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ABSTRACT

Stroke is the third leading cause of death and the major course of long-term
disabilities in industrialized countries. Most surviving stroke patients show some
degree of spontaneous recovery, but persistent symptoms in sensorimotor and
cognitive functions are common. The symptoms can be reproduced in experimental
stroke models in rats by occlusion of the middle cerebral artery. Housing rats in an
enriched environment (EE), i.e. group housing in a large cage with toys that are
changed daily, increases neuronal plasticity in healthy rats and can also improve
functional recovery after experimental stroke.

The present thesis investigates the effect of EE on the recovery of sensorimotor
and cognitive functions one month after focal cerebral ischemia in rats, with
emphasis on the underlying molecular mechanisms. Furthermore, EE-induced
effect on gene expression in healthy rats was investigated after different periods of
EE-housing and at different time points of the day.

We show an improved recovery of both sensorimotor and cognitive functions in
rats housed in EE for one month after focal cerebral ischemia. The recovery of
sensorimotor function correlated significantly to mRNA expression of the plasticity
associated transcription factors NGFI-A and NGFI-B in hippocampus and cortical
regions outside the infarct. Social interaction seems to be an important component
for the beneficial effects of EE after focal cerebral ischemia. Microarray analysis of
hippocampal gene expression after one month of postischemic environmental
enrichment revealed no confirmable EE-induced changes that could explain the
improved recovery in spatial memory. Interestingly, healthy rats housed in EE
showed increased mRNA expression of NGFI-A and Krox-20 exclusively during
the dark period of the day compared to rats housed in isolation. In addition, EE
housed rats had a substantial diurnal variation in NGFI-A, Krox-20 and NGFI-B
mRNA expression; this was absent in single-housed rats. EE-induced changes in
gene expression are more evident during the dark period of the day, when rats are
more active and can benefit from the stimulating environment. This is important to
consider in future investigation of putative mediators of the EE-induced neuronal
plasticity.

In summary, these findings may contribute to an increased understanding of the
underlying molecular mechanisms behind improved functional recovery in rats
housed in enriched environment after focal cerebral ischemia.
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ABBREVIATIONS

5-HT 5-hydroxytryptamine (serotonin)

ACTH adrenocorticotropic hormone

Arc activity-regulated cytoskeletal-associated protein

BDNF brain-derived growth factor

bFGF basic fibroblast growth factor (FGF-2)

CA cornu ammonis

CRE cyclic-AMP-response element

CREB cyclic-AMP-response element binding protein

CRH corticotrophin-releasing hormone

DG dentate gyrus

EE enriched environment

egr early growth response

GR glucocorticoid receptor

HPA hypothalamic-pituitary-adrenal

IEG immediate early gene

ITF inducible transcription factor

LTP long-term potentiation

MAP microtubule-associated protein

MCA middle cerebral artery

MCAo middle cerebral artery occlusion

MR mineralocorticoid receptor

NGF nerve growth factor

NGFI-A/B nerve growth factor induced gene A/B

NMDA N-metyl-D-aspartate

PKA/PKC protein kinase A/C

PSD postsynaptic density

PSD-95 postsynaptic density protein-95

SHR spontaneously hypertensive rats

SIE serum-inducible element

SRF serum response factor

STAT signal transducer and activator of transcription factor

tPA tissue plasminogen activator

TTR transthyretin
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INTRODUCTION

“The seat of the soul and the control of voluntary movement
- in fact, of nervous functions in general, - are to be sought
in the heart. The brain is an organ of minor importance.”

- Aristotle (from “De motu animalium” 4th century B.C.)

Although the Greek philosopher Aristotle regarded the heart, not the brain, as the
main organ for intelligence, the brain has intrigued scientists for ages. The first
known written reference to the brain is dated to 1700 B.C. and was found on a
papyrus roll from ancient Egypt describing the symptoms, diagnosis and prognosis
of two patients with head injuries (Kandel et al., 1995). In the 1880s, the Spanish
neuroanatomist Santiago Ramón y Cajal described the structure and contacts
between cells in the nervous system (Kandel et al., 1995), and it has later been
estimated that there are more connections between nerve cells in the brain than
there are stars in the universe. These connections can be altered by different events
including learning, experience, aging and brain injuries, illustrating the enormous
complexity of the brain.

The present thesis deals with plasticity in the brain in general, with particular
interest in the molecular events taking place during recovery after experimental
stroke in rats.

STROKE

Stroke is defined by the World Health Organization (WHO) as “rapidly
developing signs of focal (or global) disturbance of cerebral function, with
symptoms lasting 24 hours or longer or leading to death, with no apparent cause
other than of vascular origin”. Stroke is a heterogeneous disease that includes
ischemic stroke (representing about 80% of the cases, and the subject of the present
thesis), intracerebral hemorrhage and subarachnoid hemorrhage (Ter Horst &
Postigo, 1997; Warlow et al., 2003). The most common causes of ischemic stroke
are large artery atherosclerosis, embolisms, thrombosis and small vessel occlusions
(Ter Horst & Postigo, 1997; Warlow et al., 2003). Some stroke risk factors are
treatable, including high blood pressure, diabetes mellitus, smoking, alcohol abuse,
diet, atrial fibrillation, while others are not possible to modify, such as age, gender,
race and genetic factors (Ter Horst & Postigo, 1997; Asplund et al., 1998; de
Freitas & Bogousslavsky, 2001; Warlow et al., 2003).
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Stroke is a major health problem worldwide. In industrialized countries, it is the
major cause of long-term disability, and the third leading cause of death after heart
disease and all types of cancer (Asplund et al., 1998; Warlow et al., 2003).
Surviving stroke patients often have persistent symptoms like impaired motor
function, sensory deficits, perceptual deficits, impaired balance, aphasia,
depression, dementia and other cognitive impairments (Ter Horst & Postigo, 1997;
Asplund et al., 1998; Zhu et al., 1998). Most patients experience some degree of
spontaneous recovery of function (Kotila et al., 1984; Hasbani et al., 2000), and
this can be further enhanced by rehabilitation or stroke unit care (Stroke Unit
Trialists' Collaboration, 1997a; b; Ronning & Guldvog, 1998; Langhorne & Legg,
2003).

The understanding of the molecular and biochemical processes during ischemia-
induced brain damage have increased during recent years, but still there are limited
possibilities for treatment of stroke patients. The only approved treatment in
clinical practice today, is trombolytic treatment with tissue plasminogen activator
(tPA).  Only a relatively small proportion of the stroke patients can benefit from
trombolysis since the treatment has to start within 3 hours of onset of symptoms
(Hacke et al., 1995; NINDS 1995; Brott & Bogousslavsky, 2000). Thus, it is of
importance to investigate other potential therapies for stroke patients.

Pathophysiology

 The brain has a very high metabolic rate and requires high levels of oxygen and
glucose, but has practically no capacity for energy storage. Interruption of blood
flow during acute stroke results in energy depletion since production of ATP is
dependent on both oxygen and glucose. Residual glucose is metabolized
anaerobically in both astrocytes and neurons, leading to increased lactate
production and acidosis. This initiates a cascade of events that is summarized in
figure 1, and has been thoroughly reviewed in Ter Horst & Postigo, 1997; Dirnagl
et al., 1999; Kato & Kogure, 1999; Lee et al., 1999. Briefly, the energy depletion
inhibits the activity of ATP-dependent ion pumps, inducing an influx of
extracellular Na+ and Cl- as well as efflux of K+ from the cells. This results in
passive diffusion of water into the cells, causing edema that affects perfusion of
surrounding areas and increases the intracranial pressure. The increased levels of
extracellular K+ induce depolarization of surrounding cells (spreading depression),
which might contribute to the expansion of the lesion. The disturbed ion gradients
over the cell membrane cause depolarization of neurons and glial cells. This
induces an influx of extracellular Ca2+ through voltage-gated ion-channels and a
release of excitatory amino acids from presynaptic terminals, which in combination
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with a reduced glutamate reuptake results in an accumulation of glutamate and
other excitatory amino acids in the extracellular space. Activation of NMDA and
metabotropic glutamate receptors contributes to intracellular accumulation of the
second messenger Ca2+. The resulting intracellular calcium overload stimulates a
series of events that lead to tissue damage, including activation of proteases and
lipases that promote membrane damage, and activation endonucleases leading to
DNA damage. Free radicals also induce the formation of inflammatory mediators
that will activate microglia and lead to invasion of inflammatory cells. In addition,
free radicals are generates that damage membranes, mitochondria and DNA, and in
turn triggers cell death, both by apoptosis and necrosis (Ter Horst & Postigo, 1997;
Barone & Feuerstein, 1999; Dirnagl et al., 1999; Lee et al., 1999; Hu et al., 2002).

Ischemic stroke

Reduced blood flow

Energy depletion

AcidosisFailure of Na+-K+ pumps

Membrane depolarization

Increased extracellular
Glutamate levels

Opening of voltage-
sensitive Ca2+ channels

Activation of glutamate
receptors (NMDA and

AMPA)

Increased intracellular Ca2+

levels

Reduced
glutamate
reuptake

Activation of
NO synthase,

lipases,
proteases and
endonucleases

Apoptosis

NO
production

Free-radical
formation

Lipid peroxidation

Irreversible cell
damage
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Release of
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Figure 1. The neurotoxic cascade in the ischemic penumbra. Adapted from De Keyser
et al., 1999.
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The final size of the brain infarct is affected by the penumbra, a region
surrounding the core of the infarct where blood flow is below the metabolic
demand but energy levels allows to keep neurons structurally intact (reviewed in
Dirnagl et al., 1999; Kato & Kogure, 1999; Heiss, 2000). The cells in the
penumbra region can potentially be rescued, making it an interesting therapeutic
target. However, most studies regarding the penumbra has been performed in
animal models, and the penumbra region in human stroke patients may be smaller
and of shorter duration, limiting the therapeutic window (Dirnagl et al., 1999; Kato
& Kogure, 1999; Heiss, 2000).  

Effect on gene expression

After brain ischemia there is an induction of the expression of many different
genes, with immediate early genes (IEGs) having the most rapid response
(reviewed in Kogure & Kato, 1993; Akins et al., 1996; Koistinaho & Hokfelt,
1997). IEGs, including NGFI-A, Krox-20, NGFI-B and Arc, are often induced
within minutes after the ischemic event and return back to normal levels in most
brain regions within 24 hours (An et al., 1992; Kinouchi et al., 1994; Honkaniemi
et al., 1997; Kunizuka et al., 1999; Johansson et al., 2000; Soriano et al., 2000). A
large number of other genes are also affected within the first days after ischemia
including heat shock proteins, neurotrophic factors (such as NGF, bFGF, BDNF
and NT-3), cytokines, inflammatory genes, genes involved in apoptosis, as well as
neurotransmitters and their receptors (Kogure & Kato, 1993; Akins et al., 1996;
Koistinaho & Hokfelt, 1997; Barone & Feuerstein, 1999; Soriano et al., 2000;
Read et al., 2001; Raghavendra Rao et al., 2002). A late upregulation, several days
after the ischemia, has been found for some genes including IEGs (e.g. NGFI-A,
NGFI-B and Arc), neurotransmitter receptors, growth factors and cytoskeletal
proteins (Johansson et al., 2000; Keyvani & Schallert, 2002; Keyvani et al., 2002).

