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ABSTRACT 
Cerebrovascular disease and head trauma are among the leading causes of death and 

disability. In addition to severe motor disturbances, ischemia resulting from stroke or traumatic 
brain injury (TBI) can cause mild to severe cognitive deficits. One-third of all patients with 
stroke show hyperglycemia upon hospital admission, and the majority of these are diabetic. The 
combination of diabetes and stroke was reported to worsen recovery. 

In agreement with clinical evidence, larger infarct sizes and neurodegeneration were observed 
in rats following hyperglycemic brain ischemia. The Goto-Kakizaki (GK) rat is a non-insulin-
dependent, spontaneously diabetic animal and, to our knowledge, few studies of recovery from 
focal brain ischemia were performed in this rat strain. In our laboratory, we have developed a 
model of experimental brain injury in the Sprague-Dawley rat produced by transient, short-
lasting (30 min) unilateral extradural compression (EC) of the right sensorimotor cortex. EC 
produces neurological manifestations (contralateral fore- and hind-limb paresis) and selective 
neuronal death in the cortex, hippocampus and thalamus, resembling clinical cortical stroke. 

The aims of the present thesis were to (1) characterize motor and cognitive deficits in both 
non-diabetic Wistar and diabetic GK rats following EC, (2) to study compression induced-
neurodegeneration and potential correlations with the behavioural findings in non-diabetic Wistar 
and diabetic GK rats, (3) to compare glucose levels and cerebral blood flow (CBF) upon EC and 
reperfusion in both strains and (4) to investigate strain differences in the expression of several 
antioxidant and heme-degrading enzymes. 

Recovery of motor and cognitive functions following EC were assessed with the lever-press 
task (LPT) and locomotor activity (LMA) monitoring in a novel environment, in parallel with the 
beam walking and the rotarod. Neurodegeneration induced by EC was concomitantly 
characterized in several brain regions by using Fluoro-Jade (FJ) as a marker of neurodegeneration 
and GFAP as marker of reactive astrocytosis at 2, 5, 7, 10 and 14 days in Wistar rats and at 2, 7 
and 14 days in GK rats. Cortical CBF upon EC and during reperfusion was measured with Laser-
Doppler flowmetry. At 48 h post-EC, mRNA expression of heme-degrading enzymes (HO-1, 
HO-2), biliverdin reductase (BVR), superoxide dismutases (SOD-1, SOD-2), inflammatory and 
pro-apoptotic markers (iNOS, TNFα, Bax) were compared between strains with real-time RT-
PCR. HO-1 expression at 48 h post-EC was studied using double-fluorescence 
immunohistochemistry for neurons (Fluorescent Nissl staining), astrocytes (GFAP) and microglia 
(OX-42). 

Locomotor and exploratory activities of compressed Wistar rats were reduced, in parallel 
with hemiparesis, detected on the beam walking and on the rotarod on day 1. The LMA 
parameters normalized on day 2, whereas a phase of increased locomotor activity coupled with 
deficient habituation to the environment was observed on day 3. Importantly, the deficient 
habituation was no longer attributable to the motor impairments. The learning of the LPT was 
delayed in naïve-to-task Wistar rats up to 10 days after EC. Fluoro-Jade/GFAP staining 
demonstrated a consistent pattern of cortical, striatal and thalamic degeneration but revealed 
variable degrees of degeneration in hippocampal areas. The improvement in LPT performance of 
naïve-compressed rats was followed by a reduction of damage in cortical associative areas. 
Additional lesion-effects from damaged hippocampii may have overlapped in a minority of 
subjects, while the subcortical lesions provoked by EC were unlikely to explain the behavioural 
findings. GK but not control Wistar rats showed a pronounced hyperglycemic response upon EC, 
a lower degree of cortical CBF recovery during reperfusion, impaired behavioural habituation to 
a novel environment on the first five days post-ischemia, impaired learning of a LPT two weeks 
after EC and a higher degree of neurodegeneration labelled by FJ in the cortex, hippocampus and 
thalamus at virtually all time-points post-ischemia. Under basal conditions, GK rats exhibited 
higher mRNA expression of heme degrading, antioxidant and pro-inflammatory genes such as 
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HO-1, iNOS and TNFα under basal conditions. At 48 h post-ischemia, HO-1 was one of the 
main upregulated genes in the ipsilateral cortex of both diabetic and non-diabetic rats. HO-1 
secretion was localized in peri-lesional astrocytes and few microglial cells. 

Previous experience with the task and familiarity with the environment appear to accelerate 
recovery from brain ischemia and may initiate compensatory mechanisms at early stages of 
recovery, with emphasis on the associative cortical areas. The GK rat consistently showed 
aggravated hyperglycemia, worsened cortical reperfusion and longer-lasting impairments of 
motor and cognitive functions encouraging further brain injury studies in this rat strain. 
Counteracting oxidative stress caused by heme degradation and neuroinflammation following 
normo- and hyperglycemic brain ischemia may thus provide an effective therapy for focal brain 
ischemia due to a potentially extended therapeutic window. 

Key words: focal ischemia, locomotor activity, lever-press task, neurodegeneration, 
hyperglycemia, Goto-Kakizaki rats, Fluoro-Jade, heme-oxygenase, astrocytes, microglia. 
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1. INTRODUCTION 
 

1.1. General Background 
 

Stroke 

The World Health Organization (WHO) recently estimated the stroke incidence rate in 

Europe (EU, Iceland, Norway and Switzerland) to be 235 cases per 100 000 inhabitants, that 

is, equivalent to 1 070 000 new cases of stroke every year. Forecasts from the United 

Nations indicate that the incidence of stroke will increase by 50% until the year 2025. The 

prevalence of stroke was estimated to be 1337 cases per 100 000 inhabitants, corresponding 

to 6 million stroke patients per year (Truelsen et al., 2005).  

In Sweden, the incidence of stroke was recently estimated in 19 000 new patients every 

year. Annual costs for hospitalization and rehabilitation were estimated to be 9.9 billion SEK 

(Ghatnekar et al., 2004). 

Stroke has a major impact on motor and cognitive functions in the surviving patients and 

is responsible, if proper rehabilitation is not provided, for a poor quality of life and 

unsatisfactory reintegration in the community during recovery. The poor quality of life after 

stroke is largely attributed to impairments in motor and cognitive functions (Wade et al., 

1985, Kwa et al., 1996, Robertson et al., 1997, Ding et al., 2002). The relative risk of 

developing dementia in these patients is increased two- to ten-fold compared to the general 

population (Kokmen et al., 1996). Around 25 % of stroke survivors develop dementia after 

twelve months of recovery (Tatemichi et al., 1993, Barba et al., 2000). 

The treatment of stroke, however, is still based on general medical measures (hydration, 

temperature and glycemic control, platelet antiaggregants) and thrombolysis in the acute 

stage of stroke onset (Sandercock et al., 2003). Thrombolysis is only effective if performed 

within 3 h after stroke onset (Albers et al., 2002) which leaves a large number of patients out 

of the therapeutic window when arriving to the hospital. Thus, more specific treatments are 

required after the early phase of stroke onset. 

Available studies indicate that patients who are early discharged from the hospital and 

followed-up in the ambulatory care have better motor and cognitive functional scores 

compared to those remaining hospitalized for longer periods without specific rehabilitation 

(Indredavik et al., 2000, Thorsen et al., 2005). Patients followed in specialized stroke units 

were reported to have better functional recovery after stroke (Stegmayr et al., 1999). 
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Diabetes 
 

The global prevalence of diabetes is an estimated 177 million worldwide-diagnosed 

cases in 2000 and the WHO forecast points to an increase of this number to at least 300 

million by 2025. Diabetes mellitus type 2 or non-insulin-dependent diabetes mellitus (NIDDM) 

usually develops in adults over 40 years of age and represents 90 to 95% of the diagnosed 

cases, and is typically associated with insulin resistance and/or inadequate compensatory 

insulin secretion and by disturbances of carbohydrate, lipid and protein metabolism. 

In Sweden, estimates point to a prevalence of 350 000 patients suffering from type I and 

type II diabetes. Total costs for the diabetes type 2 population are estimated at about 7 billion 

SEK/year, representing 6% of the total health care costs (Henriksson et al., 2000). 

Diabetes is an independent risk factor for stroke (Barrett-Connor and Khaw, 1988, 

Folsom et al., 1999). Diabetes was shown to increase morbidity and mortality from stroke by 

1.5 to 3-fold in these patients compared to the general population (Stamler et al., 1993, 

Stegmayr and Asplund, 1995, Folsom et al., 1999, Kissela et al., 2005). Importantly, 

hyperglycemia (> 13.4 mmol/l) was found to be a sensitive predictor of the risk of fatal and 

non-fatal stroke (Lehto et al., 1996, Niskanen et al., 1998, Abu-Lebdeh et al., 2001).  

Nearly one-third of all patients with acute cerebral infarction have hyperglycemia on 

admission, and a large majority of these patients are diabetic (Roehmholdt et al., 1983, 

Lithner et al., 1988, Bruno et al., 2002). The prevalence of diabetes in ischemic stroke was 

reported to be around 26% (Stegmayr and Asplund, 1995). Diabetic patients have more 

pronounced neurological impairments, more severe disability and longer hospitalization after 

acute stroke (Lithner et al., 1988, Horowitz et al., 1992, Haheim et al., 1995). 

The mechanisms responsible for worse clinical outcome of stroke in diabetic patients are 

still not fully understood. 

 

1.2. Brain Ischemia 
 
Brain ischemia is the result of reduced oxygen and glucose supply to the brain due to a 

reduction in cerebral blood flow (CBF). Ischemia can be the direct result of intracranial 

arterial occlusion by local atherothrombosis or by thromboemboli migrating for example, from 

the extracranial carotid arteries or the atrial cavities due to atrial fibrillation (Sherman et al., 

1984, Wein and Bornstein, 2000, Hennerici, 2004). Cerebral ischemia also occurs secondary 

to traumatic brain injury (TBI), which is usually associated with increased intracranial 

pressure, secondary vasospasm, edema and/or hemorrhage (Yonas et al., 1989, Weber et 

al., 1990, Martin et al., 1992). Any intracranial event occurring acutely (vessel occlusion or 
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rupture, subarachnoidal hemorrhage, ruptured aneurysm, herniation) or progressing slowly 

(neoplasia, growing aneurysm, arteriovenous malformation) also lead to the development of 

brain ischemia (Fisher et al., 1980, Knuckey et al., 1985, Chan et al., 1992, Rodas et al., 

1998).  

 

Experimental manipulation of CBF in animals has provided important information about 

the degree of CBF reductions and the functional and histological outcomes of these 

reductions. The normal CBF is about 45-50 ml/100 g of tissue per minute. Reductions of CBF 

to 20 ml/100g/min can induce changes in brain activity but the activation of compensatory 

mechanisms can still restore neuronal metabolism and increase oxygen extraction from the 

blood. Reductions of CBF to 20 ml/100g/min are enough to cause dampening of electrical 

cellular activity and loss of neural transmission. Below 10 ml/100g/min, membrane pumps 

responsible for electrolyte and ionic homeostasis become dysfunctional leading to 

depolarization of neurons, excessive glutamate release from synaptic terminals and 

increased intracellular calcium influx, resulting in intracellular injury (Lipton, 1999, Bramlett 

and Dietrich, 2004, Schaller and Graf, 2004). A reduction of CBF to zero causes death of 

brain tissue within 4 to 10 min. Reductions of CBF to 16-18 mL/100 g/min cause infarction 

within 1 h. The tissue surrounding the core region of infarction - referred to as the ischemic 

penumbra - is also ischemic and dysfunctional, but the pathophysiological alterations can be 

reversed if CBF is restored. Thus, the quick restoration of blood flow is critical for reducing 

ischemia. The maximal reductions of CBF (below 15 % of baseline) occur in the core 

whereas moderate-to-severe CBF reductions (40 to 15 % of baseline) occur in the ischemic 

penumbra. The penumbra area is the most interesting for therapeutic intervention. Neurons 

can survive or die depending on, among other mechanisms, the local degree of 

excitotoxicity, calcium channel densities, oxidative stress, mitochondrial dysfunction, glucose 

and insulin levels, body and brain temperature, presence of trophic factors and pro- and anti-

inflammatory cytokines (Lipton, 1999). 

 

1.2.1. Animal models of brain ischemia and trauma 
 
Animal models of human disease have an undisputed advantage over in vitro systems in 

what concerns the state of the cells, tissues or organs since they are studied in their natural 

environment, i.e. the organism. During the last three, four decades several animal models of 

brain injury (ischemic and/or traumatic) were developed. Four main categories of brain injury 

models can be summarized: global and focal ischemia, embolic stroke and traumatic brain 

injury. 
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Global ischemia consists in the reduction of blood flow to the entire brain in order to 

simulate the consequences of cardiac arrest or severe hypotension. This can be achieved 

with two- or four-vessel occlusion or by cardiac arrest. In the two-vessel occlusion model 

(Eklöf and Siesjo, 1972, Smith et al., 1984), the rat’s carotid arteries are ligated and mean 

arterial blood pressure is decreased to 50 mmHg by controlled blood loss, which is then 

reinfused. In the four-vessel occlusion model (Pulsinelli and Brierley, 1979, Pulsinelli et al., 

1982), the vertebral arteries are permanently occluded while the carotid arteries are 

transiently occluded. This procedure induces less extensive lesions compared to the two-

vessel occlusion model. The cardiac arrest model consists in the pharmacological induction 

of asystolic activity for 7-10 min followed by adrenaline injection and chest compression. 

 

Focal ischemia consists in the reduction of blood flow to the brain by occlusion or 

photothrombosis of a large artery, usually the middle cerebral artery (Robinson et al., 1975, 

Robinson, 1979). The occlusion can be performed by permanent or temporary suture ligation 

after surgical exposure (Dietrich et al., 1989) or by intraluminal insertion of a stiffened suture 

into the external carotid all the way to the middle cerebral artery origin (Belayev et al., 1996). 

Photothrombotic MCA-O is achieved by the injection of a photosensitive dye (e.g. Rose 

Bengal, Erythrosin B) which, under argon laser stimulation, produces damage to the vessel 

wall with formation of platelet thrombosis (Watson et al., 1987). Photothrombosis can then be 

reversed by dethrombosation of the occluded vessel with ultraviolet laser (Watson et al., 

2002). 
 

The embolic stroke model consists in the experimental introduction of a clot into the 

blood circulation that will migrate to the distal cerebral vessels and interrupt the blood flow, 

producing an infarction (Salford et al., 1973). Recently, this technique was further developed 

from the laser/dye-induced photothrombosis model. Photothrombosis can be applied to the 

common carotid artery to produce non-occlusive thrombosis. Small platelet emboli are then 

released from the main thrombus to travel in the circulation and occlude distal arterial 

vessels. The sizes of infarction using this procedure are smaller than those induced by 

ischemic procedures and the final destiny of the emboli may differ between experimental 

subjects (Stagliano et al., 1997, Danton et al., 2002). An alternative procedure consists in 

collecting blood from the animal and re-inject coagulated clots into the carotid circulation. 

 

The traumatic brain injury models of lateral or central fluid percussion (LFP, CFP), 

controlled cortical impact (CCI) and weight-drop impact acceleration with or without 

hypotension (WDIA ± H) were also shown to induce periods of hypoperfusion to the brain 
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(Feeney et al., 1981, Dixon et al., 1987, McIntosh et al., 1989, Nilsson et al., 1990) and will 

be mentioned over the course of this dissertation in comparisons between ischemic and 

traumatic effects on functional and morphological recovery from experimental brain injury. 

 
In our laboratory, we have developed a model of experimental focal brain ischemia in the 

rat produced by transient, short-lasting (30 min) unilateral extradural compression of the right 

sensorimotor cortex using a plexiglas piston. Sensorimotor cortex compression produces 

neurological manifestations (contralateral fore- and hind-limb paresis) and selective neuronal 

death in the cortex, hippocampus and thalamus (Kundrotiene et al., 2002, Kundrotiene, 

2004, Kundrotiené, 2004). Clinically, it resembles acute focal ischemic injury (Barskov and 

Viktorov, 1994, Watanabe et al., 2001, Kundrotiene et al., 2002, Andersson et al., 2005). A 

major advantage of using cortical compression is that this procedure elicits a less extensive 

and reproducible primary brain damage while showing the typical functional deficits (limb 

hemiparesis) as opposed to other previously described models for brain damage in animals 

(Watanabe et al., 2001, Kundrotiene et al., 2002, Kundrotiene, 2004, Kundrotiené, 2004). 

Thus, this was the preferred method in our studies of functional and morphological recovery 

from focal brain ischemia in diabetic and non-diabetic rats. Subtle improvements in the 

behaviour or histomorphology after ischemia can be better identified and compared between 

strains if the primary brain damage is not a major infarction and if the secondary damage is 

clearly distinguishable from the initial ischemic lesion. 

 

1.2.2. Functional recovery after brain ischemia 
 

Recovery of function can be differentiated in restoration of function and compensation of 

function. In the first, there is recovery of a function that depends on a certain brain region. In 

the second, alternative brain regions are recruited to compensate the original impairment 

(NIH, 1999, Small et al., 2002, Calautti and Baron, 2003). 
 

1.2.2.1. Recovery of motor functions 

 
Functional recovery after stroke varies depending on the time of recovery, lesion site, and 

degree of recovery (Johansson, 2000, Chen et al., 2002, Kolb, 2003, Ward et al., 2004). 

Most of the spontaneous functional sensorimotor recovery occurs within the first 3-6 months 

post-stroke and it is into this period rehabilitation efforts should be concentrated. 
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Jenkins and Merzernich first hypothesized that the location of motor functions in the 

cortex is re-mapped to unaffected areas of the brain during recovery from brain injury 

(Jenkins and Merzenich, 1987). In humans, functional MRI studies have suggested that 

better functional recovery is associated with the activation of intact areas in the lesioned 

hemisphere and not the contralateral, unaffected hemisphere (Carey et al., 2002, Johansen-

Berg et al., 2002a, Ward et al., 2003). In particular, recovery of motor function appears to be 

related to reorganization of cortical activity in the sensorimotor cortex of the affected 

hemisphere (Johansen-Berg et al., 2002b, Werhahn et al., 2003, Fridman et al., 2004). 

In animals, the learning of skills has been shown to induce cortical reorganization and 

synaptogenesis. Cortical synaptogenesis and motor map reorganization occur during the late 

phase of motor skill learning, i.e., the representation of the motor map and synapse formation 

are involved in the consolidation of the skill in the late stages of training of a given motor skill 

but not in the initial stage of skill acquisition (Plautz et al., 2000, Remple et al., 2001, Kleim et 

al., 2002).  

The assessment of functional recovery in animals presents difficulties since recovery is 

mediated by a complex system of neural networks and because animals recover rapidly after 

injury (Goldstein and Davis, 1990). At the neuronal level, organization of vestibulomotor 

function is integrated and mediated by corticospinal neurons, nigrostriatal neurons, the 

thalamus, the basal ganglia and the nucleus accumbens (Hamm, 1990). Most behavioural 

tests of motor function require some degree of sensorial integration or learning (Fujimoto et 

al., 2004). Tests of strenght and reflex (e.g. limb flexion, resistance to lateral pulsion, grip 

strenght, etc) are commonly combined and used in the evaluation of motor recovery following 

brain injury. Strenght and reflex tests use graded scales to detect subtle differences between 

injured animals but are also influenced by the observer’s subjective scoring. Vestibulomotor 

tests such as the beam-walking test and monitoring of locomotor activity (LMA) permit the 

study of fine motor coordination, balance and walking, which make them sensitive for the 

follow-up of functional recovery of experimental brain injury (Fujimoto et al., 2004). Cortical 

lesions in the rat can be revealed by challenging the animal in a more demanding motor 

performance test, e.g. in a narrow beam instead of a flat plane (Buytendijk, 1932, Maier, 

1935). The beam-walking test evaluates balance and coordination of movement by 

measuring the latency and number of footslips of an animal crossing a narrow beam to reach 

a goal box or its home cage. Unlike tests of strenght or reflexes, beam-walking requires 

presurgical training so that the animal becomes acclimated to the testing environment and to 

the task demands, using preoperative performance as baseline for comparison with post-

operative recovery (Feeney et al., 1982). The brain-injured animals will take longer time and 

display more footslips when crossing the beam compared to sham-operated animals and 

pre-operative baseline performance. The beam-walking has been shown to be sensitive to 
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injury severity, lateralization and pharmacological intervention as shown in our laboratory and 

in other studies of brain injury (Chen et al., 1996b, Hamm et al., 1996, Mikawa et al., 1996, 

Berman et al., 2000, Yan et al., 2000, Kundrotiene et al., 2002, Kundrotiene, 2004). Besides 

sensorimotor cortex lesions, motor association cortex and cerebellar lesions were also found 

to disrupt the incorporation of balance and movement in the beam-walking test (Fukuda et 

al., 1996). 

The rotarod is provided with a moving wheel in which rodents are placed on, subjecting 

them to a progressive, linear acceleration (Dunham and Miya, 1957). Rotarod performance 

also provides information about muscle tonus, balance and motor coordination by measuring 

the time/acceleration the animal can cope on the rotating rod (Novack, 1982). Following brain 

injury, some experimenters have identified motor deficits in the rotarod when these were no 

longer detected in the beam-walking or beam-balance tests. For instance, Hamm and 

colleagues suggested the rotarod to be the most efficient test of motor recovery in the acute 

post-injury phase (between the first and fifth days post-injury) (Hamm, 2001). 

Locomotor activity constitutes a simple and easy-to-administer test of vestibulomotor 

function. It allows the experimenter to assess motor function in the horizontal and vertical 

planes (locomotion, distance walked, vertical/rearing activities) but also to assess cognitive 

function (see below) (Thompson RF, 1966, Katz et al., 1981, Cerbone and Sadile, 1994, Prut 

and Belzung, 2003). The greatest advantages of LMA is that it does not require previous 

training of the task and the intervention of the experimenter in the testing conditions is 

minimized (the activity is recorded with infrared devices and computer monitoring). 

 

1.2.2.2. Recovery of cognitive functions 

The human brain has a great capacity to recover cognitive functions after brain injury, 

suggesting that several neuronal networks are capable of producing almost identical 

behavioural responses, a term called degeneracy (many-to-one structure-function 

relationships) (Edelman and Gally, 2001). Thus, multiple brain regions are able to execute 

the same cognitive task as measured by behavioural parameters. Another important notion is 

pluripotentiality (one-to-many structure-function relationships), i.e., the same brain region 

participates in multiple cognitive tasks. One of the methods employed to study structure-

function relationships within cognition is the induction of lesion(s). The use of lesion studies 

serves the purpose of attributing a lesion-induced decline in a cognitive measure to the 

function of the lesioned structure or brain area. Single, localized lesions cannot unveil 

multiple degenerate neuronal networks because the cognitive function will be executed by 

the remaining networks (Noppeney et al., 2004).  
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Stroke survivors without diagnosed dementia show slower cognitive processing speed 

and attentional deficits with mild memory impairments (Ballard et al., 2003). Attentional and 

executive functioning deficits are often present during the early phase of recovery in stroke 

survivors without significant cognitive impairment. Executive function is required for 

context/environment interpretation and to change the behaviour when it is no longer 

appropriate (Goldberg and Podell, 2000). More severe cognitive impairments often depend 

on the combination of specific infarcts with subsequent atrophy and more extensive small 

vessel disease in cognitive brain areas (Stephens et al., 2004). 

Similarly, TBI survivors also present residual cognitive deficits which can lead to long-

term disabilities (Mills et al., 1992, Thurman et al., 1999). The most consistent cognitive 

impairments following TBI are in attention, anterograde and retrograde memory and 

executive function (McKinlay et al., 1981, van Zomeren and van den Burg, 1985, Dikmen et 

al., 1995, Gershberg and Shimamura, 1995, Whyte et al., 1995, Levine et al., 2000). 

 

Cognition in animals is measured by observing the performance in various behavioural 

paradigms (e.g. boxes, mazes, operant lever-pressing). The perhaps most commonly used 

test for cognitive follow-up of brain injury in rodents is the Morris water maze (Morris et al., 

1982). In this paradigm, rats have to swim in a circular pool until they find a submerged 

platform using visual cues located outside the pool. This test allows the experimenter to 

examine spatial memory and is sensitive to hippocampal lesions. However, the Morris water 

maze is not a pure test of spatial memory and can be influenced by procedural learning 

deficits (Gerlai, 2001). Furthermore, swimming in a water-maze presents as a difficult task for 

rats subjected to extradural compression, which may show persistent hemiparesis until D6 

post-compression (Kundrotiene et al., 2002). Thus, we preferred to use tests of cognitive 

function that would not require extensive physical activity in the acute post-ischemic period. 

For this purpose, we turned to the lever-pressing task (LPT), a behavioural paradigm used to 

study operant behaviour. The LPT can be used to examine sensorimotor integration and 

performance in response to visual, tactile and proprioceptive stimuli. It also allows the 

experimenter to assess if the animal is using a place-exploration strategy, typical of the initial 

training sessions, or a more automatic, habit-response strategy, typical of the well-trained 

subject (Packard and McGaugh, 1996, Packard, 1999, Chang and Gold, 2003). Short-term 

and reference memory have been studied in learning paradigms generally based on delayed 

conditional discrimination tasks in which the selection of a correct response depends on the 

ability to recall information about a stimulus that is no longer present (Squire et al., 1993, 

Zola-Morgan and Squire, 1993, Burk and Mair, 1998, Aggleton and Brown, 1999, Kandel ER, 

2000). In a non-delayed, two-choice positional discrimination LPT, such cognitive aspects 

can also be characterized since previous performance (the session from the previous day) 

 22



creates a memory trace for the position of the rewarding lever (inter-session reference 

memory) and, during an ongoing session the animal has to learn which of levers is currently 

active during the initial probing presses (intra-session short-term memory) and recall it until 

the session is finished. Another advantage of the LPT is that it only requires a one-hour 

session per day thus reducing the potential stress associated with a combination of multiple 

tasks such as the beam balance, flat runway, rope climbing, footfault, etc. which are typically 

chosen for the follow-up in the post-ischemic period. 

As stated above, LMA can be used not only to record motor functions but also to assess 

cognitive processes by studying habituation to a novel environment. The establishment of a 

representation about the environment is necessary for memory performance and the activity 

in the open-field is a sensitive measurement of an animal’s capacity to habituate to a novel 

environment (Cerbone and Sadile, 1994, Shapiro and Eichenbaum, 1999, Ranganath and 

Rainer, 2003). The first exposure causes pronounced behavioural activation, which is 

strongly attenuated by further exposures that render the environment familiar (behavioural 

habituation). The decrease in exploratory activity following repeated or continuous 

presentation of indifferent stimuli is a simple form of behavioural plasticity and can be taken 

as an index of associative memory (Cerbone and Sadile, 1994, Thiel et al., 1998, Giovannini 

et al., 2001). Furthermore, LMA monitoring allows the evaluation of anxiolytic- and 

anxiogenic-like effects of exposure to a novel environment and/or of administration of 

pharmacological agents (Katz et al., 1981, Cerbone and Sadile, 1994, Prut and Belzung, 

2003). 

The studies in the present thesis comprise the induction of multiple lesions in the brain 

provoked by transient extradural compression of the sensorimotor cortex (Kundrotiene et al., 

2002, Kundrotiene, 2004, Kundrotiene et al., 2004b). The induction of multiple lesions by EC 

is thus more likely to unveil the complex neuronal networks organized in cognitive-related 

areas when studying the behavioural output in a lever-press task (Papers I and III) or the 

exploratory behaviour in a novel environment (Papers II and III). 

 

1.2.3. Morphological recovery after brain ischemia 

The major morphological changes that may follow brain ischemia are infarction, edema, 

atrophy, intraparenchymal hemorrhage, hyalinosis, astrogliosis and cavitation. Brain imaging 

with CT and MRI within the first hours after an infarction is usually negative and the infarct 

may not be seen until 24 to 48 h after the ischemic insult. At this time, the cerebral tissue 

becomes pale, swollen and soft, with narrowed sulci and poor distinction between the 

corticomedullary junctions. From D2 to D10, the brain tissue becomes gelatinous and friable, 

while the edema slowly resolves. From D10 to D21, the tissue liquefies and may form a 
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cavity, which expands simultaneously with removal of dead tissue (Robbins and Cotran, 

1999). The size of the initial ischemic lesion or volume of the infarct were found not to predict 

functional recovery (Binkofski et al., 1996, Furlan et al., 1996, Binkofski et al., 2001). Instead, 

the degree of thalamic and pyramidal tract damage were shown to be major determinants of 

hemiparetic stroke recovery (Fries et al., 1993, Binkofski et al., 1996, Binkofski et al., 2001). 

Thus, other factors than infarct size per se may be of relevance for the functional outcome of 

focal brain ischemia. For instance, the development of brain edema peaks on the second or 

third day of recovery but can cause mass effect for as long as 10 days. In this regard, the 

infarct size caused by the stroke is of importance since there is a greater risk for the 

development of cerebral edema in association with larger infarctions. 

The histopathological changes occurring after ischemic injury with incomplete infarction 

are usually limited in time and only induce selective neuronal death. The evolution of a 

complete infarction can be divided in early, subacute and repair changes (Robbins and 

Cotran, 1999). 

Early changes after complete infarction occur within 12 to 24 h post-ischemia and 

comprise microvacuolization of the neuronal cytoplasm followed by eosinophilia, nuclear 

pyknosis and karyorrhexis, in parallel with the development of cytotoxic and vasogenic 

edema. Cell death can occur at an early stage after the ischemic episode essentially by 

necrosis in the ischemic core and by apoptosis of susceptible neurons in a delayed, 

protracted fashion (Lipton, 1999). Thus, neuronal death does not necessarily occur at once 

but it may progress with time. Several time-points of recovery are required for better 

assessment of neuronal loss following ischemia since neurons that degenerate over time 

may appear healthy at earlier time-points of recovery. The ultrastructural morphology of 

degenerating neurons can be either necrotic, with swollen mitochondria, vacuolated 

cytoplasm and pyknosis of the nuclei (Dietrich et al., 1994) or apoptotic, with shrunken cell 

bodies containing condensed chromatin (Rink et al., 1995, Colicos and Dash, 1996, Conti et 

al., 1998). 

 

Subacute changes occur between 24 h and two weeks after the stroke and consist of 

necrosis, migration of macrophages, vascular proliferation and reactive gliosis. By 48 h post-

infarction, neutrophils and leukocytes infiltrate the lesion. The infiltration of leukocytes 

accentuates neuronal injury through the release of oxygen radicals and persists up to five 

weeks after ischemia (Kontos et al., 1985, Mehta et al., 1992, Pahlmark et al., 1993, Wang et 

al., 1993, del Zoppo, 1994). The infiltration of inflammatory cells is promoted by BBB 

dysfunction. The BBB becomes permeable due to abnormalities in gap-junctions rendering 

the brain vulnerable to the influence of macromolecules (e.g. IgG) and inflammatory cells that 
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accumulate in the perivascular space and brain parenchyma (Krum, 1994, Thurston et al., 

1996). Activation of microglia - the residing monocyte/macrophage colony of the brain - and 

reactive astrocytosis result from increased permeability of the BBB to pro-inflammatory 

signals and progressive cell-death by necrosis and/or apoptosis, persisting for several weeks 

after brain ischemia (Petito, 1979, Gehrmann et al., 1992, Jorgensen et al., 1993, 

Kreutzberg, 1996). Activation of microglia consists in the transformation of the local 

monocyte/macrophage cells into a more round, ramified and sometimes amoeboid-shaped 

form (Bernaudin et al., 1998). The regional distribution pattern of activated microglia closely 

overlaps with the areas displaying neuronal damage (Morioka et al., 1991, Gehrmann et al., 

1992). Activation of microglia has been shown to precede secondary neuronal degeneration 

in the hippocampus and was suggested to contribute to neuronal death through excitotoxicity 

(Kato et al., 1995, Kreutzberg, 1996). Additional functions of activated microglia include the 

phagocytosis of the destructed material, the formation of glial scar tissue and angiogenesis 

(Giulian and Baker, 1985, Giulian et al., 1988, Marty et al., 1991, Giulian and Vaca, 1993, 

Giulian et al., 1993, Elkabes et al., 1996, Kreutzberg, 1996). The activated microglia is 

known to release a myriad of neurotoxic factors such as glutamate and nitric oxide, both 

contributing to the secondary, delayed neuronal damage and apoptosis (Boje and Arora, 

1992, Zajicek et al., 1992, Lee et al., 1993, Dawson et al., 1994, Renno et al., 1995, Flavin et 

al., 1997, Kim and Ko, 1998). In extensive areas of necrosis, platelet accumulation is usually 

seen during the recovery phase (Sekhon et al., 1994, Sekhon et al., 1997) and may persist 

for weeks to months after the infarction. 

Astrocytes surrounding the lesion are also stimulated to enlarge, divide and develop 

ramified processes. These morphological changes are the hallmark of astrocytic activation, 

i.e., enlargement of cell bodies and increase in number of astrocytic processes as labelled by 

GFAP staining. GFAP staining was shown to label astrocytic hypertrophy and hyperplasy, 

which can be reversible (Giotta and Cohn, 1981, Bjorklund et al., 1986). Astrocytes can 

produce counteracting molecules that may decrease the aggressivity of activated microglia. 

One of the proposed counteracting molecules is TGFβ, which may decrease the proliferation 

of microglia, NO production and phagocytic activity (Suzumura et al., 1993, Ehrlich et al., 

1998, Kiefer et al., 1998, Lehrmann et al., 1998). During recovery from ischemia, reactive 

astrocytes were also shown to produce neural growth factor (NGF), thus indicating that 

reactive astrocytosis may promote neuronal survival (Lee et al., 1996). 

 

The repair phase begins around 2 weeks post-ischemia and includes removal of necrotic 

tissue, loss of normal cytoarchitecture of the affected areas and gliosis. Endothelial 

degeneration and destruction of myelin fibers progress for several weeks and potentiate the 

degree of injury through the production of prostaglandins (Schwartz et al., 1981), mitogens 
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(Mehta et al., 1992, Swinscoe and Carlson, 1992, Loesch and Burnstock, 1996) and further 

thrombotic events (Schwartz et al., 1981).  

After several months following the stroke, astrocytes lose their ramified processes and 

form a network with newly formed capillaries and glial fibers in the wall of the infarcted cavity, 

which can exceed several times the size of the initial injury. Astrocyte migration to the injured 

area was suggested to contribute to the progressive increase in the size of the cavity by 

mechanically damaging axons and rendering them vulnerable to the action of inflammatory 

cytokines produced by reactive astrocytes and activated microglia (Fitch et al., 1999). 

 

Experimental studies of brain injury in rodents provoked either by permanent or transient, 

global or focal ischemia have provided important information about the morphological and 

temporal profile of neurodegeneration, the most affected cerebral regions, and most 

vulnerable cell populations to such manipulations. Hippocampal neurons are considered the 

most vulnerable cell type to cerebral ischemia with the order of regional vulnerability being, 

by decreasing order, the CA1, hilii, CA2, CA3 and DG (Schmidt-Kastner and Freund, 1991). 

CA1 pyramidal neurons are extremely vulnerable to the ischemic insult, dying within only a 

few minutes of CBF reduction (Pulsinelli and Brierley, 1979, Smith et al., 1984). In the DG, 

hilus, striatum, cortex and thalamus, the neuronal populations show an heterogeneous 

susceptibility to ischemia (Pulsinelli et al., 1982, Smith et al., 1984, Johansen et al., 1989, 

Freund and Buzsaki, 1996). For example, CA3 and DG neurons are usually resistant to 

ischemia (Petito et al., 1990, Schmidt-Kastner and Freund, 1991). On the contrary, neurons 

of cortical layers III, V and VI are known to be selectively vulnerable to global ischemia 

(Pulsinelli et al., 1982, Akulinin et al., 1997, Lipton, 1999). Delayed, protracted neuronal 

degeneration was also described in the striatum of Wistar rats following 15 to 60 min of 

transient focal ischemia (Nakano et al., 1990). Concerning reactive astrocytosis, 30 min of 

transient global ischemia in Wistar rats provoked a significant increase in the amount of 

reactive GFAP+ astrocytes localized in the cortex, hippocampus and thalamus on D7 post-

ischemia, which was still present 8 weeks after the insult (Kondo et al., 1995). In the striatum, 

gliosis and reactive astrocytosis could be detected as early as 48 h post-ischemia, peaking at 

2 weeks and persisting for 3 months (Lin et al., 1993). 

Secondary degeneration of the thalamus (Conti et al., 1998, Sato et al., 2001), 

cerebellum and brain stem (Colicos et al., 1996, Clark et al., 1997, Conti et al., 1998, Fox et 

al., 1998) are more commonly found following experimental TBI to the cortex. Acute neuronal 

death in the cortex and hippocampus occurs either by necrosis or apoptosis and has been 

attributed to mechanical and/or vascular damage, excitotoxicity and oxidative stress, 

beginning rapidly after the traumatic injury. Subcortical degeneration following traumatic 

cortical lesions (LFP, CCI, WDIA+H) can be ascribed to the loss of cortico-cortical 
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innervation after the loss of neurons in the injured cortex (Dietrich et al., 1994, Hicks et al., 

1995, Colicos et al., 1996, Hicks et al., 1996, Bramlett et al., 1997, Smith et al., 1997). 

The analysis of the chronic stages of recovery is thus necessary for the complete 

assessment of neuronal injury patterns. We collected brain tissue for histological 

preparations at several time-points after the induction of extradural compression in Wistar 

and GK rats (see section 3.4.1.). Despite considerable information about delayed 

neurodegeneration in Wistar rats, to our knowledge, little is known about the progression of 

secondary brain damage caused by transient focal ischemia in the diabetic GK rat. 

 

1.2.4. Fluoro-Jade as a marker of neuronal degeneration 

1.2.4.1 Characteristics of the Fluoro-Jade compound 
 

Fluoro-Jade is an anionic tribasic fluorescein compound (disodium 5’/6’ 

carboxyfluorescein) with a m.w. of 445 Da, emission peak at 550 nm and excitation peaks at 

362 and 390 nm, first reported by Schmued and colleagues in 1993, in a variety of 

neurodegeneration studies (Schmued et al., 1993, Schmued et al., 1997). The strongly acidic 

pH of FJ indicates that neurons presumably express strongly basic molecules during 

degeneration. It has been speculated that the degenerating molecule labelled by FJ is a 

polyamine (Schmued and Hopkins, 2000) like putrescine, cadaverine, spermidine or 

histamine, commonly associated with cellular degeneration. The FJ-labelled molecule may 

alternatively result from the cleavage of a larger molecule in the plasma membrane 

(candidate: phosphatidyl choline) or cytoplasm (candidate: a cleaved microtubule protein, c-

tau) but the exact nature of the molecule released during neuronal degeneration is still not 

known (Schmued et al., 2005). 

Fluoro-Jade was the staining method chosen for the studies included in this thesis, 

substantiated by our previous experience with the extradural compression protocol 

(Kundrotiene et al., 2002, Kundrotiene, 2004, Kundrotiene et al., 2004b). In the latter series 

of observations, impaired neurological function was not accompanied by a major infarct 

(tissue cavitation) but by a scattered pattern of selective neuronal degeneration as detected 

by Nissl, FJ and TUNEL staining, with a remarkable degree of overlapping between the 

different stainings (Kundrotiene et al., 2004b). These findings supported the notion that a 

specific pattern of critically localized neuronal cell death shows a better correlation to the 

functional neurological outcome than the measurement of the infarct volume. 
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1.2.4.2. Advantages of Fluoro-Jade over conventional staining techniques 
 

Compared to conventional techniques, FJ is a more sensitive and more definitive marker 

for the localization of neurodegeneration in brain tissue sections than H&E or Nissl-type 

stains (cresyl violet, thionin, etc) and is as sensitive as suppressed silver techniques 

(Schmued et al., 1997, Schmued and Hopkins, 2000, Krinke et al., 2001, Schmued et al., 

2005). For instance, in Hematoxylin/eosin –H&E- and Nissl-type stainings, morphological 

changes such as neuronal shrinkage, vacuolation and hyperchromatism can result from 

artifacts (which can originate false positive shrunken and hyperchromic cells) or non-

lethal/sub-lethal alterations (Stensaas et al., 1972, Cammermeyer, 1978). Degenerating 

neurons tend to be hypochromic with Nissl and hyperchromic with H&E but there is no 

staining specificity since both viable and degenerating neurons are stained. 
Another “classic” staining is TTC (2, 3, 5-triphenyltetrazolium chloride), commonly used to 

identify and quantify infarcted brain regions in the MCA-O model (Longa et al., 1989, Wexler 

et al., 2002). However, its major disadvantages are related to the subjective definition of the 

border between white “infarcted” and red “uninfarcted” tissue, inability to clearly identify the 

penumbra and lack of specificity with respect to brain structures and cell types. It also 

requires a minimum of 2,5 hours after the infarct for detection specificity and has a limit of 36 

hours for accurate delineation (Liszczak et al., 1984, Wexler et al., 2002, Benkovic et al., 

2004), which is far from optimal when studying delayed, secondary damage. Duckworth et al. 

compared FJ and TTC directly in the mouse MCA-O model and reached the conclusion that 

TTC was inconsistent in its location but that, invariably, FJ-labelled neurodegeneration was 

observed beyond the border of TTC-sensitivity in the red/white junction (Duckworth et al., 

2005). 

 

With silver techniques, degenerating neurons are stained black while healthy neurons 

remain unstained. However, silver techniques have several disadvantages since subcellular 

elements, myelinated tracts and neuropil can be artifactually stained. Some studies indicate 

that silver-stained neurons can either die or recover (Gallyas et al., 1992, Ishida et al., 2004). 

Areas with intense necrosis are sometimes detected by FJ but not by silver staining. Several 

studies of brain injury in the rat employing both FJ and silver techniques found no significant 

difference between the number of degenerating neurons labelled by the two techniques 

(Hallam et al., 2004, Anderson et al., 2005, Siman et al., 2005). Furthermore, silver 

techniques are laborious and require long post-fixation intervals (weeks to months) to 

minimize background staining. 
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1.2.4.3. FJ-labelling as an indicator of damage severity 
 

Several studies of brain injury have employed FJ as marker of neurodegeneration 

(examples in Table 1). Intensity peaks of FJ staining in these studies are variable and 

depend on the type and duration of the injury. The study of Sato et al. (2001) demonstrated 

for the first time FJ labelling of degenerating astrocytes corresponding to GFAP+ reactive 

astrocytes, induced by lateral-fluid percussion injury in the rat. 

 
Method of brain 

injury 
Duration of 
ischemia 

FJ Time-
course 

Affected 
brain areas 

Time-span of 
FJ staining 

Peak 
intensity 

Global forebrain 
ischemia with 
hypotension#

30 min 2 days, 1 week, 
4 weeks 

Cortex, striatum 
& hippocampus 2-28 days* 7 days* 

Lateral fluid 
percussion (LFP)##

20 ms impact 
(4.8-5.9 atm) 

3 h, 1, 3, 7, 14, 
21, 28 days 

Cortex, 
hippocampus, 

thalamus & 
cerebellum 

Cortex: 3h-21 
days, 

Hippocampus: 3h-
7 days, Thalamus: 

3h-28 days 

1 day (cortex, 
hippocampus), 

7 days 
(thalamus) 

Middle cerebral 
artery-occlusion 

MCA-O###
60 min 6 h, 12 h, 1, 4, 

7, 14, 21 days 
Cortex, striatum 
& hippocampus 6-21 days 4 days 

Controlled cortical 
impact (CCI)####

Velocity of 4-
4.6 m/s & 

impact depth 
0.5 mm 

1, 3, 7 days 

Cortex, 
hippocampus, 

striatum & 
thalamus 

Cortex, striatum 
and hippocampus: 

1-7 days, 
thalamus: no 

staining 

3 days (cortex, 
striatum and 

hippocampus) 

 
Table 1 - Comparison between examples of brain injury models (ischemic and traumatic) where Fluoro-Jade 
staining was employed. Legend: #Larsson et al. 2001, ## Sato et al. 2001, ###Butler et al. 2002, ####Winnie et al. 
2002, * refers only to the hippocampus, ** Thalamic damage was uncovered by other staining methods but not 
by FJ, ms – miliseconds, atm – atmospheres, m/s – meters/second 

 
The amount of FJ-labelled neurons can also be used as an indicator of damage severity. 

Hellmich and colleagues used FJ as a marker of neuronal injury, demonstrating for the first 

time that increasing levels of mild-to-moderate TBI are associated with increasing numbers 

of injured (FJ+) neurons counted in the rat hippocampus (Hellmich et al., 2005). The authors 

proposed the counting of FJ-labelled cells as a useful indicator of damage severity following 

TBI in rats. In line with these procedures, the above-mentioned work of Duckworth and 

colleagues (2005) also refers to a quantitative method in the evaluation of damage labelled 

by FJ in histological preparations. 
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1.3. Diabetes: from cognitive decline to stroke 
 

1.3.1. Diabetes and cognitive decline 
 

The metabolic alterations in diabetes have been implicated in the development of 

morphological (e.g. neuronal loss, demyelination and gliosis) and neurochemical (e.g. 

increased reactive oxygen species) disturbances and in the development of cognitive decline 

related to the duration of the disease, known as primary diabetic encephalopathy. Secondary 

diabetic encephalopathy is associated with microvessel disease and episodes of 

hypoglycemia due to aggressive insulin therapy (Sima et al., 2004). Patients with diabetes 

type I (insulin-dependent diabetes mellitus, IDDM) show more severe impairments in 

learning, memory, intellectual development and problem solving, as well as reduced mental 

and motor speed (Ryan, 1988, Ryan and Williams, 1993, Ryan et al., 1993, McCarthy et al., 

2002). Patients with diabetes type 2 (non-insulin-dependent diabetes mellitus, NIDDM) also 

exhibit cognitive deficits (Perlmuter et al., 1984, Tun et al., 1990, Gradman et al., 1993, 

Worrall et al., 1993, Strachan et al., 1997, Ryan and Geckle, 2000) such as poor 

performance in abstract reasoning and complex psychomotor functioning (Reaven et al., 

1990). Complex cognitive tasks requiring storage and retrieval of new information are 

affected, whereas performances of less demanding tasks such as immediate memory recall 

and simple reaction time are not significantly affected (Tun et al., 1990). It has also been 

suggested that long-life hyperglycemia may predispose diabetic patients to AD (Messier and 

Gagnon, 1996). Prospective studies (e.g. the Rotterdam study) have established that 

diabetes increases the risk of dementia and of Alzheimer’s disease by two-fold (Meneilly et 

al., 1993, Leibson et al., 1997, Ott et al., 1999, Luchsinger et al., 2001, Arvanitakis et al., 

2004). It has been hypothesized that diabetes and AD both occur with impaired glucose 

utilization and deficient mitochondrial activity (Kristal et al., 1997, Calabrese et al., 2001). 

Accumulating evidence of an abnormal insulin/IGF axis and of reduced insulin-degrading 

enzyme (IDE) activity in AD is increasing, with suggestions that the insulin/IGF axis and IDE 

are involved in the regulation of β-amyloid levels and phosphorylation of the tau protein 

(Hong and Lee, 1997, Cook et al., 2003, Gasparini and Xu, 2003, Carro and Torres-Aleman, 

2004). 
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1.3.2. Rat models of diabetes mellitus 
 

1.3.2.1. Type 1 diabetes mellitus 
 

Rat models of type I diabetes usually result from the administration of toxic compounds to 

the pancreas. The major disadvantage of these models is that, to survive, these animals 

require insulin to avoid severe hyperglycemia with ketosis and dehydration. Using low doses 

of insulin to avoid muscle wasting and death but maintaining hyperglycemia at the same time 

to induce diabetic complications is difficult and time consuming. Mortality rates are usually 

high and the poor health of the animals may influence other metabolic parameters. 

The BioBreeding/Worcester (BB/Wor) rat results from inbreeding of sporadically diabetic 

rats (Butler et al., 1983) which spontaneously develop type 1 diabetes at approximately 70 

days of age by an autoimmune mechanism leading to severe depletion of insulin and C-

peptide (Shafrir and Sima, 2000, Mordes, 2001). 

Healthy rats (e.g. Wistar, Sprague-Dawley) can be become diabetic with a single injection 

of streptozocin (STZ, 30-65 mg/kg/i.p or i.v.). However, despite causing β-cell destruction 

and hyperglycemia, STZ-induced diabetes does not mimic either DM type 1 due to the 

absence of insulinopenia or DM type 2 due to the lack of insulin resistance. Streptozocin-

induced diabetes in mice was found to elicit learning impairments in complex tasks such as 

shuttle box avoidance (Flood et al., 1990). STZ diabetic mice also displayed a memory 

retention deficit after learning an active avoidance T-maze task which was reversed by 

insulin administration, suggesting that hyperglycemia per se may have induced the cognitive 

impairment (Flood et al., 1990). Insulin treatment was also found to reduce cognitive 

impairments and electrophysiological abnormalities in STZ rats (Biessels et al., 1996). 

1.3.2.2. Type 2 diabetes mellitus 
 

Several diabetic strains have been identified among laboratory rats due to naturally 

occurring mutations in rats susceptible to develop insulin resistance and diabetes on special 

diets (e.g. high fat diet). 

The inbred, obese Zucker rats possess a single autosomal recessive gene mutation for 

the leptin receptor which causes leptin resistance (White and Martin, 1997). These rats show 

obesity, hyperinsulinemia, insulin resistance, and mild to absent hyperglycaemia (Unger, 

1995). 
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The Zucker Diabetic Fatty (ZDF) rat is derived from inbreeding of hyperglycemic Zucker 

obese rats and is characterized by high circulating leptin levels caused by a mutation in the 

gene encoding the leptin receptor. Male ZDF rats exhibit marked hyperglycemia (22 to 27.5 

mmol/l), which develops between 7 to 10 weeks of age. These animals demonstrate a 

complex metabolic syndrome with hyperlipidemia, insulin resistance, and hyperinsulinemia. 

Maximum circulating insulin levels are around 8 times higher compared to controls at 7 

weeks of age, after which they decrease due to progressive ß-cell destruction (Peterson et 

al., 1990, Corsetti et al., 2000, Peterson, 2001). The major disadvantages of using ZDF rats 

are severe hyperglycemia and their excessive gain of weight. 

The BioBreeding rats outbred on Zucker background (BB/Z) show moderate-to-severe 

hyperglycemia at approximately 70 days of age, similar to that of BB/W-rats, preceeded by 

obesity and accompanied by hyperinsulinemia, hyperlipidemia, hypercholesterolemia, and 

eventually, mild hypertension (Sima et al., 1997, Sima et al., 2000). The difference is that 

these rats do not exhibit severe insulinopenia due to autoimmune disease in the pancreas. 

Several other rat models of type 2 diabetes exist, e.g., the desert sand rat (Boulanger et 

al., 1983) and the diet-induced obese (DIO) rat (Rheoscience A/S, Rødovre, Denmark), 

however, these and the rat models described above show multiple confounding variables 

such as obesity, hyperlipidemia, etc., making them unsuitable for a careful assessment of 

hyperglycemia-induced neurodegeneration following cortical ischemia, as is the purpose of 

the present work. 

The Goto-Kakizaki rat. Originally bred in Japan about thirty years ago, the Goto-Kakizaki 

rat is a non-obese, spontaneously diabetic rat resulting from the selective breeding of Wistar 

rats displaying high glucose levels in the oral glucose tolerance test (Goto et al., 1976). It 

exhibits several features of type 2 diabetes mellitus such as moderate but stable fasting 

hyperglycemia, impaired secretion of insulin in response to glucose and peripheral insulin 

resistance (Gauguier et al., 1994, Galli et al., 1996, Gauguier et al., 1996, Salehi et al., 

1999). The control of these characteristics have been attributed to six independently 

segregating loci located in rat chromosomes 1, 2, 4, 5, 7 and 8 (Niddm1/Gk 1, regulating 

post-prandial hyperglycemia; Niddm2/Gk 2, influencing both post-prandial and fasting 

hyperglycemia; Niddm3/Gk 3, Nidd4/Gk 4, Weight1/Gk 1, Nidd5/Gk 5, respectively) (Galli et 

al., 1996, Östenson, 2001). The gene encoding the insulin-degrading enzyme (IDE, 

chromosome 1) was also shown to have a specific allelic variant that causes decreased 

insulin degradation possibly due to a defect in receptor-mediated internalization of insulin 

(Fakhrai-Rad et al., 2000). Recently, the GK rat was found to possess naturally occurring 

IDE missense mutations, which cause a 15 to 30% reduction in the degradation of both 

insulin and beta-amyloid by IDE-mediated proteolysis (Farris et al., 2004). An additional 
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segregating locus located in chromosome 17 (Nidd/Gk 6) is related to the non-obese 

phenotype of these rats (Gauguier et al., 1996). 

