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Abstract 
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Most stroke survivors recover some degree of lost function after an ischemic event. Recovery 

however, is negatively affected by comorbid conditions such as diabetes. Successful recovery is 

dependent on the ability of adjacent surviving cortical tissue and functionally related areas to 

take over functions lost by the stroke. Recently our lab has shown that diabetes interferes with 

the remapping of sensory function to peri-infarct areas after photothrombotic stroke. Given this 

result, it is crucial to understand how diabetes affects the structure of neurons following stroke, 

particularly at the level of dendritic spines, which receive the vast majority of excitatory synaptic 

inputs. Type I diabetes was pharmacologically induced in transgenic mice expressing yellow 

fluorescent protein (YFP) in a subset of cortical neurons 4 weeks prior to receiving unilateral 

photothrombotic stroke in the forelimb area of the primary somatosensory cortex (FLS1). Spine 

density measurements were made on the apical and basilar dendrites of layer-5 pyramidal 

neurons at 1 and 6 weeks after stroke. Our analysis indicated that diabetes was associated with 

fewer apical and basilar dendritic spines in the peri-infarct region 1 week after stroke. At 6 

weeks of recovery, peri-infarct dendritic spine density in both control and diabetic animals 

returned to baseline levels. These changes were specific to the peri-infarct cortex, as spine 

density in distant cortical areas such as the forelimb sensorimotor region of the contralateral 

hemisphere, were not affected by stroke. In order to relate changes in spine density to the 

recovery of forepaw function, we re-analyzed data from a previous study that employed the 

forepaw adhesive-tape-removal test. This analysis revealed that diabetes significantly increased 

the latency of tape removal from the impaired forepaw (when normalized to the unaffected paw) 

at 1 but not 6 weeks of recovery. Collectively, these findings indicate that diabetes exacerbates 

forepaw impairments and basilar spine loss initially after stroke, but does not affect the ability of 

the brain to replace lost spines over weeks of recovery. 
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Introduction 

Stroke  

The brain is an elegant tangle of neurons, glia and vasculature. As an organ it comprises only 2% 

of the total body weight, yet accounts for 20% of the body’s oxygen consumption and 25% of 

glucose utilization. The brain’s vascular system must adequately distribute blood flow to meet 

these high metabolic demands. Interruptions to the flow of oxygen and nutrients to the brain 

results in tissue damage and neurological dysfunction commonly referred to as stroke. The signs 

and symptoms of a stroke can include a sudden inability to speak, confusion, loss of language 

comprehension, weakness in the limbs and/or face, loss of muscle control, impaired vision, 

headache and dizziness.  

In Canada, more than 50,000 individuals are diagnosed with stroke each year (Public 

Health Agency of Canada, 2009). This equates to one stroke every 10 min. Stroke is the third 

leading cause of death and the leading cause of long-term disability (Public Health Agency of 

Canada, 2009). Stroke significantly impacts personal relationships, stresses the resources of 

stroke support groups and caretakers, and creates a large economic burden due to the cost of 

providing lifelong healthcare to stroke survivors with major disabilities.  

The two forms of stroke are haemorrhagic, comprising 20% of incidents, and ischemic, 

comprising 80%. Haemorrhagic stroke results from a rupture in the cerebrovasculature causing a 

release of blood into perivascular spaces damaging brain tissue (Wu et al., 2011). Ischemic 

stroke occurs when intracranial vessel(s) become blocked, significantly reducing blood flow 

resulting in tissue death. The recovery of individual stroke survivors varies greatly, ranging from 

permanent disability to recovery of a high level of function. The severity and type of 



 

 

2 
neurological dysfunction depends on several factors, such as the size and location of the 

damaged tissue, the type of stroke, and the presence of pre-existing disease states like diabetes.  

In the diabetic, the vascular endothelium is constantly exposed to abnormally high blood 

sugar levels. Not surprisingly, diabetics are more likely to suffer co-morbid conditions such as 

coronary heart disease, renal failure, blindness and stroke due to dysfunction of blood vessels 

within these organs. The trigger for this dysfunction is likely due to the fact that chronic 

hyperglycemia alters metabolic processes in the endothelium (Fatehi-Hassanabad et al., 2010), 

which leads to excess production of reactive oxygen species (eg. superoxide) and advanced 

glycation end-products (AGE). As endothelial dysfunction progresses, the endothelial wall 

becomes thicker, tight junction proteins are lost and vaso-motor responsiveness is impaired 

(Vinik and Flemmer, 2002). Dysfunctional endothelium leads to the release of tumour necrosis 

factor α (TNFα) (Fatehi-Hassanabad et al., 2010) which stimulates nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-κB). NF-κB increases transcription of inflammatory 

cytokines, such as IL-1 and IL-6 which stimulates the production of adhesion molecules (ICAM 

and VCAM) in the endothelium, as well as the recruitment of monocytes and platelets (Kent et 

al., 2001; Martini and Kent, 2007). The end result is a highly pro-atherosclerotic environment 

with a narrowing of blood vessels, deposition of platelets and white blood cells against the vessel 

wall, and an increase in the likelihood of vessel blockage and hence ischemia. Therefore, this 

thesis will focus on ischemic stroke, since it is often associated with diabetes. Additionally 

ischemic stroke is the most common form and tends to be more localized, and more survivable 

than haemorrhagic stroke (Carmichael et al., 2005). Changes in the endothelium lead to the 

release cause a pro-atherosclerotic environment due to increased expression of adhesion 

molecules (ICAM-1 and VCAM-1), monocytes, and incre0ased platelet aggregation (Yorek and 
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Dunlap, 2002; Ferreira et al., 2006; Reagan., 2012). Furthermore, inflammatory responses in the 

diabetic vasculature become exaggerated due to the release  

Functional cortical plasticity underlying stroke recovery  

The process of recovery after a stroke can be divided into three distinct phases 

(Carmichael, 2003). Admittedly, this is an over-simplification of a complex and dynamic 

process, but it helps to frame the process of recovery. In the first few minutes to hours after 

stroke, there is activation of cellular repair mechanisms such as microglia which phagocytise 

dying cells and recruit phagocytic immune cells to the site of injury. Concomitant with 

microglial activation, astrocytes act to restore ion, water and glutamate homeostasis (Dirnagl et 

al., 1999), which, if left unregulated exacerbates ischemic damage. The second phase during the 

first week following stroke involves changes in neuronal excitability and altered activation of 

pre-existing pathways in an effort to compensate for the loss of functions carried by dying 

cortical circuits (Witte et al., 2000; Dijkhuizen et al., 2001, 2003). The last phase of recovery is 

the generation and stabilization of short- and long-range synaptic connections in the peri-infarct 

cortex and more distant but functionally related areas. This protracted phase likely underlies the 

progressive re-emergence of new functional brain activity patterns and improvements in sensory, 

motor or cognitive function that occur weeks to months after stroke (Stroemer et al., 1995; 

Brown et al., 2009).  

Changes in the function of the stroke-affected cortex can be observed by a number of 

means. Functional magnetic resonance, 2-deoxyglucose (fMRI and 2-DG, respectively) and 

voltage sensitive dye (VSD) imaging in rodents have all shown that a unilateral ischemic stroke 

of the somatosensory cortex leads to an initial loss of cortical responsiveness in peri-infarct 

regions (Jablonka et al., 2007; Winship and Murphy, 2008; Brown et al., 2009; Van Meer et al., 
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2010). At the same time, sensory-evoked patterns of brain activity are increased in the secondary 

somatosensory cortex (Sweetnam et al., 2012) and more remote areas, such as the contralateral 

somatosensory cortex (Dijkhuizen et al., 2003). Over several weeks, rodent limb function 

appears to recover, although this is rarely a “full” recovery, similar to what has been observed in 

human patients. Behavioural tests have been designed to assess the specific aspects of recovery 

and quantify them. Examples of some of the behavioural tests used currently include: the pasta 

handling test to assess fine motor movement of the digits in mice (Tennant et al., 2010), ladder 

rung walking test for evaluation of skilled limb placement (Metz and Whishaw, 2002), cylinder 

test for measuring postural and paw use asymmetries (Shanina et al., 2006)  and the adhesive 

tape removal task to assess sensory function and neglect (Sweetnam et al., 2012).  

After stroke to the forepaw somatosensory cortex, mice show impairments in their ability 

to detect and remove tape from the affected forepaw or traverse a horizontal ladder (Sweetnam et 

al., 2012). Several human and animal studies have shown that the restitution of brain activity 

patterns in the damaged hemisphere correlates best with functional recovery (Nudo et al., 1996; 

Cramer, 2008; Sweetnam et al., 2012). Furthermore, the re-activation or re-mapping of sensory 

functions to peri-infarct and functionally related regions appears to play a causal role in 

behavioural recovery since ablating or silencing these areas leads to the re-appearance of 

behavioural deficits (Abo et al., 2001; Dijkhuizen et al., 2003; Zepeda et al., 2004; Sweetnam et 

al., 2012). Remodelling of dendritic spines is thought to underlie these changes in functional 

remapping and actually precedes map reorganization (Kleim et al., 2004; Wilbrecht et al., 2010).  