In addition to the dynamic temporal regulation of gene expression, there are also
spatial variations; specific genes may have different effects in different locations of
the brain during the same time period (Sharp et al., 2000; Kury et al., 2004). Thus,
it is difficult to determine the functional effect of postischemic gene expression
changes, and to dissociate molecular changes that are associated with the
development of injury from those that are involved in the recovery process (Akins
et al., 1996; Koistinaho & Hokfelt, 1997; Keyvani & Schallert, 2002).

Possible mechanisms behind spontaneous recovery

As previously discussed, the brain has a remarkable capacity to adapt to an injury,
and patients with brain lesions often show a spontaneous recovery of function
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(Kotila et al., 1984; Hasbani et al., 2000). The mechanisms behind this
spontaneous recovery are not fully known, but several overlapping processes have
been suggested to be of importance (figure 2). During the initial hours and days
after ischemia there is a resolution of acute tissue damage, including edema,
diaschisis and inflammation. Diaschisis refers to the situation immediately after
stroke when neurons remote from the injury are impaired due to disruption of
functional input from the injured region. The reversal of diaschisis has been
suggested to explain part of the spontaneous recovery after stroke (reviewed in
Nudo et al., 2001). Furthermore, within hours to days after stroke many patients
experience a spontaneous reperfusion, i.e. recovery of blood flow to the affected
area (Fieschi et al., 1989; Zanette et al., 1995). This early reperfusion is believed to
reduce the infarct extension and minimize neuronal damage. However, some
studies indicate that when blood flow is restored in areas with severely damaged
cells, the reperfusion may worsen the tissue damage by inducing edema,
overproduction of oxygen free radicals, and accumulation of inflammatory cells
(see figure 1; reviewed in Jean et al., 1998; Kato & Kogure, 1999).

Later functional improvements are suggested to occur by behavioral
compensation and increased neuronal plasticity in intact brain regions adjacent to
or remote from the damaged area (reviewed in Witte, 1998; Hasbani et al., 2000;
Nudo et al., 2001; Carmichael, 2003). Reorganization in the brain by remodeling of
synapses and neurites, strengthening of existing neuronal circuits and/or
establishment of new connections may be of importance for functional recovery

HYPERACUTE
Excitotoxicity
Free radicals
Spreading depression

Minutes Hours Days Weeks Months

ACUTE
Edema
Inflammation
Reperfusion SUBACUTE

Apoptosis
Ischemic tolerance

CHRONIC
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Positive effect
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Figure 2. Putative cascade of events after focal cerebral ischemia that may have
positive or negative effect on the final outcome. Adapted from Dirnagl et al., 1999.
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after brain injury (Kolb, 1999; Ivanco & Greenough, 2000). Stroemer and co-
workers demonstrated increased levels of the growth cone marker GAP-43 and of
the mature synapse marker synaptophysin in ipsilateral and contralateral cortical
areas after MCA occlusion in rats, indicating increased axonal sprouting and
synaptogenesis (Stroemer et al., 1995). Clinical studies indicate that stroke patients
that have recovered well have functional reorganization in brain areas close to the
lesion and in contralateral homotopic cortical regions (reviewed in Cramer &
Bastings, 2000).

The outcome after stroke is also affected by astrocytes that can both worsen the
damage (by propagating spreading depression and increase edema) and have
neuroprotective effects (Anderson et al., 2003). Furthermore, focal cerebral
ischemia in rats has been shown to increase neurogenesis in the dentate gyrus (DG)
region of the hippocampus, the subventricular zone and in cortex (see Gu et al.,
2000; Arvidsson et al., 2001; Jiang et al., 2001; Jin et al., 2001). The existence of
hippocampal neurogenesis in the adult brain has been demonstrated in several
species including humans (Kuhn et al., 1996; Eriksson et al., 1998; Gould et al.,
1999). Whether the ischemia-induced increase in newborn neurons is of relevance
for functional recovery after stroke remains to be determined (Kokaia & Lindvall,
2003).

Experimental stroke models

Relevant animal stroke models are of great importance both for studies of the
pathophysiological events and the mechanisms behind recovery as well as for the
evaluation of new therapeutic agents.

Experimental animals

Rats are commonly used in experimental stroke models because of the similarity
to human cerebrovascular anatomy and physiology, although rats differ from
humans in their collateral blood supply (Hunter et al., 1995; Cenci et al., 2002).
Most experimental stroke studies are still performed on male animals, partly since
the added complexity of hormonal cycles in female rats make interpretations of
both gene expression and behavioral data more difficult. Notably, preischemic
estrogen treatment can reduce the injury in experimental animals, although the
effect in patients and of postischemic treatment remains to be conclusively
demonstrated (Hurn & Brass, 2003). In the present thesis, male spontaneously
hypertensive rats (SHR) (Paper I) and normotensive Sprague-Dawley rats (paper
II-IV) were used as a model system to evaluate the effect of enriched environment
on gene expression. Differences between rat strains may affect the outcome, and



Introduction

- 15 -

strain differences have been suggested to be an important factor in the explanation
of inconsistent results from different laboratories (Andrews, 1996).

Many important physiological and behavioral changes occur with age, which may
have consequences for the behavioral response including cognitive functions
(Andrews, 1996). The age of the experimental animal used is an important factor to
consider in all studies, but this becomes especially essential to take into account in
experimental stroke studies, since most patients that suffer a stroke are old; the
mean age of stroke patients in Sweden is now 75 years (Stegmayr & Asplund,
2003). Nevertheless, the overwhelming majority of experimental stroke studies are
using young rodents, mainly due to the considerably higher cost for old rats. This
includes the studies in the present thesis, where relatively young rats were used, 2-
3 months of age, which corresponds to early to late teenage years in humans.

Stroke models

The search for a treatment for stroke patients requires good experimental models
of the disease to be able to study changes molecular and histology changes. Since
human ischemic stroke can vary a lot in location, cause and severity, many
different experimental stroke models have been developed (reviewed in Hunter et
al., 1995; Hossmann, 1998). One of the most clinically relevant stroke models is
the occlusion of the middle cerebral artery (MCA), in which either the proximal or
distal parts of the MCA is occluded by a permanent or reversible occlusion that can
be obtained by different means including ligation, filament insertion,
electrocoagulation, phototrombosis etc (reviewed in Hunter et al., 1995;
Hossmann, 1998). The size of the infarct volume is affected by for example the
vascular anatomy of the rat strain used, and the site and duration of the occlusion
(van der Staay et al., 1996).

In the present thesis two different stroke models have been used to investigate the
effect of EE on functional recovery and gene expression. In paper I, the MCA was
permanently ligated distal to the striatal branches after a small craniotomy in SHR
rats (Coyle, 1982). Due to the poor collateral circulation in the SHR strain,
selective distal ligation of the MCA in this strain results in large, reproducible
infarcts that are restricted to the cortical regions (Coyle, 1982). However, it should
be noted that the SHR strain has several neuroendocrine abnormalities involved in
the spontaneous hypertension (Kenyon et al., 1993). In papers II-III, a transient,
proximal occlusion of the MCA in Sprague-Dawley rats using the intraluminar
suture model was performed (Longa et al., 1989; Belayev et al., 1996). A poly-L-
lysin coated nylon suture is inserted into the carotid arteries to block the origin of
the MCA in the circle of Willis, and after 90 minutes the filament is withdrawn to
allow recirculation of the affected area. This typically produces infarcts including
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striatum and cortical regions, but secondary cell damage after MCAo has been
found in remote brain regions including the thalamus (Dihne et al., 2002). This is
one of the most commonly used experimental models of stroke today, partly due to
the fact that it is relatively non-invasive (does not require craniotomy), and permits
reperfusion of the infracted area.

Occlusion of the MCA results in impairments both in sensorimotor and cognitive
functions (Markgraf et al., 1992; Ohlsson & Johansson, 1995; Johansson &
Ohlsson, 1996; Yonemori et al., 1996; Yonemori et al., 1999), which can be
evaluated by a number of different behavioral tests (reviewed in Corbett & Nurse,
1998).

ENRICHED ENVIRONMENT

The idea that experience can alter different properties of the brain is very old. In a
human anatomy book from 1791, the German physician Samuel Thomas von
Soemmering reflected on whether mental exercise could induce changes in the
brain, in the same manner as physical training increase the size of muscles. This
hypothesis was probably based on experiments performed by the Italian anatomist
Michele Vincenzo Malacarne, who demonstrated that dogs and birds that were
extensively trained had more folds in their cerebellum than their untrained
littermates (reviewed in Rosenzweig, 1996; 2003). Almost 100 yeas later, Ramon y
Cajal hypothesized that mental exercise results in increased growth of neural
branches (Rosenzweig, 1996; 2003). In the late 1940s, Donald Hebb reported that
laboratory rats that he brought home as pets for his children showed better
problem-solving ability that rats that remained in the laboratory (reviewed in
Rosenzweig, 1996; Rosenzweig & Bennett, 1996; van Praag et al., 2000;
Rosenzweig, 2003). The first controlled studies of the effect of a more stimulating
environment on plasticity in the rodent brain were performed at Berkley in the
early 1960s by Rosenzweig and co-workers (Rosenzweig, 1996; Rosenzweig &
Bennett, 1996; van Praag et al., 2000; Diamond, 2001; Rosenzweig, 2003).
Different variants of the enriched environment exists in different laboratories
today, but most commonly rats are housed in groups (6-12 rats) in large cages
containing different stimulating objects such as ladders, tunnels, running wheels,
boxes etc, that are replaced or moved around frequently (figure 3). This
environmental enrichment stimulates physical activity, social interaction and
exploratory behavior, and provides a generally more stimulating environment since
it is frequently changed or equipped with new objects.

Enriched environment (EE) is today the most widely used model of experience-
induced plasticity, and numerous studies have investigated the effect of
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environmental enrichment on different aspects of brain plasticity both in the intact
brain and after different types of brain injuries.

