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Abstract
The aims of this thesis were to evaluate the consequences of blocking interleukin (IL)-1
signalling in the brain. The studies used a transgenic mouse model with brain-directed
overexpression of the human soluble isoform of IL-1 receptor antagonist with the
GFAP promoter (Tg hsIL-1ra). In the first study we investigated the impact of
blocking IL-1 signalling in the brain, and we found no compensatory increase in
expression of proinflammatory cytokines (IL-1E, IL-6, TNF-D). Moreover, ageing had
a much stronger effect on cytokine expression than blocking IL-1 signalling per se.
Similarly, we found that APP and PS1 levels varied in opposite directions with ageing
in both transgenic and WT animals. Direct volumetric measurements showed that Tg
hsIL-1ra mice have smaller brains than age-matched wild-type (WT) animals. In the
second study we analysed the role of IL-1 signalling in regulating neurogenesis and
gliosis. The experimental setting consisted of either acute (seizures) or chronic (ageing)
neuroinflammation. We found that overexpressing hsIL-ra in the brain impairs the
generation of new neurones in the subgranular zone of the dentate gyrus, and that the
step most tightly controlled by IL-1 is the terminal neuronal differentiation. Similarly,
blocking IL-1 signalling resulted in much attenuated variations in the levels of
expression of glial activation markers in both acute and chronic neuroinflammation. In
addition, the Tg hsIL-1ra mice displayed higher levels of microglial activation markers
under basal conditions, but no variations either following seizures or in ageing as
compared to WT mice. For the third study we used both littermate and non-littermate
mice in order to control for the effect of prenatal exposure to hsIL-1ra, and analysed the
behavioural profile at the ages of 6 and 12 months, as well as the morphology of the
brain at 12 months of age. Multivariate data analysis was used for detecting significant
separation according to the genotype (WT vs. Tg hsIL-1ra) and parenting (littermates
vs. non-littermates), as well as for studying the correlation between brain morphology
and behavioural pattern. We found that continuous overexpression of hsIL-1ra in the
brain results in an altered behavioural profile characterised by lower anxiety and higher
exploratory activity. The prenatal exposure to hsIL-1ra induced alterations in the
behavioural pattern detectable at the age of 6 months, but not at 12 months. The
differences in brain morphology explained most of the altered behavioural profile, and
the brain-restricted overexpression of hsIL-1ra and the prenatal exposure to the
transgene product had cumulative effects. In the fourth study we investigated the
mechanisms by which interfering with IL-1 signalling results in learning deficits. We
found that the consolidation of long-term memory is impaired both in the dentate gyrus
and in the retrosplenial cortex. The underlying mechanisms are related to synaptic
consolidation, including BDNF expression and synaptic plasticity.
In conclusion, we have shown that IL-1 signalling is essential for the appropriate
development of the brain, but its blocking does not result in compensatory increase in
the expression of proinflammatory cytokines in the adult brain. IL-1 is also playing an
important role in synaptic plasticity, and the deficit induced by prenatal exposure to
IL-1ra results in an altered behavioural profile that can be recovered from, provided the
IL-1 signalling is intact.
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LIST OF ABBREVIATIONS
AMPA
AP-1
APP
Arc
BDNF
BrdU
CA1, 2, 3
CREB
DG
ELISA
ERK
GCL
IEG
IL-1R
IL-1ra
IL-1RAcP
IL-1D/E
LM / non-LM
LPS
LTD
LTP
MRI
NF-kB
NMDA
PS-1
SGZ
TNF-D
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D-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
activator protein-1 (heterodimer of c-fos and c-jun)
amyloid precursor protein
activity-regulated cytoskeleton-associated protein
brain-derived neurotrophic factor
5-bromo-2-deoxyuridine
“Cornu Ammonis”, hippocampal subfields (1, 2, 3)
cAMP responsive element binding protein
dentate gyrus
enzyme-linked immunosorbent assay
extracellular signal regulated kinase
granule cell layer of the dentate gyrus
immediate early gene
interleukin-1 receptor
interleukin-1 receptor antagonist
interleukin-1 receptor accesory protein
interleukin-1D/E
littermate / non-littermate
lipopolysaccharide (gram-negative bacteria cell wall component)
long term depression
long term potentiation
magnetic resonance imaging
nuclear factor activating the transcription of immunoglobulin
heavy chains N in B lymphocytes
N-methyl-D-aspartate
presenilin-1
subgranular zone
tumour necrosis factor - D