Plasticity of cortical dendritic structure 

The adult cortex retains the ability to alter neuronal connectivity through modifications of 

axonal projections and dendritic processes. Dendrites, particularly at the level of dendritic spines, 
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have caught the eye of neuroscientists for more than century, starting with Ramon y Cajal who in 

1888 observed dendritic spines using standard light microscopy and hypothesized about their 

function (Ramon y Cajal, 1899; Yuste, 2011). Now it is known that 90 % of excitatory 

connections in the cortex are synapses on to dendritic spines in the mammalian brain 

(Nimchinsky et al., 2002). Structurally, dendritic spines are specialized actin-rich protrusions. 

Actin filaments provide the backbone for spines and has been shown to influence structural 

features such as size, shape, motility and stability of dendritic spines as well as impact their 

synaptic strength (Cingolani and Goda, 2008). The actin present within dendritic spines is highly 

reactive and turns over in less than a minute (Star et al., 2002), thereby quickly facilitating 

changes to spine morphology. There are several actin-regulating pathways that have been 

identified, which regulate spine formation and disassembly. The Rho family of GTPases are the 

primary regulators of the actin cytoskeleton within dendritic spines. The Rho GTPase Ras, Rac1, 

Rnd1 and CDC42 have been implicated in spine formation and growth. Conversely, RhoA and 

Rap cause spine disassembly (Tada and Sheng, 2006a; Yoshihara et al., 2009). Rac and RhoA 

are suggested to regulate spine density and shape, RhoA causes a reduction in spine density and 

length, whereas Rac1 produces increased numbers of small spines (Yoshihara et al., 2009). 

These proteins need to be activated by guanine nucleotide exchange factors (GEFs) to switch 

between the inactive GDP form to the active GTP form, in order to act on downstream effector 

proteins (Tashiro and Yuste, 2008). The actin cytoskeleton also plays a role in organizing the 

post-synaptic density, anchoring post-synaptic receptors and shuttling synaptic machinery to the 

synapse (Sheng and Hoogenraad, 2007; Hotulainen and Hoogenraad, 2010; Renner et al., 2010). 

Disruption in the regulation of the actin cytoskeleton can lead to memory disorders, mental 

retardation and psychiatric disorders  (Cruz-Martín et al., 2010). 
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Spines can be classified based on morphology into stubby, thin or mushroom, with each 

spine type varying in size, shape and length (Figure 1). Stubby spines are short with no neck, thin 

spines have a small head with a long slender neck, and mushroom spines have large bulbous 

shaped heads with a thin neck (Peters, Alan Kaiserman-Abramof, 1970; Harris et al., 1992). The 

typical length of a spine is 0.3–2 µm with a spine head volume ranging from 0.01 to 0.8 µm3 

(Harris and Kater, 1994). The geometry of spines makes them ideal for compartmentalizing 

biochemical processes. The presence of a long thin neck may act in some capacity to filter 

electrical signals, and limit calcium diffusion (Yuste and Majewska, 2001; Yuste, 2011). Studies 

have shown a direct relationship between the size of the spine’s head and the size of the post 

synaptic density; as well as the number of AMPA receptors (2-amino-3-(3-hydroxy-5-methyl-

isoxazol-4-yl)propanoic acid receptors) at the post-synaptic density (Nusser et al., 1998; 

Majewska et al., 2000a, 2000b; Matsuzaki et al., 2001). The size of the head therefore, correlates 

with synaptic strength and the length of the neck can act to regulate calcium diffusion from the 

spine head to the shaft (Arellano et al., 2007). Smaller spines are thought to be more susceptible 

to activity-dependent synaptic modifications, whereas larger spines are thought to be more stable 

(Matsuzaki et al., 2004). Therefore, there is a high degree of structural variability at the level of 

dendritic spines, which can impact the function and stability of a neuronal circuit.  

Filopodia are another prevalent dendritic protrusion. Filopodia are typically long thin 

protrusions that are highly dynamic in nature, particularly during development (Figure 1B). 

Filopodia undergo rapid extension and retraction within minutes to hours (Yoshihara et al., 

2009), likely sampling the neuropil for appropriate sites for synapse formation (Knott et al., 

2006). Electron microscopy studies have shown that filopodia can usually be distinguished from 
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classical spine types by the absence of a synapse. Although not all filopodia form mature spines, 

they are generally considered to be a precursor to spines (Knott et al., 2006). 

 Before we can understand how stroke affects dendritic structure, we must first describe 

how dendritic spines behave in the intact brain. Longitudinal quantitative analysis of spine 

turnover can be undertaken in vivo using two-photon imaging of fluorescently labeled apical 

dendritic tufts of layer-5 and layer-2/3 neurons (Grutzendler et al., 2002; Trachtenberg et al., 

2002). The first two studies on dendritic spine turnover came up with different values for the 

proportion of stable spines in the neocortex. Grutzendler et al. (2002) examined the visual cortex 

(at 3–5 months of age) and determined that spines were quite stable with approximately 4% 

turnover per month (Grutzendler et al. 2002). The 2nd study examined the somatosensory cortex 

in 6–10-week-old mice and observed only  ~50% of the spine population persisted over 1 month, 

suggesting that the majority of spines were stable for only a few days (Trachtenberg et al., 2002). 

Subsequent studies have shown for the most part that spines are, in fact, relatively stable 

structures in adult mice  (Holtmaat et al., 2005; Zuo et al., 2005b; Majewska et al., 2006). The 

relatively high spine turnover rate observed in the Trachtenberg et al. (2002) study may have 

depended on the cortical area studied and the age of the mice. Spine turnover is greatest during 

development but persists, to a lesser extent, in the adult brain (Figure 1B). Holtmaat et al. (2008) 

compared spine turnover rates in the visual and somatosensory cortex and found higher spine 

turnover rates in the primary somatosensory cortex (turnover rate S1, 15.4%) compared to the 

visual cortex (turnover rate VC, 5.7%) (Holtmaat et al., 2008). During development, for the first 

~1.5 months, there is a substantial over-production of dendritic spines, which results in a 

subsequent high level of spine elimination (‘pruning’) and a net loss of spines (Holtmaat et al., 

2005; Zuo et al., 2005a). Later in life, spine formation and elimination are about equal and 



 

 

8 
density stays constant (Holtmaat et al., 2005; Knott and Holtmaat, 2008). Interestingly, recently 

published data have shown that animals on the far end of the spectrum (>20 months) have 

reduced size and stability of spines but density was unaffected (Mostany et al., 2013). 

 Recent studies have examined spine dynamics in relation to specific learning tasks, such 

as skilled reaching or fear conditioning (Xu et al., 2009; Yang et al., 2009). After skilled reach 

training, there was a rapid increase in spine formation that began within an hour of the first 

training session. Behavioral improvements after learning were associated with spine remodeling 

in task-specific cortical areas (Yang et al., 2009), a finding that was verified with unbiased 

stereological measurements and electron microscopy (Kleim et al., 2002). However, spines that 

were formed during learning persisted at the expense of spines that existed prior to learning, 

which had been pruned (Xu et al., 2009). A fear-conditioning experiment by Lai et al. (2012) 

demonstrated that spine formation in frontal cortical neurons decreased during fear learning and 

increased during extinction (Lai et al., 2012). Activity-dependent forms of synaptic plasticity that 

are thought to play a role in learning, such as long-term potentiation (LTP), can increase the 

stability and number of dendritic spines by increasing the recruitment of PSD-95 (De Roo et al., 

2008b; Yoshihara et al., 2009). These results suggest that structural changes at the level of 

dendritic spines can lead to alterations in functional connectivity and synaptic strength (Ivanco et 

al., 2000; Monfils and Teskey, 2004).  

 Alterations in dendritic structure may not always be beneficial. Aberrant spine 

morphology has been associated with psychiatric disorders such as depression, anxiety, and 

addiction, and contributes to the pathogenesis of many neurological diseases. In Fragile X 

syndrome, spines display an immature phenotype and occur at a higher density than age-matched 

controls, whereas individuals with Down’s syndrome generally have a lower spine density 
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(Cruz-Martín et al., 2010). Addiction to stimulants such as amphetamine and cocaine are 

associated with an increase in both dendritic branching and spine density, particularly in the 

nucleus accumbens and the prefrontal cortex (Robinson and Kolb, 2004). Together these studies 

demonstrate that remodelling of dendritic spine number and shape has been associated with 

adaptive behaviours such as learning and negative ones such as drug addiction.   