Effect in normal brain

The effect of EE-housing is most commonly studied in rats and mice, but the
beneficial effect of EE has been shown in other mammalian species, including
gerbils, ground squirrels, cats, and monkeys (reviewed in Rosenzweig & Bennett,
1996; Mohammed et al., 2002). Most of the early studies of the effect of enriched
environment were performed in very young rats that were placed in the EE
immediately after weaning, but later studies have confirmed increased neuronal
plasticity also in adult and aged rats (Rosenzweig, 1996; Diamond, 2001;
Mohammed et al., 2002; Rosenzweig, 2003). It is also evident the male and female
rodents respond differently to environmental enrichment. EE-housing of male rats
resulted in increased thickness of the occipital cortex, while female rats had less
response in the occipital cortex, but on the other hand showed significant increase
also in the thickness of the somatosensory cortex (reviewed in Diamond, 2001).
Thus, the effect of EE can be generalized to many different conditions, although
the outcome may differ between species, age and gender.

Figure 3. The enriched environment.
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Behavioral effects

Housing rodents in a more stimulating environment have profound effects on
behavior, in particular on the ability to learn and solve problems. EE-housing can
improve spatial memory in the Morris water maze (Mohammed et al., 1990;
Falkenberg et al., 1992; Moser et al., 1994; Kempermann et al., 1997; Nilsson et
al., 1999; Pham et al., 1999; Williams et al., 2001), as well as the performance in
different nonspatial hippocampal-dependent tasks (Rampon et al., 2000b). Related
to this, EE-housing for 8 weeks enhance the formation of NMDA receptor-
dependent long-term potentiation (LTP) in the CA1 region of the hippocampus in
female mice (Duffy et al., 2001).

Morphological effects

Housing rodents in an enriched environment induces substantial structural
changes in the brain, including increases in brain weight, cortical thickness,
neuronal soma size, number and length of dendrites, dendritic branching, number
and density of dendritic spines, number of synapses, capillary diameter, and the
number of glia cells (Rosenzweig, 1966; Greenough & Volkmar, 1973; Sirevaag &
Greenough, 1987; Johansson & Belichenko, 2002).

Many of the plastic changes induced by environmental enrichment are most
pronounced in the visual cortex (Rosenzweig, 1966; Greenough & Volkmar, 1973;
Sirevaag & Greenough, 1987), but EE-induced changes are also found in other
brain areas including the hippocampus (Moser, 1999; Rampon & Tsien, 2000;
Grossman et al., 2002; Mohammed et al., 2002). For example, EE has been shown
to induce increased dendritic spine density in pyramidal cells in the CA1 region of
the hippocampus (Moser et al., 1994; Moser et al., 1997; Rampon et al., 2000b),
and to increase the synaptic strength in the perforant path (Foster et al., 1996). In
addition, EE increase the survival of newborn neurons in the dentate gyrus (DG) of
the hippocampus both in young and aged rodents (Kempermann et al., 1997; 1998;
Nilsson et al., 1999), and reduce spontaneous apoptosis in DG (Young et al.,
1999).

Molecular effects

Already in the 1960s environmental enrichment was shown to increase general
protein synthesis and protein amount in cortex, as well as total mRNA levels in the
brain (reviewed in Rosenzweig & Bennett, 1996). Later studies have found more
specific alterations, including changes in different neurotransmitter systems, such
as increased cerebral noradrenalin levels (Naka et al., 2002), increased activity of
acetylcholinesterase (Rosenzweig, 1966), and increased protein levels of the
glutamate receptor subunits, GluR1, NR2A and NR2B, but not NR1, in the
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forebrain (Tang et al., 2001). In addition, EE can induce upregulation of
neurotrophic factors, including GDNF, BDNF, NGF and NT-3 in the hippocampus
(Mohammed et al., 1990; Falkenberg et al., 1992; Mohammed et al., 1993;
Torasdotter et al., 1996; 1998; Pham et al., 1999; Young et al., 1999), as well as
increase the density of IGF-1 binding sites in the occipital and entorhinal cortex
(Mohammed et al., 2002).

Environmental enrichment also induces changes in the expression of different
immediate early genes, including increased levels of NGFI-A and Arc in cortical
and hippocampal areas (Olsson et al., 1994; Wallace et al., 1995; Pinaud et al.,
2001; Pinaud et al., 2002). NGFI-B and AP-2 were, on the other hand,
downregulated in specific hippocampal subregions by EE-housing for 30 days
(Olsson et al., 1994; Olsson et al., 1995). EE can also increase the phosphorylation
of CREB in the hippocampus (Young et al., 1999). Other EE-induced changes in
gene expression include upregulation of GR, sgk, and 5-HT1A mRNA expression
in the hippocampus after different periods of EE-housing (Mohammed et al., 1993;
Olsson et al., 1994; Rasmuson et al., 1998; Lee et al., 2003).

A large number of genes regulated by EE were reported in recent microarray
study investigating the effect of environmental enrichment on cortical gene
expression in the mouse brain after different periods of EE-housing (Rampon et al.,
2000a). Early changes (after 3 and 6 hours of EE-housing) included transcription
factors, genes involved in DNA/RNA synthesis, neuronal signaling and apoptosis,
as well as genes involved in formation of new synapses and reorganization or
strengthening of existing synapses. Changes after 2 or 14 days of EE included
transcription factors, genes associated with NMDA receptor function (for example
PSD-95 and calmodulin), and cytoskeletal proteins (MAP-4, N-dynactin, cortactin)
(Rampon et al., 2000a). In line with this, PSD-95 protein levels are increased in
several brain regions after one month of EE housing (Nithianantharajah et al.,
2004).

Together, this suggests that environmental enrichment induces many genes
involved in neuronal plasticity that may be of importance for the EE-induced
effects on behavior, including learning and memory.

Effect after focal ischemia

Housing animals in an enriched environment has positive effects on the recovery
after different types of brain damage, including hippocampal and cortical lesions
(Einon et al., 1980; Kolb & Gibb, 1991; Galani et al., 1997), traumatic brain lesion
(Hamm et al., 1996), as well as global and focal ischemia (Grabowski et al., 1995;
Ohlsson & Johansson, 1995; Johansson, 1996; Briones et al., 2000; Biernaskie &
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Corbett, 2001; Biernaskie et al., 2004). The following sections focus mainly on the
effects of EE-housing after focal cerebral ischemia.

Behavioral effects

EE-housing, with and without additional rehabilitative training, has a positive
effect of on the recovery of sensorimotor function after focal brain ischemia
(Grabowski et al., 1995; Ohlsson & Johansson, 1995; Johansson & Ohlsson, 1996;
Risedal et al., 1999; Biernaskie & Corbett, 2001; Risedal et al., 2002; Biernaskie et
al., 2004). The effect of rehabilitation on functional recovery after brain injury is
affected by the timing and intensity of training. If the rehabilitation starts too early
after the injury and/or is too intensive this may worsen the damage. Thus, rats
exposed to EE in combination with a special training program starting 24 hours
after MCAo have increased infarct size, although functional deficits were not
detected (Risedal et al., 1999). However, if the training is delayed until the second
week after injury there is no detrimental effect on the infarct volume (Risedal et al.,
1999). Based on the observation that the NMDA receptor antagonist MK-801
prevented detrimental effects in rats forced to use their impaired limb after lesion
in the sensorimotor cortex (Humm et al., 1999), it was hypothesized that the
increased tissue loss after early and/or intensive training may be due to
hyperexcitability in areas surrounding the lesion, making them more vulnerable to
an additional release of excitatory substances induced by motor activity (Risedal et
al., 1999). Biernaskie and co-workers have demonstrated that EE in combination
with rehabilitative training after focal cerebral ischemia is more efficient when
started 5 days after the injury compared to later time points (Biernaskie et al.,
2004). However, EE-housing after focal cerebral ischemia can improve functional
outcome, even if delayed for 15 days after the ischemic event (Johansson, 1996).

In summary, this suggests that the effect of rehabilitation after ischemia is
dependent on the timing and intensity of training, and seems to be most efficient
when initiated during a specific time-window.

Postoperative EE-housing can also improve spatial memory deficits after other
brain injuries, such as traumatic brain injury and surgical hippocampal lesions
(Hamm et al., 1996; Galani et al., 1997; Passineau et al., 2001). While focal
cerebral ischemia results in a poor performance in the Morris water maze
(Markgraf et al., 1992; Yonemori et al., 1999; Puurunen et al., 2001a; b), a clearly
positive effect of postischemic EE-housing on spatial memory has not previously
been demonstrated. Some studies report no effect of postischemic EE-housing on
the water maze performance, while other found effects that were attributed to
increased swim speed or change in search strategy (Puurunen et al., 2001a; b;
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Jolkkonen et al., 2003). Notably, Puuruen and co-workers found that postischemic
EE-housing alone had very subtle effects on the recovery of sensorimotor and
cognitive function, while EE-housing in combination with the monoamine oxidase
B (MAO-B) inhibitor selegiline improved performance in the Morris water maze
(Puurunen et al., 2001b).

Morphological effects

The positive effect of EE on recovery after focal ischemia is not associated with
reduced infarct volume (Grabowski et al., 1995; Ohlsson & Johansson, 1995;
Johansson, 1996), suggesting that an increased plasticity outside the lesioned area
could be of importance for the improved functional outcome. In line with this, EE-
housing for 3 weeks after focal cerebral ischemia increases the number of dendritic
spines in pyramidal neurons in layers II/II in the contralateral hemisphere
compared to rats postoperatively housed in standard cages (Johansson &
Belichenko, 2002). In addition, postischemic environmental enrichment in
combination with rehabilitative training can increase the length and branching of
dendrites in layer V in the contralateral cortex (Biernaskie & Corbett, 2001;
Biernaskie et al., 2004). Focal cortical ischemia increases the neurogenesis in the
ipsilateral dentate gyrus (DG), but this is not affected by the postoperative housing
conditions (Komitova et al., 2002). On the other hand, postischemic EE-housing
increase the number of new astrocytes in the ipsilateral DG and return the ratio
between astrocytes and neurons back to normal levels (Komitova et al., 2002).  In
addition, EE-housing after MCAo increases the volume of the granular cell layer of
the DG compared to rats housed in standard cages without affecting the cell
density, which might be explained by EE-induced changes in cell morphology
(Komitova et al., 2002).

Molecular effects

As previously discussed, there is substantial information about EE-induced
molecular events in healthy rats. In contrast, the effect of EE on gene expression
after focal ischemia is not as extensively studied. Although the same molecular
mechanisms may be involved in EE-induced neuronal plasticity both in the healthy
and injured brain, the ischemic event as such initiates a dynamic cascade of gene
expression changes that may influence the response to EE.