Presently, there are several colonies of GK rats available sharing the same stable type 2 

DM features, but with differences in islet cell morphology and metabolism, and in the age of 

onset of hyperglycemia and β cell pathology. Fasting blood glucose and insulin levels are 

similarly affected across colonies (Östenson, 2001). The Stockholm colony of GK rats is 

characterized by non-obesity (10 to 30% lower weight than their Wistar countermates), 

moderate hyperglycemia, early mild insulin resistance and late-occurring insulin secretion 

deficiency (Östenson et al., 1993, Ling et al., 2001, Östenson, 2001). Fasting hyperglycemia 

overtly manifests at 6 weeks of age and does not progress to ketosis. Fasting plasma insulin 

levels were reported to be increased by about three-fold in 2 month-old GK rats while a 

reduction of these levels to about 70% of control values was recorded in the 18-month-old 

GK rat (Murakawa et al., 2002). 

The GK rats live long without major complications of the disease, that is, reduction of 

renal function with mild creatininemia and uremia (which does not to deteriorate until the age 

of 9 months) (Vesely, 1999), peripheral neuropathy at the age of 6 months (Yagihashi et al., 

1982, Murakawa et al., 2002), osteopenia at the age of 8 months (Östenson et al., 1997), 

and retinopathy at the age of 12 months (Agardh et al., 1997). The cardiac function of GK 

rats under normoxic conditions is indistinguishable from control rats and diastolic dysfunction 

was only evoked by hypoxic conditions in 5 to 8 month-old GK rats (El-Omar et al., 2004). 

Thus, GK rats exhibit many metabolic, hormonal and vascular dysfunctions similar to those 

observed in the human disease, at the same time being devoid of obesity and severe 

hyperglycemia. 

1.3.3. Hyperglycemic brain ischemia 
 
About one-third of all patients with acute cerebral infarction have hyperglycemia on 

admission, and a large majority of these patients are diabetic (Bruno et al., 2002, Bruno et 

al., 2004). Prevalence rates of hyperglycemia in stroke patients were reported to be as high 

as 40% (Candelise et al., 1985, Kiers et al., 1992, Scott et al., 1999b, Szczudlik et al., 2001, 

Williams et al., 2002). 

The combination of diabetes and stroke was reported to worsen the clinical outcome 

(Asplund et al., 1980, Pulsinelli et al., 1983, Bell, 1994, Capes et al., 2001, Luchsinger et al., 

2001). Particularly, hyperglycemia (> 7.7 mmol/l) at hospital admission can be used as a 

predictor of worse clinical outcome (Melamed, 1976, Moulin et al., 1997, Capes et al., 2001, 

Staaf et al., 2001, Bruno et al., 2002, Williams et al., 2002). Hyperglycemia at 12 h post-

ischemia is correlated with more severe deterioration of neurological functions (Christensen 
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et al., 2002) and the stroke is more often fatal in diabetic patients (UKPDS, 1998, Stevens et 

al., 2004). Increased blood glucose levels have been implicated in the development of larger 

cerebral infarcts, brain edema and worsened functional recovery (Berger and Hakim, 1986, 

Toni et al., 1994, Mankovsky et al., 1996, Parsons et al., 2002, Baird et al., 2003). Other 

studies, however, did not found larger infarcts in diabetic patients compared to non-diabetic 

stroke patients (Cambon et al., 1991, Toni et al., 1994, Mankovsky et al., 1996). A significant 

correlation between plasma glucose levels and infarct size was only detected in patients 

without diabetes (Candelise et al., 1985) and this was particularly true for cortical, but not 

subcortical, stroke (Murros et al., 1992). The difference in size and location of cerebral 

infarctions may also explain the worsened outcome of stroke. A higher prevalence of 

brainstem, cerebellar, pons and diencephalic infarcts, usually associated with more severe 

complications, was reported in diabetic patients (Aronson, 1973, Peress et al., 1973, 

Kameyama et al., 1994). 

 

In animal models, hyperglycemia was found to be detrimental, neutral or beneficial during 

recovery of brain ischemia depending on the type of brain injury model (Kagansky et al., 

2001, Kent et al., 2001, Schurr, 2001). A higher degree of injury was observed when 

reperfusion of hyperglycemic brain ischemia was allowed (Nedergaard, 1987, Dietrich et al., 

1993, Auer, 1998, Lin et al., 1998, Kagansky et al., 2001, Kondo et al., 2001). Models without 

reperfusion do not show a consistent detrimental effect of hyperglycemia on infarct size 

(Prado et al., 1988, Osuga and Hogan, 1997, Quast et al., 1997). Correction of 

hyperglycemia before (Yip et al., 1991, Warner et al., 1992, Wass et al., 1996) or a few 

minutes after transient global ischemia (Voll and Auer, 1988, Voll et al., 1989, Tyson et al., 

1993) effectively decreased brain injury. Mechanisms by which hyperglycemia exacerbates 

brain injury include enhanced acidosis due to greater lactate accumulation and the direct 

deleterious effect of reperfusion on the blood vessel walls, but many others are currently 

under investigation. Duration of ischemia is also of great importance in the outcome of 

hyperglycemic ischemia. In short-lasting ischemic episodes (30 minutes or less) the 

mechanisms by which hyperglycemia enhances brain damage are mostly related to changes 

in energy metabolism and tissue acidosis (Gisselsson et al., 1999). With longer duration of 

ischemia (90 to 120 minutes) alterations in second-messenger pathways, rate of heme 

degradation, accumulation of oxygen radicals, nitric oxide and inflammatory cascades have 

been suggested to impair recovery of cerebral ischemia (see further in section 1.4.1.). 
 

1.4. Antioxidant mechanisms, heme degradation and apoptosis following brain 
injury 
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1.4.1. Oxidative stress and hyperglycemia 
 

Under physiologic conditions, mitochondria use oxygen as a substrate for enzymatic 

oxidation to produce reactive oxygen species (ROS), i.e., the reduction products derived 

from oxygen metabolism such as the superoxide anion O2
•−, the hydroxyl radical, HO•− and 

hydrogen peroxide, H2O2 (McCord and Fridovich, 1969, Boveris and Chance, 1973, 

Marklund, 1982). ROS are also named free radicals because these molecules have one or 

more unpaired electrons that are available for oxidation-reduction reactions. 

Reperfusion and reoxygenation following tissue ischemia provide further oxygen for 

enzymatic oxidation, leading to overproduction of ROS in the mitochondria, progressive 

depletion of antioxidant scavengers and further increases in intracellular ROS. 

The amount of reduction products from oxygen metabolism is controlled by enzymatic 

and non-enzymatic defense mechanisms. The enzymatic defense is composed by the 

superoxide dismutases (SODs), catalase (CAT) and glutathione peroxidase (GPx)/oxidized 

glutathione reductase (GSSG-RD) enzymes. The non-enzymatic defense is composed by 

glutathione and vitamin E scavenger components (Wohaieb and Godin, 1987, Mates et al., 

1999) 
With relevance for the present thesis, the superoxide dismutases (SOD’s) are 

antioxidant enzymes dedicated to superoxide scavenging and convert O2
•− to H2O2, which is 

subsequently detoxified by catalase or glutathione peroxidase to generate free water and 

oxygen. H2O2 can yet originate another free radical, the hydroxyl radical HO•− through the 

Fenton reaction. In this reaction, hydrogen peroxide reacts with reduced iron (Fe2+) to 

generate the hydroxyl radical and oxidated iron (Fe3+). Glutathione (GSH), ascorbic acid and 

α-tocopherol are also small molecular antioxidants involved in the detoxification of free 

radicals. The SOD family is comprised of the copper-zinc (CuZnSOD or SOD-1), the 

manganese (Mn or SOD-2) and the extracellular (EC SOD or SOD-3) superoxide 

dismutases. At the cellular level, SOD-1 is located in the cytosol, SOD-2 is located in the 

mitochondria, whereas ECSOD is found in the extracellular space but also in the 

cerebrospinal fluid and vessels of the brain (McCord and Fridovich, 1969, Marklund, 1982, 

Fridovich, 1986). By decreasing superoxide levels, SOD’s limit the reaction of superoxide 

with nitric oxide (NO) to form peroxynitrite anion (ONOO−), which in turn can generate the 

more toxic hydroxyl radical. Both O2
•− and HO• can be directly cytotoxic (Imlay and Linn, 

1988), while ONOO− is capable of promoting intracellular damage via protein nitration. 

Superoxide dismutase-1 (CuZnSOD) is an abundant, ubiquitously expressed antioxidant 

cytosolic protein (Crapo et al., 1992). Each subunit of SOD-1 binds one zinc and one copper 

atom. Dismutation of the superoxide radical to H2O2 or O2 requires enzyme bound copper, 
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which alternates between reduced (Cu1+) and oxidized (Cu2+) copper. SOD-1 was considered 

to be a modulator of NO availability (Oury et al., 1996). 

In SOD-1 overexpressing mice (+/+), neuronal protection against oxidative stress was 

observed after transient focal brain ischemia (Keller et al., 1998). In these transgenic 

animals, a 35% decrease in infarct volume was observed following permanent MCA-O and 

bilateral common carotid occlusion (Kinouchi et al., 1991). Overexpression of SOD-1 blocks 

cytochrome c release from mitochondria and decreases apoptotic cell-death following 

transient focal brain ischemia (Fujimura et al., 2000), thus suggesting a neuroprotective role 

for this enzyme following ischemia/reperfusion injury. SOD-1 overexpression decreased CA1 

cell death by 50% following global ischemia in transgenic mice (Chan et al., 1998, Murakami 

et al., 1998) and this decrease was hypothesized to be related to the inhibition of the 

mitochondrial pathway of apoptosis (Sugawara et al., 2002). In SOD-1 knockout mice (-/-) a 

40% increase in infarct size was noted following transient MCA-O (Kondo et al., 1997a). The 

lack of SOD-1 was also shown to increase cell-death and edema after ischemia (Kondo et 

al., 1997b, Kawase et al., 1999).  

Likewise, SOD-2 was shown to prevent neuronal apoptosis and reduce ischemic injury 

(Keller et al., 1998, Macmillan-Crow and Cruthirds, 2001). In SOD-2 heterozygous knockout 

mice (-/+) a 66% increase in infarct size was seen after permanent MCA-O (Murakami et al., 

1998), along with evidence of cytochrome c release and DNA fragmentation (Fujimura et al., 

1999a). 

ECSOD expression in the brain is extremely low but a reduction in infarct size was 

detected in mice overexpressing this enzyme after transient MCA-O and global ischemia 

whereas knockout mice showed increased infarct volume after the ischemic episode (Sheng 

et al., 1999, Sheng et al., 2000). 

 

In conditions of hyperglycemia, enhanced glucose auto-oxidation (Wolff and Dean, 1987) 

and non-enzymatic protein glycation (Wolff et al., 1991, Kaneto et al., 1999) both contribute 

to the formation of ROS, which surpass the endogenous capacity of antioxidant defense. 

Indeed, the formation of ROS in diabetes appears to be linked with increased glucose 

concentration in the blood and tissues (Ha and Kim, 1999, Brownlee, 2001). The brain is 

extremely vulnerable to ROS species because of its high content in polyunsaturated fatty 

acids, high oxygen demands, high content of transition metals (Fe2+) and poor antioxidant 

defenses (Leutner et al., 2001). Moreover, catalase is expressed at very low levels in 

neurons (de Haan et al., 1998). Damage caused by oxidative stress to neuronal cell 

membranes leads to further ROS generation due to the excitotoxicity evoked by excessive 

glutamate release and accumulation in the extracellular milieu (Saransaari and Oja, 1999, 

Atlante et al., 2001). Oxidative stress has also been shown to decrease glutamate and GABA 
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uptake and to increase the extrasynaptical levels of these neurotransmitters in 

synaptosomes of the GK rat (Duarte et al., 2004). Inhibitory neurotransmission is also 

reduced in the presence ROS thus increasing the potential for neuronal damage (Sah and 

Schwartz-Bloom, 1999).  

Hyperglycemia in the GK rat was shown to increase oxidative stress in brain 

mitochondria (Santos et al., 2001) and to increase lipid peroxidation in the brains of type 2 

diabetic mice. (Makar et al., 1995). Likewise, reduced glutathione levels were found in the 

retinas of STZ-diabetic Sprague-Dawley rats at six months of age (Agardh et al., 1998). 

Thus, the study of the antioxidant response following extradural compression was a tempting 

approach for the studies of brain ischemia in the diabetic GK rat. 

1.4.2. Heme degradation 

1.4.2.1. The heme oxygenases 
 
Heme (or protoporphyrin IX) is a major component of a variety of hemoproteins such as 

hemoglobin, myoglobin, cytochrome, guanyl cyclase and nitric oxide synthase. In situations 

of ischemia/hemorrhage, edema or trauma, heme is released during breakdown of blood 

hemoglobin and other hemoproteins in the cytoplasm, and/or is released from mitochondrial 

cytochromes of neurons and glia (Macdonald and Weir, 1991, Xi et al., 1998, Sharp et al., 

1999, Hua et al., 2000, Wagner et al., 2003, Chang et al., 2005). The heme molecule is then 

degraded by enzymatic and non-enzymatic mechanisms, both requiring a reducing agent for 

the activation of O2 and reduction of oxidated iron (Fe3+) to reduced iron (Fe2+). As in other 

tissues, iron can rapidly be sequestered by iron-binding proteins like ferritin, transferrin and 

ceruloplasmin (Rouault, 2001, Regan et al., 2002). However, increased brain iron 

sequestration and oxidative mitochondrial injury were reported in a variety of neurological 

diseases caused by neurodegeneration (e.g. Alzheimer’s disease, Parkinson’s disease), 

metabolic disturbances (e.g. aceruloplasminemia), immunologic/infectious disease (multiple 

sclerosis, HIV-1 encephalitis), ischemia (stroke), hemorrhage (intracranial hematoma) and 

trauma (cerebral contusion) (Maines, 2000, Schipper, 2004).  

The enzymatic degradation of heme is catalysed by heme oxygenases in the presence 

of NADPH (Tenhunen et al., 1968, Tenhunen et al., 1969, Maines and Kappas, 1974), 

producing equimolar amounts of carbon monoxide (CO), Fe2+ and the α-isomer of biliverdin 

(Fig. 1). 
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Fig. 1 – Degradation of heme and other hemoproteins by the heme oxygenases, a reaction requiring O2 and 
NADPH. The products of heme degradation, reduced iron, CO and biliverdin have biological effects that are 
dependent on the concentration and local environment. Biliverdin is further converted to bilirubin by biliverdin 
reductase (BVR) via redox cycling. The excess availability of BVR balances the tissue concentrations of bilirubin 
and biliverdin, both reported to be cytoprotective under physiologic concentrations. 
 
 

CO induces vasodilation by relaxation of vascular smooth muscle cells at physiologic 

concentrations and minimizes cerebral vasospasm following TBI (Matz et al., 1996, Suzuki et 

al., 1999, Tanaka et al., 2000). Biliverdin is immediately converted into bilirubin by biliverdin 

reductase. A decreased heme-to-bilirubin ratio is beneficial since a reduction in heme 

availability will decrease the pro-oxidant effect of heme and increase the formation of 

bilirubin, which has been shown to have a neuroprotective effect at physiological levels (see 

further in biliverdin reductase). However, the remaining products derived from the 

degradation of hemoproteins can be harmful to cells. Iron reacts with H2O2 to form HO• or 

may cause lipid peroxidation in cellular membranes (Rouault, 2001, Dennery et al., 2003). 

 

Two major isozymes of heme oxygenase were identified in the endoplasmic reticulum of 

mammals (Shibahara et al., 1985, Rotenberg and Maines, 1990, Maines, 1997). Heme 

oxygenase –1 (HO-1) is a heat-shock protein (HSP, also referred to as HSP-32) induced by 

heme from aging red blood cells, mitochondrial heme-containing proteins and various 

sources of cellular stress (Ewing and Maines, 1993, Fukuda et al., 1996, Geddes et al., 

1996, Turner et al., 1998, Ferris et al., 1999). The two isoforms share the same mechanisms 

of heme catalysis, substrate specificity and co-factor requirements. A third isozyme, HO-3, 

was recently reported (McCoubrey et al., 1997) but appears to be a non-functional derivative 

of HO-2 (Scapagnini et al., 2002, Hayashi et al., 2004). HO-1 is the smaller molecule of 
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three, with 288 a.a., m.w. of 30.000 to 33.000 Da (Shibahara et al., 1985), while HO-2 has 

316 a.a., m.w. of 36.000 Da (Rotenberg and Maines, 1990). HO-1 and HO-2 share 50% 

similarity in nucleotide composition and 43% in a.a. sequences. The HO-1 gene is highly 

inducible by pro-oxidant and inflammatory stimuli such as, among others, β-amyloid, 

dopamine, H2O2, prostaglandins, kainic acid and cytokines (Matsuoka et al., 1998, Dennery, 

2000, Schipper, 2000). The promotor region of HO-1 contains several binding sites for 

regulatory factors such as heat-shock factor, AP-1, NF-κB and metal regulatory elements 

(Muller et al., 1987, Lavrovsky et al., 1994, Weber et al., 1994). The promotor region of the 

HO-2 gene only contains a binding site for the glucocorticoid response element (McCoubrey 

and Maines, 1994, Maines et al., 1996a, Raju et al., 1997). Phosphorylation of HO-2 by 

protein kinase C and phorbol esters lead to increased HO-2 catalytic activity and subsequent 

bilirubin production (Dore et al., 1999b). 

 

HO-2 is the main isozyme expressed in the adult rat brain and is responsible for most of 

the heme-oxygenase activity in the CNS (Trakshel and Maines, 1989, Sun et al., 1990, 

Chang et al., 2003). Both HO-1 and –2 are expressed in neurons, with HO-1 displaying a 

limited distribution across the brain with the highest expression levels in the DG and 

ventromedial hypothalamus (Ewing et al., 1992). On the contrary, HO-2 is widely expressed 

in neurons of the forebrain, midbrain, hippocampus (pyramidal cells) and dentate gyrus 

(granulle cells), basal ganglia, thalamus, mitral cells of the olfactory bulb, cerebellum and 

brain stem (Ewing et al., 1992, Vincent et al., 1994, Maines et al., 1996a, Ewing and Maines, 

1997). Despite the lower number of brain areas of HO-1 neuronal expression, this enzyme is 

further expressed in glial cells (astrocytes and microglia) while HO-2 is limited to neurons. 

Increased HO-1 expression in astroglia is considered to be neuroprotective against 

increased oxidative stress (Applegate et al., 1991, Dwyer et al., 1995, Fukuda et al., 1996). 

Expression of HO-1 in neurons is not responsive to oxidative stress unlike HO-1 induction in 

glial and astrocytic cells (Ewing and Maines, 1991, Smith et al., 1994, Dwyer et al., 1995, 

Koistinaho et al., 1996a, Matz et al., 1996). HO-1 was postulated to have antioxidant or 

cytotoxic effects depending on the intensity and chronicity of HO-1 induction and local 

cellular redox conditions (Galbraith, 1999, Suttner and Dennery, 1999). Degradation of heme 

may also enhance BBB disruption since red blood cell lysis and edema formation have been 

linked to HO-1 overexpression and iron accumulation in the brain parenchyma (Xi et al., 

2001, Bhasin et al., 2002, Hoff and Xi, 2003, Wu et al., 2003). 

 

Under basal conditions, activated microglia were shown to contain elevated levels of 

ferritin which bind iron released during HO activity in degrading hemoproteins contained in 

the engulfed debris (Kaneko et al., 1989, Matsuoka et al., 1998). The fact that microglia 
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contain higher levels of ferritin when compared to neurons, renders the latter more 

vulnerable to increased iron-load derived from HO-1 activity (Kaneko et al., 1989). Several 

lines of evidence arising from experimental animal models and human brain injury studies 

show that HO-1 is highly induced after injury while HO-2 levels remain relatively unchanged. 

Different patterns of HO-1 expression can be found in astrocytes, activated microglia or 

neurons, depending on the experimental model. Following focal brain ischemia in the Wistar 

rat, HO-1 immunoreactivity was mostly detected in neurons and astrocytes (Takeda et al., 

1994, Geddes et al., 1996). However, other studies reported ischemia-induced HO-1 

expression in astrocytes and microglia (Koistinaho et al., 1996b) or mainly in microglia 

(Bergeron et al., 1997). After TBI in Sprague-Dawley rats, HO-1 was mainly induced in 

astrocytes (Fukuda et al., 1996), but also on microglia (Mautes et al., 1998) or both (Yi and 

Hazell, 2005). In Wistar rats, HO-1 expression induced by TBI was detected in both glial cell 

types (Dwyer et al., 1996). 

In stroke patients, HO-1 immunoreactivity was mainly observed in astrocytes within the 

first 24 h post-infarction, increasing to moderate intensity after few weeks and returning to 

baseline levels after several months. HO-1 expression in microglia was weaker after focal 

brain ischemia and also appeared in the first 24 h. Weak-to-moderate HO-1 staining was still 

present in some neurons months after the infarction. The results of this clinical study also 

recognised the presence of hemorrhage as a predictor of HO-1 expression in microglia 

(Beschorner et al., 2000). 

In TBI patients, HO-1 expression was mainly located in activated microglia in the lesion 

borders by 6 h, increased within the first 24 h and remained detectable until 6 months post-

TBI. Rare, faintly stained HO-1+ astrocytes were also observed until 16 days post-TBI, 

disappearing over the course of 3 weeks. Weak-to-moderate HO-1 expression was also 

found in neurons around the lesion between 6 and 24 h following TBI (Beschorner et al., 

2000). 

 

Studies in HO-1 and HO-2 transgenic mice have unveiled important findings that may 

elucidate the multiple functions of heme oxygenase. 

In the HO-1 knockout mice (-/-) infarct sizes were not significantly increased after MCA-

O, but these animals are debilitated and die within 3-4 months of birth with massive iron 

deposition in the liver and other tissues. Since this accumulation of iron occurred without 

elevation of circulating iron in the blood, it was suggested that the cytoprotective effect of 

HO-1 may rely on the efflux of iron from the tissues into the circulation (Poss and Tonegawa, 

1997). 

Evidence arising from studies in HO-2 knockout (-/-) mice show that this isozyme is 

necessary for the recovery of TBI (Dore et al., 1999a). For instance, HO-2 knockout mice (-/-) 

 40



showed lower beam-walking scores and delayed motor recovery in the rotarod as well as 

evidence of increased lipid peroxidation following TBI (Chang et al., 2003). Another study in 

HO-2 knockout mice also showed increased neuronal death following focal ischemia caused 

by MCA-O (Dore et al., 1999a). Furthermore, cultured neurons from HO-2 knockout (-/-) mice 

showed increased apoptotic cell death upon oxidative stress challenge (Dore et al., 1999b). 

In mice overexpressing HO-2 (+/+), apoptotic cell-death was reduced in cortical, 

hippocampal and cerebellar cell cultures (Dore and Snyder, 1999, Dore et al., 1999b, Dore et 

al., 2000). 

 

HO-1 was shown to stimulate SOD-1 activity and to decrease O2
•−  concentrations 

(Turkseven et al., 2005). Increased HO-1 expression was also reported to induce SOD-2 

expression, promoting cytoprotective effects (Keller et al., 1998, Otterbein and Choi, 2000). 

SOD-2 was also identified as a downstream effector of HO-1 in astrocytes during nitrosative 

stress (Son et al., 2005) (see also section 1.4.3.1). Moreover, HO-1 inhibition by zinc 

protoporphyrin IX has been shown to reduce MnSOD expression (Son et al., 2005). SOD-2 

increase following HO-1 activation is supposed to be compensatory because free-ferrous 

iron can exert a pro-oxidant effect on the mitochondrial compartment (Frankel et al., 2000). 

Some of the possible interactions of HO-1 with other antioxidant and pro-inflammatory, pro-

apoptotic enzymes are summarized in Fig. 2. 
 

↑ HO-1 ↓ iNOS

↑ SOD-1

↑ SOD-2

↑ TNFα

∆ Bax ?

↑ BVR ?

↑ ROS

Oxidation in mitochondria

+

 
 
Fig. 2 – Actions of increased HO-1 expression in a variety of enzymes induced by oxidative and cellular injury 
described in the literature. Increases in BVR due to HO-1 overexpression are expected but since BVR exists in 
excess in all tissues it is still unclear the exact the degree of HO-1 overexpression that can trigger BVR 
overexpression. TNFα was shown to stimulate HO-1 expression and to co-localize with this enzyme in receptor 
mediated apoptosis (see section 1.4.3.). It is unknown if the induction of HO-1 also triggers apoptosis via the 
mitochondrial pathway. The pro-apoptotic protein Bax, hypothesized to promote increased mitochondrial pore 
permeability and to migrate to the mitochondria under situations of increased oxidative stress, could be a 
sensitive target to HO-1 overexpression. 
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1.4.2.2. Biliverdin reductase 
 

Biliverdin is formed by the oxidative cleavage of the heme molecule at the α-meso carbon 

bridge by the heme oxygenase system (Tenhunen et al. 1968, 1969, Maines and Kappas, 

1974). Biliverdin is then converted to bilirubin by biliverdin reductase (BVR), a zinc 

metalloprotein, coupled with the oxidation of NADH and NADPH, its co-factors (Huang et al., 

1989, Maines and Trakshel, 1993, Maines et al., 1996b). BVR can yield bilirubin at two 

different values of pH: in acidic pH (6.7) NADH is the used co-factor, in basic pH (8.7) 

NADPH is the used co-factor. In total, four isomers of biliverdin can be formed from heme 

also through non-enzymatic reactions, the most abundant being the α-isomer (Yamaguchi et 

al., 1994). Each molecule of bilirubin is reconverted to biliverdin through oxidation performed 

by biliverdin reductase. BVR exists in excess in all tissues including the brain (Singleton and 

Laster, 1965, Kutty and Maines, 1981, Ewing et al., 1993) and each molecule of bilirubin is 

rapidly oxidized into biliverdin. The high level of BVR immediately reduces biliverdin back to 

bilirubin (redox cycling), which prevents biliverdin to accumulate to detectable levels 

(Baranano and Snyder, 2001). 

 

Since the early 1950’s, when the link between severe unconjugated hyperbilirubinemia 

and neurologic dysfunction in the newborn (bilirubin encephalopathy or kernicterus) was 

scientifically proven (Hsia et al., 1952), that bilirubin has been regarded as a potential threat 

to the CNS by clinicians. However, recent studies of bilirubin metabolism in the brain have 

shown that this pigment has a wide array of neuroprotective actions at physiological levels. 

The neuroprotective action of bilirubin was proposed to occur via redox cycling of bilirubin, 

which may scavenge reactive oxygen species. The lack of BVR has been shown to increase 

cellular vulnerability to oxidative stress (Baranano and Snyder, 2001). The neuroprotective 

effects of bilirubin are seen at low concentrations (about 10 nM), that is, at the normal 

endogenous levels in the brain while kernicterus is associated with a 1000-fold increase in 

bilirubin concentrations. However, it is still unclear at which concentration bilirubin becomes 

toxic. A growing body of evidence shows that not only bilirubin, but also biliverdin, has potent 

antioxidant properties (Stocker et al., 1987a, Stocker et al., 1987b), as well as 

immunomodulatory actions (e.g. blocking IL-2 production) (Stocker et al., 1987b, McDonagh, 

1990, Nakagami et al., 1993, Haga et al., 1996). Intracellularly, bilirubin is capable of 

inhibiting protein kinase C, c-AMP dependent protein kinases, NADPH oxidase and protein 

phosphorylation (Kwak et al., 1991, Hansen et al., 1996). Physiological concentrations of 

bilirubin were shown to decrease the expression of pro-inflammatory genes such as 

monocyte chemotactic protein-1 (MCP-1), vascular cell adhesion molecule -1 (VCAM-1) and 

macrophage colony stimulating factor (MCSF) in cultured human aortic endothelial cells and 
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improved endothelium-dependent vascular relaxation (Kawamura et al., 2005). Bilirubin is 

also a potent inhibitor of the adhesion of monocytes to the vascular endothelium and of 

chemotaxis (Hayashi et al., 1999, Ishikawa et al., 2001) 

 

In the rat brain, BVR was suggested to participate in the first line of defense against 

ischemic injury due to its antioxidant properties against free radical attack on cellular 

membranes (Stocker et al., 1987b, Panahian et al., 1999a, Panahian et al., 1999b, Maines, 

2000). For instance, MCA-O in the mouse induced BVR mRNA and protein expression within 

the peri-ischemic cortical areas, namely in surviving neurons in cortical layers III and V and in 

the caudate nucleus (Panahian and Maines, 2000). Furthermore, bilirubin was capable of 

counteracting oxidative damage in models of autoimmune encephalomyelitis and to inhibit 

iNOS expression and NO production in lipopolysaccharide-treated macrophages (Liu et al., 

2003, Wang et al., 2004). 

 
We hypothesized that BVR could be upregulated following extradural compression and 

that the degree of upregulation could be higher in diabetic GK rats in order to compensate for 

the increased generation of ROS induced by hyperglycemia. Thus, in our studies (Paper IV) 

we chose the most abundant form of BVR, the α-isomer, to compare gene expression of 

BVR in non-diabetic Wistar and diabetic GK rats after 48 h of recovery from cortical 

ischemia. 

 

1.4.3. Pro-inflammatory and pro-apoptotic actions of nitric oxide, TNFα 
and Bax after brain injury 

 

After brain injury, activated microglia produce an array of inflammatory mediators. 

Despite their curative actions, these mediators often damage the surrounding cerebral 

parenchyma and lead to the formation of scar tissue. The understanding of how 

neuroinflammation is mediated is therefore of extreme importance to limit undesired tissue 

damage. Upon CNS inflammation, astrocytes proliferate and produce several intercellular 

mediators such as nitric oxide (NO) and tumor necrosis factor α (TNFα) (Sawada et al., 

1989, Galea et al., 1992, Simmons and Murphy, 1992). 
 

1.4.3.1. Nitric oxide  
 

Nitric oxide is an intra- and extracellular membrane-permeable messenger that mediates 

diverse signalling pathways in target cells (Moncada et al., 1991, Beck et al., 1999). It is 
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produced from L-arginine and molecular oxygen in a reaction catalysed by one of the three 

nitric oxide synthase (NOS) isoenzymes: endothelial, neuronal and inducible NOS (eNOS, 

nNOS and iNOS). Neuronal NOS exists in the brain parenchyma and plexus of neuronal 

fibers in the adventitial layer of blood vessels, eNOS is constitutively expressed in the 

vascular endothelium and iNOS can be found in astrocytes, microglia/macrophages, and 

endothelial cells (Bredt et al., 1990, Bredt et al., 1991). Astrocytes are one of the major 

sources of NO production in the CNS (Murphy, 2000, Dong and Benveniste, 2001). Both 

nNOS and eNOS are calcium-dependent enzymes while iNOS does not require calcium for 

enzymatic activity. Inducible NOS is the main source of NO production and can yield 10 to 50 

times more NO than eNOS. NO modulates synaptic function in the cerebral cortex and 

interacts with dopamine and acetylcholine in the development of corticostriatal synaptic 

plasticity (Kara and Friedlander, 1998, Centonze et al., 2003). Nitric oxide is a potent 

vasodilator through its activation of soluble guanylate cyclase (sGC) and consequent 

formation of cyclic guanosine monophosphate (cGMP) (Fukuto et al., 1993). NO is an 

unstable radical which is rapidly converted to the more stable nitrite or nitrate anions (NO2
-

/NO3
-). Thus, in excessive amounts, NO can yield cytotoxic effects through the reaction with 

ROS and formation of reactive nitrogen species such as peroxynitrite anion, a situation 

known as increased nitrosative stress (Beckman et al., 1990). The peroxynitrite anion rapidly 

decomposes, leading to the formation of the toxic hydroxyl anion and nitrogen dioxide 

(Beckman and Crow, 1993, Kaur and Halliwell, 1994). However, low levels of peroxynitrite 

have also been reported to have cytoprotective effects through the induction of NGF 

expression and secretion in astrocytes (Vargas et al., 2004). Likewise, NO itself has been 

reported to be a powerful antioxidant for astrocytes preserving mitochondrial and cellular 

integrity during oxidative stress by chelating intracellular iron to form nitrosyl iron (Robb and 

Connor, 2002). Astrocytes can also be the victims of their own actions since NO in excess 

produces apoptosis-like cell death in astrocytes by p53- and Bax-dependent mechanisms 

(Yung et al., 2004). Decreased NO availability promotes vasoconstriction, platelet 

aggregation and neutrophil adhesion to the endothelium resulting in endothelial dysfunction 

(Zou et al., 2002). Thus, NO actions are still unclear since NO is converted in various 

derivatives. 

 

Following transient, focal brain ischemia, iNOS was shown to peak at 24-48 h in 

infiltrating neutrophils and vascular endothelial cells (Iadecola et al., 1996). NO released by 

eNOS during cerebral ischemia increases CBF through collateral vessel dilation in the 

ischemic penumbra (Zhang et al., 1993) and promotes flow-induced remodelling (Matsunaga 

et al., 2000, Tronc et al., 2000, Lloyd et al., 2001, Yang et al., 2002). On the contrary, nNOS 

and iNOS produce deleterious effects and exacerbate brain ischemia. NO, together with CO, 
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was shown to enhance the activation of excitatory amino acid receptors (Shinomura et al., 

1994). Accordingly, excessive release of NO in response to NMDA receptor activation was 

reported to induce neuronal cell death after stroke and other neurotoxic stimuli (Nowicki et 

al., 1991, Buisson et al., 1992, Nagafuji et al., 1992, Trifiletti, 1992, Nishikawa et al., 1993, 

Huang et al., 1994, Dawson et al., 1996b). 

 

The activity of heme oxygenases has also impact on nitric oxide synthase activity. For 

instance, the induction of HO-1 activity decreases the availability of heme donation to the 

iNOS enzyme, a heme-containing enzyme, thus decreasing the activity of this enzyme (see 

Fig. 2). NO is capable of inducing HO-1 expression (Foresti et al., 1999, Pae et al., 2004) 

and MnSOD expression (Keller et al., 2003). For instance, endogenous NO production 

regulates HO-1 expression in cells exposed to inflammatory cytokines (Hara et al., 1996). 

 

In nNos knockout mice (-/-), a decrease in lesion size was observed following permanent 

and transient focal brain ischemia (Huang et al., 1994, Hara et al., 1997a, Hara et al., 1997b, 

Eliasson et al., 1999). In eNOS knockout mice (-/-), an increase in lesion volume was 

observed most likely due to loss of NO-induced vasodilation (Huang et al., 1996, Endres et 

al., 1997). In iNOS knockout mice (-/+ and -/-), a decrease in infarct size ranging from 14 to 

29% was detected following permanent MCA-O (Iadecola et al., 1996, Zhao et al., 2000). 

The results obtained in transgenic mice thus support a protective role of eNOS and harmful 

effects of nNOS and iNOS during the recovery phase of brain ischemia. 
 

1.4.3.2. TNFα 
 

TNFα is a non-glycosylated membrane protein, which binds to the TNF receptor and 

elicits a multitude of physiological and pathophysiological functions (Eck and Sprang, 1989, 

Rodseth et al., 1994). TNFα stimulates the secretion of acute phase proteins and increases 

vascular permeability (Barone et al., 1991). In humans, elevation of serum and cerebrospinal 

fluid levels of TNFα were reported following severe head trauma (Goodman et al., 1990, 

Ross et al., 1994). Correlations between blood concentration of TNFα, lesion volume and 

poor neurological outcome were found in stroke patients (Fassbender et al., 1994). Similarly, 

increased levels of circulating TNFα were observed in several in vivo models of experimental 

brain injury. For instance, upregulation of TNFα mRNA and protein levels in activated 

microglia and macrophages were described following focal brain ischemia in the rat (Buttini 

et al., 1996). TNFα mRNA expression in neurons was shown to increase as early as 1 h after 

cortical ischemia, with a peak at 12 h and to remain elevated for 5 days (Liu et al., 1994, 
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Wang et al., 1994). TNFα elevation occurred before infiltration of polymorphonuclear cells 

and neutrophils, suggesting that TNFα may regulate the migration of these cells to the brain 

(Liu et al., 1994). At 5 days post-injury, TNFα expression was detected in neurons in the 

infiltrated inflammatory cells whereas neuronal expression subsided. TNFα can be toxic both 

to neurons and glia (Robbins et al., 1987) and has also been associated with tissue 

remodelling and formation of glial scar (Gordon et al., 1992, La Fleur et al., 1996, Lindner et 

al., 1997). Additionally, this cytokine promotes BBB breakdown and formation of vasogenic 

edema via activation of proteolytic enzymes (Shohami et al., 1996, Probert and Selmaj, 

1997) and potentiates glutamate-induced neurotoxicity by inhibiting glutamate uptake 

through the release of nitric oxide (Ye and Sontheimer, 1996). 

The administration of an endogenous TNF receptor antagonist was reported to reduce 

the volume of infarction caused by focal brain ischemia in rats by augmenting CBF in the 

microvessels supplying the penumbra zone (Dawson et al., 1996a). 

 

Following controlled cortical impact in TNF receptor knockout (-/-) mice, deficits in motor 

performance in the rotarod, beam-balance and inclined plane tests as well as in cognitive 

performance in the Morris water maze were less severe in brain-injured TNF receptor 

knockout mice in the first 5 days of recovery compared to control mice (Scherbel et al., 

1999). However, control mice recovered from the observed motor and cognitive impairments 

at 3 weeks post-injury while TNF knockout mice showed no improvement after D5 post-

injury. The cortical lesions induced by CCI in TNF knockout mice were significantly larger 

after 4 weeks of recovery suggesting that TNFα may have deleterious effects in the initial 

stages of recovery from brain injury while it may be beneficial in the late, chronic stages of 

recovery. The degree of brain injury following transient focal ischemia induced by MCA-O 

was also shown to be aggravated in TNF receptor knockout mice (-/-), suggesting a 

neuroprotective role for the TNF receptor (Bruce et al., 1996, Gary et al., 1998). 

The protection conferred by TNFα may comprise the stimulation of antioxidant defense 

since TNFα was shown to induce upregulation of MnSOD (Wong, 1995). 

Recently, TNFα was suggested to induce enhanced expression of glutamate transporters 

in cultured microglia following lipopolysaccharide or TNFα administration (Persson et al., 

2005). In a follow-up of these experiments, the same authors demonstrated that 

corticosterone, the circulating glucocorticoid in the rat equivalent to human cortisol, inhibited 

the expression of microglial TNFα and the glutamate transporter GLT-1 (Jacobsson et al., 

2006). 

TNFα was shown to induce HO-1 expression via protein kinase C, calcium and 

phospholipase A2 in endothelial cells (Terry et al., 1999). TNFα also induces SOD-2 mRNA 
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expression via mitochondria-to-nucleus signalling (Rogers et al., 2001b). Thus, besides 

participating in the intrinsic inflammatory reaction of the brain during recovery of brain injury, 

TNFα seems to promote antioxidant activity in the mitochondria. The interactions between 

TNFα, HO-1 and the superoxide dismutases -1 and –2 described in the literature are 

summarized in Fig. 2. 
 

1.4.3.3. Apoptotic cell-death: TNFα, iNOS, and Bax-mediated processes 
 

The receptor-mediated pathway of apoptosis. One mechanism leading to apoptosis in the 

brain and other tissues is the production of TNFα by activated microglia, neutrophils, 

astrocytes, and endothelial cells (Gourin and Shackford, 1997, Knoblach and Faden, 1998, 

Knoblach et al., 1999). The FAS and the TNF receptors are the major recipients of death 

signals coming from the extracellular millieu (Rosenbaum et al., 2000, Jin et al., 2001). 

Following activation of FADD, procaspase 8 and caspase 8 by TNFα or Fas ligands 

(Hengartner, 2000) the continuation of this death-driven pathway may occur via Bid 

activation and follow the mitochondrial apoptotic pathway (Li et al., 1998) or via caspase 3 

activation and initiate the nuclear stages of apoptotic cell-death. The sustained production of 

nitric oxide can lead to caspase activation and increased apoptotic cell-death. 

Low/physiological concentrations of iNOS can have a cytoprotective effect by preventing 

apoptosis via indirect inhibition of the caspase proteases (Chung et al., 2001, Son et al., 

2005). 

In type 1 diabetes, apoptosis was reported to occur in hippocampal neurons affected by 

primary diabetic encephalopathy (Li et al., 2002a, Sima and Li, 2005). Programmed cell 

death is believed to result from hyperglycemia-induced mitochondrial dysfunction and 

depletion of antiapoptotic trophic factors like IGF, insulin, and C-peptide and downregulation 

of the receptors for these trophic factors (Russell and Feldman, 1999, Li et al., 2003). 

Mitochondrial and endoplasmic reticulum dysfunctions causing increased cytosolic calcium 

and oxidative stress, as well as activation of the Fas/TNF death receptor complex are 

supplementary proapoptotic mechanisms that, for instance, have been implicated in diabetic 

cognitive decline (Li et al., 2004b). 

 

The mitochondrial pathway of apoptotic cell-death. ROS signalling was found to induce 

apoptosis through the release of cytochrome c from mitochondria (Chance, 1977). After 

global and focal transient brain ischemia in rats, cytochrome c was found to translocate from 

the mitochondria to the cytosol (Fujimura et al., 1999b, Sugawara et al., 1999). In the cytosol, 

cytochrome c interacts with apoptotic peptidase activating factor 1, (Apaf-1) and dATP to 
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activate caspases 9 and 3, which are the main effectors of the apoptotic events occurring in 

the nucleus: cleavage of polyADP-ribose polymerase (PARP, a single-strand DNA repairing 

enzyme) and DNA damage, thus contributing to neuronal death after brain ischemia (Chen et 

al., 1998, Namura et al., 1998, Sugawara et al., 1999). The Bcl-2 family of proteins play a 

crucial role in the regulation of the mitochondrial membrane permeability (Yuan and Yankner, 

2000). The Bax protein (Bcl-2 associated X protein) belongs to the Bcl-2 protein family and is 

one of the pro-apoptotic peptides believed to modulate the permeability transition pore by 

eliminating the mitochondrial membrane potential leading to the release of cytochrome c 

(Oltvai et al., 1993, Merry and Korsmeyer, 1997) when migrating from the cytoplasm to the 

mitochondria (Wolter et al., 1997, Jurgensmeier et al., 1998). Bax may also activate 

caspases during cell-death such as caspase 9 (Krajewski et al., 1999). The Bax protein 

shares 21% homology with Bcl-2 a.a.’s and heterodimerizes with Bcl-2 (Zha et al., 1996), 

preventing the anti-apoptotic actions of the latter. The Bcl-2/Bax ratio was thus suggested to 

modulate the fate of cells: survival or death (Yin et al., 1994). Neurons destined to die via 

apoptosis show Bax mRNA up-regulation and nuclear translocation of the Bax protein while 

Bcl-2 is downregulated (Krajewski et al., 1995, Isenmann et al., 1998). 

Increased Bax immunoreactivity was observed in injured neurons following both focal 

(Gillardon et al., 1996, Honkaniemi et al., 1996) and global (Krajewski et al., 1995, Chen et 

al., 1996a) ischemia. Increased Bax immunoreactivity was also observed in apoptotic 

neurons in the DG following CCI (Kaya et al. 1999). LFP in Sprague-Dawley rats induced 

Bax mRNA and protein upregulation in cortical neurons at 24 h post-injury (Raghupathi et al., 

2003). The amount of Bax protein was increased in the cortex at 24 h and returned to 

baseline at 7 days. The Bax-to-Bcl-2 ratio was increased as early as 2 h up to 7 days 

following LFP. 

Other pro-apoptotic proteins include Bid, Bcl-XS and Bak (Merry and Korsmeyer, 1997). 

Recently, Bax and Bak were shown to initiate apoptosis by translocating to the endoplasmic 

reticulum (Zong et al., 2003). This may be of relevance since HO-1 is located in the 

endoplasmic reticulum. However, the downstream events of this novel pathway of apoptosis 

are still unclear. Contrary to Bid, Bcl-XS, Bax and Bak, Bcl-2 and Bcl-XL preserve the 

membrane potential and block the release of cytochrome c. For instance, in Bcl-2 

overexpressing mice, a decrease of about 50% in brain infarction was seen after permanent 

MCA-O (Martinou et al., 1994). Also, Bcl-2 expression was upregulated in neurons surviving 

cerebral ischemia (Shimazaki et al., 1994, Chen et al., 1996a). In Bid knockout mice (-/-), a 

decrease to about 67% in infarct size was seen following transient MCA-O (Plesnila et al., 

2001). 
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2. AIMS OF THE STUDY 
 
 

To characterize motor and cognitive deficits in non-diabetic Wistar and 

diabetic Goto-Kakizaki rats following focal brain ischemia induced by 

extradural compression of the sensorimotor cortex. 

 

To study neurodegeneration induced by extradural compression and its 

possible correlations with functional recovery in both non-diabetic Wistar 

and diabetic Goto-Kakizaki rats. 

 

To compare the efficacy of different behavioural tests for the assessment 

of functional recovery following focal brain ischemia induced by the 

extradural compression protocol. 

 

To compare changes in glucose levels and CBF upon extradural 

compression and reperfusion in both non-diabetic Wistar and diabetic 

Goto-Kakizaki rats. 

 

To investigate the expression of antioxidant and pro-inflammatory, pro-

apoptotic genes in non-diabetic Wistar and Goto-Kakizaki rats. 
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3. MATERIALS AND METHODS 
 

3.1. Animals 
 

A total of 188 male Wistar rats (Scanbur BK AB, Sollentuna, Sweden) and 75 male Goto-Kakizaki 
from our local colony (Karolinska Institutet, Stockholm, Sweden) weighing between 250 and 350 g, 9 
to 12 weeks of age, were used in our studies. Upon arrival to the animal facility, rats were housed in 
groups of four in a temperature- (22°C) and humidity- (50%) controlled environment on a 12-h 
light/dark cycle (lights on at 7 a.m.) and given free access to standard rat food-chow and water. Before 
the start of the experiments, rats were allowed to adapt to the novel environment for at least 7 days. 

Experiments were approved by the local Ethical Committee (Norra Stockholms Djurförsöksetiska 
Nämnd) with the permit numbers N313/00, N395/03, N356/04 and N311/05. Procedures regarding 
animal care and use were carried out accordingly to the Swedish Legislation on Animal 
Experimentation (The Animal Welfare Act SFS 1998:56) and the European Union legislation 
(Convention ETS 123 and Directive 86/609/EEC). 
 

3.2. Extradural compression of the sensorimotor cortex 
 

3.2.1. Extradural compression protocol and regional cerebral blood flow (rCBF) 
measurements 

 

Hypnorm® (fluanisone 10 mg/ml and fentanyl citrate 0.315 mg/ml, Janssen, Beerse, Belgium) was 
chosen for our EC protocol since it does not stimulate intra-operative glucose production and was 
shown to attenuate surgery-induced hyperglycemia in humans, contrary to inhaled Isoflurane 
(Lattermann et al., 2001). Animals were weighed and anaesthetized with a mixture of 1 ml of 
Hypnorm®, 2 ml of sterile water and 1 ml of midazolam (5 mg/ml, AstraZeneca, Södertälje, Sweden). 
The administered dose of the mixture was 2.7 ml/kg/intraperitoneally (i.p.). Anaesthesia was 
maintained by injecting 0.1 ml of the Hypnorm® mixture i.p. every 30-40 minutes (min). For soft tissue 
analgesia, Marcain® (5 mg/ml, AstraZeneca, Södertälje, Sweden) was injected subcutaneously in the 
soft tissues of the skull and tail vein (1 ml per rat). A Plexiglas piston (8x6 mm with the rostral part 
shortened by 2 mm) was positioned at an angle of 20° over the right sensorimotor cortex (Fig. 3).  

 

 
The defined area of the skull was cut out u

mater. The compression piston was lowered to t

 5
Fig. 3 – Area under compression. The compression

piston is positioned over an area comprising the primary

and secondary sensory motor cortices, limited antero-

posteriorly by the rostro-caudal piston edges and laterally

by the medial and lateral piston edges (rostral edge 3.5

mm anterior to bregma, caudal edge 4.5 mm posterior to

bregma; medial edge 0.5 mm and lateral edge 6.5 mm to

the right side of the midline). 
sing a fine drill and gently removed from the dura 
ouch the surface of the dura mater, and then slowly 

0



lowered 3 mm, at the rate of 1 mm/min (0.25 mm/15 s). Cortical regional cerebral blood flow (rCBF) 
was measured with a Laser-Doppler probe (PeriFlux 4001 Master, Perimed®, Sweden) inserted in the 
Plexiglas piston. After 30 min of compression, the piston was removed at the same speed rate (0.25 
mm /15 s). The skull bone was repositioned and the cranial skin sutured with polyethylene filament 
(Ethilon® 3/0, Johnsson & Johnsson, Belgium). To avoid increased intracranial pressure and contra-
coup contusive effects, a space of 1 mm was allowed between the drilled bone edges and the surface 
of the piston to allow the brain to adjust smoothly to the compression.  

Sham operations were conducted following the same procedures as described above but no 
compression was applied on the sensorimotor cortex. The intact dura was exposed for 30 min and 
kept moist by irrigating it with saline before returning the skull lid to its position.  

Four rats were anaesthetized (anaesthesia-only group, Paper I) with the same dose of the 
Hypnorm® mixture injected i.p. during the compression protocol (2.7 ml/kg, with re-injection of 0.1 ml 
every 30 min.). During this procedure, the animals were kept on the above-described heating-pad for 
60 min and their body temperature monitored and maintained constant at 37,5ºC. 

 

3.2.2. Body and brain temperature 
 

Body temperature was monitored using a rectal probe (Temperature Control Unit HB 101/2, 
Letica® Scientific Instruments, Spain) and maintained constant using a digitally controlled heating pad 
throughout the compression protocol. Brain temperature was measured with a probe connected to a 
thermometric device (Physitemp® Instruments Inc.) by inserting the probe 1 cm deep between the 
muscle temporalis and the skull, anteriorly and laterally to the bregma suture. 

3.2.3. Glucose sampling 
 

Glucose was sampled from the tail vein and measured with a glucose-monitoring device 
(HaeMedic, Munka Ljungby, Sweden). Measurements were performed every 10 min, starting 10 min 
before EC until 10 min of reperfusion (Papers III and IV). In a pilot experiment (Paper III), blood 
glucose levels after analgesia with Hypnorm®/midazolam mixture 2.7 ml/kg i.p. (Wistar n=6, GK n=4) 
or inhaled Isoflurane 3% (Abbott, Solna, Sweden)/air mixture with 25% O2 (GK n=6), were compared 
between strains to examine the influence of anaesthesia on blood glucose values. Blood glucose 
values in control 3-month-old naïve rats from both strains have been previously characterised in the 
Stockholm colony of GK rats (Ling et al., 1998) and used as reference for baseline glucose values. 

 

3.3 Behavioural tests 
 

3.3.1.  Beam-walking 
 

Training and testing (Papers I, II, III) were carried out according to the protocol by Feeney et al. 
(1982) with some modifications (Kundrotiene et al., 2002, Kundrotiene, 2004). The beam-walking 
performance was rated using a 7-point rating scale: the rat 1) fell down, 2) was unable to walk but 
remained sitting/lying on the beam, 3) walked along the beam dragging the paretic hindleg (without a 
firm grip around the beam), 4) transversed the beam and placed the paretic hindleg on the horizontal 
surface of the beam but was unable to retain its leg on it, 5) crossed the beam and placed the affected 
limb on the horizontal surface of the beam to support its forward locomotion during less than half of its 
total steps, 6) crossed the beam and placed the affected limb on the horizontal surface of the beam to 
support its forward locomotion during more than half of its total steps, 7) walked the beam with no 
more than two footslips. The first post-surgical beam-walking test was performed 24 h post-EC and 
repeated every 24 h up to seven days post-compression. 
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3.3.2. Rotarod 
 

A group of Wistar rats subjected to EC (n=10, Paper II) was tested on a rotarod (AgnTho’s, 
Lidingö, Sweden) in order to evaluate motor coordination, balance and muscular tonus (Dunham and 
Miya, 1957, Novack, 1982) and to compare its efficacy in the detection of vestibulomotor impairments 
with the beam-walking test. Adaptation to the rotarod commenced 2 days before surgery. Animals 
were first habituated to low rotation (4 rotations per minute -RPM) for 30 s, after which they were 
allowed 1 min of rest. Animals were then submitted to two trials of 4 to 40 RPM acceleration during 60 
s, with a 1 min resting interval between them. The time spent on the rotarod and the number of RPM 
at which the animal was able to maintain balance in the moving wheel were measured. Animals were 
considered trained if they were able to stay on the rod for more than 15 s. On D3, rats were tested 
three times in a 4 to 40 RPM acceleration test and the averages of time spent on the rod and number 
of RPM were calculated. Following extradural compression, rats were re-tested as early as 24 h after 
compression and on the 3 subsequent days. The testing sessions consisted of two 4 to 40 RPM 
acceleration trials during 1 min, separated by a 5 min resting interval. The average performance was 
compared with the pre-operative values. 