Figure 1: Spine dynamics and morphology 
 

  
Figure 1: (A) Dendritic spine morphologies. 

Picture adapted from (Yuste and Bonhoeffer, 

2004). (B) The rate of spine formation and 

elimination changes throughout normal 

development. The graph shows, in the first 

months of development, that the rate of spine 

elimination (red) exceeds the rate of formation 

(blue) by 3 months of age, while spine 

elimination declines to reach rates matching 

those of spine formation, resulting in no net 

change in spine density. Subsequently, there is 

an increase in the number of stable spines 

(green) and a decrease in the total number of 

spines (black) during this period (model based 

on data from Grutzendler et al. 2002, Holtmaat 

et al. 2005, Zuo et al.2005). Modified from 

(Alvarez and Sabatini, 2007). 

  

A) 

B) 
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Dendritic plasticity after stroke 

Several studies from the Murphy laboratory and others have characterized dendritic 

changes during the first few minutes to weeks after a permanent or transient ischemic episode 

(Zhang et al., 2005; Zhang and Murphy, 2007; Brown et al., 2008, 2010; Li and Murphy, 2008; 

Murphy et al., 2008). In the healthy brain, synapses are normally found at a maximum of ~14 µm 

from a flowing vessel. After photothrombotic stroke, the maximum distance a neuron was found 

from a flowing vessel and still survived was approximately ~80 µm. This suggests that 80 µm is 

the limit to which sufficient O2 and glucose can diffuse through the neuropil (Zhang and 

Murphy, 2007) to keep dendritic structures intact. This limit gives the cerebrovascular system 

some redundancies for the supply of O2 and nutrients, perhaps explaining why dendrites show 

resistance to mild ischemia. Dendrites are highly sensitive to severe bouts of ischemia where 

blood flow is reduced to ≤80% of normal. Within 10 min of severe ischemia, signs of swelling, 

beading, loss of spines and even loss of dendritic arbours occur (Zhang et al., 2005). Amazingly, 

these same dendrites are not completely lost if reperfusion occurs within 60 min of occlusion, as 

some damage is reversible (Li and Murphy, 2008). The resilience of dendrites in response to 

injury has been documented in other conditions, such as re-warming of hypothermic tissue 

(Kirov et al., 2004) or the application of NMDA (N-Methyl-D-aspartate) antagonists to beaded 

dendrites (Ikegaya et al., 2001).  

For neurons subjected to less severe restrictions in blood flow, as is the case in the peri-

infarct or “penumbral” region, retaining some semblance of normal synaptic connectivity is 

critical. Zhang et al. (2005) and Brown et al. (2008) showed that peri-infarct neurons lose up to 

40% of spines on apical dendritic arbors in the 24 hours following ischemic insult. 

Ultrastructural analyses of the ischemic penumbra confirmed that spine loss was associated with 
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a loss of pre-synaptic boutons and putative synapses (Ito et al., 2006). Longitudinal in vivo 

imaging of spines has shown that the initial period of spine loss continues for 1 week followed 

by a sustained period of spine formation for up to 6 weeks after stroke (Brown et al., 2009; 

Mostany et al., 2010). Correlated with changes in spine turnover, spine density measurements 

showed a progressive return to normal density by 6 weeks of recovery (Brown et al., 2007). Of 

note, the extensive remodelling of dendritic spines occurs primarily in the peri-infarct cortex and 

not in homotopic regions of the contralateral cortex (Mostany et al., 2010; Johnston et al., 2012). 

The extent to which dendrites remodel over several days to weeks after stroke also appears to 

correlate with the level of blood flow in the peri-infarct area (Mostany et al., 2010).  

Pathology of diabetes 

Diabetes has become a serious health concern in recent years, with approximately 285 

million people worldwide affected by the metabolic disorder (Public Health Agency of Canada 

and Ottawa, 2011). The defining feature of diabetes is uncontrolled high blood sugar, or 

hyperglycaemia. Diabetes is characterized by excessive urination (polyuria), excessive thirst 

(polydipsia), extreme weight loss and blurred vision (American Diabetes Association, 2010) 

There are three types of diabetes, distinguishable by the body’s interaction with insulin: 

Type I (insulin-dependent), Type II (insulin-independent or insensitive), and gestational diabetes 

(a form of Type II diabetes that occurs during pregnancy). Although Type II diabetes is the most 

common (~90% of cases), my experiments utilized an inducible model of diabetes that is similar 

to Type I diabetes in humans. This literature review is therefore focused on Type I diabetes, 

which is an autoimmune disease that selectively destroys the insulin-secreting β cells in the 

pancreas. Type I diabetes can be induced in animal models by injecting streptozotocin (STZ), a β 

cell-selective toxin that mimics the autoimmune onset and disease pathology of Type I diabetes 
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(Etuk, 2010). These animals have symptoms similar to what is seen clinically, such as 

uncontrolled hyperglycaemia, polyuria, polyphagia, polydipsia, and weight loss. 

The onset of Type I diabetes in humans is quick and commonly starts during puberty. The 

disease progresses with age, worsening if blood glucose levels are not carefully regulated. 

Prolonged uncontrolled severe hyperglycaemia can cause adverse effects such as ketoacidosis, 

coma and death. Individuals with Type I diabetes depend on exogenous insulin injections daily 

to regulate and maintain blood glucose at near normal levels. Insulin therapy significantly 

enhances the quality and duration of life for diabetics; however, it is not the cure-all, but a 

method to manage and cope with this disease. Insulin-treated patients, however, still face an 

assortment of health issues including problems with circulation in the eye, kidney and heart, that 

can ultimately lead to blindness, kidney failure and coronary artery disease, respectively (Baird 

et al., 2003). Diabetes is also correlated with an increased incidence of vascular dementia, 

Alzheimer’s disease and depression (Luchsinger et al., 2001; Forbes and Cooper, 2013). The 

diverse array of complications suggests that diabetes affects all organs in the body, including the 

brain.  

The effect of diabetes on the central nervous system  

Recently, an abundance of evidence has demonstrated that the deleterious effects of 

chronic diabetes extend to the central nervous system (CNS). Clinical and pre-clinical studies of 

Type I and II diabetes have revealed impairments in cognitive function, cognitive flexibility, 

synaptic plasticity, neurogenesis, vascular function and angiogenesis (Brands et al., 2005; 

Stranahan and Mattson, 2008; Zhang et al., 2008; Ergul et al., 2009; Reijmer et al., 2011). 
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Long-term uncontrolled hyperglycaemia in animals can lead to both behavioural and 

morphological changes in the brain (Magariños and McEwen, 2000; Martínez-Tellez et al., 2005; 

Sweetnam et al., 2012). Chronic hyperglycaemia in diabetic rats leads to impaired long-term 

spatial memory and a reduction in dendritic branching and spine density in hippocampal CA1 

neurons (Malone et al., 2008). Insulin and corticosterone therapies were both shown to protect 

against the simplification of hippocampal dendritic arbours, and loss of spines in the 

hippocampus of Type I diabetic rodents (Magariños et al., 2001; Stranahan et al., 2008). 

Recently, it was found that diabetes can cause maladaptive dendritic spine remodelling in the 

spinal cord (Tan et al., 2012), resulting in the loss of mushroom-shaped spines and increased the 

numbers of thin spine types. Similar results were observed in the neocortex of diabetic rats 

(Martínez-Tellez et al., 2005). Chronic uncontrolled diabetes resulted in a reduction in branch 

length and spine density of layer-2/3 and 4 neurons in the parietal and occipital cortices 

(Martínez-Tellez et al., 2005). The observed alterations in dendritic structure throughout the 

CNS suggested that dendrites are sensitive to diabetes-induced damage. 

Diabetes exacerbates the effects of stroke 

A strong connection exists between diabetes, hyperglycaemia and stroke that has not 

been well examined or explained. Diabetes is considered a major risk factor for stroke, second 

only to hypertension; equal to lifelong smoking and coronary artery disease (Canadian Stroke 

Network, 2011). The Copenhagen Stroke Study (Jorgensen et al., 1994) found that diabetes did 

not affect the initial severity but it did affect the speed of recovery from stroke. It also lowers the 

age of incidence for a first stroke and increases mortality in human patients (Jorgensen et al., 

1994). Diabetes was linked to increased severity of impairment and poorer recovery of function 

(Capes et al., 2001; Lindsberg and Roine, 2004). In humans, poor stroke recovery is reflected in 
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the increased length of hospital stays, long-term disability and loss of independence. A large 

European clinical study found that diabetics who suffered a disability as a result of stroke had a 

reduced ability to recover (Megherbi et al., 2003). Inconsistent findings in the literature fail to 

reconcile whether diabetes is linked to an increase in mortality (Jorgensen et al., 1994; Hamidon 

and Raymond, 2003; Megherbi et al., 2003; Nannetti et al., 2009).  

