlie learning and memory. The types of plasticity include increased synaptogenesis 

in the visual cortex of rats reared in a complex environment (Turner and Greenough, 

1985) and in the cerebellum following acrobatic motor learning (Kleim et al., 1997) and 

eyeblink conditioning (Kleim et al., 2002), increased neurogenesis in the hippocampus in 

mice after voluntary running (van Praag et al., 1999), and long-term potentiation in the 

amygdala of rats exposed to fear conditioning (Rogan et al., 1997). In particular, skilled 

reach training, a task also used in the present study, results in changes in spine dynamics 

(Xu et al., 2009), synaptogenesis (Kleim et al., 2004), and motor map reorganization 

revealed using intracortical microstimulation (Kleim et al., 2004; Nudo et al., 1996a)) in 

the motor cortex.  

Following brain damage, experiences powerfully affect brain plasticity as well as 

functional outcome. A brain injury not only gives rise to degenerative changes, e.g., 

apoptosis and excitotoxicity (Doyle et al., 2008), but also induces neuroplastic changes, 

including the upregulation of growth factors (Carmichael et al., 2005; Stroemer et al., 

1995) and increased axonal sprouting toward regions distant from the injury site 

(Dancause et al., 2005; Dancause et al., 2006). This enhanced plasticity in the injured 

brain is likely linked with functional recovery after damage (Murphy and Corbett, 2009) 

and can be shaped by post-injury experiences (Jones et al., 2009). Numerous studies 

investigating forelimb use following brain damage have revealed that rehabilitative reach 
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training with the paretic limb improves paretic limb function (Allred et al., 2005; 

Biernaskie and Corbett, 2001; Gharbawie and Whishaw, 2006; Hsu et al., 2007; 

Maldonado et al., 2008; Nudo et al., 1996b). Furthermore, training with the paretic limb 

induces a reorganization of motor map representations in the perilesion cortex of rats 

(Castro-Alamancos and Borrel, 1995) and humans (Liepert et al., 2000a). It also induces 

synaptogenesis (Hsu, 2007) while maintaining astrocytic coverage around synapses in the 

perilesion cortex of rats, as described in Chapter 3. 

In contrast, behavioral experiences with the non-paretic limb can negatively affect 

the functionality of the paretic limb. Unilateral brain damage frequently causes humans 

and other animals to rely heavily on the non-paretic side of their bodies and to neglect to 

use their paretic sides (Adkins et al., 2004; Bury and Jones, 2002; Taub et al., 2002). In 

fact, following unilateral sensorimotor cortex (SMC) lesions in rats, the non-paretic limb 

has been found to have an enhanced learning ability, and the contralesional homotopic 

cortex shows increased neuroplastic changes (Allred and Jones, 2004; Bury and Jones, 

2002; Hsu and Jones, 2006; Luke et al., 2004). However, reach training with the non-

paretic limb following unilateral SMC lesions has a detrimental effect on functional 

recovery of the paretic limb (Allred et al., 2010; Allred and Jones, 2008; Allred et al., 

2005) and decreases the expression of FosB/ΔFosB, an early gene accumulating in 

response to repeated neuronal activity (McClung et al., 2004), in the perilesion cortex 

(Allred and Jones, 2008). This interference is likely mediated by transcallosal 

connections (Allred et al., 2010). Recently, our group found that intensive training with 

the non-paretic limb, begun either 6 days or 20 days following lesions, worsened 

functional recovery of the paretic limb during subsequent rehabilitative training of this 

limb (Chapter1, Figure 1.2) and reduced the forelimb motor map representation area in 

the perilesion cortex of rats (Chapter 1, Figure 1.3), as assessed at the end of the 
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rehabilitative training period (Allred, 2009). Taken together, these studies suggest that 

training with the non-paretic limb diminishes functional recovery of the paretic limb and 

reduces some forms of plasticity in the perilesion cortex. However, a great deal is still 

unknown about how the brain responds at the ultrastructural level to maladaptive training 

with the non-paretic limb. 

The goal of the present study was to determine how synapses and astrocytes in the 

neuropil of the perilesion area change at the ultrastructural level in response to training of 

the non-paretic limb, and how these brain changes correlate with worsened functional 

outcome, whether they vary with the timing, post-lesion, of the non-paretic limb training, 

and how they differ from those induced by rehabilitative training as described in the 

previous chapter. To do this, cortical samples from the Allred et al. (2009) study, in 

which training the paretic limb either at early or delayed time points following lesions 

was found to reduce forelimb motor map representation, were used. Immediately after 

undergoing ICMS, animals were sacrificed and the forelimb region of the motor cortex 

was processed for transmission electron microscopy (TEM) and stereological analyses in 

order to examine ultrastructural features of synapses and astrocytes. 

 

4.3 MATERIALS AND METHODS 

4.3.1 Animals, surgeries, and experimental design overview 

The anatomical analyses of the present study used brains generated in a previous 

study (Allred et al., 2009). Briefly, in this previous study, forty adult male Long-Evans 

hooded rats were trained to a level of proficiency (more then 50% successful reaches per 

attempt) on the single pellet retrieval task and then given unilateral sensorimotor cortex 

(SMC) lesions in the hemisphere contralateral to the trained limb. In the present study, 
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animals with valid ICMS mapping data were included (N = 30). Lesions were induced by 

topical application of endothelin-1 (ET-1), a vasoconstrictive peptide, onto the pial 

surface of the forelimb representation region of SMC (stereotaxic coordinates: 1.0 mm 

anterior to 2.0 mm posterior to bregma and 2.0 mm and 4.5 mm lateral to midline). 

Animals were divided into four groups matched for lesion-induced reaching deficits as 

measured at 5 days following lesions: early training with non-paretic limb (NPT_Early, 

n=7), early control (CTL_Early, n=7), delayed non-paretic limb trainining (NPT_Late, n= 

8), and delayed control (CTL_Late, n= 8). In the early groups, beginning on day 6 post-

lesion, rats were trained with their non-paretic limb or underwent control procedures for 

15 days followed by 10 days of training with the paretic limb. In the delayed groups, rats 

were left undisturbed for 2 weeks, and reaching performance of the paretic limb was re-

assessed on day 19 post-lesion. Beginning on day 20 post-lesions, animals were trained 

with their non-paretic limbs or underwent control procedures for 15 days followed by 10 

days of training with the paretic limb. 

Rats were trained on a single pellet retrieval task as described previously (Allred, 

2009) and in detail in section 5.3.2. Training with the non-paretic limb consisted of 60 

trials per day for 5 days and 120 trials per day for 10 days (total 15 days). In the control 

procedure, animals were placed in the reaching chamber for the same period of time with 

food pellets given on the chamber floor. All animals were then trained to reach with the 

paretic limb for 30 trials per day for 5 days and for 60 trials per day for an additional 5 

days (total 10 days). The 60 trials included 30 trials with the pellet placed 1cm from 

window and 30 trials with the pellet placed remotely (2 cm from window). For 

quantitative analyses on the single pellet retrieval task, a success was defined as when the 

pellet was successfully retrieved from the well and eaten. When the pellet was retrieved 

but dropped inside the chamber before the animal could place it in its mouth, it was 
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counted as a drop. Reaching performance of the paretic limb was quantified as the 

percentage of successful retrievals (drops + successful reaches) per reach attempt.  

  

4.3.2 Intracortical microstimulation (ICMS) mapping 

 At the end of training with the paretic limb, rats underwent intracortical 

microstimulation (ICMS) mapping of the sensorimotor cortex to reveal the functional 

integrity and organization of the injured and non-injured motor cortices, as previously 

described (Allred, 2009). Briefly, rats initially were fully anesthetized with a ketamine 

(90-100 mg/kg) and xylazine (9-10 mg/kg) cocktail at the beginning of the procedure and 

received supplemental doses of ketamine (10-20 mg/kg) and isoflurane gas (1-2 % in 

oxygen) to maintain appropriate levels of anesthesia. Bilateral craniotomies were 

performed over the sensorimotor cortices and dura was gently removed.  The exposed 

cortex was covered in silicone oil (37°C) and cisterna magna was punctured to reduce 

swelling.  A digital image of the exposed brain was taken and overlaid with a grid 

demarcating 500 µm increments. Movements were evoked via a platinum wire that was 

inserted into a glass microelectrode filled with 3M NaCl. A hydraulic microdrive was 

used to lower the electrode 1550 μm (layer V) to make systematic penetrations in the 

cortex 500 μm apart.  At each site, 13 trains of stimulation (200ms cathodal pulses 

delivered at 350Hz) were delivered from an electrically isolated stimulation unit. The 

current was increased until a discrete visible movement was observed or maximum 

amplitude of 60μA (intact hemisphere) or 100μA was reached. One experimenter 

controlled the microdrive and another experimenter continuously monitored the plane of 

anesthesia and identified the evoked motor movement. Both experimenters were blind to 

experimental conditions and the experiment identifying movements was also blind to the 
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cortical position of the electrode. Canvas software (ACD Systems International Inc.) was 

used to obtain area representations.  

 

4.3.3 Histological methods 

ICMS mapping was done at the end of the non-paretic limb training (Early 

groups: post-lesion day 31; Late groups: post-lesion day 45). Immediately after ICMS 

mapping was completed a small volume of DiI was injected into the anterior, posterior, 

and lateral motor map borders of the caudal forelimb area. Rats were anesthetized with a 

lethal dose of sodium pentobarbital (>100mg/kg) and transcardially perfused with 0.1M 

phosphate buffer with heparin sodium salt (0.05 g/L) followed by a fixative soluction 

(2% paraformaldehyde and 2.5% glutaraldehyde in the same buffer). Brains were 

collected and sliced in alternating sets of 200 µm, 100µm, and two sets of 50 µm 

sections. The last 50 µm-thick sections were mounted on a gelatin-coated slide, and after 

drying, images of the unstained sections were captured using a scanner to identifyf diI 

staining locations, which were then used as rough landmarks to match anatomical regions 

with mapping results. These sections were then Nissl-stained with Toluidine Blue.  

For transmission electron microscopy, 200 µm-thick coronal sections were 

collected into the same fixative solutions until osmication. Regions of interest were 

dissected from these sections under a stereomicroscope. In the present study, samples 

from the region lateral to the lesions, which included the lateral agranular region between 

1.2 and 1.6 mm anterior to bregma, were chosen as primary samples because this region 

includes the forelimb representation area and was the most common area that forelimb 

movements were observed during ICMS mapping. The samples were then osmicated, 

dehydrated, embedded in resin, and then sectioned as described in Chapter 2. Briefly, 
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serial coronal semithin sections (800 nm) were mounted onto gelatin-coated slides, 

stained with Toluidin blue, and used to estimate neuronal density. The resin blocks were 

trimmed to retain the layer V region between two sample fields of the semithin sections 

(or within a sample field if there was only one sample field as explained below). Serial 

ultrathin (70 nm) sections were then collected. Ribbons of serial sections (about 20 

sections) were mounted on formvar-coated slotted copper grids and stained with lead 

citrate. The experimenter was blind to experimental conditions of the samples.    

 

4.3.4 Light microscopy: estimation of neuronal density  

Neuronal density (Nvneuron) was measured using the physical disector method 

(Sterio, 1984). Digital images of semithin sections were obtained using a high-resolution 

digital camera (DVC Co., Austin, TX) and a Nikon Optiphot-2 light microscope 

equipped with a rotating stage (40X objective; digitally viewed at a final magnification of 

1180X). The sample strategy was designed to encompass possible histological 

differences due to distance from the injury site. Images of semithin sections at low 

magnification were overlaid onto adjacent 50 µm-thick Nissl stained sections in order to 

identify which side of the semithin section was close to lesion boundaries. Based on the 

location of the region adjacent to the injury boundaries, two sample fields in layer V were 

determined for each section. One sample field (Medial) was near the lateral boundary of 

the lesion but excluded necrotic tissue. The other sample field (Lateral) was at least 500 

µm lateral to the medial one. In one brain, the space was limited due to huge necrotic 

regions and severe tissue damage by DiI injections and thus the lateral sample was not 

collected. The subsequent sampling strategy and disector pairing were the same as 

previously described in Chapter 2, except the number of samples. Each sample field had 
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two sets of samples (obtained from five alternating semithin sections) so that a total of 20 

images were taken per animal. The coefficient of error (CE) of the neuronal density 

estimates from individual brains ranged from 0.04 to 0.08 (median=0.05) and mean CE’s 

were similar between groups (CTL_Early: 0.05; NPT_Early: 0.05; CTL_Late: 0.06; 

NPT_Late: 0.05). Neuronal density was calculated by the formula: Nv = ΣQ-/Σv(frame), 

where ΣQ- is the sum of neurons counted per brain and Σv(frame) is the sum of the 

sample volume (2.6 x 106 µm3), which was calculated as the product of the area of one 

sample frame (5.0 x 104 µm2), distance between section planes (1.6 µm), and number of 

disector pairs (32).  

 

4.3.5 Transmission electron microscopy (TEM) 

4.3.5.1 Synaptic density 

Axodendritic synaptic density was estimated using the physical disector method. 