 

3.3.3. Locomotor Activity 
 

LMA was measured using four AccuScan activity meters (42x42x30cm), (AccuScan Instruments, 
Inc, Ohio, USA) equipped with three rows of infrared photo sensors. Each row consisted of 16 
sensors, 2.5 cm apart, where two rows were placed on a 90° angle along the front and side of the floor 
of the cage, and the third row was placed 10 cm above the floor to measure vertical activity (Kosowski, 
2004). All rats were naive to the LMA boxes (novel environment) but not to the testing room, in which 
they were habituated for three days, housed in their home cages, before being submitted to EC and 
before any behavioural testing commenced. The position of various objects was always kept constant 
in the testing room. All measurements were done between 11 a.m. and 5 p.m. To avoid any diurnal 
variation, the animals were run on an alternating schedule. The animal cages were numbered, cage 1 
to 4, and on the first day, measurements started with cage number 1 followed by number 2,3, and 4. 
On the second day, measurements started with cage number 2 followed by cages number 3,4, and 1 
etc., throughout the 5-day regimen. In Paper II, LMA was assessed in two experiments: 1) one group 
of rats (n=10) was tested every 24 h in the first five days post-EC; 2) two groups were tested in the 
LMA boxes for the first time on D3 and D6 (n=7 and n=13, respectively) and their performance 
(locomotion and vertical activity) was compared with the above-mentioned group tested on D1 post-
EC (comparison of single-exposure LMA). LMA recordings on D1, D3 and D6 thus depicted activity in 
a novel environment. Intact (n=7) and sham-operated controls (n=5) were used for the groups referred 
to in 1) and 2). In Paper III, LMA was assessed in three groups of GK rats: 1) one group was tested 
every 24 h during the first five days post-EC (GK+EC, n=8); 2) Intact (GK-intact, n=5) and 3) sham-
operated rats (GK+sham, n=4) were used as controls for the group referred to in 1). The intact and 
sham-operated animals were tested in the same conditions as EC-rats. During the sessions (once 
daily), rats were allowed to freely explore the LMA boxes for one hour after which they were returned 
to the animal facility in their home cages. Each time a photo beam was crossed, it was recorded as 
one activity count. The following parameters were then automatically recorded every five minutes: total 
locomotion (in centimetres, cm), motion in the vertical axis (vertical activity, values in activity counts), 
distance walked in the center (in cm) and time spent in the center (in seconds, s). Vertical activity 
measurements were preferred to rearing activity since the former is a more sensitive parameter in the 
detection of post-ictal prostration (Prut and Belzung, 2003). Total locomotion was considered a 
measure of locomotor activity and vertical activity was used as an index of exploratory behaviour. 
Intra-session activity for each parameter was depicted during the 30 min-period of each session 
(plotted curves from 5 min activity sampling) and inter-session activity was depicted as total 30 min 
sampling from each testing day. Videotape recordings were used to evaluate stereotypic behaviour 
that could affect LMA (no animals were excluded due to abnormal stereotypic activity, data not 
shown). 
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3.3.4. Lever-Press Task 
 

The operant boxes (Med Associates Inc., Georgia, VT) were equipped with two retractable levers 
positioned side by side, 11.5 cm from each other and 6.5 cm from the floor, a 5x5 cm central food-tray 
(2.5 cm from the floor), a signalling-light on the top of each lever (at a height of 11 cm) and a permanent 
house-light placed in the opposite side of the operant wall (Fig. 4). 

 

 

Fig. 4 – Operant chambers for the Lever-

Press Task (LPT). Two levers are

positioned side-by-side. A press on the

correct lever resulted in cue-light offset

and immediate delivery of a food-pellet.

Pressing on the incorrect lever had no

consequences (non-delyed, two-choice

positional discrimination task). 

 
The operant boxes were ventilated, soundproofed and visually isolated from the external 

environment in order to avoid distractions in the performance. Throughout all experimental days, the 
choice of the active (correct) lever resulted in the delivery of one food-pellet in a non-delayed fashion 
(non-delayed discrimination task). A press on the active (correct) lever induced the following sequence 
of events: signalling-light offset followed by immediate delivery of a food-pellet (Bio-Server®, 
Frenchtown, NJ) on the food-tray. Responding on the inactive (incorrect) lever had no consequences. 
All lever presses were monitored in a computer (MED-PC software ®, Med Associates Inc, VT, USA) 
and data was recorded as cumulative presses every 5 minutes for each lever during 1 hour. 

After habituation to the testing room for two consecutive days, all experimental sessions took place 
once every day from 9 a.m. to 5 p.m. Each rat was assigned to the same chamber every day but the 
time of the day when the testing session occurred was randomized in a way that the first testing cage 
on D1 would be the last to be tested on D2, the second testing cage on D1 would be the one before the 
last to be tested on D2, and so on. 

Power analysis. Before surgery, we considered the following experimental design: how many rats 
in each group would be necessary to detect a significant difference so that 90% of intact controls make 
the correct lever choice whereas only 30% of naïve-compressed make the correct lever choice, i.e., 
that at least 70% of naïve-compressed rats were impaired in making the correct choice  
(power of 80%; β = 0,2; α α= 0,05, f = 7.9) 
 

Pnaive (1- Pnaive) + Pcontrol (1- Pcontrol) x f     =      0,3 (1- 0,3) + 0,9 (1- 0,9) x 7,9 
= 6.58

(Pnaive - Pcontrol)2           (0,3 – 0,9)2

 

Hence, we would need at least 7 animals in each group to detect a difference between them. We 
then operated 7 naïve rats and subjected them to extradural compression. 

Experimental design for Paper I. All groups of rats (Fig. 5) regardless of the time-point for the 
manipulation (extradural compression, sham-operation or anaesthesia) were naïve to the task and to 
the operant boxes when they started to learn to lever-press for food in 1 h daily sessions according to 
the schedule shown in Fig. 5. 
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Days: 0   1   2   3   4   5   6   7   8   9   10   11   12   13   14

Both levers 
active

LEFT lever active RIGHT lever active

Pellet delivery upon lever-pressing 

Day offControls
(n=6)
Naive
Compressed 
(n=7) 

Day off

Extradural
compression

Trained 
Compressed
(n=9)

Sham
(n=3)

Sham-operated

Day off

.

Extradural
compression

Exp. 1:

Exp. 2:

Controls
(n=6)

Day off

 
Fig. 5 – Experimental design for fixed ratio LPT. Legend: Exp – Experiment. All groups of rats were naïve-to-task 

when presented to a fixed ratio (FR) 1:1 (1 press/pellet) LPT (Paper I). Acquisition of lever pressing comprised the 

first 3 days (D1-D3) of the schedule and was tested from D4 to D6. On D8 the position of the active lever was 

changed and the recalling of the task was tested from D8 to D14. Experiment 1: 24 h before the acquisition of the 

LPT (D0), one group of rats was submitted to extradural compression (naïve-compressed) and another group of 

rats was sham-operated (sham). Experiment 2: a group of rats was submitted to extradural compression on D7 

after they had learned the LPT (trained-compressed group). 

 
Rats were food-deprived (of normal chow in the home cage) once and only on the previous day 

before being introduced to the operant boxes (approximately 16 h of food deprivation). A partial food-
deprivation schedule then continued in the 3 subsequent days of training by making the food-pellets 
offered in the operant boxes the only diet available (60 g freely offered on the first day, 5 g offered on 
the second and third experimental days, in which further delivery depended on the animal’s 
performance). Acquisition of the LPT: On the first day (D) both levers were active on demand and an 
additional food-pellet was delivered every 60 s even if the levers were not pressed. On D2 both levers 
were active but food-pellets were only delivered upon pressing (a cue of 5 g of pellets was offered to 
facilitate the operant behaviour). From D3 to D6, only the left lever (LL) was active (rewarding) while the 
right lever (RL) was inactive. After the training session on D3 (acquisition of a left-to-right 
discrimination), normal food-chow was re-introduced in the home cages 2 h after the completion of the 
task. On D7 rats were allowed to rest from the LPT testing in their home cages (Fig. 5, Day Off). On D8 
the active lever was changed to the right side of the box to determine if rats could recall the operant 
task, learn the new position of the active lever and also to control for a possible spatial and visual 
inattention deficit for the left side of the operant box. Testing of the LPT: from D4 to D6 and from D8 to 
D14, active and inactive lever presses were recorded over a 1 h session, sampled every 5 min.  
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Experiment 1 (Paper I): 24 h before the introduction to the LPT schedule (Fig. 5, D0) one group of 
rats (Fig. 5, naïve-compressed, n=7) was submitted to EC, while another group of rats underwent sham 
operation (Fig. 5, sham, n=3) to assess if the surgical procedure could affect the performance of the 
LPT. To control for the effect of anaesthesia on the performance, an additional group of rats (n=4) was 
anaesthetised 24 h prior introduction to the LPT schedule. To exclude the influence of factors such as 
early postoperative anorexia, metabolic and novelty stress, the starting point for comparisons between 
the experimental groups was D4. 

Experiment 2 (Paper I): To test if the brain injury would impair the recalling of the learned task and 
the acquisition of the new position of the active lever, a group of rats (Fig. 5, trained-compressed, n=9) 
was submitted to EC on D7 after they had learned the LPT in the same schedule as controls and their 
performance was tested from D8 to D14, similarly to the control group.  

Experiment 3 (Paper I) was designed to study the impact of EC on the performance of rats on a 
progressive ratio (PR) schedule of the LPT (Fig. 6A). In the PR paradigm, the value of the reward is 
expressed as the maximum number of lever presses a rat would be willing to make to obtain a food-
pellet before giving up (breaking point) and can be used as a measure of general motivation to perform 
the LPT (Richardson and Roberts, 1996, Stafford et al., 1998, Higgins et al., 2002). A group of rats 
(n=8) was trained on a fixed ratio of 1:1 (FR1) presses for food-pellets until D4. On D5 the ratio was 2:1 
(FR2) followed by FR3 on D6 and FR5 on D7. From D8 to D11 they were trained on a PR schedule 
where they had to press the lever (5 x e [0.2 x number of pellets] – 5) times to obtain a food-pellet (progression: 
2,4,6,9,12,15,20,25,32,40, etc., Fig. 6B) until the breaking point was reached, i.e., until they failed to 
receive a pellet for 20 min or made no lever presses for 10 min (Higgins et al., 2002). On D11, rats 
were submitted to extradural compression and tested on the PR from D12 to D15. In this experiment, 
only the left lever was active in all testing sessions. 
 

Extradural Compression

Prog FR training Prog FR testing
LEFT lever 
active

FR2-FR3-FR5

0   1   2 3 4 5 6   7   8   9   10 11   12   13 14

Both levers 
active

Exp. Days

Pellet delivery upon lever-pressing 
Food deprivation in
home cage

 

Fig. 6A – Experimental design for the progressive ratio LPT. Legend: Exp – Experiment., FR – fixed 

ratio, Prog FR – Progressive fixed ratio. A group of naïve-to-task rats (n=8) were introduced to increasing 

fixed ratios (max. FR 5:1, 5 presses/1 pellet) during 4 days ((D4-D7) and then trained on a progressive ratio 

(PR) for 4 days (D8 to D11). On D11 rats were subjected to EC and tested on the same PR until D14. 
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Fig. 6B – Progressive ratio requirement. Rats

had to press the lever (5 x e [0.2 x number of pellets]

– 5) times to obtain a food-pellet (progression:

2,4,6,9,12,15,20,25,32,40, etc.,) until the

breaking point was reached, i.e., until they

failed to obtain a pellet in 20 min or made no

lever presses in 10 min. 

Experiment 4 (Paper III) was designed to test the learning of the LPT in naive-to-task non-diabetic 
Wistar and diabetic GK rats after two weeks of recovery from EC. Four groups of rats, GK compressed 
(GK+EC, n=8), GK controls (GK-intact, n=6), sham-operated Wistar (Wistar+sham n= 5) and Wistar 
compressed (Wistar+EC, n=10), were naïve to the task and to the operant boxes and started to learn 
lever-pressing for food two weeks after either EC or sham-operation, in 1 h daily sessions, according 
to the schedule shown in Fig. 7. 

Fig. 7 – Experimental design for fixed ratio LPT two weeks after extradural compression (Paper III). Legend: Exp

– Experiment. All groups of rats were naïve-to-task when presented to a fixed ratio (FR) 1:1 (1 press/pellet) LPT.

Acquisition of lever pressing comprised the first 3 days (D14-D16) of the schedule and was tested from D17 to 

D19. On D20 the position of the active lever was changed and the recalling of the task was tested from D21 to

D25.

For each rat and session the following parameters were calculated: total lever presses (active + 
inactive) and % errors (�inactive/total� x 100). The % errors was used to characterize both intra-
session short-term memory and inter-session reference working memory (Burk and Mair, 1998, Mair et 
al., 1998, Burk and Mair, 2001a, Burk and Mair, 2001b, Baldwin et al., 2002, Higgins et al., 2002). 
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3.4. Histology 
 

3.4.1. Preparation of brain tissue 
 

Wistar and GK rats subjected to EC were deeply anaesthetized with sodium pentobarbital and 
perfused via the ascending aorta with phosphate-buffered saline (PBS), at 2, 5, 7, 10 and 14 days 
after compression, respectively, followed by 4% paraformaldehyde to instantly fix the brain tissue, in 
accordance with our previous studies (Kundrotiene et al., 2002, Kundrotiene, 2004, Kundrotiene et al., 
2004b). Brains were collected and cryoprotected by transferring them to 10-20-30% sucrose solutions 
in PBS at 4ºC before being stored at –20ºC. Brain sections (coronally: 12µm thick, interval between 
sections: 60 µm; sagittally: 12 µm thick, interval between sections: 100 µm) were cut on a freezing 
microtome (Zeiss® Microm, Germany) at –24ºC and mounted onto Superfrost® Plus glass slides 
(Fisher Scientific, Pittsburgh, PA).  
 

3.4.2 Microscopy 
 

Sections were examined using an Olympus® BX61TRF microscope (Olympus Optical AB, Solna, 
Sweden) equipped with epifluorescence and single band filter sets for FJ and DAPI, and a F-view 
monochrome CCD camera. Both image acquisition and analysis were performed by Analysis® Auto 
software (Soft Imaging System, Munster, Germany).  

 
 

3.5. Immunohistochemistry 
 

3.5.1. Fluoro-Jade 
 

Slicing positions from +5.2 to –5.6 mm from bregma and at 4.6, 3.9, 2.9 and 0.4 mm from the 
midline were chosen for Fluoro-Jade (FJ) staining, in accordance with our previous studies (Paxinos G, 
1998, Kundrotiene et al., 2002, Kundrotiene, 2004). Sections were immersed in 100% ethanol for 3 min 
followed by 3 min in 75% ethanol and 3 min in 50% ethanol. After rinsing in distilled water (DW) for 3 
min, the slides were transferred to a 0.06% potassium permanganate solution for 15 min to reduce 
background staining. The slides were quickly rinsed in DW and incubated in 0.001% FJ (Histochem, 
Jefferson, AK) solution in 0.1% acetic acid for 30 min, and then rinsed in DW for 1 min. To localize 
cellular nuclei, sections were counterstained with DAPI, a marker for nucleic acids, for 5 min (4,6-
diamidino-2-phinylindole; Molecular Probes, Leiden, The Netherlands) (Schmued et al., 1997, Sato et 
al., 2001). The slides were rinsed in DW for 3x1 min and left to dry in room temperature (RT), protected 
from light. 

Quantitative assessment of brain damage: Two separate observers performed the measurements, 
blinded to the time-points and experimental groups after compression. The amount of FJ staining was 
quantified in the cortex (Papers I, II and III), thalamus (Papers I, II and III) and hippocampus (Paper I 
and III). FJ-labelled degeneration was qualitatively examined in the hippocampus and caudate 
putamen (Papers I, II, III). The degree of cortical degeneration was measured as the area drawn 
around FJ-positive cells and expressed in µm2. Criteria for area delineation: a) individual FJ+ cells, 
clusters or columns of FJ+ cells and b) scarring tissue under the location of the piston edges (as 
determined by: 1) direct observation of tissue destruction, 2) low frequency of nuclear staining, 3) 
paleness of damaged tissue against background FJ staining). Coronal slices: The areas of cortical 
degeneration were measured in 7 slices per animal of each strain, taken from the following positions 
relative to the piston edges and distance to bregma (rostral edge: 4.2 and [3.7, 3.2] mm, medial edge: 
]3.2, 1.2] and ]1.2, -3.8] mm, lateral edge: ]3.2, 1.2] and ]1.2, -3.8] mm, caudal edge < -3.8 mm) at 2, 
5, 10 and 14 days post-compression. Sagittal slices: the areas of cortical degeneration were measured 
in 3 slices per animal taken from 4.6, 3.9, 2.9 and 0.4 mm from the midline at 2 and 7 days post-
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compression. The number of FJ-labelled neurons in the cortex was also quantified in sagittal slices at 
the referred time-points. In the hippocampus, the degree of neuronal degeneration was quantified by 
counting the number of FJ-labelled particles in the CA1, CA2, CA3, DG and hilus. In the thalamus, 
neuronal injury was quantified by counting the number of FJ-labelled particles at 3 slicing positions 
from the midline where they were visualized (in coronal slices: ]-2.12, -3.14], ]-3.14, -3.8] and ]-3.8, -
4.52] mm from bregma; in sagittal slices; 2.9 and 0.4 mm from the midline) by using an automated 
cell-counting paradigm of AnalySIS® software. 
 

3.5.2. Heme oxygenase 1 double-labelling 
 

Sections were immunostained with monoclonal HO-1 antibody (mouse anti-rat HO-1/Hsp32, 
Nordic Biosite, Täby, Sweden) to detect and localize Heme Oxygenase-1 expression (Paper IV). HO-1 
labelling was combined with either (1) red fluorescent Nissl staining (NeuroTrace®, Molecular Probes, 
Eugenen, OR) to detect neuronal cells; or (2) monoclonal glial-fibrillary acid protein antibody (mouse 
anti-rat GFAP, Sigma®, St. Louis, MI) to detect intermediate cytoskeleton filaments of astrocytes; or 
(3) monoclonal antibody OX42 (mouse anti-rat CR11b/c, Harlan Sera-Lab, Loughborough, England) to 
detect the complement receptor 3 (CR3; CD11b) expressed by monocytes/macrophages and 
activated microglia. Following rehydration in PBS solution for 40’ at room temperature (RT), sections 
were incubated in blocking and permeabilizing solution (PBS, 5% normal goat serum, 1% bovine 
serum albumin (BSA) and 0.1% Triton X-100 for 1 h at RT. Primary antibodies were diluted in PBS, 
0.1% Tween, 1% BSA (HO-1: 1/400, GFAP: 1/500, OX-42: 1/100) and let incubate the preparations 
overnight at 4º C. Double fluorescence immunolabelling. Secondary antibodies were diluted in PBS, 
0.1% Tween, 1% BSA (Alexa 488 goat anti-mouse IgG 1/500 for HO-1, Alexa 546 goat anti-mouse 
IgG 1/500 for GFAP and OX-42, Molecular Probes). After rinsing in PBS (3 x 5’), sections were 
incubated with the secondary antibodies for 2 h at RT in the dark. Fluorescent red Nissl staining. After 
rinsing in PBS (3 x 5’), the brain slices were incubated with NeuroTrace® (50x dilution in PBS) for 20’ 
at RT in the dark. Following incubation, the preparations were immersed in PBS+0.1% Triton X-100 for 
10’, rinsed in PBS (3 x 5’) and kept in PBS for 2 h at RT. Mounting medium and counterstaining. After 
rinsing with PBS (3 x 5’) and distilled water for 5’, sections were mounted in Vecta-Shield® mounting 
medium (Vector Lab., Burlingame, CA) with DAPI nucleic acid stain (4’,6-diamidino-2-phenylindole, 
dihydrochloride) to detect cellular nuclei. Immunocytochemical controls in all cases consisted of one 
section per slide treated as described above except for the incubation with primary antibodies where 
controls were incubated with buffer only. 

 

3.6. Real Time Reverse Transcriptase Polymerase Chain Reaction 
 

Target gene mRNA expression in the cortices and hippocampii of rats at 48 h of recovery from EC 
and uncompressed, sham rats were analyzed using the LightCycler Instrument (Roche Biochemicals, 
Idaho Falls, ID, USA) as described previously (Kovacs et al., 2002). Sequences and LightCycler 
parameters for the RT-PCR primers are shown in Table 2. Primers were custom-synthesized by TAG 
Copenhagen AS (Copenhagen, Denmark). The primer-pair for the QuantumRNATM Universal 18S 
house-keeping gene (315 bp) was purchased from Ambion (Austin TX, USA). 
 
 

mRNA Annealing 
T (ºC) 

Extension 
T (ºC) 

Gene bank 
number Sequence (5’- 3’) 

HO-1 forward AGAACCCAGTCTATGCC 
HO-1 reverse 60 72 NM_012580 AGCGGGTATATGCGTG 
HO-2 forward GGCGTCGATGAGTCAG 
HO-2 reverse 59 72 NM_024387 CGGTGTAGTTCCGTGG 
BVRα forward TGGAGTGGTAGTGGTTG 
BVRα reverse 

60 72 NM_053850
ATGGGGTATTCCACGAG 

iNOS forward GGTATGCGGTATTTGGC 
iNOS reverse 59 72 NM_012611 GTGTAGCGTTTCGGGA 
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SOD-1 forward TGGGGACAATACACAAGG 
SOD-1 reverse 60 72 NM_017050 CAATCCCAATCACACCAC 
SOD-2 forward AAAGGAGAGTTGCTGGAG 
SOD-2 reverse 58 72 NM_017051 CTACAAAACACCCACCAC 
TNFα forward GCACGGAAAGCATGAT 
TNFα reverse 

60 72 NM_012675
GTTTGCTACGACGTGG 

Bax forward AGGGTTTCATCCAGGATCGAGCAG
Bax reverse 58 72 NM_017059 ATCTTCTTCCAGATGGTGAGCGAG

 
Table 2 – sequences of the specific primers and Light Cycler parameters for real time reverse transcriptase 

polymerase chain reaction. Legend: HO-1, -2 – heme oxygenase 1, 2; BVRα - biliverdin reductase alpha, 

iNOS – inducible nitric oxide synthase, SOD-1 - copper-zinc superoxide dismutase, SOD-2 – manganese 

superoxide dismutase, TNFα - tumor necrosis factor alpha, Bax – Bcl-2 associated protein X. The 

specificity of the oligonucleotide primers was verified using the program BLASTN (National Center for 

Biotechnology Information, Bethesda, MD). Annealing and extension temperatures during real-time RT-

PCR (LightCycler SYBR Green® I kit, Roche® Diagnostics) are shown for each target gene primer. 
 

3.6.1. Isolation of total RNA and first strand cDNA synthesis 
 

Rats were rapidly decapitated 48 h after compression, the brains were removed and the two 
hemispheres sectioned. The ipsilateral and contralateral cortices and hippocampii were dissected and 
homogenized in TRIzol® Reagent (InvitrogenTM Life Technologies, Carlsbad, CA, USA) and stored at –
80ºC until extraction. Total RNA was extracted according to the manufacturer’s protocol. To remove 
residual genomic DNA from the samples, a DNase I treatment (Ambion Inc, Austin TX, USA) was 
performed using the manufacturer’s instructions. The concentration of RNA in each sample was 
measured with a spectrophotometer (Ultrospec III, Pharmacia LKB, Sweden) at 260 nm. The samples 
from each hemisphere were used for cDNA synthesis. 

Reverse transcription of 2 µg of RNA from each sample was allowed for 60 min at 37ºC using 
random hexamer primers (pd(N)6; Pharmacia Biotech, Uppsala, Sweden) and 200 U Moloney murine 
leukemia virus (M-MLV) reverse transcriptase (Promega, WT, USA) in a 25 µL reaction volume in the 
presence of Rnase inhibitor (Promega, WT, USA) and equimolar (2.5 mM) dNTPs. Resulting cDNA 
samples were brought to 50 µL using Rnase-free water. 

3.6.2. Real time RT-PCR with specific primers 
 

The first samples (cortex or hippocampus) of the contralateral hemispheres of compressed 
Wistars (n=5), compressed GK (n=5), uncompressed Wistar (n=4) and uncompressed GK (n=4) 
groups were designated for the standard curves in each PCR experiment. These samples were 
serially diluted (1:1, 1:4, 1:16) while all the other samples were diluted 1:4 so their values would 
distribute within the range of the standard curve. For the PCR reaction, 2 µL of the standard curve 
cDNA dilutions and the target samples were mixed with 2 µL of nucleotide triphosphates (dNTPs), 
Hot-start Taq polymerase, reaction buffer and SYBR Green I dye (LightCycler DNA Master SYBR 
Green® I kit, Roche, Mannheim, Germany) and placed into individual LightCycler glass capillaries. The 
reactions were supplemented with 3 or 4 mM Mg2+ (depending on the primer specifications) and 0.5 
µM of each gene-specific primer (forward and reverse). Selected gene-specific primers were HO-1, 
HO-2, BVR, iNOS, SOD-1, SOD-2, TNFα and Bax (see Table 1). Reaction mixtures were brought to 
20 µL with sterile water and capillaries were sealed. Baseline gene expression. Samples of 
uncompressed Wistar and GK rat brains (cortex or hippocampus) were run with one designated 
uncompressed Wistar rat as standard curve for strain comparison (comparison of changes in gene 
expression of uncompressed animals). Compression-induced gene expression. Samples of ipsilateral, 
compressed hemispheres (cortex or hippocampus) were run with the designated contralateral 
hemisphere as standard curve for compressed rats, in each strain (comparison of changes in gene 
expression between hemispheres of compressed animals). The cycles of PCR reaction were run with 
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automatic fluorescence emission following each PCR cycle (see Table 1 for details). Melting curve 
analyses were performed after the completion of cycling to control for the specificity of the obtained 
PCR products (data not shown). 

 

3.7. Data Analysis 
 

The two-way ANOVA test followed by Bonferroni’s test for multiple comparisons was employed to 
compare LMA (manipulation x time), lever-pressing (manipulation x time, repeated measures), weight 
gain (strain x time), glucose levels (strain x time), rCBF, body and brain temperature during EC (strain 
x time) and FJ-labelled neurodegeneration (strain x distance from midline) between all experimental 
groups. One-way ANOVA followed by Bonferroni’s test was used for LMA inter-session analysis and 
FJ-labelled degeneration, when appropriate. The D’Agostino & Pearson normality test was employed 
to determine if the size of cortical damage followed a normal distribution at all measured positions from 
bregma and time-points after compression (Paper II). The Wilcoxon signed-ranks test was used to 
analyse beam-walking scores against a hypothetical median of 7 corresponding to the ability to cross 
the beam with no more than two footslips during the testing distance (criteria reached by all rats after 
completion of pre-surgical training). A Pearson’s correlation test and linear regression analysis were 
employed to analyse body and brain temperature measurements. Differences in mRNA expression 
between the ipsilateral and contralateral hemispheres in both strains were analysed with two-way 
ANOVA followed by Bonferroni’s test by comparing ipsi vs. contralateral target gene/18S ratios for 
each specific primer. The target gene/18S ratio of the contralateral hemisphere of each rat was set to 
1 and the correspondent ipsilateral value was then calculated as a fold-variation of the contralateral 
ratio, for each rat and each target gene. Data are presented as mean ± SEM. Statistical calculations 
were performed using GraphPad-Prism® 4.0 (GraphPad Software Inc, San Diego, CA). 
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4. RESULTS AND DISCUSSION 

4.1. Changes in cortical cerebral blood flow induced by extradural compression 
(Papers III and IV) 

 
Application of EC resulted in a time-dependent reduction of rCBF in both strains with 

increasing depth of compression (Fig. 3 in Paper III, Fig. 1 in Paper IV). When the 

compression piston was lowered 3 mm into the cortical surface, rCBF in Wistar and GK rats 

was reduced to 5 ± 0.5% and 6.9 ± 0.7% (Paper III) and to 4.7 ± 0.5% and 7.2 ± 1.1% (Paper 

IV), respectively. The reductions in rCBF upon compression were thus comparable in both 

studies. During compression, rCBF remained decreased at similar levels in both strains but, 

by 30 min of EC, rCBF slightly recovered to 15.6 ± 2.8% in Wistar rats and 14 ± 2.9% in GK 

rats (Paper III) and to 10.7 ± 2% in Wistar rats and 17.2 ± 4% in GK rats (Paper IV). 

Apparently, the degree of cortical rCBF recovery in Wistar rats in Paper IV was slightly lower 

than that observed in Paper III, while GK rats showed slightly better rCBF recovery in Paper 

IV. Removal of the compression piston was accompanied by marked reperfusion, with Wistar 

rats showing significantly higher rCBF than GK rats (127.9 ± 15.9% vs. 85.4 ± 4.8% in Paper 

III, respectively, p < 0.01 and 158.9 ± 23.3% vs. 81.1 ± 5.3% in Paper IV, respectively, p < 

0.01 at –0.5 mm and p < 0.001 at 0 mm). After 5 min of reperfusion, rCBF values in Paper III 

were comparable between strains (105.4 ± 7.3% in Wistar and 95.5 ± 5.8% in GK rats) 

whereas in Paper IV rCBF values were lower in the GK strain after 5' of reperfusion (120.1 ± 

9.8% in Wistar and 94.4 ± 3.7% in GK rats). 

 

To our knowledge, we demonstrated for the first time that the degree of cortical rCBF 

recovery was lower in GK rats, while there was a prompt increase of rCBF in Wistar rats 

during reperfusion. The time of hyperperfusion after cortical compression was limited to 5 

min in the Wistar strain, whereas a lower degree of mean rCBF recovery was observed in 

GK rats. This is in marked contrast with a variety of studies showing long hypoperfusion 

periods following brain ischemia. For instance, in a analogous study of compression-induced 

ischemia of the somatosensory cortex, rCBF was decreased for 2 h following reperfusion 

(Watanabe et al., 2001). Reductions of rCBF to about 60% of pre-ischemic values were also 

reported after 2 h reperfusion of MCA-O in the Sprague-Dawley rat (Lerouet et al., 2002). 

In other brain injury models like weight-drop cortical contusion (Nilsson et al., 1996) and 

lateral-fluid percussion injury (Yamakami and McIntosh, 1989) long periods of hypoperfusion 

were also observed (20 min and 2 h, respectively). The short-lasting rCBF reduction during 

reperfusion of EC in the present studies supports our previous observations of a selective 

pattern of cortical neurodegeneration following EC instead of large infarcted/necrotic areas 
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observed in other models (Kundrotiene et al., 2002, Kundrotiene et al., 2004b). Accordingly, 

the degree of rCBF reduction during brain injury was shown to correlate with the numbers of 

damaged neurons (Hotta et al., 2002) and with infarct size (Chen and Cheung, 2002). 

Microvessel disease and impaired blood flow regulation are common features of diabetes 

and cannot be discarded as contributors to EC-induced injury in Papers III and IV (Tuck et 

al., 1984, Duckrow et al., 1987, Stansberry et al., 1996, Kawai et al., 1997). 

 

4.2. Changes in physiological variables induced by extradural compression 
(Papers I-IV) 

 

4.2.1. Weight gain 
 

In Paper I, average weight loss in compressed Wistar rats was 9.4% at 72 h post-op 

(from 322.8 ± 2.8 g on the day of surgery to 295.4 ± 3.5 g on D3, p < 0.001) and weight 

recovery started by D4 (309.9 ± 4 g, p <0.05), one day after reintroducing food ad libitum in 

their home cages. On D5, weight was recovered to preoperative values (314.5 ± 4.4 g). None 

of the animals lost more than 10.4 % of their pre-operative weight. 

In Paper III, age-matched GK rats weighed significantly less than Wistar rats at all times 

of testing (F(1,17) = 59.91, P < 0.0001, p < 0.01, respectively, values in Table 1, Paper III). 

However, weight gain was similar between GK and Wistar rats (10.9% in the GK group vs. 

10.5 % in the Wistar group). 

In Paper IV, age-matched GK rats weighed significantly less than Wistar rats before EC, 

on the day of compression and thereafter (values in Table 2, Paper IV). There was a 

significant weight loss in both strains on D2 post-EC (F(3,27) = 28.48, P < 0.0001) that was 

about 3.8 % in GK and 4.3% in Wistar rats. 

The lower weight of age-matched GK rats is in agreement with the non-obese phenotype 

of the diabetic GK rat and probably reflects overt hyperglycemia with hyperinsulinemia, 

characteristic of these animals between 12 and 14 weeks of age, which are plausible causes 

of suppressed appetite (Östenson, 2001). With increasing age, however, GK rats gained the 

same amount of weight compared to Wistar rats, indicating that the metabolic changes 

induced by diabetes are not influencing weight gain in these animals. 

 

4.2.3. Body and brain temperature 
 

The mean body temperatures of Wistar rats during the compression period varied 

between 37.1 and 37.3 ºC in Papers I and II and between 37.4 and 37.5 ºC in Papers III and 

IV in both strains. Mean body temperatures of GK rats during EC varied from 37.5 and 37.7 
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ºC in Papers III and IV. The mean brain temperatures of Wistar rats ranged from 34.4 to 34.6 

ºC in Papers I and II and a statistically significant correlation between the two variables was 

found (two-tailed Pearson’s correlation test, r = 0.63 and p=0.03 in Paper I, r = 0.61 and p= 

0.03 in Paper II), which is in accordance with a previous study from another laboratory (Kline 

et al., 2002). In Papers III and IV, brain temperatures were similar in both strains and varied 

from 34.5 to 34.6 ºC. Body and brain temperatures did not significantly differ between GK 

and Wistar rats during compression (unpaired, two tailed, t-test, α = 0.05, Papers III and IV). 

 

4.2.2. Blood glucose levels (Papers III and IV) 
 

During anaesthesia challenge (Paper III), blood glucose levels in uncompressed Wistar 

rats anaesthetized with Hypnorm® i.p. remained unchanged during 30 min. Both Hypnorm® 

i.p. and inhaled Isoflurane anaesthesia significantly increased blood glucose levels in 

uncompressed GK rats (15.23 ± 0.99 and 13.73 ± 1.69 mmol/l, respectively, anaesthetic: 

F(2,14) = 4.27, P = 0.0376; time: F(1,15) = 37.37, P < 0.0001, p < 0.05, Table 2, Paper III). The 

degree of increase in blood glucose levels in GK rats did not vary with the type of 

anaesthesia.  

In Paper III, compressed GK rats had significantly higher blood glucose values than 

compressed Wistar rats during EC (strain: F(1,17) = 48.33, P < 0.0001), which were about 4-

fold higher both at 30 min post-EC (32.82 ± 4.42 vs. 6.85 ± 0.39, respectively) and at 10 min 

post-reperfusion (32.43 ± 4.65 vs. 7.15 ± 0.33, respectively, time: F(5,85) = 13.81, P < 0.0001, 

p < 0.05, Table 2, Paper III). Neither anaesthesia nor EC had a significant effect on blood 

glucose levels in Wistar rats. 

In Paper IV, compressed GK rats exhibited increased blood glucose levels compared to 

compressed Wistar rats during EC (strain: F(1,17) = 64.83, P < 0.0001, time: F(5,85) = 20.19, P < 

0.0001), which were significantly higher at 20 min of compression (28.24 ± 1.29 vs. 7.36 ± 0.29 

mmol/l, respectively, p < 0.05), 30 min of compression (35.84 ± 3.95 vs. 7.08 ± 0.38, 

respectively, p < 0.001) and at 10 min post-reperfusion (35.8 ± 3.93 vs. 7.26 ± 0.38, 

respectively, p < 0.001, Table 3, Paper IV). 

 
We have previously shown that, under basal conditions, 3-month-old, non-fasted GK rats 

in our colony display mild hyperglycemia (around 9 ± 0.6 mmol/l vs. 5.6 ± 0.2 mmol/l in age-

matched Wistar rats) (Ling et al., 1998). In Paper III, GK rats showed significantly higher 

blood glucose levels during compression, i.e. 3-to-4-fold elevation in relation to glucose 

values in compressed Wistar rats. In Paper IV, blood glucose levels were significantly higher 

in GK rats by the end of the compression period and after 10 min of reperfusion. In contrast, 
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blood glucose levels tended to decrease in Wistar rats. Thus, EC induced a pronounced, 

severe hyperglycemic response in GK but not in healthy Wistar rats.  

The specificity of compression-induced neurodegeneration in GK rats (see section 4.4) 

was confirmed with the observation that two different types of anaesthesia-challenge, that is, 

a) inhaled Isoflurane (ether) or b) i.p. Hypnorm® (dissociative analgesia with 

fentanyl+midazolam) induced a hyperglycemic response only in GK rats, and that no 

neurodegeneration was observed following sham-operations with fentanyl+midazolam 

(Hypnorm®) i.p. anaesthesia in both strains (Paper III). The combination of fentanyl and 

midazolam has been shown not to stimulate intra-operative glucose production and to 

attenuate surgery-induced hyperglycemia in humans, contrary to other anaesthetics such as 

inhaled isoflurane (Lattermann et al., 2001). Moreover, Hypnorm® did not produce 

hyperglycemia per se in Wistar rats since these animals exhibited low glucose levels but may 

have reduced the clearance of high glucose levels in the blood of GK rats. For instance, a 

similar type of dissociative anaesthesia (ketamine+xylazine mixture) was recently shown to 

induce hyperglycemia in fed, but not in fasted, Sprague-Dawley rats (Saha et al., 2006), 

suggesting this type of anaesthesia may affect the clearance of circulating blood glucose but 

not stimulate its production. Furthermore, diabetic GK rats may have a more pronounced 

activation of the HPA-axis under stress conditions, as is the case for brain surgery, which 

suggests further experiments in this rat strain regarding post-surgical metabolism (Stewart et 

al., 1994, Gallego et al., 2003). 

 

4.3. Extradural compression of the sensorimotor cortex elicits motor and 
cognitive deficits (Paper I, II & III) 

 

4.3.1. Beam-walking 
 

Extradural compression of the sensorimotor cortex induced contralateral fore- and hind-

limb hemiparesis, in accordance with our previous studies (Kundrotiene et al., 2002, 

Kundrotiene, 2004). Beam-walking scores of compressed Wistar rats (Papers I, II and III, 

Figs. 3, 2B and 4, respectively) were significantly reduced (p < 0.01) on D1 and D2 post-

compression when compared to pre-operative performance. On D3, vestibulomotor function 

was already comparable to pre-operative performance. From D3 onwards, further 

improvements were related to the total distance animals were able to walk using the affected 

limb to support their forward locomotion (scores 5 to 7). On D4, compressed Wistar rats had 

already beam-walking scores of 6 or 7, i.e., the only difference from control performance was 

the use of the contralateral fore-limb in more than half of the steps when transversing the 
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beam. Beam-walking scores of compressed GK rats (Paper III) were significantly lower until 

D5 post-EC when compared to pre-operative performance (p < 0.01 from D1 to D4, p < 0.05 

on D5, respectively). Recovery of pre-operative performance in GK rats did not occur until D6 

post-EC while Wistar rats reached control levels on D3 post-EC. Sham-operated rats showed 

no impairments in the beam-walking test. 

 

In the present studies (Papers I, II and III) recovery of beam-walking may reside in 

compensation provided by contralateral cortex activation or reorganization of the ipsilateral 

cortex, as mentioned in the introduction section of this thesis. The results from the present 

studies also expand on our previous observations in the Sprague-Dawley rat subjected to 

extradural compression. Indeed, compression studies in the latter strain showed an influence 

of a variety of factors such as duration of compression, depth of compression, body 

temperature during EC, pharmacological manipulation and age of the animal in the rate of 

beam-walking recovery (Kundrotiene et al., 2002, Kundrotiene, 2004). For instance, 40 min 

of EC at a depth of 3.2 mm from the cortical surface worsened beam-walking recovery, while 

a drop of 1º C in body temperature during EC accelerated motor recovery in the respective 

test (Kundrotiene et al., 2002). On the contrary, lateralization of the lesion to the left-sided 

sensorimotor cortex does not seem to affect the degree of impairment nor the speed of 

recovery in Sprague-Dawley rats (Goldstein, 1995). In our studies, Wistar rats recovered at 

earlier time points compared to age-matched Sprague-Dawley rats (9-11 week-old, see 

Papers I and II) using the same compression protocol, i.e., Wistar rats recovered by D3 post-

compression while Sprague-Dawley rats recovered full beam-walking capacity within 5 to 7 

days (Kundrotiene et al., 2002). Thus, the rate of beam-walking recovery seems to also be 

dependent on the rat strain used in the EC protocol. 

 

When comparing our studies of EC-induced impairment in beam-walking with other 

models of brain injury, for example, with lateral-fluid percussion injury to the right parietal 

cortex of Sprague-Dawley rats, the beam-walking impairments in our studies are mild. 

Moderate LFP to the parietal cortex was found to reduce beam-walking scores up to 10 days 

post-injury in Sprague-Dawley rats due to hind-limb paresis (Piot-Grosjean et al., 2001). The 

authors of this study recommend the use of the beam-walking for testing motor deficits since 

it allows the measurement of significantly longer-lasting deficits with a slow rate of recovery 

and the characterization of some qualitative aspects of motor function like, for example, paw 

placement. 

Goldstein and Davis (1990) unveiled the influence of testing conditions on beam-walking 

recovery after sensorimotor cortex lesions. For instance, an increase in the number of trials 

but not of the time between trials seems to induce a decline in performance. Additionally, 
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“motivation” also seems to affect beam-walking following cortical lesions since the 

experimenters could manipulate the performance by providing activating stimuli to the rats 

(Goldstein and Davis, 1990). In our hands, the beam-walking test proved to be a sensitive 

task in the detection of motor impairments following EC (see below in Rotarod results and 

discussion) but we recommend caution in the rating of beam-walking performance due to the 

subjectivity of rating, i.e., a comparison of scores should be made between two blind-to-

treatment observers. This concern motivated the comparison of the beam-walking task with 

other vestibulomotor tests, as described in Paper II. However, our results defend the use of 

beam-walking in the evaluation of motor function following sensorimotor cortex compression, 

in agreement with other studies (e.g. (Piot-Grosjean et al., 2001). 
 

4.3.2. Rotarod performance 
 

Rotarod testing 24 h after extradural compression in Wistar rats (Paper II, Fig. 2A) 

demonstrated significant reductions (p < 0.05) in the time spent on the rotating rod and 

rotations per minute (RPM) at which the animal was able to maintain balance on the moving 

wheel, compared to pre-operative performance. At 48 h of recovery, animals were able to 

compensate for motor paresis by correcting their balance on the rod. The improvement in 

balance allowed rats to endure a similar-to-baseline amount of time and acceleration on the 

rod, i.e., about 40 s and 32 RPM, respectively. 

In contrast with the beam-walking findings following EC in Wistar rats (Papers I, II and 

III), impairments of coordination, balance and motor functions could not be detected by the 

rotarod after 48 h of recovery in this strain. The beam-walking thus proved to be a more 

useful test in the follow-up of recovery after EC. However, some authors have suggested that 

the rotarod is a better test of motor deficits during recovery of brain injury. For instance, 

Hamm and colleagues compared rotarod with beam-balance and beam-walking 

performances during recovery of mild or moderate brain injury caused by central fluid 

percussion in the Sprague-Dawley rat (Hamm et al., 1994). The beam-walking test only 

detected significant impairments of motor function following the moderate degree of injury 

while the rotarod was sensitive in detecting motor deficits following the induction of both 

degrees of injury. Statistical analysis confirmed these findings by showing that significant 

differences between groups could be detected with fewer animals per group in the rotarod 

task and that further aspects of motor function could be detected with this test. A recent 

study of motor coordination in mice infected with bovine spongiform encephalopathy also 

demonstrated significant impairments of motor balance in a static rod while no abnormalities 

were detected in locomotion and rearing in the home cages (Kempster et al., 2004). 
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However, the results from our study (Paper II) are in agreement with others showing a 

lower sensitivity of the rotarod in the follow-up of brain injury compared to the beam-walking 

test. This was the case for moderate brain injury produced by lateral fluid percussion in 

Sprague Dawley rats (Piot-Grosjean et al., 2001), for which the rotarod proved to be less 

sensitive, only revealing significant deficits on D2 and D6 post-injury. On the contrary, the 

beam-walking test revealed significant impairments of vestibulomotor function up to D10 

post-injury. The authors of this study point to the fact that Hamm and colleagues only used 

the latency parameter in the evaluation of beam-walking performance and did not 

qualitatively score the placement of the paw on the beam, a procedure we pursued in our 

studies. Furthermore, Piot-Grosjean and colleagues also stated that 50% of the animals had 

to be excluded from the rotarod testing prior to brain injury because animals were unable to 

reach training criteria in the accelerated procedure. In our study, we determined pre-

operative, baseline performance of Wistar rats over the course of three days and did not set 

any other criteria than average time spent on the rod and acceleration animals could cope 

with, thus, no animals had to be excluded. Despite overcoming this difficulty, the rotarod was 

inferior in detecting vestibulomotor impairments following extradural compression of the 

sensorimotor cortex in Wistar rats, which encouraged the use of the beam-walking test in our 

subsequent studies of EC in diabetic GK rats (Paper III). 
 

 

 

4.3.3. Locomotor Activity 
 

Results were obtained once daily as described below. From D1 to D3, a shift in the 

locomotor activity pattern of compressed Wistar rats occurred, i.e., an increase in LMA on D3 

followed an initial period of reduced locomotion and vertical activity on D1 post-compression 

(Paper II). Similarly, an increase in LMA of compressed GK rats was observed on D5 

following reduced locomotor activity on D1 (Paper III). Video monitoring of rats subjected 

either to EC or sham operation did not reveal any stereotypies that could influence their 

locomotor or exploratory activities (data not shown). 

 

 

 

 

4.3.3.1. Intra-session locomotor activity after extradural compression 
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Day 1 post-compression. 
 
Total locomotion of compressed Wistar rats (Paper II, Fig. 3A) was significantly reduced 

at 5 min of testing compared to sham-operated Wistar rats (manipulation: F(1,14) = 10.8, P = 

0.0014, p < 0.001). This parameter was reduced in sham Wistar rats at 10 min compared to 

Wistar controls (F(1,11) = 7.07, P = 0.01, p < 0.05). Total locomotion of GK+EC rats (Paper III, 

Fig. 5A) was significantly reduced compared to GK-intact rats (manipulation: F(2,15) = 79.69, P 

= 0.0001; p < 0.001 at 5 min, 15 min and 25 min, p < 0.01 at 30 min, p < 0.05 at 10 min and 

20 min). The locomotion of GK+sham was similar to that of GK+EC rats. GK+sham rats 

exhibited significantly reduced total locomotion between 5 and 20 min compared to intact GK 

controls (at 5, 10 and 15 min: p < 0.001; at 20 min: p < 0.05; at 25 min: p < 0.01, 

respectively). Total locomotion of all animals decreased with time. 

Vertical activity of compressed Wistar rats (Paper II, Fig. 3B) was significantly 

decreased at 5 min of testing compared to sham Wistar rats (manipulation: F(1,14) = 15.1, P = 

0.0002, p < 0.001). Sham-operation of Wistar rats also affected vertical activity at 10 min of 

testing compared to intact Wistar controls (F(1,11) = 8.48, P = 0.005, p < 0.05). Vertical activity 

of GK+EC rats (Paper III, Fig. 5B) was significantly decreased up to 20 min of testing 

compared to the GK-intact group (manipulation: F(2,15) = 56.25, P < 0.0001; GK+EC vs. GK-

intact: p < 0.001 at 5, 10 and 15 min; p < 0.05 at 20 min). Sham-operation of GK rats affected 

VACT during the entire test, being similar to that of GK+EC rats. Vertical activity of GK+sham 

rats was significantly lower than that of GK-intact controls (p < 0.001 at 5 min, 10 min and 15 

min, p < 0.05 at 20 min). Vertical activity of all animals decreased with time. 

Center locomotion of compressed Wistar rats (Paper II, Fig. 3C) was significantly 

reduced at 5 min of testing compared to the center locomotion of sham Wistar rats 

(manipulation: F(1,14) = 17.84, P < 0.0001, p < 0.001). There was no significant difference 

between center locomotion of sham Wistar and control Wistar rats. Center locomotion of 

GK+EC rats (Paper III, Fig. 5C) was significantly decreased compared to center locomotion 

of GK-intact rats (manipulation: F(2,15) = 10.31, P < 0.0001). Center locomotion of all groups 

decreased with time. The center locomotion of GK+EC and GK+sham rats was comparable 

during the session. 

The time spent in the center by Wistar+EC rats (Paper II, Fig. 3D) was comparable to 

the time spent in the center by Wistar sham rats (manipulation: F(1,14) = 0.05, P = 0.83). 

Wistar sham rats spent more time in the center compared to controls (F(1,11) = 4.2, P = 0.044). 

The time spent in the center by GK+EC rats (Paper III, Fig. 5D) did not differ between 

GK+EC, GK+sham and GK-intact rats (manipulation: F(2,15) = 0.12, P = 0.89). The time spent 

in the center by all animals significantly decreased with time. 
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Day 2 post-compression.  
 

Following the reductions observed on D1, there were no significant differences in total 

locomotion, vertical activity, center locomotion and time spent in the center between 

compressed, sham and control Wistar rats on D2 post-compression (Paper II, not shown). 

Total locomotion of GK+EC rats (Paper III, not shown) also normalized to control GK-

intact levels, but remained significantly increased during the first 5 min compared to 

GK+sham rats (GK+EC: 506.5 ± 195.1 cm, GK-intact: 436 ± 94.9 cm, GK+sham: 87.2 ± 11.1 

cm; GK+EC vs. GK+sham: p < 0.05; manipulation: F(2,15) = 6.26, P = 0.029). Total locomotion 

decreased with time in all Wistar and GK groups (F(5,80) = 4.69, P = 0.0008). 

Vertical activity of GK+EC rats (Paper III, not shown) was still lower than that of GK-

intact rats and did not significantly differ from that of GK+sham rats (F(2,15) = 11.43, P < 

0.0001). At 5 min, GK+sham rats had significantly lower vertical activity than GK-intact 

controls (17.3 ± 4.2 vs. 57 ± 15.2 counts, p < 0.05) as well as at 10 min of testing (6.8 ± 3.9 

vs. 49.2 ± 12.9 counts, p < 0.01). The vertical activity of the three groups decreased with 

time. 

Center locomotion of compressed GK rats was significantly affected by EC (F(2,15) = 

6.79, P = 0.0018) whereas GK+sham and GK-intact controls had comparable center 

locomotion (Paper III, not shown). At 5 min of testing, a significant difference was detected 

between center locomotion of GK+EC and GK+sham rats (151.1 ± 62.4 and 18.5 ± 8.3 cm, p 

< 0.05). Center locomotion did not significantly vary with time. 

The time spent in the center by GK rats (Paper III, not shown) was significantly affected 

by EC (F(2,15) = 7.44, P = 0.0011). GK+EC rats spent significantly more time in the center at 

10 min compared to GK-intact controls (55.7 ± 25.2 vs. 2.8 ± 1 s, p < 0.05). Similarly to D1, 

GK+sham rats spent a comparable amount of time in the center to that of GK-intact rats on 

D2. The time spent in the center did not significantly vary with time. 

 

Day 3 post-compression. 
 
Total locomotion of compressed Wistar rats (Paper II, Fig. 5A) was significantly 

increased compared to the Wistar sham group (manipulation: F(1,14) = 4.39, P = 0.039). There 

was no significant difference between total locomotion of sham and control Wistar rats 

(manipulation: F(1,11) = 0.01, P = 0.92). Total locomotion of the GK+EC group (Paper III, not 

shown) was significantly increased (manipulation: F(2,15) = 8.23, P = 0.0005). A significant 

difference between GK+EC and GK-intact rats was detected at 20 min (358.7 ± 170.2 vs. 

33.8 ± 26.6 cm, p < 0.05). Total locomotion of all animals decreased throughout the session. 
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Vertical activity of Wistar rats (Paper II, Fig. 5B) was affected by the manipulation (F(1,14) 

= 5.17, P = 0.026) and decreased with time compared to sham Wistar rats. Sham-operation 

did not affect vertical activity of Wistar rats (F(1,11) = 0.51, P = 0.48) and this parameter 

progressively diminished during the session. Vertical activity of GK rats (Paper III, not shown) 

was also affected by the manipulation (F(2,15) = 5.42, P = 0.006), but not by time (F(5,80) = 1.76, 

P = 0.13, interaction n/s). At 20 min of testing, vertical activity of GK+EC rats was 

significantly higher than that of GK-intact rats (59.5 ± 20.8 vs. 5.2 ± 3.2 counts, p < 0.05). 