Vascular complications are a hallmark of diabetes and are further exacerbated by 

ischemic damage to the cerebrovasculature. Cerebral ischemia disrupts blood–brain barrier 

(BBB) integrity and results in edema and the extravasation of vascular contents. Diabetics show 

greater levels of blood plasma extravasation, edema and neuronal tissue damage after stroke 

compared to non-diabetics (Luitse et al., 2012; Ning et al., 2012). Even in the absence of 

ischemia, diabetic animals show increased vessel tortuosity and vascular remodelling compared 

to non-diabetic animals (Ergul et al., 2009; Elgebaly et al., 2011). Matrix metalloprotease-9 is 

suspected to play a role in vascular dysfunction since MMP-9 inhibition reduces aberrant 

vascular remodelling and the disruption of the BBB. Given the fact that diabetes disrupts the 

integrity of the vascular system and its response to stroke, it is conceivable that peri-infarct 

dendritic structure and plasticity may also be compromised. 
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Rationale  

  Changes in dendritic spine number, shape and turnover rates following stroke is well 

characterized.  However, these studies for the most part, have characterized the response to 

stroke in young healthy animals, which obviously does not closely reflect clinical realities. 

Diabetes is a major risk factor for ischemic stroke and it has been associated with greater severity 

of long-term functional disability. Previously, we have shown that an ischemic stroke in diabetic 

mice led to persistent deficits in forelimb sensorimotor function and interfered with the brain’s 

ability to remap lost sensory functions onto the intact peri-infarct cortex (see Figure 2). The main 

goal of this study was to investigate whether poor recovery after stroke in diabetic mice was 

associated with changes in dendritic spine density in the peri-infarct cortex and other relevant 

regions, such as the homotopic region of the contralateral hemisphere. I hypothesized that 

diabetes will either exacerbate the initial loss of spines after stroke or limit the progressive re-

population of lost spines.  

 

 

 

 

 

 

 



 

 

16 
Figure 2: VSD imaging shows that diabetes impairs re-mapping of the forelimb sensory 
representation after stroke 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. VSD imaging shows that diabetes impaired the remapping of sensorimotor function in the intact 

peri-infarct cortex. In figures A–C, the VSD imaging allowed for the spatiotemporal dynamics of cortical 

responses to forelimb stimulation to be visualized. Below each montage, the ΔF/Fo plots average cortical  

responses to forelimb stimulation. Cortical responses in the forelimb cortex are shown in black, the orange 

line represents motor cortex, and the teal line is the hind limb primary sensory cortex. (A) In sham stroke, 

cortical responses to forelimb stimulation are similar between non-diabetic and diabetic mice. (B) One week 

after stroke (the white circle denotes the infarct region), the peri-infarct cortex shows little response to 

forelimb stimulation. (C) Fourteen weeks after stroke, forelimb-evoked depolarizations in the non-diabetic 

group was remapped in the peri-infarct cortex; however, the diabetic or insulin-treated mice did not show 

significant remapping. Scale bar, 2 mm modified from (Sweetnam et al., 2012) 
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Materials and Methods  

Experimental overview 

Two to three month old male YFP positive mice on a C57BL/6 background (YFP-H line; 

(Feng et al., 2000) were selected for the study. The transgenic YFP-H mouse line is well suited 

for the study of dendritic spines as it expresses YFP in the cytoplasm of a subset of cortical 

neurons, providing “Golgi staining-like” detail of dendritic morphology. All experiments were 

conducted according to the guidelines laid out by the Canadian Council for Animal Care and 

approved by the University of Victoria Animal Care Committee. Mice were group housed on 

ventilated racks on 12-hour light/dark cycles. Food and water was provided ad libitum. For this 

study, diabetic and non-diabetic mice were killed at 1 and 6 weeks recovery from 

photothrombotic stroke (1 week: diabetic n=6, non-diabetic n=7; 6 weeks: diabetic n=5, non-

diabetic n=6). Time points were based on previous work analyzing dendritic spine turnover rates 

and densities in non-diabetic mice subjected to ischemic stroke (Brown et al., 2007, 2009). Sham 

stroke surgery was performed on six diabetic and five non-diabetic (n=5) mice, which were 

killed 1 week after surgery.  

Induction of Type I diabetes and monitoring of blood glucose.  

Intraperitoneal injections of 75 mg/kg streptozotocin (STZ) were given once daily for two 

consecutive days to induce Type I diabetes (Wu and Huan, 2008). Prior to injection, mice were 

food deprived for 4 hours. Immediately after injection, food was replaced and 5% sucrose 

solution was provided to prevent post-injection hypoglycaemia, while water was replaced 24 

hours following the second injection.  
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The induction of diabetes was confirmed 3 days after the second STZ injection. A hand-

held blood glucose meter (Accu-Chek, Aviva, Roche) was used to obtain glucose measurements 

from a small sample of fresh tail blood from fasted mice. Mice with blood glucose levels ≥14 

mmol/L were considered diabetic. Blood glucose measurements were taken again prior to stroke 

and before tissue collection. Animals had to have met hyperglycaemic criteria (≥14 mmol/ml 

glucose) at all blood glucose sampling time points to be considered diabetic for the purposes of 

this study. Controls (i.e. non-diabetic mice) consisted of mice that were injected with only the 

vehicle solution or those that did not develop hyperglycemia after STZ injection.  

 

Stroke induction 

Focal ischemic stroke of the right forelimb somatosensory cortex was induced using the 

photothrombotic method (Watson et al., 1985; Sweetnam et al., 2012). This method is useful 

because of the highly targeted and reproducible nature of the stroke. Surgical procedures were 

performed in a fume hood using isoflurane anaesthesia (2% induction and 1.25–1.5% 

maintenance, in oxygen) and sterile techniques. The mouse was placed on a surgical stage with 

its head secured by atraumatic ear bars and an incisor bracket. Body temperature was regulated 

and maintained at 37°C with a heating pad and digital rectal thermometer. The skull over the 

forelimb cortex was exposed via a small incision over the midline followed by removal of 

connective tissue. Using stereotactic coordinates with Bregma as a reference, the skull above the 

forelimb somatosensory cortex was identified and thinned until transparent using a high-speed 

dental drill. Mice received an intraperitoneal injection of 1% rose bengal dye (110 mg/kg, i.p.) 

dissolved in 0.9% saline. Photothrombosis was initiated by directing a collimated green (532 nm) 
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laser beam on the thinned area of the skull for 15 min (laser power = 17 mW; ~1.25 mm 

diameter). For sham surgery, mice received either a rose bengal injection or laser exposure, but 

not both. The incision was sutured and the mouse was allowed to recover under a heating lamp. 

Tissue processing 

After 1 or 6 weeks of recovery, mice were overdosed with sodium pentobarbital and 

transcardially perfused with 9 ml of phosphate buffered saline (PBS) followed by 9 ml of 4% 

paraformaldehyde (PFA) in PBS. Whole brains were submerged in 4% PFA and post-fixed for 

24 hours, then transferred to a 30% sucrose solution. Brain sections were cut at 50 or 100 µm on 

a vibratome in the coronal plane and stored in 6 well trays in PBS with 0.2% sodium azide. The 

100-µm-thick sections were used for quantification of basilar dendrites as it allowed for more of 

the dendritic tree to remain intact in order to trace dendrites back to their soma of origin. Serial 

sections (every 6th section) were then mounted onto glass slides and coverslipped with 

fluorescent mounting media (Fluoromount-G, Southern Biotech). Another set of brain sections 

was mounted onto glass slides and stained with cresyl violet for analysis of infarct volume. 

Confocal imaging of dendritic spines 

Brain sections were imaged with a 10x objective (NA= 0.40) and 60x oil objective (NA = 

1.35) using an Olympus confocal microscope controlled by Fluoview software. Low (10x) 

magnification images were taken first to identify the infarct border. The infarct border was 

designated by of the loss of YFP-labeled neurons in the infarct, sharply delineating the border 

between intact and damaged tissue. The 300-µm section of tissue flanking the infarct was 

considered to be “peri-infarct” tissue (Zhang et al., 2005). We chose to only analyze the 300-µm 

area medial to the infarct because this is the typical location of cortical rewiring and remapping 
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after FLS1 stroke (Winship and Murphy, 2008; Brown et al., 2009, Sweetnam et al., 2012). 