Four sets of four serially positioned digital electron micrographs per brain were obtained 

using an FEI Tecnai transmission electron microscope with an AMT advantage HR 1MB 

digital camera (16,500X image capture magnification, digitally viewed at a final 

magnification of 50,000X). All images were coded to insure the measurer was blind to 

experimental conditions. A total of 24 disector pairs were used per brain. Synaptic 

density was calculated with the formula: Nvsynapse = ΣQ-/Σv(frame), where ΣQ- is the sum 

of synapses counted per brain and Σv(frame) is the sum of the sample volume (138.3 

µm3), which was calculated as the product of the sample frame area (82.3 µm2), the 

section thickness (70 nm), and the number of disector pairs (24). The criteria to identify 

synapses were the same as described in Chapter 2. To further characterize synaptic 

changes, various subtypes of synapses were classified, including (1) perforated synapses 
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(Perf, synapses with discontinuous postsynaptic densities), (2) multiple synaptic boutons 

(MSB, boutons forming synapses with more than one distinct dendritic element, 

including both spine and shaft), (3) multiple synaptic spines (MSS, spines forming 

synapses with more than one axonal bouton), (4) axo-spinous synapses, (5) axo-shaft 

synapses, and (6) symmetric synapses. Symmetric synapses were identified by the 

presence of flattened or elongated presynaptic vesicles in the axons and the lack of 

prominent postsynaptic density, which contrasts with asymmetric synapses in which the 

presynaptic vesicles are round and postsynaptic densities are remarkably thick. 

 

 4.3.5.2 Astrocytic volume fraction, surface density, and fraction of synapses with 
direct astrocytic contact 

Astrocytic processes were identified on electron micrographs as described in 

Chapters 2 and 3. Briefly, astrocytic processes were identified on one electron 

micrograph chosen from each of the four series used for the synaptic measures. The 

software program RECONSTRUCT (Fiala, 2005; available from http://synapses.clm. 

utexas.edu/tools/index.stm) was used to trace astrocytic processes and estimate their flat 

area and surface area. The volume fraction was calculated by dividing the area of 

astrocytes by sample area (82.3 µm2). The surface density was calculated as the surface 

area of astrocytic membrane (calculated as a product of the trace length and the section 

thickness in RECONSTRUCT) divided by total sample volume (5.76 µm3), which was 

calculated as the product of the sample frame area (82.3 µm2) and the section thickness 

(70 nm). The number of synapses and synapses with astrocytic contacts on synaptic 

elements (synaptic junction, axonal boutons and postsynaptic dendritic spine) were 

counted to estimate the fraction of synapses with astrocytic contacts, which was 
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calculated as the number of synapses with astrocytes divided by the total number of 

synapses counted on the same electron micrograph, as described in Chapter 3.  

 

4.3.6 Statistical analyses 

The Statistical Package for the Social Science (SPSS, IBM Inc.) general linear 

model procedure (GLM) for one-way analyses of variance (ANOVA) was used to 

perform planned comparisons. To examine the effect of training conditions, comparisons 

between the non-paretic limb training groups combined and the control groups combined 

were made. To examine the effect of the post-lesion time point, the early groups 

combined and the late groups combined were compared. When the pattern of results 

warranted it, post-hoc analyses were performed to determine if the effect of non-paretic 

limb training varied with its time of onset (CTL_Early vs. NPT_Early and CTL_Late vs. 

NPT_Late), or if the time point effect varied with training conditions (CTL_Early vs 

CTL_Late and NPT_Early vs. NPT_Late). SPSS bivariate correlations were used with a 

two-tailed test of significance to link anatomical features with functional outcome and to 

examine associations between anatomical variables. Effects were considered significant 

at p < 0.05. Descriptive results are presented as means ± S.E. 

 

4.4 RESULTS 

4.4.1 Animals that underwent non-paretic limb training had greater synaptic 
densities than controls. 

In the previous study (Allred, 2009), it was found that non-paretic forelimb 

training at early and delayed post-lesion points worsened reaching performance with the 

paretic limb and interfered with both spontaneous recovery, as assessed on the first day of 
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paretic limb training, and the functional improvements over 9 additional days of paretic 

limb training (Chapter 1; Figure 1.2). Consistent with these detrimental effects on 

reaching performance of the paretic limb, training of the non-paretic limb was also found 

to reduce the forelimb representation area in the perilesion cortex (Chapter 1; Figure 1.3). 

In the present study, the numerical density of axodendritic synapses in the perilesion 

cortex was examined. There was no effect of the post-lesion time point (Early vs. Late) of 

non-paretic limb training in axodendritic synaptic density (F (1,28) = 1.97, p = 0.17). 

However, there was a significant effect of the non-paretic limb training as shown in 

Figure 4.1, indicating that synaptic densities in non-paretic limb training groups (NPT) 

were significantly higher than those in controls (CTL, F(1,28) = 6.02, p = 0.021).  

The densities of axo-spinous synapses were also significantly increased in non-

paretic limb training groups compared to controls (F(1,28) = 8.81, p = 0.006, Figure 4.1). 

There was no effect of the post-lesion time in the densities of axo-spinous synapses (F(1,28) 

= 0.72, p = 0.40). There was also no significant difference in planned comparisons in the 

densities of axo-shaft synapses (CTL vs. NPT, F(1,28) = 0.10, p = 0.75; Early vs. Late, 

F(1,28) = 1.71, p = 0.20). There were no significant effects of either non-paretic limb 

training or the post-lesion time on neuronal densities (F(1,28) = 1.66, for the training effect; 

F(1,28) = 3.43, for the post-lesion time effect; p’s > 0.05).  
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Figure 4.1: After unilateral sensorimotor cortical lesions, training with non-paretic limb 
(NPT) increased synaptic densities compared with no training controls 
(CTL). A, The training groups had significantly increased densities of 
axodendrite synapses (*p < 0.05) and axo-spinous synapses (‡p < 0.01) 
compared to controls. There were no differences in densities of axo-shaft 
synapses in planned comparisons. Black arrows indicate axo-spinous 
synapse (B) and axo-shaft synapses (C). A spine apparatus is indicated by an 
arrowhead (B). Scale bars (B, C) = 500 nm. Data are means. Error bars are 
the S.E. of all axodendrite synapses. CTL, control; NPT, non-paretic limb 
training. CTL_Early, n = 7, NPT_Early, n = 7, CTL_Late, n = 8, NPT_Late, 
n = 8.  
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4.4.2 Densities of axodendrite and axo-spinous synapses were negatively correlated 
with reaching performance of the paretic limb in animals that underwent non-
paretic limb training.    

 To determine whether synaptic density in the perilesion cortex was associated 

with functional outcome, correlations between synaptic density and reaching performance 

were examined. The paretic limb reaching performance (% successful retrievals) was 

averaged over the ten days of paretic limb training. The densities of axodendrite synapses 

in the perilesion cortex of the non-paretic limb training groups were negatively correlated 

with averaged reaching performance of the paretic limb (r = -0.53, p = 0.044), whereas 

there was no correlation between synaptic densities and reaching performance in controls 

(r= -0.08, p = 0.77, Figure 4.2A). There was also a significant inverse relationship 

between reaching performance of the paretic limb and the density of axo-spinous 

synapses in the perilesion cortex (r = -0.59, p = 0.021, Figure 4.2B). As in comparisons 

of the density of axodendritic synapses, there was no correlation between the density of 

axo-spinous synapses and reaching in controls (r = -0.29, p = 0.30).  
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Figure 4.2: In the non-paretic training groups (NPT), averaged reaching performance of 
the paretic limb was negatively correlated with densities of axodendrite 
synapses (A) and axo-spinous synapses (B) in the perilesion cortex (p’s < 
0.05). In controls (CTL), there were no significant relationships between 
reaching performance and densities of either axodendrite (A) or axo-spinous 
synapses (B). Note the difference in scale between A and B. Reaching 
performance (% successful retrieval per reach attempt) was averaged over 
the10 days of paretic limb training. 
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4.4.3. The density of multiple synaptic boutons in perilesion cortex was increased in 
the non-paretic limb training group. 

Densities of perforated synapses, multiple synaptic spines, and asymmetric 

synapses were similar across experimental conditions (Figure 4.3). However, the density 

of multiple synaptic boutons (MSBs) in the non-paretic limb training groups was 

significantly increased compared to the control groups (F(1,28) = 5.45, p = 0.027), Figure 

4.5). There was no effect of the post-lesion time point (F(1,28) = 0.10, p = 0.75), but the 

effect of non-paretic limb training was most pronounced in animals with an early onset of 

training. Post-hoc analyses revealed that within early, but not late, groups, non-paretic 

limb training significantly increased the density of MSBs compared to time-matched 

controls (p < 0.05). 

 

4.4.4 The percentages of synapses with astrocytic contacts were similar between 
groups. 

The percentage of synapses with astrocytic direct contacts was similar across 

experimental conditions (mean (%) ± S.E., CTL_Early: 80.7 ± 3.3; NPT_Early: 77.2 ± 

1.7; CTL_Late: 83.9 ± 1.92; NPT_Late: 82.5 ± 2.2). Though synapses with astrocytic 

contacts tended to be seen more frequently at the later post-lesion time point, this effect 

was not significant (F(1,28) = 3.48, p = 0.073). There was no significant effect on non-

paretic limb training (F(1,28) = 1.01, p = 0.32). Furthermore, the percentage of synapses 

with astrocytic direct contacts was not correlated with reaching performance averaged 

over 10 days of paretic limb training (r = 0.07, p = 0.82 in controls; r = 0.14, p = 0.62 in 

the training groups), unlike the significant positive correlation described in Chapter 3.  
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Figure 4.3: Non-paretic limb training (NPT) increased multiple synaptic boutons 
(MSBs) compared to controls (CTL, *p < 0.05, E). Within early groups, 
animals that underwent non-paretic limb training had greater densities of 
MSBs compared with CTL_Early (†p < 0.05). There were no significant 
differences between groups in densities of perforated synapses (Perf), 
multiple synaptic spines (MSSs), and symmetric synapses (Symmetric). 
Examples of each subtype in electron micrographs are shown in A-D (scale 
bar = 500 nm). A, Discontinuities (arrowheads) of postsynaptic density 
(PSD) are observed in a perforated synapse. B, two PSDs (arrows) form 
synapses with one bouton. C, two PSDs (arrows) form synapses with one 
spine. D, Axon contains flat vesicles in symmetric synapses (arrow), which 
is distinct from the round vesicles in an asymmetric synapse (arrowhead). 
Note that a symmetric synapse does not have a prominent PSD. Data are 
means ± S.E.      
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4.4.5 Astrocytic surface density in the perilesion cortex increased at the later post-
lesion time point in the animals with non-paretic limb training. 

There were no effects of training with the non-paretic limb on astrocytic surface 

density (F(1, 28) = 0.23, p = 0.64, Figure 4.4B) or volume fraction (F (1, 28) = 0.27, p = 0.61 , 

Figure 4.4C) in the perilesion cortex. However, there was a significant effect of the post-

lesion time point (F(1,28) = 8.94, p = 0.006), with the delayed groups having significantly 

increased astrocytic surface density compared to the early groups (Figure 4.6B). The 

early groups received non-paretic limb training or control procedures on post-lesion days 

6 -20 followed by paretic limb training (post-lesion days 21-30), with ICMS mapping and 

brain harvesting at post-lesion day 31. The late groups received the same sequence, but 

non-paretic limb training or control procedures began on post-lesion day 20 and they 

were mapped and euthanized at post-lesion day 45. The time dependent difference in 

astrocytic surface density was more evident in the training groups than in controls. In 

post-hoc comparisons of early and late time points within training conditions, there was a 

significant increase in astrocytic surface density in animals trained with their non-paretic 

limb (p < 0.05) but not in controls. 
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Figure 4.4: 

The surface density of astrocytic processes 
was increased at the later time points (Day 
45) compared with the earlier time point 
(Day 31). A, astrocytes are indicated by 
asterisks in an electron micrograph. Scale 
bar = 500 nm. B, The delayed groups had 
greater astrocytic surface density compare to 
the early groups (Early vs Late, *p < 0.01). 
There were significant increases in 
astrocytic surface density between early and 
late time points in the non-paretic limb 
training groups (†p < 0.05). C, The volume 
fraction of astrocytes did not differ 
significantly as a result of training condition 
or time. CTL, control; NPT, non-paretic 
limb training. Data are means ± S.E. 
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4.4.6 In control groups, astrocytic volume fraction was negatively correlated with 
axo-spinous synaptic density. 

 Although astrocytic volume fractions were not significantly different in the 

planned comparisons (Figure 4.4C), there was a significant inverse relationship between 

astrocytic volume fraction and axo-spinous density in controls (r= -0.60, p < 0.05, Figure 

4.5). There were no significant correlations between astrocytic volume fraction and 

densities of axo-spinous synapses in the non-paretic limb training groups (r = -0.13, p = 

0.66, Figure 4.6B). There were also no correlations between axodendrite synaptic 

densities and astrocytic volume fraction in any comparisons (data now shown).  

