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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-insulindependent, 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, shortlasting (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 inducedneurodegeneration 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 LaserDoppler 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 RTPCR. 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.
Tiago Prazeres Moreira, 2006. ISBN: 91-7140-722-7
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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).

15

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 antiinflammatory 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 twovessel 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, JohansenBerg 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 postoperative 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 structurefunction 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 longterm 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)
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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 postinfarction, 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 postischemia, 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, ctau) 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 nonlethal/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 Duration of
injury
ischemia
Global forebrain
ischemia with
hypotension#

30 min

FJ Timecourse

Affected
brain areas

Time-span of
FJ staining

Peak
intensity

2 days, 1 week,
4 weeks

Cortex, striatum
& hippocampus

2-28 days*

7 days*

Cortex: 3h-21
days,
Hippocampus: 3h7 days, Thalamus:
3h-28 days

1 day (cortex,
hippocampus),
7 days
(thalamus)

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

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 44.6 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).

30

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 Cpeptide (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. Streptozocininduced 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 postischemia 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

38

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 postTBI. 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 MCAO, 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 (-/-)
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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, proapoptotic enzymes are summarized in Fig. 2.

+

↓ iNOS

↑ HO-1

↑ SOD-1

∆ Bax ?

↑ SOD-2
↑ BVR ?

↑ TNFα

↑ 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 postinjury. 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, proapoptotic 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).

Fig. 3 – Area under compression. The compression
piston is positioned over an area comprising the primary
and secondary sensory motor cortices, limited anteroposteriorly 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).

The defined area of the skull was cut out using a fine drill and gently removed from the dura
mater. The compression piston was lowered to touch the surface of the dura mater, and then slowly
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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 contracoup 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 postEC (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) shamoperated 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 LeverPress 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
(Pnaive - Pcontrol)

=

2

0,3 (1- 0,3) + 0,9 (1- 0,9) x 7,9
(0,3 – 0,9)2

= 6.58

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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Pellet delivery upon lever-pressing
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

Exp. 1:
Controls
(n=6)
Naive
Compressed
(n=7)
Sham
(n=3)

Day off
Extradural
compression

Day off

Sham-operated

Day off

.

Exp. 2:
Trained
Compressed
(n=9)

Extradural
compression

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 fooddeprivation 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 foodpellet 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

LEFT lever
active
Both levers
active

Exp. Days

Prog FR testing

FR2-FR3-FR5

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
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 intrasession 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 (4,6diamidino-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
HO-1 forward
HO-1 reverse
HO-2 forward
HO-2 reverse
BVRα forward
BVRα reverse
iNOS forward
iNOS reverse

Annealing
T (ºC)

Extension
T (ºC)

Gene bank
number

60

72

NM_012580

59

72

NM_024387

60

72

NM_053850

59

72

NM_012611

58

Sequence (5’- 3’)
AGAACCCAGTCTATGCC
AGCGGGTATATGCGTG
GGCGTCGATGAGTCAG
CGGTGTAGTTCCGTGG
TGGAGTGGTAGTGGTTG
ATGGGGTATTCCACGAG
GGTATGCGGTATTTGGC
GTGTAGCGTTTCGGGA

SOD-1 forward
SOD-1 reverse
SOD-2 forward
SOD-2 reverse
TNFα forward
TNFα reverse
Bax forward
Bax reverse

60

72

58

72

60

72

58

72

TGGGGACAATACACAAGG
CAATCCCAATCACACCAC
AAAGGAGAGTTGCTGGAG
NM_017051
CTACAAAACACCCACCAC
GCACGGAAAGCATGAT
NM_012675
GTTTGCTACGACGTGG
AGGGTTTCATCCAGGATCGAGCAG
NM_017059
ATCTTCTTCCAGATGGTGAGCGAG
NM_017050

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 4fold 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 agematched 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 hindlimb 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 postcompression 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 postcompression 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,

65

“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-totreatment 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 preoperative, 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. GKintact: 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 GKintact 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 GKintact 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 postcompression: 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 postcompression.
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 nondiabetic Wistar and diabetic GK rats following sensorimotor cortex compression.
Long-term habituation. In parallel with an improvement of the paresis, significant intersession 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. Shamoperated 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 preoperative 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 6fold 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 leverpresses 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 shamoperated 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 postcompression. 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 foodpellet 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 leverpress 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 naïvecompressed 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 postEC 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 postlesion, 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 posttraining 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,
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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 contextdependent 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, SOD1, 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 HO1/18S 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
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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

97

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 postischemia 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 shamoperated 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 perilesional 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 antioxidant 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).
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