Within this area, basilar and apical dendrites (within layer 2/3) of layer-5 YFP-labelled neurons 

were identified and targeted for higher magnification imaging. High-resolution 1024 × 1024 

image stacks (0.103 µm/pixel) were collected using a 515-nm laser to excite YFP. Image stacks 

were collected in 0.4–0.5-µm z-steps for basilar and apical dendrites respectively. Laser power 

was manually adjusted during imaging to maintain maximal saturation of pixel intensity at the 

dendritic shaft. Spine counting was performed manually with the cell counter plug-in using NIH 

(National Institute of Health) ImageJ software (http://rsbweb.nih.gov/ij/) by an experimenter 

blind to experimental conditions. In order to normalize highly variable fluorescence intensities 

between different neurons, we set the grey scale of each image to 40% of the maximum pixel 

intensity of the dendritic shaft. Only spines that protruded laterally were counted, and no 

morphological assessment of spine shape was done because our imaging technique had 

insufficient resolution to make such distinctions. For a protrusion to be counted as a spine, it 

must have been clearly visible, projecting at least 0.5 µm (5 pixels) from the dendritic shaft. 

Only apical dendrites with a shaft width between 1.5-4 um were selected for analysis. We could 

not definitively distinguish filopodia from the long, thin spine type, so all types of dendritic 

protrusions were considered to be spines. The total number of spines counted and the total length 

of dendritic segments were recorded for each animal. Spine density (the number of spines per 

10 µm of dendrite) was calculated by dividing the total number of laterally oriented spines by the 

length of the dendrite segment and multiplying by 10.   

Quantification of infarct volume 

Images of cresyl violet stained brain sections were captured using a 4x objective with a 

12-bit CCD (charged coupled device) camera and Image Capture software. Infarct analysis was 
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preformed using NIH ImageJ software by measuring the area of the infarct in each brain section. 

All measurements were conducted blind to experimental conditions. Each section was measured 

three times to ensure consistency. Estimates of volume were calculated by summing the infarct 

areas for each section and multiplying by the distance between each section (Shih et al., 2005).  

Statistical analysis  

Statistical analysis of the data was conducted in SPSS 20 (SPSS Inc., Chicago, IL). Two-

way analysis of variance (ANOVA) was performed to compare the mean spine density between 

groups at different time points. Significant main effects from the ANOVA were followed up with 

independent-sample t-tests. Paired t-tests were used to examine the effect of stroke on spine 

density between the ipsilateral and contralateral hemispheres. All p values ≤ 0.05 were 

considered statistically significant. Data are presented as mean ± SEM.   
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Results 

To investigate the effects of Type I diabetes on functional recovery and dendritic spine 

density after focal ischemia, we assessed behavioural recovery on sensorimotor tasks and 

measured changes in spine density of layer-5 pyramidal neurons using confocal microscopy. We 

also assessed infarct volume to determine whether diabetes was associated with larger infarct 

volumes after stroke. The experimental outline is summarized in Figure 3A. Diabetic mice had 

significantly higher blood glucose levels than non-diabetic controls prior to euthanasia at 1 

(t(24)=21.91, p<0.01) and 6 weeks recovery (t(10)=9.29, p<0.01; Figure 3B).   
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Figure 3: Experimental outline and blood glucose levels 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. (A): Experimental outline. Type I diabetes was induced 4 weeks prior to stroke by STZ injection. 

Mice were given photothrombotic or sham stroke at time 0 and euthanized for histology and confocal imaging 

at either 1 or 6 weeks recovery. (B): Blood glucose measurements were taken just prior to euthanizing 

animals. Diabetic animals had significantly higher blood glucose levels (mmol/L) at 1 and 6 weeks post-stroke 

than non-diabetic mice. *p<0.01.   
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Diabetes alters functional recovery from ischemic stroke  

The adhesive tape removal test has been shown to be highly sensitive in detecting 

sensorimotor deficits caused by ischemia in the primary sensorimotor cortex (Tennant and Jones, 

2009; Sweetnam et al., 2012). Although our previous study showed that tape removal latencies 

were significantly longer in diabetic mice at later stages of stroke recovery (i.e. 6–10 weeks), 

there was considerable variability in the data, which may have prevented the detection of deficits 

at earlier time points. One way to reduce inter-animal variability and control for individual 

differences in anxiety and fear (indicated by freezing behaviour), which can confound latency 

scores, is to normalize tape removal measurements. This can be done by taking the difference in 

latency to remove tape from the unaffected right paw relative to the affected paw. Our re-

analysis of an existing data set (Sweetnam et al., 2012) indicated there was no effect of diabetes 

on the normalized score prior to stroke (t(23)=0.95, p=0.35). During the first 1–2 weeks after 

stroke (Fig. 4A), diabetic mice showed significantly higher difference scores compared to non-

diabetic mice (t(22)=2.98, p<0.01). There were no differences between diabetic and non-diabetic 

mice at weeks 3–4 (t(23)=0.82, p=0.42) and 5–6 weeks recovery (t(23)=0.52, p=0.61). However, at 

the 7–8 week (t(16)=2.95, p<0.01) and 9–10 week (t(12)=1.76, p=0.05) time period, diabetic mice 

had significantly higher difference scores than non-diabetic mice. In summary, we show that 

difference scores are significantly greater in diabetic mice at early (1–2 weeks) and later (>6 

weeks) stroke recovery periods.   
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Infarct volume was unaffected by diabetes 

The extent of stroke-induced cortical damage could affect the degree of recovery in 

diabetic animals. Therefore, we analyzed the infarct volume of diabetic and non-diabetic animals 

at 1 and 6 weeks post stroke. As shown in Figure 4B and C, there were no significant differences 

in infarct volume between groups at either 1 (t(10)=0.10, p=0.92) or 6 weeks after stroke 

(t(10)=1.06, p=0.31). These results were consistent with previous study from our lab (Sweetnam et 

al., 2012). Therefore, differences in behavioural recovery patterns between diabetic and non-

diabetic animals cannot be sufficiently explained cortical infarct volume. 
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Figure 4: Sensorimotor assessment and histological infarct size analysis 

Figure 4: Diabetes was associated with greater sensorimotor deficits initially after stroke but did not affect 

cortical infarct volume. (A) Plot showing the average difference score (time to remove tape from affected 

paw–unaffected paw) binned into 2-week averages. Stroke increased difference scores in the tape removal 

task for both diabetic and non-diabetic animals.  (*p≤0.05 significant difference between non-diabetic and 

diabetic animals.) (B) Analysis of infarct volume demonstrates that there was no difference between groups at 

1 or 6 weeks (C) Cresyl violet staining of the stroke-affected hemisphere 1 week after photothrombotic stroke 

in diabetic and non-diabetic animals. Scale bar = 1 mm 
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Lower apical dendritic spine density in diabetic mice  

A recent in vivo voltage-sensitive-dye-imaging study has shown that diabetes impairs the 

re-mapping of sensory function to peri-infarct regions after stroke (Sweetnam et al., 2012). Since 

voltage-sensitive-dye imaging reports change in the membrane potential of dendrites and cell 

bodies in the superficial layers of the cortex (Ferezou et al., 2006), we hypothesized that defects 

in functional cortical plasticity may be associated with changes in dendritic spine density in 

layers 2/3. Dendritic spine density was assessed on the primary apical dendrites of layer-5 

pyramidal neurons that extended into layer 2/3 of the cortex. However, layer-1 apical tufts were 

not assessed because the density of YFP labelling is too high to adequately separate one 

dendrite’s spines from another. Furthermore, the apical tufts are often truncated during tissue 

processing, making it very difficult to determine the origin of the layer of the parent soma. 

Patterns of YFP expression in the sensorimotor cortex can be seen in Figure 5. 
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Figure 5:YFP+ expression and spine density within the peri-infarct tissue 

  

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5:	  YFP labeling of layer 5 neurons in the sensorimotor cortex (A) Coronal section of a YFP+ mouse 1 

week after stroke. The section shows the expression of YFP labeled neurons, typical stroke size and location. 

The green box highlights the peri-infarct zones and the red box outlines the infarct core. (B) Magnified view 

of the peri-infarct cortex. Teal lines measured 300 µm perpendicular from the infarct border. All 

measurements of apical and basilar dendrites were taken within this 300µm zone.  (C)Anatomical drawings 

depict the projections of neurons within each cortical layer and the blue boxes illustrate the area of the 

dendritic arbor imaged for spine density counts. 
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A total of 66,859 spines were analyzed: 34,844 spines for basilar and 32,015 spines for 

apical compartments (Table 1). The peri-infarct cortex after photothrombotic stroke has 

previously been defined as cortical tissue within ~300 µm of the infarct border (Zhang and 

Murphy, 2007). We binned spine density measurements in 100-µm increments from the infarct 

border (eg. 0–100, 101–200, 201–300 µm) in both diabetic and non-diabetic mice, and found that 

density measurements did not change significantly within the 300-µm span of peri-infarct cortex 

for each group (non-diabetic: F(2,13)=0.34, p=0.7; diabetic: F(2,9)=1.90, p=0.20). Therefore, spine 

density measurements within 300 µm of the infarct border were classified as “peri-infarct” 

cortex. The average distance from the infarct border where peri-infarct spine density 

measurements were taken from was not significantly different between groups at either 1 

(t(10)=1.26, p=0.23) or 6 weeks recovery (t(9)=0.50, p=0.63). 