Center locomotion of Wistar rats (Paper II, Fig. 5C) was not affected by cortical 

compression (manipulation: F(1,14) = 1.53, P = 0.22). Center locomotion was comparable 

between sham-operated and control Wistar rats (manipulation: F(1,11) = 0.14, P = 0.7). Center 

locomotion of GK rats (Paper III, not shown) was influenced by cortical compression 

(manipulation: F(2,15) = 5.97, P = 0.004). At 20 min, center locomotion of GK+EC was 

significantly higher than center locomotion of both GK-intact and GK+sham rats (113.7 ± 81 

vs. 0.2 ± 0.2 and 1.5 ± 1.5 cm, p < 0.05, respectively). Center locomotion of all groups of GK 

and Wistar rats decreased during the session, with the exception of center locomotion of 

compressed GK rats that did not significantly vary with time. 

The time spent in the center by Wistar rats (Paper II, Fig. 5D) was significantly affected 

by cortical compression, which was increased during the entire session (manipulation: F(1,14) 

= 9.83, P = 0.0024, time: F(5,70) = 0.73, P = 0.6). The time spent in the center by Wistar rats 

was unchanged by sham-operation when compared to control values (manipulation: F(1,11) = 

1.49, P = 0.23) and decreased throughout the session (time: F(5,55) = 2.52, P = 0.039). The 

time spent in the center by GK rats (Paper III, not shown) was significantly higher in GK+EC 

rats during the entire session (manipulation: F(2,15) = 8.42, P = 0.0005). 

Hence, and for the first time on D3, GK+sham rats and GK-intact controls exhibited 

comparable total locomotion, vertical activity, center locomotion and time spent in the center. 

 
Day 4 post-compression 
 

There were no significant differences in total locomotion, vertical activity, center 

locomotion and time spent in the center between control and sham Wistar rats (Paper II, not 

shown) as well as between control and sham GK rats when analysing intra-session data on 

D4 post-compression (Paper III, not shown). 
Total locomotion of GK+EC rats (Paper III, not shown) was increased at 5 min of testing 

compared to GK-intact controls (551 ± 101.2 vs. 257.2 ± 109.8 cm, p < 0.05, manipulation: 

F(2,15) = 4.14, P = 0.0193) but was not significantly different from total locomotion of 
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GK+sham rats at this time-point (375 ± 92 cm). A reduction of total locomotion was observed 

in all groups throughout the session (F(5,80) = 10.08, P < 0.0001, interaction n/s). 

Vertical activity of GK rats (Paper III, not shown) was not significantly affected by 

cortical compression on D4 (manipulation: F(2,15) = 2.94, P = 0.059). However, vertical activity 

of GK+EC rats was significantly higher at 5 min compared to GK-intact controls (69.1 ± 10.5 

vs. 25.4 ± 10.2 counts, p < 0.05). Vertical activity of all groups diminished with time. 

Center locomotion of GK rats (Paper III, not shown) was significantly influenced by EC 

(manipulation: F(2,15) = 3.7, P = 0.029). Center locomotion of GK+EC rats was significantly 

higher at 5 min compared to GK-intact controls (133.1 ± 34.2 vs. 42 ± 33.6 cm, p < 0.05). 

Center locomotion of GK+EC and GK+sham rats was comparable throughout the session. 

Center locomotion of all groups decreased with time. 

The time spent in the center was comparable between compressed, sham and intact 

GK rats (Paper III, not shown) during the entire session (manipulation: F(2,15) = 2.87, P = 

0.0623). The time spent in the center decreased with time in all groups. 

 

Day 5 post-compression. 
 

There were no significant differences in total locomotion, vertical activity, center 

locomotion and time spent in the center between control and sham Wistar rats (Paper II), as 

well as between control GK and sham GK rats regarding intra-session analysis (Paper III). 

Total locomotion of GK+EC rats (Paper III, Fig. 5E) was significantly higher at 5 min 

compared to both GK+sham and GK-intact rats (manipulation: F(2,15) = 5.04, P = 0.0086; p < 

0.001 and p < 0.001, respectively). 

Vertical activity (Paper III, Fig. 5F) was unaffected by the manipulation (F(2,15) = 2.81, P 

= 0.066) and significantly decreased over time (F(5,80) = 8.06, P < 0.0001). Vertical activity of 

GK+EC rats was significantly higher in the first 5 min when compared to GK+sham rats (p < 

0.01). 

Center locomotion of the GK+EC group (Paper III, Fig. 5H) was increased at 5 min 

compared to the GK-intact and GK+sham groups (166.9 ± 46 vs. 31.2 ± 20.7 and 55 ± 28.1 

cm, p < 0.001 and p < 0.01, respectively, F(2,15) = 5.14, P = 0.0078). Center locomotion 

decreased with time in all GK groups. 
The time spent in the center by GK+EC rats (Paper III, Fig. 5G) was significantly higher 

than that spent by GK-intact animals at 5 min of activity (F(2,15) = 4.33, P = 0.0016, p < 0.05). 

The time spent in the center by all GK groups decreased during the session. 
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4.3.3.2. Inter-session locomotor activity of Wistar and GK rats 
 

When analyzing inter-session LMA from D1 to D3, total locomotion of compressed 

Wistar rats (Paper II, Fig. 4A), significantly increased from 731.6 ± 157 cm on D1 to 2699.7 ± 

655.7 cm on D3 post-compression (F(2,8) = 6.88, P = 0.006, p < 0.01). Total locomotion of 

sham Wistar rats remained at approximately the same level from D1 (1381.8 ± 292.6 cm) to 

D3 (1589 ± 523 cm), (F(2,3) = 0.17, P = 0.85, Paper II, not shown). Vertical activity of 

compressed Wistar rats (Paper II, Fig. 4B) significantly augmented from 69 ± 18.4 activity 

counts on D1 to 419.9 ± 107.8 activity counts on D3 (F(2,8) = 6.64, P = 0.007, p < 0.01). 

Vertical activity of sham Wistar rats did not significantly vary between D1 (192.6 ± 56.5) and 

D3 (218.8 ± 82.3), (F(2,3) = 3.16, P = 0.91, not shown). Center locomotion of compressed 

Wistar rats (Paper II, Fig. 4C) was significantly increased on D3 (961.7 ± 256.3 cm) when 

compared with D1 (261.7 ± 59.7 cm) (F(2,8) = 5.14, P = 0.017, p < 0.05). Center locomotion of 

sham-operated Wistar rats did not vary significantly between D1 (622.8 ± 131.9 cm) and D3 

(629.8 ± 244.2 cm), (F(2,3) = 0.62, P = 0.563, not shown). The time spent in the center of 

compressed Wistar rats (Paper II, Fig. 4D) significantly augmented from 131.5 ± 40.2 s on 

D2 to 302 ± 53.6 s on D3 (F(2,8) = 5.38, P = 0.015, p < 0.05). Sham Wistar rats spent a 

comparable amount of time in the center from D1 to D3 (191.7 ± 28.2 s and 121.7 ± 45.5 s, 

respectively, F(2,3) = 1.52, P = 0.28). There were no significant differences in total locomotion, 

vertical activity, center locomotion and time spent in the center between control Wistar and 

sham Wistar groups regarding inter-session analysis from D1 to D3 (Paper II, not shown). 

When analysing inter-session LMA of compressed GK rats from D1 to D5 (Paper III, 

Table 3), total locomotion of GK-intact rats significantly decreased with time (F(2,15) = 17.35, 

P < 0.0001, p < 0.001). Mean total locomotion of GK+EC rats increased on D5 but was not 

significantly different from D1. GK+sham rats showed comparable total locomotion between 

D1 and D5. Vertical activity of GK-intact rats significantly decreased from D1 to D5 (F(2,15) = 

10.58, P < 0.0001, p < 0.001). Vertical activity of GK+EC and GK+sham rats was 

comparable between D1 and D5. Center locomotion of GK-intact controls significantly 

diminished on D5 when compared with D1 (F(2,15) = 4.35, P = 0.0049, p < 0.01). Mean center 

locomotion in the GK+EC group was higher on D5 but not significantly different from D1. 

Center locomotion of GK+sham rats on D5 was comparable to D1. The time spent in the 
center by GK-intact, GK+EC and GK+sham rats was comparable between D1 and D5, 

despite increased time spent in the center by GK+EC rats on D1 (F(2,15) = 2.29, P = 0.074, 

n/s). Proportion of center locomotion from total locomotion. From D1 to D5, percentage 

of mean center locomotion from total locomotion slightly decreased in GK-intact rats (from 
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16.6 to 14.2 %), remained elevated in GK+EC rats (from 26.4 to 25.7 %) and strongly 

decreased in GK+sham rats (from 32.5 to 15.7%). 

 

4.3.3.3. Comparison of first exposure LMA of Wistar rats to a novel 
environment on D1, D3 and D6 after extradural compression 

 

Total locomotion of Wistar rats on D1 post-compression (Paper II, Fig. 6A) was 

significantly reduced when compared to Wistar rats tested for the first time on D3 and D6 

post-compression (time post-compression: F(2,32) = 55.76, P < 0.0001). Differences were 

significant at 5 and 10 min of testing when D1 was compared with D3 (p < 0.001 and p < 

0.01, respectively). Total locomotion of Wistar rats on D1 post-compression was markedly 

decreased at 5, 10 and 15 min (p < 0.001) compared with D6. There were no significant 

differences in total locomotion of Wistar rats tested on D3 and D6 post-compression. 

Vertical activity (Paper II, Fig. 6B) was also reduced when compared to the vertical 

activity of compressed Wistar rats tested for the first time on D3 and D6 (time post-

compression: F(2,32) = 55.35, P <0.0001). Wistar rats tested on D3 post-EC exhibited 

significantly more vertical activity at 5, 10, 15 and 25 min of testing (at 5 and 10 min: p < 

0.001, at 15 min: p < 0.01, at 25 min: p< 0.05, respectively). Compressed Wistar rats 

displayed more vertical activity at 5, 10 and 20 min of testing on D6 than on D1 (at 5 and 10 

min: p < 0.001, at 20 min: p< 0.05, respectively). There were no significant differences in the 

vertical activity of compressed Wistar rats tested on D3 and compressed Wistar rats tested 

on D6 post-compression. 

Center locomotion (Paper II Fig. 6C) of Wistar rats on D1 post-EC was decreased when 

compared with other time-points after compression (time post-compression: F(2,32) = 24.13, P 

<0.0001). Center locomotion was significantly higher at 5 and 10 min of testing when D6 was 

compared to D1 (p < 0.001) and at 5 min when D6 was compared with D3 (p < 0.01). There 

were no significant differences between center locomotion of Wistar rats on D1 and D3 post-

compression. 

The time spent in the center (Fig. 6D) did not differ when the various time-points after 

compression were compared (time post-compression: F(2,32) = 1.09, P = 0.34). CTR T was 

significantly increased at 5 min of activity when D1 was compared with D3 (p < 0.05) but not 

when compared with D6. 

Total locomotion, vertical activity, center locomotion and time spent in the center of all 

groups decreased during the session. 
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4.3.3.4. Significance of LMA changes induced by extradural compression 
 

The decreases in vertical activity, total and center locomotion on D1 were expected 

findings in accordance with the hemiparesis provoked by ischemia of the sensorimotor 

cortex. Video recordings showed that EC rats had preserved horizontal and vertical activity 

and their locomotion was still possible, even though these animals limped and avoided to use 

the paretic left fore-limb (Fig. 8). 

 

 
Fig. 8 – Locomotor activity on D1 post-compression. Panel A – contralateral paresis induced by EC provokes a 
limping march and affects predominantly the left fore-limb. Panel B - Despite hemiparesis, both non-diabetic 
Wistar and diabetic GK rats maintain the ability to explore a novel environment in the horizontal and vertical axis 
but cease to explore the locomotor activity boxes at earlier time points than intact and sham-operated controls. 
 

On D1, the hemiparesis induced by ischemia reduced the total distance walked in the 

apparatus (both in the margins and in the center), the amount of vertical activity but not the 

total amount of time the compressed animals spent in the center. 

Video monitoring did not display stereotypic activity affecting LMA following extradural 

compression. The reductions in horizontal and vertical activities, walking distances, etc. were 

therefore not caused by an increase in stereotypic behaviour. Compressed Wistar and GK 

rats ceased the exploration of the LMA boxes earlier than the respective intact control rats as 

shown by reductions in vertical activity, total and center locomotion of compressed Wistar 

and GK rats at 5 and 15 min of testing, respectively. Besides the influence of paresis in LMA 

decline, reductions of these parameters have been documented following post-ictal 

prostration (Prut and Belzung, 2003), and such prostration cannot be excluded from the 

results on D1. The comparison of first exposure LMA at three different time-points after 

cortical compression (D1, D3 and D6, Paper II) excluded the influence of novelty-induced 

stress on the reductions of LMA on D1 (Laviola et al., 2003). Indeed, vertical activity, total 

and center locomotion were significantly higher in the first exposure of compressed rats at 3 

and 6 days post-compression when compared with the first day. It should be emphasized 
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that fear or stress were unlikely to play a role in the dampening of LMA since rats were 

habituated to the testing room for three consecutive days before being subjected to EC – 

unless they had no recollection of this previous experience. Sham-operation of Wistar rats 

caused mild reductions of vertical activity, total and center locomotion at 10 min of activity 

compared to intact Wistar controls, indicating that sham-operations affected LMA, but only on 

D1. On the contrary, sham-operations of GK rats provoked a longer-lasting reduction of LMA 

until D2. This is suggestive that diabetes per se is probably hampering a rapid recovery from 

sham-operation and this transiently affected the behaviour of the diabetic rats.  

Short-term habituation. Both total locomotion and vertical activity decreased during the 

sessions from D1 to D5, indicating that short-term habituation was unchanged in both non-

diabetic Wistar and diabetic GK rats following sensorimotor cortex compression. 

Long-term habituation. In parallel with an improvement of the paresis, significant inter-

session increases of total and center locomotion, vertical activity and time spent in the center 

of compressed Wistar rats were observed from D1 to D3, compared to inter-session 

performance of sham-operated and control Wistar rats. Likewise, GK rats subjected to EC 

showed sustained high levels of locomotion and vertical activity and were exploring the LMA 

boxes longer than the other groups on D5. From D1 to D5, total locomotion, center 

locomotion and vertical activity significantly decreased in the GK-intact group. Despite the 

persistence of beam-walking impairments in GK+EC rats on D5, these animals showed the 

highest levels of LMA. Recovery of preoperative beam-walking performance of GK rats did 

not occur until D6 post-EC while Wistar rats reached control levels on D3 post-EC. Sham-

operated GK rats showed a trend for decreased LMA as shown by reductions in center 

locomotion and time spent in the center despite exhibiting the same levels of total locomotion 

and vertical activity. These findings are consistent with deficient long-term habituation to the 

environment in compressed rats from both strains because the instrumental components of 

behavioural habituation - total locomotion and vertical activity (Cerbone and Sadile, 1994) - 

were significantly increased over time. From D1 to D3 total locomotion and vertical activity 

significantly increased in compressed Wistar rats (Paper II). In GK+EC rats, total locomotion 

showed a tendency to increase and vertical activity remained at the same levels from D1 to 

D5, i.e. these parameters did not decrease following repeated exposures to the environment 

(Paper III). It should be noted that both on D3 and D5, animals should consider the 

environment already familiar. Wistar and GK control rats displayed reduced LMA in 

agreement with the reduced behavioural activation that occurs upon repeated exposures to a 

novel environment (Cerbone and Sadile, 1994, Thiel et al., 1998, Giovannini et al., 2001). 

Further experiments will be necessary to determine the maximum duration of the habituation 

impairment in GK rats. 
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Anxiolytic-like behaviour. The time spent in the center by compressed Wistar rats 

increased from D1 to D3 and similarly, compressed GK rats spent significantly more time in 

the center on D2, D3 and D5 – an absent finding in sham GK rats. On D5, GK+EC rats 

showed the highest proportion of center locomotion from total locomotion (about 25%), while 

GK-intact and GK+sham had lower proportions of center locomotion (around 15%). 

Since rats normally confine to the walls of an open-field during most of the testing 

sessions (Denenberg, 1969, Katz et al., 1981, Cerbone and Sadile, 1994, Prut and Belzung, 

2003), this is suggestive of a long-lasting deficit in the encoding of the environment and not 

anxiolysis, based on the assumption that more time is needed to encode the environment 

(Prut and Belzung, 2003). Decreased anxiety in an open-field has been operationally defined 

as an increase in time spent in the center without modification of total locomotion and vertical 

activity (Prut and Belzung, 2003). In contrast, our results show that the increases in time 

spent in the center and/or center locomotion were coupled either to an increase in total 

locomotion and vertical activity (compressed Wistar rats on D3) or to a persistence of high 

levels of these parameters (compressed GK rats on D5). It is plausible that compressed rats 

needed longer exploration and activity in the boxes to efficiently encode the environment 

(increased locomotion and vertical activity) but had difficulties in assessing its boundaries 

(increased time in the center).  

 

The generation of increased LMA after brain ischemia can be caused by cortical 

disinhibition and a hyper responsive mesolimbic dopaminergic system (Borlongan et al., 

1995). Changes favouring an increase in excitability and a decrease in inhibition in the areas 

surrounding phototrombotic lesions of the sensorimotor cortex of the rat were reported to 

occur between 24 h and 5 days after the induction of the lesion, declining over two months 

(Mittmann et al., 1994, Buchkremer-Ratzmann and Witte, 1997, Arckens et al., 1998). In the 

surviving neurons, this disinhibition can yield an increase in cortical activity through the 

enlargement of neural receptive fields provided that no considerable edema exists (Eysel 

and Schweigart, 1999, Kelly et al., 1999, Braun et al., 2001). Another cause for hyperactivity 

could be an abnormally high excitatory input through the thalamocortical pathway due to a 

disturbance of the normal balance between excitation and inhibition of the pallidothalamic 

pathways (Graybiel et al., 1994, Gerfen CR, 1996, Nakano et al., 2000).  

The generation of a memory spatial deficit upon exposure to a novel environment can be 

caused by hippocampal lesions (see further in section 4.2). Furthermore, lesion studies of 

the hippocampus have shown that the encoding of relatively featureless stimuli (large test 

boxes) was more prone to be disrupted with hippocampal damage when compared to the 

encoding of single, discrete objects, and that this disruption was more severe with repeated 

trials (Cassaday and Rawlins, 1995, Cassaday and Rawlins, 1997). It is possible that the 
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compressed animals were re-exploring the LMA box in every session because of deficient 

recognition of the environmental context. We therefore needed to investigate the histological 

evolution of brain damage following extradural compression of the sensorimotor cortex to find 

evidence of the involvement of these structures in the observed deficits. 
 

4.3.4. Lever-Press Task 

4.3.4.1. Performance in the LPT early after extradural compression (D4 to 
D14)  

 
Performance of the Wistar control group. The average of total lever presses of intact 

Wistar controls (n=6) was 58.6 ± 10.9 from D4 to D6 (Paper I, Fig. 4A). When the position of 

the active lever was changed on D8, the number of total presses increased to 111.5 ± 16.7, a 

2-fold increase compared to the average of D4-D6. The average of active lever presses was 

51.5 ± 10.1 from D4 to D6, 56.7 ± 8.2 on D8, and remained approximately at the same level 

from D9-D14 (Paper I, Fig. 4B). The % errors were low from D4 to D6 (Fig. 4C, 13,5 ± 3.1 

%). On D8, % errors reached 48.7 ± 2 %, that is about 3-fold increase compared to D4-D6. 

Both total lever presses and % errors progressively decreased from D8 to D14. Total 

lever presses reached the level of D4-D6 already on D9 (Fig. 4A, 61.8 ± 9). The decrease in 

% errors was slower, reaching the level of D4-D6 on D12 (Fig. 4C, 14.3 ± 1.2%). 

 

Performance of naïve-to-task compressed Wistar rats. Total, active and % errors of 

anaesthesia-only (n=4) (data not shown) and sham-operated Wistar groups (n=3) (Paper I, 

Fig. 4) did not significantly differ from the intact Wistar group. Therefore, the performance of 

naïve-compressed Wistar rats (n=7) was compared to controls. Both total and active lever 

presses were significantly diminished from D4 to D6 in the naïve-compressed group (Fig. 4A 

and B, F(1,11) = 22.99, P = 0.0006 and F(1,11) = 22.3, P = 0.0006, respectively, *p < 0.05 on D5 

and D6). The averages of total and active lever presses from D4-D6 were 10.2 ± 3.7 and 6.9 

± 3.3, respectively. There were no significant changes in either total or active presses on D8 

and D9 (24.4 ± 8.2 and 11.9 ± 3.9; 23.1 ± 12.9 and 15.4 ± 10.8, respectively) and only from 

D10 these parameters were at the level of the control group. 

The % errors were significantly higher from D4 to D6 when compared to controls (Paper 

I, Fig. 4C, F(1,11) = 84.61, P < 0.0001, ***p < 0.001 on D4 and D5, **p < 0.01 on D6). On D8 

the % errors was still high, but gradually reached the levels of the control group on D12. 

From D8 to D14 there was no difference in % errors between groups (F(1,11) = 1.691, P = 

0.22) and this parameter significantly decreased with time (F(4,48) = 10.33, P < 0.0001). 
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Performance of trained Wistar rats before and after EC (trained-compressed 

group). Performance of trained-compressed Wistar rats (n=9) was compared with the 

performance of the intact Wistar group (n=6). The performance of both groups was similar 

from D4 to D6 (Paper I, Fig. 5, total presses: F(1,13) = 0.362, P = 0.558; active presses: F(1,13) = 

0.037, P = 0.85; % errors: F(1,13) = 3.98, P = 0.0693). 

On D8 and D9 (first and second days after EC) the number of active lever presses was 

lower in the trained-compressed Wistar group (Paper I, Fig. 5B). The reduction in total lever 

pressing in this group was more pronounced compared to intact Wistar controls, but failed to 

reach significance (Paper I, Fig. 5A, D8: 61.6 ± 17 vs. 111.5 ± 16.7 and D9: 47 ± 9.1 vs. 69.2 

± 6.6). 

On D8, no difference in % errors was observed between groups and from D8 to D12, a 

similar reduction in % errors was detected over time (Fig. 5C, manipulation: F(1,13) = 0.275, P 

= 0.609; time: F(4,56) = 3.012, P = 0.026). 

 
Performance on the progressive ratio LPT after EC. Wistar rats trained on a PR 

schedule (n=8) reached a stable performance from D8 to D11 (Fig. 6). The average breaking 

point (maximum number of presses per pellet) was 21.6 ± 2.6. A significant reduction in the 

breaking point was detected on the first day post-EC (Paper I, Fig. 6, 8.1 ± 1.1 on D12 vs. 

23.6 ±3.2 on D11, F(3,28) = 6.47, P = 0.0018, **p < 0.01). A return of the breaking point to pre-

operative values was observed on D3 post-EC (Fig. 6; 23.4 ± 4.1 on D14, **p < 0.01). 

Additionally, on the first day post-compression there was a significant reduction in the 

number of active presses during 1 h on the PR task (regardless of the amount of pellets 

obtained) when compared to the value on D11 (25.1 ± 4.9 on D12 vs. 105.4 ± 18.9 on D11, 

**p < 0.01, not shown). 

 

4.3.4.2. Performance of the LPT two weeks after extradural compression 
 

Performance of compressed and sham-operated Wistar groups. From D17 to D19, 

average of total lever presses was 91.5 ± 8.5 in the compressed Wistar group (n=10) and 85.6 

± 17.2 in the sham-operated Wistar group (n=5) (Paper III, Fig. 6A). When the position of the 

active lever was changed on D21, the number of total presses made by compressed Wistar 

rats increased to 132.5 ± 8.2, a 45% increase compared to the D17-D19 period. The amount 

of total lever-presses made by sham-operated Wistar rats on D21 (85 ± 20) was comparable 
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to the average of D17-D19. From D22 to D25, the amount of total lever-presses continued at 

about the same level in both Wistar groups (Paper III, Fig. 6A). 

The average of active lever-presses from D17 to D19 was 82.4 ± 7.8 in the compressed 

Wistar group, and 76.5 ± 15.7 in the sham Wistar group (Paper III, Fig. 6B). On D21, 

compressed Wistar rats made 81.6 ± 5.7 while sham Wistar rats made 41 ± 15.4 active 

presses. From D22 to D25, the amount of active lever-presses continued at about the same 

level in both groups (Paper III, Fig. 6B). 

The average % errors was low from D17 to D19 in both compressed and sham-operated 

Wistar rats, now around 2.5 weeks post-op (Paper III, Fig. 6C, 9.7 ± 2.6 and 10.7 ± 2.2 %, 

respectively). On D21, % errors was higher in the sham Wistar group (60 ± 10.1 %, nearly a 6-

fold increase compared to D17-D19). Compressed Wistar rats made only 38.7 ± 1.6 % errors, 

that is, a 4-fold increase compared to the average of D17-D19. In both groups, % errors 

gradually decreased from D21 to D25 (Paper III, Fig. 6C). The decrease in % errors reached 

the level of D17-D19 on D23, that is, on the tenth day of testing (Paper III, Fig. 6C, 8 ± 1 % in 

the compressed Wistar group and 12.6 ± 3.8 % in the sham Wistar group, respectively). No 

significant differences were detected in post-hoc tests between sham and compressed Wistar 

rats throughout the testing days. 

 
Performance of compressed and control GK groups. From D17 to D19, both total and 

active lever presses were significantly decreased in the compressed GK group (n=8) (Paper 

III, Fig. 6A and B, F(3,26) = 24.42, P < 0.0001 and F(3,26) = 24.75, P < 0.0001, respectively). 

Mean total presses of compressed GK rats were significantly lower on D17, D18 and D21 

compared to GK-intact controls (n=6) (12.9 vs. 53.5, 9.4 vs. 53.8 and 9.8 vs. 38.3, p < 0.05, 

respectively). Reductions were robust when the performance of compressed GK rats was 

compared to compressed Wistar rats (p < 0.01 on D17, p < 0.001 on D18 and p < 0.001 on 

D19, Paper III, Fig. 6A and B). From D17 to D19, the averages of total and active lever 

presses made by compressed GK rats were low, 9.1 ± 5.1 and 7 ± 4.8, respectively. From D21 

to D25, total and active lever-pressing of compressed GK rats remained decreased, at the 

same level of D17-D19 (Paper III, Fig. 6A and B, F(3,26) = 45.46, P < 0.0001 and F(3,26) = 33.69, 

P < 0.0001, respectively). Total presses were predominantly lower when compared to the 

compressed Wistar group (p < 0.001 on D21, D22 and D23, p < 0.01 on D24 and D25, Paper 

III, Fig. 6A). Total presses also decreased from 47.8 ± 9.2 on D21 to 20.3 ± 7.3 on D25 in the 

GK-intact group. Active presses of GK+EC rats were more significantly reduced when 

compared to the Wistar+EC group (p < 0.01 from D21 to D25, Paper III, Fig. 6B). Active lever-

presses made by control GK rats remained at the same level between D21 and D25. 

The % errors of compressed GK rats were higher from D17 to D19 (Paper III, Fig. 6C, 

F(3,26) = 4.07, P = 0.0175) and significantly augmented from D22 to D25 (F(3,26) = 13.79, P < 
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0.0001; p < 0.05 on D22, p < 0.01 on D24, p < 0.05 on D25 compared to compressed Wistar 

rats, respectively). On D8, % errors in the compressed GK group was higher but not 

significantly different from the Wistar groups. While % errors in the latter groups gradually 

reached the levels of D17-D19 with time (F(7,196) = 20.23, P < 0.0001), this parameter remained 

elevated in the compressed GK group throughout the LPT sessions. 

 

4.3.4.3. Significance of the LPT findings in diabetic and non-diabetic rats 
 

The naïve-to-task compressed Wistar rats were not able to distinguish the correct 

position of the rewarding lever during each session and did not recall the position of the 

rewarding lever from the previous sessions. The reductions in total and active lever pressing 

coupled with an increase in the % errors point to a deficient interpretation of the task. This 

difficulty in the interpretation of the operant paradigm was supported by direct observation of 

the naive subjects’ behaviour in the operative chamber where they did not immediately go to 

the food-tray when the lever-pressing/light-stimulus resulted in the delivery of the pellet. The 

influence of motor paresis on the performance is unlikely to explain the acquisition delay in 

the LPT lasting until D10. Hemiparesis could decrease the frequency of bar pressing, reduce 

the number of reinforced bar presses and slower the rate at which this response is learned. 

But by D4, when the comparison between the different groups commenced, compressed 

Wistar rats had already recovered pre-operative beam-walking performance (see section 

4.1.1.). Thus, hemiparesis cannot entirely explain the acquisition delay in naïve animals. 

Although naïve-to-task compressed Wistar rats had a comparable % errors with sham-

operated and control rats on D8 and D9, their total and active lever pressing was lower. 

Moreover, compressed Wistar rats did not show any increase in total lever pressing on D8, 

as opposed to the increase observed in the control and sham groups. This dissociation could 

be explained by the current value of the reward in each experimental group. Control or sham 

rats had a good previous performance on the task, explored both levers to obtain the reward 

and made errors with no additional effort. In contrast, the task proved to be more difficult for 

naïve-to-task compressed Wistar rats indicating that they were still in the acquisition stage of 

the LPT and needed more trials to establish the correct position of the lever. Performance 

improved only when the task became rewarding (i.e. when more correct choices were made), 

that is, on D10. 

The trained-compressed Wistar rats performed at similar levels as Wistar controls 

when tested in the RL on the first day post-compression (D8). There were also no significant 

differences from the Wistar control group in the % errors, indicating that both short-term and 

reference memory functions were preserved. The good performance in the RL excludes a 
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spatial inattention deficit for the left side of the operant chamber since the food-tray was then 

situated on the left of the RL. It seems that trained-compressed rats developed an early 

compensation for the paresis, i.e. they could still press the levers by using the contralateral 

forelimb or even by nose-poking the lever. 

The testing of well-trained animals on a progressive ratio LPT revealed significant 

reductions in the breaking point and in the number of active presses on the first day post-

compression. In other words, the more demanding the task, the sooner the animals 

abandoned lever pressing. Altogether, the results from our experiments indicate that EC 

decreased the motivation for the LPT at an early stage of brain injury, thus stressing the 

importance of the reward factor in the operant task (Richardson and Roberts, 1996, Stafford 

et al., 1998, Higgins et al., 2002). The higher number of correct choices in the trained group 

in the early post-compression period in opposition to a relative persistence of incorrect 

choices in the naïve compressed animals suggests that, in the latter group, the deficit was 

expanded by a deficient S-R interpretation (Balleine and Dickinson, 1998) which appears to 

persist with time. This suggests that the neural representation of the task is more difficult to 

disrupt at this stage of the procedure; i.e. an already established habit or skill is more difficult 

to disrupt. The results also concur with the observed reduction in total and active lever 

pressing made by trained-compressed rats on D8 and D9 compared to controls. The two-fold 

increase in total lever-presses made by Wistar control rats on D8 reflects the search of the 

new position of the rewarding lever since no changes in active lever pressing were observed. 

The importance of having previous experience with the task is demonstrated by the fact that 

trained-compressed rats performed very close to controls in the acute phase after brain 

injury. It has to be noted that the compression-induced brain lesions did not affect the ability 

of the animals to eat despite lower food intake in the first two days post-EC. Furthermore, 

none of the animals lost more than 10.4% of their preoperative weight indicating that the 

combination of the food deprivation schedule and the EC protocol had only a marginal 

influence on the general health condition of the animals. Therefore, the reduction in the 

number of total lever presses observed in both the naïve- and trained-compressed groups 

immediately after EC was most likely not caused by anorexia. Importantly, the literature 

indicates that early training after focal stroke in food pellet retrieval tasks does not 

exacerbate cortical damage in primates (Nudo et al., 1996, Xerri et al., 1998), making the 

lever-press paradigm a good candidate test for the post-ischemic follow-up period without 

any risk of inducing further neuronal degeneration. 

 

In the LPT experiments performed two weeks after EC, compressed diabetic rats 

made very few total and active lever presses combined with a high % errors. Thus, these 

animals did not learn the task at later time-points of recovery. By D14, all diabetic rats had 
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recovered beam-walking performance excluding motor paresis as a contributor to the 

learning deficit. Compressed Wistar rats tested 14 days after compression made less 

incorrect choices throughout the sessions and progressively adapted to the new position of 

the active lever as shown by the decrease in percentage of errors from D21 to D23. In 

contrast, compressed GK rats performed poorly, making not only fewer lever presses but 

also, more incorrect presses. Compressed Wistar rats exhibited better performance than 

diabetic rats likely because the task was more reinforcing for these animals (Richardson and 

Roberts, 1996, Stafford et al., 1998). 

 

 
 

Fig. 9 – Significance of the LPT experiments early after extradural compression. The selection of relevant 

information from the environment (context), the levels of arousal, intrinsic motivation and decision-making 

(attention) and the integrity of memory, are required for the formation of habits and skills, i.e., behaviours 

automatically triggered upon certain stimulus-response associations, contexts or environments. The 

formation of habits and skills in naïve subjects was disrupted by cortical ischemia, which affected motor and 

sensory functions, as well as short-term and reference memory. In trained subjects, the effect of cortical 

ischemia in already established habits and skills was mild (decrease in total and active lever presses) and 

related to the general motivation to perform the task as suggested by the progressive ratio experiments. 
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Intact, control GK rats showed gradually decreasing lever pressing when the position of 

the active lever was changed on D21 without an increase in % errors. This may reflect the 

presence of preserving behaviour in control GK rats, that is, they kept pressing the previously 

active lever and progressively abandoned the task over time. On the other hand, it has been 

shown that hyperglycemia alone induces memory retention deficits during performance of an 

active avoidance T-maze task (Flood et al., 1990). The observed preserving behaviour in 

control GK rats could thus be related to hyperglycemia, which gradually increases with the 

consumption of food-pellets during the session. Additionally, the extinction of the association 

between lever pressing and food reward due to incorrect lever presses and lack of food-

pellet delivery could account for the decrease in pressing made by compressed GK rats 

(Markou et al., 1993, Siegel and Ramos, 2002).  

 

4.4. Extradural compression induces delayed neurodegeneration in the cortex, 
hippocampus, thalamus and striatum (Papers I, II & III) 
 
In previous studies from our laboratory, cortical compression induced a pattern of multiple 

degeneration as labelled by FJ staining in the cortex, thalamus and hippocampus of 

Sprague-Dawley rats which evolved over time (Kundrotiene et al., 2004a, Kundrotiene et al., 

2004b). It should be noted that lack of FJ staining does not necessarily mean there is no 

damage to the cortex. Tissue that would already be lost by atrophy or tissue cavitation during 

recovery will not be detected by this staining method. For this purpose, stereological 

measurements are preferred methods in assessing variations in infarct or hemispheric size. 

However, we previously demonstrated that impaired neurological function following EC was 

not associated with a major infarction (tissue cavitation) but with a scattered pattern of 

selective neuronal degeneration as detected by Nissl, FJ and TUNEL stainings showing 

overlapping patterns of labelling (Kundrotiene et al., 2004b). Furthermore, rCBF recovery in 

our model occurred shortly (5 min) after reperfusion compared to other reperfusion studies of 

brain injury (see section 4.1). The limited time of hypoperfusion is in agreement with our 

previous observations of a selective pattern of cortical neurodegeneration induced by EC in 

Sprague-Dawley rats (Kundrotiene et al., 2002, Kundrotiene et al., 2004b). . 

The studies in Papers I, II and III included in this thesis revealed a progressive reduction 

in cortical lesion volumes accompanied by a mild degree of subcortical neurodegeneration. 

No detectable FJ staining was detected in sham-operated animals at 2, 5, 7, 10 or 10 days 

post-operatively in brain sections stained in the same conditions as sections from 

compressed rats from both strains (Papers I, II and III). The distribution of neurodegeneration 
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in these brain regions is discussed below in relation to the areas of primary damage and 

areas where delayed neurodegeneration was noted. 

4.4.1. Cortex 
 

The studies in compressed Wistar rats (Papers I and II) revealed FJ-labelling of 

degenerating neurons in the superficial as well as in the deeper cortical layers on D2, relative 

to the piston edges in the primary motor and sensory areas. On D5, astrogliosis and scar 

tissue developed in the degenerating areas with a few FJ-stained cells still present in the 

periphery of the glial scar. By D10, the affected cortical areas were cicatricial. The histology 

of naïve-compressed rats revealed a significant reduction of the size of the cortical damage 

over time in the medial, lateral and caudal areas relative to the piston edges. In the caudal 

region of cortex, where the retrosplenial cortex and the posterior parietal cortex are situated, 

the improvement of the damage was observed as early as D5 (Papers I and II). The 

decrease in cortical damage from D5 to D10 in Wistar rats correlated with a higher amount of 

total and active lever pressing and with a lower % errors in the performance of the lever-

press task (Paper I). The decrease in the size of brain damage was more pronounced in the 

caudal portions of the cortex and paralleled the improvement of LPT performance in naïve-

compressed rats thereby supporting the causative role of lesions in cortical associative areas 

in the observed learning delay. 

The comparison of cortical damage between non-diabetic Wistar and diabetic GK rats 

(Paper III) revealed a significantly higher amount of cortical degeneration on D2 and D7 post-

EC in GK rats. Areas of cortical degeneration were shown to decrease from D2 to D7 in both 

strains. Cortical degeneration was shown to not significantly vary with the distance from the 

midline. Cortical neuronal staining was significantly higher in GK rats both at 2 and 7 days 

post-EC compared to Wistar rats. In both strains, FJ-labelled cortical neurons were mainly 

observed in layers V and VI relative to the piston edges (primary motor and sensory areas, 

RSA and PtA). Additionally, FJ-labelled neurons were observed in the medial entorhinal 

cortex and lamina dissecans of the entorhinal cortex of GK rats on D7, a finding absent in 

Wistar rats at all time-points. The number of FJ-labelled neurons did not significantly vary 

with the distance from the midline but in the GK strain i.e., the further the distance from the 

midline, the higher the damage in GK rats. On D14 post-EC, scar tissue developed in the 

aforementioned cortical areas in both strains and virtually no FJ-stained cells were present in 

its periphery. The areas of scar tissue were significantly larger in GK rats in the more caudal 

regions of the cortex. No FJ staining was present in sham-operated animals of both strains at 

D2, D7 or D14 post-operatively (not shown). 
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From behavioural studies, an important contribution for learning and memory has been 

demonstrated for the more caudal cortical areas such as the retrosplenial cortex, through its 

connections with the hippocampal formation and anterior thalamic nuclei (Aggleton and 

Brown, 1999, Aggleton and Pearce, 2001, Burk and Mair, 2001b, Van der Werf et al., 2003, 

Van Groen and Wyss, 2003). A role in visually guided memory tasks and spatial attention 

has also been proposed due to the relationships of the retrosplenial cortex with the 

laterodorsal thalamic nuclei and visual cortices (Vogt and Miller, 1983, Maeshima et al., 

2001, Mesulam et al., 2001). It appears that lesions in the retrosplenial cortex are more 

prone to affect the acquisition of the lever pressing task, preventing the subsequent 

distribution of task-related information to other processing areas (Aggleton and Pearce, 

2001).  

More relevant in spatial processing and directed attention is the participation of the 

posterior parietal cortex (PPC) (Miller et al., 1996, Corwin JV, 1998). This area was shown to 

be involved in the consolidation and recalling of previous learned facts (Zola-Morgan and 

Squire, 1993). Recently, tracing studies have related the PPC with, among other, the 

dorsocentral striatum (efferent projections) and the laterodorsal and lateroposterior thalamic 

nuclei (afferent projections), suggesting a role of the PPC in multimodal association of visual, 

spatial attentional processes (Cheatwood et al., 2003). Accordingly, these could be sensitive 

to acute ischemic disruption in the naïve but not in the trained subjects, as our results from 

the lever-press task paradigm used in Paper I strongly indicate. 

Functional reorganization of the lesioned cortical areas has been described in association 

with increased cortical activity (Eysel and Schweigart, 1999, Kelly et al., 1999, Braun et al., 

2001) and may already be occurring between D3 and D5, when impaired behavioural 

habituation to a novel environment was observed in Wistar and GK rats, respectively (Papers 

II and III). Increased cortical activity has been found to influence the habituation to the 

environment (Thompson RF, 1966, Cerbone and Sadile, 1994). As stated in section 4.3.3., 

areas surrounding cortical lesions display increased excitability between 24 h and 5 days 

after the induction of the lesion, and can induce increases in LMA (Mittmann et al., 1994, 

Buchkremer-Ratzmann and Witte, 1997, Arckens et al., 1998). Cortical spreading depression 

can also provoke dishabituation to the environment due to disinhibition of subcortical 

structures (Cerbone and Sadile, 1994). 

 

Diabetic rats exhibited more extensive areas of cortical damage and higher numbers of 

degenerating neuronal processes in virtually all brain structures and histological time-points 

(Paper III). Neurodegeneration of the medial entorhinal cortex (MEC), an area previously 

unknown to be affected by EC, was observed exclusively in GK rats on D7 post-EC. This 

finding can be attributed to the larger sensory cortical and hippocampal damage since the 
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MEC has strong interconnections with these brain areas (Burwell and Amaral, 1998, Lavenex 

and Amaral, 2000, Witter et al., 2000). However, no behavioural deficits in the LPT have 

been demonstrated in association to MEC lesions (Gauthier et al., 1983) and unilateral MEC 

lesions do not significantly affect locomotor activity (Fass, 1983). The learning impairment of 

diabetic rats in the LPT can thus be related to the greater neurodegeneration of cortical 

areas such as the retrosplenial and posterior parietal cortices. The overall burden of initial 

damage is more likely to condition the development of further degeneration and, ultimately, 

of severe LPT learning impairments. Similarly, the longer-lasting impairment in behavioural 

habituation of GK rats can be partially explained by a greater burden of neurodegeneration 

but also by peri-lesional excitability during functional recovery and disinhibition of subcortical 

structures (Thompson RF, 1966, Cerbone and Sadile, 1994, Mittmann et al., 1994, 

Buchkremer-Ratzmann and Witte, 1997, Braun et al., 2001). 

In a recent work by McNeill and colleagues, using unilateral primary motor cortex 

ablation, a recovery of the initial number of synapses was demonstrated at 20 days post-

lesion, presumably resulting from reinnervation of the striatal medium spiny neurons by 

axons from the contralateral cortex, with intensive sprouting commencing as early as 2-3 

days after the injury (McNeill et al., 2003). We speculate here that the recovery of the ability 

to learn a lever-press task observed at 2 weeks post-compression in naïve Wistar but not GK 

rats (Paper III) could be a reflection of such a phenomenon: compressed Wistar rats were 

tested when reinnervation could be already occurring and therefore a less severe secondary 

damage ensued, in opposition to GK rats, with a greater degree of overall degeneration and 

potentially less able to benefit from contralateral reinnervation-induced compensation. 

 

4.4.2. Hippocampus 
 

The hippocampus presented the most heterogeneous pattern of FJ staining induced by 

extradural compression. Histological studies in compressed Wistar rats in Papers I and II 

revealed neuronal degeneration in less than half of the animals on D2, namely to the CA2, 

CA3 and dentate gyrus. Around 60% of the rats exhibited FJ-labelled astrocytes in the hilus 

on D2. On D5, four out of nine rats displayed neuronal degeneration in the aforementioned 

areas and, for the first time, in the CA1 region. Seven out of nine rats exhibited FJ-labelled 

astrocytes in the hilus, three of these rats bilaterally and four rats ipsilaterally. On D10 (Paper 

I), three out of seven rats displayed FJ-labelled neurons in the CA1 area, and in two of these 

bilaterally. Six out of seven rats exhibited FJ-labelled astrocytes in the hilus, five of these rats 

bilaterally and one rat ipsilaterally. GFAP-labelling of astrocytes in the hilus was present in 
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most of the animals both on D5 and D10 (13 out of a total of 16) and bilaterally in the majority 

of the cases (8 out of 13). 

Overall, hippocampal damage did not show any trend to vary from D5 to D10 while LPT 

performance improved, even though it correlated with total and active lever-presses as well 

as with % errors from total presses (Paper I). 

In Paper III, hippocampal FJ staining was noted in the majority of rats on D2 (3 out of 4 

Wistar and 4 out of 5 GK rats) and D7 (6 out of 7 rats in both strains) but not on D14 (only 

two out of 8 rats, one per strain), again with a varying distribution of FJ staining when 

individual areas were analysed. For instance, Wistar rats had no FJ-labelling in the CA3 on 

D2, and both the CA1 and CA2 on D7. GK rats displayed more FJ-labelled cells in nearly all 

hippocampal areas and time-points after compression. The only exception was the dentate 

gyrus of Wistar rats, which presented more FJ-labelled neurons on D2. The number of 

degenerating neurons in GK rats doubled from D2 to D7 in the CA1 area and increased 7 

and 9-fold in the CA3 and DG, respectively. The most vulnerable areas were, by decreasing 

order, the dentate gyrus, CA1 and the hilus. Impaired learning of lever pressing by GK rats 

two weeks post-EC is likely explained by the larger cumulative neuronal death observed over 

time in these animals. 

 

It is well established that the hippocampus is one of the most vulnerable areas to 

ischemic insults (Lipton, 1999). The hippocampal formation is also well-known to be involved 

in the signalling of the animal’s location in a given environment (Zola-Morgan and Squire, 

1993, O'Keefe, 1999, Shapiro and Eichenbaum, 1999, Aggleton and Pearce, 2001) and to be 

one of the most vulnerable areas to ischemic and traumatic insults (Lipton, 1999, Geddes et 

al., 2003, Fujimoto et al., 2004). Lesions affecting the CA1 area disrupt the encoding of 

different testing environments (Cassaday and Rawlins, 1995, Cassaday and Rawlins, 1997, 

Aggleton and Brown, 1999, O'Keefe, 1999, Shapiro and Eichenbaum, 1999, Aggleton and 

Pearce, 2001) and distances to surrounding boundaries (O'Keefe and Burgess, 1996). The 

hippocampus has also been shown to be involved in the Lever-Press Task shortly after the 

initial acquisition session whereas a learning-specific activation of several cortical areas such 

as frontal, entorhinal, parietal, and cingulate cortices was shown to occur after a 3h post-

training delay (Roman and Soumireu-Mourat, 1988, Sif et al., 1991). The increased number 

of errors made by naïve-compressed Wistar rats between D4 and D6 (Paper I) and 

compressed GK rats two weeks after EC (D17 to D25) is suggestive of a hippocampal 

dysfunction affecting the spatial memory of the rewarding lever. The experiments of Burk and 

Mair (1998) provide evidence that the recalling of the LPT does not require the hippocampus 

since bilateral hippocampii-lesioned rats with previous training in the levers did not show 

impaired performance either in match or in non-match-to-sample tasks when no delay 
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between stimulus-response (S-R) was present. Rather, the acquisition of a submerged 

platform position in the Morris water maze was shown to be deficient in these rats, which is 

more in accordance to the findings of Papers I and III (Mair et al., 1998). 

However, since the pattern of hippocampal degeneration was heterogeneous and the 

CA1 area was not labelled by FJ in all animals, the hippocampal lesions observed in our 

experiments cannot entirely account for the cognitive impairments in habituation and working 

memory in the LPT (Papers I, II, III). The variability in hippocampal lesions can be attributed 

to 1) the variability in the amount of blood vessel collaterals between Wistar rats (Aspey et 

al., 2000), 2) compression-induced changes in membrane permeability and intracellular 

calcium increases which depend on regional calcium channel densities (Geddes et al., 2003) 

, 3) differential gene expression of growth factor receptors (Torres-Munoz et al., 2004) and 4) 

regional differences in synaptic glutamate removal mediated by reactive astrocytes following 

brain injury (Ridet et al., 1997). The only consistent finding was the labelling of degenerating 

and reactive astrocytes in the hilus, which is in accordance with previous reports (e.g. (Butler 

et al., 2002)). Astrocytic degeneration of the hilii after cortical compression became 

predominantly bilateral over time. The dentate gyrus is known to have a large population of 

NMDA glutamate receptors (Greenamyre et al., 1985), which could account for the 

secondary astrocytic degeneration observed in our studies. Also, mossy cells and inhibitory 

interneurons of the hilus were shown to be particularly vulnerable to excitotoxic insults 

(Sloviter et al., 2003) due to increased permeability to calcium through AMPA receptor 

channels (Geiger et al., 1995). 

The body temperature showed good correlation with the brain temperature during 

compression suggesting that these parameters are not accountable for the histological 

variability. However, influence of other mechanisms such as spreading depression, edema 

and receptor downregulation on acquisition delay in naïve-compressed rats cannot be 

excluded on the basis of the data in the present thesis. 

 

The cholinergic innervation of the hippocampus from the forebrain is involved when the 

animal is exploring a new open-field and is triggered by fear, stress and motor activity (Gray 

and McNaughton, 1983, Izquierdo et al., 1992). This activation takes part in the attentional 

processes that will select the stimuli in both novel and familiar environments that can be of 

relevance (e.g. finding food) (Vinogradova et al., 1993, Orsetti et al., 1996, Thiel et al., 1998, 

Passetti et al., 2000, Giovannini et al., 2001). Acetylcholine (ACh) is known to modulate the 

encoding of novel events by, among other, increasing neuronal basal firing rates and 

facilitating NMDA receptor-dependent synaptic plasticity, and hence, learning (Acquas et al., 

1996, Knight, 1996, Ranganath and Rainer, 2003). In our studies, however, no degeneration 

was detected in the nucleus basalis of Meynert and medial septum of the basal forebrain, the 
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major sources of cholinergic innervation to the hippocampus and basal forebrain. Still, we do 

not exclude that disruption or downregulation of these pathways may occur and contribute to 

the impaired habituation to the environment detected in non-diabetic Wistars (Paper II) and 

diabetic GK rats (Paper III). 

4.4.3. Thalamus 
 

The subcortical degeneration labelled by FJ in the thalamus developed over the course 

of 10 days in agreement with other studies showing delayed thalamic degeneration 

occurring independently from the initial cortical insult (Konno et al., 1989, Iizuka et al., 1990, 

Conti et al., 1998, Matthews et al., 1998). Similarly, active tissue degeneration in the 

thalamus was observed up to several months in patients recovering from cortical stroke 

(Pappata et al., 2000). In our animal model, EC-induced neurodegeneration was found in 

the mediodorsal, lateral and more posterior portions of the thalamus, predominantly on the 

ipsilateral side (Papers I, II and III). In compressed Wistar and GK rats, no FJ staining was 

detected on D2 (Papers I, II and III). On D5, bilateral FJ labelling of axonal and dendritic 

structures was noted in both strains. On D5, the number of FJ-labelled particles in Wistar 

rats was significantly higher on the ipsilateral hemisphere, namely in the caudal portions of 

the latero-posterior and ventral posterior nuclei of the thalamus (Papers I and II), but this 

difference was no longer detected on D10 (Paper I). Additionally, there was a significant 

increase in the number of FJ-stained particles on the more caudal regions of the ipsilateral 

thalamus both on D5 and D10 post-compression. Lesions of the intralaminar nuclei were 

limited to three rats and to D5 post-compression (FJ-labelling of the centromedian nucleus 

in 3 rats, of the paracentral nucleus and centrolateral nucleus in 2 of these subjects). 

Bilateral GFAP-labelling of astroglia was present, but mostly on the ipsilateral thalamus 

(Paper I). Similarly to hippocampal damage, the thalamic degeneration labelled by FJ 

increased from D5 to D10 while lever-press task performance improved. There was no 

correlation between thalamic damage size and % errors in the lever-press task (Paper I). 

In Paper III, the comparison of thalamic damage between Wistar and GK rats revealed a 

pattern of scattered FJ thalamic staining in the mediodorsal, intralaminar, lateral and 

posterior nuclei on D7 in both strains. GK rats, however, displayed a significantly higher 

number of degenerating neurons in the thalamus. Similarly to lesions found in Wistar rats, 

lesions in these structures were discrete and did not comprise the entire thalamic nuclei in 

the GK strain. Total FJ labelling of cell bodies, axons and dendritic structures was 

significantly higher in GK rats on D14 when compared to Wistar rats on D7 and D14. The 

higher degree of subcortical degeneration observed by D14 in GK rats may be a direct 

consequence of the higher amount of cortical damage and of increased excitotoxicity, 

 89



axonal degeneration, target deprivation and apoptosis in the aforementioned structures 

(Conti et al., 1998, Butler et al., 2002, McNeill et al., 2003, Veinante and Deschenes, 2003). 

 

A recent paper by Van Der Werf and colleagues thoroughly reviewed the role of the 

thalamus in the formation of new memories, attention to stimuli and events, and the use of 

memory strategies (Van der Werf et al., 2003). The integrity of the anterior thalamic nuclei, 

together with their interactions with the hippocampus, is crucial for good memory 

performance (Squire et al., 1993, Zola-Morgan and Squire, 1993, Burk and Mair, 1998, Van 

der Werf et al., 2003), but no degeneration of these nuclei was identified with FJ staining. 

Rather, the mediodorsal, lateral and more posterior groups showed signs of bilateral 

degeneration that could be observed up to 14D post-op in both non-diabetic Wistar and 

diabetic GK rats. 