 

 

 

Figure 4.5: In controls (CTL), astrocytic volume fraction was negatively correlated with 
densities of axo-spinous synapses (r = -0.60, p < 0.05). There were no 
significant correlations in the non-paretic limb training (NPT) groups. 
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4.5 DISCUSSION 

Many previous studies have investigated how beneficial experiences that promote 

functional recovery following lesions can be linked with certain types of brain plasticity 

(Johansson, 2000; Murphy and Corbett, 2009; Nudo, 2003). Following unilateral brain 

damage, however, animals or humans often tend to rely more on the non-paretic body 

side and neglect to use their paretic limbs, a condition called “learned non-use” (Taub et 

al., 2002). Previous studies in humans and animals have shown that the intact hemisphere 

can have a disruptive influence on the injured one, which leads to worsened outcome 

(Ward and Cohen, 2004). The present study demonstrates how maladaptive behavioral 

experiences alter structural plasticity in peri infarct cortex. Animals trained with the non-

paretic limb had reduced functional recovery of the paretic limb and greater densities of 

axodendritic synapses, in particular axo-spinous synapses, in the perilesion cortex than 

no-training controls. This resulted in a negative correlation between the density of 

synapses in the perilesion cortex and reaching performance of the paretic limb in animals 

with non-paretic limb training. However, unlike the synapse addition found in animals 

receiving rehabilitative training of the paretic limb, there were no significant correlations 

between astrocytic association with synapses and functional outcome. Therefore, these 

findings suggest that maladaptive training with the non-paretic limb increases the number 

of synapses in the perilesion cortex, and that these addition is neither associated with 

functional recovery of the paretic limb nor accompanied by the same type of associations 

between astrocytes and synapses in the perilesion cortex that follow rehabilitative 

training of the paretic limb, as described in the previous chapter. 

Because many previous studies have linked peri-infarct cortical plasticity with 

greater functional recovery (Cramer, 2008; Johansson, 2000), the present finding that 

non-paretic limb training results in a higher density of synapses in the perilesion cortex 
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compared to controls is surprising since this is linked with worsened functional recovery 

and reduced motor map representation area of the paretic limb. The lack of better 

functional outcome could imply that a number of synapses in the perilesion cortex of 

animals with non-paretic training were functionally silent or immature. Given that the 

detrimental effect of non-paretic limb on paretic limb function is dependent upon 

transcallosal connections and contralesional cortex (Allred et al., 2010), a higher density 

of synapses may reflect a greater degree of transcallosal connections projecting from the 

contralesional cortex. These excessive connections from the contralesional cortex may 

confiscate circuitry in peri-infarct cortex, limiting its potential to later rewire for the 

functional recovery of the paretic limb. Additionally, the finding that animals with non-

paretic limb training had a greater density of all axodendrite synapses but not perforated 

synapses, a subtype having abundant AMPA receptors and greater synaptic efficacy 

(Ganeshina et al., 2004a, b), may imply the lack of synaptic maturation. In contrast, 

rehabilitative training increased the density of perforated synapses, which was associated 

with functional outcome (Hsu, 2007).  

The increased synaptic density in perilesion cortex of animals with non-paretic 

limb training could also indicate that maladaptive training inhibited the selective 

elimination of synapses, disrupting the establishment of functional circuits. The 

importance of synaptic elimination during early development has been established by a 

number of previous studies. During early development, a large number of synapses are 

initially formed, followed by an activity-dependent selective elimination of inappropriate 

synaptic connections that is critical for the formation of mature neuronal circuits (Hua 

and Smith, 2004; Katz and Shatz, 1996; Li et al., 2011; Sanes and Lichtman, 1999). 

Given that the perilesion cortex in the adult brain has numerous features in common with 

the developing brain (Cramer and Chopp, 2000; Murphy and Corbett, 2009), the 
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elimination of synapses might be important for shaping the plasticity that mediates 

functional recovery, and the reduced or improper elimination of synapses in the 

perilesion cortex may underlie the detrimental effect of non-paretic limb training. 

Furthermore, the concurrent synaptic formation and elimination that is seen during 

development has been found to occur in the adult brain during experience-dependent 

refining of sensory (Richards et al., 2010; Ruthazer et al., 2003) and motor (Guic et al., 

2008; Xu et al., 2009) circuits. In fact, dendritic spines dynamically change in the adult 

brain, and the protrusion and retraction of spines indicate the formation and elimination 

of synapses in the rat barrel cortex (Knott et al., 2006). Sensory experiences induce 

plasticity in cortical receptive fields and are accompanied by an increased turnover of 

synapses in the adult barrel cortex (Trachtenberg et al., 2002). A recent finding on motor 

learning has shown that while there are numerous synaptic formation during the early 

phase of learning, selective elimination of synapses occurs during the learning 

consolidation phases (Xu et al., 2009). Therefore, it seems reasonable to think that, 

during the post-injury period, synaptic elimination is essential in properly rewiring neural 

circuits to compensate for loss of function.  

Another recent study using in vivo imaging with electron microscopy analyses 

demonstrated that inhibition of experience-dependent plasticity, using visual deprivation 

or an antagonist of glutamate receptors (N-methyl-D-aspartate receptors, NMDAR), 

resulted in higher densities of synapses in the optic tectum of Xenopus during 

development (Li et al., 2011), indicating that disruption of activity-dependent plasticity 

can result in a greater number of synapses. These findings suggest that a well-balanced 

relationship between the formation and elimination of synapses can be critical for re-

establishing functional circuits following lesions. This, along with the failure to find even 

proportional increases in perforated synapses, raises the possibility that non-paretic limb 
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training may interfere with the experience-dependent elimination of immature synaptic 

connections in the perilesion cortex during post-lesion functional recovery. 

It should be noted that multiple synapse boutons (MSBs) were increased in the 

perilesion cortex, as a result of non-paretic limb training. This seems in accordance with 

the previous finding that, during the development of functionally mature circuits in 

Xenopus, most immature presynaptic elements were formed from MSBs, with the 

number of MSBs decreasing as the number of postsynaptic partners decreased and mature 

connections were formed, leading to decreased divergence and a strengthening of 

selective circuits (Li et al., 2011). Therefore, finding greater densities of MSBs in the 

perilesion cortex of non-paretic limb training groups is likely to be consistent with the 

idea that maladaptive training may hinder or delay the selective elimination and 

maturation of synapses during the experience-dependent rewiring of neuronal circuits in 

the perilesion cortex. 

It is well established that there is a critical period following stroke when 

rehabilitation can most effectively capitalize on the heightened plasticity in the perilesion 

cortex, and delayed rehabilitative treatments are much less effective at regaining lost 

functions and inducing brain plasticity (Murphy and Corbett, 2009). Thus, directly 

comparing the consequences of paretic limb training between the previous and present 

studies is in some ways problematic since their onset times of training with the paretic 

limb differed greatly (Post-lesion days 21 or 35 in the present study vs. post-lesion day 5 

in Hsu, 2007). In addition, the 10-day paretic limb training period was designed to 

sample paretic limb function, rather than serve as rehabilitative training which usually 

requires a longer period of training to maximize effects (e.g., 4 weeks in Hsu, 2007). 

However, the differences in ultrastructural features can still provide insight into how 

maladaptive training disrupts brain plasticity that is linked with better functional 
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outcome. Rehabilitative reach training that improved functional outcome resulted in 

increases in densities of both MSBs and perforated synapses (Hsu, 2007), whereas 

maladaptive training with the non-paretic limb increased MSBs compared to controls, 

while no differences were found in perforated synapses between groups. Both perforated 

synapses (Stewart et al., 2005; Toni et al., 2001) and MSBs (Toni et al., 1999) are 

increased after induction of LTP. Perforated synapses are regarded as relatively mature 

synaptic types, having abundant AMPA receptors in the postsynaptic densities 

(Geinisman et al., 1991; Nicholson and Geinisman, 2009). However, the majority of 

MSBs in hippocampus consists of two synapses with a low level of receptor expression, 

or involves one with a higher level of receptor expression and the other with a low level 

(Nicholson and Geinisman, 2009). Moreover, newly formed dendritic spines prefer to 

form synapses with MSBs, so that the addition of synapses might often accompany MSBs 

(Knott et al., 2006). As noted above, the finding that animals with non-paretic limb 

training had more MSBs but not perforated synapses than controls is consistent with a 

lack of synaptic maturation following synaptic addition. 

Astrocytes in the perilesion cortex seem not to be sensitive to non-paretic limb 

training. Interestingly, astrocytic volume fraction was negatively correlated with the 

density of axo-spinous synapses in controls but not in non-paretic limb training groups. 

This could partially be explained by astrocytes’ involvement in synaptic elimination. The 

specific molecular mechanisms about synaptic elimination are still unclear, but previous 

studies on invertebrate systems have shown that synapses are removed through 

engulfment, i.e., wrapping axon branches to eliminate varicosities, and phagocytosis by 

glia (Awasaki and Ito, 2004; Watts et al., 2004). One well-established example of 

activity-dependent synapse elimination can be found at the mammalian neuromuscular 

junction. During early development, postsynaptic muscle cells are innervated by multiple 
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motor neuronal axons, and then immature inputs are eliminated while sound inputs are 

maintained and strengthened. Schwann cells actively regulate the elimination process by 

wrapping and confining the axons to be eliminated (Bishop et al., 2004). Further 

investigations of the extent of astrocytic coverage or of glial lysosome function are 

needed to examine whether the negative correlation between astrocytic volume and axo-

spinous synaptic density indicates the elimination of synapses by astrocytes.  

The present study demonstrates that maladaptive training with the non-paretic 

limb surprisingly results in a higher density of synapses, in particular axo-spinous 

synapses and MSBs, in the perilesion cortex. These findings indicate that the decreased 

elimination of synapses in the perilesion cortex may be an underlying mechanism of 

interference of functional recovery and that the formation of rewired functional circuits 

following lesions may require proper elimination and maturation of synapses. 
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 Chapter 5 

The effects of ceftriaxone on skill learning and motor rehabilitation 
after ischemic stroke in rats 

 

5.1 ABSTRACT 

Astrocytes can affect synaptic transmission by clearing the majority of glutamate 

released into the synaptic cleft via glutamate transporters. Glutamate transporter 1 

(GLT1), also known as EAAT2 (excitatory amino acid transporter 2), is the most 

abundant glutamate transporter expressed on the membranes of perisynaptic astrocytes in 

the cortex. The activity and expression of GLT1 can be selectively enhanced by the β-

lactam antibiotic, ceftriaxone, and it has been found to have potent neuroprotective 

effects when administered prior to lesions or during the acute phase of post-stroke 

periods. To determine whether enhanced astrocytic glutamate uptake alters motor 

learning in intact animals and re-learning (rehabilitation) after ischemic stroke, we 

examined the effects of ceftriaxone on the acquisition of a skilled reaching task and 

rehabilitative reach training after focal stroke-like sensorimotor cortical lesions. 

Ceftriaxone (200mg/kg) or vehicle (sterile saline) was intraperitoneally injected daily for 

5 days into 5- month-old male Long Evans hooded rats. This was done before the onset 

of 28 days of skilled reach training on the single pellet retrieval task in intact animals or 3 

days following unilateral lesions. In the latter study, 5 weeks of rehabilitative training on 

a tray reaching task began on the last day of injection and performance on the single 

pellet retrieval task was probed weekly. In intact rats, ceftriaxone did not significantly 

affect leaning rate or final performance. Following ischemic lesions, ceftriaxone delayed 

functional improvement in skilled reaching. Thus, the upregulation of GLT1 was not 
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beneficial for motor skill learning and rehabilitation efficacy, at least with the treatment 

protocol used in the present study. This may indicate that ceftriaxone is more useful for 

neuroprotection during the acute phase of ischemia than for experience-induced neural 

remodeling after ischemic damage. Furthermore, upregulation of GLT1 could be 

detrimental for motor rehabilitation efficacy.  

 

5.2 INTRODUCTION 

Astrocytes regulate extracellular milieus around synapses by maintaining 

extremely low concentrations of glutamate, the primary excitatory neurotransmitter in the 

central nervous system. High affinity glutamate transporters on astrocytes quickly 

remove excess amounts of released glutamate from the synaptic cleft, which is critical for 

fine-tuning synaptic transmission and limiting intersynaptic crosstalk between 

neighboring synapses (Danbolt, 2001). Among five subtypes of the transporters, 

glutamate transporter 1 (GLT1, or also known as excitatory amino acid transporter 2, 

EAAT2, in humans) and glutamate-aspartate transporter (GLAST, or EAAT1 in humans) 

are primarily localized in glial cells, with GLT1 located exclusively on astrocytes and 

responsible for most glutamate transport in the adult brain (Danbolt et al., 1992; Tanaka 

et al., 1997).  