The few studies that have investigated the effect of postischemic EE-housing on
gene expression, have found dynamic changes in the expression patterns. Thus,
after an initial decrease in NGFI-A mRNA expression in rats housed in standard or
enriched environment 2 and 3 days after MCAo, NGFI-A mRNA expression in
standard housed rats increased to above baseline levels. EE-housed rats on the
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other hand had a sustained downregulation of NGFI-A until 20 days after the
MCAo (Dahlqvist et al., 1999). However, 30 days after MCAo NGFI-A mRNA
levels were significantly higher in EE-housed rats in ipsi- and contralateral cortex
compared to rats housed in a standard environment (Dahlqvist et al., 1999). In the
same study, postischemic EE-housing restored hippocampal glucocorticoid
receptor (GR) mRNA expression to basal levels, while standard housed rats had
reduced GR levels up to 12 days after ischemia (Dahlqvist et al., 1999). In
addition, rats housed in standard environment after focal ischemia showed a
significant increase in BDNF mRNA levels at 2-12 days after MCAo, which was
inhibited in rats housed in EE (Zhao et al., 2000). At later time points (20 and 30
days after MCAo) both rats housed in standard and enriched environment had
BDNF mRNA levels below a baseline of intact rats (Zhao et al., 2000). Similar
pattern was found for BDNF protein levels in the ipsilateral cortex (Zhao et al.,
2001a).

This suggests that postischemic EE-induced gene expression changes are highly
dynamic, and factors that are downregulated during the early phase after the
ischemia to avoid detrimental effects, can show a delayed upregulation that may
have plasticity promoting effects.

POTENTIAL MOLECULAR MEDIATORS OF NEURONAL PLASTICITY

In the present thesis potential molecular mediators of EE-induced neuronal
plasticity have been studied both in healthy rats and after focal brain ischemia.
There are many ways to study the expression of specific candidate genes, including
Northern blotting, in situ hybridization, RNase protection assay and reverse
transcription PCR. Of these, in situ hybridization is the only method that gives
spatial information about the mRNA expression, which is especially useful in the
brain where even small subregions may have different functional roles. Other
methods, such as the microarray technique, allow the screening of thousands of
genes at the same time without the need for prior definition of candidate genes.
Microarray experiments generate a huge amount of data that requires thorough data
analysis, often complicated by the large number of genes and few experimental
replicates. Importantly, at least a subset of the identified candidate genes needs to
be validated by independent methods.

Although studies of mRNA expression levels provide valuable information about
the molecular events taking place, it is ultimately proteins that are critical for the
cellular function. Thus, when possible, confirmation at the protein level is preferred
by for example immunohistochemistry, western blots or ELISA. Furthermore, this
gives the possibility to study post-translational modifications, such as
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phosphorylations and glycosylations that may be of major importance for the
function of the proteins. Changes in protein levels can also occur without any
change in mRNA leves, thus the new proteomic tools are of great interest for future
studies.

The following sections give a general background to the candidate genes studied
in the present thesis, selected based on previously shown associations with EE-
housing, neuronal plasticity and/or memory formation.

The NMDA receptor complex

Glutamate receptors are important mediators of excitatory neurotransmission, and
N-metyl-D-aspartate (NMDA) receptor signaling in particular has been strongly
associated with neuronal plasticity and the formation of LTP and memory (Kandel
et al., 1995). NMDA receptors are localized to the postsynaptic density (PSD),
where they interact with a huge complex of proteins that are important for signal
transduction within excitatory synapses (for reviews see Kennedy, 1997; 1998;
Scannevin & Huganir, 2000; Carroll & Zukin, 2002).

NMDA receptors

NMDA receptors are composed of NR1 subunits, which are essential for the
channel function, and regulatory NR2 subunits, of which four different types
(NR2A-2D) have been described (Nakanishi et al., 1998; Ozawa et al., 1998).
Different compositions of the NMDA receptor have been suggested to have
different functional properties. In addition to NR1, which is widely expressed in
the brain, NR2A and NR2B are the main subunits expressed in adult hippocampus
and cortex (Monyer et al., 1994).

NMDA receptor activity in the CA1 region of the hippocampus is essential for
the formation of both spatial and nonspatial memory (Tsien et al., 1996; Rampon et
al., 2000b). Interestingly, the learning deficits seen in transgenic mice lacking the
essential NR1 subunit in the CA1 region of the hippocampus can be overcome by
EE–housing, suggesting that the EE-induced effect on memory is not dependent on
functional NMDA receptors in the CA1 region (Rampon et al., 2000b). On the
other hand, transgenic mice overexpressing the NR2B subunit in the forebrain have
better learning and memory performance (Tang et al., 1999), while a reduction of
NR2B in the hippocampus of rats impaired spatial memory (Clayton et al., 2002).
As previously mentioned, EE-housing can increase the expression levels of NR2A,
NR2B and PSD-95 (Rampon et al., 2000a; Tang et al., 2001; Nithianantharajah et
al., 2004).
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PSD-95

The cytoplasmic domain of NR2, mainly the NR2B subunit, interacts with PSD-
95 (also known as SAP90), a protein that is highly enriched in the PSD. This
interaction has been suggested to be important for the coupling of NMDA receptors
to intracellular signaling pathways and for specific localization of NMDA receptors
to the PSD (reviewed in Kennedy, 1997; 1998; Hata & Takai, 1999; Kennedy,
2000; Scannevin & Huganir, 2000; Sheng, 2001). Mutant mice, lacking PSD-95
have severely impaired spatial memory, but properly localized NMDA receptors
with no major changes in function, suggesting that the major role of PSD-95 in
memory formation is to link NMDA receptors to intracellular signalling molecules
(Migaud et al., 1998).

Homer

Another PSD protein with potential importance for synaptic plasticity and LTP is
Homer (also known as Vesl) that interacts with type I metabotropic glutamate
receptors (Brakeman et al., 1997; Kato et al., 1997). Seventeen different Homer
transcripts formed by alternative splicing from three different genes (Homer1-3)
have been found so far. One of these, Homer1a (also called Vesl-1S), was
identified as an immediate early gene (IEG) and is highly upregulated by neural
activity, including LTP (reviewed in Xiao et al., 2000; Fagni et al., 2002). Homer
and PSD-95 interacts in the postsynaptic density via the Shank family of
postsynaptic proteins, and consequently Homer might have indirect effects on
NMDA receptor function (Naisbitt et al., 1999; Tu et al., 1999; Ehlers, 2002).

In summary, these results suggest that molecules of the NMDA receptor complex
are potentially interesting as molecular mediators of EE-induced learning and
memory.

Inducible transcription factors

The first genes to respond to cellular stimuli are usually the immediate early
genes (IEGs). Upon stimulation of receptors at the cell surface, second messenger
systems in the cytoplasm are activated that in turn, via activation of constitutive
transcription factors including CREB, results in transcription of the IEGs (figure 4;
reviewed in Hughes & Dragunow, 1995; Herdegen & Leah, 1998; Clayton, 2000).
Once activated, these IEGs can alter the properties of the cell, and thus IEGs can
link short-term events at the cell surface to long-term consequences in the cell. The
number of neuronal IEGs has been approximated to 30-40 (Lanahan & Worley,
1998), and can be divided into two functional classes. The regulatory transcription
factors, or inducible transcription factors (ITFs), encode proteins that can affect



Introduction

- 25 -

downstream gene expression of specific target genes, while effector IEGs,
including Arc, Homer1a and BDNF, have more direct effects on cellular function
(Herdegen & Leah, 1998; Lanahan & Worley, 1998; Clayton, 2000). The most well
known IEGs are transcription factors from the fos, jun, and egr families.

Receptors, 
Second

messengers

Intracellular 
pathways

Constitutive 
transcription 

factors

Binding sites 
in DNA

IEG transcription

Inducible transcription factors 
(c-fos, NGFI-A, Krox-20, NGFI-B)

Direct effector proteins
(Arc, Homer, BDNF)

Downstream effector proteins
(Synapsin I & II, bFGF)

Synaptic support 
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Ca2+
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kinases

Cytokine 
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Figure 4. The intracellular events leading from cell surface receptor stimulation to
activation of immediate early genes (IEGs) in the cell nucleus. IEG proteins can then,
either directly or by altering the transcription of target genes encoding downstream
effector proteins, affect properties of synapses. Adapted from Clayton, 2000. For
abbreviations, see page 8.
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The egr-family

The egr-family of transcription factors consists of four members, NGFI-A (also
known as egr-1, Krox-24, zif268, TIS8 and zenk), Krox-20 (egr-2), egr-3 (PILOT)
and NGFI-C (egr-4), that are highly conserved in the three zinc finger DNA-
binding domains (figure 5; Hughes & Dragunow, 1995; Beckmann & Wilce, 1997;
Herdegen & Leah, 1998; O'Donovan et al., 1999). All egr-proteins can bind to the
same consensus sequence, 5´-GCGGGGGCG-3´, but different family-members
have different affinity for specific variations of this sequence (Crosby et al., 1991;
Cao et al., 1993; Swirnoff & Milbrandt, 1995), suggesting that the egr-family
members have the possibility to regulate the same target genes but with different
preferences.

In vitro studies have reported that egr-proteins, in particular NGFI-A, can bind to
and activate transcription from the promoters of potential target genes, including
PDGF-A, PDGF-A, IGF-II, and acetylcholinesterase (reviewed in Beckmann &
Wilce, 1997; Clayton, 2000). Other potential target genes that may be of interest
for neuronal plasticity include the synaptic vesicle proteins synapsin I and II (Thiel
et al., 1994; Petersohn et al., 1995), NMDAR1 receptor subunit  (Bai & Kusiak,
1997), bFGF (Biesiada et al., 1996) and NGFI-B (Williams & Lau, 1993).
Interestingly, NGFI-A can bind to and downregulate the transcription from its own

Figure 5. The egr family of transcription factors and its response element. A) The
four egr-family members with the three zinc-finger DNA-binding domains in gray,
and the R1 repression domain, which binds to the NAB proteins, in black. B) Egr-
family member bind to EGR response elements in the promoter of target genes and
activate transcription from these. Adapted from O'Donovan et al., 1999.
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promoter (Cao et al., 1993), as well as increase the transcription from the egr-3 and
NAB2 promoters in neuroblastoma cells (Ehrengruber et al., 2000). This indicates
that the egr-transcription factors can regulate their own biological activity via
negative feedback loops, at least in vitro. Notably, most of the target genes are
identified by in vitro experiments, and the role of egr-proteins in the regulation of
these target genes in different cell types in vivo, and after different types of stimuli
remains to be determined.