The mediodorsal nuclei are believed to interact with the perirhinal cortex in detecting the 

familiarity of items (Aggleton and Brown, 1999, Aggleton and Pearce, 2001); therefore it is 

likely that the prolonged functional inability to correctly perform the task observed up to D10 

post-ischemia is enhanced by these lesions. Perhaps the animal was re-exploring the 

operant box in every session because of deficient recognition of the environmental context. 

Furthermore, the interconnection of these nuclei with the prefrontal cortex mediates context-

dependent retrieval and manipulation of recently acquired information, with lesions of these 

nuclei evoking pre-frontal lesion-like effects in the memory deficit (Van der Werf et al., 

2003), i.e. problems in decision-making. 

The laterodorsal nuclei, if selectively and completely lesioned, contribute modestly to an 

impairment of spatial learning. They are important in the coding of the position of the head in 

the horizontal plane and have strong interconnections with the retrosplenial cortex and the 

visual system (van Groen et al., 2002, Van Groen and Wyss, 2003). The intralaminar nuclei, 

especially the centrolateral and parafascicular nuclei, have strong interconnections with the 

sensorimotor cortex but, in one of our studies (Paper I), only 3 rats displayed degeneration 

of the central medial nuclei and 2 of these subjects showed degeneration of the centrolateral 

nuclei, only on D5. Lesions of the intralaminar nuclei do not seem to affect simple S-R 

discriminations but rather affect delayed discrimination tasks (Burk and Mair, 1998). 

The more ventral and posterior thalamic nuclei groups that showed FJ labelling (ventral 

posteromedial, lateroposterior nuclei) are more related to motor and sensory modalities. The 

secondary degeneration of the thalamic nuclei can be attributed on one hand to the 

excitotoxicity conveyed through the glutamatergic projections from the lesioned 

sensorimotor cortices, and on the other hand to the subsequent loss of input coming from 

these non-functioning areas. The persistence of thalamic degeneration may contribute to the 

further reduction of cell size and cell number in the cortex through the deafferentiation of the 
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thalamocortical loop, leading to decreased cortical thickness. Conti et al. have ascribed this 

secondary, persistent thalamic damage to be the result of massive apoptotic cell loss 

caused by interruption of neuronal connectivity and loss of trophic factor input that can span 

the entire first month after a lateral fluid percussion lesion (Conti et al., 1998). Despite these 

considerations, we emphasize that the observed lesions were discrete and did not comprise 

the entire volume of each nuclei thus they are unlikely to affect our behavioural results. 

Moreover, deficient detection of the LMA box boundaries due to reduced whisking is unlikely 

since the detection of the limiting walls is still possible using the unaffected ipsilateral 

whiskers. Cortical diaschisis, interindividual differences in the lesion location and functional 

reorganization could be additional factors for intersubject variation in the behavioural output. 

As stated, an effect of the described thalamic lesions in the observed cognitive deficits 

would probably be insignificant. 

4.4.4. Striatum 
 

No FJ staining was detected in the caudate putamen of Wistar and GK rats on D2 

(Papers I, II and III) but, on D5 (Papers I and II) and D7 (Paper III), FJ-labelling was present 

in the dorsomedial and dorsolateral putamen of rats from both strains. On D10, a similar 

distribution of FJ staining was observed in the dorsomedial and dorsolateral putamen of 

Wistar rats, with 50% of Wistar rats showing additional FJ-labelling in the centrolateral 

putamen (Paper I). Hence, neurodegeneration appeared to have evolved in a centripetal 

fashion over time, at least in compressed Wistar rats. On D14 (Paper III), FJ-labelling in both 

diabetic GK and non-diabetic Wistar rats was limited to the callosal fibers surrounding the 

caudate putamen in the same axis of cortical damage with respect to the piston edges, but 

no FJ-labelling was detected within the caudate putamen. 

FJ staining thus revealed ongoing subcortical degeneration over time in the caudate 

putamen, similarly to what was described for the thalamus. One explanation for the delayed 

excitotoxic degeneration found in the striatum on D5 and D10 can reside on the cortical 

glutamatergic input originating from layer III and upper layer V pyramidal neurons that come 

from both sides of the cortex (Gerfen CR, 1996, Thomson and Bannister, 2003). Not only the 

primary motor cortex (M1), an area under direct pressure exerted by the piston, sends 

projections to the dorsolateral quadrant of the striatum as shown by anterograde and 

retrograde tracing studies (McNeill et al., 2003), but also the somatosensory areas are 

known to project most densely to the dorsolateral striatum in banded patterns (Brown et al., 

1998). Furthermore, the primary sensory cortex receives direct ipsilateral cortico-cortical 

projections from pyramidal cells in the layer V of the motor cortex, and these then send 

branches to the callosum and to the caudate putamen (Veinante and Deschenes, 2003). 
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Thus, abundant contributions for glutamate-mediated excitotoxicity in the striatum occur after 

ischemia and are likely to mediate the development of cognitive deficits. 

 

The degeneration of the mediodorsal and laterodorsal caudate putamen in naïve, acutely 

compressed Wistar rats (Paper I) and GK rats tested after two weeks of recovery from EC 

(Paper III) may have caused reduced lever-pressing caused by deficient stimulus-response 

interpretation. The acquisition of a habit ultimately involves a gradual development of specific 

S-R relationships and the striatum has been suggested to play a role in the acquisition of 

habits and certain motor skills (Marsden, 1982, Mishkin M, 1984, Squire et al., 1993, Carelli 

et al., 1997). Caudate putamen lesions are known to impair stimulus-response learning 

(Packard and McGaugh, 1996, Balleine and Dickinson, 1998, Brasted et al., 1998, Rogers et 

al., 2001a, Yin HH, 2004). For example, lesions of the lateral caudate putamen increased the 

number of errors and execution time in a LPT for water reinforcement in rats (Mair et al., 

2002). In contrast, trained-compressed rats performed very close to controls, in accordance 

with a notion that a well-established habit or skill is more difficult to disrupt (Zola-Morgan and 

Squire, 1993, Graybiel et al., 1994, Balleine and Dickinson, 1998). However, since LPT 

performance improved with time (Paper I), it is assumed that neurodegeneration of these 

areas would only affect the performance in the first week after compression. If so, the lesion 

effects in this structure were probably mild. 

Similarly, the striatal lesions induced by EC in our studies were unlikely to have caused 

increased LMA in non-diabetic Wistar rats on D3 (Paper II) and diabetic GK rats up to D5 

(Paper III) because LMA of these animals decreased during the session (short-term 

habituation occurred). If consistently caused by a subcortical lesion, increased LMA would be 

expected to be present throughout the sessions and/or between sessions. Likewise, impaired 

long-term habituation in compressed diabetic rats was observed long before subcortical 

degeneration is observed, which may indicate that the integrity of these structures is not a 

necessary requirement for the development of impaired habituation. 
 

4.4.5. Callosal fibers 
 

Bilateral degeneration of the callosal fibers ssurrounding the caudate putamen in the 

same axis of cortical damage with respect to the piston edges was observed on D2, D5, D7, 

D10 and D14 in compressed Wistar rats (Papers I and III) and on D2, D7 and D14 in 

compressed GK rats (Paper III). The extension of the degeneration of the callosal axons was 

shown to increase with time in both non-diabetic and diabetic rats (Paper III). Direct 

excitotoxic cell death evoked by excessive glutamatergic cortical input along with an ongoing, 
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secondary elimination of callosal processes that eventually lost contact with their 

degenerating targets can account for this delayed deterioration (Koralek and Killackey, 

1990). Another explanation could be that learning or training in, for example, the lever-press 

task can lead to the loss of interhemispheric connectivity between the cortical lesions 

favouring the use of the contralateral hemisphere as a result of a selection pressure (exerted 

either by the motor or visual systems, the latter known to be more strictly lateralized). This 

fits well with studies describing better performance in rats with variable callosal sections 

when acquiring a left-right response discrimination task (Noonan and Axelrod, 1992). 

Furthermore, callosal degeneration extending from the injured to the uncompressed 

hemisphere, together with this ability for compensation, has been shown to increase 

neurotrophin expression in the latter, promoting enhanced plasticity and functional recovery 

(Schallert et al., 2003). 

 

4.5. Changes in antioxidant gene expression in Wistar and GK rats following 
compression-induced ischemia (Paper IV) 

 

The expression analysis of all target genes under study (HO-1, HO-2, BVR, iNOS, SOD-

1, SOD-2, TNFα and Bax) revealed baseline strain differences between gene expression in 

the cortex, but not in the hippocampus. At 48 h of recovery of EC, an increase of the same 

magnitude in ipsilateral gene expression was observed in both brain areas and in both GK 

and Wistar rats. Overall target gene expression analysis is presented first, followed by a 

detailed analysis of the relative mRNA expression of each target gene during normal 

conditions and following cortical ischemia. 

Baseline target gene expression in Wistar and GK rats. In the cortex, comparison of 

baseline gene expression between non-diabetic Wistar and diabetic GK rats (n=4, 

respectively) revealed significant differences in target gene/reference gene (18S) ratios (F(1,7) 

= 10.56, P = 0.0021, Fig. 2A, Paper IV). Sham, uncompressed GK rats displayed significantly 

higher expression of target genes (F(7,1) = 6.775, P < 0.0001). In the hippocampus, however, 

no considerable differences in the expression of the investigated genes were detected 

between strains (F(1,7) = 0.398, P = 0.531, Fig. 2B, Paper IV). The variation in target gene 

expression was not significantly affected by the strain type (F(7,1) = 1.548, P = 0.174). 

Compression-induced gene expression at 48 h of recovery from EC. In the 

ipsilateral, compressed cortex both strains presented significant increases in target gene 

expression (F(7,3) = 61.54, P < 0.0001, Fig. 3A, Paper IV). The increase in ipsi vs. 

contralateral target gene expression was comparable between strains (F(1,9) = 0.067, P = 

0.796). In the hippocampus of both strains, significant increases in target gene expression 
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were detected (F(7,3) = 6.001, P < 0.0001, Fig. 3B, Paper IV). Ipsi vs. contralateral gene 

expression variation was not significantly different between strains (F(1,9) = 1.941, P = 0.168). 

4.5.1. Heme oxygenase-1 and -2 
 

Baseline gene expression. In the ipsilateral cortex of sham GK rats (Fig. 2A, Paper IV), 

HO-1/18S expression ratios were increased in relation to the expression of other antioxidant 

genes such as HO-2 (p < 0.001), BVR (p < 0.001), SOD-1 (p < 0.01) and SOD-2 (p < 0.05). 

There were no significant differences in cortical HO-2/18S expression ratios between strains. 

In the hippocampus (Fig. 2B, Paper IV), no significant differences in relative mRNA 

expression of HO-1 and HO-2 were detected between strains. 

Compression-induced gene expression. In the cortex (Fig. 3A, Paper IV), the HO-

1/18S ipsi vs. contralateral expression ratios were significantly increased to about 7, 8-fold in 

the ipsilateral, compressed cortex of both strains compared to the contralateral, 

uncompressed hemisphere. The degree of increase in ipsilateral HO-1 expression was 

significantly higher compared to all target genes in Wistar and GK rats (HO-2, BVR, iNOS, 

SOD-1 and –2, TNFα and Bax, ###p < 0.001 and ***p < 0.001, respectively, Fig. 3A, Paper 

IV). Relative mRNA expression of cortical HO-2 following EC was similar in both strains. In 

the hippocampus (Fig. 3B, Paper IV), the HO-1/18S ipsi vs. contralateral expression ratios 

were significantly increased to about 1.5 to 2.5-fold in both strains compared to the 

contralateral hippocampus. In the GK group, compression-induced HO-1 expression was 

significantly higher than iNOS (*p < 0.05), SOD-1 (*p < 0.05), SOD-2 (**p < 0.01) and Bax (*p 

< 0.05) but not to BVR and TNFα gene expression. In the Wistar group, ipsilateral HO-1 

expression was significantly increased when compared to HO-2, BVR, iNOS, SOD-1, SOD-2 

and Bax expression (###p < 0.001, respectively) and to TNFα expression (##p < 0.01). There 

were no significant differences in hippocampal HO-2/18S expression ratios between strains. 

 

Among the heme-oxygenases, HO-2 was proposed to be the main effector of free radical 

scavenging in the injured brain (Trakshel and Maines, 1989, Sun et al., 1990, Chang et al., 

2003) due to its more extensive distribution in the brain and expression in neurons (Maines 

et al., 1996a, Ewing and Maines, 1997). However, HO-2 expression levels were not shown to 

vary following brain injury in contrast to strong HO-1 induction in astrocytes and microglia 

following brain trauma, ischemia or hemorrhage (Takeda et al., 1994, Fukuda et al., 1995, 

Geddes et al., 1996, Koistinaho et al., 1996b, Matz et al., 1996, Bergeron et al., 1997, 

Beschorner et al., 2000). Our results indicate that HO-1 could be the major HO enzyme 

involved in antioxidant defense in the hyperglycemic brain. After 48 h of reperfusion, the 

degree of HO-1 up-regulation in the compressed hemisphere was similar for healthy Wistar 
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and diabetic GK rats, i.e. 7.5 to 8.2-fold increase relative to the contralateral, uncompressed 

hemisphere. Among the analysed genes, HO-1 was the most upregulated gene in the 

compressed cortex of both rat strains. We thus hypothesized that (1) permanent 

hyperglycemia may induce HO-1 m RNA expression, (2) HO-1 upregulation may be an 

endogenous response to an increased pro-oxidant state and (3) HO-1 could reflect an overall 

increase in heme degradation due to microvessel abnormalities which are a hallmark of 

diabetes (Tuck et al., 1984, Stansberry et al., 1996). Since GK rats displayed more extensive 

cortical neurodegeneration over time as labelled by FJ staining (Paper III, Figs. 7-9) it is not 

likely that HO-1, up-regulated in a similar fashion in both strains after EC, could play a major 

role in the more severe neurodegeneration observed in the GK rat. Still, further gene 

expression studies at later time-points after compression will be necessary to confirm this 

assumption. In our study, baseline expression of target genes in the hippocampus did not 

significantly differ between strains. This suggests that the hippocampus of GK rats could be 

more resistant to hyperglycemia-induced oxidative stress at 12 weeks of age. Similarly to 

what was found in the cortex, HO-1 was the most upregulated gene in the hippocampus of 

both strains. In Wistar rats, the expression levels of this gene surpassed HO-2, BVR, iNOS, 

SOD-1 and SOD-2 gene expression while in GK rats HO-1 expression was also significantly 

higher than iNOS, SOD-1 and SOD-2 expression, thus reinforcing the importance of HO-1 

activity in response to brain injury. HO-1 induction in astrocytes, microglia and neurons in the 

hippocampus was reported after TBI (Fukuda et al., 1996) and after transient cerebral 

ischemia (Takeda et al., 1994, Geddes et al., 1996, Koistinaho et al., 1996b). However, 

relative HO-1 mRNA expression in the ipsilateral hippocampus of both strains only increased 

0.7 to 1.3-fold. The lower variation in relative gene expression observed in the hippocampus 

can be attributed to: (1) bilateral damage to the hippocampus is observed following EC but is 

predominantly ipsilateral, (2) the hippocampal lesions induced by cortical compression are 

discrete on D2 post-EC compared to cortical lesions, as indicated by FJ-labelling of 

degenerating neurons and astrocytes (Papers I, II and III), and (3) FJ-labelled degeneration 

in the hippocampus was shown to increase on D5, D7 and D10 post-EC, indicating that the 

majority of neuronal death occurring in this structure is delayed and may thus not be 

associated with gene expression changes at 48 h of recovery from EC. 

 

4.5.2. Biliverdin Reductase 
 
Baseline gene expression. In the cortex (Fig. 2A, Paper IV), BVR/18S expression ratios 

were significantly lower (p < 0.05) than iNOS/18S expression ratios in the ipsilateral cortices 
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of sham GK rats (data not shown). There were no significant differences in cortical and 

hippocampal BVR/18S expression ratios between Wistar and GK rats.  

Compression-induced gene expression. In the ipsilateral cortex of compressed GK 

rats (Fig. 3A, Paper IV), BVR/18S expression ratios were significantly lower (p < 0.05) than 

iNOS/18S expression ratios (data not shown). There were no significant differences in 

cortical and hippocampal BVR/18S expression ratios between Wistar and GK rats. In the 

hippocampus of compressed Wistar rats, the BVR/18S ipsi vs. contralateral expression ratios 

were significantly lower than HO-1/18S expression ratios in this strain. 

 

The absence of BVR upregulation following EC may be explained by the fact that this 

enzyme was reported to exist in excess in all tissues, including the brain, preventing the 

accumulation of heme (Singleton and Laster, 1965, Kutty and Maines, 1981, Ewing et al., 

1993). The high levels of BVR may immediately reduce biliverdin to bilirubin and oxidate 

bilirubin back to biliverdin by redox cycling, balancing the availability of both bile pigments 

(Baranano et al., 2002). Following permanent MCA-O in the mouse, increased BVR mRNA 

and protein immunoreactivity was demonstrated within the peri-ischemic surviving neurons of 

the cortex and caudate nucleus at 6 h post-occlusion (Panahian et al., 1999a). Increased 

BVR staining was postulated to represent increased heme-degrading activity generated by 

the heme-oxygenases, known to be highly responsive to oxidative stress in the neurons of 

cortical layers III and V (Ewing et al., 1993, Panahian et al., 1999b). With time (12 to 24 h), 

BVR immunoreactivity in the core and penumbra zones of the cortex progressively 

decreased to about 50% of control due to neuronal loss, while it increased in the penumbra 

zones of the caudate nucleus. In the caudate nucleus, BVR neuronal staining remained 

elevated in both the ischemic penumbra and core regions. There was no ipsi vs. contralateral 

difference in BVR expression between hemispheres and it was suggested that the 

upregulation of BVR gene expression in the peri-ischemic region might compensate for the 

loss of BVR expression in the ischemic core. In our study, relative mRNA expression was 

studied at 48 h post-ischemia and no significant difference was found between hemispheres, 

which may reflect compensation between high expression in the penumbra vs. low 

expression in the core or just reflect absence of changes in BVR expression due to excess 

availability of this enzyme. 

 

4.5.3. Superoxide dismutases –1 and -2 
 

Baseline gene expression. In the cortex (Fig. 2A, Paper IV), relative SOD-1 and SOD-2 

mRNA expression was significantly lower than relative HO-1 mRNA expression in the 

 96



ipsilateral cortices of sham GK rats (p < 0.01 and p < 0.05, respectively). There were no 

significant differences in the variation of cortical and hippocampal SOD-1 and SOD-2 

expression ratios between strains.  

Compression-induced gene expression. In the ipsilateral cortex of compressed GK 

rats (Fig. 3A, Paper IV), relative SOD-1 and SOD-2 mRNA expression was significantly lower 

than relative HO-1 mRNA expression in both strains (SOD-1 and SOD-2: p < 0.001, 

respectively). In the ipsilateral hippocampus of GK rats, relative SOD-1 and SOD-2 mRNA 

expression was significantly lower than HO-1 (SOD-1: p < 0.05; SOD-2: p < 0.01, 

respectively). In the ipsilateral hippocampus of Wistar rats, relative SOD-1 and SOD-2 mRNA 

expression was also significantly lower than relative HO-1 mRNA expression (SOD-1 and 

SOD-2: p < 0.001). There were no significant differences in the variation of cortical and 

hippocampal SOD-1 and SOD-2 expression ratios between strains. 

 

Changes in SOD-1 and –2 mRNA expression 48 h following EC were minimal and were 

of lower magnitude compared to HO-1 expression. The lack of significant changes in the 

expression of superoxide dismutases in our study is in agreement with a recent study by 

Bémeur et al., in which hyperglycemic focal brain ischemia in the rat was shown to increase 

SOD-1 and SOD-2 protein expression but not the mRNA expression of these genes 2.5 h 

after the induction of ischemia (Bemeur et al., 2004). The discrete upregulation of the 

superoxide dismutases indicates that both the cytosolic and mitochondrial compartments do 

not seem to be overloaded with increased oxidative stress generated by superoxide anions 

at 48 h of reperfusion or that regional compensation between non-stressed areas and 

oxidation-challenged areas occurred. 
 

4.6. Changes in pro-inflammatory and pro-apoptotic gene expression in Wistar 
and GK rats following compression-induced ischemia (Paper IV) 

 

4.6.1. iNOS 
 

Baseline gene expression. In the cortex (Fig. 2A, Paper IV), relative iNOS mRNA 

expression was significantly higher than relative HO-2 and BVR mRNA expression in the 

ipsilateral cortices of sham GK rats (p < 0.05, respectively) but not significantly different from 

HO-1 expression. There were no significant differences in the variation of cortical and 

hippocampal iNOS expression ratios between strains.  

Compression-induced gene expression. In the ipsilateral cortex of compressed GK 

rats (Fig. 3A, Paper IV), relative iNOS mRNA expression was significantly lower than relative 
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HO-1 mRNA expression in both strains (p < 0.001, respectively). Expression of iNOS was 

significantly higher than HO-2 (p < 0.01), BVR (p < 0.05), SOD-1 and SOD–2 (p < 0.01, 

respectively, Fig. 3A, Paper IV). In the ipsilateral hippocampus of GK rats, relative iNOS 

mRNA expression was significantly lower than HO-1 expression (p < 0.05). Similarly, relative 

iNOS mRNA expression in the hippocampus of Wistar rats was significantly lower than HO-1 

expression (p < 0.001). There were no significant differences in the variation of cortical and 

hippocampal iNOS expression ratios between strains. 

 

The increased iNOS expression in GK rats under basal conditions may reflect the 

existence of a pro-oxidant, pro-inflammatory state in the brain tissue of these animals due to 

increased formation of nitric oxide and its potential for generating reactive nitrogen species. 

At 48 h of recovery from EC, relative expression of iNOS was 0.7 and 2-fold higher in the 

ipsilateral cortices of Wistar and GK rats, respectively. The ischemia-induced increase in 

iNOS activity may enhance lipid peroxidation of membranes and other cellular compartments 

(Beckman et al., 1990, Beckman and Crow, 1993, Kaur and Halliwell, 1994). Conflicting 

results of iNOS expression after cerebral ischemia in the adult rat exist in the literature. 

Increased iNOS mRNA levels following MCA-O were reported to occur from 12 to 48h post-

ischemia in infiltrating neutrophils and vascular endothelial cells (Iadecola et al., 1996) while 

no iNOS activity was detected at 48 h in another study employing the same ischemia 

protocol (Yoshida et al., 1995). These conflicting results can be explained by the differential 

levels of basal iNOS expression at the time of MCA-O induction which can result in different 

levels of iNOS synthesis (van den Tweel et al., 2005). The lower mRNA expression of iNOS 

in the cortices and hippocampii of both strains may be a consequence of the increased 

activity of HO-1 and the decreased availability of heme required for the synthesis of this 

enzyme. 

4.6.2. TNFα and Bax 
 

Baseline gene expression. In the cortex (Fig. 2A, Paper IV), relative TNFα mRNA 

expression was similar to relative HO-1 mRNA expression in the ipsilateral cortices of sham 

GK rats but significantly higher than Bax mRNA expression (p < 0.001). There were no 

significant differences in the variation of cortical and hippocampal TNFα and Bax expression 

ratios between strains.  

Compression-induced gene expression. In the ipsilateral cortex of compressed GK 

rats (Fig. 3A, Paper IV), relative TNFα and Bax mRNA expression levels were significantly 

lower than relative HO-1 mRNA expression in both strains (p < 0.001, respectively). 

Compression-induced TNFα and Bax expression in the cortex were comparable between 
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strains. In the ipsilateral hippocampus of GK rats, Bax - but not TNFα - relative mRNA 

expression was significantly lower than HO-1 expression (p < 0.05). In the hippocampii of 

Wistar compressed rats, ipsilateral HO-1 expression was significantly increased compared to 

Bax expression (p < 0.001) and to TNFα expression (p < 0.01). Compression-induced TNFα 

and Bax expression levels in the hippocampus were comparable between strains. 
 

Mean TNFα/18S ratios were also higher in GK rats but not significantly different from 

Wistar rats. This also points to the existence of a basal pro-inflammatory state in the brains 

of diabetic rats. Previous studies in naïve streptozocin-induced and BB/W diabetic rats have 

demonstrated higher occurrence of apoptotic cell-death (Li et al., 2002a, Li et al., 2002b, 

Britton et al., 2003, Li et al., 2004a). In Paper IV, we were unable to detect significant 

differences in baseline and compression-induced Bax mRNA expression in the cortex and 

hippocampus of both strains, as well as between strains, indicating that the participation of 

Bax in the mitochondrial pathway of apoptotic cell-death (Hsu et al., 1997, Wolter et al., 

1997, Suzuki et al., 2000) may not contribute to apoptosis in diabetic GK rats. The observed 

trend for higher TNFα mRNA expression in GK rats may however reflect increased activity of 

the TNF-receptor cell-death pathway (Hsu et al., 1996a, Hsu et al., 1996b, Gourin and 

Shackford, 1997, Knoblach and Faden, 1998, Knoblach et al., 1999) but further studies are 

necessary to explain the significance of this finding.  

Following MCA-O in the Sprague-Dawley rat, TNFα was upregulated in the ipsilateral 

hemisphere as early as 1 h, increased to about 5-fold at 6 h, which was still significantly 

higher compared to the contralateral hemisphere at 24 but not at 72 h of reperfusion (Berti et 

al., 2002). These findings may thus explain why no significant differences were detected 

between compressed hemispheres already at 48 h in our study. 

4.7. Heme oxygenase-1 immunohistochemistry 
 

Double-labelling immunohistochemistry at 48 h post-ischemia in Paper IV revealed HO-1 

expression around the primary lesion borders in the cortex of both non-diabetic Wistar and 

diabetic GK rats. Double labelling with HO-1 and GFAP detected HO-1 expression in stellate, 

ramified astrocytes in the vicinity of the cortical lesions induced by extradural compression. 

Consistent HO-1/GFAP co-localization was also detected in reactive astrocytes in layers V 

and VI and pericallosal junction of the cortex in both strains. Scattered, diffuse microglial 

cells labelled by OX-42 were present in the surrounding borders of the cortical lesion below 

the rim of peri-lesional HO-1/GFAP staining but did not show an overlapping pattern with the 

latter. Only a few peri-lesional OX-42+ microglial cells showed co-localization with HO-1 
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staining, exhibiting ramified and round morphology. In the hippocampus, HO-1 co-localized 

with a few Nissl+ interneurons in the hilus in both hemispheres of compressed and sham-

operated GK and Wistar rats. No HO-1/GFAP or HO-1/OX-42 co-localization was detected in 

the hippocampus or thalamus of compressed animals of both strains. Sham-operated 

animals did not display cortical HO-1 immunolabelling. 

 

The expression of HO-1 in peri-lesional astrocytes in our study is in conformity with 

several brain ischemia studies in the rat and transgenic mice (Fukuda et al., 1996, Koistinaho 

et al., 1996b, Matz et al., 1997, Matsuoka et al., 1998). Astrocytes appear to be one of the 

most important sources of HO-1 production at 48 h of reperfusion and to constitute the first 

line of defense around the lesions produced by extradural compression, in agreement with 

some studies of focal brain ischemia in the rat (Takeda et al., 1994, Geddes et al., 1996). 

HO-1 expression in neurons does not seem to be induced at 48 h post-ischemia but, on the 

basis of our present findings, we cannot exclude HO-1 neuronal expression at earlier or later 

time-points. The rare expression of HO-1 by activated microglia further away from the 

borders of the lesion could also be related to heme degrading activity. Activated microglia 

were shown to contain high levels of ferritin, which sequester iron released during HO activity 

during degradation of engulfed hemoproteins (Matsuoka et al., 1998). The peri-lesional area 

was also reported to be an area of increased lipid peroxidation and free radical mediated 

toxicity 24 h after MCA-O in the mouse (Panahian et al., 1999a).  

In the clinical setting, focal brain ischemia was reported to induce more pronounced peri-

lesional HO-1 expression in astrocytes and weaker HO-1 microglial expression within the first 

24 h post-infarction (Beschorner et al., 2000), which is in agreement with the present 

findings. Microglial expression of HO-1 was more commonly associated with traumatic brain 

injury and subarachnoidal hemorrhage (Matz et al., 1996, Mautes et al., 1998, Turner et al., 

1998, Yi and Hazell, 2005) but not exclusively, since microglial expression of HO-1 was also 

reported following focal brain ischemia (Koistinaho et al., 1996b, Bergeron et al., 1997). 

Thus, HO-1 activity can be induced in microglia to breakdown hemoproteins contained in 

foreign engulfed material but are likely to participate in inflammatory response during 

recovery of brain ischemia.  
 

4.8. Clinical significance and future directions 
 

The first two articles included in this dissertation may suggest some reflections in what 

concerns rehabilitation of stroke patients. Exposure to novelty and lack of experience with a 

certain task may accentuate poor performance and decrease the motivation of these patients 
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to perform a variety of daily tasks. Importantly, and as stated in the introduction, good 

recovery of motor function is associated with activation of the ipsilateral-to-lesion unaffected 

brain regions both in brain-injured animals and humans. Our studies are in accordance with 

this notion since animals with more severe ipsilateral lesions induced by EC (as is the case 

of GK rats) displayed the most impaired pattern of recovery, and this was particularly true for 

cognitive deficits. This is in agreement with the notion that, when more areas are damaged, 

recruitment of additional brain regions for compensation is reduced (see section 1.2.2.2.). On 

the contrary, rats subjected to EC compensated more rapidly for motor deficits than for 

cognitive deficits even though motor recovery was slightly delayed in diabetic rats. Hence, 

rehabilitation in familiar environments with familiar tasks may be beneficial for stroke patients 

with cognitive impairments. Clinical rehabilitation of stroke patients should perhaps take into 

account former professional activities or hobbies of these patients. In a broader sense, to 

give a piano to a pianist or a hammer to a carpenter would work as a good strategy. An 

individual approach in the choice of the rehabilitation strategy would thus be adequate to the 

daily life, social interactions and interests of the patient in order to obtain the best benefits 

and quality of life after stroke. 

The third and fourth manuscripts explored the sensitivity of the behavioural and 

histological assays used for the assessment of motor and cognitive deficits in Papers I and II, 

and of neurodegeneration induced by cortical ischemia in the context of diabetes type 2. Not 

only was the validity of these techniques confirmed by the apparent correlation between 

severity of damage and functional impairments, but also mechanisms such as oxidative 

stress, inflammation and heme degradation that may account for the greater degree of 

neurodegeneration observed in diabetic animals, were investigated. In this regard, severe 

hyperglycemia was induced by EC in diabetic rats and gene expression of the heme 

degrading enzyme HO-1 was shown to be induced 48 h after cortical ischemia in both 

diabetic and non-diabetic rats. Moreover, mRNA expression of TNFα and iNOS was 

increased in diabetic rats compared to the expression of other target genes. Presently, some 

clinical trials are assessing the benefits of tight glycemic control and insulin therapy in stroke 

patients (Scott et al., 1999a). The importance of a careful glycemic control is justified by the 

fact that hyperglycemia was shown to modify the effect of thrombolytic therapy and is 

responsible for an increased risk of intracranial hemorrhage (Demchuk et al., 1999, Jaillard 

et al., 1999, Tanne et al., 2002). HO-1 was found to be modulated by metalloporphyrin 

inhibitors of HO activity (Maines, 1981). For instance, the administration of HO inhibitors like 

tin protoporphyrin were able to decrease damage to the hippocampus caused by ischemia, 

hemorrhage or trauma and to reduce brain edema (Kadoya et al., 1995, Panizzon et al., 

1996, Huang et al., 2002). Iron chelators like deferoxamine were also shown to attenuate 

edema following intracranial bleeding (Huang et al., 2002, Nakamura et al., 2004). DP-b99, 
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an iron chelator, is currently under study in a multicenter trial (Ferro and Davalos, 2006). 

Thus, even though it is still under investigation whether HO-1 activity and its products are 

beneficial or detrimental during recovery of focal brain ischemia, the pathways of heme 

degradation may constitute an interesting therapeutical target. In more detail, the work 

compiled in this thesis proposes further experiments as follows. 

Paper I. A question that could be addressed in future experiments would be whether the 

animals in the trained group possessed an increased number of synapses or other 

adaptations that may have masked the functional deficit provoked by cortical ischemia. 

These could include increased dendritic arborization of pyramidal neurons in layer V of the 

contralateral homotopic cortex (Jones and Schallert, 1992, Jones et al., 1999), enhanced 

angiogenesis (Johansson and Ohlsson, 1996) and recovery of the number of synapses that 

can arise from reinnervation of the striatal medium spiny neurons by axons originating from 

the contralateral cortex (McNeill et al., 2003) (see page 86). 

Paper II. Testing habituation to a novel environment in the subacute stages of recovery – 

for example, first exposure to novelty after 1 or 2 weeks post-EC – may provide further 

evidence for the influence of novelty in eliciting cognitive deficits that are not apparent in 

familiar testing conditions. This could be assessed in both strains and correlated with the 

degree of brain injury. 

Paper III. Further studies assessing extinction of lever pressing in GK rats could be an 

interesting development of the LPT experiments. Lever pressing of GK rats decreased over 

time, and progressive ratio experiments may elucidate if the breaking point of these animals 

differs from control Wistar rats. The pharmacological reversal of hyperglycemia and its 

impact on the cognitive performance would also constitute an interesting approach. 

Paper IV. This study would greatly benefit from further gene expression and 

immunohistochemistry studies of brain tissue collected from further time-points after 

reperfusion, in order to establish a temporal profile of induction of HO-1 gene expression in 

our experimental model. 
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5. GENERAL CONCLUSIONS 
 
Diabetic GK rats showed, in contrast to control Wistar rats, pronounced 
hyperglycemia in response to extradural compression and a lower degree of cerebral 
blood flow recovery during reperfusion (Paper III). 
 
Extradural compression provokes a consistent pattern of cortico-subcortical 
degeneration but the hippocampus is not uniformly affected in both Wistar and GK 
rats (Papers I, II and III). 
 
GK rats subjected to extradural compression exhibited more pronounced 
neurodegeneration over time as defined by FJ-labelling in the cortex, hippocampus 
and thalamus (Paper III). 
 
Sensorimotor cortex compression elicited cognitive deficits, which arise 
independently from the motor impairments (Papers I, II and III). Diabetic GK rats 
exhibit longer-lasting motor and cognitive impairments induced by extradural 
compression (Paper III). Subcortical lesions induced by extradural compression do 
not seem to contribute for the observed motor and cognitive impairments while 
lesion-effects from damaged hippocampii may have overlapped in a minority of 
subjects. 
 
The ability to perform an already established habit or skill is less impaired by focal 
brain ischemia than the ability to acquire a new habit or skill (Paper I). 
 
Information processing about the environment is affected by extradural compression 
in both non-diabetic and diabetic rats (Papers II and III). 
 
Three month-old diabetic GK rats show significantly higher mRNA expression of anti-
oxidant and pro-inflammatory genes under basal conditions suggesting that oxidative 
stress and neuroinflammation already developed early in life (Paper IV). 
 
Extradural compression induced a similar pattern of antioxidant, pro-inflammatory 
gene expression in both diabetic and healthy rats, indicating that antioxidant defense 
to a stressor is preserved in the early stages of type 2 diabetes in the GK rat (Paper 
IV). 
 
HO-1 was the main antioxidant gene upregulated in the ipsilateral cortex both in 
diabetic and non-diabetic rats subjected to EC at 48 h of reperfusion and its 
expression was detected mostly in peri-lesional astrocytes (Paper IV). 
 
Heme degradation enzymes may play an important role in antioxidant defense in the 
early stages of recovery from focal brain ischemia (Paper IV). 
 

 

 

 103



 

6. ACKNOWLEDGEMENTS 
Invariably, I have been asked throughout the years why I came to Sweden, considering the 

climatic differences to Portugal. The answer is easy, it’s the people who make the place.  My first visit 
to Sweden was nearly a decade ago (!) when my dear friend Lykke convinced me and Isabel to come 
visit – with a little push from the elective student program organised by the IFMSA (International 
Federation of Medical Students Associations), which brought me to the laboratory of Prof. Liljequist 
and neurology department of Dr. Anna Wägner, the first who introduce me to the complicated world of 
neuroscience. Back then, I also met two people who have had a profound and unforgettable impact on 
my life and career: Gvido and Aleta. The summer of 1997 was sunny and warm, the Water Festival 
still existed and The Cardigans were the ”first band on the moon”. My friend Martin was my chaperone 
in Stockholm and he was the first to introduce me to the Swedish culture (indian food, italian and greek 
restaurants, salsa discos...). The decision to move here was a simple one. 

In Autumn of 1999 I returned to the beautiful city of Stockholm to work in Prof. Liljequist’s lab, 
while my medical colleagues were lying on the beaches of Cuba. They were missing out on the parties 
at Allhuset, Gula Villan, barbeques at Lappis beach, getting a new fifth-hand rental contract in Lappis 
each month, listening to Shakira in the kitchen on repeat… This is when I met Levi, Lisa W. and Per 
W., Maria Lund and so many others who are still close friends today. The romantic ghetto of Lappis 
was also where I met my dear Lisa, years later... 

The work on this doctoral thesis started in January 2002. Since then, the scientific process has 
been an adventure of unpredictable turns. ”For every door that closes, another one opens...strange 
but true”. 

I would like to thank those who contributed to the experimental work in this thesis but also to those 
who have followed me all along. 
 
My supervisor Prof. Sture Liljequist for believing in my capacities and for inviting me to study at his 
research laboratory, for both personal and professional help, for providing excellent lab facilities, for 
allowing my research ideas to become true even at times when they seemed odd. 
 
Head of the Department of Clinical Neuroscience, Prof. Martin Ingvar, for providing good working 
conditions and recommending me for a variety of grants. 
 
Former Head of Department Prof. Arne Öhman for recommending me to the renewal of my fellowship 
every year and for the kind words when introducing me to António Damásio as a student of this 
institution. 
 
Heads of the section of Drug Dependence Research, Prof. Lars Terenius and Associate Prof. Johan 
Franck, for financial support and for providing excellent working facilities. 
 
Prof. Suad Efendic, Prof. Claes-Göran Östenson and Elisabeth Norén-Krog (Dept. Of Molecular 
Medicine and Surgery, KI) for giving me the unique opportunity to work with Goto-Kakizaki rats, 
precious support, valuable comments and collaboration. 
 
Dr. Gvido Cebers, (the Master!), for inspiring me with his genius, for making me an enthusiast in 
neuroscience and research, for teaching me everything theoretical plus the methods in the lab, for the 
orientation and guidance, for the fun and great dinners, the intelligent and acute humor, Monthy 
Phyton, football afternoons, a guitar to play, and for dragging me out of the “swamp” once in a while. I 
would never have done this thesis without you! 
 
Dr. Aleta Cebere, for always keeping a good environment at work, teaching me all kinds of techniques 
and assays, for incredible support, availability, guidance and extensive help, as well as important and 
constructive comments on the manuscripts and thesis. The same goes for you: this is also your thesis! 
 
Dr. Alexander Kosowski, my older brother in the lab, looking out for me in his generous, humane and 
friendly way, for always encouraging me and motivating me to go on, for appreciating Port wine as 
much as I do, for the late-night burgers while writing this book, the contagious warm-hearted 
personality that surely comes from Göteborg and Poland (I know this will make you happy!). 

 104



Dr. In Press Chris Pickering, for the long afternoons in the lab, teaching me statistics, accompanying 
me to Netto in the quest for the cheapest possible frozen food/danish beer, proof-reading my work and 
helping me with the liver-press task, for photography discussions, silly jokes and resurrection from the 
dark side of science. We did it! 
 
Ann-Charlott Swanhagen, always a good company in the lab and ski partner in the slopes of Sölden, 
for excellent dinners and parties, for teaching me how to work with the freaking End Note, for also 
sharing the worse moments of this journey. 
 
Dr. Jurgita Kundrotiené for teaching me how to handle and pet rats, the untold mystical aspects of 
extradural compression (“you have to feel it!”), for funny moments in the lab and for defending this 
animal model in her articles and thesis. Your work was a true saga of biblical proportions. 
 
Dr. Per Holmberg for the advice, welcoming me in a couple of neurology emergency rounds, 
reminding me how good but difficult it is to be a medical doctor, for the best swedish humor and 
interesting neurology and neuroscience discussions. 
 
Prof. Yasmin Hurd, former studierektor, for encouragement and support in the most difficult moments 
of this thesis, for helping me personally and for the excellent suggestions regarding my scientific 
writing. The words are not enough to truly thank you. 
 
Bo “Bomme” Michael Bellander and Britt Mejer (Dept. of Neurosurgery, KI). Bomme for the 
immense clinical and scientific input. Britt for trusting me with the use of the equipment for cerebral 
blood flow measurements.  
 
Associate Prof. Nenad Bogdanovic, Dr. Dorota Religa and Inga Volkmann (Neurotec, Huddinge, 
KI) for helping me in my unrealistic attempts to find beta-amyloid overexpression in our model of 
extradural compression. 
 
Delphi Post for helping me with a variety of administrative issues and bills. 
 
Ann-Christine Larsson for keeping an eye on my money and always helping me to understand how 
research accounts work. 
 
Past and present coworkers, colleagues and friends: Attila de Kóvacs, Ingrid Dahlin, Mehdi Salehi, 
Johanna Sandström, Ewa Maléc, Jenny Häggkvist, Linda Lundström, Luísa V. Lopes, Joana 
Coelho, Alexander “The Great” Kuzmin, Tove Stenbäck, Sara, Maria Stridh, Nitjya, Parissa, 
Joakim, Sabrina. Also mention to Georgy Bakalkin for helping me with administrative issues. 
 
The enormously talented and friendly group leader Dr. Luc Pellerin at the Institut de Physiologie, 
Faculté de Médecine de l’Université de Lausanne, and his co-workers Dr. Karin Pierre (my friend and 
mentor in the supernatural features of IHC), Fumi, Julia and Carlos, for the Lausanne-by-night 
expertise. 
 
Professors Ana Sebastião, Alexandre Ribeiro and Alexandre de Mendonça, for teaching me 
Neuroscience, molding my scientific writing, friendship, constant encouragements and wanting to 
know how my career is developing. 
 
Prof. João Lobo Antunes, Prof. Carlota Saldanha and Prof. Castro-Caldas (Faculty of Medicine, 
University of Lisbon) for giving me knowledge, for believing in my capacities, and for recommending 
me to a FCT scholarship. 
 
Dra. Alba Acabado, Dr. Rui Silva, Dra. Gabriela Vinhas-de-Sousa, Dra. Rita Gomes and Dr. 
Menezes Falcão for shaping me as a medical doctor. To the memory of Prof. Adriano Jordão, a 
friend and great supporter of my decision to come to Sweden and proceed with my post-graduate 
studies. Dr. Pedro Adragão for the career advice, reality check and cardiology support. 
 
FCT: Dr. Ana Rocha for her friendship and vital reminders when deadlines approached and papers 
were missing. Fundação Gulbenkian: Dra. Teresa Burnay and Dra. Ana Maria Monteiro for also 
helping me with administrative issues. 

 105



The multicultural, creative, intelligent, extremely generous and virtually mediterranean Holm family: 
Kjell, Ingrid, Lisa, Rikard, Elin and Peter, with whom I so much appreciate sharing my friendship, 
cultural events, parties, football discussions, vacations and much more! 
 
Isabel and Nuno Dias (and the newborn André!), my good old friends and compagnons-de-route in 
Malmö, their parents and relatives, for always receiving me for formal ceremonies or just for partying 
(e.g. Lundakarnevalen). 
My friends Martin, Elisabet, Filip and Ingrid Jädersten, Björn, Kristina, Jon and family, 
Lykke and Thierry, Sebastian and Charlotte Tamm, Klara och Joakim, På. 
The portuguese friends and colleagues in Stockholm: João Cabral, Levi (o Faraó) e Catrin, Gonçalo 
e Anna Castelo-Branco, Vasquinho, Quintó, Orlando, Ricardo, Moreno, Jorge Ruas, Hélder, 
Kyle, Teresa, Ana, Mónica Marta, Diogo, Patrícia Ferreira, Luís, Vítor Sá Pereira, Andreia e 
Pedro, Rita de Uppsala, Vítor, João Beça, Ricardo e Paulo. Levi, és o maior!! Precisava de uma 
página inteira para explicar porque és de facto o Faraó, a sabedoria, a calma, o know-how, o nível, a 
cultura, os ensinamentos completos sobre a experiência escandinava. Ainda por cima és do Sporting! 
Só podias ser. My dear friends Anders and Lisette, for so many dinners, our birthday parties 
together, good luck for Milano! We will keep in touch! The polish armada: Gosia, Joanna K. (and 
Steve!), Magda and Bartosz (and the 17th of July surprise!), Ola, Dorota and Piotr. Special thanks to 
the former portuguese embassador in Stockholm, João Pedro Zanatti for often inviting the 
portuguese students. 
 
Os Veteranos: Cordeiro, Eloy, Petrof, Va e Vasco; Carlos Arede (pristnupi staniče: Prag!), Tiago 
Praxedes, João Carlos e Rita Abril, João Gabriel e Sofia Mouro, Carlucci, as Anas Nunes e 
Barros, Catarina D’Orey, Rita Cravo, Rita Sousa, Elsa Baião, Luís Pimenta for the unbreakable 
friendship after four and a half years abroad. 
 
My dear Lisa, for the passionate love, all the adventure and excitement, everything that makes it 
special and never boring, the everlasting now, for taking me out of my ”fortress walls” more and more, 
for reminding me how life is beautiful, for shaping me up as a person when I thought the job was 
already done. For encouraging me to rebel and not keep quiet. For always provoking me and making 
me express my feelings, and to activate my distracted brain (still occupied with some experiments or 
simply…asleep?) with interesting discussions, sometimes until the break of dawn. Sorry for messing 
with your sleeping patterns the last 3 months! (and not cleaning the apartment, by the way). For filling 
me with humanity again and making me laugh…You have made these last two years, besides our very 
peculiar rollercoaster of love, incredibly wonderful! Unforgettable: att skåla in those panoramic stairs in 
Fribourg (and that week!), the dinners in Lausanne, the “surprise” at the hotel in Paris (and at the 
restaurant “le bistrô des deux théatres”…), the pubs of London and the surreal job quest in 
Cambridge, the way we think about our friendships, the trips to Dalarna with Ingrid and your siblings, 
mamma Ingrid´s renskav, the mending up at Mariatorget, the tears at the ball followed by the car trip 
with the Belgians to Geneva airport at 4:00 AM, the generosity of Kjell, your face on the day you 
landed in Lisboa and met my parents directly, the time when you met Strauss, my loyal dog despite 
the occasional bites…This thesis – and my life – does not mean the same without you! 
 
Aos meus pais Sylvio e Tina, pelo amor infindável, apoio constante, pela crítica construtiva, por 
terem sempre acreditado em mim e incentivado os meus estudos, pelas saudades constantes, pela 
preocupação, telefonemas...Foi difícil partir e é mais difícil ainda sentir a distância todos os dias e a 
incapacidade de não estar aí do vosso lado, mas vocês sabem o quanto vos amo...beijinhos e 
abraços! To the memory of my grandparents, especially my grandfather José Mendes Moreira who 
always stimulated my creativity, fascinated me with history, politics, sociology, ethnology... with 
knowledge itself! Esta é a tua mensagem, avô! 
 
This work was supported by F.C.T. – Fundação para a Ciência e Tecnologia, Portugal (2002/05, 
European Social Fund, QCA III), the Swedish Medical Research Council (projects n. 00034, 7688 and 
15052), The Sigurd and Elsa Golje´s Memorial Funds (2002/03), the Swedish Diabetes Association 
and the Novo Nordisk Foundation (2004-/06), Fundação Calouste Gulbenkian, Portugal (2006), the 
Department of Clinical Neuroscience (2006) and funds from Karolinska Institutet (2002/06). 

 106



7. REFERENCES 
 
Abu-Lebdeh, H. S., Hodge, D. O. and Nguyen, T. T., 2001. Predictors of macrovascular disease in patients with 

type 2 diabetes mellitus. Mayo Clin Proc. 76, 707-712. 
Acquas, E., Wilson, C. and Fibiger, H. C., 1996. Conditioned and unconditioned stimuli increase frontal cortical 

and hippocampal acetylcholine release: effects of novelty, habituation, and fear. J Neurosci. 16, 3089-
3096. 

Agardh, C. D., Agardh, E., Qian, Y. and Hultberg, B., 1998. Glutathione levels are reduced in diabetic rat retina 
but are not influenced by ischemia followed by recirculation. Metabolism. 47, 269-272. 

Agardh, C. D., Agardh, E., Zhang, H. and Ostenson, C. G., 1997. Altered endothelial/pericyte ratio in Goto-
Kakizaki rat retina. J Diabetes Complications. 11, 158-162. 

Aggleton, J. P. and Brown, M. W., 1999. Episodic memory, amnesia, and the hippocampal-anterior thalamic axis. 
Behav Brain Sci. 22, 425-444; discussion 444-489. 

Aggleton, J. P. and Pearce, J. M., 2001. Neural systems underlying episodic memory: insights from animal 
research. Philos Trans R Soc Lond B Biol Sci. 356, 1467-1482. 

Akulinin, V. A., Stepanov, S. S., Semchenko, V. V. and Belichenko, P. V., 1997. Dendritic changes of the 
pyramidal neurons in layer V of sensory-motor cortex of the rat brain during the postresuscitation period. 
Resuscitation. 35, 157-164. 

Albers, G. W., Clark, W. M., Madden, K. P. and Hamilton, S. A., 2002. ATLANTIS trial: results for patients treated 
within 3 hours of stroke onset. Alteplase Thrombolysis for Acute Noninterventional Therapy in Ischemic 
Stroke. Stroke. 33, 493-495. 

Anderson, K. J., Miller, K. M., Fugaccia, I. and Scheff, S. W., 2005. Regional distribution of fluoro-jade B staining 
in the hippocampus following traumatic brain injury. Exp Neurol. 193, 125-130. 

Andersson, B., Bjelke, B. and Sykova, E., 2005. Temporal profile of ultrastructural changes in cortical neurones 
after a compression lesion. Physiol Res. 

Applegate, L. A., Luscher, P. and Tyrrell, R. M., 1991. Induction of heme oxygenase: a general response to 
oxidant stress in cultured mammalian cells. Cancer Res. 51, 974-978. 

Arckens, L., Eysel, U. T., Vanderhaeghen, J. J., Orban, G. A. and Vandesande, F., 1998. Effect of sensory 
deafferentation on the GABAergic circuitry of the adult cat visual system. Neuroscience. 83, 381-391. 

Aronson, S. M., 1973. Intracranial vascular lesions in patients with diabetes mellitus. J Neuropathol Exp Neurol. 
32, 183-196. 

Arvanitakis, Z., Wilson, R. S., Bienias, J. L., Evans, D. A. and Bennett, D. A., 2004. Diabetes mellitus and risk of 
Alzheimer disease and decline in cognitive function. Arch Neurol. 61, 661-666. 

Aspey, B. S., Taylor, F. L., Terruli, M. and Harrison, M. J., 2000. Temporary middle cerebral artery occlusion in 
the rat: consistent protocol for a model of stroke and reperfusion. Neuropathol Appl Neurobiol. 26, 232-
242. 

Asplund, K., Hagg, E., Helmers, C., Lithner, F., Strand, T. and Wester, P. O., 1980. The natural history of stroke 
in diabetic patients. Acta Med Scand. 207, 417-424. 

Atlante, A., Calissano, P., Bobba, A., Giannattasio, S., Marra, E. and Passarella, S., 2001. Glutamate 
neurotoxicity, oxidative stress and mitochondria. FEBS Lett. 497, 1-5. 

Auer, R. N., 1998. Insulin, blood glucose levels, and ischemic brain damage. Neurology. 51, S39-43. 
Baird, T. A., Parsons, M. W., Phanh, T., Butcher, K. S., Desmond, P. M., Tress, B. M., Colman, P. G., Chambers, 

B. R. and Davis, S. M., 2003. Persistent poststroke hyperglycemia is independently associated with 
infarct expansion and worse clinical outcome. Stroke. 34, 2208-2214. 

Baldwin, A. E., Sadeghian, K. and Kelley, A. E., 2002. Appetitive instrumental learning requires coincident 
activation of NMDA and dopamine D1 receptors within the medial prefrontal cortex. J Neurosci. 22, 
1063-1071. 

Ballard, C., Rowan, E., Stephens, S., Kalaria, R. and Kenny, R. A., 2003. Prospective follow-up study between 3 
and 15 months after stroke: improvements and decline in cognitive function among dementia-free stroke 
survivors >75 years of age. Stroke. 34, 2440-2444. 

Balleine, B. W. and Dickinson, A., 1998. Goal-directed instrumental action: contingency and incentive learning 
and their cortical substrates. Neuropharmacology. 37, 407-419. 

Baranano, D. E., Rao, M., Ferris, C. D. and Snyder, S. H., 2002. Biliverdin reductase: a major physiologic 
cytoprotectant. Proc Natl Acad Sci U S A. 99, 16093-16098. 