1 INTRODUCTION
Cytokines are small soluble proteins mediating the communication between the cells of
the immune system. They are secreted in large amounts predominantly following
inflammation and have pleiotropic local (paracrine, autocrine) and systemic (endocrine)
effects. Inflammation is a non-specific systemic response to breaching the integrity of
the organism (either localised or diffuse). When inflammation is triggered, a reciprocal
communication between the periphery and the central nervous system (CNS) is
required for mounting an effective defensive response. Thus, the systemic
inflammation has a neurovegetative component, and neuroinflammation requires the
activation of peripheral inflammatory responses before becoming effective (for review
see (Dinarello, 1996; Johnson, 2002)). Inflammation in any organ comprises both
destructive and reparatory processes largely driven by cytokines. The brain has been
considered immune-privileged because of the blood-brain barrier (BBB) and its
apparent inability to mount a classical response to exogenous antigens. However, it is
now widely accepted that the brain is able to mount a response to injury
(neuroinflammation) which is carried out by invading leukocytes and brain-specific cell
lines, and also uses the same soluble mediators as the systemic immune response.
The cytokines also mediate signalling to the brain the need for a systemic response to
defend the organism. Discovered due to their massive increase in expression in
pathological conditions, the cytokines were shown later on to have also positive effects
at physiological concentrations and were also suggested to be essential during
development. Their effects appear to differ depending on the level of expression, the
target organ, and, very importantly, the ontogenetic moment. Interleukin-1 (IL-1) is the
prototypal cytokine with pleiotropic effects, as it appears to affect almost all cell types
in the mammalian organism. Before acknowledging the single identity of IL-1
(Dinarello, 1984), several names were attributed to the same peptide based on the
dominant effects in the system studied (endogenous pyrogen (Atkins & Wood, 1955),
lymphocyte activating factor, mononuclear cell factor, beta cell-activating factor). The
earliest studies provide irrefutable support for its overwhelming role in inflammationdriven pathology (Lachman et al., 1980; Giulian & Lachman, 1985). From embryo
implantation to bone growth, from fever induction to recovery after brain trauma, and
from modulation of metabolism to memory consolidation, the IL-1 signalling has been
ascribed important roles. The significance of its effects at organismic level is
underscored by the complexity of the IL-1 ligand/receptor and regulatory systems.
Thus, in addition to traditional transmembrane receptors, there is a soluble decoy
receptor, and an endogenous receptor antagonist.
1.1

The IL-1 family

Traditionally considered the prototypal proinflammatory cytokine, the effects of IL-1
are far from restricted to promoting inflammation. Fever (Dinarello & Wolff, 1982),
appetite control (Mrosovsky et al., 1989), bone metabolism (Bajayo et al., 2005),
central pain modulation (Wolf et al., 2003), stress response by modulating
hypothalamic-pituitary-adrenal (HPA) axis function (Goshen et al., 2003), and memory
modulation (Schneider et al., 1998) are some of the pleiotropic central effects of IL-1.
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The IL-1 family consists of at least 10 members (IL-1F1-10) interacting with proteins
of the IL-1 receptor family (IL-1R1-9) (see Table 1). The signalling is initiated by IL1D or E binding to IL-1R1, which associates with IL-1R accessory protein (IL-1RAcP)
and activates the intracellular signalling. IL-1R2 lacks the intracellular domain and IL-1
binding to it does not trigger signalling. Moreover, IL-1R2 binding of IL-1E is followed
by association to IL-1RAcP and internalization of the complex (Lang et al., 1998;
Malinowsky et al., 1998; Neumann D. et al., 2000; Bourke et al., 2003), making it a
decoy receptor very effective in modulating the effects of IL-1E. The endogenous
receptor antagonist (IL-1ra) binds to IL-1R1 with affinity similar to IL-1E, but does not
induce the association with IL-1RAcP. In addition, IL-1ra binds to IL-1R2 with 2000
times lower affinity than IL-1E(Symons et al., 1995), which suggests a cooperation
between IL-1 R2 and IL-1ra in modulating IL-1 signalling (for review see (Allan et al.,
2005)). Moreover, the expression if IL-1R2 and IL-1ra is regulated by the antiinflammatory cytokines IL-4 and IL-13, as well as by proinflammatory cytokines such
as IL-1D and E and tumour necrosis factor-D (TNF-D (for review see (Watkins et al.,
1999))
Both IL-1R1 and IL-1R2 exist in membrane-bound and soluble forms. Yet, the greater
contribution of IL-1R2 than of soluble IL-1R1 to modulating IL-1 signalling is
underscored by the following findings: (a) IL-1E has very low affinity for soluble IL1R1; (b) extracellular concentrations of IL-1R2 exceed those of soluble IL-1R1; (c) the
binding of IL-1E to IL-1R2 is essentially irreversible (for review see (Dinarello, 1996)).
Table 1.1 IL-1 family ligands
Systematic name
Alternative names
IL-1F1
IL-1D
IL-1F2
IL-1E
IL-1F3
IL-1ra
IL-1F4
IL-18 / IL-1J
IL-1F5
IL-1Hy1 / IL-1G
IL-1F6
IL-1H
IL-1F7
IL-1RP1 / IL-1]
IL-1F8
IL-1H2 / IL-1K
IL-1F9
IL-1H
IL-1F10
IL-1Hy2