The degree of astrocytic ensheathment around synapses is likely to affect the 

extent of such astrocytic control of extracellular glutamate concentrations and therefore 

to control synaptic transmission and glutamate spillover. A good example of this is found 

in the supraoptic nucleus (SON) of the rat hypothalamus (Oliet and Bonfardin, 2010; 

Oliet et al., 2001). Lactation reduces the ensheathment of astrocytic processes around 

synaptic clefts of oxytocin-releasing neurons, resulting in reduced glutamate uptake by 
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astrocytes. Glutamate spillover then occurs, and the excess glutamate diffuses to 

neighboring synapses via volume transmission (Piet et al., 2004), leading to suppression 

of inhibitory γ-aminobutyric acid (GABA) ergic synaptic transmission and, as a 

consequence, massive hormonal secretion. It has also been reported that intensive 

whisker stimulation in mice induces synaptogenesis (Genoud et al., 2004) along with 

increased astrocytic coverage around synapses and upregulation of astrocytic glutamate 

transporters in the barrel cortex (Genoud et al., 2006). Moreover, direct astrocytic 

contacts with postsynaptic dendritic spines can control synaptic function and plasticity by 

altering astrocytic glutamate transport. Contact-mediated Eph-ephrin signaling between 

dendritic spines and perisynaptic astrocytes modulates spine morphology (Murai et al., 

2003) and changes astrocytic glutamate transport (Carmona et al., 2009), thereby altering 

synaptic function (Filosa et al., 2009). These findings suggest that structural relationships 

between astrocytes and synapses are tightly associated with astrocytic glutamate uptake 

from synaptic clefts, and that this relationship strongly influences synaptic function and 

plasticity. 

Astrocytic contact with synaptic elements has been found to change following 

brain damage and with changes in behavioral experience. For example, rats reared in a 

complex environment have more astrocytic contacts with synapses in the primary visual 

cortex (Jones and Greenough, 1996). We found that synapse numbers are positively 

correlated with astrocytic volume in the contralateral homotopic cortex after unilateral 

ischemic SMC lesions in middle-aged rats (Kim and Jones, 2010). The proportion of 

astrocytic membrane apposed to synapses in layer V of the perilesion motor cortex 

increases following both reach training and ischemic lesions, and the fraction of synapses 

with direct astrocytic contacts is positively correlated with functional recovery following 

lesions (Chapter 2). However, reach training seems to reposition astrocytic processes in 
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to synapses, yet not in the vicinity of synaptic cleft, presumably preserving a room for 

cross talk with neighboring synapses (Chapter 3). Given astrocytic glutamate uptake can 

influence on synaptic cross talk and synaptic efficacy (Oliet et al., 2001; Piet et al., 2004; 

Sykova and Vargova, 2008), it seems reasonable to think how altered astrocytic 

glutamate transporters affect either motor learning or functional recovery after ischemic 

lesions. 

Brain remodeling plays a key role in improving behavioral outcome following 

stroke (Jones et al., 2009). Though brain damage results in neurodegenerative processes 

including apoptosis, imbalance of ion gradients and oxidative stress (Lo et al., 2005), the 

brain undergoes plastic changes in a critical period after the damage to rewire circuits 

some of which have been lost due to damage. This plasticity includes axonal sprouting 

(Carmichael, 2003), increases in spine formations (Brown et al., 2009), synaptic 

hyperexcitability (Schiene et al., 1996), and increased expression of growth factors 

(Cramer, 2008). Post-injury experiences can shape or reinforce the rewiring-related 

plasticity (Jones et al., 2009; Murphy and Corbett, 2009). For example, rehabilitative 

reach training induces synaptogenesis in perilesion cortex (Hsu et al., 2007), along with 

coordinated astrocytic appositions around synapses, as described in Chapter 2. Therefore, 

it is likely that alterations in astrocytic glutamate transporters, presumably resulting in 

changes in synaptic transmission and activity, can affect experience-dependent plasticity 

and/or functional outcome following lesions. 

Recently, ceftriaxone, a β-lactam antibiotic, has been found to selectively increase 

GLT1 expression and the functional capacity of glutamate uptake (Rothstein et al., 2005). 

Dysfunction of glutamate transporters has been found in various neurological diseases 

(Maragakis and Rothstein, 2004), including amyotrophic lateral sclerosis, (Rothstein et 

al., 1992) and Huntington’s disease (Lievens et al., 2001b), and ceftriaxone has been 
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shown to have a potent neuroprotective effect in animal models of those diseases (Miller 

et al., 2008; Rothstein et al., 2005). In experimental stroke model of middle cerebral 

artery occlusions (MCAo), ceftriaxone injected prior to the onset of the stroke has been 

found to induce ischemic preconditioning effects that reduce infarct volume (Chu et al., 

2007). It also reduces the mortality rate and neuronal death in the peri-infarct zone when 

injected 90 minutes after MCAo (Thone-Reineke et al., 2008). However, these previous 

studies were focused on neuroprotection prior to or during the acute phase after stroke, 

when glutamate uptake by astrocytes is important for preventing excitotoxicity-mediated 

neuronal death. Little is known about the effects of ceftriaxone on functional recovery 

during the chronic period after a stroke, when brain remodeling plays a key role in 

improving behavioral outcome (Jones et al., 2009).  

The goal of present study was determine whether ceftriaxone treatment, as 

pharmacological manipulation to selectively enhance the expression and function of 

GLT1, affects functional outcome during motor learning and functional recovery. Given 

that astrocytic glutamate uptake plays an important role in the synaptic transmission and 

activity, it was postulated that ceftriaxone might affect motor learning and functional 

recovery following lesions by increasing GLT1 function at a time when rewiring of 

neuronal circuits and enhanced connectivity occur. We tested (1) whether ceftriaxone 

affects motor skill learning, specifically long-term skilled reach training, in intact 

animals, and (2) whether it affects functional recovery after endothelin-1 induced 

ischemic sensorimotor cortical lesions and ensuing motor rehabilitation. We also tested 

whether astrocytic glutamate transporter expression is altered at the time of onset of 

motor rehabilitation and whether the regimen of ceftriaxone injections used in this study 

has an effect on infarct size. This study may contribute to the understanding of how 
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upregulation of astrocytic glutamate transporters affects functional outcome during motor 

learning and re-learning after ischemic stroke. 

 

5.3 MATERIALS AND METHODS 

5.3.1 Animals and experimental designs 

Forty-one male 4 month-old Long-Evans hooded rats were used. Rats were 

received from Harlan Laboratories three months before the onset of experimental 

procedures, and made tame by handling to reduce the effects of stress during training. 

Animals were housed in pairs on a 12:12 hour light:dark cycle, receiving water ad 

libitum. All animal use was in accordance with a protocol approved by the Animal Care 

and Use Committee of the University of Texas at Austin. To investigate the effect of 

ceftriaxone on motor skill learning (Experiment 1, Figure 5.1A), 23 rats were divided 

into two groups: (1) ceftriaxone (CEF), n=12 and (2) vehicle (VEH), n=11. Ceftriaxone 

(200mg/kg per day) or vehicle (sterile saline) was intraperitoneally injected daily for five 

days, as in previous studies (Chu et al., 2007; Rothstein et al., 2005). Furthermore, it has 

been reported that the protein expression of GLT1 peaks after 5 days of treatment. 

Therefore, reach training in Experiment 1 and 2 began on the last day of treatment, at a 

time when GLT1 is increased the most. Reach training on a single pellet retrieval task in 

Experiment 1 was carried out for 28 days for 13 of the animals (n=7 in CEF, n=6 in 

VEH). The other ten rats (n=5 per each group) were trained for 14 days and sacrificed for 

future protein quantification studies. To investigate the effect of ceftriaxone on functional 

recovery after ischemic lesions, 10 of the rats (6 from CEF, 4 from VEH) that underwent 

training for 28 days from Experiment 1 were used in Experiment 2 (Figure 5.1B). These 

were randomly assigned into two injection groups in equal proportions from each 
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treatment group of Experiment 1: (1) CEF, n=5 and (2) VEH, n=5. The injections were 

administered beginning 3 days after surgeries and for the ensuing 5 days, as in 

Experiment 1. These animals were randomly assigned in equal proportions from each 

injection group in Experiment 1, with the exception that they were matched as closely as 

possible for pre-operative reaching performance. All ten rats underwent rehabilitative 

tray reach training for 5 weeks and reaching performance was probed weekly on a single 

pellet-reaching task. In Experiment 3, to determine whether there is a difference in 

GLT1 protein expression at two different time points following ischemic lesions, 18 rats 

were randomly assigned to three groups: (1) sham, n=6; (2) 7 days after a lesion, n=6; (3) 

14 days after a lesion, n=6 (Figure 5.1C).  
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Figure 5.1:  Experiment 1 is designed to determine the effect of ceftriaxone on motor 
skill learning in intact animals (A). Experiment 2 is designed to determine 
whether ceftriaxone injections influence motor rehabilitation after stroke 
(B). GLT1 immunoreactivity was examined at different time points 
following stroke in Experiment 3 (C). In Experiment 1 & 2, ceftriaxone was 
administered 200mg/kg per day, for 5 days and training began at the last day 
of injection, at a time when the GLT1 expression level was assumed to peak 
(Chu et al., 2007). CEF, ceftriaxone; VEH, vehicle (sterile saline); SAC, 
sacrificed.    

 

5.3.2 Single pellet reach training 

Rats were given banana flavored food pellets (45 mg per pellet, Bioserve, Inc.) for 

about two weeks before the start of reaching training to avoid neophobic responses to the 

food reward during shaping and training. Scheduled feeding (about 15-18 g per rat, once 

per day) where initiated 2 days before the onset of reaching training to ensure that 

animals were not sated at the time of training. The single pellet retrieval task was 

performed using an apparatus modified from those used in previous studies (McKenna 

and Whishaw, 1999; Miklyaeva and Whishaw, 1996; Withers and Greenough, 1989). A 

Plexiglas chamber with a tall narrow window in the center of the front wall was used, as 

previously described (Allred et al., 2005; Hsu and Jones, 2005; Maldonado et al., 2008). 

Rats were shaped for several days on the single pellet retrieval task in a chamber and 

allowed to use either limb so that a preferred limb for reaching could be determined. The 

preferred limb was determined when a rat used the same limb for more than 70% of its 

reach attempts and made more than 20 reaches over a 15-minute period. After a preferred 

limb was established, ceftriaxone or vehicle was injected for five consecutive days. On 

the last day of injections, the first training session started. A wall was placed 1.5 cm from 

the center window to force an animal to use the preferred limb for pellet retrieval. Skilled 

reach training consisted of 30 trials in which rats could make up to 5 reach attempts per 
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trial for a pellet located in a shallow well outside the front window. A trial ended when 

(1) the pellet was successfully retrieved from the well and eaten (success); (2) more than 

5 reach attempts were made without retrieving the pellet; (3) the food pellet was knocked 

from its well; or (4) the pellet was dropped inside the chamber before the animal could 

place it in its mouth. The percentage of successful reaches out of the total number of 

reach attempts was calculated. The single pellet retrieval task was used for skilled reach 

training in Experiment 1 and used as a measure of lesion-induced deficits and 

rehabilitative training-induced functional improvements following ischemic lesions in 

Experiment 2. 

 

5.3.3 Post-operative motor rehabilitation and assessment of functional recovery 

In Experiment 2, all animals received ischemic lesions in the hemisphere opposite 

to the trained forelimb, as described in Section 5.3.4. Three days after surgeries, rats were 

given either ceftriaxone (200mg/kg, i.p.) or vehicle (sterile saline) injections daily for 5 

days (Figure 5.1B). All animals received a probe test (Probe 0) on the single pellet 

retrieval task that consisted of 30 reaching trials on the last day of injection (7 days after 

lesions). Subsequent probe tests (Probe 1-10) were performed on two consecutive days 

after every fifth day of rehabilitative reach training. The percentage of successful reaches 

per attempt from the two weekly probe tests was averaged.  

Motor rehabilitation of the paretic forelimb consisted of five weeks of the tray 

reaching task (Gharbawie et al., 2005; Maldonado et al., 2008; Whishaw et al., 1986). 

After being placed in the reaching chamber, rats were allowed to reach for up to 100 

pellets (45 mg per pellet, 4.5g total) piled on an inclined (~25°) tray until all were 

retrieved or for 20 minutes, whichever came first. As in the single pellet task, a wall was 



 126 

positioned in the chamber to discourage the use of the non-paretic forelimb during motor 

rehabilitation. The time required for each rat to retrieve all of the pellets from the tray 

was recorded. When the rat did not eat all of the pellets during the given 20 minutes, the 

pellets left in the tray were weighed to estimate the number of pellets retrieved per 

minute during the session.  