Baranano, D. E. and Snyder, S. H., 2001. Neural roles for heme oxygenase: contrasts to nitric oxide synthase. 
Proc Natl Acad Sci U S A. 98, 10996-11002. 

Barba, R., Martinez-Espinosa, S., Rodriguez-Garcia, E., Pondal, M., Vivancos, J. and Del Ser, T., 2000. 
Poststroke dementia : clinical features and risk factors. Stroke. 31, 1494-1501. 

Barone, F. C., Hillegass, L. M., Price, W. J., White, R. F., Lee, E. V., Feuerstein, G. Z., Sarau, H. M., Clark, R. K. 
and Griswold, D. E., 1991. Polymorphonuclear leukocyte infiltration into cerebral focal ischemic tissue: 
myeloperoxidase activity assay and histologic verification. J Neurosci Res. 29, 336-345. 

Barrett-Connor, E. and Khaw, K. T., 1988. Diabetes mellitus: an independent risk factor for stroke? Am J 
Epidemiol. 128, 116-123. 

Barskov, I. V. and Viktorov, I. V., 1994. [Local compression infarction of the rat cerebral cortex as an experimental 
model of focal ischemia]. Patol Fiziol Eksp Ter, 57-59. 

 107



Beck, K. F., Eberhardt, W., Frank, S., Huwiler, A., Messmer, U. K., Muhl, H. and Pfeilschifter, J., 1999. Inducible 
NO synthase: role in cellular signalling. J Exp Biol. 202, 645-653. 

Beckman, J. S., Beckman, T. W., Chen, J., Marshall, P. A. and Freeman, B. A., 1990. Apparent hydroxyl radical 
production by peroxynitrite: implications for endothelial injury from nitric oxide and superoxide. Proc Natl 
Acad Sci U S A. 87, 1620-1624. 

Beckman, J. S. and Crow, J. P., 1993. Pathological implications of nitric oxide, superoxide and peroxynitrite 
formation. Biochem Soc Trans. 21, 330-334. 

Belayev, L., Alonso, O. F., Busto, R., Zhao, W. and Ginsberg, M. D., 1996. Middle cerebral artery occlusion in the 
rat by intraluminal suture. Neurological and pathological evaluation of an improved model. Stroke. 27, 
1616-1622; discussion 1623. 

Bell, D. S., 1994. Stroke in the diabetic patient. Diabetes Care. 17, 213-219. 
Bemeur, C., Ste-Marie, L., Desjardins, P., Butterworth, R. F., Vachon, L., Montgomery, J. and Hazell, A. S., 2004. 

Expression of superoxide dismutase in hyperglycemic focal cerebral ischemia in the rat. Neurochem Int. 
45, 1167-1174. 

Benkovic, S. A., O'Callaghan, J. P. and Miller, D. B., 2004. Sensitive indicators of injury reveal hippocampal 
damage in C57BL/6J mice treated with kainic acid in the absence of tonic-clonic seizures. Brain Res. 
1024, 59-76. 

Berger, L. and Hakim, A. M., 1986. The association of hyperglycemia with cerebral edema in stroke. Stroke. 17, 
865-871. 

Bergeron, M., Ferriero, D. M., Vreman, H. J., Stevenson, D. K. and Sharp, F. R., 1997. Hypoxia-ischemia, but not 
hypoxia alone, induces the expression of heme oxygenase-1 (HSP32) in newborn rat brain. J Cereb 
Blood Flow Metab. 17, 647-658. 

Berman, R. F., Verweij, B. H. and Muizelaar, J. P., 2000. Neurobehavioral protection by the neuronal calcium 
channel blocker ziconotide in a model of traumatic diffuse brain injury in rats. J Neurosurg. 93, 821-828. 

Bernaudin, M., Nouvelot, A., MacKenzie, E. T. and Petit, E., 1998. Selective neuronal vulnerability and specific 
glial reactions in hippocampal and neocortical organotypic cultures submitted to ischemia. Exp Neurol. 
150, 30-39. 

Berti, R., Williams, A. J., Moffett, J. R., Hale, S. L., Velarde, L. C., Elliott, P. J., Yao, C., Dave, J. R. and Tortella, 
F. C., 2002. Quantitative real-time RT-PCR analysis of inflammatory gene expression associated with 
ischemia-reperfusion brain injury. J Cereb Blood Flow Metab. 22, 1068-1079. 

Beschorner, R., Adjodah, D., Schwab, J. M., Mittelbronn, M., Pedal, I., Mattern, R., Schluesener, H. J. and 
Meyermann, R., 2000. Long-term expression of heme oxygenase-1 (HO-1, HSP-32) following focal 
cerebral infarctions and traumatic brain injury in humans. Acta Neuropathol (Berl). 100, 377-384. 

Bhasin, R. R., Xi, G., Hua, Y., Keep, R. F. and Hoff, J. T., 2002. Experimental intracerebral hemorrhage: effect of 
lysed erythrocytes on brain edema and blood-brain barrier permeability. Acta Neurochir Suppl. 81, 249-
251. 

Biessels, G. J., Kamal, A., Ramakers, G. M., Urban, I. J., Spruijt, B. M., Erkelens, D. W. and Gispen, W. H., 1996. 
Place learning and hippocampal synaptic plasticity in streptozotocin-induced diabetic rats. Diabetes. 45, 
1259-1266. 

Binkofski, F., Seitz, R. J., Arnold, S., Classen, J., Benecke, R. and Freund, H. J., 1996. Thalamic metbolism and 
corticospinal tract integrity determine motor recovery in stroke. Ann Neurol. 39, 460-470. 

Binkofski, F., Seitz, R. J., Hacklander, T., Pawelec, D., Mau, J. and Freund, H. J., 2001. Recovery of motor 
functions following hemiparetic stroke: a clinical and magnetic resonance-morphometric study. 
Cerebrovasc Dis. 11, 273-281. 

Bjorklund, H., Olson, L., Dahl, D. and Schwarcz, R., 1986. Short- and long-term consequences of intracranial 
injections of the excitotoxin, quinolinic acid, as evidenced by GFA immunohistochemistry of astrocytes. 
Brain Res. 371, 267-277. 

Boje, K. M. and Arora, P. K., 1992. Microglial-produced nitric oxide and reactive nitrogen oxides mediate neuronal 
cell death. Brain Res. 587, 250-256. 

Borlongan, C. V., Martinez, R., Shytle, R. D., Freeman, T. B., Cahill, D. W. and Sanberg, P. R., 1995. Striatal 
dopamine-mediated motor behavior is altered following occlusion of the middle cerebral artery. 
Pharmacol Biochem Behav. 52, 225-229. 

Boulanger, M., Beert, L., Duhault, J. and Marquie, G., 1983. [Appearance and metabolic development of diabetes 
mellitus in the sand rat, Psammomys obesus]. C R Seances Soc Biol Fil. 177, 436-444. 

Boveris, A. and Chance, B., 1973. The mitochondrial generation of hydrogen peroxide. General properties and 
effect of hyperbaric oxygen. Biochem J. 134, 707-716. 

Bramlett, H. M. and Dietrich, W. D., 2004. Pathophysiology of cerebral ischemia and brain trauma: similarities and 
differences. J Cereb Blood Flow Metab. 24, 133-150. 

Bramlett, H. M., Dietrich, W. D., Green, E. J. and Busto, R., 1997. Chronic histopathological consequences of 
fluid-percussion brain injury in rats: effects of post-traumatic hypothermia. Acta Neuropathol (Berl). 93, 
190-199. 

Brasted, P. J., Dobrossy, M. D., Robbins, T. W. and Dunnett, S. B., 1998. Striatal lesions produce distinctive 
impairments in reaction time performance in two different operant chambers. Brain Res Bull. 46, 487-
493. 

Braun, C., Weber, J., Schiefer, U., Skalej, M. and Dietrich, T., 2001. Hyperexcitatory activity in visual cortex in 
homonymous hemianopia after stroke. Clin Neurophysiol. 112, 336-343. 

 108



Bredt, D. S., Glatt, C. E., Hwang, P. M., Fotuhi, M., Dawson, T. M. and Snyder, S. H., 1991. Nitric oxide synthase 
protein and mRNA are discretely localized in neuronal populations of the mammalian CNS together with 
NADPH diaphorase. Neuron. 7, 615-624. 

Bredt, D. S., Hwang, P. M. and Snyder, S. H., 1990. Localization of nitric oxide synthase indicating a neural role 
for nitric oxide. Nature. 347, 768-770. 

Britton, M., Rafols, J., Alousi, S. and Dunbar, J. C., 2003. The effects of middle cerebral artery occlusion on 
central nervous system apoptotic events in normal and diabetic rats. Int J Exp Diabesity Res. 4, 13-20. 

Brown, L. L., Smith, D. M. and Goldbloom, L. M., 1998. Organizing principles of cortical integration in the rat 
neostriatum: corticostriate map of the body surface is an ordered lattice of curved laminae and radial 
points. J Comp Neurol. 392, 468-488. 

Brownlee, M., 2001. Biochemistry and molecular cell biology of diabetic complications. Nature. 414, 813-820. 
Bruce, A. J., Boling, W., Kindy, M. S., Peschon, J., Kraemer, P. J., Carpenter, M. K., Holtsberg, F. W. and 

Mattson, M. P., 1996. Altered neuronal and microglial responses to excitotoxic and ischemic brain injury 
in mice lacking TNF receptors. Nat Med. 2, 788-794. 

Bruno, A., Levine, S. R., Frankel, M. R., Brott, T. G., Lin, Y., Tilley, B. C., Lyden, P. D., Broderick, J. P., 
Kwiatkowski, T. G. and Fineberg, S. E., 2002. Admission glucose level and clinical outcomes in the 
NINDS rt-PA Stroke Trial. Neurology. 59, 669-674. 

Bruno, A., Williams, L. S. and Kent, T. A., 2004. How important is hyperglycemia during acute brain infarction? 
Neurologist. 10, 195-200. 

Buchkremer-Ratzmann, I. and Witte, O. W., 1997. Extended brain disinhibition following small photothrombotic 
lesions in rat frontal cortex. Neuroreport. 8, 519-522. 

Buisson, A., Plotkine, M. and Boulu, R. G., 1992. The neuroprotective effect of a nitric oxide inhibitor in a rat 
model of focal cerebral ischaemia. Br J Pharmacol. 106, 766-767. 

Burk, J. A. and Mair, R. G., 1998. Thalamic amnesia reconsidered: excitotoxic lesions of the intralaminar nuclei, 
but not the mediodorsal nucleus, disrupt place delayed matching-to-sample performance in rats (Rattus 
norvegicus). Behav Neurosci. 112, 54-67. 

Burk, J. A. and Mair, R. G., 2001a. Effects of dorsal and ventral striatal lesions on delayed matching trained with 
retractable levers. Behav Brain Res. 122, 67-78. 

Burk, J. A. and Mair, R. G., 2001b. Effects of intralaminar thalamic lesions on sensory attention and motor 
intention in the rat: a comparison with lesions involving frontal cortex and hippocampus. Behav Brain 
Res. 123, 49-63. 

Burwell, R. D. and Amaral, D. G., 1998. Cortical afferents of the perirhinal, postrhinal, and entorhinal cortices of 
the rat. J Comp Neurol. 398, 179-205. 

Butler, L., Guberski, D. L. and Like, A. A., 1983. Genetic analysis of the BB/W diabetic rat. Can J Genet Cytol. 25, 
7-15. 

Butler, T. L., Kassed, C. A., Sanberg, P. R., Willing, A. E. and Pennypacker, K. R., 2002. Neurodegeneration in 
the rat hippocampus and striatum after middle cerebral artery occlusion. Brain Res. 929, 252-260. 

Buttini, M., Appel, K., Sauter, A., Gebicke-Haerter, P. J. and Boddeke, H. W., 1996. Expression of tumor necrosis 
factor alpha after focal cerebral ischaemia in the rat. Neuroscience. 71, 1-16. 

Buytendijk, F. J. J., 1932. An experimental investigation 
into the influence of cortical lesions on the behaviour of rats. Arch Neerl Physiol Homme Anim. 17, 370–434. 
Calabrese, V., Scapagnini, G., Giuffrida Stella, A. M., Bates, T. E. and Clark, J. B., 2001. Mitochondrial 

involvement in brain function and dysfunction: relevance to aging, neurodegenerative disorders and 
longevity. Neurochem Res. 26, 739-764. 

Calautti, C. and Baron, J. C., 2003. Functional neuroimaging studies of motor recovery after stroke in adults: a 
review. Stroke. 34, 1553-1566. 

Cambon, H., Derouesne, C., Yelnik, A., Duyckaerts, C. and Hauw, J. J., 1991. [Effect of diabetes mellitus and 
blood glucose on the size of cerebral infarction and causes of death. Neuropathological study of 77 
cases of infarction in the sylvian artery area]. Rev Neurol (Paris). 147, 727-734. 

Cammermeyer, J., 1978. Is the solitary dark neuron a manifestation of postmortem trauma to the brain 
inadequately fixed by perfusion? Histochemistry. 56, 97-115. 

Candelise, L., Landi, G., Orazio, E. N. and Boccardi, E., 1985. Prognostic significance of hyperglycemia in acute 
stroke. Arch Neurol. 42, 661-663. 

Capes, S. E., Hunt, D., Malmberg, K., Pathak, P. and Gerstein, H. C., 2001. Stress hyperglycemia and prognosis 
of stroke in nondiabetic and diabetic patients: a systematic overview. Stroke. 32, 2426-2432. 

Carelli, R. M., Wolske, M. and West, M. O., 1997. Loss of lever press-related firing of rat striatal forelimb neurons 
after repeated sessions in a lever pressing task. J Neurosci. 17, 1804-1814. 

Carey, J. R., Kimberley, T. J., Lewis, S. M., Auerbach, E. J., Dorsey, L., Rundquist, P. and Ugurbil, K., 2002. 
Analysis of fMRI and finger tracking training in subjects with chronic stroke. Brain. 125, 773-788. 

Carro, E. and Torres-Aleman, I., 2004. The role of insulin and insulin-like growth factor I in the molecular and 
cellular mechanisms underlying the pathology of Alzheimer's disease. Eur J Pharmacol. 490, 127-133. 

Cassaday, H. J. and Rawlins, J. N., 1995. Fornix-fimbria section and working memory deficits in rats: stimulus 
complexity and stimulus size. Behav Neurosci. 109, 594-606. 

Cassaday, H. J. and Rawlins, J. N., 1997. The hippocampus, objects, and their contexts. Behav Neurosci. 111, 
1228-1244. 

Centonze, D., Gubellini, P., Pisani, A., Bernardi, G. and Calabresi, P., 2003. Dopamine, acetylcholine and nitric 
oxide systems interact to induce corticostriatal synaptic plasticity. Rev Neurosci. 14, 207-216. 

 109



Cerbone, A. and Sadile, A. G., 1994. Behavioral habituation to spatial novelty: interference and noninterference 
studies. Neurosci Biobehav Rev. 18, 497-518. 

Chan, K. H., Dearden, N. M. and Miller, J. D., 1992. The significance of posttraumatic increase in cerebral blood 
flow velocity: a transcranial Doppler ultrasound study. Neurosurgery. 30, 697-700. 

Chan, P. H., Kawase, M., Murakami, K., Chen, S. F., Li, Y., Calagui, B., Reola, L., Carlson, E. and Epstein, C. J., 
1998. Overexpression of SOD1 in transgenic rats protects vulnerable neurons against ischemic damage 
after global cerebral ischemia and reperfusion. J Neurosci. 18, 8292-8299. 

Chance, B., 1977. Electron transfer: pathways, mechanisms, and controls. Annu Rev Biochem. 46, 967-980. 
Chang, E. F., Claus, C. P., Vreman, H. J., Wong, R. J. and Noble-Haeusslein, L. J., 2005. Heme regulation in 

traumatic brain injury: relevance to the adult and developing brain. J Cereb Blood Flow Metab. 25, 1401-
1417. 

Chang, E. F., Wong, R. J., Vreman, H. J., Igarashi, T., Galo, E., Sharp, F. R., Stevenson, D. K. and Noble-
Haeusslein, L. J., 2003. Heme oxygenase-2 protects against lipid peroxidation-mediated cell loss and 
impaired motor recovery after traumatic brain injury. J Neurosci. 23, 3689-3696. 

Chang, Q. and Gold, P. E., 2003. Switching memory systems during learning: changes in patterns of brain 
acetylcholine release in the hippocampus and striatum in rats. J Neurosci. 23, 3001-3005. 

Cheatwood, J. L., Reep, R. L. and Corwin, J. V., 2003. The associative striatum: cortical and thalamic projections 
to the dorsocentral striatum in rats. Brain Res. 968, 1-14. 

Chen, J., Nagayama, T., Jin, K., Stetler, R. A., Zhu, R. L., Graham, S. H. and Simon, R. P., 1998. Induction of 
caspase-3-like protease may mediate delayed neuronal death in the hippocampus after transient 
cerebral ischemia. J Neurosci. 18, 4914-4928. 

Chen, J., Zhu, R. L., Nakayama, M., Kawaguchi, K., Jin, K., Stetler, R. A., Simon, R. P. and Graham, S. H., 
1996a. Expression of the apoptosis-effector gene, Bax, is up-regulated in vulnerable hippocampal CA1 
neurons following global ischemia. J Neurochem. 67, 64-71. 

Chen, R., Cohen, L. G. and Hallett, M., 2002. Nervous system reorganization following injury. Neuroscience. 111, 
761-773. 

Chen, S. H. and Cheung, R. T., 2002. Peripheral and central administration of neuropeptide Y in a rat middle 
cerebral artery occlusion stroke model reduces cerebral blood flow and increases infarct volume. Brain 
Res. 927, 138-143. 

Chen, Y., Constantini, S., Trembovler, V., Weinstock, M. and Shohami, E., 1996b. An experimental model of 
closed head injury in mice: pathophysiology, histopathology, and cognitive deficits. J Neurotrauma. 13, 
557-568. 

Christensen, H., Boysen, G., Johannesen, H. H., Christensen, E. and Bendtzen, K., 2002. Deteriorating ischaemic 
stroke. cytokines, soluble cytokine receptors, ferritin, systemic blood pressure, body temperature, blood 
glucose, diabetes, stroke severity, and CT infarction-volume as predictors of deteriorating ischaemic 
stroke. J Neurol Sci. 201, 1-7. 

Chung, H. T., Pae, H. O., Choi, B. M., Billiar, T. R. and Kim, Y. M., 2001. Nitric oxide as a bioregulator of 
apoptosis. Biochem Biophys Res Commun. 282, 1075-1079. 

Clark, R. S., Kochanek, P. M., Dixon, C. E., Chen, M., Marion, D. W., Heineman, S., DeKosky, S. T. and Graham, 
S. H., 1997. Early neuropathologic effects of mild or moderate hypoxemia after controlled cortical impact 
injury in rats. J Neurotrauma. 14, 179-189. 

Colicos, M. A. and Dash, P. K., 1996. Apoptotic morphology of dentate gyrus granule cells following experimental 
cortical impact injury in rats: possible role in spatial memory deficits. Brain Res. 739, 120-131. 

Colicos, M. A., Dixon, C. E. and Dash, P. K., 1996. Delayed, selective neuronal death following experimental 
cortical impact injury in rats: possible role in memory deficits. Brain Res. 739, 111-119. 

Conti, A. C., Raghupathi, R., Trojanowski, J. Q. and McIntosh, T. K., 1998. Experimental brain injury induces 
regionally distinct apoptosis during the acute and delayed post-traumatic period. J Neurosci. 18, 5663-
5672. 

Cook, D. G., Leverenz, J. B., McMillan, P. J., Kulstad, J. J., Ericksen, S., Roth, R. A., Schellenberg, G. D., Jin, L. 
W., Kovacina, K. S. and Craft, S., 2003. Reduced hippocampal insulin-degrading enzyme in late-onset 
Alzheimer's disease is associated with the apolipoprotein E-epsilon4 allele. Am J Pathol. 162, 313-319. 

Corsetti, J. P., Sparks, J. D., Peterson, R. G., Smith, R. L. and Sparks, C. E., 2000. Effect of dietary fat on the 
development of non-insulin dependent diabetes mellitus in obese Zucker diabetic fatty male and female 
rats. Atherosclerosis. 148, 231-241. 

Corwin JV, R. R., 1998. Rodent posterior parietal cortex as a component of a cortical network mediating directed 
spatial attention. Psychobiology. 26, 87-102. 

Crapo, J. D., Oury, T., Rabouille, C., Slot, J. W. and Chang, L. Y., 1992. Copper,zinc superoxide dismutase is 
primarily a cytosolic protein in human cells. Proc Natl Acad Sci U S A. 89, 10405-10409. 

Danton, G. H., Prado, R., Watson, B. D. and Dietrich, W. D., 2002. Temporal profile of enhanced vulnerability of 
the postthrombotic brain to secondary embolic events. Stroke. 33, 1113-1119. 

Dawson, D. A., Martin, D. and Hallenbeck, J. M., 1996a. Inhibition of tumor necrosis factor-alpha reduces focal 
cerebral ischemic injury in the spontaneously hypertensive rat. Neurosci Lett. 218, 41-44. 

Dawson, V. L., Brahmbhatt, H. P., Mong, J. A. and Dawson, T. M., 1994. Expression of inducible nitric oxide 
synthase causes delayed neurotoxicity in primary mixed neuronal-glial cortical cultures. 
Neuropharmacology. 33, 1425-1430. 

Dawson, V. L., Kizushi, V. M., Huang, P. L., Snyder, S. H. and Dawson, T. M., 1996b. Resistance to neurotoxicity 
in cortical cultures from neuronal nitric oxide synthase-deficient mice. J Neurosci. 16, 2479-2487. 

 110



de Haan, J. B., Bladier, C., Griffiths, P., Kelner, M., O'Shea, R. D., Cheung, N. S., Bronson, R. T., Silvestro, M. J., 
Wild, S., Zheng, S. S., Beart, P. M., Hertzog, P. J. and Kola, I., 1998. Mice with a homozygous null 
mutation for the most abundant glutathione peroxidase, Gpx1, show increased susceptibility to the 
oxidative stress-inducing agents paraquat and hydrogen peroxide. J Biol Chem. 273, 22528-22536. 

del Zoppo, G. J., 1994. Microvascular changes during cerebral ischemia and reperfusion. Cerebrovasc Brain 
Metab Rev. 6, 47-96. 

Demchuk, A. M., Morgenstern, L. B., Krieger, D. W., Linda Chi, T., Hu, W., Wein, T. H., Hardy, R. J., Grotta, J. C. 
and Buchan, A. M., 1999. Serum glucose level and diabetes predict tissue plasminogen activator-related 
intracerebral hemorrhage in acute ischemic stroke. Stroke. 30, 34-39. 

Denenberg, V. H., 1969. Open-field behavior in the rat: what does it mean? Ann N Y Acad Sci. 159, 852-859. 
Dennery, P. A., 2000. Regulation and role of heme oxygenase in oxidative injury. Curr Top Cell Regul. 36, 181-

199. 
Dennery, P. A., Visner, G., Weng, Y. H., Nguyen, X., Lu, F., Zander, D. and Yang, G., 2003. Resistance to 

hyperoxia with heme oxygenase-1 disruption: role of iron. Free Radic Biol Med. 34, 124-133. 
Dietrich, W. D., Alonso, O. and Busto, R., 1993. Moderate hyperglycemia worsens acute blood-brain barrier injury 

after forebrain ischemia in rats. Stroke. 24, 111-116. 
Dietrich, W. D., Alonso, O. and Halley, M., 1994. Early microvascular and neuronal consequences of traumatic 

brain injury: a light and electron microscopic study in rats. J Neurotrauma. 11, 289-301. 
Dietrich, W. D., Nakayama, H., Watson, B. D. and Kanemitsu, H., 1989. Morphological consequences of early 

reperfusion following thrombotic or mechanical occlusion of the rat middle cerebral artery. Acta 
Neuropathol (Berl). 78, 605-614. 

Dikmen, S. S., Ross, B. L., Machamer, J. E. and Temkin, N. R., 1995. One year psychosocial outcome in head 
injury. J Int Neuropsychol Soc. 1, 67-77. 

Ding, Y., Zhou, Y., Lai, Q., Li, J., Park, H. and Diaz, F. G., 2002. Impaired motor activity and motor learning 
function in rat with middle cerebral artery occlusion. Behav Brain Res. 132, 29-36. 

Dixon, C. E., Lyeth, B. G., Povlishock, J. T., Findling, R. L., Hamm, R. J., Marmarou, A., Young, H. F. and Hayes, 
R. L., 1987. A fluid percussion model of experimental brain injury in the rat. J Neurosurg. 67, 110-119. 

Dong, Y. and Benveniste, E. N., 2001. Immune function of astrocytes. Glia. 36, 180-190. 
Dore, S., Goto, S., Sampei, K., Blackshaw, S., Hester, L. D., Ingi, T., Sawa, A., Traystman, R. J., Koehler, R. C. 

and Snyder, S. H., 2000. Heme oxygenase-2 acts to prevent neuronal death in brain cultures and 
following transient cerebral ischemia. Neuroscience. 99, 587-592. 

Dore, S., Sampei, K., Goto, S., Alkayed, N. J., Guastella, D., Blackshaw, S., Gallagher, M., Traystman, R. J., 
Hurn, P. D., Koehler, R. C. and Snyder, S. H., 1999a. Heme oxygenase-2 is neuroprotective in cerebral 
ischemia. Mol Med. 5, 656-663. 

Dore, S. and Snyder, S. H., 1999. Neuroprotective action of bilirubin against oxidative stress in primary 
hippocampal cultures. Ann N Y Acad Sci. 890, 167-172. 

Dore, S., Takahashi, M., Ferris, C. D., Zakhary, R., Hester, L. D., Guastella, D. and Snyder, S. H., 1999b. 
Bilirubin, formed by activation of heme oxygenase-2, protects neurons against oxidative stress injury. 
Proc Natl Acad Sci U S A. 96, 2445-2450. 

Duarte, A. I., Santos, M. S., Seica, R. and Oliveira, C. R., 2004. Oxidative stress affects synaptosomal gamma-
aminobutyric acid and glutamate transport in diabetic rats: the role of insulin. Diabetes. 53, 2110-2116. 

Duckrow, R. B., Beard, D. C. and Brennan, R. W., 1987. Regional cerebral blood flow decreases during chronic 
and acute hyperglycemia. Stroke. 18, 52-58. 

Duckworth, E. A., Butler, T. L., De Mesquita, D., Collier, S. N., Collier, L. and Pennypacker, K. R., 2005. 
Temporary focal ischemia in the mouse: technical aspects and patterns of Fluoro-Jade evident 
neurodegeneration. Brain Res. 1042, 29-36. 

Dunham, N. W. and Miya, T. S., 1957. A note on a simple apparatus for detecting neurological deficit in rats and 
mice. J Am Pharm Assoc Am Pharm Assoc (Baltim). 46, 208-209. 

Dwyer, B. E., Nishimura, R. N. and Lu, S. Y., 1995. Differential expression of heme oxygenase-1 in cultured 
cortical neurons and astrocytes determined by the aid of a new heme oxygenase antibody. Response to 
oxidative stress. Brain Res Mol Brain Res. 30, 37-47. 

Dwyer, B. E., Nishimura, R. N., Lu, S. Y. and Alcaraz, A., 1996. Transient induction of heme oxygenase after 
cortical stab wound injury. Brain Res Mol Brain Res. 38, 251-259. 

Eck, M. J. and Sprang, S. R., 1989. The structure of tumor necrosis factor-alpha at 2.6 A resolution. Implications 
for receptor binding. J Biol Chem. 264, 17595-17605. 

Edelman, G. M. and Gally, J. A., 2001. Degeneracy and complexity in biological systems. Proc Natl Acad Sci U S 
A. 98, 13763-13768. 

Ehrlich, L. C., Hu, S., Sheng, W. S., Sutton, R. L., Rockswold, G. L., Peterson, P. K. and Chao, C. C., 1998. 
Cytokine regulation of human microglial cell IL-8 production. J Immunol. 160, 1944-1948. 

Eklöf, B. and Siesjo, B. K., 1972. The effect of bilateral carotid artery ligation upon the blood flow and the energy 
state of the rat brain. Acta Physiol Scand. 86, 155-165. 

Eliasson, M. J., Huang, Z., Ferrante, R. J., Sasamata, M., Molliver, M. E., Snyder, S. H. and Moskowitz, M. A., 
1999. Neuronal nitric oxide synthase activation and peroxynitrite formation in ischemic stroke linked to 
neural damage. J Neurosci. 19, 5910-5918. 

Elkabes, S., DiCicco-Bloom, E. M. and Black, I. B., 1996. Brain microglia/macrophages express neurotrophins 
that selectively regulate microglial proliferation and function. J Neurosci. 16, 2508-2521. 

 111



El-Omar, M. M., Yang, Z. K., Phillips, A. O. and Shah, A. M., 2004. Cardiac dysfunction in the Goto-Kakizaki rat. A 
model of type II diabetes mellitus. Basic Res Cardiol. 99, 133-141. 

Endres, M., Wang, Z. Q., Namura, S., Waeber, C. and Moskowitz, M. A., 1997. Ischemic brain injury is mediated 
by the activation of poly(ADP-ribose)polymerase. J Cereb Blood Flow Metab. 17, 1143-1151. 

Ewing, J. F., Haber, S. N. and Maines, M. D., 1992. Normal and heat-induced patterns of expression of heme 
oxygenase-1 (HSP32) in rat brain: hyperthermia causes rapid induction of mRNA and protein. J 
Neurochem. 58, 1140-1149. 

Ewing, J. F. and Maines, M. D., 1991. Rapid induction of heme oxygenase 1 mRNA and protein by hyperthermia 
in rat brain: heme oxygenase 2 is not a heat shock protein. Proc Natl Acad Sci U S A. 88, 5364-5368. 

Ewing, J. F. and Maines, M. D., 1993. Glutathione depletion induces heme oxygenase-1 (HSP32) mRNA and 
protein in rat brain. J Neurochem. 60, 1512-1519. 

Ewing, J. F. and Maines, M. D., 1997. Histochemical localization of heme oxygenase-2 protein and mRNA 
expression in rat brain. Brain Res Brain Res Protoc. 1, 165-174. 

Ewing, J. F., Weber, C. M. and Maines, M. D., 1993. Biliverdin reductase is heat resistant and coexpressed with 
constitutive and heat shock forms of heme oxygenase in brain. J Neurochem. 61, 1015-1023. 

Eysel, U. T. and Schweigart, G., 1999. Increased receptive field size in the surround of chronic lesions in the adult 
cat visual cortex. Cereb Cortex. 9, 101-109. 

Fakhrai-Rad, H., Nikoshkov, A., Kamel, A., Fernstrom, M., Zierath, J. R., Norgren, S., Luthman, H. and Galli, J., 
2000. Insulin-degrading enzyme identified as a candidate diabetes susceptibility gene in GK rats. Hum 
Mol Genet. 9, 2149-2158. 

Farris, W., Mansourian, S., Leissring, M. A., Eckman, E. A., Bertram, L., Eckman, C. B., Tanzi, R. E. and Selkoe, 
D. J., 2004. Partial loss-of-function mutations in insulin-degrading enzyme that induce diabetes also 
impair degradation of amyloid beta-protein. Am J Pathol. 164, 1425-1434. 

Fass, B., 1983. Temporal changes in open-field activity following progressive lesions of entorhinal cortex: 
evidence for enhanced recovery. Behav Neural Biol. 37, 108-124. 

Fassbender, K., Rossol, S., Kammer, T., Daffertshofer, M., Wirth, S., Dollman, M. and Hennerici, M., 1994. 
Proinflammatory cytokines in serum of patients with acute cerebral ischemia: kinetics of secretion and 
relation to the extent of brain damage and outcome of disease. J Neurol Sci. 122, 135-139. 

Feeney, D. M., Boyeson, M. G., Linn, R. T., Murray, H. M. and Dail, W. G., 1981. Responses to cortical injury: I. 
Methodology and local effects of contusions in the rat. Brain Res. 211, 67-77. 

Feeney, D. M., Gonzalez, A. and Law, W. A., 1982. Amphetamine, haloperidol, and experience interact to affect 
rate of recovery after motor cortex injury. Science. 217, 855-857. 

Ferris, C. D., Jaffrey, S. R., Sawa, A., Takahashi, M., Brady, S. D., Barrow, R. K., Tysoe, S. A., Wolosker, H., 
Baranano, D. E., Dore, S., Poss, K. D. and Snyder, S. H., 1999. Haem oxygenase-1 prevents cell death 
by regulating cellular iron. Nat Cell Biol. 1, 152-157. 

Ferro, J. M. and Davalos, A., 2006. Other neuroprotective therapies on trial in acute stroke. Cerebrovasc Dis. 21 
Suppl 2, 127-130. 

Fisher, C. M., Kistler, J. P. and Davis, J. M., 1980. Relation of cerebral vasospasm to subarachnoid hemorrhage 
visualized by computerized tomographic scanning. Neurosurgery. 6, 1-9. 

Fitch, M. T., Doller, C., Combs, C. K., Landreth, G. E. and Silver, J., 1999. Cellular and molecular mechanisms of 
glial scarring and progressive cavitation: in vivo and in vitro analysis of inflammation-induced secondary 
injury after CNS trauma. J Neurosci. 19, 8182-8198. 

Flavin, M. P., Coughlin, K. and Ho, L. T., 1997. Soluble macrophage factors trigger apoptosis in cultured 
hippocampal neurons. Neuroscience. 80, 437-448. 

Flood, J. F., Mooradian, A. D. and Morley, J. E., 1990. Characteristics of learning and memory in streptozocin-
induced diabetic mice. Diabetes. 39, 1391-1398. 

Folsom, A. R., Rasmussen, M. L., Chambless, L. E., Howard, G., Cooper, L. S., Schmidt, M. I. and Heiss, G., 
1999. Prospective associations of fasting insulin, body fat distribution, and diabetes with risk of ischemic 
stroke. The Atherosclerosis Risk in Communities (ARIC) Study Investigators. Diabetes Care. 22, 1077-
1083. 

Foresti, R., Sarathchandra, P., Clark, J. E., Green, C. J. and Motterlini, R., 1999. Peroxynitrite induces haem 
oxygenase-1 in vascular endothelial cells: a link to apoptosis. Biochem J. 339 ( Pt 3), 729-736. 

Fox, G. B., Fan, L., Levasseur, R. A. and Faden, A. I., 1998. Sustained sensory/motor and cognitive deficits with 
neuronal apoptosis following controlled cortical impact brain injury in the mouse. J Neurotrauma. 15, 
599-614. 

Frankel, D., Mehindate, K. and Schipper, H. M., 2000. Role of heme oxygenase-1 in the regulation of manganese 
superoxide dismutase gene expression in oxidatively-challenged astroglia. J Cell Physiol. 185, 80-86. 

Freund, T. F. and Buzsaki, G., 1996. Interneurons of the hippocampus. Hippocampus. 6, 347-470. 
Fridman, E. A., Hanakawa, T., Chung, M., Hummel, F., Leiguarda, R. C. and Cohen, L. G., 2004. Reorganization 

of the human ipsilesional premotor cortex after stroke. Brain. 127, 747-758. 
Fridovich, I., 1986. Superoxide dismutases. Adv Enzymol Relat Areas Mol Biol. 58, 61-97. 
Fries, W., Danek, A., Scheidtmann, K. and Hamburger, C., 1993. Motor recovery following capsular stroke. Role 

of descending pathways from multiple motor areas. Brain. 116 ( Pt 2), 369-382. 
Fujimoto, S. T., Longhi, L., Saatman, K. E., Conte, V., Stocchetti, N. and McIntosh, T. K., 2004. Motor and 

cognitive function evaluation following experimental traumatic brain injury. Neurosci Biobehav Rev. 28, 
365-378. 

 112



Fujimura, M., Morita-Fujimura, Y., Kawase, M., Copin, J. C., Calagui, B., Epstein, C. J. and Chan, P. H., 1999a. 
Manganese superoxide dismutase mediates the early release of mitochondrial cytochrome C and 
subsequent DNA fragmentation after permanent focal cerebral ischemia in mice. J Neurosci. 19, 3414-
3422. 

Fujimura, M., Morita-Fujimura, Y., Narasimhan, P., Copin, J. C., Kawase, M. and Chan, P. H., 1999b. Copper-zinc 
superoxide dismutase prevents the early decrease of apurinic/apyrimidinic endonuclease and 
subsequent DNA fragmentation after transient focal cerebral ischemia in mice. Stroke. 30, 2408-2415. 

Fujimura, M., Morita-Fujimura, Y., Noshita, N., Sugawara, T., Kawase, M. and Chan, P. H., 2000. The cytosolic 
antioxidant copper/zinc-superoxide dismutase prevents the early release of mitochondrial cytochrome c 
in ischemic brain after transient focal cerebral ischemia in mice. J Neurosci. 20, 2817-2824. 

Fukuda, K., Panter, S. S., Sharp, F. R. and Noble, L. J., 1995. Induction of heme oxygenase-1 (HO-1) after 
traumatic brain injury in the rat. Neurosci Lett. 199, 127-130. 

Fukuda, K., Richmon, J. D., Sato, M., Sharp, F. R., Panter, S. S. and Noble, L. J., 1996. Induction of heme 
oxygenase-1 (HO-1) in glia after traumatic brain injury. Brain Res. 736, 68-75. 

Fukuto, J. M., Hobbs, A. J. and Ignarro, L. J., 1993. Conversion of nitroxyl (HNO) to nitric oxide (NO) in biological 
systems: the role of physiological oxidants and relevance to the biological activity of HNO. Biochem 
Biophys Res Commun. 196, 707-713. 

Furlan, M., Marchal, G., Viader, F., Derlon, J. M. and Baron, J. C., 1996. Spontaneous neurological recovery after 
stroke and the fate of the ischemic penumbra. Ann Neurol. 40, 216-226. 

Galbraith, R., 1999. Heme oxygenase: who needs it? Proc Soc Exp Biol Med. 222, 299-305. 
Galea, E., Feinstein, D. L. and Reis, D. J., 1992. Induction of calcium-independent nitric oxide synthase activity in 

primary rat glial cultures. Proc Natl Acad Sci U S A. 89, 10945-10949. 
Gallego, M., Setien, R., Izquierdo, M. J., Casis, O. and Casis, E., 2003. Diabetes-induced biochemical changes in 

central and peripheral catecholaminergic systems. Physiol Res. 52, 735-741. 
Galli, J., Li, L. S., Glaser, A., Ostenson, C. G., Jiao, H., Fakhrai-Rad, H., Jacob, H. J., Lander, E. S. and Luthman, 

H., 1996. Genetic analysis of non-insulin dependent diabetes mellitus in the GK rat. Nat Genet. 12, 31-
37. 

Gallyas, F., Zoltay, G. and Dames, W., 1992. Formation of "dark" (argyrophilic) neurons of various origin proceeds 
with a common mechanism of biophysical nature (a novel hypothesis). Acta Neuropathol (Berl). 83, 504-
509. 

Gary, D. S., Bruce-Keller, A. J., Kindy, M. S. and Mattson, M. P., 1998. Ischemic and excitotoxic brain injury is 
enhanced in mice lacking the p55 tumor necrosis factor receptor. J Cereb Blood Flow Metab. 18, 1283-
1287. 

Gasparini, L. and Xu, H., 2003. Potential roles of insulin and IGF-1 in Alzheimer's disease. Trends Neurosci. 26, 
404-406. 

Gauguier, D., Froguel, P., Parent, V., Bernard, C., Bihoreau, M. T., Portha, B., James, M. R., Penicaud, L., 
Lathrop, M. and Ktorza, A., 1996. Chromosomal mapping of genetic loci associated with non-insulin 
dependent diabetes in the GK rat. Nat Genet. 12, 38-43. 

Gauguier, D., Nelson, I., Bernard, C., Parent, V., Marsac, C., Cohen, D. and Froguel, P., 1994. Higher maternal 
than paternal inheritance of diabetes in GK rats. Diabetes. 43, 220-224. 

Gauthier, M., Destrade, C. and Soumireu-Mourat, B., 1983. Functional dissociation between lateral and medial 
entorhinal cortex in memory processes in mice. Behav Brain Res. 9, 111-117. 

Geddes, D. M., LaPlaca, M. C. and Cargill, R. S., 2nd, 2003. Susceptibility of hippocampal neurons to 
mechanically induced injury. Exp Neurol. 184, 420-427. 

Geddes, J. W., Pettigrew, L. C., Holtz, M. L., Craddock, S. D. and Maines, M. D., 1996. Permanent focal and 
transient global cerebral ischemia increase glial and neuronal expression of heme oxygenase-1, but not 
heme oxygenase-2, protein in rat brain. Neurosci Lett. 210, 205-208. 

Gehrmann, J., Bonnekoh, P., Miyazawa, T., Hossmann, K. A. and Kreutzberg, G. W., 1992. Immunocytochemical 
study of an early microglial activation in ischemia. J Cereb Blood Flow Metab. 12, 257-269. 

Geiger, J. R., Melcher, T., Koh, D. S., Sakmann, B., Seeburg, P. H., Jonas, P. and Monyer, H., 1995. Relative 
abundance of subunit mRNAs determines gating and Ca2+ permeability of AMPA receptors in principal 
neurons and interneurons in rat CNS. Neuron. 15, 193-204. 

Gerfen CR, W. C., 1996. The basal ganglia. In: Swanson LW, B. A., Hokfelt T (Ed.), Handbook of chemical 
neuroanatomy, vol.12, Amsterdam, pp. 371-468. 

Gerlai, R., 2001. Behavioral tests of hippocampal function: simple 
paradigms complex problems. Behav Brain Res. 125, 269-277. 
Gershberg, F. B. and Shimamura, A. P., 1995. Impaired use of organizational strategies in free recall following 

frontal lobe damage. Neuropsychologia. 33, 1305-1333. 
Ghatnekar, O., Persson, U., Glader, E. L. and Terent, A., 2004. Cost of stroke in Sweden: an incidence estimate. 

Int J Technol Assess Health Care. 20, 375-380. 
Gillardon, F., Lenz, C., Waschke, K. F., Krajewski, S., Reed, J. C., Zimmermann, M. and Kuschinsky, W., 1996. 

Altered expression of Bcl-2, Bcl-X, Bax, and c-Fos colocalizes with DNA fragmentation and ischemic cell 
damage following middle cerebral artery occlusion in rats. Brain Res Mol Brain Res. 40, 254-260. 

Giotta, G. J. and Cohn, M., 1981. The expression of glial fibrillary acidic protein in a rat cerebellar cell line. J Cell 
Physiol. 107, 219-230. 

 113



Giovannini, M. G., Rakovska, A., Benton, R. S., Pazzagli, M., Bianchi, L. and Pepeu, G., 2001. Effects of novelty 
and habituation on acetylcholine, GABA, and glutamate release from the frontal cortex and hippocampus 
of freely moving rats. Neuroscience. 106, 43-53. 

Gisselsson, L., Smith, M. L. and Siesjo, B. K., 1999. Hyperglycemia and focal brain ischemia. J Cereb Blood Flow 
Metab. 19, 288-297. 

Giulian, D. and Baker, T. J., 1985. Peptides released by ameboid microglia regulate astroglial proliferation. J Cell 
Biol. 101, 2411-2415. 

Giulian, D. and Vaca, K., 1993. Inflammatory glia mediate delayed neuronal damage after ischemia in the central 
nervous system. Stroke. 24, I84-90. 

Giulian, D., Vaca, K. and Corpuz, M., 1993. Brain glia release factors with opposing actions upon neuronal 
survival. J Neurosci. 13, 29-37. 

Giulian, D., Vaca, K. and Johnson, B., 1988. Secreted peptides as regulators of neuron-glia and glia-glia 
interactions in the developing nervous system. J Neurosci Res. 21, 487-500. 

Goldberg, E. and Podell, K., 2000. Adaptive decision making, ecological validity, and the frontal lobes. J Clin Exp 
Neuropsychol. 22, 56-68. 

Goldstein, L. B., 1995. Right vs. left sensorimotor cortex suction-ablation in the rat: no difference in beam-walking 
recovery. Brain Res. 674, 167-170. 

Goldstein, L. B. and Davis, J. N., 1990. Beam-walking in rats: studies towards developing an animal model of 
functional recovery after brain injury. J Neurosci Methods. 31, 101-107. 

Goodman, J. C., Robertson, C. S., Grossman, R. G. and Narayan, R. K., 1990. Elevation of tumor necrosis factor 
in head injury. J Neuroimmunol. 30, 213-217. 

Gordon, H. M., Kucera, G., Salvo, R. and Boss, J. M., 1992. Tumor necrosis factor induces genes involved in 
inflammation, cellular and tissue repair, and metabolism in murine fibroblasts. J Immunol. 148, 4021-
4027. 

Goto, Y., Kakizaki, M. and Masaki, N., 1976. Production of spontaneous diabetic rats by repetition of selective 
breeding. Tohoku J Exp Med. 119, 85-90. 

Gourin, C. G. and Shackford, S. R., 1997. Production of tumor necrosis factor-alpha and interleukin-1beta by 
human cerebral microvascular endothelium after percussive trauma. J Trauma. 42, 1101-1107. 

Gradman, T. J., Laws, A., Thompson, L. W. and Reaven, G. M., 1993. Verbal learning and/or memory improves 
with glycemic control in older subjects with non-insulin-dependent diabetes mellitus. J Am Geriatr Soc. 
41, 1305-1312. 

Gray, J. A. and McNaughton, N., 1983. Comparison between the behavioural effects of septal and hippocampal 
lesions: a review. Neurosci Biobehav Rev. 7, 119-188. 

Graybiel, A. M., Aosaki, T., Flaherty, A. W. and Kimura, M., 1994. The basal ganglia and adaptive motor control. 
Science. 265, 1826-1831. 

Greenamyre, J. T., Olson, J. M., Penney, J. B., Jr. and Young, A. B., 1985. Autoradiographic characterization of 
N-methyl-D-aspartate-, quisqualate- and kainate-sensitive glutamate binding sites. J Pharmacol Exp 
Ther. 233, 254-263. 

Ha, H. and Kim, K. H., 1999. Pathogenesis of diabetic nephropathy: the role of oxidative stress and protein kinase 
C. Diabetes Res Clin Pract. 45, 147-151. 

Haga, Y., Tempero, M. A., Kay, D. and Zetterman, R. K., 1996. Intracellular accumulation of unconjugated 
bilirubin inhibits phytohemagglutin-induced proliferation and interleukin-2 production of human 
lymphocytes. Dig Dis Sci. 41, 1468-1474. 

Haheim, L. L., Holme, I., Hjermann, I. and Leren, P., 1995. Nonfasting serum glucose and the risk of fatal stroke 
in diabetic and nondiabetic subjects. 18-year follow-up of the Oslo Study. Stroke. 26, 774-777. 

Hallam, T. M., Floyd, C. L., Folkerts, M. M., Lee, L. L., Gong, Q. Z., Lyeth, B. G., Muizelaar, J. P. and Berman, R. 
F., 2004. Comparison of behavioral deficits and acute neuronal degeneration in rat lateral fluid 
percussion and weight-drop brain injury models. J Neurotrauma. 21, 521-539. 

Hamm, R. J., 2001. Neurobehavioral assessment of outcome following traumatic brain injury in rats: an evaluation 
of selected measures. J Neurotrauma. 18, 1207-1216. 

Hamm, R. J., Pike, B. R., O'Dell, D. M., Lyeth, B. G. and Jenkins, L. W., 1994. The rotarod test: an evaluation of 
its effectiveness in assessing motor deficits following traumatic brain injury. J Neurotrauma. 11, 187-196. 

Hamm, R. J., Temple, M. D., Pike, B. R. and Ellis, E. F., 1996. The effect of postinjury administration of 
polyethylene glycol-conjugated superoxide dismutase (pegorgotein, Dismutec) or lidocaine on behavioral 
function following fluid-percussion brain injury in rats. J Neurotrauma. 13, 325-332. 

Hamm, T. M., 1990. Recurrent inhibition to and from motoneurons innervating the flexor digitorum and flexor 
hallucis longus muscles of the cat. J Neurophysiol. 63, 395-403. 

Hansen, T. W., Mathiesen, S. B. and Walaas, S. I., 1996. Bilirubin has widespread inhibitory effects on protein 
phosphorylation. Pediatr Res. 39, 1072-1077. 

Hara, E., Takahashi, K., Tominaga, T., Kumabe, T., Kayama, T., Suzuki, H., Fujita, H., Yoshimoto, T., Shirato, K. 
and Shibahara, S., 1996. Expression of heme oxygenase and inducible nitric oxide synthase mRNA in 
human brain tumors. Biochem Biophys Res Commun. 224, 153-158. 

Hara, H., Ayata, C., Huang, P. L., Waeber, C., Ayata, G., Fujii, M. and Moskowitz, M. A., 1997a. [3H]L-NG-
nitroarginine binding after transient focal ischemia and NMDA-induced excitotoxicity in type I and type III 
nitric oxide synthase null mice. J Cereb Blood Flow Metab. 17, 515-526. 

 114



Hara, H., Ayata, G., Huang, P. L. and Moskowitz, M. A., 1997b. Alteration of protein kinase C activity after 
transient focal cerebral ischemia in mice using in vitro [3H]phorbol-12,13-dibutyrate binding 
autoradiography. Brain Res. 774, 69-76. 

Hayashi, S., Omata, Y., Sakamoto, H., Higashimoto, Y., Hara, T., Sagara, Y. and Noguchi, M., 2004. 
Characterization of rat heme oxygenase-3 gene. Implication of processed pseudogenes derived from 
heme oxygenase-2 gene. Gene. 336, 241-250. 

Hayashi, S., Takamiya, R., Yamaguchi, T., Matsumoto, K., Tojo, S. J., Tamatani, T., Kitajima, M., Makino, N., 
Ishimura, Y. and Suematsu, M., 1999. Induction of heme oxygenase-1 suppresses venular leukocyte 
adhesion elicited by oxidative stress: role of bilirubin generated by the enzyme. Circ Res. 85, 663-671. 

Hellmich, H. L., Capra, B., Eidson, K., Garcia, J., Kennedy, D., Uchida, T., Parsley, M., Cowart, J., DeWitt, D. S. 
and Prough, D. S., 2005. Dose-dependent neuronal injury after traumatic brain injury. Brain Res. 1044, 
144-154. 

Hengartner, M. O., 2000. The biochemistry of apoptosis. Nature. 407, 770-776. 
Hennerici, M. G., 2004. The unstable plaque. Cerebrovasc Dis. 17 Suppl 3, 17-22. 
Henriksson, F., Agardh, C. D., Berne, C., Bolinder, J., Lonnqvist, F., Stenstrom, P., Ostenson, C. G. and Jonsson, 

B., 2000. Direct medical costs for patients with type 2 diabetes in Sweden. J Intern Med. 248, 387-396. 
Hicks, R., Soares, H., Smith, D. and McIntosh, T., 1996. Temporal and spatial characterization of neuronal injury 

following lateral fluid-percussion brain injury in the rat. Acta Neuropathol (Berl). 91, 236-246. 
Hicks, R. R., Smith, D. H. and McIntosh, T. K., 1995. Temporal response and effects of excitatory amino acid 

antagonism on microtubule-associated protein 2 immunoreactivity following experimental brain injury in 
rats. Brain Res. 678, 151-160. 

Higgins, G. A., Enderlin, M., Fimbel, R., Haman, M., Grottick, A. J., Soriano, M., Richards, J. G., Kemp, J. A. and 
Gill, R., 2002. Donepezil reverses a mnemonic deficit produced by scopolamine but not by perforant path 
lesion or transient cerebral ischaemia. Eur J Neurosci. 15, 1827-1840. 

Hoff, J. T. and Xi, G., 2003. Brain edema from intracerebral hemorrhage. Acta Neurochir Suppl. 86, 11-15. 
Hong, M. and Lee, V. M., 1997. Insulin and insulin-like growth factor-1 regulate tau phosphorylation in cultured 

human neurons. J Biol Chem. 272, 19547-19553. 
Honkaniemi, J., Massa, S. M., Breckinridge, M. and Sharp, F. R., 1996. Global ischemia induces apoptosis-

associated genes in hippocampus. Brain Res Mol Brain Res. 42, 79-88. 
Horowitz, D. R., Tuhrim, S., Weinberger, J. M. and Rudolph, S. H., 1992. Mechanisms in lacunar infarction. 

Stroke. 23, 325-327. 
Hotta, H., Uchida, S. and Kagitani, F., 2002. Effects of stimulating the nucleus basalis of Meynert on blood flow 

and delayed neuronal death following transient ischemia in the rat cerebral cortex. Jpn J Physiol. 52, 
383-393. 

Hsia, D. Y., Allen, F. H., Jr., Gellis, S. S. and Diamond, L. K., 1952. Erythroblastosis fetalis. VIII. Studies of serum 
bilirubin in relation to Kernicterus. N Engl J Med. 247, 668-671. 