 The transcriptional activity of egr-proteins, except for NGFI-C, can be regulated
the by NGFI-A binding proteins 1 and 2 (NAB1 and NAB2), that interacts directly
with the R1 domain of NGFI-A, Krox-20 and egr-3 (figure 5; Russo et al., 1993;
Russo et al., 1995; Svaren et al., 1996). NAB1 and NAB2 can act either as co-
activators or co-repressors depending on the promoter of the target gene (Russo et
al., 1993; Russo et al., 1995; Svaren et al., 1996; Qu et al., 1998; Sevetson et al.,
2000; Houston et al., 2001). NAB1 is constitutively expressed in many tissues
(Russo et al., 1995), while NAB2 has the highest expression in the brain and
thymus, and can be induced by the same stimuli as NGFI-A (Svaren et al., 1996).
CBP and p300 are other transcriptional co-activators for NGFI-A-mediated gene
expression (Silverman et al., 1998), and the transcriptional activity of NGFI-A can
also be regulated by interaction with other transcription factors, such as Sp-1 that
under certain conditions can bind to the same DNA-binding sequence as NGFI-A
(Beckmann & Wilce, 1997). In addition, it has been suggested that the DNA
binding activity of NGFI-A, and possible of other egr proteins, is affected by
phosphorylations, glycosylations and the presence of Zn2+, Fe2 +, and Mn2+

(reviewed in Beckmann & Wilce, 1997).
In summary, the egr transcription factors has the potential to regulate the

expression many different target genes with different functions, but the regulation
is very complex and can have either an activating or repressing function depending
on the type of the stimuli, the cell type, the promoter of the target gene, the
presence of other transcription factors (e.g. Sp-1) and co-factors.

NGFI-A is the most studied member of the egr-family, and was first discovered
as a factor that was rapidly and transiently induced by NGF in PC12
pheochromocytoma cells (Milbrandt, 1987). Many different biological functions
have been suggested for NGFI-A including essential roles in female reproduction,
wound repair, tumor progression and control of cell growth (reviewed in
O'Donovan et al., 1999; Thiel & Cibelli, 2002). NGFI-A has also been suggested to
take part in the apoptotic signaling cascade and thereby promote apoptosis,
suggesting that the role of NGFI-A in the control of cell life or death is complex
and may depend on the cell type, the type of stimuli and the presence of co-factors
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(Thiel & Cibelli, 2002). The actions of Krox-20 in the adult brain is not extensively
studied, but Krox-20 is essential for the control of myelination of peripheral nerve
fibers and hindbrain formation, and transgenic mice lacking Krox-20 die during
early postnatal development (reviewed in Beckmann & Wilce, 1997).

Both NGFI-A and Krox-20 have been strongly associated with neuronal
plasticity, including the stabilization of LTP, an electrophysiological correlate of
memory (Abraham et al., 1991; Richardson et al., 1992; Abraham et al., 1993;
Williams et al., 1995; Dragunow, 1996; Roberts et al., 1996). Following LTP there
is also an increased binding of NGFI-A to its response element that is dependent on
NMDA receptor function (Williams et al., 2000). Interestingly, studies in mutant
mice with targeted disruption of NGFI-A suggest an essential role for NGFI-A in
late LTP and in long-term (but not short-term) memory (Jones et al., 2001). The
hippocampal NGFI-A mRNA expression has also been positively correlated with
spatial memory, such that aged rats with impaired spatial memory had lower levels
of NGFI-A mRNA in the hippocampal CA1 region (Yau et al., 1996). As
previously mentioned, NGFI-A is upregulated in hippocampal and cortical regions
after EE-housing of healthy rats (Olsson et al., 1994; Wallace et al., 1995; Pinaud
et al., 2001; Pinaud et al., 2002), and show a dynamic expression pattern after
postischemic EE-housing (Dahlqvist et al., 1999).

NGFI-B

NGFI-B (also known as nur77, TIS1, N10, TR3 and NAK-1) is an IEG that
despite the name belongs to a different family of transcription factors than NGFI-
A. NGFI-B is a nuclear receptor without any known ligand (reviewed in Maruyama
et al., 1998) that binds to DNA as a monomer or dimer to the consensus sequence
5’-AAAGGTCA-3’ (Wilson et al., 1992). Very little is known about potential
target genes for NGFI-B, but a role in the regulation of different levels of the HPA-
axis has been suggested (Wilson et al., 1993; Murphy & Conneely, 1997; Okabe et
al., 1998). As previously pointed out, NGFI-B is a potential target gene for NGFI-
A, at least in vitro (Williams & Lau, 1993). Interestingly, increased levels of
NGFI-B mRNA have been found after induction of LTP (Dragunow et al., 1996),
although there are studies showing conflicting results (reviewed in Abraham et al.,
1991; Walton et al., 1999).

Synapsins

The synapsins are a group of neuron-specific proteins that are abundantly
expressed in the CSN, representing about 1% of the total protein content in the
brain (reviewed in Ferreira & Rapoport, 2002). There are today three known
synapsin genes which by alternative splicing give rise to different isoforms, of
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which synapsin Ia, Ib, IIa and IIb are the major isofoms in adult brain (Sudhof et
al., 1989; Ferreira & Rapoport, 2002). The function of the synapsins is regulated
by phosphorylations, which can occur at several different sites by different kinases
including calcium calmodulin-dependent kinases, MAP kinases and protein kinase
A (Sudhof et al., 1989; Hilfiker et al., 1999; Murthy, 2001). Nearly all neurons
express synapsins, but not all isoforms of synapsin exists in every nerve cell
(Sudhof et al., 1989; Zurmohle et al., 1996). The synapsins are associated with the
cytoplasmic surface of synaptic vesicles and are involved in the regulation of
neurotransmitter release and organization of the nerve terminal (Hilfiker et al.,
1999; Murthy, 2001).

Synapsins also seem to play an important role in the formation of synaptic
contacts, and studies in transgenic mice lacking synapsin I and/or synapsin II have
suggested that synapsin I play a general role in the structural development of the
synapse, while synapsin II is required both for the initial formation of the synaptic
contact as well as for the maintenance of synapses (reviewed in Ferreira &
Rapoport, 2002).

Interestingly, synaspsin I is induced in the hippocampus both after spatial
learning in the Morris water maze and after induction of LTP (Hicks et al., 1997;
Sato et al., 2000; Gomez-Pinilla et al., 2001). Synapsin I and II are well
characterized target genes for NGFI-A, at least in vitro (Thiel et al., 1994;
Petersohn et al., 1995), which fits well with the idea of a role in neuronal plasticity.
Two independent microarray studies have found an early downregulation of
synapsin Ia in the ipsilateral cortex 24 hours after transient MCAo (Raghavendra
Rao et al., 2002), and a late upregulation of synapsin IIa in the contralateral cortex
10 days after phototombotic ischemia (Keyvani et al., 2002). This suggests that
dynamic changes in synapsin mRNA expression after brain injury may play a role
in injury-induced plasticity in the brain.

HPA axis

In response to stress the hypothalamus-pituitary-adrenal (HPA) axis is strongly
activated causing an increased release of glucocorticoids (cortisol in man and
corticosterone in rodents) from the adrenal cortex. This occurs via release of
corticotrophin-releasing hormone (CRH) and vasopressin from the hypothalamus,
which in turn stimulates the anterior pituitary to secrete adrenocorticotrophic
hormone (ACTH) that finally acts upon the adrenal gland to produce
glucocorticoid hormones. The activity of the HPA axis is regulated by negative
feedback at the level of the hippocampus, the hypothalamus and the pituitary.
Plasma levels of glucocorticoids vary during the day with peak levels around the
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onset of the active period of the day (morning in man and evening in rats), and
trough levels just before the start of the inactive period.

The actions of corticosteroids are mediated by intracellular receptors of two
different subtypes, i.e. the high affinity mineralocorticoid receptor (MR or type I
receptor) and the glucocorticoid receptor (GR or type II receptor). When
circulating levels of corticosterone are low, mainly MR is activated while GR is
largely unoccupied. MR and GR are intracellular transcription factors, that upon
ligand binding are translocated to the nucleus where they bind to specific hormone
responsive elements in the regulatory region of target genes (Seckl & Olsson,
1995; Yau & Seckl, 1995; De Kloet et al., 1998; Joels & Vreugdenhil, 1998). The
different receptors also differ in their spatial distribution within the brain; GR is
widely expressed in the brain while high MR expression is restricted to neurons in
hippocampus, septum and some brain stem nuclei (reviewed in Seckl & Olsson,
1995; Yau & Seckl, 1995; De Kloet et al., 1998; Joels & Vreugdenhil, 1998). In
the human hippocampus, both MR and GR are highly expressed, although the
subregional distribution may differ between rats and human (Seckl et al., 1991).
Due to the high levels of both MR and GR in the hippocampus, glucocorticoids
have profound effects on hippocampal function, including learning and memory
(reviewed in McEwen & Sapolsky, 1995; de Kloet et al., 1999; McEwen, 2000).

Many stroke patients show increased activity in the HPA axis, including
increased production of cortisol, increased response to ACTH in the adrenals and
an impaired negative feed-back, which has been associated with increased
mortality, depression, cognitive impairment including acute confusional states and
poor functional outcome in stroke patients (Olsson et al., 1989; Olsson, 1990;
Olsson et al., 1992; Murros et al., 1993; Åström et al., 1993; Mitchell, 1997).
Interestingly, a recent study show that both high and low levels of circulating
cortisol one day after stroke is associated with increased risk for death within 28
days after the onset of stroke (Marklund et al., 2004). Elevated glucocorticoid
levels in experimental studies impairs axonal sprouting in the hippocampal neurons
after lesions to the entorhinal cortex (Scheff & DeKosky, 1983; Scheff & Dekosky,
1989), and can worsen ischemic brain damage (Sapolsky & Pulsinelli, 1985).

Serotonin

 Serotonin (5-hydroxytryptamine, 5-HT) is a neurotransmitter that is involved in
many different biological processes including mood, cognition, and feeding
behavior (reviewed in Lucki, 1998). The function of serotonin is mediated by
different serotonin receptors, of which 14 are expressed in the brain (Lucki, 1998).
In addition to its role is neurotransmission, serotonin also have the ability to affect
structural changes in the brain mainly during development but also in young rats,
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partly via activation of 5-HT1A receptors (Sikich et al., 1990; Azmitia et al., 1995;
Mazer et al., 1997; Yan et al., 1997; Wilson et al., 1998; Azmitia, 1999). Serotonin
depletion in adult rats results in decreased expression of the neuronal plasticity
markers synaptophysin, MAP2 and S100β, which can be restored by treatments
with a 5-HT1A agonist (Azmitia et al., 1995; Wilson et al., 1998). Interestingly,
serotonin has also been suggested to be of importance for neurogenesis in the
hippocampus of adult rats via activation of the 5-HT1A receptor (Brezun & Daszuta,
1999; Gould, 1999).

As previously discussed, 5-HT1A mRNA expression is increased in the
hippocampus by one month of environmental enrichment, suggesting a possible
effect of the 5-HT1A receptor in EE-induced neuronal plasticity (Rasmuson et al.,
1998).
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OBJECTIVES

The overall aim of the present thesis was to investigate the effect of enriched
environment on gene expression and the recovery of sensorimotor and cognitive
function after focal cerebral ischemia in rats. Our hypothesis was that housing rats
in an enriched environment initiates molecular events that stimulate neuronal
plasticity in the brain associated with improved recovery after experimental stroke.