 

5.3.4 Surgical procedure 

Rats received either sham operations (Experiment 3) or unilateral ischemic lesions 

to the forelimb representation region of the sensorimotor cortex. Lesions were in the 

hemisphere opposite to the trained forelimb in Experiment 2 and in a randomly chosen 

hemisphere in Experiment 3. Rats were anesthetized with a cocktail of ketamine (90-100 

mg/kg) and xylazine (9-10 mg/kg). A craniectomy was made between 1.5 mm posterior 

to 2.5 mm anterior to bregma and 3.0 and 4.5 mm lateral to midline and the underlying 

dura was removed. Ischemic lesions were produced by placing 3.5 μL of endothelin-1 

(ET-1, 0.2 μg/μL in sterile saline, American Peptide, Inc.), a vasoconstricting peptide, 

directly onto the pial surface. As described in previous chapters, ET-1 results in focal and 

potent vasconstriction, resulting in ischemia followed by gradual reperfusion over a 24 

hour period (Biernaskie and Corbett, 2001). ET-1 was divided into two drops (2 μL and 

1.5 μL), applied 4 minutes apart. The cortex was left undisturbed for an additional 6 

minutes after the second application of ET-1. The craniectomy was then filled with gel 

foam and dental cement to reduce the tissue distortion from cortical upwelling through 

the craniectomy (e.g., representative Nissl-stained section in Figure 2.3). In Experiment 

3, sham-operated animals received the same treatment up to, but not including, removal 
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of the skull, to avoid possible behavioral and neurochemical asymmetries caused by skill 

removal (Adams et al., 1994). 

 

5.3.5 Histological tissue processing 

In Experiment 2, one day after the last probe test (Probe 10) animals were 

anesthetized with a lethal dose of sodium pentobarbital (above 100 mg/kg) and 

transcardially perfused with 0.1 M phosphate buffer followed by 4 % paraformaldehyde 

in the same buffer. Brains were extracted, sliced with a Leica VT 1200S after 24 hours of 

post-fixation, and processed in a manner compatible with either immunohistochemistry 

or electron microscopy analyses. Alternating sets of 200 and four 50 μm-thick sections 

were collected. The 200 μm sections were placed immediately into a fresh fixative 

solution (2% paraformaldehyde and 2.5 % glutaraldehyde in 0.1 M phosphate buffer), 

stored for 24 hours for additional fixation, and then processed further for electron 

microscopy analysis, as described in previous chapters. One set of 50 μm sections was 

Nissl stained and used for lesion reconstruction and volume estimation. The rest of the 50 

μm sections were stored in cryoprotectant at -20°C for future immunohistochemistry 

analysis.  

In Experiment 3, animals were randomly assigned to be euthanized at two 

different time points, 7 and 14 days after lesions. As in Experiment 2, rats were 

anesthetized with a lethal dose of sodium pentobarbital and perfused intracardially with 

0.1M phosphate buffer followed by 4 % paraformaldehyde in the same buffer. Brains 

were sectioned with a vibratome and six rostral-caudal sets of 50 μm-thick sections were 

collected for immunohistochemistry. 
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5.3.6 Lesion analyses 

In Experiment 2, lesion size was estimated to determine whether (1) ceftriaxone 

affected lesion size when injected 3 days after ischemic stroke, and (2) behavioral 

differences between groups could have resulted from differences in lesion extents, since 

lesions size affects the magnitude of behavioral deficit and lesion-induced brain plasticity 

(Hsu and Jones, 2006; Kim and Jones, 2010). As described in previous chapters, lesion 

size was defined as the cortical volume difference between injured and intact hemisphere.  

Perimeters of Nissl-stained coronal sections were traced using Neurolucida 

(MicroBrightField, Inc.), beginning approximately 2.7 mm anterior to bregma and 

continuing through six caudal sections (800 µm apart), to focus the sampling in the 

sensorimotor cortical region. Volume was then calculated using the Cavalieri principle 

(Gundersen et al., 1988), as described in Chapter 2. Lesion placement was assessed by 

reconstructions onto schematic coronal section templates (Figure 5.4C). 

 

5.3.7 GLT1 Immunohistochemistry 

5.3.7.1 Tissue processing 

In Experiment 3, 50 µm thick sections between 1.2 mm anterior and 0.3 mm 

posterior to bregma, taken from brains in Experiment 3, were processed for GLT 

immunohistochemistry. Free-floating sections were rinsed in 10 mM phosphate buffered 

saline solution (PBS) and then transferred to 0.3% hydrogen peroxide in 10 mM PBS for 

30 minutes at room temperature to inactivate endogenous peroxidases. Following several 

washes in 10 mM PBS, sections were incubated in block solution (2% horse serum, 0.1% 

bovine serum albumin, 0.3% Triton X-100 in 10 mM PBS) for 2 hours at room 

temperature and then in anti-GLT1 (1:400, BD Biosciences) diluted in blocking solution 
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for 24 hours at 4°C. Negative controls were processed without primary antibody 

incubation. After two washes in 10mM PBS, sections were incubated in biotinylated anti-

mouse IgG made in horse (1:200 in 2% horse serum in PBS, Vector Laboratories) for an 

hour at room temperature. Sections were then rinsed several times in PBS and incubated 

for an hour at room temperature in peroxidase-linked avidin-biotin complex (ABC kit, 

Vector Laboratories). Immunoreactivity was visualized using 3,3’- diaminobenzidine 

tetrahydrochloride (DAB) chromogen intensified with nickel ammonium sulfate.  

Following several washes in Tris buffer and PBS, sections were mounted onto slides, 

placed in ascending alcohols concentrations and xylene, and coverslipped. Slides were 

coded before quantification so that the experimenter was blind to experimental 

conditions. 

 

5.3.7.2 GLT1 quantification 

Since GLT1 immunostaining pattern is reticular and diffuse, optical densitometry 

was used for quantification. Images of regions of interest from 3 coronal sections per 

brain were taken under a light microscope with a high-resolution digital camera (125x 

magnification, 4x objective used) and luminosities were measured by a histogram feature 

in Adobe Photoshop, as described in a previous study (Hsu and Jones, 2006). 

Luminosities of regions medial and lateral to lesions, corpus callosum, contralesional 

homotopic cortex from three sections per brain were measured. Settings such as light 

intensity and exposure time of the microscope were maintained for the entire time that 

images were being taken. Optical densities were corrected for slide background and 

calculated by the formula: 1/(luminosity of tissue) – 1/(luminosity of slide), as previously 

described (Hsu and Jones, 2006).   
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5.3.8 Statistical analysis 

Behavioral data were analyzed using the Statistical Package for the Social Science 

(SPSS, IBM Inc.) general linear model procedure (GLM) for repeated measures analyses 

of variance (ANOVA) for the effects of group, time (week), and group by time 

interaction. To determine the effect of ceftriaxone on functional recovery after ischemic 

lesions, post-operative data following injections were analyzed. Post hoc analyses were 

performed when warranted by significant group by time interaction using GLM for one-

way ANOVAs for group at each post-operative time point. Lesion size data in 

Experiment 2 were also analyzed using one-way ANOVA. GLT1 expression data in 

Experiment 3 were analyzed using one-way ANOVA and Fisher Least Significant 

Difference (LSD) post hoc analyses were used to further analyze group differences in the 

corpus callosum data.  

 

5.4 RESULTS 

5.4.1 In intact rats, ceftriaxone did not significantly change skill learning rate or 
final level of reaching performance   

In Experiment 1, ceftriaxone injections did not affect the rate of learning or 

plateau level of performance on the skilled reach learning (Figure 5.2). During the first 14 

days of training, though there was a significant effect of training days (F (13, 273) = 19.3, 

p<0.001), there was neither an interaction effect of day by group (F (13, 273) = 1.459, p > 

0.05) nor a group effect (F (1, 21) = 0.55, p > 0.05). When training was extended to 28 days 

for one subset of animals (n=7 in CEF, n=5 in VEH), there was also a significant day 

effect (F (13, 143) = 2.02, p < 0.05). However, there was neither an interaction effect (F (13, 
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143) = 0.753, p > 0.05) nor a group effect (F (1, 11) = 1.46, p > 0.05). As shown in Figure 5.2, 

reaching performance of rats in CEF tended to be lower than that in VEH at day 1, but 

this did not reach statistical significance (one-way ANOVA, p = 0.108). 

  

 

Figure 5.2:  Performance on the single pellet reaching task over days of training in 
Experiment 1. In intact rats, ceftriaxone administration (200mg/kg per day, 
for 5 days) immediately preceding skilled reach training failed to influence 
the rate of learning or plateau level of performance on the reaching task. On 
Day 14, 10 of animals (n=5 per each group) were euthanized. VEH, vehicle; 
CEF, ceftriaxone.    
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5.4.2 Ceftriaxone did not affect body weight. 

The body weights of all intact animals were monitored at several different time 

points: before the shaping period, one day before and after injections, and a week after 

injections in Experiment 1. As shown in Figure 5.3, ceftriaxone did not affect body 

weight. There were no other obvious signs of sickness resulting from ceftriaxone 

injections.  

 

 

Figure 5.3:  Body weights of animals at different time points (before shaping, one day 
before injection, 1day and 7 days after injection) in Experiment 1. 
Ceftriaxone did not affect body weights in animals (VEH, n=11; CEF, 
n=12). 

 

5.4.3 Lesion size and placement were similar between ceftriaxone and vehicle 
treated groups. 

In Experiment 2, lesion size was estimated as the volume difference between the 

two cortices. A representative Nissl-stained coronal section is shown in Figure 5.4A. As 

measured by volume difference, there was no significant difference in lesion sizes 
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between ceftriaxone and vehicle treatment groups (Figure 5.4B). Furthermore, lesion 

placement was similar between the two treatment groups as shown in lesion 

reconstructions overlaid on schematic coronal sections (Figure 5.4C). 

 

 

 

Figure 5.4:  Ceftriaxone injections beginning 3 days after ischemic lesions did not affect 
lesion size and placement in Experiment 2. (A) A representative Nissl-
stained coronal section showing an ischemic lesion in the right hemisphere. 
Scale bar = 1mm. (B) There were no effects on lesion size as defined as the 
volume difference between cortices (contra- minus ipsilateral cortex to 
lesion). (C) Lesion reconstructions on schematic coronal sections. Numbers 
are coordinates in mm relative to bregma. Lesion reconstructions from 
different animals are overlaid so that the darker color indicates greater 
overlap of lesion territory between brains. 
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5.4.4 Ceftriaxone exacerbated functional deficits on motor skill after ischemic 
lesions. 

In Experiment 2, ceftriaxone injections prior to motor rehabilitation exacerbated 

deficits induced by ischemic lesions (Figure 5.5). The tray reaching task was used for 

motor rehabilitation of the impaired limb, and reaching performance was probed weekly 

on a single pellet retrieval task. In repeated measures ANOVA, there were significant 

effects of week (F(5, 40) = 8.85, p < 0.001) and group by week (F(5,40) = 2.51, p < 0.05), but 

there was no significant group effect (F(1,8) = 0.42, p > 0.05). In post hoc analyses, the 

early performance of the CEF group showed a tendency to be lower than VEH group (p = 

0.10 at week 1; p = 0.074 at week 2, Figure 5.5). This tendency disappeared after two 

weeks and the final level of reaching performance was similar between groups. 
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Figure 5.5:  Ceftriaxone injections prior to motor rehabilitation worsened functional 
deficits in skilled reaching after ischemic lesions. Functional outcome was 
measured as the percentage of successes on weekly probe tests of skilled 
reaching performance. Rehabilitative training on tray reaching task started 8 
days after lesions. Ceftriaxone injections worsen initial deficits but this 
effect was diminished over time during motor rehabilitation (*p < 0.05, an 
interaction effect of group by week). During the first week of rehabilitation, 
ceftriaxone treated animals tended to show lower reaching performance than 
vehicle treated ones, but did not reach significance in post hoc tests (week 1, 
p = 0.10; week 2, p = 0.074). 
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5.4.5 Ceftriaxone interfered with acquisition of the rehabilitative training task. 

On the tray reaching task used for rehabilitative training, performance was 

assessed by the average number of pellets retrieved per min. There were significant 

effects of week (F(4, 32) = 9.37, p < 0.001) and group by week (F(4, 32) = 3.43, p < 0.05), but 

there was no group effect (F(1, 8) = 1.12, p > 0.05). In post hoc analyses, there was a 

tendency for the CEF group to retrieve fewer pellets per min than the VEH group, but 

this did not reach statistical significance (p = 0.13, Week 2, Figure 5.6). This tendency 

was diminished from the third week of motor rehabilitation. 

  

 

Figure 5.6: Ceftriaxone hindered acquisition of the rehabilitative tray reaching task. The 
average number of pellets per min during a rehabilitative tray reaching 
session per week was used. Ceftriaxone treatment resulted in delayed 
acquisition of tray reaching task compared to vehicle (*p < 0.05, an 
interaction effect of rehabilitative week by group). VEH, vehicle; CEF, 
ceftriaxone. Each week is the mean of 5 days of tray reaching performance. 
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5.4.6 GLT1 expression was not altered in the perilesion and contralesional cortices, 
but increased in the corpus callosum at 14d compared to 7d. 