Hsu, H., Huang, J., Shu, H. B., Baichwal, V. and Goeddel, D. V., 1996a. TNF-dependent recruitment of the 
protein kinase RIP to the TNF receptor-1 signaling complex. Immunity. 4, 387-396. 

Hsu, H., Shu, H. B., Pan, M. G. and Goeddel, D. V., 1996b. TRADD-TRAF2 and TRADD-FADD interactions 
define two distinct TNF receptor 1 signal transduction pathways. Cell. 84, 299-308. 

Hsu, Y. T., Wolter, K. G. and Youle, R. J., 1997. Cytosol-to-membrane redistribution of Bax and Bcl-X(L) during 
apoptosis. Proc Natl Acad Sci U S A. 94, 3668-3672. 

Hua, Y., Xi, G., Keep, R. F. and Hoff, J. T., 2000. Complement activation in the brain after experimental 
intracerebral hemorrhage. J Neurosurg. 92, 1016-1022. 

Huang, F. P., Xi, G., Keep, R. F., Hua, Y., Nemoianu, A. and Hoff, J. T., 2002. Brain edema after experimental 
intracerebral hemorrhage: role of hemoglobin degradation products. J Neurosurg. 96, 287-293. 

Huang, T. J., Trakshel, G. M. and Maines, M. D., 1989. Detection of 10 variants of biliverdin reductase in rat liver 
by two-dimensional gel electrophoresis. J Biol Chem. 264, 7844-7849. 

Huang, Z., Huang, P. L., Ma, J., Meng, W., Ayata, C., Fishman, M. C. and Moskowitz, M. A., 1996. Enlarged 
infarcts in endothelial nitric oxide synthase knockout mice are attenuated by nitro-L-arginine. J Cereb 
Blood Flow Metab. 16, 981-987. 

Huang, Z., Huang, P. L., Panahian, N., Dalkara, T., Fishman, M. C. and Moskowitz, M. A., 1994. Effects of 
cerebral ischemia in mice deficient in neuronal nitric oxide synthase. Science. 265, 1883-1885. 

Iadecola, C., Zhang, F., Casey, R., Clark, H. B. and Ross, M. E., 1996. Inducible nitric oxide synthase gene 
expression in vascular cells after transient focal cerebral ischemia. Stroke. 27, 1373-1380. 

Iizuka, H., Sakatani, K. and Young, W., 1990. Neural damage in the rat thalamus after cortical infarcts. Stroke. 21, 
790-794. 

Imlay, J. A. and Linn, S., 1988. DNA damage and oxygen radical toxicity. Science. 240, 1302-1309. 
Indredavik, B., Fjaertoft, H., Ekeberg, G., Loge, A. D. and Morch, B., 2000. Benefit of an extended stroke unit 

service with early supported discharge: A randomized, controlled trial. Stroke. 31, 2989-2994. 
Isenmann, S., Stoll, G., Schroeter, M., Krajewski, S., Reed, J. C. and Bahr, M., 1998. Differential regulation of 

Bax, Bcl-2, and Bcl-X proteins in focal cortical ischemia in the rat. Brain Pathol. 8, 49-62; discussion 62-
43. 

Ishida, K., Shimizu, H., Hida, H., Urakawa, S., Ida, K. and Nishino, H., 2004. Argyrophilic dark neurons represent 
various states of neuronal damage in brain insults: some come to die and others survive. Neuroscience. 
125, 633-644. 

 115



Ishikawa, K., Sugawara, D., Wang, X., Suzuki, K., Itabe, H., Maruyama, Y. and Lusis, A. J., 2001. Heme 
oxygenase-1 inhibits atherosclerotic lesion formation in ldl-receptor knockout mice. Circ Res. 88, 506-
512. 

Izquierdo, I., da Cunha, C., Rosat, R., Jerusalinsky, D., Ferreira, M. B. and Medina, J. H., 1992. Neurotransmitter 
receptors involved in post-training memory processing by the amygdala, medial septum, and 
hippocampus of the rat. Behav Neural Biol. 58, 16-26. 

Jacobsson, J., Persson, M., Hansson, E. and Ronnback, L., 2006. Corticosterone inhibits expression of the 
microglial glutamate transporter GLT-1 in vitro. Neuroscience. 139, 475-483. 

Jaillard, A., Cornu, C., Durieux, A., Moulin, T., Boutitie, F., Lees, K. R. and Hommel, M., 1999. Hemorrhagic 
transformation in acute ischemic stroke. The MAST-E study. MAST-E Group. Stroke. 30, 1326-1332. 

Jenkins, W. M. and Merzenich, M. M., 1987. Reorganization of neocortical representations after brain injury: a 
neurophysiological model of the bases of recovery from stroke. Prog Brain Res. 71, 249-266. 

Jin, K., Graham, S. H., Mao, X., Nagayama, T., Simon, R. P. and Greenberg, D. A., 2001. Fas (CD95) may 
mediate delayed cell death in hippocampal CA1 sector after global cerebral ischemia. J Cereb Blood 
Flow Metab. 21, 1411-1421. 

Johansen, F. F., Lin, C. T., Schousboe, A. and Wu, J. Y., 1989. Immunocytochemical investigation of L-glutamic 
acid decarboxylase in the rat hippocampal formation: the influence of transient cerebral ischemia. J 
Comp Neurol. 281, 40-53. 

Johansen-Berg, H., Dawes, H., Guy, C., Smith, S. M., Wade, D. T. and Matthews, P. M., 2002a. Correlation 
between motor improvements and altered fMRI activity after rehabilitative therapy. Brain. 125, 2731-
2742. 

Johansen-Berg, H., Rushworth, M. F., Bogdanovic, M. D., Kischka, U., Wimalaratna, S. and Matthews, P. M., 
2002b. The role of ipsilateral premotor cortex in hand movement after stroke. Proc Natl Acad Sci U S A. 
99, 14518-14523. 

Johansson, B. B., 2000. Brain plasticity and stroke rehabilitation. The Willis lecture. Stroke. 31, 223-230. 
Johansson, B. B. and Ohlsson, A. L., 1996. Environment, social interaction, and physical activity as determinants 

of functional outcome after cerebral infarction in the rat. Exp Neurol. 139, 322-327. 
Jones, T. A., Chu, C. J., Grande, L. A. and Gregory, A. D., 1999. Motor skills training enhances lesion-induced 

structural plasticity in the motor cortex of adult rats. J Neurosci. 19, 10153-10163. 
Jones, T. A. and Schallert, T., 1992. Overgrowth and pruning of dendrites in adult rats recovering from neocortical 

damage. Brain Res. 581, 156-160. 
Jorgensen, M. B., Finsen, B. R., Jensen, M. B., Castellano, B., Diemer, N. H. and Zimmer, J., 1993. Microglial 

and astroglial reactions to ischemic and kainic acid-induced lesions of the adult rat hippocampus. Exp 
Neurol. 120, 70-88. 

Jurgensmeier, J. M., Xie, Z., Deveraux, Q., Ellerby, L., Bredesen, D. and Reed, J. C., 1998. Bax directly induces 
release of cytochrome c from isolated mitochondria. Proc Natl Acad Sci U S A. 95, 4997-5002. 

Kadoya, C., Domino, E. F., Yang, G. Y., Stern, J. D. and Betz, A. L., 1995. Preischemic but not postischemic zinc 
protoporphyrin treatment reduces infarct size and edema accumulation after temporary focal cerebral 
ischemia in rats. Stroke. 26, 1035-1038. 

Kagansky, N., Levy, S. and Knobler, H., 2001. The role of hyperglycemia in acute stroke. Arch Neurol. 58, 1209-
1212. 

Kameyama, M., Fushimi, H. and Udaka, F., 1994. Diabetes mellitus and cerebral vascular disease. Diabetes Res 
Clin Pract. 24 Suppl, S205-208. 

Kandel ER, S. J., Jessell TM, 2000. Principles of neural science. McGraw-Hill. 
Kaneko, Y., Kitamoto, T., Tateishi, J. and Yamaguchi, K., 1989. Ferritin immunohistochemistry as a marker for 

microglia. Acta Neuropathol (Berl). 79, 129-136. 
Kaneto, H., Kajimoto, Y., Miyagawa, J., Matsuoka, T., Fujitani, Y., Umayahara, Y., Hanafusa, T., Matsuzawa, Y., 

Yamasaki, Y. and Hori, M., 1999. Beneficial effects of antioxidants in diabetes: possible protection of 
pancreatic beta-cells against glucose toxicity. Diabetes. 48, 2398-2406. 

Kara, P. and Friedlander, M. J., 1998. Dynamic modulation of cerebral cortex synaptic function by nitric oxide. 
Prog Brain Res. 118, 183-198. 

Kato, H., Kogure, K., Araki, T. and Itoyama, Y., 1995. Graded expression of immunomolecules on activated 
microglia in the hippocampus following ischemia in a rat model of ischemic tolerance. Brain Res. 694, 
85-93. 

Katz, R. J., Roth, K. A. and Carroll, B. J., 1981. Acute and chronic stress effects on open field activity in the rat: 
implications for a model of depression. Neurosci Biobehav Rev. 5, 247-251. 

Kaur, H. and Halliwell, B., 1994. Evidence for nitric oxide-mediated oxidative damage in chronic inflammation. 
Nitrotyrosine in serum and synovial fluid from rheumatoid patients. FEBS Lett. 350, 9-12. 

Kawai, N., Keep, R. F. and Betz, A. L., 1997. Hyperglycemia and the vascular effects of cerebral ischemia. Acta 
Neurochir Suppl. 70, 27-29. 

Kawamura, K., Ishikawa, K., Wada, Y., Kimura, S., Matsumoto, H., Kohro, T., Itabe, H., Kodama, T. and 
Maruyama, Y., 2005. Bilirubin from heme oxygenase-1 attenuates vascular endothelial activation and 
dysfunction. Arterioscler Thromb Vasc Biol. 25, 155-160. 

Kawase, M., Murakami, K., Fujimura, M., Morita-Fujimura, Y., Gasche, Y., Kondo, T., Scott, R. W. and Chan, P. 
H., 1999. Exacerbation of delayed cell injury after transient global ischemia in mutant mice with CuZn 
superoxide dismutase deficiency. Stroke. 30, 1962-1968. 

 116



Keller, J. N., Kindy, M. S., Holtsberg, F. W., St Clair, D. K., Yen, H. C., Germeyer, A., Steiner, S. M., Bruce-Keller, 
A. J., Hutchins, J. B. and Mattson, M. P., 1998. Mitochondrial manganese superoxide dismutase 
prevents neural apoptosis and reduces ischemic brain injury: suppression of peroxynitrite production, 
lipid peroxidation, and mitochondrial dysfunction. J Neurosci. 18, 687-697. 

Keller, T., Pleskova, M., McDonald, M. C., Thiemermann, C., Pfeilschifter, J. and Beck, K. F., 2003. Identification 
of manganese superoxide dismutase as a NO-regulated gene in rat glomerular mesangial cells by 2D 
gel electrophoresis. Nitric Oxide. 9, 183-193. 

Kelly, M. K., Carvell, G. E., Kodger, J. M. and Simons, D. J., 1999. Sensory loss by selected whisker removal 
produces immediate disinhibition in the somatosensory cortex of behaving rats. J Neurosci. 19, 9117-
9125. 

Kempster, S., Collins, M. E., Deacon, R. and Edington, N., 2004. Impaired motor coordination on static rods in 
BSE-infected mice. Behav Brain Res. 154, 291-295. 

Kent, T. A., Soukup, V. M. and Fabian, R. H., 2001. Heterogeneity affecting outcome from acute stroke therapy: 
making reperfusion worse. Stroke. 32, 2318-2327. 

Kiefer, R., Schweitzer, T., Jung, S., Toyka, K. V. and Hartung, H. P., 1998. Sequential expression of transforming 
growth factor-beta1 by T-cells, macrophages, and microglia in rat spinal cord during autoimmune 
inflammation. J Neuropathol Exp Neurol. 57, 385-395. 

Kiers, L., Davis, S. M., Larkins, R., Hopper, J., Tress, B., Rossiter, S. C., Carlin, J. and Ratnaike, S., 1992. Stroke 
topography and outcome in relation to hyperglycaemia and diabetes. J Neurol Neurosurg Psychiatry. 55, 
263-270. 

Kim, W. K. and Ko, K. H., 1998. Potentiation of N-methyl-D-aspartate-mediated neurotoxicity by 
immunostimulated murine microglia. J Neurosci Res. 54, 17-26. 

Kinouchi, H., Epstein, C. J., Mizui, T., Carlson, E., Chen, S. F. and Chan, P. H., 1991. Attenuation of focal 
cerebral ischemic injury in transgenic mice overexpressing CuZn superoxide dismutase. Proc Natl Acad 
Sci U S A. 88, 11158-11162. 

Kissela, B. M., Khoury, J., Kleindorfer, D., Woo, D., Schneider, A., Alwell, K., Miller, R., Ewing, I., Moomaw, C. J., 
Szaflarski, J. P., Gebel, J., Shukla, R. and Broderick, J. P., 2005. Epidemiology of ischemic stroke in 
patients with diabetes: the greater Cincinnati/Northern Kentucky Stroke Study. Diabetes Care. 28, 355-
359. 

Kleim, J. A., Barbay, S., Cooper, N. R., Hogg, T. M., Reidel, C. N., Remple, M. S. and Nudo, R. J., 2002. Motor 
learning-dependent synaptogenesis is localized to functionally reorganized motor cortex. Neurobiol 
Learn Mem. 77, 63-77. 

Kline, A. E., Bolinger, B. D., Kochanek, P. M., Carlos, T. M., Yan, H. Q., Jenkins, L. W., Marion, D. W. and Dixon, 
C. E., 2002. Acute systemic administration of interleukin-10 suppresses the beneficial effects of 
moderate hypothermia following traumatic brain injury in rats. Brain Res. 937, 22-31. 

Knight, R., 1996. Contribution of human hippocampal region to novelty detection. Nature. 383, 256-259. 
Knoblach, S. M. and Faden, A. I., 1998. Interleukin-10 improves outcome and alters proinflammatory cytokine 

expression after experimental traumatic brain injury. Exp Neurol. 153, 143-151. 
Knoblach, S. M., Fan, L. and Faden, A. I., 1999. Early neuronal expression of tumor necrosis factor-alpha after 

experimental brain injury contributes to neurological impairment. J Neuroimmunol. 95, 115-125. 
Knuckey, N. W., Fox, R. A., Surveyor, I. and Stokes, B. A., 1985. Early cerebral blood flow and computerized 

tomography in predicting ischemia after cerebral aneurysm rupture. J Neurosurg. 62, 850-855. 
Koistinaho, J., Miettinen, S., Keinanen, R., Vartiainen, N., Roivainen, R. and Laitinen, J. T., 1996a. Long-term 

induction of haem oxygenase-1 (HSP-32) in astrocytes and microglia following transient focal brain 
ischaemia in the rat. Eur J Neurosci. 8, 2265-2272. 

Koistinaho, J., Miettinen, S., Keinanen, R., Vartiainen, N., Roivainen, R. and Laitinen, J. T., 1996b. Long-term 
induction of heme oxygenase-1 (HSP-32) in astrocytes and microglia following transient focal brain 
ischaemia in the rat. Eur J Neurosci. 8, 2265-2272. 

Kokmen, E., Whisnant, J. P., O'Fallon, W. M., Chu, C. P. and Beard, C. M., 1996. Dementia after ischemic stroke: 
a population-based study in Rochester, Minnesota (1960-1984). Neurology. 46, 154-159. 

Kolb, B., 2003. Overview of cortical plasticity and recovery from brain injury. Phys Med Rehabil Clin N Am. 14, 
S7-25, viii. 

Kondo, F., Asanuma, M., Miyazaki, I., Kondo, Y., Tanaka, K., Makino, H. and Ogawa, N., 2001. Progressive 
cortical atrophy after forebrain ischemia in diabetic rats. Neurosci Res. 39, 339-346. 

Kondo, T., Reaume, A. G., Huang, T. T., Carlson, E., Murakami, K., Chen, S. F., Hoffman, E. K., Scott, R. W., 
Epstein, C. J. and Chan, P. H., 1997a. Reduction of CuZn-superoxide dismutase activity exacerbates 
neuronal cell injury and edema formation after transient focal cerebral ischemia. J Neurosci. 17, 4180-
4189. 

Kondo, T., Reaume, A. G., Huang, T. T., Murakami, K., Carlson, E., Chen, S., Scott, R. W., Epstein, C. J. and 
Chan, P. H., 1997b. Edema formation exacerbates neurological and histological outcomes after focal 
cerebral ischemia in CuZn-superoxide dismutase gene knockout mutant mice. Acta Neurochir Suppl. 70, 
62-64. 

Kondo, Y., Ogawa, N., Asanuma, M., Ota, Z. and Mori, A., 1995. Regional differences in late-onset iron 
deposition, ferritin, transferrin, astrocyte proliferation, and microglial activation after transient forebrain 
ischemia in rat brain. J Cereb Blood Flow Metab. 15, 216-226. 

Konno, H., Yamamoto, T., Iwasaki, Y., Suzuki, H., Saito, T. and Terunuma, H., 1989. Wallerian degeneration 
induces Ia-antigen expression in the rat brain. J Neuroimmunol. 25, 151-159. 

 117



Kontos, H. A., Wei, E. P., Ellis, E. F., Jenkins, L. W., Povlishock, J. T., Rowe, G. T. and Hess, M. L., 1985. 
Appearance of superoxide anion radical in cerebral extracellular space during increased prostaglandin 
synthesis in cats. Circ Res. 57, 142-151. 

Koralek, K. A. and Killackey, H. P., 1990. Callosal projections in rat somatosensory cortex are altered by early 
removal of afferent input. Proc Natl Acad Sci U S A. 87, 1396-1400. 

Kosowski, A., Liljequist S, 2004. Behavioural sensitization to nicotine precedes the onset of nicotine-conditioned 
locomotor stimulation. Behavioural Brain Research. 

Kovacs, A. D., Cebers, G., Cebere, A. and Liljequist, S., 2002. Selective and AMPA receptor-dependent astrocyte 
death following prolonged blockade of glutamate reuptake in rat cerebellar cultures. Exp Neurol. 174, 58-
71. 

Krajewski, S., Krajewska, M., Ellerby, L. M., Welsh, K., Xie, Z., Deveraux, Q. L., Salvesen, G. S., Bredesen, D. E., 
Rosenthal, R. E., Fiskum, G. and Reed, J. C., 1999. Release of caspase-9 from mitochondria during 
neuronal apoptosis and cerebral ischemia. Proc Natl Acad Sci U S A. 96, 5752-5757. 

Krajewski, S., Mai, J. K., Krajewska, M., Sikorska, M., Mossakowski, M. J. and Reed, J. C., 1995. Upregulation of 
bax protein levels in neurons following cerebral ischemia. J Neurosci. 15, 6364-6376. 

Kreutzberg, G. W., 1996. Microglia: a sensor for pathological events in the CNS. Trends Neurosci. 19, 312-318. 
Krinke, G. J., Classen, W., Vidotto, N., Suter, E. and Wurmlin, C. H., 2001. Detecting necrotic neurons with fluoro-

jade stain. Exp Toxicol Pathol. 53, 365-372. 
Kristal, B. S., Jackson, C. T., Chung, H. Y., Matsuda, M., Nguyen, H. D. and Yu, B. P., 1997. Defects at center P 

underlie diabetes-associated mitochondrial dysfunction. Free Radic Biol Med. 22, 823-833. 
Krum, J. M., 1994. Experimental gliopathy in the adult rat CNS: effect on the blood-spinal cord barrier. Glia. 11, 

354-366. 
Kundrotiené, J., 2004. Ischemic Brain Damage Following Transient And Moderate Compression Of Sensorimotor 

Cortex in Sprague-Dawley and Diabetic Goto-Kakizaki Rats. In: Department of Clinical Neuroscience). 
Karolinska Institutet, Stockholm. 

Kundrotiene, J., Cebers, G., Wagner, A. and Liljequist, S., 2004a. The NMDA NR2B subunit-selective receptor 
antagonist, CP-101,606, enhances the functional recovery the NMDA NR2B subunit-selective receptor 
and reduces brain damage after cortical compression-induced brain ischemia. J Neurotrauma. 21, 83-93. 

Kundrotiene, J., Wagner, A. and Liljequist, S., 2002. Extradural compression of sensorimotor cortex: a useful 
model for studies on ischemic brain damage and neuroprotection. J Neurotrauma. 19, 69-84. 

Kundrotiene, J., Wagner, A. and Liljequist, S., 2004b. Fluoro-Jade and TUNEL staining as useful tools to identify 
ischemic brain damage following moderate extradural compression of sensorimotor cortex. Acta 
Neurobiol Exp (Wars). 64, 153-162. 

Kundrotiene, J., Wägner A and Liljequist S, 2004. The NMDA NR2B subunit-selective receptor antagonist CP-
101,606, enhances the functional recovery and reduces brain damage after cortical compression-
induced brain ischemia. J Neurotrauma. 21, 83-93. 

Kutty, R. K. and Maines, M. D., 1981. Purification and characterization of biliverdin reductase from rat liver. J Biol 
Chem. 256, 3956-3962. 

Kwa, V. I., Limburg, M. and de Haan, R. J., 1996. The role of cognitive impairment in the quality of life after 
ischaemic stroke. J Neurol. 243, 599-604. 

Kwak, J. Y., Takeshige, K., Cheung, B. S. and Minakami, S., 1991. Bilirubin inhibits the activation of superoxide-
producing NADPH oxidase in a neutrophil cell-free system. Biochim Biophys Acta. 1076, 369-373. 

La Fleur, M., Underwood, J. L., Rappolee, D. A. and Werb, Z., 1996. Basement membrane and repair of injury to 
peripheral nerve: defining a potential role for macrophages, matrix metalloproteinases, and tissue 
inhibitor of metalloproteinases-1. J Exp Med. 184, 2311-2326. 

Lattermann, R., Schricker, T., Wachter, U., Georgieff, M. and Goertz, A., 2001. Understanding the mechanisms 
by which isoflurane modifies the hyperglycemic response to surgery. Anesth Analg. 93, 121-127. 

Lavenex, P. and Amaral, D. G., 2000. Hippocampal-neocortical interaction: a hierarchy of associativity. 
Hippocampus. 10, 420-430. 

Laviola, G., Macri, S., Morley-Fletcher, S. and Adriani, W., 2003. Risk-taking behavior in adolescent mice: 
psychobiological determinants and early epigenetic influence. Neurosci Biobehav Rev. 27, 19-31. 

Lavrovsky, Y., Schwartzman, M. L., Levere, R. D., Kappas, A. and Abraham, N. G., 1994. Identification of binding 
sites for transcription factors NF-kappa B and AP-2 in the promoter region of the human heme 
oxygenase 1 gene. Proc Natl Acad Sci U S A. 91, 5987-5991. 

Lee, S. C., Dickson, D. W., Liu, W. and Brosnan, C. F., 1993. Induction of nitric oxide synthase activity in human 
astrocytes by interleukin-1 beta and interferon-gamma. J Neuroimmunol. 46, 19-24. 

Lee, T. H., Kato, H., Kogure, K. and Itoyama, Y., 1996. Temporal profile of nerve growth factor-like 
immunoreactivity after transient focal cerebral ischemia in rats. Brain Res. 713, 199-210. 

Lehrmann, E., Kiefer, R., Christensen, T., Toyka, K. V., Zimmer, J., Diemer, N. H., Hartung, H. P. and Finsen, B., 
1998. Microglia and macrophages are major sources of locally produced transforming growth factor-
beta1 after transient middle cerebral artery occlusion in rats. Glia. 24, 437-448. 

Lehto, S., Ronnemaa, T., Pyorala, K. and Laakso, M., 1996. Predictors of stroke in middle-aged patients with non-
insulin-dependent diabetes. Stroke. 27, 63-68. 

Leibson, C. L., Rocca, W. A., Hanson, V. A., Cha, R., Kokmen, E., O'Brien, P. C. and Palumbo, P. J., 1997. The 
risk of dementia among persons with diabetes mellitus: a population-based cohort study. Ann N Y Acad 
Sci. 826, 422-427. 

 118



Lerouet, D., Beray-Berthat, V., Palmier, B., Plotkine, M. and Margaill, I., 2002. Changes in oxidative stress, iNOS 
activity and neutrophil infiltration in severe transient focal cerebral ischemia in rats. Brain Res. 958, 166-
175. 

Leutner, S., Eckert, A. and Muller, W. E., 2001. ROS generation, lipid peroxidation and antioxidant enzyme 
activities in the aging brain. J Neural Transm. 108, 955-967. 

Levine, B., Dawson, D., Boutet, I., Schwartz, M. L. and Stuss, D. T., 2000. Assessment of strategic self-regulation 
in traumatic brain injury: its relationship to injury severity and psychosocial outcome. Neuropsychology. 
14, 491-500. 

Li, H., Zhu, H., Xu, C. J. and Yuan, J., 1998. Cleavage of BID by caspase 8 mediates the mitochondrial damage 
in the Fas pathway of apoptosis. Cell. 94, 491-501. 

Li, Z. G., Britton, M., Sima, A. A. and Dunbar, J. C., 2004a. Diabetes enhances apoptosis induced by cerebral 
ischemia. Life Sci. 76, 249-262. 

Li, Z. G., W.;, Z. and Sima, A. A. F., 2004b. Apoptotic pathways differ in primary diabetic encephalopathy in type 1 
and type 2 diabetes. J Neuropathol Exp Neurol. 63, 525. 

Li, Z. G., Zhang, W., Grunberger, G. and Sima, A. A., 2002a. Hippocampal neuronal apoptosis in type 1 diabetes. 
Brain Res. 946, 221-231. 

Li, Z. G., Zhang, W. and Sima, A. A., 2002b. C-peptide prevents hippocampal apoptosis in type 1 diabetes. Int J 
Exp Diabetes Res. 3, 241-245. 

Li, Z. G., Zhang, W. and Sima, A. A., 2003. C-peptide enhances insulin-mediated cell growth and protection 
against high glucose-induced apoptosis in SH-SY5Y cells. Diabetes Metab Res Rev. 19, 375-385. 

Lin, B., Ginsberg, M. D. and Busto, R., 1998. Hyperglycemic exacerbation of neuronal damage following forebrain 
ischemia: microglial, astrocytic and endothelial alterations. Acta Neuropathol (Berl). 96, 610-620. 

Lin, R. C., Polsky, K. and Matesic, D. F., 1993. Expression of gamma-aminobutyric acid immunoreactivity in 
reactive astrocytes after ischemia-induced injury in the adult forebrain. Brain Res. 600, 1-8. 

Lindner, H., Holler, E., Ertl, B., Multhoff, G., Schreglmann, M., Klauke, I., Schultz-Hector, S. and Eissner, G., 
1997. Peripheral blood mononuclear cells induce programmed cell death in human endothelial cells and 
may prevent repair: role of cytokines. Blood. 89, 1931-1938. 

Ling, Z. C., Efendic, S., Wibom, R., Abdel-Halim, S. M., Ostenson, C. G., Landau, B. R. and Khan, A., 1998. 
Glucose metabolism in Goto-Kakizaki rat islets. Endocrinology. 139, 2670-2675. 

Ling, Z. C., Hong-Lie, C., Ostenson, C. G., Efendic, S. and Khan, A., 2001. Hyperglycemia contributes to impaired 
insulin response in GK rat islets. Diabetes. 50 Suppl 1, S108-112. 

Lipton, P., 1999. Ischemic cell death in brain neurons. Physiol Rev. 79, 1431-1568. 
Liszczak, T. M., Hedley-Whyte, E. T., Adams, J. F., Han, D. H., Kolluri, V. S., Vacanti, F. X., Heros, R. C. and 

Zervas, N. T., 1984. Limitations of tetrazolium salts in delineating infarcted brain. Acta Neuropathol 
(Berl). 65, 150-157. 

Lithner, F., Asplund, K., Eriksson, S., Hagg, E., Strand, T. and Wester, P. O., 1988. Clinical characteristics in 
diabetic stroke patients. Diabete Metab. 14, 15-19. 

Liu, T., Clark, R. K., McDonnell, P. C., Young, P. R., White, R. F., Barone, F. C. and Feuerstein, G. Z., 1994. 
Tumor necrosis factor-alpha expression in ischemic neurons. Stroke. 25, 1481-1488. 

Liu, Y., Zhu, B., Wang, X., Luo, L., Li, P., Paty, D. W. and Cynader, M. S., 2003. Bilirubin as a potent antioxidant 
suppresses experimental autoimmune encephalomyelitis: implications for the role of oxidative stress in 
the development of multiple sclerosis. J Neuroimmunol. 139, 27-35. 

Lloyd, P. G., Yang, H. T. and Terjung, R. L., 2001. Arteriogenesis and angiogenesis in rat ischemic hindlimb: role 
of nitric oxide. Am J Physiol Heart Circ Physiol. 281, H2528-2538. 

Loesch, A. and Burnstock, G., 1996. Ultrastructural study of perivascular nerve fibres and endothelial cells of the 
rat basilar artery immunolabelled with monoclonal antibodies to neuronal and endothelial nitric oxide 
synthase. J Neurocytol. 25, 525-534. 

Longa, E. Z., Weinstein, P. R., Carlson, S. and Cummins, R., 1989. Reversible middle cerebral artery occlusion 
without craniectomy in rats. Stroke. 20, 84-91. 

Luchsinger, J. A., Tang, M. X., Stern, Y., Shea, S. and Mayeux, R., 2001. Diabetes mellitus and risk of 
Alzheimer's disease and dementia with stroke in a multiethnic cohort. Am J Epidemiol. 154, 635-641. 

Macdonald, R. L. and Weir, B. K., 1991. A review of hemoglobin and the pathogenesis of cerebral vasospasm. 
Stroke. 22, 971-982. 

Macmillan-Crow, L. A. and Cruthirds, D. L., 2001. Invited review: manganese superoxide dismutase in disease. 
Free Radic Res. 34, 325-336. 

Maeshima, S., Ozaki, F., Masuo, O., Yamaga, H., Okita, R. and Moriwaki, H., 2001. Memory impairment and 
spatial disorientation following a left retrosplenial lesion. J Clin Neurosci. 8, 450-451. 

Maier, N. R. F., 1935. The cortical area concerned with coordinated 
walking in the rat. J Comp Neurol. 61, 395-405. 
Maines, M. D., 1981. Zinc . protoporphyrin is a selective inhibitor of heme oxygenase activity in the neonatal rat. 

Biochim Biophys Acta. 673, 339-350. 
Maines, M. D., 1997. The heme oxygenase system: a regulator of second messenger gases. Annu Rev 

Pharmacol Toxicol. 37, 517-554. 
Maines, M. D., 2000. The heme oxygenase system and its functions in the brain. Cell Mol Biol (Noisy-le-grand). 

46, 573-585. 
Maines, M. D., Eke, B. C. and Zhao, X., 1996a. Corticosterone promotes increased heme oxygenase-2 protein 

and transcript expression in the newborn rat brain. Brain Res. 722, 83-94. 

 119



Maines, M. D. and Kappas, A., 1974. Cobalt induction of hepatic heme oxygenase; with evidence that cytochrome 
P-450 is not essential for this enzyme activity. Proc Natl Acad Sci U S A. 71, 4293-4297. 

Maines, M. D., Polevoda, B. V., Huang, T. J. and McCoubrey, W. K., Jr., 1996b. Human biliverdin IXalpha 
reductase is a zinc-metalloprotein. Characterization of purified and Escherichia coli expressed enzymes. 
Eur J Biochem. 235, 372-381. 

Maines, M. D. and Trakshel, G. M., 1993. Purification and characterization of human biliverdin reductase. Arch 
Biochem Biophys. 300, 320-326. 

Mair, R. G., Burk, J. A. and Porter, M. C., 1998. Lesions of the frontal cortex, hippocampus, and intralaminar 
thalamic nuclei have distinct effects on remembering in rats. Behav Neurosci. 112, 772-792. 

Mair, R. G., Koch, J. K., Newman, J. B., Howard, J. R. and Burk, J. A., 2002. A double dissociation within striatum 
between serial reaction time and radial maze delayed nonmatching performance in rats. J Neurosci. 22, 
6756-6765. 

Makar, T. K., Hungund, B. L., Cook, G. A., Kashfi, K. and Cooper, A. J., 1995. Lipid metabolism and membrane 
composition are altered in the brains of type II diabetic mice. J Neurochem. 64, 2159-2168. 

Mankovsky, B. N., Patrick, J. T., Metzger, B. E. and Saver, J. L., 1996. The size of subcortical ischemic infarction 
in patients with and without diabetes mellitus. Clin Neurol Neurosurg. 98, 137-141. 

Marklund, S. L., 1982. Human copper-containing superoxide dismutase of high molecular weight. Proc Natl Acad 
Sci U S A. 79, 7634-7638. 

Markou, A., Weiss, F., Gold, L. H., Caine, S. B., Schulteis, G. and Koob, G. F., 1993. Animal models of drug 
craving. Psychopharmacology (Berl). 112, 163-182. 

Marsden, C. D., 1982. Functions of the basal ganglia. Rinsho Shinkeigaku. 22, 1093-1094. 
Martin, N. A., Doberstein, C., Zane, C., Caron, M. J., Thomas, K. and Becker, D. P., 1992. Posttraumatic cerebral 

arterial spasm: transcranial Doppler ultrasound, cerebral blood flow, and angiographic findings. J 
Neurosurg. 77, 575-583. 

Martinou, J. C., Dubois-Dauphin, M., Staple, J. K., Rodriguez, I., Frankowski, H., Missotten, M., Albertini, P., 
Talabot, D., Catsicas, S., Pietra, C. and et al., 1994. Overexpression of BCL-2 in transgenic mice 
protects neurons from naturally occurring cell death and experimental ischemia. Neuron. 13, 1017-1030. 

Marty, S., Dusart, I. and Peschanski, M., 1991. Glial changes following an excitotoxic lesion in the CNS--I. 
Microglia/macrophages. Neuroscience. 45, 529-539. 

Mates, J. M., Perez-Gomez, C. and Nunez de Castro, I., 1999. Antioxidant enzymes and human diseases. Clin 
Biochem. 32, 595-603. 

Matsunaga, T., Warltier, D. C., Weihrauch, D. W., Moniz, M., Tessmer, J. and Chilian, W. M., 2000. Ischemia-
induced coronary collateral growth is dependent on vascular endothelial growth factor and nitric oxide. 
Circulation. 102, 3098-3103. 

Matsuoka, Y., Kitamura, Y., Okazaki, M., Sakata, M., Tsukahara, T. and Taniguchi, T., 1998. Induction of heme 
oxygenase-1 and major histocompatibility complex antigens in transient forebrain ischemia. J Cereb 
Blood Flow Metab. 18, 824-832. 

Matthews, M. A., Carey, M. E., Soblosky, J. S., Davidson, J. F. and Tabor, S. L., 1998. Focal brain injury and its 
effects on cerebral mantle, neurons, and fiber tracks. Brain Res. 794, 1-18. 

Matz, P., Turner, C., Weinstein, P. R., Massa, S. M., Panter, S. S. and Sharp, F. R., 1996. Heme-oxygenase-1 
induction in glia throughout rat brain following experimental subarachnoid hemorrhage. Brain Res. 713, 
211-222. 

Matz, P. G., Weinstein, P. R. and Sharp, F. R., 1997. Heme oxygenase-1 and heat shock protein 70 induction in 
glia and neurons throughout rat brain after experimental intracerebral hemorrhage. Neurosurgery. 40, 
152-160; discussion 160-152. 

Mautes, A. E., Kim, D. H., Sharp, F. R., Panter, S., Sato, M., Maida, N., Bergeron, M., Guenther, K. and Noble, L. 
J., 1998. Induction of heme oxygenase-1 (HO-1) in the contused spinal cord of the rat. Brain Res. 795, 
17-24. 

McCarthy, A. M., Lindgren, S., Mengeling, M. A., Tsalikian, E. and Engvall, J. C., 2002. Effects of diabetes on 
learning in children. Pediatrics. 109, E9. 

McCord, J. M. and Fridovich, I., 1969. Superoxide dismutase. An enzymic function for erythrocuprein 
(hemocuprein). J Biol Chem. 244, 6049-6055. 

McCoubrey, W. K., Jr., Huang, T. J. and Maines, M. D., 1997. Isolation and characterization of a cDNA from the 
rat brain that encodes hemoprotein heme oxygenase-3. Eur J Biochem. 247, 725-732. 

McCoubrey, W. K., Jr. and Maines, M. D., 1994. The structure, organization and differential expression of the 
gene encoding rat heme oxygenase-2. Gene. 139, 155-161. 

McDonagh, A. F., 1990. Is bilirubin good for you? Clin Perinatol. 17, 359-369. 
McIntosh, T. K., Vink, R., Noble, L., Yamakami, I., Fernyak, S., Soares, H. and Faden, A. L., 1989. Traumatic 

brain injury in the rat: characterization of a lateral fluid-percussion model. Neuroscience. 28, 233-244. 
McKinlay, W. W., Brooks, D. N., Bond, M. R., Martinage, D. P. and Marshall, M. M., 1981. The short-term 

outcome of severe blunt head injury as reported by relatives of the injured persons. J Neurol Neurosurg 
Psychiatry. 44, 527-533. 

McNeill, T. H., Brown, S. A., Hogg, E., Cheng, H. W. and Meshul, C. K., 2003. Synapse replacement in the 
striatum of the adult rat following unilateral cortex ablation. J Comp Neurol. 467, 32-43. 

Mehta, J. L., Nicolini, F. A., Donnelly, W. H. and Nichols, W. W., 1992. Platelet-leukocyte-endothelial interactions 
in coronary artery disease. Am J Cardiol. 69, 8B-13B. 

Melamed, E., 1976. Reactive hyperglycaemia in patients with acute stroke. J Neurol Sci. 29, 267-275. 

 120



Meneilly, G. S., Cheung, E., Tessier, D., Yakura, C. and Tuokko, H., 1993. The effect of improved glycemic 
control on cognitive functions in the elderly patient with diabetes. J Gerontol. 48, M117-121. 

Merry, D. E. and Korsmeyer, S. J., 1997. Bcl-2 gene family in the nervous system. Annu Rev Neurosci. 20, 245-
267. 

Messier, C. and Gagnon, M., 1996. Glucose regulation and cognitive functions: relation to Alzheimer's disease 
and diabetes. Behav Brain Res. 75, 1-11. 

Mesulam, M. M., Nobre, A. C., Kim, Y. H., Parrish, T. B. and Gitelman, D. R., 2001. Heterogeneity of cingulate 
contributions to spatial attention. Neuroimage. 13, 1065-1072. 

Mikawa, S., Kinouchi, H., Kamii, H., Gobbel, G. T., Chen, S. F., Carlson, E., Epstein, C. J. and Chan, P. H., 1996. 
Attenuation of acute and chronic damage following traumatic brain injury in copper, zinc-superoxide 
dismutase transgenic mice. J Neurosurg. 85, 885-891. 

Miller, E. K., Erickson, C. A. and Desimone, R., 1996. Neural mechanisms of visual working memory in prefrontal 
cortex of the macaque. J Neurosci. 16, 5154-5167. 

Mills, V. M., Nesbeda, T., Katz, D. I. and Alexander, M. P., 1992. Outcomes for traumatically brain-injured patients 
following post-acute rehabilitation programmes. Brain Inj. 6, 219-228. 

Mishkin M, P. H., 1984. Memories and habits: some implications for the analysis of learning and retention. In: 
Squire, B. a. (Ed.), Neuropsychology of memory. Guilford, New York, pp. 287-296. 

Mittmann, T., Luhmann, H. J., Schmidt-Kastner, R., Eysel, U. T., Weigel, H. and Heinemann, U., 1994. Lesion-
induced transient suppression of inhibitory function in rat neocortex in vitro. Neuroscience. 60, 891-906. 

Moncada, S., Palmer, R. M. and Higgs, E. A., 1991. Nitric oxide: physiology, pathophysiology, and pharmacology. 
Pharmacol Rev. 43, 109-142. 

Mordes, J. P., 2001. Autoimmune diabetes mellitus in the BB rat. In: Sima, A. A. F. and Shafrir, E. (Eds.), Animal 
models of diabetes: A primer. Frontiers in Animal in animal diabetes research., vol.2. Harwood Academic 
Publishers, Amsterdam, pp. 1-42. 

Morioka, T., Kalehua, A. N. and Streit, W. J., 1991. The microglial reaction in the rat dorsal hippocampus following 
transient forebrain ischemia. J Cereb Blood Flow Metab. 11, 966-973. 

Morris, R. G., Garrud, P., Rawlins, J. N. and O'Keefe, J., 1982. Place navigation impaired in rats with 
hippocampal lesions. Nature. 297, 681-683. 

Moulin, T., Tatu, L., Crepin-Leblond, T., Chavot, D., Berges, S. and Rumbach, T., 1997. The Besancon Stroke 
Registry: an acute stroke registry of 2,500 consecutive patients. Eur Neurol. 38, 10-20. 

Muller, R. M., Taguchi, H. and Shibahara, S., 1987. Nucleotide sequence and organization of the rat heme 
oxygenase gene. J Biol Chem. 262, 6795-6802. 

Murakami, K., Kondo, T., Kawase, M., Li, Y., Sato, S., Chen, S. F. and Chan, P. H., 1998. Mitochondrial 
susceptibility to oxidative stress exacerbates cerebral infarction that follows permanent focal cerebral 
ischemia in mutant mice with manganese superoxide dismutase deficiency. J Neurosci. 18, 205-213. 

Murakawa, Y., Zhang, W., Pierson, C. R., Brismar, T., Ostenson, C. G., Efendic, S. and Sima, A. A., 2002. 
Impaired glucose tolerance and insulinopenia in the GK-rat causes peripheral neuropathy. Diabetes 
Metab Res Rev. 18, 473-483. 

Murphy, S., 2000. Production of nitric oxide by glial cells: regulation and potential roles in the CNS. Glia. 29, 1-13. 
Murros, K., Fogelholm, R., Kettunen, S., Vuorela, A. L. and Valve, J., 1992. Blood glucose, glycosylated 

haemoglobin, and outcome of ischemic brain infarction. J Neurol Sci. 111, 59-64. 
Nagafuji, T., Matsui, T., Koide, T. and Asano, T., 1992. Blockade of nitric oxide formation by N omega-nitro-L-

arginine mitigates ischemic brain edema and subsequent cerebral infarction in rats. Neurosci Lett. 147, 
159-162. 

Nakagami, T., Toyomura, K., Kinoshita, T. and Morisawa, S., 1993. A beneficial role of bile pigments as an 
endogenous tissue protector: anti-complement effects of biliverdin and conjugated bilirubin. Biochim 
Biophys Acta. 1158, 189-193. 

Nakamura, T., Keep, R. F., Hua, Y., Schallert, T., Hoff, J. T. and Xi, G., 2004. Deferoxamine-induced attenuation 
of brain edema and neurological deficits in a rat model of intracerebral hemorrhage. J Neurosurg. 100, 
672-678. 

Nakano, K., Kayahara, T., Tsutsumi, T. and Ushiro, H., 2000. Neural circuits and functional organization of the 
striatum. J Neurol. 247 Suppl 5, V1-15. 

Nakano, S., Kogure, K. and Fujikura, H., 1990. Ischemia-induced slowly progressive neuronal damage in the rat 
brain. Neuroscience. 38, 115-124. 

Namura, S., Zhu, J., Fink, K., Endres, M., Srinivasan, A., Tomaselli, K. J., Yuan, J. and Moskowitz, M. A., 1998. 
Activation and cleavage of caspase-3 in apoptosis induced by experimental cerebral ischemia. J 
Neurosci. 18, 3659-3668. 

Nedergaard, M., 1987. Transient focal ischemia in hyperglycemic rats is associated with increased cerebral 
infarction. Brain Res. 408, 79-85. 

NIH, C. C., 1999. Consensus conference. Rehabilitation of persons with traumatic brain injury. NIH Consensus 
Development Panel on Rehabilitation of Persons With Traumatic Brain Injury. Jama. 282, 974-983. 

Nilsson, P., Gazelius, B., Carlson, H. and Hillered, L., 1996. Continuous measurement of changes in regional 
cerebral blood flow following cortical compression contusion trauma in the rat. J Neurotrauma. 13, 201-
207. 

Nilsson, P., Hillered, L., Ponten, U. and Ungerstedt, U., 1990. Changes in cortical extracellular levels of energy-
related metabolites and amino acids following concussive brain injury in rats. J Cereb Blood Flow Metab. 
10, 631-637. 

 121



Nishikawa, T., Kirsch, J. R., Koehler, R. C., Bredt, D. S., Snyder, S. H. and Traystman, R. J., 1993. Effect of nitric 
oxide synthase inhibition on cerebral blood flow and injury volume during focal ischemia in cats. Stroke. 
24, 1717-1724. 

Niskanen, L., Turpeinen, A., Penttila, I. and Uusitupa, M. I., 1998. Hyperglycemia and compositional lipoprotein 
abnormalities as predictors of cardiovascular mortality in type 2 diabetes: a 15-year follow-up from the 
time of diagnosis. Diabetes Care. 21, 1861-1869. 

Noonan, M. and Axelrod, S., 1992. Partial callosotomy and left-right response differentiation in the rat: separate 
anterior and posterior facilitatory effects. Behav Neurosci. 106, 433-436. 

Noppeney, U., Friston, K. J. and Price, C. J., 2004. Degenerate neuronal systems sustaining cognitive functions. 
J Anat. 205, 433-442. 

Novack, G., 1982. Studies on the efficacy and depressant potential of muscle relaxants in mice. Drug 
Development Research. 2, 383-386. 

Nowicki, J. P., Duval, D., Poignet, H. and Scatton, B., 1991. Nitric oxide mediates neuronal death after focal 
cerebral ischemia in the mouse. Eur J Pharmacol. 204, 339-340. 

Nudo, R. J., Wise, B. M., SiFuentes, F. and Milliken, G. W., 1996. Neural substrates for the effects of rehabilitative 
training on motor recovery after ischemic infarct. Science. 272, 1791-1794. 

O'Keefe, J., 1999. Do hippocampal pyramidal cells signal non-spatial as well as spatial information? 
Hippocampus. 9, 352-364. 

O'Keefe, J. and Burgess, N., 1996. Geometric determinants of the place fields of hippocampal neurons. Nature. 
381, 425-428. 

Oltvai, Z. N., Milliman, C. L. and Korsmeyer, S. J., 1993. Bcl-2 heterodimerizes in vivo with a conserved homolog, 
Bax, that accelerates programmed cell death. Cell. 74, 609-619. 

Orsetti, M., Casamenti, F. and Pepeu, G., 1996. Enhanced acetylcholine release in the hippocampus and cortex 
during acquisition of an operant behavior. Brain Res. 724, 89-96. 

Osuga, S. and Hogan, M. J., 1997. In vivo uptake of [3H]nimodipine in focal cerebral ischemia: modulation by 
hyperglycemia. J Cereb Blood Flow Metab. 17, 1057-1065. 

Ott, A., Stolk, R. P., van Harskamp, F., Pols, H. A., Hofman, A. and Breteler, M. M., 1999. Diabetes mellitus and 
the risk of dementia: The Rotterdam Study. Neurology. 53, 1937-1942. 

Otterbein, L. E. and Choi, A. M., 2000. Heme oxygenase: colors of defense against cellular stress. Am J Physiol 
Lung Cell Mol Physiol. 279, L1029-1037. 

Oury, T. D., Day, B. J. and Crapo, J. D., 1996. Extracellular superoxide dismutase: a regulator of nitric oxide 
bioavailability. Lab Invest. 75, 617-636. 

Packard, M. G., 1999. Glutamate infused posttraining into the hippocampus or caudate-putamen differentially 
strengthens place and response learning. Proc Natl Acad Sci U S A. 96, 12881-12886. 

Packard, M. G. and McGaugh, J. L., 1996. Inactivation of hippocampus or caudate nucleus with lidocaine 
differentially affects expression of place and response learning. Neurobiol Learn Mem. 65, 65-72. 

Pae, H. O., Choi, B. M., Oh, G. S., Lee, M. S., Ryu, D. G., Rhew, H. Y., Kim, Y. M. and Chung, H. T., 2004. Roles 
of heme oxygenase-1 in the antiproliferative and antiapoptotic effects of nitric oxide on Jurkat T cells. 
Mol Pharmacol. 66, 122-128. 

Pahlmark, K., Folbergrova, J., Smith, M. L. and Siesjo, B. K., 1993. Effects of dimethylthiourea on selective 
neuronal vulnerability in forebrain ischemia in rats. Stroke. 24, 731-736; discussion 736-737. 

Panahian, N., Huang, T. and Maines, M. D., 1999a. Enhanced neuronal expression of the oxidoreductase--
biliverdin reductase--after permanent focal cerebral ischemia. Brain Res. 850, 1-13. 

Panahian, N. and Maines, M. D., 2000. Assessment of induction of biliverdin reductase in a mouse model of 
middle cerebral artery occlusion. Brain Res Brain Res Protoc. 6, 53-70. 

Panahian, N., Yoshiura, M. and Maines, M. D., 1999b. Overexpression of heme oxygenase-1 is neuroprotective in 
a model of permanent middle cerebral artery occlusion in transgenic mice. J Neurochem. 72, 1187-1203. 

Panizzon, K. L., Dwyer, B. E., Nishimura, R. N. and Wallis, R. A., 1996. Neuroprotection against CA1 injury with 
metalloporphyrins. Neuroreport. 7, 662-666. 

Pappata, S., Levasseur, M., Gunn, R. N., Myers, R., Crouzel, C., Syrota, A., Jones, T., Kreutzberg, G. W. and 
Banati, R. B., 2000. Thalamic microglial activation in ischemic stroke detected in vivo by PET and 
[11C]PK1195. Neurology. 55, 1052-1054. 

Parsons, M. W., Barber, P. A., Desmond, P. M., Baird, T. A., Darby, D. G., Byrnes, G., Tress, B. M. and Davis, S. 
M., 2002. Acute hyperglycemia adversely affects stroke outcome: a magnetic resonance imaging and 
spectroscopy study. Ann Neurol. 52, 20-28. 

Passetti, F., Dalley, J. W., O'Connell, M. T., Everitt, B. J. and Robbins, T. W., 2000. Increased acetylcholine 
release in the rat medial prefrontal cortex during performance of a visual attentional task. Eur J Neurosci. 
12, 3051-3058. 

Paxinos G, W. C., 1998. The rat brain in stereotaxic coordinates. Academic press, San Diego. 
Peress, N. S., Kane, W. C. and Aronson, S. M., 1973. Central nervous system findings in a tenth decade autopsy 

population. Prog Brain Res. 40, 473-483. 
Perlmuter, L. C., Hakami, M. K., Hodgson-Harrington, C., Ginsberg, J., Katz, J., Singer, D. E. and Nathan, D. M., 

1984. Decreased cognitive function in aging non-insulin-dependent diabetic patients. Am J Med. 77, 
1043-1048. 

Persson, M., Brantefjord, M., Hansson, E. and Ronnback, L., 2005. Lipopolysaccharide increases microglial GLT-
1 expression and glutamate uptake capacity in vitro by a mechanism dependent on TNF-alpha. Glia. 51, 
111-120. 

 122



Peterson, R. G. (Ed.), 2001. The Zucker diabetic fatty (ZDF) rat. Harwood Academic Publishers, Amsterdam. 
Peterson, R. G., Shaw, W. N., Neel, M.-A., Little, L. A. and Eichberg, J., 1990. Zucker diabetic fatty rat as a model 

for non-insulin dependent diabetes mellitus. ILAR News (Inst Lab Animal Res). 32, 16-19. 
Petito, C. K., 1979. Platelet thrombi in experimental cerebral infarction. Stroke. 10, 192-196. 
Petito, C. K., Morgello, S., Felix, J. C. and Lesser, M. L., 1990. The two patterns of reactive astrocytosis in 

postischemic rat brain. J Cereb Blood Flow Metab. 10, 850-859. 
Piot-Grosjean, O., Wahl, F., Gobbo, O. and Stutzmann, J. M., 2001. Assessment of sensorimotor and cognitive 

deficits induced by a moderate traumatic injury in the right parietal cortex of the rat. Neurobiol Dis. 8, 
1082-1093. 

Plautz, E. J., Milliken, G. W. and Nudo, R. J., 2000. Effects of repetitive motor training on movement 
representations in adult squirrel monkeys: role of use versus learning. Neurobiol Learn Mem. 74, 27-55. 

Plesnila, N., Zinkel, S., Le, D. A., Amin-Hanjani, S., Wu, Y., Qiu, J., Chiarugi, A., Thomas, S. S., Kohane, D. S., 
Korsmeyer, S. J. and Moskowitz, M. A., 2001. BID mediates neuronal cell death after oxygen/ glucose 
deprivation and focal cerebral ischemia. Proc Natl Acad Sci U S A. 98, 15318-15323. 