Receptor
IL-1 R1, IL-1 R2
IL-1 R1, IL-1 R2
IL-1 R1, IL-1 R2
IL-1 R5
IL-1 R6
?
IL-1 R5
?
IL-1 R6
IL-1 R1

Table 1.2 IL-1 receptor family
Systematic name
Alternative name
IL-1 R1
IL-1 RI*
IL-1 R2
IL-1 RII*
IL-1 R3
IL-1 RAcP*
IL-1 R4
Fit-1
IL-1 R5
IL-18Ra / IL-1Rrp
IL-1 R6
IL-1RL2 / IL-1Rrp2
IL-1 R7
IL-18Rb / AcPL
IL-1 R8
IL-1RAPL
IL-1 R9
IL-1RAPL2
* found as both membrane bound, and soluble forms.
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Ligand
IL-1D, IL-1E, IL-1ra
IL-1D, IL-1E, IL-1ra
signalling component
?
IL-1F7, IL-18
IL-1F5, IL-1F9
signalling component
?
?

IL-1ra is the first endogenous receptor antagonist described for a cytokine signalling
system (Liao Z. et al., 1984), and has been shown to specifically block the effects of
both IL-1D and E (Seckinger et al., 1987). Several lines of research exploited this, and
experimental models using acute administration or overexpression of IL-1ra have been
developed successfully. Its effectiveness in blocking IL-1 signalling in inflammation
has led to the development of clinical applications (e.g. disease-modifying treatment for
rheumatoid arthritis) very shortly after the first report describing its existence
(Dougados, 1990).
1.1.1 Regulation of expression and intracellular signalling
Both IL-1D and IL-1E are synthesized as 31kD precursors which need to be cleaved by
specific proteases to the active 17kD forms. Cleavage by the intracellular IL-1converting enzyme (ICE, a.k.a. caspase-1, Casp-1) is required for IL-1E to become
biologically active and secreted in the extracellular environment. In contrast, proIL-1D
is already biologically active, but is sequestered inside the cell or bound to the cell
membrane and released when the cell membrane ruptures or following activation of
calpains. It is important to mention that, unlike human, murine cells readily secrete IL1D but the contribution of either form of IL-1 to the recorded effects is not clarified
yet. In human cells, IL-1D presumably has an autocrine role, since intracellular proIL1D readily binds to the cytosolic pool of IL-1R1, and membrane-bound IL-1D binds to
locally expressed receptors. The complex then translocates to the nucleus, and directly
interacts with DNA, in a fashion similar to steroid receptors.
Biologically significant differences are to be found also at the level of gene expression
regulation between the two isoforms of IL-1. While IL-1D appears to be constitutively
expressed (the promoter region lacks the specific TATA box for inducible genes), the
promoter region of IL-1E has binding sites for several transcription factors, including
CREB, AP-1, NF-NB (see List of Abbreviations).
When IL-1E binds to IL-1R1, the bond initially has low affinity. The high affinity is
given by the association with IL-1RAcP. The soluble form of IL-1R1 results from
posttranslational proteolytic processing and release of the extracellular part of the
membrane-bound form. While the soluble IL-1R1 can bind all ligands from the IL-1
family, it does so with the highest affinity for IL-1ra, and lowest for IL-1E. Therefore, it
is unlikely that the soluble IL-1R1 has a very important role in modulating the
bioavailability of IL-1E (for review, see (Dinarello, 1996)). Following the binding of
IL-1E to the membrane-bound IL-1R1, the complex is stabilized by the addition of IL1RAcP. The intracellular cascade is initiated by IL-1RAcP-dependent recruitment of
IL-1R-associated kinase (IRAK)-4 and IRAK-1 by interaction with myeloid
differentiation factor 88 (myD88). IRAK-1 is activated for autophosphorylation by
IRAK-4. Hyperphosphorylated IRAK-1 is released into the cytosol, and together with
TNF receptor associated factor (TRAF)-6 activates the inhibitory NB (INB) kinase
(IKK) complex. NF-NB is then released from its complex with INB and is translocated
to the nucleus, where it activates gene transcription. It is important to mention that the
Src kinase is mediating the IL-1 activation of NF-NB as part of the IKK complex
(Funakoshi-Tago et al., 2005). Independently from the described pathway, IRAK-1 can
translocate to the nucleus following sumoylation, where it phosphorylates and activates
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the transcription factor Stat3 and binds itself to the IL-10 promoter sequence.
Following interactions with transforming growth factor-E (TGF-E)-activated kinase
(TAK)-1 and TAK-binding protein (TAB)-1 and 2, the IRAK-1-TRAF-6 complex
splits and releases hyperphosphorylated TRAF-6 for ubiquitination and subsequent
degradation, and the rest activates the mitogen activated protein kinase (MAPK)
pathway (for review, see (Pickering & O'Connor, 2007; Gottipati et al., 2008)).
Casp-1