To determine whether focal ischemic lesions induced by endothelin-1 affected the 

expression level of GLT1 at the early phase of motor rehabilitation, GLT1 

immunoreactivity was measured in sham and lesion animals at two different post-

operative time points in Experiment 3.  There was no difference in GLT1 expression in 

the regions medial (mean ± S.E X 10-4, Sham: 55 ± 7; 7D: 57 ± 8; 14D: 60 ± 6) and 

lateral (Sham: 58 ± 6; 7D: 59 ± 8; 14D: 58 ± 5) to lesions and the contralateral homotopic 

cortex (Sham: 58 ± 7; 7D: 53 ± 8; 14D: 55 ± 6) either 7 or 14 days after lesions compared 

to shams. However, there was a main group effect (F (2, 15) = 3.86, p < 0.05) in GLT1 

expression in the midline of the corpus callosum (Figure 5.7). In post hoc analyses, there 

was significantly greater expression of GLT1 at 14 days compared to 7 days following 

lesions (p < 0.05). The expression level of GLT1 at 14 days tended to be higher than that 

in sham animals, but this failed to reach to statistical significance (p = 0.078).  
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Figure 5.7: Comparisons of GLT1 expression in corpus callosum 7 and 14 days after 
ET-1 induced ischemic lesions. A-C, Representative GLT1 expression in 
corpus callosum. Scale bar = 100 µm (A: Sham; B: 7D; C: 14D). GLT1 
expression in corpus callosum at 14 days following ET-1 induced lesions 
were significantly increased compared to sham and 7 days after lesions. *p < 
0.05. 
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5.5 DISCUSSION 

Ceftriaxone, a β-lactam antibiotic, has been found to selectively induce the 

expression of the astrocytic glutamate transporter, GLT1, and improve its functional 

capacity (Rothstein et al., 2005). This unexpected finding prompted further investigation 

into ceftriaxone’s potential neuroprotective effects, and it has shown promise as a 

therapeutic strategy when administered during the acute phase of a stroke (Chu et al., 

2007; Lee et al., 2008; Lipski et al., 2007; Rothstein et al., 2005; Thone-Reineke et al., 

2008). However, ceftriaxone may not be as useful for enhancing motor rehabilitation and 

long-term functional recovery following cortical ischemic damage. The present study 

demonstrated that (i) ceftriaxone had no effect on motor learning in intact rats, (ii) 

ceftriaxone tended to worsen skilled reaching performance during the first week of 

rehabilitative training following focal ischemic stroke in rats, (iii) ceftriaxone 

administrations beginning 3 days after an ischemic stroke did not reduce lesion size, and 

(iv) GLT1 expression did not decline in the post-lesion day 7 and 14 in perilesion cortex 

but it increased in the corpus callosum. The second finding suggests that the upregulation 

of astrocytic glutamate transporters at the onset of motor rehabilitation might in fact be 

detrimental to functional outcome and that the timing of ceftriaxone treatment needs to be 

carefully considered due to its possible adverse effects on motor behavior. 

It has been found that ceftriaxone specifically increases GLT1 expression by 

promoter activation (Lee et al., 2008) but has no effect on the expression of a neuronal 

glutamate transporter, excitatory amino acid carrier 1 (EAAC1, Rothstein et al., 2005). 

Numerous previous studies have shown the robust effect of ceftriaxone on astrocytic 

GLT1 expression or function (Chu et al., 2007; Lipski et al, 2007; Miller et al., 2008; Sari 

et al., 2010). However, GLT1 has two splice variants, GLT1a (Chen et al., 2004) and 
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GLT1b (Chen et al., 2002) that are found in neurons. Though it has not been investigated 

whether ceftriaxone affects GLT1a, ceftriaxone increases the expression of GLT1b 

(Rothstein et al., 2005) such that it cannot be ruled out that ceftriaxone may affect the 

expression of GLT1 in neurons.  

As previously mentioned, recent studies of ceftriaxone have focused on its 

neuroprotective effects, presumably a result of its ability to alleviate excitotoxicity-

mediated neuronal damage, during the acute phase of a stroke (Hazell, 2007). The timing 

of ceftriaxone administrations seems to be of critical importance. For example, 

ceftriaxone had no effect on infarct size when administered either 30 min (Chu et al., 

2007) or 2 h (Verma et al., 2010) after MCA occlusion in rats. However, when 

administered before the onset of occlusion, it was found to reduce the infarct size in both 

studies. Though a single injection of ceftriaxone 90 min after transient MCA occlusion 

showed neuroprotective effects in rats, as seen by a greater number of remaining cells in 

the peri-infarct area compared with vehicle treatment, it did not significantly reduce 

infarct size in rats (Thone-Reineke et al., 2008). In the present study, using a different 

experimental model of stroke (ET-1 induced focal ischemic lesions), ceftriaxone 

administered 3 days after ischemic onset did not affect lesion size or placement compared 

to the vehicle treatment. These findings suggest that the neuroprotective effects of 

ceftriaxone, in particular its ability to reduce infarct volume, may be maximized when 

ceftriaxone is injected prior to ischemia due to astrocytic glutamate uptake already being 

enhanced at the onset of the stroke. Given that lesion size and severity are the major 

determinants of behavioral deficits (Adkins et al., 2008; Hsu and Jones, 2006; Kim and 

Jones, 2010), it is likely that reduced infarct sizes and less neuronal death contibuted to 

the reduced neurological deficits seen in ceftriaxone-treated animals in the previous 

studies. In the present study all groups have similar lesion sizes, and it is therefore likely 
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that any behavioral differences found between groups reflect how ceftriaxone treatment 

and the upregulation of astrocytic glutamate uptake directly affect the functional activity 

and ongoing reorganization of remaining brain regions. 

We found that ceftriaxone impaired reaching performance during the first week of 

motor rehabilitation, a time when re-learning occurs to compensate for lost function in 

the brain. It is not clear whether ceftriaxone administration prior to motor rehabilitation 

exacerbated initial deficits or impeded motor rehabilitation during the first week. Further 

investigation is needed, including comparisons of lesion-induced deficits with those 

immediately after ceftriaxone administration, ceftriaxone administration at later time 

points over the period of motor rehabilitation. Nevertheless, this ceftriaxone-impaired 

reaching performance might pertain to findings about altered synaptic transmission 

mediated by astrocytic glutamate uptake in the hippocampus. Contact-mediated 

EphA4/ephrin-A3 signaling between postsynaptic dendritic spines and astrocytes in the 

hippocampus is required for proper spine morphological maturation (Murai et al., 2003) 

and spine dynamics at excitatory synapses (Haber et al., 2006). In a recent study, ephrin-

A3 null mice have impaired hippocampus-dependent learning in a fear-conditioning 

context and remarkable upregulation astrocytic glutamate transporters, GLT1 and 

GLAST (Carmona et al., 2009). Lack of either dendritic EphA4 or ephrin-A3 in the 

hippocampus is also associated with defective long-term potentiation (LTP) at CA1-CA3 

synapses, and was linked with the greater abundance of astrocytic glutamate transporters 

(Filosa et al., 2009). Pharmacological inhibition of astrocytic glutamate uptake was found 

to reverse theses effects, suggesting that excessive removal of glutamate in the vicinity of 

synapses may lead to insufficient activation of synaptic glutamate receptors, and result in 

impaired LTP (Filosa et al., 2009). Furthermore, ceftriaxone-induced GLT1 upregulation 

was found to impair long-term depression (LTD) as well as LTP at mossy fibre-CA3 
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synapses (Omrani et al., 2009). Although it is necessary to verify whether ceftriaxone 

administered beginning 3 days following focal ischemic lesions result in upregulation of 

GLT1 protein expression, ceftriaxone administration in the present study might partly 

disrupt synaptic transmission via upregulation of GLT1, given that it was the same 

dosage as in other studies in that ceftriaxone induced upregulation of GLT1 (Chu et al., 

2007; Miller et al., 2008; Rothstein et al., 2005).  

It also seems important to further characterize how altered astrocytic glutamate 

uptake affects synapses in the motor cortex and, the structural association between 

astrocytes and synapses. As described in Chapter 3, reach training positions astrocytic 

process around synapses but not at the vicinity of synaptic cleft. The retraction of 

astrocytic processes from the synaptic cleft can result in cross talk between synapses by 

permitting glutamate and other substances to diffuse into the extracellular space, which is 

called ‘volume transmission’ (Oliet et al., 2001; Piet et al., 2004; Sykova and Vargova, 

2008). It is possible that ceftriaxone may disrupt cross talk between synapses by 

excessive glutamate uptake, resulting in disruption of functional outcome.    

The effect of ceftriaxone on motor rehabilitation following ischemic lesions 

persisted for a week after the discontinuation of injections in the present study. Similar 

durations of ceftriaxone effects have been found in other studies. For example, 

ceftriaxone attenuated the symptoms of the Huntington’s disease phenotype in transgenic 

R6/2 mice, indicating that impaired astrocytic glutamate uptake in striatum is involved in 

the pathophysiology of the disease (Miller et al., 2008). The effect of ceftriaxone on most 

of the behavioral symptoms was seen at one day following the final injection but had 

disappeared a week later. Moreover, a previous study about the effect of ceftriaxone on 

prepulse inhibition (PPI) in rats showed that the ceftriaxone-enhanced expression of 

GLT1 in various regions of brain returned back to basal levels, along with the impaired 
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PPI, eight days following the cessation of injections (Bellesi et al., 2009). These findings 

suggest that the effect of ceftriaxone on GLT1 persists for a week after discontinuing 

injections. 

It should be noted that the effect of ceftriaxone was not obvious during motor skill 

learning in intact animals. This can partly be explained by brain plasticity that occurs 

following lesions. As previously noted, the cortex undergoes numerous plastic changes 

following damage. These include not only enhanced connectivity along with axonal 

sprouting (Carmichael, 2003) and spine formation (Brown et al., 2009), but also increases 

in plasticity-related molecules, in particular, developmental proteins that are normally 

absent or present at low levels in the adult brain, such as nestin (Li and Chopp, 1999) and 

cyclin D (Timsit et al., 1999), and other growth factors (Carmichael et al., 2005; 

Stroemer et al., 1995). Therefore, differences in ceftriaxone effects between intact and 

injured animals may reflect the effects of lesion-driven plasticity.  

Activation of astrocytic glutamate transporters can induce GABA release from 

astrocytes (Heja et al., 2009). Recently, it has been found that there is a chronic increase 

in tonic inhibition in peri-infarct cortex and that reducing GABA-mediated tonic 

inhibition induces early and sustained functional recovery (Clarkson et al., 2010). 

Therefore, it is possible that activation of astrocytic glutamate uptake induced by 

ceftriaxone may increase astrocytic GABA release and result in excessively triggered 

GABA-mediated tonic inhibition in peri-infarct cortex that can interfere with functional 

recovery. Furthermore, the previous findings that glutamate receptor antagonist, MK801 

can be beneficial when injections begin early after lesions (12-16 hours) but detrimental 

when administered, later, following behavioral recovery (Barth et al., 1990). Thus, timing 

of manipulation of glutamate transmission might be a critical factor for mediating 
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functional outcome. Further investigation about the effect of ceftriaxone on different time 

points (e.g., later on functional recovery) can provide some insight into this issue.  

Although the present study primarily focuses on the effect of ceftriaxone on 

astrocytic glutamate transporters, ceftriaxone is one of the most commonly used 

antibiotics in patients with infection. Infections are highly associated with stroke. There 

are many clinical cases in which a chronic or acute infection preceded ischemic stroke 

(Ameriso et al., 1991; Macko et al., 1996) and these infections are considered as risk 

factors (Emsley and Hopkins, 2008; Lindsberg and Grau, 2003). Furthermore, post-stroke 

infections frequently occur and are associated with poorer recovery (Emsley and 

Hopkins, 2008). The most common types of post-stroke infections include pneumonia 

and urinary tract infections, and ceftriaxone is effective for the treatment of the bacteria 

that cause them (Nederkoorn et al., 2011). With the findings of its neuroprotective 

effects, ceftriaxone has received attention as a possible treatment for stroke (Nederkoorn 

et al., 2011). However, as the findings in the present study suggest, the potential 

detrimental effects of ceftriaxone on behavioral outcome and the importance of timing of 

its administration should be taken into account. 