Specific aims were:
•  To investigate the effect of different components in the

enriched environment on the expression of a number of
plasticity associated genes in relation to the recovery of
sensorimotor function after focal cerebral ischemia in rats
(paper I)

• To investigate the effect of environmental enrichment on the
recovery of spatial memory in the Morris water maze one
month after experimental stroke (papers II & III)

•  To investigate potential molecular mediators of the EE-
induced effect on spatial memory improvement after focal
brain ischemia, both by studying genes with known
associations to neuronal plasticity and memory formation,
and by ‘gene fishing’ with microarray analysis (papers II &
III)

•  To investigate the time-course and diurnal variation of EE-
induced gene expression changes in healthy rats (paper IV)
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RESULTS AND DISCUSSION
This section gives a summary and discussion of the main results from the papers

included in this thesis. Details about methodology and results are found in the
respective papers.

PAPER I
Enriched environment contains different components that might contribute to the

beneficial effect on recovery after experimental stroke, including increased
physical activity, social interaction and increased opportunities for learning and
exploration. Reports after various types of brain lesions indicate that both social
interaction and physical activity can improve recovery (reviewed in Will & Kelche,
1992). However, very few studies have investigated the relative effect of the
different components after experimental stroke in adult animals. In a study of the
relative importance of social interaction and physical activity on the recovery up to
3 months after proximal MCAo, both EE and social interaction resulted in better
functional recovery compared to individual housing with voluntary wheel running,
although the enriched group performed significantly better than the social group in
most tests (Johansson & Ohlsson, 1996). Recently, different postischemic housing
conditions were compared one month after distal MCAo inducing infarcts
restricted to the cerebral cortex. Postischemic EE housing resulted in better
functional recovery than isolated housing with or without physical activity in the
form of voluntary wheel running, and social interaction alone was significantly
better than isolated housing without wheel running (figure 6; Risedal et al., 2002).

Figure 6. The effect of different postischemic housing conditions on A) score on the rotating
pole (0=rat falls down, 6=rat crosses pole without any footslips; adapted from Risedal et
al., 2002) and B) NGFI-A mRNA expression in ipsi- and contralateral cortex one month
after permanent MCAo in spontaneously hypertensive rats. ** p<0.01, *** p<0.001 versus
deprived group. ††† p<0.001 versus running group. ## p<0.01, ### p<0.001 versus sham group.
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The difference in functional recovery was not associated with any changes in
mRNA levels of BDNF (Risedal et al., 2002). The aim of the present study was to
investigate other potential molecular mediators of the difference in functional
outcome after MCAo.

Permanent, distal occlusion of the MCA was induced in spontaneously
hypertensive rats (SHR), and after two days of recovery in individual cages rats
were randomized into four groups: enriched group (housed together in large cage
with various objects), social group (housed together in a large cage without
equipment), deprived group (individually housed in small cage without equipment)
or running group (individually housed with free access to a running wheel).
Sensorimotor function was tested three weeks after ischemia by forelimb
placement and rotating pole test (reported separately in Risedal et al., 2002), and
gene expression of a few plasticity associated genes were investigated by in situ
hybridization one week later.

Effect of different housing conditions

Significantly higher mRNA levels of the inducible transcription factors NGFI-A
and NGFI-B were found in cortex and in the hippocampal CA1 region in the
enriched and social groups compared to the deprived and running rats one month
after MCAo (figure 6). The mRNA expression levels of NGFI-A and NGFI-B were
significantly correlated to the performance in the rotating pole test, with higher ITF
expression in the groups with good functional performance, i.e. the enriched and
social groups.

The strong correlation between NGFI-A and NGFI-B mRNA expression suggests
that they could be activated by the same stimuli, or alternatively that the increased
levels of NGFI-A activate transcription of NGFI-B, since potential egr binding
sites have been found in the NGFI-B promoter (Williams & Lau, 1993). As
previously discussed, IEGs are rapidly activated by many different stimuli,
including stress and anesthesia (Cullinan et al., 1995; Johansson et al., 2000).
Since the rats in this study were anesthetized prior to euthanasia, this raises the
question whether the observed effects on IEG gene expression is an effect of the
experimental procedure rather than effects of the different housing conditions.
However, the time between induction of anesthesia and the euthanasia were less
than 3.5 minutes, and it is unlikely that gene expression is affected within this time
interval (Herdegen & Leah, 1998). The effects for NGFI-A were also confirmed at
the protein level, which is even less likely to be affected within this time interval.
Furthermore, the expression of another ITF, c-fos, was not affected suggesting that
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the increased expression is not due to a general stress response, but rather a
reflection of the effect of the different housing conditions.  

Within the running group we found a small increase in the MR mRNA level in
DG, and decreased 5-HT1A and 5-HT2A mRNA expression within the CA4 region of
the hippocampus. The reason for these changes are not clear, but might be related
to the extreme physical activity in the running group, with rats running in average
7.4 km/day. Chronic stress and long-term corticosterone treatment have previously
been shown to downregulate 5-HT1A receptor levels in the hippocampus (Meijer &
de Kloet, 1994; Flugge, 1995; Lopez et al., 1998). Moreover, the running group
has significantly increased adrenal glands indicative of chronic stress (Risedal et
al., 2002), supporting the idea that extensive wheel running after ischemia might be
stressful. This is in contrast to previous studies showing that wheel running in
healthy animals can induce plasticity, including enhanced neurogenesis, learning
and LTP, as well as increased expression of plasticity-associated genes (van Praag
et al., 1999a; van Praag et al., 1999b; Tong et al., 2001; Cotman & Berchtold,
2002; Molteni et al., 2002). Interestingly, a recent meeting report demonstrated that
the intensity and duration of the exercise affects the physiological response to
running. While voluntary running for 9 days resulted in increased proliferation of
hippocampal progenitor cells in healthy SHR rats, the opposite was observed after
21 days of running (Naylor et al., 2003). In addition, long-term running resulted in
increased adrenal glands, decreased thymus size and increased plasma
corticosterone levels (Naylor et al., 2003), suggesting that long-term running might
be stressful also in healthy rats. It should be noted that the SHR strain has several
endocrine abnormalities involved in the spontaneous hypertension (Kenyon et al.,
1993), which might result in an increased stress sensitivity compared to other rat
strains.

Previous studies of the relative effect of different components of the enriched
environment have suggested that no single components of the EE can explain the
consequences of EE, but rather that the combination of different factors are
important for the behavioral and neuroplastic changes in the brain (reviewed in
Will & Kelche, 1992; van Praag et al., 2000). Rosenzweig and coworkers showed
that healthy rats housed in a social environment had increased cortical plasticity
compared to rats housed in isolation, but the effects were even more pronounced in
rats housed in EE (Rosenzweig et al., 1978). Similarly, rats with possibility for
social interaction after focal cerebral ischemia have better functional outcome than
rats housed in isolation, while housing in an enriched environment resulted in the
best performance (Johansson & Ohlsson, 1996; Risedal et al., 2002).
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 In summary, our results in combination with previous studies suggests that social
interaction is an important component of enriched environment, but for most
outcome variables the best results are found after housing in EE with the possibility
for both social interaction, physical activity and expanded learning opportunities.

PAPER II & III
Cognitive impairments are common after stroke both in human patients (Asplund

et al., 1998; Zhu et al., 1998), and in animal models of the disease (Markgraf et al.,
1992; Okada et al., 1995b; Yonemori et al., 1996; Yonemori et al., 1999). EE has
been shown to improve memory and learning in intact rodents and after surgical or
traumatic brain injuries (Mohammed et al., 1990; Falkenberg et al., 1992; Moser et
al., 1994; Hamm et al., 1996; Kempermann et al., 1997; Nilsson et al., 1999; Pham
et al., 1999; Williams et al., 2001). However, the effect of postischemic EE-
housing on the recovery of cognitive functions has not been clearly established,
and the underlying molecular mechanisms are largely unknown.

Rats were randomized to enriched or deprived environment two days after a 90
minutes occlusion of the right MCA using the intraluminal suture model in
normotensive Sprague-Dawley rats. Sensorimotor performance was evaluated by
rotating pole and forelimb placement tests once a week for four weeks after MCAo
(paper II), and spatial memory was evaluated in the Morris water maze one month
after the ischemia (paper II & III). Rats were sacrificed one day after the last test in
the water maze for gene expression analysis by either in situ hybridization or
microarray technology. In addition, the expression of a few selected plasticity-
associated genes was studied by in situ hybridization in a separate group of animals
that were not subjected to any behavioral testing, since spatial memory testing it
self might affect gene expression (Cavallaro et al., 2002).

Effect of EE on sensorimotor function

Ischemic rats from both the enriched and deprived housing conditions were
initially significantly impaired in the sensorimotor tests compared to sham-
operated control rats housed in a deprived environment. However, rats
postoperatively housed in EE improved their performance over time both in the
rotating pole test and in the whisker-elicited forelimb placement test, and did not
differ significantly from sham four weeks after MCAo, when ischemic deprived
rats performed significantly worse than sham-operated rats.
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The effect of postischemic EE-housing on recovery of sensorimotor function was
not as pronounced as previously demonstrated (Grabowski et al., 1995; Ohlsson &
Johansson, 1995; Johansson, 1996; Risedal et al., 2002), which might be related to
differences in strain (SD versus SHR) and stroke-models (90 min proximal MCAo
versus permanent distal MCAo). Furthermore, the preoperative training and the
weekly testing in the sensorimotor tasks used in paper II may also contribute to the
difference between the studies. Frequent behavioral testing (daily or once a week
for four weeks) has previously been reported to promote recovery after MCAo in
rats (Borlongan, 2000).

The infarct volume did not differ significantly between enriched and deprived
rats, and there were no significant correlation between the infarct volume and
performance in the forelimb placement test at any time point after the MCAo. In
the rotating pole test there was a significant correlation between infarct volume and
the performance in the test one week after ischemia, but not at later time points.
Some, but not all, previous studies have found correlations between sensorimotor
function and infarct volume, which may be related to the testing procedure and the
postischemic timing (Grabowski et al., 1995; Johansson, 1995; Puurunen et al.,
2001a).

Effect of EE on spatial memory

The ischemia-induced deficit in Morris water maze performance was significantly
improved in rats postischemically housed in EE for one month after MCAo
compared to rats housed in a deprived environment. Both groups improved their
ability to find the platform over the four trials, but the EE-housed rats had shorter
latency, swim path length (significant in paper II only), average distance and
cumulative distance to find the platform than rats from the deprived group. Latency
and path length to find the platform are the most commonly used measures of
performance in the water maze but they do not give any information about the
search strategy used to locate the hidden platform. The average and cumulative
distance measures presented by Gallagher and co-workers, calculated by taking the
sum or average of the distance from the platform during each second of the trial,
gives a measure of how much the animals swim path deviates from the ideal path
to the platform from the starting position (Gallagher et al., 1993). This has been
suggested to better separate spatial and non-spatial strategies than latency
(Gallagher et al., 1993).