calpain

sIL-1R1

IL-1RAcP

IL-1R2

IL-1RAcP

IL-1R1

IL-1RAcP

IL-1R1

sIL-1R2

IRAK-4
myD88
myD88

myD88

IRAK-1

IkB

IRAK-1
TRAF-6
IRAK-1

NF-kB

IkB

IKK

TRAF-6

IL-1B

p38/MAPK

IRAK-1

Legend:
IL-1A
NF-kB

IL-1ra

Stat3

IRAK-1

AP-1
gene transcription

Fig. 1.1. IL-1 signalling, from activation through proteolytic cleavage, to intracellular
signalling cascades. Note that activation of IL-1R1 results in activation of gene transcription
through several pathways. IL-1R1 signalling cascade is induced by IL-1D or E, but not by
IL-1ra binding to the receptor. See text for abbreviations and further details.
1.2

IL-1 in the brain

In order for a cytokine to have an effect in the brain, two prerequisite conditions need to
be fulfilled: (1) the cytokine must be detectable in biologically active form; (2) the
6

target cells must express the appropriate receptors on the cell membrane. Constitutive
expression of mRNA for IL-1D and E was demonstrated in the cerebellar Purkinje cells,
in dispersed hypothalamic neurones, and in the hippocampus, mainly in the granule
cells of the dentate gyrus (Yabuuchi et al., 1993). Studies demonstrating the active form
of IL-1E protein in cells with neuronal phenotype are consistent with the data from in
situ hybridisation (Tchelingerian et al., 1996). Systematic immunohistochemical study
of the distribution of Casp-1 (the enzyme required for cleaving IL-1E to its active form)
showed that constitutive expression is related to structures involved in regulation of
fever and sleep (Lindberg et al., 2004). Moreover, the cells expressing Casp-1 under
normal conditions are of neuronal phenotype. Importantly, following brain injury,
Casp-1 is induced in glia (mainly microglia) (Eriksson et al., 1999; Lindberg et al.,
2004). Studies on adult mouse brain have shown that the expression of IL-1R is limited
to the hippocampus, the cerebellar Purkinje neurones, scattered paraventricular
hypothalamic neurones, and the ependymal lining of the ventricles and the choroid
plexus (Takao et al., 1990; Ban et al., 1991; French et al., 1999). All IL-1R-positive
cells displayed both IL-1R1 and IL-1R2, with the exception of the hypothalamic
neurones (French et al., 1999). Little, if any expression of IL-1R is found on glial cells
under basal conditions (French et al., 1999). This is in apparent contradiction with other
studies showing that IL-1R-mediated signalling drives the activation of astrocytes
(Giulian et al., 1988a; Lin et al., 2006), but can be explained by IL-1R and IL-1D/E
being induced by IL-1E itself.
It is very important to make the distinction between the effects of IL-1 at physiological
vs. pathological levels. Several studies suggest that the dose-effect dependence follows
a bell-shaped curve. Physiological peaks of IL-1 production are self limited and have
been described to occur during development (Giulian et al., 1988b), as well as during
physiological challenges, such as cognitive stimulation and induction of long-term
potentiation (LTP) (Schneider et al., 1998; Coogan et al., 1999). Pathologically
increased expression of IL-1 occurs during neuroinflammation (Allan et al., 2005).
Acute neuroinflammation is elicited by any type of injury affecting the CNS (e.g.
infection, stroke, seizures, trauma) and is characterised by a sequence of destructive
(neurodegenerative) processes, followed by reparatory processes. Importantly,
destruction and recovery are triggered simultaneously, but only one effect clearly
dominates at a specific point in time. Compelling evidence is provided by the enhanced
neurodegeneration occurring if anti-inflammatory treatment was provided before the
actual lesion (see (Dinkel et al., 2003); unpublished experiments run in our group in
which D-MSH given before the global cerebral ischemia resulted in higher mortality
and worse outcome than in the absence of the treatment). Chronic neuroinflammation is
characteristic for the ageing brain, in normal/healthy ageing and to an even larger
extent in the neurodegenerative diseases (e.g. Alzheimer’s disease, Parkinson’s