Since the expressions of GLT1 did not significantly change in either the peri-

lesion or contralesional cortices at 7 and 14 days after focal ischemic stroke in the present 

study, it is likely that ceftriaxone resulted in supranormal glutamate uptake in the early 

motor rehabilitation period (7 days) to a week later (14 days), as measured in the 

preliminary immunohistchemistry analysis. However, given that the pattern of GLT1 

immunoreactivity in cerebral cortex is diffuse, more sensitive quantification assays such 

as western blotting remain necessary in future studies. Unexpectedly, there was a 

significant increase in GLT1 expression seen at the corpus callosum at 14 days compared 

to 7 days following lesions, which may reflect changes in transcallosal connections 
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between hemispheres. Given numerous findings that astrocytic and neuronal plastic 

changes occur in the contralateral homotopic cortex following unilateral lesions (Bury et 

al., 2000a; Bury et al., 2000b; Hsu and Jones, 2006; Jones, 1999; Jones et al., 2009; Kim 

and Jones, 2010; Luke et al., 2004), axons connecting the cortices are likely to undergo 

not only denervation due to the lesions but also other ensuing plastic changes due to 

altered physiological conditions with respect to glutamatergic transmission. Moreover, it 

has been reported that cultured astrocyte from the white matter (corpus callosum) in new 

born rats have a much greater amount of astrocytic glutamate transporters and glutamate-

metabolizing enzymes compared with ones from the grey matter, and that callosal 

astrocytes are more similar to reactive astrocytes than are grey matter ones (Goursaud et 

al., 2009). As mentioned above, the plasticity of contralesional homotopic cortex is partly 

mediated by transcallosal denervation (Bury et al., 2000a, 2000b) and transcallosal 

connections also mediate the detrimental effect of training with the non paretic limb 

(Allred et al., 2010). Together with the present findings, this positions callosal astrocytes 

for a potentially important role in recovery, but their contribution has not yet been well 

studied.  

In summary, we found that ceftriaxone tended to worsen behavioral outcome 

during motor rehabilitation after focal ischemic stroke, while its effect on motor skill 

learning was not observed in intact animals. However, it did not affect the final level of 

recovery after long-term rehabilitation. Furthermore, ceftriaxone administered at 3 days 

following ischemic lesions did not have neuroprotective effects, at least as measured by 

lesion size, an effect that was seen when ceftriaxone was injected prior to stroke 

induction in previous studies. These results suggest that ceftriaxone might not be 

beneficial for functional outcome following stroke. 
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Chapter 6 

General Discussion 

 

6.1 OVERVIEW OF MAJOR FINDINGS 

Following a unilateral cerebral stroke, the contralateral body side (the paretic 

side) is often heavily impaired, and there is a natural, spontaneous shift in reliance to the 

ipsilesional (non-paretic) body side to perform most basic functions. Both hemispheres 

undergo neurodegenerative (Lo et al., 2005) and plastic changes (Murphy and Corbett, 

2009), and this plasticity can be shaped by behavioral experiences and mediate functional 

outcome (Dimyan and Cohen, 2011; Jones et al., 2009). In many previous investigations, 

synapses and neurons have been the primary focus for exploring the association between 

brain plasticity and functional recovery. Evidence is accumulating that astrocytes play an 

important role in regulating synaptic plasticity, from formation to elimination (Barker and 

Ullian, 2008, 2010; Eroglu and Barres, 2010; Pekny et al., 2007) and also in pathology 

following lesions (Li et al., 2008; Nedergaard and Dirnagl, 2005; Takano et al., 2009). 

These dissertation studies provide insight into how synapses and astrocytes change 

during this lesion- and experience-driven plasticity and how their association is linked 

with functional outcome. 

In the contralesional homotopic cortex of middle aged rats, astrocytic volume was 

found to vary with lesion size, as did the number of synapses, and was positively 

correlated with synapse numbers (Chapter 2). In the remaining motor cortex of the 

injured hemisphere, rehabilitative reach training with the paretic limb increased the 

proportion of astrocytic membrane apposed to synapses, in accordance with increased 

synaptic density (Chapter 3). The percentage of synapses with astrocytic contacts was 
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significantly correlated with functional outcome, while the numerical density of synapses 

was found not to be strongly associated with recovery in a previous study (Hsu, 2007). 

On the other hand, maladaptive training with the non-paretic limb also induced greater 

synaptic density than controls in the perilesion cortex, but functional outcome was 

negatively correlated with this and was not correlated with astrocytic contacts with 

synapses (Chapter 4). Furthermore, pharmacological upregulation of astrocytic glutamate 

uptake interfered with functional recovery, suggesting that astrocytic glutamate uptake 

plays a critical role in functional outcome following a stroke (Chapter 5). Together, 

theses findings indicate that the plasticity of synapses and astrocytes and their structural 

association are dependent on post-injury experiences and that this coordinated plasticity 

may be critical for functional outcome.  

  

6.2 STRENGTHENED ASSOCIATION BETWEEN ASTROCYTES AND SYNAPSES FOLLOWING 
LESIONS 

These dissertation studies showed that lesion-induced neuronal plasticity in both 

hemispheres also involves astrocytic plasticity, and coordinated changes between 

synapses and perisynaptic astrocytes. Previously it was found that the density of 

astrocytic processes expressing glial fibrillary acidic protein (GFAP) in the contralesional 

cortex increased in response to both denervation, resulting from callosal transections, and 

intensive use of the non-paretic limb (Bury et al., 2000b). This response was exaggerated 

when denervation and intensive use of the non-paretic limb were combined. In 

accordance with this, astrocytic volume and synapse numbers in the contralesional 

homotopic cortex of middle-aged rats was found to vary with lesion size (Chapter 2), 

indicating that the astrocytic hypertrophy found in the study varies with lesion severity, 

as do the neuroplastic changes (Hsu and Jones, 2006). Astrocytic volume was also tightly 
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correlated with synapse numbers in the contralesional cortex of lesion groups but not in 

sham-operates (Chapter 2).  Furthermore, the hypertrophy of astrocytic processes was 

linked with greater synaptic coverage. Given that astrocytes control synaptic plasticity by 

releasing soluble factors such as cholesterol (Mauch et al., 2001) and thrombospondins 

(Christopherson et al., 2005; Eroglu et al., 2009), and synaptic receptivity (Barker et al., 

2008) and morphology  (Murai et al., 2003) by astrocytic contacts, a reduced astrocytic 

responsiveness to injury may have contributed to both greater lesion size and the smaller 

synapse number in the contralesional cortex.  

Following ischemic stroke, astrocytes increase in number, in particular those of a 

reactive phenotype (e.g., those expressing GFAP), to form a glial scar at the border of the 

infarct site (Stoll et al., 1998). Given that the sampling regions in Chapter 3 were 

intentionally distant from the border of the infarct core, to avoid gliotic areas, it is no 

surprise that there were no remarkable differences in morphological features of astrocytic 

processes in lesion animals compared to sham-operates in the study. However, lesion-

driven increased apposition of astrocytes to synapses was found in the perilesion cortex 

(Chapter 3), which accords with the tight association found between astrocytes and 

synapses in the contralesional cortex, as noted above (Chapter 2). Therefore, these 

findings suggest that brain injury affects the relationship between synapses and astrocytes 

in both hemispheres. Moreover, the intensified association between them seems to be 

linked with functional outcome, as discussed later.  
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6.3 COORDINATED PLASTICITY OF ASTROCYTES AND SYNAPSES DURING NEURAL 
REMODELING INDUCED BY REHABILITATIVE REACH TRAIING 

6.3.1 Increased association between astrocytes and synapses 

Astrocytic apposition to synapses was found to increase as a result of reach 

training (Chapter 3). This led to a similar level of astrocytic coverage around synapses 

across experimental conditions, despite a large increase in synapse densities driven by 

post-stroke rehabilitative reach training. Interestingly, the proportion of astrocytic 

membrane apposed to synapses also increased in sham animals that underwent reach 

training compared to those without training, emphasizing the effect of reach training 

alone. Given that there were no significant differences in synaptic density among these 

groups (Hsu, 2007), this finding indicates that astrocytic association with synapses is 

highly sensitive to not only the lesion but also to practice in skilled reaching training 

regardless of changes in synapse number. 

 

6.3.2 Difference between lesion and intact animals: ‘re-learning’ vs. practice of an 
established skill 

Experience-driven brain plasticity following a lesion seems different from 

experience-driven plasticity in an intact brain. While astrocytic plasticity induced by 

reach training was similar in sham and lesion animals, synaptic plasticity varied with 

lesions. This could be explained in part by how the reach training differed for intact and 

lesion animals. All animals learned the task prior to the lesion or sham surgeries. In intact 

animals, reach training simply continued after sham operations were performed and could 

thus be regarded as extended training; whereas in lesion animals, post-surgery reach 

training involved re-learning the task following the loss of function due to brain damage, 

and this seems likely to require the formation of new neural circuits. In many ways these 
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two conditions are analogous with learning acquisition (re-learning in lesions) and 

learning consolidation (reach training in intact animals). New synaptic connections form 

in the motor cortex during learning acquisition and those newly formed synapses are 

selectively stabilized, while some synapses that existed before learning the task are 

preferentially eliminated (Xu et al., 2009).  While considering this analogy of learning 

acquisition in lesion animals vs. learning consolidation in sham animals, it should be 

noted that the sham animals in the present study underwent reach training for 4 weeks 

after the skill was already established.  It is thus possible that the sham animals had 

already passed the active learning consolidation phase during this training period. 

However, it seems reasonable to adopt the idea that learning consolidation selectively 

strengthened pre-existing synapses without adding new ones, given that the extended 

training in sham animals did not increase synapse numbers and animals had reached 

asymptote before operations. The finding that there was increased astrocytic apposition to 

synapses after reach training may reflect that astrocytes are involved in strengthening 

synapses. In addition, in lesion animals, a number of vigorous lesion-driven plastic 

changes also occur, including new axonal projections (Carmichael, 2003), enhanced 

neural activity (Brown et al., 2009), and upregulation of growth factors (Carmichael et 

al., 2005). All of these findings taken together suggest that post-stroke rehabilitative 

training elicits the rewiring of new circuits, i.e., the formation of new connections via 

synaptogenesis (Hsu, 2007), and that a stronger association of perisynaptic astrocytes 

with synapses in newly formed circuits is likely to promote better functional recovery.  
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6.3.3 Astrocytic apposition yet preserved potential for crosstalk 

Reach training induces astrocytic apposition to synaptic elements but not at the 

vicinity of the synaptic junction (Chapter 3) The avoidance of this synaptic region 

enhances the potential to receive and diffuse neurotransmitters and other substances. In 

contrast, in the study where no motor training was involved (Chapter 2), astrocytic 

processes tended to have more contacts with synapses at the junction in the contralesional 

cortex compared to shams. This may indicate that having increased astrocytic contacts at 

the synaptic elements but not at the synaptic junction may be experience- and/or 

regionally-specific. It has been previously reported that hippocampal synapses with 

astrocytic direct contacts have bigger postsynaptic density (PSD) areas with a greater 

capacity for neurotransmitter release; however, those with larger PSD areas also have 

longer astrocyte-free perimeters of their synaptic clefts (Witcher et al., 2007). It has been 

found in the supraoptic nucleus that the retraction of astrocytic processes from the 

synaptic junction effectively results in potent crosstalk with neighboring synapses (Piet et 

al., 2004). Therefore, it seems likely that skilled reach training increases astrocytic 

apposition to synaptic elements yet astrocytic processes may retract from or avoid the 

synaptic junction to increase crosstalk with neighboring synapses, or even those more 

distant via volume transmission. 

 

6.4 THE EFFECTS OF POST-INJURY EXPERIENCES ON SYNAPSE FORMATION, 
ELIMINATION AND MATURATION 

6.4.1 Dendritic spines: where changes happen 

The effects of post-injury experiences, both rehabilitative (Chapter 3) and 

maladaptive (Chapter 4), on the plasticity of axodendritic synapses were pronounced in 

comparisons of axo-spinous synapses, whereas the number of axo-shaft synapses 
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remained stable in both studies. This seems to indicate that spine plasticity is a key factor 

in the shaping of experience-dependent synaptic plasticity. In fact, spines dynamically 

change even in the adult brain, and the concurrent formation and elimination of synapses 

occurs in response to sensory (Holtmaat et al., 2006; Trachtenberg et al., 2002) and motor 

(Guic et al., 2008; Xu et al., 2009) experiences. The dynamic turnover of spines almost 

certainly reflects the formation and elimination of synapses (Knott et al., 2006; 

Trachtenberg et al., 2002). In mice, novel motor skill learning enhances spine elimination 

as well as formation in adults (Xu et al., 2009). Therefore, post-lesion experience-induced 

plasticity in the adult brain seems to require the balanced and dynamic formation and 

elimination of axo-spinous synapses to re-establish or remodel functional motor circuits. 

 

6.4.2 The importance of Hebbian synaptic plasticity 

Training with the non-paretic limb worsens functional recovery of the paretic 

limb and decreases the area of caudal forelimb movement representations (Allred, 2009). 

It was an unexpected result that non-paretic limb training resulted in a higher density of 

synapses (in particular axo-spinous synapses) in the perilesion cortex compared to 

controls (Chapter 4), since an increased density of synapses was found in animals that 

received rehabilitative training following lesions and showed functional improvement 

(Hsu, 2007 and Chapter 3). On the surface, these seem like conflicting findings, but there 

were several differences in the synaptic addition, and its relationship with astrocytic 

plasticity, that are likely to provide insight into how post-injury experiences shape 

plasticity to mediate functional recovery. Murphy and Corbett (2009) have explained the 

commonality between post-stroke functional recovery and synapse-based learning in 

terms of the necessity of both wiring and refining brain connections. In short, lost 



 153 

connections following a lesion evoke a homeostatic plasticity (Turrigiano and Nelson, 

2004) to form additional synapses, and activity-dependent Hebbian plasticity occurs to 

redistribute synaptic strength for wiring active pathways (Butts et al., 2007; Hebb, 1949). 