Previous studies have not shown any clear EE-induced improvement of both
latency and path in the water maze after MCAo in rats (Risedal et al., 1999;
Puurunen et al., 2001a; b). This may be related to differences in strain and/or
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stroke model, or more likely to the choice of control housing condition. In the
present studies EE was compared to individual housing in a deprived environment,
while the other studies used standard group housing with 2-4 rats per cage. As
shown in paper I, the most pronounced difference in functional recovery and gene
expression was found between the enriched and deprived groups. Consequently we
used the deprived environment as control housing to provide maximum differences
between groups, thus creating a good model for investigations of the molecular
mechanisms behind EE-induced improvement in postischemic memory
performance. However, it is important to keep in mind that any observed difference
between the groups may be caused either by an increased plasticity in the EE
group, or a decreased plasticity in the isolated derived group, or a combination of
both.

In the deprived group, there was a wide variability in the performance in the
Morris water maze. Some deprived rats performed at the same level as EE-housed
rats, while others never learned to find the platform during the four days of
training.  This pattern was most evident in paper III and for the microarray analysis
the deprived housed rats were divided into two subgroups; deprived-learners and
deprived-nonlearners (figure 7).

To be able to learn to find the hidden platform in the Morris water maze, animals
first have to learn the “procedural part”, which includes learning that there is a
platform to escape to, that there are no alternative ways to escape the water and that
their chance of finding the platform increase if they leave the edge of the pool
(Gerlai, 2001). Deprived rats spent more time circling around the edges of the pool

Figure 7. Latency to find the hidden platform in the Morris water maze for individual
animals from the enriched and deprived groups one month after MCAo. Note the large
variation among the deprived rats, seemingly separated into two subgroups. For the
microarray analysis the deprived group was divided into two subgroups according to
the water maze performance, “Learners” and “Non-learners”.
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(increased thigmotaxis). This behavior has previously been found after focal
ischemia, and has been associated with striatal damage (Devan et al., 1996;
Yonemori et al., 1999), although we found no correlation between thigmotaxis and
total, cortical or striatal infarct volume in paper II. Postischemic EE housing
significantly reduce this behavior, and may be part of the explanation for reduced
latency and path to find the platform in this group.

Within the ischemic deprived group there was an association between spatial
memory and the size of the infarct, especially in posterior cortical regions (paper
II). Previous studies have also found correlations between cortical infarct volume
and performance in spatial memory tasks, although the strongest association was
found in more frontal regions (Yonemori et al., 1996; Yonemori et al., 1999). Of
major interest is the fact that this association was abolished by postischemic EE-
housing, suggesting that EE may induce plastic changes in the brain that can
compensate for the large infarcts.

A few rats showed partial cell loss in the hippocampus (most severely in the CA1
subregion), even though the infarct did not directly include the hippocampal area.
This hippocampal damage did not seem to affect the spatial memory, suggesting
that other brain areas might be of relevance in the stroke-induced cognitive
impairment. Although the Morris water maze was originally described a test
specifically developed to detect deficits in the hippocampal formation (Morris et
al., 1982), impairments in water maze performance are now known to be caused
also by damage to other brain regions, including striatum, basal forebrain,
cerebellum and different areas of the cerebral cortex (Okada et al., 1995a; Okada et
al., 1995b; Devan et al., 1996; Devan et al., 1999; D'Hooge & De Deyn, 2001;
Hoh et al., 2003).

In summary, these data suggests that the ischemia-induced impairment in Morris
water maze performance can be improved by one month of postischemic housing
in an enriched environment, which both enhance the ability to find the hidden
platform and abolish the association between infarct volume and spatial memory.

Effect of EE on gene expression

In an attempt to find gene expression changes associated with the EE-induced
improvement in the Morris water maze, we used in situ hybridization to study
genes with known associations to neuronal plasticity and learning as well as
microarray analysis as a screening tool to identify new candidate genes.

In situ hybridization revealed no significant changes in the mRNA expression of
NMDA receptor subunits (NR1, NR2A, and NR2B), PSD-95, NGFI-A or synapsin
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I and II one month after MCAo in behaviorally tested rats (paper II, experiment I).
Furthermore, only two known genes, PSD-95/SAP90-associated protein-4 and the
endoplasmic reticulum protein ERp29, were found to be moderately upregulated by
postischemic EE-housing in the microarray analysis (paper III). A separate
subgroup analysis of the microarray data including the deprived-learner and
deprived-nonlearner subgroups, revealed other differentially expressed genes,
including several microtubule-associated proteins (MAPs) with higher expression
of juvenile isoforms (MAP1B, and MAP2) in groups with good performance in the
Morris water maze (EE and deprived-learners). Real-time RT-PCR analysis of 10
selected genes from the microarray analysis could only verify an increase of
transthyretin (TTR) in the enriched and deprived-nonlearner groups. Within the
CNS, TTR mRNA is found at high levels only in the choroid plexus (Palha, 2002),
suggesting that the effect seen is an artifact of the dissection (discussed in detail in
the following section).

Difficulties with the use of microarray technique in neurobiology have previously
been reported (Fields & Ozsarac, 2000; Luo & Geschwind, 2001; Barlow &
Lockhart, 2002; Evans et al., 2002; Nisenbaum, 2002). One problem is to
consistently detect genes with low expression, and it has been estimated that only
30% of the genes expressed in the hippocampus is detected when using a gross
hippocampal dissections (Evans et al., 2002). Changes of low magnitude may also
be difficult to detect using microarray analysis, although this may be of relevance
for the properties of the brain. In addition, in study III, the whole hippocampus was
dissected from the ipsilateral hemisphere of the brain, mixing different
hippocampal subregions and celltypes that might respond differentially to the EE,
which may mask changes in subset of cells. Recent microarray studies have
revealed substantial difference in gene expression between the different subregions
in the hippocampus (Zhao et al., 2001b; Lein et al., 2004). Furthermore, the
choroid plexus and fimbria are adjacent to the hippocampus and are difficult to
remove completely during the hippocampal dissection, which needs to be quick to
maintain intact RNA (Barlow & Lockhart, 2002; Lein et al., 2004). Thus, genes
that are highly expressed in the choroid plexus may turn out as differentially
regulated between groups as a result of dissection artifacts, especially when pooled
RNA samples are used, explaining the results for TTR in paper III. This highlights
the importance of multiple replicates in microarray studies, if possible at the
individual level, and thorough validation of candidate genes, preferably using a
method such as in situ hybridization that gives information about the expression
pattern.
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The gene expression analysis in paper II and III were performed one day after the
final probe test in the Morris water maze, and spatial learning per see is known to
affect gene expression at least up to 24 hours after the last swim (Cavallaro et al.,
2002). Furthermore, the effect of behavioral testing of gene expression may be
different in rats housed in enriched compared to deprived environment. Exposure
to repeated behavioral testing has been shown to increase hippocampal BDNF
mRNA levels in rats housed in EE but not in deprived rats (Falkenberg et al.,
1992). To study EE-induced effects on gene expression without the potentially
confounding effect of behavioral testing, we performed a similar study with
differential housing for one month after MCAo, but without any sensorimotor or
cognitive tests (paper II, experiment II). This did not reveal any difference in gene
expression between rats housed in EE or deprived environment after focal cerebral
ischemia. On the other hand, we found an ischemia-induced upregulation of
synapsin II irrespective of the housing conditions, which might contribute to the
increased neuronal plasticity after brain injury.

In summary, we found no confirmable EE-induced changes in gene expression
that can explain the improvements in functional recovery. This may be related to
the rather late time point chosen for the gene expression analysis. At this time
point, one month after the ischemia, the functional and cognitive improvements are
already evident, and hence the most interesting changes in gene expression may
already have occurred. Furthermore, as previously discussed, hippocampus may
not be essentially involved in the ischemia-induced impairment in spatial memory
and other brain regions may be involved in the memory impairment after MCAo.
Thus, further studies including additional time points and brain regions are needed.

PAPER IV
Most previous studies investigating EE-induced gene expression have been

performed during the light phase of the day when rats are normally inactive, often
immediately after a period of enrichment outside the home cage (Olsson et al.,
1994; Wallace et al., 1995; Pinaud et al., 2002). Since rats are night-active animals
it is likely that the effect of enriched housing is more pronounced during the dark
phase. Moreover, the effect of EE on morphological changes in the brain may vary
with the duration of EE, but the temporal profile of EE-induced gene expression
changes is not well studied. The aim of the present study was to examine the effect
of EE on the expression of a few plasticity-associated genes, with focus on effects
of the duration of EE-housing and diurnal variations.
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Healthy Sprague-Dawley rats were sacrificed during the light period of the day
after housing in an enriched environment for 3, 7, 14 and 31 days to study the
temporal profile of EE-induced gene expression. In addition, rats were sacrificed
during the dark period of the day after 7 and 31 days of EE-housing, to study
diurnal variations in gene expression. Control rats were housed in a deprived
environment for 31 days and then sacrificed either during the light or dark phase.
mRNA expression levels of the ITFs NGFI-A, Krox-20 and  NGFI-B in addition to
the postsynaptic density protein PSD-95 were studied by in situ hybridization.

Diurnal effects on gene expression

During the light phase of the day, there was no significant difference in NGFI-A,
Krox-20, NGFI-B or PSD-95 mRNA expression between rats housed in enriched
or deprived environment. Interestingly, during the dark phase rats housed in
enriched environment have significantly higher levels of NGFI-A (in the CA1
subregion) and Krox-20 mRNA (in the CA3 subregion and in primary
somatosensory cortex) compared to deprived rats.

In contrast to our results, previous reports have demonstrated increased NGFI-A
mRNA expression in EE rats in hippocampal and cortical areas during the light
phase of the day (Wallace et al., 1995; Pinaud et al., 2002).  However, these
studies examined gene expression immediately after a short period of enrichment
outside the home cage during the light phase, which stimulates physical and
exploratory activity during the normally inactive period of the day, suggesting that
the increased activity is reflected by higher levels of ITF mRNA expression. Rats
housed in EE showed substantial diurnal variations, with higher NGFI-A, Krox-20
and NGFI-B mRNA expression during the dark compared to the light period of the
day in the hippocampal subregions CA1 and CA3 as well as a more widespread
increase in cortical regions. This diurnal variation is not seen in rats housed in
deprived environment. The diurnal variation in ITF gene expression seen in EE rats
probably relates to the higher motor and exploratory activity during the dark phase.