Two-way analysis of variance (ANOVA) demonstrated that there was a significant main 

effect of Diabetes (F(1,19) = 7.63, p =0.01)  and a main effect of Time post-stroke (F(1,19) = 18.5, p  

< 0.001) on the mean spine density and no significant interaction between time and condition 

(F(1,19) = 0.65, p = 0.65). For mice subjected to sham stroke procedure, there was a trend towards 

lower apical spine densities in the diabetic group but this was not statistically significant (Fig. 

6A; t(9)=1.67, p=0.06). As expected, photothrombotic stroke reduced spine densities in the peri-

infarct zone in both non-diabetic (t(9)=2.37, p<0.05) and diabetic (t(10)=3.76, p<0.01) mice at 1 

week recovery (Fig. 6A). Spine density in the contralateral hemisphere (at 1 week recovery) was 

not affected by stroke in either group (p>0.05). After 6 weeks recovery from stroke, apical spine 

density returned to sham control levels for both non-diabetic (t(9)=0.57, p=0.29) and diabetic 

animals (t(10)=1.35, p=0.10).  
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Figure 6: Spine density on the apical dendrites of layer-5 neurons within cortical layer 2/3 after 

photothrombotic stroke   

 

Figure 6: Diabetes increases spine loss on apical dendrites in peri-infarct cortex. (A) Histogram shows spine 

density in the sham-operated mice, contralateral and peri-infarct cortex at 1 and 6 weeks recovery. (B) 

Representative confocal images of the primary apical dendrite in each group. Scale bar= 5µm *p≤0.05.  
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Diabetes exacerbates spine loss on basilar dendrites after stroke  

Basilar dendritic spines were assessed to determine whether the pattern of spine loss on 

apical dendrites extended into deeper cortical layers. This allowed us to determine whether there 

was a global loss of spines on layer-5 neurons or whether this was a loss of layer-specific inputs. 

A two-way ANOVA revealed a significant main effect of Diabetes (F(1,19) = 6.87, p = .016) and 

Time after stroke (F(2,19) = 54.7, p = <.001) with no significant interaction between variables 

(F(2,19) = 6.82, p = 0.02). Spine densities on the basilar dendrites of layer-5 neurons were not 

significantly different between non-diabetic and diabetic sham operates (Fig. 7A,B; t(9)=0.01, 

p=0.49).  One week after stroke (Fig. 7A,B), peri-infarct spine density on basilar dendrites was 

significantly reduced for both non-diabetic (t(9)=4.03, p<0.01) and diabetic mice (t(10)=6.37, 

p<0.01). Dendritic spine loss at 1 week was greater in the diabetic mice (t(10)=4.18, p<0.01) than 

the non-diabetic. In the contralateral hemisphere at 1 week recovery, stroke did not affect basilar 

spine density in either non-diabetic (t(10)=1.14, p=0.20) or diabetic (t(10)=0.42, p=0.14) mice. 

Similar to that observed for apical dendrites, spine density levels recovered to sham-operate 

levels for both diabetic (t(8)=1.95, p=0.09) and non-diabetic (t(6)=1.99, p=0.09) mice. 

Collectively, these results show that diabetes exacerbates the loss of spines from the basilar and 

apical dendrites of layer-5 neurons in the peri-infarct cortex, but does not affect the recovery of 

spine numbers. 

 

 

 



 

 

32 
 

Figure 7: Spine density on the basal dendrites of layer-5 neurons during recovery  

  

 

Figure 7: Diabetes enhances spine loss on basilar dendrites after stroke in the peri-infarct cortex. (A) 

Histogram shows spine density in the sham-operated mice, contralateral and peri-infarct cortex at 1 and 6 

weeks recovery. (B) High magnification confocal images of dendritic spines on basilar dendrite in each group. 

Scale bar= 5 µm        
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Discussion  

Summary 

In this study, we investigated how diabetes affects the density of dendritic spines in layer-

5 cortical neurons following focal unilateral ischemic stroke in mice. Diabetes was induced by 

STZ injection 4 weeks prior to stroke and blood glucose was uncontrolled for the duration of the 

experiment. In the first 2 weeks after stroke, diabetic mice showed more severe sensory deficits 

in the adhesive tape removal task than non-diabetics. By 6 weeks after stroke, both diabetic and 

non-diabetic mice were equally impaired in the tape removal test. From 7 weeks onward, non-

diabetic mice showed a slight but significant improvement in performance relative to diabetic 

mice. The greater initial behavioural deficits in diabetic mice could not simply be attributed to 

greater cortical damage, as infarct volumes 1 week after the stroke were indistinguishable 

between groups. Analysis of dendritic spines indicated that diabetes was associated with fewer 

apical dendritic spines and a greater loss of spines on basilar dendrites of layer-5 pyramidal 

neurons in the peri-infarct cortex at 1 week post-stroke. Unexpectedly, diabetics showed a 

resurgence of spine density in peri-infarct cortex by 6 weeks recovery. These results indicate that 

poor recovery of function in diabetic animals correlates well with the early loss of fine synaptic 

structure rather than the volume of the infarct core. Following the initial loss of spines, diabetes 

does not interfere with the progressive re-generation and/or maintenance of new dendritic spines 

in peri-infarct tissue.  

Diabetes worsens functional recovery after stroke  

Ischemic stroke to the forelimb area of the somatosensory cortex in the rodent brain 

induces sustained sensorimotor impairments with variable degrees of spontaneous behavioural 
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recovery. Successful recovery of behavioural function is mediated by both structural and 

functional changes in brain circuits in the peri-infarct cortex and other connected areas (Murphy 

and Corbett, 2009). Many clinical studies have shown that diabetes was associated with greater 

brain injury and a worse outcome following cerebral ischemia; however the neurobiological 

mechanisms underlying poor functional outcome in diabetics following stroke is unclear. In our 

study, diabetic animals exhibited more severe behavioural impairments than non-diabetics when 

assessed 1–2 weeks and >6 weeks after stroke. Both groups showed persistent sensory deficits 

for the entirety of the 10-week testing period. Full recovery of sensorimotor function is unlikely 

given the massive number of lost neurons with highly specific functions (Murphy and Corbett, 

2009). The persistence of behavioral deficits after stroke, especially in diabetic mice, is 

consistent with recently published work from our lab using the tape removal and horizontal 

ladder tests (Sweetnam et al., 2012). Other research groups have also found poor behavioral 

outcome after stroke in diabetic animals at acute time points (24 hours) after ischemic injury. For 

example, both Type I and Type II diabetic mice have shown significantly poorer performance in 

the tape removal test, grid walking test, and increased scores on the modified neurological 

severity score (mNSS) 1 day after stroke compared to non-diabetic mice (Chen et al., 2011; Ning 

et al., 2012). There are only few studies that have shown the effect of diabetes on long-term 

recovery. With respect to long term recovery, two studies reported more persistent deficits after 

stroke in a rat model of type II diabetes (Moreira et al., 2007; Langdon et al., 2011). 

Furthermore, the degree of behavioural recovery in Type II diabetic rats was negatively 

correlated with the duration of diabetes prior to stroke (Langdon et al., 2011). These findings 

demonstrate that diabetes exacerbates the severity of behavioural deficits initially after stroke 

and reduces the extent of long-term (10 weeks) recovery.  
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Greater behavioural deficits in diabetic mice are not due to larger infarct size  

A popular theory for explaining why diabetes worsens functional impairments after 

stroke (eg. hand or paw use) is that diabetes increases the volume of the cerebral infarction. Our 

analysis of infarct size at 1 and 6 weeks after stroke showed no difference in the volume of 

damaged cortical tissue in diabetic and non-diabetic mice at either time point. These data 

replicate the findings of a previous study from our lab (Sweetnam et al., 2012). However, this 

finding likely does not extend to all other models of diabetes or stroke given the wealth of 

information showing that the effects of hyperglycaemia and diabetes on infarct size after stroke 

are highly variable (for review see MacDougall and Muir, 2011). This inconsistency may be 

related to the type of stroke model, post-stroke treatment with insulin, severity of 

hyperglycaemia and amount of reperfusion, all of which have been shown to affect infarct 

volume (Mankovsky and Metzger, 1996; Kent et al., 2001; Garg et al., 2006; Ning et al., 2012). 