In other words, lesions initially induce the formation of synapses, but to be functionally 

sound, newly formed synaptic connections must be refined through adequate types of 

post-injury experience. This also indicates that synapse number alone does not reflect the 

functionality of neural connections. Instead, the number and proper distribution of 

functionally mature synapses are likely to be more important for mediating functional 

outcome. This could partly explain why post-lesion functional recovery was greatly 

correlated with the fraction of synapses with astrocytic direct contacts rather than with 

the numerical density of synapses in lesion animals (Chapter 3), given that synapses with 

larger (presumably mature) PSD areas tended to have astrocytic direct contacts (Witcher 

et al., 2007).  This could also mean that the greater density of axo-spinous synapses in 

animals receiving maladaptive training (Chapter 4) resulted from decreased or improper 

elimination of synapses.  

Differences in densities of perforated synapses may also indicate a lack of 

maturation. While both rehabilitative and maladaptive training increased MSBs in the 

perilesion cortex along with a higher density of axodendritic synapses, only rehabilitative 

training increased the density of perforated synapses.  Perforated synapses have 

abundant AMPA receptors that are a major determinant of enhanced synaptic efficacy 

(Ganeshina et al., 2004b; Nicholson and Geinisman, 2009), whereas the majority of 

MSBs in the hippocampus often have synapses with an abnormally low level of receptor 

expression (Nicholson and Geinisman, 2009). Moreover, newly formed dendritic spines 

prefer to form synapses with MSBs, so that the addition of synapses may often 

accompany an increase in the number of MSBs (Knott et al., 2006). Therefore, the 
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finding that animals with non-paretic limb training had more MSBs, but not more 

perforated synapses, than controls may indicate a lack of synaptic maturation following 

synaptic addition. On the other hand, rehabilitative training that increased perforated 

synapses as well as MSBs may indicate that both formation and maturation of synapses 

occurred. In fact, increases in the density or number of MSBs have been found in 

circumstances in which the formation and selective elimination of synapses may play a 

key role in establishing a new functional circuit. For example, motor skill training 

increases the number of MSBs in the cerebellum of intact rats (Federmeier et al., 2002) 

and in the contralesional cortex of rats following unilateral cortical lesions (Jones et al., 

1999). Enriched environment housing also results in a greater number of MSBs in the 

visual cortex (Jones et al., 1997). Unilateral lesions increase the number of MSBs in the 

cortex opposite the lesions (Jones, 1999) and the density of MSBs in the ipsilesional 

striatum (McNeill et al., 2003).  Given that MSBs often have one synapse with a lower 

density of postsynaptic receptors than the other (Nicholson and Geinisman, 2009), the 

disparate pattern of receptor expression in MSBs may indicate that MSBs sometimes 

reflect competition between the synaptic connections on one presynaptic bouton. Further 

investigation about the process of synaptic maturation, the time course of synaptic 

change, and electrophysiological investigation of synaptic strength is needed to test this 

possibility. 

 

6.4.3 Potential mechanisms of the effect of maladaptive training on activity-
dependent synaptic elimination 

It is still unclear how non-paretic limb training can interfere with the elimination 

and maturation of synapses in the perilesion cortex. However, it is possible that the 

detrimental effect of non-paretic limb training is related to its interactions with lesion-
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induced plasticity and that it disrupts the potential for experience with the paretic limb to 

initiate the activity-dependent elimination and maturation of synapses in perilesion 

cortex. It has been previously found that FosB/∆FosB expression is reduced in the 

perilesion cortex following non-paretic limb training (Allred and Jones, 2008). ∆FosB 

has been reported to upregulate various gene expressions, including GluR2, an AMPA 

receptor subtype (McClung et al., 2004). It is possible that non-paretic limb training 

causes the down regulation of genes that are required for, or involved in, activity-

dependent synaptic elimination processes. In particular, the low number of perforated 

synapses in animals with non-paretic limb training may indicate a relative paucity of 

AMPA receptors, which are abundant in perforated synapses, and may also be associated 

with the reduced expression of ∆FosB. It is still unclear whether the reduced expression 

of FosB/∆FosB in the perilesion cortex results from non-paretic limb training or reflects 

reduced activity-dependent plasticity via unknown mechanisms following non-paretic 

limb training. It has also been suggested that intracortical inhibition is mediated by 

GABAergic interneurons, which are connected with transcallosal inputs (Liepert et al., 

2000c; Perez and Cohen, 2009). Given that the maladaptive effect of non-paretic limb 

training is dependent on with transcallosal connections (Allred et al., 2010), GABAergic 

activity may interfere with activity-dependent plasticity, leading to failure of selective 

synaptic elimination.  

It has been previously found that neither bilateral training (training with both 

forelimbs) in animals with unilateral sensorimotor cortical lesions, nor training with the 

non-preferred limb in intact animals, impairs function in the other limb (Allred and Jones, 

2008). Analyses of synaptic densities in the perilesion cortex between animals with non-

paretic limb training alone and those with bilateral training may provide some insight into 

the mechanisms underlying these different functional outcomes.  
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6.4.4 Possible involvement of astrocytes during synaptic elimination  

Astrocytic volume fraction was negatively correlated with the density of axo-

spinous synapses in controls but not in non-paretic limb training groups (Chapter 4). This 

might be another indication of a lack of proper synaptic elimination, because astrocytes 

are known to play a role in synaptic elimination. Though the molecular mechanisms of 

synaptic elimination are still unclear, glial coverage and ensuing phagocytosis play an 

important role (Awasaki and Ito, 2004; Watts et al., 2004). For example, during early 

development, immature inputs at neuromuscular junctions are selectively eliminated 

based on synaptic activity. Schwann cells actively regulate the elimination process by 

wrapping and confining the axons to be eliminated (Bishop et al., 2004). Therefore, the 

negative correlation between astrocytic volume and axo-spinous synaptic densities in 

controls might provide some insight into how enhanced astrocytic infiltrations into 

neuropil may indicate a greater capacity to eliminate axo-spinous synapses in controls 

than in the non-paretic limb training groups that may have defects in elimination. 

Furthermore, it has been previously found that astrocytes play an important role in 

the elimination of synapses during development via the classical complement cascade, 

which is part of the innate immune system (Stevens et al., 2007). Through unknown 

mechanisms, immature astrocytes trigger neurons to upregulate C1q, a protein that 

initiates the classical complement cascade, and the expression of C1q on synapses then 

serves as a tag for those synapses to be eliminated. In C1q-deficient mice, synaptic 

elimination fails to occur, and the mice have epileptic seizures (Chu et al., 2010). Given 

that the perilesion cortex in the adult brain has numerous features in common with the 

developing brain, as stated above (Cramer and Chopp, 2000; Murphy and Corbett, 2009), 

it seems possible that non-paretic limb training interferes with the astrocyte-mediated 
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elimination of synapses in the perilesion cortex, resulting in an increase in synapse 

number. 

 

6.5 THE ROLE OF PERISYNAPTIC ASTROCYTES IN FUNCTIONAL RECOVERY 

6.5.1 Possible beneficial mechanisms for synaptic formation and maturation 

There is abundant evidence that perisynaptic astrocytes affect synapse formation 

and function. The presence of astrocytes is critical for the formation of functionally 

mature synapses (Pfrieger and Barres, 1997; Ullian et al., 2001). Astrocytes release 

soluble factors including thrombospondins to promote synapse formation (Christopherson 

et al., 2005; Eroglu et al., 2009) and cholesterol to form mature synapses presynaptically 

(Mauch et al., 2001) and postsynaptically (Goritz et al., 2005). D-serine from astrocytes 

also regulates the activity-dependence of long-term potentiation and long-term depression 

of excitatory synapses (Panatier et al., 2006). Therefore, increased astrocytic apposition 

to synapses in animals receiving rehabilitative reach training can be beneficial for 

synaptic formation and maturation and associated with better functional outcome, which, 

as discussed in chapter 3, was found to correlate with the fraction of synapses with 

astrocytic direct contacts. 

As stated above, dendritic spines seem to be the most responsive to post-injury 

experiences. Perisynaptic astrocyte processes control the function and morphology of 

postsynaptic dendritic spines via contact-mediated signaling. Astrocytic contact enhances 

the postsynaptic function of retinal ganglion cells to acquire synaptic receptivity during 

development (Barker et al., 2008).  Hippocampal astrocytes can affect spine 

morphology by ephrin/EphA4 signaling, and the inhibition of this signaling results in 

unorganized spines (Murai et al., 2003). Astrocytic contacts also change dynamically in 
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coordination with dendritic spine changes, and the astrocyte-spine interactions are 

stabilized at larger spines (Haber et al., 2006). Astrocytic processes modulate the 

structural stability of dendritic protrusions and their subsequent maturations into spines 

(Nishida and Okabe, 2007). Assuming that non-paretic limb training hinders the 

maturation of axo-spinous synapses, it seems possible that one of the mechanisms 

underlying the lack of functional recovery in the non-paretic training limb group is the 

dysfunction of astrocytes in the perilesion cortex and, as a consequence, the malfunction 

or failed maturation of dendritic spines. Further investigations that use time lapse in vivo 

imaging techniques may shed light on the possible role of astrocytic processes in the 

activity-dependent dendritic maturation during post-injury experiences.  

 

6.5.2 Astrocytic glutamate uptake 

As described in Chapter 5, ceftriaxone, an enhancer of astrocytic glutamate 

uptake, impaired reaching performance during the first week of motor rehabilitation. 

Though it is not clear whether ceftriaxone treatment worsened initial functional deficits 

or interfered with motor rehabilitation, the impaired reaching performance induced by 

ceftriaxone might pertain to previous findings about the effect of excessive astrocytic 

glutamate uptake in the hippocampus. A deficiency in EphA4/ephrin-A3 signaling 

impairs learning ability and upregulates astrocytic glutamate transporters (Carmona et al., 

2009). It is also associated with defective long-term potentiation (LTP) at CA1-CA3 

synapses and linked with an abundance of astrocytic glutamate transporters (Filosa et al., 

2009), suggesting that excessive glutamate uptake in the vicinity of the synaptic junction 

can result in the insufficient activation of synaptic glutamate receptors, consequently 

leading to impaired LTP.  This is also relevant to the finding in the present study that 
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rehabilitative training induced more synapses with astrocytic contacts at pre- and 

postsynaptic elements but not at the synaptic junction (Chapter 3), presumably resulting 

in reduced astrocytic uptake of released glutamate, as seen in other experimental models 

(Oliet et al., 2001; Piet et al., 2004). Therefore, to maintain or rewire functionally mature 

circuits, it may be critical to have a well-balanced control of perisynaptic astrocytes. 

Furthermore, ceftriaxone’s enhanced astrocytic glutamate uptake may reduce synaptic 

crosstalk by inhibiting volume transmission of released glutamate (Piet et al., 2004; 

Sykova and Vargova, 2008; Vargova et al., 2001), leading to impaired functional 

outcome (Chapter 5). 

 

6.6 FUTURE DIRECTIONS AND CONCLUSIONS 

These dissertation studies give diverse possibilities for future studies. Assuming 

the idea that post-injury experiences are critical for modulating the formation, elimination 

and maturation of synapses to rewire and refine neural circuits, chronic in vivo imaging 

over the period of rehabilitative/maladaptive training might provide clues as to how time-

dependent changes in spines occur, how interactions between spines and astrocytes 

change, and how maladaptive training results in a larger number of synapses that mediate 

worsened outcome. Further investigations as to whether astrocytic apposition with 

synapses changes and how the plasticity of astrocytes and synapses is associated with 

motor map representations in animals with non-paretic limb training vs. controls (Chapter 

4) could contribute to a better understanding of the effect of maladaptive experiences on 

astrocytic association with synapses and with functionality. Furthermore, based on a 

recent finding that astrocytic glycogenolysis and lactate transport are critical for long-

term memory formation (Suzuki et al., 2011), it may be possible that astrocytic 
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metabolism capacity is critical for re-learning after lesions. With the finding that 

enhanced glutamate uptake can interfere with post-stroke recovery (Chapter 5), it would 

be interesting to investigate how suppressed glutamate uptake influences functional 

recovery and whether the time point of ceftriaxone treatment matters in regard to the 

effect of astrocytic glutamate uptake on functional outcome. 

Taken all together, these dissertation studies provide insight into how astrocytes 

as well as synapses are involved in interactive lesion- and experience-driven plasticity 

following unilateral lesions. They also demonstrate that more factors than change in 

synapse number should be taken into account in the investigation of lesion- and 

experience-dependent brain plasticity and its link with functional outcome, including 

changes in astrocytic association with synapses and the maturity and functionality of 

synapses. This is needed because the complicity of neurons, astrocytes, synaptic 

crosstalk, and their interactions are undoubtedly important for achieving the dynamic 

remodeling of adult cortical circuits for improving and maintaining behavioral function. 
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