NGFI-A and other IEGs are often used as markers of neuronal activity because of
their rapid induction after many different stimuli (reviewed in Beckmann & Wilce,
1997; Kaczmarek & Chaudhuri, 1997; Herdegen & Leah, 1998). However,
Gusowski and co-workers have suggested that mRNA levels of the IEGs NGFI-A,
Arc and c-fos are not controlled by “any single generalized factor such as stress,
motor activity or novelty” (Guzowski et al., 2001). Basal expression of NGFI-A is
dependent on NMDA receptor activation (Worley et al., 1991), and it has been
suggested that NGFI-A is an important mediator of NMDA-dependent plasticity.
Furthermore, transgenic mice lacking NGFI-A have impaired long-term memory
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formation (Jones et al., 2001). Together, this suggests a specific role for NGFI-A in
EE-induced changes in the structure and function of the brain, but further studies of
the regulation of potential target genes are of importance. Previously reported
NGFI-A target genes with suggested roles in neuronal plasticity, includes synapsin
I and II, bFGF, and NR1 (Thiel et al., 1994; Petersohn et al., 1995; Biesiada et al.,
1996; Bai & Kusiak, 1997).

 Effect of duration of EE

After 3 days of EE-housing, NGFI-A and Krox-20 mRNA expression in the CA3
subregion of the hippocampus were significantly elevated, but the levels decreased
with the time spent in EE, and after 7 days of environmental enrichment they no
longer differed from the deprived group.

The duration of the enriched experience has been shown to affect morphological
changes in the brain. Thus, EE-induced increase in cortical thickness was most
pronounced after 30 days of differential housing compared to shorter or longer
periods of EE-housing (reviewed in Mohammed et al., 1993; Diamond, 2001).
Furthermore, NGF protein levels in rat hippocampus was significantly increased
after 30 days of EE compared to isolated housing, while no effect was seen after 5
or 10 days of EE. After 60 days in EE, the NGF levels were again much lower and
at similar levels as impoverished animals (Mohammed et al., 1993). However,
daily exposure to EE for 3 hours per day resulted in increased protein levels of the
glutamate receptor subunits GluR1, NR2A and NR2B in the forebrain already after
3 days and continued to increase at least up to two weeks of EE (Tang et al., 2001).
This indicates that different EE-induced effects have different temporal profiles,
where some effects take time to develop while others are more evident when the
EE is still a novel environment.

In summary, the effect of environmental enrichment on gene expression may vary
with the duration of the enriched experience and is more pronounced during the
dark period of the day when rats are more active. These results are important to
take into consideration in future studies of the molecular mediators behind EE-
induced effects on brain plasticity, both in healthy rats and after brain ischemia.
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FINAL COMMENTS

In the search for a treatment for stroke patients, most studies have focused on
ways to reduce the size of the acute lesion by prevention of the acute cell death. So
far, many drugs have demonstrated positive neuroprotective effects in experimental
models, but have unfortunately been unsuccessful in clinical trials (reviewed in
Dirnagl et al., 1999; Gladstone et al., 2002). Several reasons for the discrepancy
between experimental and clinical stroke studies have been suggested, including
the dose of the drug, time point of drug administration, and relevance of the animal
models used (De Keyser et al., 1999; Dirnagl et al., 1999; STAIR, 1999; Gladstone
et al., 2002; Turkstra et al., 2003). In addition, while the typical stroke patients are
old and often have other diseases, most experimental studies are performed on
healthy, young animals, mainly since old animals are expensive and often have
high mortality after MCAo. Interestingly, a recent paper report a method for
producing reproducible infarcts with long-lasting effect on behavior and low
mortality in older rats that is suitable for the characterization of stroke treatments
(Lindner et al., 2003). Furthermore, many studies have used infarct volume 24
hours after the occlusion as the only outcome variable, which is less relevant to the
clinical situation where the functional impairment is not always correlated to the
infarct size (Hunter et al., 1995; STAIR, 1999; Gladstone et al., 2002). Thus, it has
been suggested that experimental data should be obtained from different stroke
models (including one permanent and one reperfusion model), in at least two
species, the drug should be administered after the ischemia and both histological
and functional outcome should be evaluated (Hunter et al., 1995; STAIR, 1999).

Another approach that has gained increasing attention is to promote functional
recovery after stroke by stimulating neuronal plasticity either by pharmacological
treatment, rehabilitation or a combination of both. Housing rats in an enriched
environment after experimental stroke improves the recovery of both sensorimotor
and cognitive function, and provides a good model for future studies of the
underlying molecular mechanisms of experience-induced plasticity, that possibly
can be used to identify new therapeutic targets. As previously discussed, the
functional recovery of stroke patients can be enhanced by rehabilitation and stroke
unit care (Stroke Unit Trialists' Collaboration, 1997a; b; Ronning & Guldvog,
1998; Langhorne & Legg, 2003). The relevance of our data for human stroke
patients remains to be studied. Notably, an “enriched environment” in humans will
probably differ from person to person, but it has been suggested that novelty and
challenge are important factors in inducing plastic changes in the human cortex as
well (Diamond, 2001).
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CONCLUSIONS

•  Housing rats in an enriched or social environment for one month after
permanent occlusion of the MCA, results in increased hippocampal and
cortical expression of the inducible transcription factors NGFI-A and
NGFI-B, compared to rats individually housed in a deprived environment.
Increased NGFI-A and NGFI-B mRNA levels were associated with
improved recovery of sensorimotor function. Intense physical activity by
free access to a running wheel did neither significantly improve the
sensorimotor function nor restore the expression of NGFI-A and NGFI-B.
Thus, social interaction seems to be of major importance for the effect of
enriched environment on recovery and gene expression after experimental
stroke in rats.

•  One month of postischemic EE-housing improves recovery of the spatial
memory impairment after experimental stroke, and abolishes the
association between infarct volume and performance in the Morris water
maze that is found in deprived rats. Gene expression analysis of selected
candidate genes by in situ hybridization, or screening with microarray
technology revealed no confirmable EE-induced changes in hippocampal
gene expression one month after stroke that could explain the improved
spatial memory.

•  Healthy rats housed in an enriched environment show substantial diurnal
variations in inducible transcription factor gene expression in hippocampal
and cortical subregions, which was not evident in rats housed in a deprived
environment. Furthermore, significant differences in NGFI-A and Krox-20
mRNA expression between rats housed in enriched and deprived
environments were evident only during the dark period of the day,
suggesting that the effect of EE on IEG gene expression is most
pronounced during the dark phase when the rats are more active and can
benefit more from the enriched environment. This is of importance for
further studies of molecular mediators of the EE-induced increase in
neuronal plasticity.    
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SAMMANFATTNING PÅ SVENSKA

Stroke, eller slaganfall, är ett stort hälsoproblem i hela världen, och bara i Sverige
drabbas ca 30 000 personer av stroke varje år. Den vanligaste orsaken till stroke är
en blodpropp i ett av hjärnans kärl som leder till syrebrist till en del av hjärnan.
Symptomen beror på vilken del av hjärnan som drabbas, men vanligt är halvsidig
förlamning, känselbortfall, synrubbingar och störningar i minne och inlärning. Den
i dagsläget enda godkända behandlingen för patienter som drabbats av akut
ischemisk stroke är blodproppslösande behandling (trombolys), som endast är
tillgänglig för en liten andel patienter eftersom behandlingen måste initieras inom
tre timmar efter insjuknandet. Behovet av fortsatt forskning för att identifiera nya
behandlingsmöjligheter är därför stort. De flesta överlevande patienter upplever en
spontan funktionsåterhämtning under de första månaderna efter insjuknandet, och
denna återhämtning kan förbättras genom rehabilitering eller vård på speciella
stroke enheter. Vad som orsakar återhämtningen är inte helt känt, men troligen kan
frisk vävnad utanför infarkten delvis ta över det skadade områdets funktion.
Genom ökad kunskap om de bakomliggande molekylära mekanismerna skulle nya
möjligheter till behandling för stroke patienter kunna identifieras.

I djurexperimentella modeller av stroke kan återhämtningen av sensorimotoriska
funktioner förbättras genom rehabilitering i en mer stimulerande eller så kallad
berikad miljö. Detta innebär att många råttor bor tillsammans i en stor bur som är
utrustad med diverse objekt eller ”leksaker” som flyttas eller byts ut regelbundet.
Detta ger möjlighet till en ökad fysisk aktvitet och social interaktion, samt en
generellt mer stimulerande miljö. Den förbättrade återhämtningen hos råttor som
bott i en berikad miljö efter stroke sker utan att påverka hjärnskadans storlek, något
som tyder på en ökad neuronal plasticitet i hjärnområden utanför infarkten.

Denna avhandling visar att möjlighet till social interaktion är av stor betydelse för
den gynnsamma effekten av berikad miljö, både när det gäller funktionell
återhämtning och för uttrycket av två transkriptionsfaktorer, NGFI-A och NGFI-B.
Råttor som bott ensamma efter stroke hade en betydligt sämre funktionell
återhämtning än råttor som bott i berikad eller social miljö (dvs många råttor
tillsammans i en stor bur utan leksaker). Intensiv fysisk aktivitet i ett springhjul
förbättrade inte återhämtningen, utan gav i stället tecken på kronisk stress.
Förbättrad återhämtning var kopplad till ett högre uttryck av transkriptions-
faktorerna NGFI-A och NGFI-B, som tidigare har visats vara viktiga för plasticitet
i hjärnan, och NGFI-A har även visats vara nödvändigt för att bilda
långtidsminnen.

Avhandlingen visar även att råttor som bott i berikad miljö en månad efter stroke
har en förbättrad återhämtning av spatialt minne (dvs förmågan att orientera sig
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rumsligt), jämfört med råttor som bott ensamma. Vi hittade inte några förändringar
i genuttryck en månad efter stroke som kan förklara den förbättrade
minnesåterhämtningen.

Friska råttor som bott i berikad miljö uppvisar en stor dygnsvariation i uttrycket
av bla NGFI-A, med höga nivåer på kvällen då råttorna är som mest aktiva, och
låga nivåer på dagen då råttorna mestadels sover. Denna variation över dygnet
fanns ej hos råttor som bott ensamma. Dessutom hittades signifikanta skillnader i
genutryck mellan den berikade och den isolerade gruppen endast under den aktiva
delen av dygnet. Detta kan vara av stor betydelse för fortsatta studier av de
molekylära mekanismerna bakom den förbättrade återhämtningen efter stroke hos
råttor som bott i en berikad miljö.

 Sammanfattningsvis visar denna avhandling att berikad miljö kan förbättra
återhämtning av både sonsorimotoriska och kognitiva funktioner efter
experimentell stroke hos råtta. Detta är kopplat till ett högre uttryck av
transkriptionsfaktorerna NGFI-A och NGFI-B en månad efter stroke, något som
kan vara av vikt för en ökad plasticitet i områden utanför skadan. Studierna kan
förhoppningsvis leda fram till nya vägar att förbättra återhämtning efter stroke hos
människa; t ex via kombinationer av vistelse i en optimal rehabiliteringsmiljö
tillsammans med olika läkemedel som kan förstärka hjärnans plasticitet.
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