In the present study, we utilized a method of stroke that induces a severe restriction of blood 

flow in a relatively small ischemic core with limited reperfusion in penumbral areas. We chose 

not to provide insulin to these animals as our previous work indicated that insulin administration 

immediately after stroke did not rescue diabetes-related deficits in either functional recovery, or 

in cortical map plasticity (Sweetnam et al., 2012). It is worth noting that diabetes could enhance 

ischemic cell loss using other models of stroke, such as middle cerebral artery occlusion (MCAo) 

where reperfusion is greater, the infarct border is less well defined, and the volume of tissue 

damage is more extensive and may explain some of the variation seen in the diabetic group.  

Peri-infarct spine loss is exacerbated by diabetes 

Previous studies have demonstrated that prolonged (8–16 weeks) uncontrolled diabetes 

leads to a 20–60% reduction in spine density, as well as a truncation and simplification of 
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pyramidal dendrites in the hippocampus and various regions of the neocortex (Martínez-Tellez et 

al., 2005; Malone et al., 2008). Here, we did not observe this phenomenon in our sham-operated 

diabetic mice, nor in the contralateral hemisphere of the 1-week recovery group, which were 

hyperglycemic for 5 weeks. Even in mice that had uncontrolled diabetes for 10 weeks before 

histological processing, (6-week recovery group), spine densities in both apical and basilar 

dendrites were similar to those of non-diabetic mice.  Several possibilities could explain the 

discrepancy in the findings. For one, both of the previous studies were done on rats, who may be 

less tolerant to the detrimental effects of prolonged hyperglycemia. Second, the duration of 

hyperglycemia in the previous studies was longer. Therefore, it is possible that 5-10 weeks of 

hyperglycemia used in the present study was not sufficient to induce considerable spine loss in 

mice. Third, previous studies used Golgi-Cox staining of dendrites, which has been known to 

result in a significant underestimation (and presumably loss) in the number of spines due to the 

fact that the brains are not fixed with formaldehyde. Therefore, previously reported differences 

may be an artifact of the staining method used to label spines. Lastly, previous studies examined 

basilar dendrites in layer-2/3 and 4 pyramidal neurons. It is possible that chronic hyperglycemia 

may selectively damage those neurons while sparing layer-5 neurons that are the focus of our 

study. With respect to diabetes-related changes in dendrite length, our study was not designed to 

measure this parameter as brains were cut 50 µm thick, thereby truncating the majority of 

dendritic arbours that are typically ~300 µm in length. Future research using longitudinal in vivo 

imaging to measure changes in dendritic length, incorporating the nature of dendritic spine 

formation and elimination in the diabetic animal after stroke, is warranted.  

Previous studies of non-diabetic mice subjected to stroke have shown that spine 

formation is elevated in the peri-infarct cortex for several weeks after stroke (Brown et al., 2009; 
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Mostany et al., 2010). Moreover, apical dendritic spine densities in the peri-infarct cortex 

returned to control levels by 6 weeks recovery, which correlated with the partial recovery of 

forepaw function (Brown et al., 2009; Mostany et al., 2010). Our examination of non-diabetic 

mice confirmed and extended previous findings by showing that both apical and basilar spine 

densities returned to control levels by 6 weeks recovery. Contrary to initial expectations, we 

found that spine density in the peri-infarct cortex of diabetic animals was not significantly 

different from non-diabetics when assessed at 6 weeks after stroke. Furthermore, at this time 

point, spine density was slightly elevated in both groups compared to shams. This overshoot may 

be due to the “relearning” of the sensory task after stroke, as increases in spine density have 

previously been shown to occur during the acquisition phase of learning followed by spine 

pruning in the refinement phase (Xu et al., 2009). 

 Interestingly, regaining pre-stroke spine density levels in the peri-infarct cortex was not 

associated with substantial improvements in forepaw sensory function in diabetic or non-diabetic 

mice. There are several possible explanations for why the recovery of spine density at 6 weeks 

would not be correlated with improved behavioural function. For one, the behavioural data was 

not collected from same the mice that spine density measurements were made from. Therefore, 

drawing correlations between the two variables is somewhat problematic, especially when one 

considers the highly variable nature of behavioural recovery. Second, the existence of new spines 

does not necessarily imply the existence of functional synapses. Although we can use spine 

density measurements to estimate the number of synaptic inputs, it does not provide information 

on the strength of each synaptic input nor does it provide information about the structural 

properties of spines, such as turnover, stability and morphology that can influence synaptic 

function. After stroke, spine formation increases to replace lost spines (Brown et al., 2008; 
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Mostany et al., 2010).  New spines generally have a thin spine morphology and electron 

microscopy has demonstrated that not all new spines initially express a post-synaptic density 

(PSD). Newly formed spines need to stabilize before being functionally integrated into the local 

neuronal circuitry (De Roo et al., 2008a). The stabilization of a spine involves the recruitment of 

post-synaptic density proteins and adhesion molecules (Kasai et al., 2003). It is conceivable that 

there was a surge in the formation of immature spines at 6 weeks recovery that later became 

stabilized and functional in non-diabetic mice whereas they were lost in diabetic mice. As 

mentioned previously, certain neurological disorders such as Fragile X syndrome illustrate the 

point that reduced synaptic stability could have a negative impact on cognitive function.  In vivo 

longitudinal imaging could be used to investigate this possibility by measuring spine turnover 

rates and the persistence of spines. Additionally, whole cell recordings in tandem with glutamate 

uncaging could be used to estimate the strength of synaptic inputs onto layer 5 dendritic spines to 

determine if despite their being relatively normal numbers of spines, a significant number are 

relatively weak. Furthermore detailed assessment of spine morphologies by electron microscopy 

could identify difference in spine morphology.  

One limitation of the present study was that dendritic spines were analyzed in only layer 

5 pyramidal neurons. These layer 5 neurons comprise the main efferent projection from the 

cortex to subcortical structures and the spinal cord, and layer-5 apical dendrites sample all of the 

cortical layers above it. Focusing on these neurons in the context of stroke recovery was based 

on the assumption that structural changes on the dendrites of these output neurons would likely 

correlate with changes in sensorimotor function. However, being able to predict recovery from 

spine density on layer 5 neurons is a highly simplistic expectation considering that sensory-

motor information processing is distributed across multiple cortical areas, layers and distinct 
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types of cortical neurons. Sampling spine densities in a broader set of neurons, for example in 

layer 2/3 might lead to stronger correlations with behavioural recovery patterns. At least by 

looking at both apical and basilar compartments, we were able to discern whether or not the 

effect on spine density was input specific. The apical dendrite of layer-5 neurons receives input 

primarily from cortical-cortical projections from neurons in layer 2/3, while the basal 

compartment receives intra-cortical projections from within column layer 2/3 and 5 neurons, as 

well as other cortical layers and regions (Douglas and Martin, 2004). If spine loss was restricted 

to layer 2/3, it would suggest that stroke induces local de-afferentation of layer 2/3 intra-cortical 

projections onto the apical dendrite. However, our data show a trend towards spine loss in both 

compartments implying that ischemia was globally affecting spines on peri-infarct neurons. The 

influence of the contralateral homotopic cortex in stroke recovery is not well understood. Some 

groups have shown significant dendritic modification of layer-5 neurons after stroke, while 

others have not detected any changes ( Jones and Schallert, 1992; Jones and Schallert, 1994; 

Biernaskie et al., 2004; Gonzalez et al., 2004). Jones and Schallert (1994) suggest that damage to 

the sensorimotor cortex leads to an increase in the size of dendritic arbors of layer-5 pyramidal 

neurons in the contralateral hemisphere. Further, the expansion of the dendritic arbour was 

correlated with the greater behavioural recovery. Johnston et al. (2012) used in vivo longitudinal 

imaging to examine this issue and found no change in spine density or branching of dendritic 

tufts in layer-5 cortical neurons in the contralateral cortex after stroke. One caveat to the study 

was that their technique was limited to only imaging changes in layer 1 of the cortex (Johnston et 

al., 2012). In the present study, we were unable to observe any changes in the density of spines in 

apical or basilar dendrites of the contralateral homotopic hemisphere; therefore, neither stroke, 



 

 

40 
nor diabetes, seemed to affect the spine density of layer-5 neurons in the contralateral 

hemisphere.  