Poss, K. D. and Tonegawa, S., 1997. Heme oxygenase 1 is required for mammalian iron reutilization. Proc Natl 
Acad Sci U S A. 94, 10919-10924. 

Prado, R., Ginsberg, M. D., Dietrich, W. D., Watson, B. D. and Busto, R., 1988. Hyperglycemia increases infarct 
size in collaterally perfused but not end-arterial vascular territories. J Cereb Blood Flow Metab. 8, 186-
192. 

Probert, L. and Selmaj, K., 1997. TNF and related molecules: trends in neuroscience and clinical applications. J 
Neuroimmunol. 72, 113-117. 

Prut, L. and Belzung, C., 2003. The open field as a paradigm to measure the effects of drugs on anxiety-like 
behaviors: a review. Eur J Pharmacol. 463, 3-33. 

Pulsinelli, W. A. and Brierley, J. B., 1979. A new model of bilateral hemispheric ischemia in the unanesthetized 
rat. Stroke. 10, 267-272. 

Pulsinelli, W. A., Brierley, J. B. and Plum, F., 1982. Temporal profile of neuronal damage in a model of transient 
forebrain ischemia. Ann Neurol. 11, 491-498. 

Pulsinelli, W. A., Levy, D. E., Sigsbee, B., Scherer, P. and Plum, F., 1983. Increased damage after ischemic 
stroke in patients with hyperglycemia with or without established diabetes mellitus. Am J Med. 74, 540-
544. 

Quast, M. J., Wei, J., Huang, N. C., Brunder, D. G., Sell, S. L., Gonzalez, J. M., Hillman, G. R. and Kent, T. A., 
1997. Perfusion deficit parallels exacerbation of cerebral ischemia/reperfusion injury in hyperglycemic 
rats. J Cereb Blood Flow Metab. 17, 553-559. 

Raghupathi, R., Strauss, K. I., Zhang, C., Krajewski, S., Reed, J. C. and McIntosh, T. K., 2003. Temporal 
alterations in cellular Bax:Bcl-2 ratio following traumatic brain injury in the rat. J Neurotrauma. 20, 421-
435. 

Raju, V. S., McCoubrey, W. K., Jr. and Maines, M. D., 1997. Regulation of heme oxygenase-2 by glucocorticoids 
in neonatal rat brain: characterization of a functional glucocorticoid response element. Biochim Biophys 
Acta. 1351, 89-104. 

Ranganath, C. and Rainer, G., 2003. Neural mechanisms for detecting and remembering novel events. Nat Rev 
Neurosci. 4, 193-202. 

Reaven, G. M., Thompson, L. W., Nahum, D. and Haskins, E., 1990. Relationship between hyperglycemia and 
cognitive function in older NIDDM patients. Diabetes Care. 13, 16-21. 

Regan, R. F., Kumar, N., Gao, F. and Guo, Y., 2002. Ferritin induction protects cortical astrocytes from heme-
mediated oxidative injury. Neuroscience. 113, 985-994. 

Remple, M. S., Bruneau, R. M., VandenBerg, P. M., Goertzen, C. and Kleim, J. A., 2001. Sensitivity of cortical 
movement representations to motor experience: evidence that skill learning but not strength training 
induces cortical reorganization. Behav Brain Res. 123, 133-141. 

Renno, T., Krakowski, M., Piccirillo, C., Lin, J. Y. and Owens, T., 1995. TNF-alpha expression by resident 
microglia and infiltrating leukocytes in the central nervous system of mice with experimental allergic 
encephalomyelitis. Regulation by Th1 cytokines. J Immunol. 154, 944-953. 

Richardson, N. R. and Roberts, D. C., 1996. Progressive ratio schedules in drug self-administration studies in 
rats: a method to evaluate reinforcing efficacy. J Neurosci Methods. 66, 1-11. 

Ridet, J. L., Malhotra, S. K., Privat, A. and Gage, F. H., 1997. Reactive astrocytes: cellular and molecular cues to 
biological function. Trends Neurosci. 20, 570-577. 

Rink, A., Fung, K. M., Trojanowski, J. Q., Lee, V. M., Neugebauer, E. and McIntosh, T. K., 1995. Evidence of 
apoptotic cell death after experimental traumatic brain injury in the rat. Am J Pathol. 147, 1575-1583. 

Robb, S. J. and Connor, J. R., 2002. Nitric oxide protects astrocytes from oxidative stress. Ann N Y Acad Sci. 
962, 93-102. 

Robbins, D. S., Shirazi, Y., Drysdale, B. E., Lieberman, A., Shin, H. S. and Shin, M. L., 1987. Production of 
cytotoxic factor for oligodendrocytes by stimulated astrocytes. J Immunol. 139, 2593-2597. 

Robbins, S. L. and Cotran, R. S., 1999. The central nervous system. In: Cotran, R. S. et al. (Eds.), Robbins 
pathologic basis of disease. W.B. Saunders Company, London, pp. 1306-1310. 

Robertson, I. H., Ridgeway, V., Greenfield, E. and Parr, A., 1997. Motor recovery after stroke depends on intact 
sustained attention: a 2-year follow-up study. Neuropsychology. 11, 290-295. 

Robinson, R. G., 1979. Differential behavioral and biochemical effects of right and left hemispheric cerebral 
infarction in the rat. Science. 205, 707-710. 

 123



Robinson, R. G., Shoemaker, W. J., Schlumpf, M., Valk, T. and Bloom, F. E., 1975. Effect of experimental 
cerebral infarction in rat brain on catecholamines and behaviour. Nature. 255, 332-334. 

Rodas, R. A., Fenstermaker, R. A., McKeever, P. E., Blaivas, M., Dickinson, L. D., Papadopoulos, S. M., Hoff, J. 
T., Hopkins, L. N., Duffy-Fronckowiak, M. and Greenberg, H. S., 1998. Correlation of intraluminal 
thrombosis in brain tumor vessels with postoperative thrombotic complications: a preliminary report. J 
Neurosurg. 89, 200-205. 

Rodseth, L. E., Brandhuber, B., Devine, T. Q., Eck, M. J., Hale, K., Naismith, J. H. and Sprang, S. R., 1994. Two 
crystal forms of the extracellular domain of type I tumor necrosis factor receptor. J Mol Biol. 239, 332-
335. 

Roehmholdt, M. E., Palumbo, P. J., Whisnant, J. P. and Elveback, L. R., 1983. Transient ischemic attack and 
stroke in a community-based diabetic cohort. Mayo Clin Proc. 58, 56-58. 

Rogers, R. D., Baunez, C., Everitt, B. J. and Robbins, T. W., 2001a. Lesions of the medial and lateral striatum in 
the rat produce differential deficits in attentional performance. Behav Neurosci. 115, 799-811. 

Rogers, R. J., Monnier, J. M. and Nick, H. S., 2001b. Tumor necrosis factor-alpha selectively induces MnSOD 
expression via mitochondria-to-nucleus signaling, whereas interleukin-1beta utilizes an alternative 
pathway. J Biol Chem. 276, 20419-20427. 

Roman, F. and Soumireu-Mourat, B., 1988. Behavioral dissociation of anterodorsal and posteroventral 
hippocampus by subseizure stimulation in mice. Brain Res. 443, 149-158. 

Rosenbaum, D. M., Gupta, G., D'Amore, J., Singh, M., Weidenheim, K., Zhang, H. and Kessler, J. A., 2000. Fas 
(CD95/APO-1) plays a role in the pathophysiology of focal cerebral ischemia. J Neurosci Res. 61, 686-
692. 

Ross, S. A., Halliday, M. I., Campbell, G. C., Byrnes, D. P. and Rowlands, B. J., 1994. The presence of tumour 
necrosis factor in CSF and plasma after severe head injury. Br J Neurosurg. 8, 419-425. 

Rotenberg, M. O. and Maines, M. D., 1990. Isolation, characterization, and expression in Escherichia coli of a 
cDNA encoding rat heme oxygenase-2. J Biol Chem. 265, 7501-7506. 

Rouault, T. A., 2001. Systemic iron metabolism: a review and implications for brain iron metabolism. Pediatr 
Neurol. 25, 130-137. 

Russell, J. W. and Feldman, E. L., 1999. Insulin-like growth factor-I prevents apoptosis in sympathetic neurons 
exposed to high glucose. Horm Metab Res. 31, 90-96. 

Ryan, C. M., 1988. Neurobehavioral complications of type I diabetes. Examination of possible risk factors. 
Diabetes Care. 11, 86-93. 

Ryan, C. M. and Geckle, M. O., 2000. Circumscribed cognitive dysfunction in middle-aged adults with type 2 
diabetes. Diabetes Care. 23, 1486-1493. 

Ryan, C. M. and Williams, T. M., 1993. Effects of insulin-dependent diabetes on learning and memory efficiency in 
adults. J Clin Exp Neuropsychol. 15, 685-700. 

Ryan, C. M., Williams, T. M., Finegold, D. N. and Orchard, T. J., 1993. Cognitive dysfunction in adults with type 1 
(insulin-dependent) diabetes mellitus of long duration: effects of recurrent hypoglycaemia and other 
chronic complications. Diabetologia. 36, 329-334. 

Sah, R. and Schwartz-Bloom, R. D., 1999. Optical imaging reveals elevated intracellular chloride in hippocampal 
pyramidal neurons after oxidative stress. J Neurosci. 19, 9209-9217. 

Saha, J. K., Xia, J., Engle, S. K., Chen, Y. F., Glaesner, W. and Jakubowski, J. A., 2006. A model of controlled 
acute hyperglycemia in rats: effects of insulin and glucagon-like Peptide-1 analog. J Pharmacol Exp 
Ther. 316, 1159-1164. 

Salehi, A., Henningsson, R., Mosen, H., Ostenson, C. G., Efendic, S. and Lundquist, I., 1999. Dysfunction of the 
islet lysosomal system conveys impairment of glucose-induced insulin release in the diabetic GK rat. 
Endocrinology. 140, 3045-3053. 

Salford, L. G., Plum, F. and Siesjo, B. K., 1973. Graded hypoxia-oligemia in rat brain. I. Biochemical alterations 
and their implications. Arch Neurol. 29, 227-233. 

Sandercock, P., Gubitz, G., Foley, P. and Counsell, C., 2003. Antiplatelet therapy for acute ischaemic stroke. 
Cochrane Database Syst Rev, CD000029. 

Santos, M. S., Santos, D. L., Palmeira, C. M., Seica, R., Moreno, A. J. and Oliveira, C. R., 2001. Brain and liver 
mitochondria isolated from diabetic Goto-Kakizaki rats show different susceptibility to induced oxidative 
stress. Diabetes Metab Res Rev. 17, 223-230. 

Saransaari, P. and Oja, S. S., 1999. Beta-alanine release from the adult and developing hippocampus is 
enhanced by ionotropic glutamate receptor agonists and cell-damaging conditions. Neurochem Res. 24, 
407-414. 

Sato, M., Chang, E., Igarashi, T. and Noble, L. J., 2001. Neuronal injury and loss after traumatic brain injury: time 
course and regional variability. Brain Res. 917, 45-54. 

Sawada, M., Kondo, N., Suzumura, A. and Marunouchi, T., 1989. Production of tumor necrosis factor-alpha by 
microglia and astrocytes in culture. Brain Res. 491, 394-397. 

Scapagnini, G., D'Agata, V., Calabrese, V., Pascale, A., Colombrita, C., Alkon, D. and Cavallaro, S., 2002. Gene 
expression profiles of heme oxygenase isoforms in the rat brain. Brain Res. 954, 51-59. 

Schaller, B. and Graf, R., 2004. Cerebral ischemia and reperfusion: the pathophysiologic concept as a basis for 
clinical therapy. J Cereb Blood Flow Metab. 24, 351-371. 

Schallert, T., Fleming, S. M. and Woodlee, M. T., 2003. Should the injured and intact hemispheres be treated 
differently during the early phases of physical restorative therapy in experimental stroke or 
parkinsonism? Phys Med Rehabil Clin N Am. 14, S27-46. 

 124



Scherbel, U., Raghupathi, R., Nakamura, M., Saatman, K. E., Trojanowski, J. Q., Neugebauer, E., Marino, M. W. 
and McIntosh, T. K., 1999. Differential acute and chronic responses of tumor necrosis factor-deficient 
mice to experimental brain injury. Proc Natl Acad Sci U S A. 96, 8721-8726. 

Schipper, H. M., 2000. Heme oxygenase-1: role in brain aging and neurodegeneration. Exp Gerontol. 35, 821-
830. 

Schipper, H. M., 2004. Heme oxygenase expression in human central nervous system disorders. Free Radic Biol 
Med. 37, 1995-2011. 

Schmidt-Kastner, R. and Freund, T. F., 1991. Selective vulnerability of the hippocampus in brain ischemia. 
Neuroscience. 40, 599-636. 

Schmued, L. C., Albertson, C. and Slikker, W., Jr., 1997. Fluoro-Jade: a novel fluorochrome for the sensitive and 
reliable histochemical localization of neuronal degeneration. Brain Res. 751, 37-46. 

Schmued, L. C. and Hopkins, K. J., 2000. Fluoro-Jade: novel fluorochromes for detecting toxicant-induced 
neuronal degeneration. Toxicol Pathol. 28, 91-99. 

Schmued, L. C., Scallet, A. C. and Slikker, W., Jr., 1993. Localization of domoic acid induced neuronal 
degeneration in the primate forebrain as revealed by conventional silver methodologies and by a novel 
fluorescent technique. In: Soc. Neurosci. Abstr), pp. 1322. 

Schmued, L. C., Stowers, C. C., Scallet, A. C. and Xu, L., 2005. Fluoro-Jade C results in ultra high resolution and 
contrast labeling of degenerating neurons. Brain Res. 1035, 24-31. 

Schurr, A., 2001. Glucose and the ischemic brain: a sour grape or a sweet treat? Curr Opin Clin Nutr Metab Care. 
4, 287-292. 

Schwartz, S. M., Gajdusek, C. M. and Selden, S. C., 3rd, 1981. Vascular wall growth control: the role of the 
endothelium. Arteriosclerosis. 1, 107-126. 

Scott, J. F., Robinson, G. M., French, J. M., O'Connell, J. E., Alberti, K. G. and Gray, C. S., 1999a. Glucose 
potassium insulin infusions in the treatment of acute stroke patients with mild to moderate 
hyperglycemia: the Glucose Insulin in Stroke Trial (GIST). Stroke. 30, 793-799. 

Scott, J. F., Robinson, G. M., French, J. M., O'Connell, J. E., Alberti, K. G. and Gray, C. S., 1999b. Prevalence of 
admission hyperglycaemia across clinical subtypes of acute stroke. Lancet. 353, 376-377. 

Sekhon, L. H., Morgan, M. K., Spence, I. and Weber, N. C., 1994. Chronic cerebral hypoperfusion and impaired 
neuronal function in rats. Stroke. 25, 1022-1027. 

Sekhon, L. H., Morgan, M. K., Spence, I. and Weber, N. C., 1997. Chronic cerebral hypoperfusion: pathological 
and behavioral consequences. Neurosurgery. 40, 548-556. 

Shafrir, E. and Sima, A. A. F., 2000. Diabetic animals for research into the complications: A general overview. In: 
Sima, A. A. F. (Ed.), Chronic complications in diabetes. Frontiers in animal diabetes research., vol.1. 
Harwood Academic Publishers, Amsterdam, pp. 1-42. 

Shapiro, M. L. and Eichenbaum, H., 1999. Hippocampus as a memory map: synaptic plasticity and memory 
encoding by hippocampal neurons. Hippocampus. 9, 365-384. 

Sharp, F. R., Massa, S. M. and Swanson, R. A., 1999. Heat-shock protein protection. Trends Neurosci. 22, 97-99. 
Sheng, H., Bart, R. D., Oury, T. D., Pearlstein, R. D., Crapo, J. D. and Warner, D. S., 1999. Mice overexpressing 

extracellular superoxide dismutase have increased resistance to focal cerebral ischemia. Neuroscience. 
88, 185-191. 

Sheng, H., Kudo, M., Mackensen, G. B., Pearlstein, R. D., Crapo, J. D. and Warner, D. S., 2000. Mice 
overexpressing extracellular superoxide dismutase have increased resistance to global cerebral 
ischemia. Exp Neurol. 163, 392-398. 

Sherman, D. G., Goldman, L., Whiting, R. B., Jurgensen, K., Kaste, M. and Easton, J. D., 1984. 
Thromboembolism in patients with atrial fibrillation. Arch Neurol. 41, 708-710. 

Shibahara, S., Muller, R., Taguchi, H. and Yoshida, T., 1985. Cloning and expression of cDNA for rat heme 
oxygenase. Proc Natl Acad Sci U S A. 82, 7865-7869. 

Shimazaki, K., Ishida, A. and Kawai, N., 1994. Increase in bcl-2 oncoprotein and the tolerance to ischemia-
induced neuronal death in the gerbil hippocampus. Neurosci Res. 20, 95-99. 

Shinomura, T., Nakao, S. and Mori, K., 1994. Reduction of depolarization-induced glutamate release by heme 
oxygenase inhibitor: possible role of carbon monoxide in synaptic transmission. Neurosci Lett. 166, 131-
134. 

Shohami, E., Bass, R., Wallach, D., Yamin, A. and Gallily, R., 1996. Inhibition of tumor necrosis factor alpha 
(TNFalpha) activity in rat brain is associated with cerebroprotection after closed head injury. J Cereb 
Blood Flow Metab. 16, 378-384. 

Siegel, S. and Ramos, B. M., 2002. Applying laboratory research: drug anticipation and the treatment of drug 
addiction. Exp Clin Psychopharmacol. 10, 162-183. 

Sif, J., Messier, C., Meunier, M., Bontempi, B., Calas, A. and Destrade, C., 1991. Time-dependent sequential 
increases in [14C]2-deoxyglucose uptake in subcortical and cortical structures during memory 
consolidation of an operant training in mice. Behav Neural Biol. 56, 43-61. 

Sima, A. A., Kamiya, H. and Li, Z. G., 2004. Insulin, C-peptide, hyperglycemia, and central nervous system 
complications in diabetes. Eur J Pharmacol. 490, 187-197. 

Sima, A. A. and Li, Z. G., 2005. The effect of C-peptide on cognitive dysfunction and hippocampal apoptosis in 
type 1 diabetic rats. Diabetes. 54, 1497-1505. 

Sima, A. A., Zhang, W., Xu, G., Sugimoto, K., Guberski, D. and Yorek, M. A., 2000. A comparison of diabetic 
polyneuropathy in type II diabetic BBZDR/Wor rats and in type I diabetic BB/Wor rats. Diabetologia. 43, 
786-793. 

 125



Sima, A. A. F., Merry, A. C. and Hall, D. E., 1997. The BB/ZDR-rat: A model for type II diabetic neuropathy. Exp 
Clin Endocrinol Diabetes. 105, 63-64. 

Siman, R., Zhang, C., Roberts, V. L., Pitts-Kiefer, A. and Neumar, R. W., 2005. Novel surrogate markers for acute 
brain damage: cerebrospinal fluid levels corrrelate with severity of ischemic neurodegeneration in the rat. 
J Cereb Blood Flow Metab. 25, 1433-1444. 

Simmons, M. L. and Murphy, S., 1992. Induction of nitric oxide synthase in glial cells. J Neurochem. 59, 897-905. 
Singleton, J. W. and Laster, L., 1965. Biliverdin reductase of guinea pig liver. J Biol Chem. 240, 4780-4789. 
Sloviter, R. S., Zappone, C. A., Harvey, B. D., Bumanglag, A. V., Bender, R. A. and Frotscher, M., 2003. 

"Dormant basket cell" hypothesis revisited: relative vulnerabilities of dentate gyrus mossy cells and 
inhibitory interneurons after hippocampal status epilepticus in the rat. J Comp Neurol. 459, 44-76. 

Small, S. L., Hlustik, P., Noll, D. C., Genovese, C. and Solodkin, A., 2002. Cerebellar hemispheric activation 
ipsilateral to the paretic hand correlates with functional recovery after stroke. Brain. 125, 1544-1557. 

Smith, D. H., Chen, X. H., Pierce, J. E., Wolf, J. A., Trojanowski, J. Q., Graham, D. I. and McIntosh, T. K., 1997. 
Progressive atrophy and neuron death for one year following brain trauma in the rat. J Neurotrauma. 14, 
715-727. 

Smith, M. A., Kutty, R. K., Richey, P. L., Yan, S. D., Stern, D., Chader, G. J., Wiggert, B., Petersen, R. B. and 
Perry, G., 1994. Heme oxygenase-1 is associated with the neurofibrillary pathology of Alzheimer's 
disease. Am J Pathol. 145, 42-47. 

Smith, M. L., Bendek, G., Dahlgren, N., Rosen, I., Wieloch, T. and Siesjo, B. K., 1984. Models for studying long-
term recovery following forebrain ischemia in the rat. 2. A 2-vessel occlusion model. Acta Neurol Scand. 
69, 385-401. 

Son, E., Jeong, J., Lee, J., Jung, D. Y., Cho, G. J., Choi, W. S., Lee, M. S., Kim, S. H., Kim, I. K. and Suk, K., 
2005. Sequential induction of heme oxygenase-1 and manganese superoxide dismutase protects 
cultured astrocytes against nitric oxide. Biochem Pharmacol. 70, 590-597. 

Squire, L. R., Knowlton, B. and Musen, G., 1993. The structure and organization of memory. Annu Rev Psychol. 
44, 453-495. 

Staaf, G., Lindgren, A. and Norrving, B., 2001. Pure motor stroke from presumed lacunar infarct: long-term 
prognosis for survival and risk of recurrent stroke. Stroke. 32, 2592-2596. 

Stafford, D., LeSage, M. G. and Glowa, J. R., 1998. Progressive-ratio schedules of drug delivery in the analysis of 
drug self-administration: a review. Psychopharmacology (Berl). 139, 169-184. 

Stagliano, N. E., Zhao, W., Prado, R., Dewanjee, M. K., Ginsberg, M. D. and Dietrich, W. D., 1997. The effect of 
nitric oxide synthase inhibition on acute platelet accumulation and hemodynamic depression in a rat 
model of thromboembolic stroke. J Cereb Blood Flow Metab. 17, 1182-1190. 

Stamler, J., Vaccaro, O., Neaton, J. D. and Wentworth, D., 1993. Diabetes, other risk factors, and 12-yr 
cardiovascular mortality for men screened in the Multiple Risk Factor Intervention Trial. Diabetes Care. 
16, 434-444. 

Stansberry, K. B., Shapiro, S. A., Hill, M. A., McNitt, P. M., Meyer, M. D. and Vinik, A. I., 1996. Impaired peripheral 
vasomotion in diabetes. Diabetes Care. 19, 715-721. 

Stegmayr, B. and Asplund, K., 1995. Diabetes as a risk factor for stroke. A population perspective. Diabetologia. 
38, 1061-1068. 

Stegmayr, B., Asplund, K., Hulter-Asberg, K., Norrving, B., Peltonen, M., Terent, A. and Wester, P. O., 1999. 
Stroke units in their natural habitat: can results of randomized trials be reproduced in routine clinical 
practice? Riks-Stroke Collaboration. Stroke. 30, 709-714. 

Stensaas, S. S., Edwards, C. Q. and Stensaas, L. J., 1972. An experimental study of hyperchromic nerve cells in 
the cerebral cortex. Exp Neurol. 36, 472-487. 

Stephens, S., Kenny, R. A., Rowan, E., Allan, L., Kalaria, R. N., Bradbury, M. and Ballard, C. G., 2004. 
Neuropsychological characteristics of mild vascular cognitive impairment and dementia after stroke. Int J 
Geriatr Psychiatry. 19, 1053-1057. 

Stewart, J. K., Campbell, T. G., Gbadebo, T. D., Narasimhachari, N. and Manning, J. W., 1994. Cardiovascular 
responses and central catecholamines in streptozocin-diabetic rats. Neurochem Int. 24, 183-189. 

Stevens, R. J., Coleman, R. L., Adler, A. I., Stratton, I. M., Matthews, D. R. and Holman, R. R., 2004. Risk factors 
for myocardial infarction case fatality and stroke case fatality in type 2 diabetes: UKPDS 66. Diabetes 
Care. 27, 201-207. 

Stocker, R., Glazer, A. N. and Ames, B. N., 1987a. Antioxidant activity of albumin-bound bilirubin. Proc Natl Acad 
Sci U S A. 84, 5918-5922. 

Stocker, R., Yamamoto, Y., McDonagh, A. F., Glazer, A. N. and Ames, B. N., 1987b. Bilirubin is an antioxidant of 
possible physiological importance. Science. 235, 1043-1046. 

Strachan, M. W., Deary, I. J., Ewing, F. M. and Frier, B. M., 1997. Is type II diabetes associated with an increased 
risk of cognitive dysfunction? A critical review of published studies. Diabetes Care. 20, 438-445. 

Sugawara, T., Fujimura, M., Morita-Fujimura, Y., Kawase, M. and Chan, P. H., 1999. Mitochondrial release of 
cytochrome c corresponds to the selective vulnerability of hippocampal CA1 neurons in rats after 
transient global cerebral ischemia. J Neurosci. 19, RC39. 

Sugawara, T., Noshita, N., Lewen, A., Gasche, Y., Ferrand-Drake, M., Fujimura, M., Morita-Fujimura, Y. and 
Chan, P. H., 2002. Overexpression of copper/zinc superoxide dismutase in transgenic rats protects 
vulnerable neurons against ischemic damage by blocking the mitochondrial pathway of caspase 
activation. J Neurosci. 22, 209-217. 

 126



Sun, Y., Rotenberg, M. O. and Maines, M. D., 1990. Developmental expression of heme oxygenase isozymes in 
rat brain. Two HO-2 mRNAs are detected. J Biol Chem. 265, 8212-8217. 

Suttner, D. M. and Dennery, P. A., 1999. Reversal of HO-1 related cytoprotection with increased expression is 
due to reactive iron. Faseb J. 13, 1800-1809. 

Suzuki, H., Kanamaru, K., Tsunoda, H., Inada, H., Kuroki, M., Sun, H., Waga, S. and Tanaka, T., 1999. Heme 
oxygenase-1 gene induction as an intrinsic regulation against delayed cerebral vasospasm in rats. J Clin 
Invest. 104, 59-66. 

Suzuki, M., Youle, R. J. and Tjandra, N., 2000. Structure of Bax: coregulation of dimer formation and intracellular 
localization. Cell. 103, 645-654. 

Suzumura, A., Sawada, M., Yamamoto, H. and Marunouchi, T., 1993. Transforming growth factor-beta 
suppresses activation and proliferation of microglia in vitro. J Immunol. 151, 2150-2158. 

Swinscoe, J. C. and Carlson, E. C., 1992. Capillary endothelial cells secrete a heparin-binding mitogen for 
pericytes. J Cell Sci. 103 ( Pt 2), 453-461. 

Szczudlik, A., Slowik, A., Turaj, W., Wyrwicz-Petkow, U., Pera, J., Dziedzic, T., Trabka-Janik, E. and Iskra, T., 
2001. Transient hyperglycemia in ischemic stroke patients. J Neurol Sci. 189, 105-111. 

Takeda, A., Onodera, H., Sugimoto, A., Itoyama, Y., Kogure, K. and Shibahara, S., 1994. Increased expression of 
heme oxygenase mRNA in rat brain following transient forebrain ischemia. Brain Res. 666, 120-124. 

Tanaka, T., Nishimura, Y., Tsunoda, H. and Naka, M., 2000. Pharmacogenomics and therapeutic target validation 
in cerebral vasospasm. J Cardiovasc Pharmacol. 36 Suppl 2, S1-4. 

Tanne, D., Kasner, S. E., Demchuk, A. M., Koren-Morag, N., Hanson, S., Grond, M. and Levine, S. R., 2002. 
Markers of increased risk of intracerebral hemorrhage after intravenous recombinant tissue plasminogen 
activator therapy for acute ischemic stroke in clinical practice: the Multicenter rt-PA Stroke Survey. 
Circulation. 105, 1679-1685. 

Tatemichi, T. K., Desmond, D. W., Paik, M., Figueroa, M., Gropen, T. I., Stern, Y., Sano, M., Remien, R., 
Williams, J. B., Mohr, J. P. and et al., 1993. Clinical determinants of dementia related to stroke. Ann 
Neurol. 33, 568-575. 

Tenhunen, R., Marver, H. S. and Schmid, R., 1968. The enzymatic conversion of heme to bilirubin by microsomal 
heme oxygenase. Proc Natl Acad Sci U S A. 61, 748-755. 

Tenhunen, R., Marver, H. S. and Schmid, R., 1969. Microsomal heme oxygenase. Characterization of the 
enzyme. J Biol Chem. 244, 6388-6394. 

Terry, C. M., Clikeman, J. A., Hoidal, J. R. and Callahan, K. S., 1999. TNF-alpha and IL-1alpha induce heme 
oxygenase-1 via protein kinase C, Ca2+, and phospholipase A2 in endothelial cells. Am J Physiol. 276, 
H1493-1501. 

Thiel, C. M., Huston, J. P. and Schwarting, R. K., 1998. Hippocampal acetylcholine and habituation learning. 
Neuroscience. 85, 1253-1262. 

Thompson RF, S. W., 1966. Habituation: A model phenomenum for the study of the neural substrates of behavior. 
Psychol Rev. 73, 16-43. 

Thomson, A. M. and Bannister, A. P., 2003. Interlaminar connections in the neocortex. Cereb Cortex. 13, 5-14. 
Thorsen, A. M., Holmqvist, L. W., de Pedro-Cuesta, J. and von Koch, L., 2005. A randomized controlled trial of 

early supported discharge and continued rehabilitation at home after stroke: five-year follow-up of patient 
outcome. Stroke. 36, 297-303. 

Thurman, D. J., Alverson, C., Dunn, K. A., Guerrero, J. and Sniezek, J. E., 1999. Traumatic brain injury in the 
United States: A public health perspective. J Head Trauma Rehabil. 14, 602-615. 

Thurston, G., Baluk, P., Hirata, A. and McDonald, D. M., 1996. Permeability-related changes revealed at 
endothelial cell borders in inflamed venules by lectin binding. Am J Physiol. 271, H2547-2562. 

Toni, D., De Michele, M., Fiorelli, M., Bastianello, S., Camerlingo, M., Sacchetti, M. L., Argentino, C. and Fieschi, 
C., 1994. Influence of hyperglycaemia on infarct size and clinical outcome of acute ischemic stroke 
patients with intracranial arterial occlusion. J Neurol Sci. 123, 129-133. 

Torres-Munoz, J. E., Van Waveren, C., Keegan, M. G., Bookman, R. J. and Petito, C. K., 2004. Gene expression 
profiles in microdissected neurons from human hippocampal subregions. Brain Res Mol Brain Res. 127, 
105-114. 

Trakshel, G. M. and Maines, M. D., 1989. Multiplicity of heme oxygenase isozymes. HO-1 and HO-2 are different 
molecular species in rat and rabbit. J Biol Chem. 264, 1323-1328. 

Trifiletti, R. R., 1992. Neuroprotective effects of NG-nitro-L-arginine in focal stroke in the 7-day old rat. Eur J 
Pharmacol. 218, 197-198. 

Tronc, F., Mallat, Z., Lehoux, S., Wassef, M., Esposito, B. and Tedgui, A., 2000. Role of matrix 
metalloproteinases in blood flow-induced arterial enlargement: interaction with NO. Arterioscler Thromb 
Vasc Biol. 20, E120-126. 

Truelsen, T., Ekman, M. and Boysen, G., 2005. Cost of stroke in Europe. Eur J Neurol. 12 Suppl 1, 78-84. 
Tuck, R. R., Schmelzer, J. D. and Low, P. A., 1984. Endoneurial blood flow and oxygen tension in the sciatic 

nerves of rats with experimental diabetic neuropathy. Brain. 107 ( Pt 3), 935-950. 
Tun, P. A., Nathan, D. M. and Perlmuter, L. C., 1990. Cognitive and affective disorders in elderly diabetics. Clin 

Geriatr Med. 6, 731-746. 
Turkseven, S., Kruger, A., Mingone, C. J., Kaminski, P., Inaba, M., Rodella, L. F., Ikehara, S., Wolin, M. S. and 

Abraham, N. G., 2005. Antioxidant mechanism of heme oxygenase-1 involves an increase in superoxide 
dismutase and catalase in experimental diabetes. Am J Physiol Heart Circ Physiol. 289, H701-707. 

 127



Turner, C. P., Bergeron, M., Matz, P., Zegna, A., Noble, L. J., Panter, S. S. and Sharp, F. R., 1998. Heme 
oxygenase-1 is induced in glia throughout brain by subarachnoid hemoglobin. J Cereb Blood Flow 
Metab. 18, 257-273. 

Tyson, R., Peeling, J. and Sutherland, G., 1993. Metabolic changes associated with altering blood glucose levels 
in short duration forebrain ischemia. Brain Res. 608, 288-298. 

UKPDS, 1998. Effect of intensive blood-glucose control with metformin on complications in overweight patients 
with type 2 diabetes (UKPDS 34). UK Prospective Diabetes Study (UKPDS) Group. Lancet. 352, 854-
865. 

Unger, R. H., 1995. Lipotoxicity in the pathogenesis of obesity-dependent NIDDM. Genetic and clinical 
implications. Diabetes. 44, 863-870. 

Wade, D. T., Wood, V. A. and Hewer, R. L., 1985. Recovery after stroke--the first 3 months. J Neurol Neurosurg 
Psychiatry. 48, 7-13. 

Wagner, K. R., Sharp, F. R., Ardizzone, T. D., Lu, A. and Clark, J. F., 2003. Heme and iron metabolism: role in 
cerebral hemorrhage. J Cereb Blood Flow Metab. 23, 629-652. 

van den Tweel, E. R., Nijboer, C., Kavelaars, A., Heijnen, C. J., Groenendaal, F. and van Bel, F., 2005. 
Expression of nitric oxide synthase isoforms and nitrotyrosine formation after hypoxia-ischemia in the 
neonatal rat brain. J Neuroimmunol. 167, 64-71. 

Van der Werf, Y. D., Jolles, J., Witter, M. P. and Uylings, H. B., 2003. Contributions of thalamic nuclei to 
declarative memory functioning. Cortex. 39, 1047-1062. 

van Groen, T., Kadish, I. and Wyss, J. M., 2002. The role of the laterodorsal nucleus of the thalamus in spatial 
learning and memory in the rat. Behav Brain Res. 136, 329-337. 

Van Groen, T. and Wyss, J. M., 2003. Connections of the retrosplenial granular b cortex in the rat. J Comp 
Neurol. 463, 249-263. 

van Zomeren, A. H. and van den Burg, W., 1985. Residual complaints of patients two years after severe head 
injury. J Neurol Neurosurg Psychiatry. 48, 21-28. 

Wang, P. Y., Kao, C. H., Mui, M. Y. and Wang, S. J., 1993. Leukocyte infiltration in acute hemispheric ischemic 
stroke. Stroke. 24, 236-240. 

Wang, W. W., Smith, D. L. and Zucker, S. D., 2004. Bilirubin inhibits iNOS expression and NO production in 
response to endotoxin in rats. Hepatology. 40, 424-433. 

Wang, X., Yue, T. L., Barone, F. C., White, R. F., Gagnon, R. C. and Feuerstein, G. Z., 1994. Concomitant 
cortical expression of TNF-alpha and IL-1 beta mRNAs follows early response gene expression in 
transient focal ischemia. Mol Chem Neuropathol. 23, 103-114. 

Ward, N. S., Brown, M. M., Thompson, A. J. and Frackowiak, R. S., 2003. Neural correlates of motor recovery 
after stroke: a longitudinal fMRI study. Brain. 126, 2476-2496. 

Ward, N. S., Brown, M. M., Thompson, A. J. and Frackowiak, R. S., 2004. The influence of time after stroke on 
brain activations during a motor task. Ann Neurol. 55, 829-834. 

Vargas, M. R., Pehar, M., Cassina, P., Estevez, A. G., Beckman, J. S. and Barbeito, L., 2004. Stimulation of 
nerve growth factor expression in astrocytes by peroxynitrite. In Vivo. 18, 269-274. 

Warner, D. S., Gionet, T. X., Todd, M. M. and McAllister, A. M., 1992. Insulin-induced normoglycemia improves 
ischemic outcome in hyperglycemic rats. Stroke. 23, 1775-1780; discussion 1781. 

Wass, C. T., Scheithauer, B. W., Bronk, J. T., Wilson, R. M. and Lanier, W. L., 1996. Insulin treatment of 
corticosteroid-associated hyperglycemia and its effect on outcome after forebrain ischemia in rats. 
Anesthesiology. 84, 644-651. 

Watanabe, S., Hoffman, J. R., Craik, R. L., Hand, P. J., Croul, S. E., Reivich, M. and Greenberg, J. H., 2001. A 
new model of localized ischemia in rat somatosensory cortex produced by cortical compression. Stroke. 
32, 2615-2623. 

Watson, B. D., Dietrich, W. D., Prado, R. and Ginsberg, M. D., 1987. Argon laser-induced arterial 
photothrombosis. Characterization and possible application to therapy of arteriovenous malformations. J 
Neurosurg. 66, 748-754. 

Watson, B. D., Prado, R., Veloso, A., Brunschwig, J. P. and Dietrich, W. D., 2002. Cerebral blood flow restoration 
and reperfusion injury after ultraviolet laser-facilitated middle cerebral artery recanalization in rat 
thrombotic stroke. Stroke. 33, 428-434. 

Weber, C. M., Eke, B. C. and Maines, M. D., 1994. Corticosterone regulates heme oxygenase-2 and NO synthase 
transcription and protein expression in rat brain. J Neurochem. 63, 953-962. 

Weber, M., Grolimund, P. and Seiler, R. W., 1990. Evaluation of posttraumatic cerebral blood flow velocities by 
transcranial Doppler ultrasonography. Neurosurgery. 27, 106-112. 

Wein, T. H. and Bornstein, N. M., 2000. Stroke prevention: cardiac and carotid-related stroke. Neurol Clin. 18, 
321-341. 

Veinante, P. and Deschenes, M., 2003. Single-cell study of motor cortex projections to the barrel field in rats. J 
Comp Neurol. 464, 98-103. 

Werhahn, K. J., Conforto, A. B., Kadom, N., Hallett, M. and Cohen, L. G., 2003. Contribution of the ipsilateral 
motor cortex to recovery after chronic stroke. Ann Neurol. 54, 464-472. 

Vesely, D. L., 1999. Atrial natriuretic peptides in the diagnosis and treatment of congestive heart failure. Congest 
Heart Fail. 5, 171-179. 

Wexler, E. J., Peters, E. E., Gonzales, A., Gonzales, M. L., Slee, A. M. and Kerr, J. S., 2002. An objective 
procedure for ischemic area evaluation of the stroke intraluminal thread model in the mouse and rat. J 
Neurosci Methods. 113, 51-58. 

 128



White, B. D. and Martin, R. J., 1997. Evidence for a central mechanism of obesity in the Zucker rat: role of 
neuropeptide Y and leptin. Proc Soc Exp Biol Med. 214, 222-232. 

Whyte, J., Polansky, M., Fleming, M., Coslett, H. B. and Cavallucci, C., 1995. Sustained arousal and attention 
after traumatic brain injury. Neuropsychologia. 33, 797-813. 

Williams, L. S., Rotich, J., Qi, R., Fineberg, N., Espay, A., Bruno, A., Fineberg, S. E. and Tierney, W. R., 2002. 
Effects of admission hyperglycemia on mortality and costs in acute ischemic stroke. Neurology. 59, 67-
71. 

Vincent, S. R., Das, S. and Maines, M. D., 1994. Brain heme oxygenase isoenzymes and nitric oxide synthase 
are co-localized in select neurons. Neuroscience. 63, 223-231. 

Vinogradova, O. S., Brazhnik, E. S., Kitchigina, V. F. and Stafekhina, V. S., 1993. Acetylcholine, theta-rhythm and 
activity of hippocampal neurons in the rabbit--IV. Sensory stimulation. Neuroscience. 53, 993-1007. 

Witter, M. P., Wouterlood, F. G., Naber, P. A. and Van Haeften, T., 2000. Anatomical organization of the 
parahippocampal-hippocampal network. Ann N Y Acad Sci. 911, 1-24. 

Vogt, B. A. and Miller, M. W., 1983. Cortical connections between rat cingulate cortex and visual, motor, and 
postsubicular cortices. J Comp Neurol. 216, 192-210. 

Wohaieb, S. A. and Godin, D. V., 1987. Alterations in free radical tissue-defense mechanisms in streptozocin-
induced diabetes in rat. Effects of insulin treatment. Diabetes. 36, 1014-1018. 

Wolff, S. P. and Dean, R. T., 1987. Glucose autoxidation and protein modification. The potential role of 
'autoxidative glycosylation' in diabetes. Biochem J. 245, 243-250. 

Wolff, S. P., Jiang, Z. Y. and Hunt, J. V., 1991. Protein glycation and oxidative stress in diabetes mellitus and 
ageing. Free Radic Biol Med. 10, 339-352. 

Voll, C. L. and Auer, R. N., 1988. The effect of postischemic blood glucose levels on ischemic brain damage in 
the rat. Ann Neurol. 24, 638-646. 

Voll, C. L., Whishaw, I. Q. and Auer, R. N., 1989. Postischemic insulin reduces spatial learning deficit following 
transient forebrain ischemia in rats. Stroke. 20, 646-651. 

Wolter, K. G., Hsu, Y. T., Smith, C. L., Nechushtan, A., Xi, X. G. and Youle, R. J., 1997. Movement of Bax from 
the cytosol to mitochondria during apoptosis. J Cell Biol. 139, 1281-1292. 

Wong, G. H., 1995. Protective roles of cytokines against radiation: induction of mitochondrial MnSOD. Biochim 
Biophys Acta. 1271, 205-209. 

Worrall, G., Moulton, N. and Briffett, E., 1993. Effect of type II diabetes mellitus on cognitive function. J Fam 
Pract. 36, 639-643. 

Wu, J., Hua, Y., Keep, R. F., Nakamura, T., Hoff, J. T. and Xi, G., 2003. Iron and iron-handling proteins in the 
brain after intracerebral hemorrhage. Stroke. 34, 2964-2969. 

Xerri, C., Merzenich, M. M., Peterson, B. E. and Jenkins, W., 1998. Plasticity of primary somatosensory cortex 
paralleling sensorimotor skill recovery from stroke in adult monkeys. J Neurophysiol. 79, 2119-2148. 

Xi, G., Hua, Y., Bhasin, R. R., Ennis, S. R., Keep, R. F. and Hoff, J. T., 2001. Mechanisms of edema formation 
after intracerebral hemorrhage: effects of extravasated red blood cells on blood flow and blood-brain 
barrier integrity. Stroke. 32, 2932-2938. 

Xi, G., Keep, R. F. and Hoff, J. T., 1998. Erythrocytes and delayed brain edema formation following intracerebral 
hemorrhage in rats. J Neurosurg. 89, 991-996. 

Yagihashi, S., Tonosaki, A., Yamada, K., Kakizaki, M. and Goto, Y., 1982. Peripheral neuropathy in selectively-
inbred spontaneously diabetic rats: electrophysiological, morphometrical and freeze-replica studies. 
Tohoku J Exp Med. 138, 39-48. 

Yamaguchi, T., Komoda, Y. and Nakajima, H., 1994. Biliverdin-IX alpha reductase and biliverdin-IX beta 
reductase from human liver. Purification and characterization. J Biol Chem. 269, 24343-24348. 

Yamakami, I. and McIntosh, T. K., 1989. Effects of traumatic brain injury on regional cerebral blood flow in rats as 
measured with radiolabeled microspheres. J Cereb Blood Flow Metab. 9, 117-124. 

Yan, H. Q., Yu, J., Kline, A. E., Letart, P., Jenkins, L. W., Marion, D. W. and Dixon, C. E., 2000. Evaluation of 
combined fibroblast growth factor-2 and moderate hypothermia therapy in traumatically brain injured 
rats. Brain Res. 887, 134-143. 

Yang, H. T., Ren, J., Laughlin, M. H. and Terjung, R. L., 2002. Prior exercise training produces NO-dependent 
increases in collateral blood flow after acute arterial occlusion. Am J Physiol Heart Circ Physiol. 282, 
H301-310. 

Ye, Z. C. and Sontheimer, H., 1996. Cytokine modulation of glial glutamate uptake: a possible involvement of 
nitric oxide. Neuroreport. 7, 2181-2185. 

Yi, J. H. and Hazell, A. S., 2005. N-acetylcysteine attenuates early induction of heme oxygenase-1 following 
traumatic brain injury. Brain Res. 1033, 13-19. 

Yin HH, K. B., Balleine BW, 2004. Lesions of dorsolateral striatum preserve outcome expectancy but disrupt habit 
formation in instrumental learning. Eur J Neurosci. 19, 181-189. 

Yin, X. M., Oltvai, Z. N. and Korsmeyer, S. J., 1994. BH1 and BH2 domains of Bcl-2 are required for inhibition of 
apoptosis and heterodimerization with Bax. Nature. 369, 321-323. 

Yip, P. K., He, Y. Y., Hsu, C. Y., Garg, N., Marangos, P. and Hogan, E. L., 1991. Effect of plasma glucose on 
infarct size in focal cerebral ischemia-reperfusion. Neurology. 41, 899-905. 

Yonas, H., Sekhar, L., Johnson, D. W. and Gur, D., 1989. Determination of irreversible ischemia by xenon-
enhanced computed tomographic monitoring of cerebral blood flow in patients with symptomatic 
vasospasm. Neurosurgery. 24, 368-372. 

 129



Yoshida, T., Waeber, C., Huang, Z. and Moskowitz, M. A., 1995. Induction of nitric oxide synthase activity in 
rodent brain following middle cerebral artery occlusion. Neurosci Lett. 194, 214-218. 

Yuan, J. and Yankner, B. A., 2000. Apoptosis in the nervous system. Nature. 407, 802-809. 
Yung, H. W., Bal-Price, A. K., Brown, G. C. and Tolkovsky, A. M., 2004. Nitric oxide-induced cell death of 

cerebrocortical murine astrocytes is mediated through p53- and Bax-dependent pathways. J Neurochem. 
89, 812-821. 

Zajicek, J. P., Wing, M., Scolding, N. J. and Compston, D. A., 1992. Interactions between oligodendrocytes and 
microglia. A major role for complement and tumour necrosis factor in oligodendrocyte adherence and 
killing. Brain. 115 ( Pt 6), 1611-1631. 

Zha, H., Fisk, H. A., Yaffe, M. P., Mahajan, N., Herman, B. and Reed, J. C., 1996. Structure-function comparisons 
of the proapoptotic protein Bax in yeast and mammalian cells. Mol Cell Biol. 16, 6494-6508. 

Zhang, Z. G., Chopp, M., Zaloga, C., Pollock, J. S. and Forstermann, U., 1993. Cerebral endothelial nitric oxide 
synthase expression after focal cerebral ischemia in rats. Stroke. 24, 2016-2021; discussion 2021-2012. 

Zhao, X., Haensel, C., Araki, E., Ross, M. E. and Iadecola, C., 2000. Gene-dosing effect and persistence of 
reduction in ischemic brain injury in mice lacking inducible nitric oxide synthase. Brain Res. 872, 215-
218. 

Zola-Morgan, S. and Squire, L. R., 1993. Neuroanatomy of memory. Annu Rev Neurosci. 16, 547-563. 
Zong, W. X., Li, C., Hatzivassiliou, G., Lindsten, T., Yu, Q. C., Yuan, J. and Thompson, C. B., 2003. Bax and Bak 

can localize to the endoplasmic reticulum to initiate apoptosis. J Cell Biol. 162, 59-69. 
Zou, M. H., Shi, C. and Cohen, R. A., 2002. Oxidation of the zinc-thiolate complex and uncoupling of endothelial 

nitric oxide synthase by peroxynitrite. J Clin Invest. 109, 817-826. 
Östenson, C., 2001. The Goto-Kakizaki Rat. In: Primer A, S. A., Shafrir E (Ed.), Animal Models of Diabetes. 

Harwood Academic Press, Amsterdam, pp. 197-212. 
Östenson, C. G., Fiere, V., Ahmed, M., Lindstrom, P., Brismar, K., Brismar, T. and Kreicbergs, A., 1997. 

Decreased cortical bone thickness in spontaneously non-insulin-dependent diabetic GK rats. J Diabetes 
Complications. 11, 319-322. 

Östenson, C. G., Khan, A., Abdel-Halim, S. M., Guenifi, A., Suzuki, K., Goto, Y. and Efendic, S., 1993. Abnormal 
insulin secretion and glucose metabolism in pancreatic islets from the spontaneously diabetic GK rat. 
Diabetologia. 36, 3-8. 

 

 130


	ABSTRACT
	CONTENTS
	LIST OF ABBREVIATIONS
	1. INTRODUCTION
	1.1. General Background
	1.2. Brain Ischemia
	1.2.1. Animal models of brain ischemia and trauma
	1.2.2. Functional recovery after brain ischemia
	1.2.2.1. Recovery of motor functions
	1.2.2.2. Recovery of cognitive functions

	1.2.3. Morphological recovery after brain ischemia
	1.2.4. Fluoro-Jade as a marker of neuronal degeneration
	1.2.4.1 Characteristics of the Fluoro-Jade compound
	1.2.4.2. Advantages of Fluoro-Jade over conventional stainin
	1.2.4.3. FJ-labelling as an indicator of damage severity


	1.3. Diabetes: from cognitive decline to stroke
	1.3.1. Diabetes and cognitive decline
	1.3.2. Rat models of diabetes mellitus
	1.3.2.1. Type 1 diabetes mellitus
	1.3.2.2. Type 2 diabetes mellitus

	1.3.3. Hyperglycemic brain ischemia

	1.4. Antioxidant mechanisms, heme degradation and apoptosis 
	1.4.1. Oxidative stress and hyperglycemia
	1.4.2. Heme degradation
	1.4.2.1. The heme oxygenases
	1.4.2.2. Biliverdin reductase

	1.4.3. Pro-inflammatory and pro-apoptotic actions of nitric oxide, TNF( and Bax after brain injury
	1.4.3.1. Nitric oxide
	1.4.3.2. TNF(
	1.4.3.3. Apoptotic cell-death: TNF(, iNOS, and Bax-mediated processes



	2. AIMS OF THE STUDY
	3. MATERIALS AND METHODS
	3.1. Animals
	3.2. Extradural compression of the sensorimotor cortex
	3.2.1. Extradural compression protocol and regional cerebral
	3.2.2. Body and brain temperature
	3.2.3. Glucose sampling

	3.3 Behavioural tests
	3.3.1.  Beam-walking
	3.3.2. Rotarod
	3.3.3. Locomotor Activity
	3.3.4. Lever-Press Task

	3.4. Histology
	3.4.1. Preparation of brain tissue
	3.4.2 Microscopy

	3.5. Immunohistochemistry
	3.5.1. Fluoro-Jade
	3.5.2. Heme oxygenase 1 double-labelling

	3.6. Real Time Reverse Transcriptase Polymerase Chain Reacti
	3.6.1. Isolation of total RNA and first strand cDNA synthesi
	3.6.2. Real time RT-PCR with specific primers

	3.7. Data Analysis

	4. RESULTS AND DISCUSSION
	4.1. Changes in cortical cerebral blood flow induced by extr
	4.2. Changes in physiological variables induced by extradura
	4.2.1. Weight gain
	4.2.3. Body and brain temperature
	4.2.2. Blood glucose levels (Papers III and IV)

	4.3. Extradural compression of the sensorimotor cortex elici
	4.3.1. Beam-walking
	4.3.2. Rotarod performance
	4.3.3. Locomotor Activity
	4.3.3.1. Intra-session locomotor activity after extradural c
	4.3.3.2. Inter-session locomotor activity of Wistar and GK r
	4.3.3.3. Comparison of first exposure LMA of Wistar rats to 
	4.3.3.4. Significance of LMA changes induced by extradural c

	4.3.4. Lever-Press Task
	4.3.4.1. Performance in the LPT early after extradural compr
	4.3.4.2. Performance of the LPT two weeks after extradural c
	4.3.4.3. Significance of the LPT findings in diabetic and no


	4.4. Extradural compression induces delayed neurodegeneratio
	4.4.1. Cortex
	4.4.2. Hippocampus
	4.4.3. Thalamus
	4.4.4. Striatum
	4.4.5. Callosal fibers

	4.5. Changes in antioxidant gene expression in Wistar and GK
	4.5.1. Heme oxygenase-1 and -2
	4.5.2. Biliverdin Reductase
	4.5.3. Superoxide dismutases –1 and -2

	4.6. Changes in pro-inflammatory and pro-apoptotic gene expr
	4.6.1. iNOS
	4.6.2. TNF( and Bax

	4.7. Heme oxygenase-1 immunohistochemistry
	4.8. Clinical significance and future directions

	5. GENERAL CONCLUSIONS
	6. ACKNOWLEDGEMENTS
	7. REFERENCES


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookmanOldStyle-Regular
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