Possible mechanisms underlying greater spine loss in the diabetic brain after stroke  

This is the first study to show that diabetes exacerbates the loss of dendritic spines in the 

peri-infarct cortex after stroke. Dendritic arbour damage after ischemia is due to a variety of 

mechanisms, such as calcium dysfunction, excitotoxicity, free radical production and spreading 

depolarization (Dirnagl et al., 1999; Moskowitz et al., 2010; Risher et al., 2010). How diabetes 

interacts with these mechanisms to produce excessive spine loss is unclear. Diabetic animals 

have shown greater astrocytic injury and swelling (Muranyi et al., 2006) in response to ischemia, 

which could possibly lead to increased spine loss. Astrocytes can play a role in dendritic spine 

development, maturation and help to regulate spine numbers.  Astrocytes secrete multiple 

signaling molecules, such as cholesterol, TNF-α, and activity-dependent neurotrophic factor 

(ADNF) (Barker and Ullian, 2010) and thrombospondins (Christopherson et al., 2005), which 

promote spine formation in dendrites. Therefore, greater disruption of astrocytic function in 

diabetic animals may contribute to more extensive spine loss after stroke. 

Since diabetes is known to increase oxidative stress in the vascular endothelium (Vinik 

and Flemmer, 2002), a loss of spines could be a consequence of a dysfunctional vascular system. 

Ongoing research in our lab has shown that diabetes increases the permeability of the blood-

brain barrier in the peri-infarct area (unpublished work). The extravasation of potentially toxic 

elements of blood plasma such as glutamate could account for increased dendritic spine loss in 

the first week after stroke. Increased extracellular glutamate has been observed in obsereved after 

stroke in diabetes (Li et al., 2000). Furthermore, our lab described microvascular dynamics in the 

peri-infarct zone of diabetic mice (unpublished work) and demonstrated that diabetes leads to an 
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abnormal increase in peri-infarct microvessel blood flow and lumen diameter. While the 

functional significance of these changes in not yet clear, higher blood flow velocities could 

reduce the efficiency of oxygen transport from red blood cells to the brain or could increase the 

probability for hemorrhage in microvessels. 

Retraction of spines may also be related to the loss of pre-synaptic terminals. It is known 

that ischemic stroke in the somatosensory cortex leads to the loss of thalamic and intracortical 

projections within peri-infarct regions (Carmichael et al., 2001). It was recently demonstrated 

that intracortical axonal remodeling is impaired in diabetics after stroke (Yan et al., 2012). If 

thalamic and cortical axons in diabetic mice were intrinsically less resilient to ischemia due 

ongoing oxidative stress or if they lacked sufficient glial or vascular support to survive, one 

might expect greater loss of pre-synaptic terminals which would likely be reflected in a loss of 

post-syanptic spines.   

Diabetes could affect other molecular pathways involved in the regulation of dendritic 

spines; for example, some diabetic complications have been associated with alterations in the 

Rho family of GTPases. Rho GTPase regulates cellular adherence, migration, proliferation and 

apoptosis through control of the actin cytoskeleton and are known to regulate dendritic spine 

morphology, assembly and disassembly (Yong-jun and Zhou, 2010). Tan et al (2012) showed 

that Rac1 (a GTPase) regulated morphological changes from mushroom to thin spine types in the 

dorsal horn of the spinal cord in a diabetic model of chronic pain (Tan and Waxman, 2012; Tan 

et al., 2012). Furthermore, an up-regulation of protein phosphatase 1 (PP1) has been shown in 

the brain tissue of diabetic rats (Takizawa et al., 1994), which interacts with the RhoGEF (Lfc) 

nuerabin, spinophilin and actin, leading to reduced spine size (Tada and Sheng, 2006). Matrix 

metalloproteinase-9 (MMP-9) are proteases that break down the extracellular matrix resulting in 
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increased structural instability and likely contribute to spine disassembly. MMP-9 has been 

shown to be abnormally up-regulated in diabetic rats exposed to ischemia (Signorelli et al., 2005; 

Ergul et al., 2007; Kamada et al., 2007). MMP-9 causes a significant elongation and thinning of 

dendritic spines, as well as a loss of mushroom-shaped spines. However, it does not seem to 

affect spine density, at least in the hippocampus (Michaluk et al., 2011). Additionally, 

overproduction of ROS in diabetic animals has been shown to disrupt the production of nitric 

oxide (NO) (Arrick et al., 2007). Under normal physiological conditions, NO signalling regulates 

spine development on pyramidal neurons and modifies spine morphology by increasing the 

complexity of the post-synaptic density (Audesirk et al., 2003; Nikonenko et al., 2008; Steinert et 

al., 2008). NO was suggested to be a retrograde signal between newly forming spines and 

presynaptic targets since blocking neuronal nitric oxide syntheses (nNOS) interferes with 

synaptic formation and results in a loss of spines (Nikonenko et al., 2008). Future studies should 

determine the role of these molecular mechanisms on spine stability in the diabetic stroke-

affected brain. 
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Conclusion 

 

The central aim of this project was to characterize how diabetes affects the fine synaptic 

structure of layer-5 neurons in brain regions implicated in stroke recovery. Behavioural testing of 

forepaw sensation indicated that diabetic mice were significantly more impaired for the first 2 

weeks after stroke. Consistent with previous work (Sweetnam et al., 2012), poor sensory 

function in diabetic animals could not be explained by larger cerebral infarcts. Our analysis of 

layer-5 dendritic spines revealed that diabetic mice had significantly greater basilar dendritic 

spine loss in the peri-infarct cortex as compared to non-diabetic animals. Interestingly, after 6 

weeks of recovery, the spine density in both diabetic and non-diabetic mice had returned to sham 

control levels. Furthermore, changes in spine density were not observed in any of the distant 

cortical areas that have previously been implicated in stroke recovery. Overall, our findings 

suggest that diabetes contributes to a selective and robust loss of basilar dendritic spines in the 

peri-infarct cortex at 1 week, which could explain more severe behavioural deficits in diabetic 

mice in the acute, but not chronic stages of stroke recovery.  

 

 

 

 

 

 
 

 

 

 



 

 

44 
Table 1: Total spine numbers, total length of dendrites, and average length of dendritic 

segments 

 

Apical	  dendrites	  	  	  

Total	  
number	  of	  
spines	  
counted	  

Total	  length	  
of	  dendritic	  
segments	  
(μm)	  

Average	  length	  of	  
dendritic	  

segments	  (μm)	  

Sham	  diabetic	  (n	  
=5)	   3,553	   4,144	   85.1	  

Sham	  non-‐
diabetic	  (n	  =6)	   3,321	   3,829.1	   83	  

Contralateral	  
diabetic	  (n=5)	  	   3,294	   3,423	   78.4	  

Contralateral	  
non-‐diabetic	  

(n=5)	  	  
4,675	   4,907.3	   85.6	  

1	  week	  diabetic	  
(n=6)	   3,486	   4,048.9	   75.3	  

1	  week	  non-‐
diabetic	  (n=6)	   5,685	   8,107.1	   90.4	  

6	  week	  diabetic	  
(n=5)	   4,886	   5,896.1	   93.3	  

6	  week	  non-‐
diabetic	  (n=6)	  	   3,115	   3,142.5	   93.3	  

TOTALS	  	   32,015	   37,498	   85.55	  

Table 1.1 Apical dendrites: Column 1) Total number of 
individual dendritic spines counted on the apical dendrites per 
group. Column 2) Cumulative length of the dendritic shafts 
measured on the apical dendrites. Column 3) The average 
length of dendritic segments counted for apical dendrites per 
group.     
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Basal	  Dendrite	  	  
#	  spines	  
counted	  

Total	  length	  of	  
dendritic	  

segments	  (μm)	  

Average	  length	  
of	  dendritic	  

segments	  	  (μm)	  
Sham	  diabetic	  	  

(n	  =6)	   6,370	   7,946.5	   61.8	  

Sham	  non-‐
diabetic	  (n	  =5)	   3,774	   4,815.2	   54.5	  

Contralateral	  
diabetic	  (n=6)	  	   4,069	   5,122	   59.7	  

Contralateral	  
non-‐diabetic	  

(n=7)	  	  
4,938	   6,213.2	   55.7	  

1	  week	  
diabetic	  (n=6)	   3,256	   5,624.9	   56.3	  

1	  week	  non-‐
diabetic	  (n=6)	   3,975	   6,034	   58.8	  

6	  week	  
diabetic	  (n=4)	   4,695	   5,445.1	   60.5	  

6	  week	  non-‐
diabetic	  (n=6)	  	   3,230	   39,78.2	   54	  

TOTALS	  	   34,307	   45,179.1	   57.6625	  

Table 1.2 Basal dendrites: Column 1) Total number of 
individual dendritic spines counted on the basal dendrites per 
group. Column 2) Cumulative length of the dendritic shafts 
measured on the basal dendrites. Column 3) The average 
length of dendritic segments counted per group.     
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