disease). Sustained higher levels of proinflammatory cytokines are to be found in the
healthy ageing CNS partly due to an abnormal reactivity of the glial cells or to an
imbalance between pro- and anti-inflammatory cytokines (Ye & Johnson, 1999, 2001;
Maher et al., 2005). Another typical finding in chronic neuroinflammation is the
reactivation of dysregulated developmental mechanisms ((Masliah et al., 1993); for
review see (Arendt, 2001))
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1.2.1 IL-1 in brain development
IL-1 is detectable by immunohistochemistry in the developing brain as early as the time
of formation of the cortical plate (Dziegielewska et al., 2000), but substantial amounts
are not detectable before the end of the period of intense cortical neurogenesis (i.e.
E16-17 (Caviness et al., 2008)). A peak of IL-1E expression has been described in the
late prenatal and early postnatal periods (Giulian et al., 1988b), suggesting an
involvement in synaptogenesis and neuronal network reorganisation with significant
impact on the development of behavioural patterns (Kaffman & Meaney, 2007). The
putative role played in the developing brain is underscored by the delayed effects of
prenatal exposure to IL-1. Thus, exposure to IL-1 around E15-17 results in
schizophrenia-like behaviour late into adulthood (Zaharia et al., 1996; Ozawa et al.,
2006). It appears that IL-1 is required for the normal development (Giulian et al.,
1988b), but exposure to higher levels become detrimental (Zuckerman & Weiner, 2005;
Ozawa et al., 2006), suggesting, again, a bell-shaped dose dependence curve. Yet, the
effects of blocking IL-1R-mediated signalling early in development are not known.
This question has been addressed in Paper III, by using the Tg hsIL-1ra mouse strain
(Lundkvist et al., 1999). The expression of hsIL-1ra is driven by the promoter of the
glial fibrillary acidic protein (GFAP). Thus, the onset of expression of hsIL-1ra
coincides with the first detectable expression of GFAP (i.e. E12 for the mouse brain
(Choi, 1988)), when in mice, prenatal exposure to IL-1ra starting at E10 has been
shown to result in effects detectable in the adulthood (Goshen et al., 2007)).
Clear evidence concerning the implication of cytokines in CNS development comes
from studies on the dopaminergic system. Thus, IL-1 induces the proliferation of
mesencephalic dopaminergic progenitors and their differentiation into adult dopamine
producing neurones (Ling et al., 1998; Storch et al., 2001). Moreover, IL-1 signalling
appears to be critically involved in recovery from lesions of the dopaminergic system,
by inducing the compensatory sprouting and the regeneration of the terminal arbours of
the striatal dopaminergic projections (Parish et al., 2002).
1.2.2 IL-1 and behaviour
The typical effect of cytokines on behaviour is comprised in what has been classically
described as “sickness syndrome” which can be summarised as a very well organised
non-specific adaptive response to infection, driven by cytokines acting in the brain (for
review see (Johnson, 2002; Dantzer & Kelley, 2007)). The main cytokines shown to
induce the sickness syndrome are IL-1E, IL-6 and TNF-D, which are the humoral
messengers conveying the signal from the periphery to the brain in addition to the
vagus nerve stimulation. Other behavioural components known to be modulated by
cytokines include modulation of pain (Wolf et al., 2003), learning and memory
(Pickering & O'Connor, 2007), anxiety (Anisman & Merali, 1999). Many studies based
on exogenous administration of IL-1E reported long-term memory deficits as compared
to sham-treated animals. Yet, a recent review pointed out that the memory deficit can
be attributed to the sickness syndrome induced by IL-1E, rather than to any direct effect
on memory consolidation (Cunningham & Sanderson, 2008). Nevertheless, in vitro
data support a direct effect on hippocampal LTP, which may be obscured by the more
prominent symptoms of the sickness syndrome (O'Connor & Coogan, 1999). More
consistent results are provided by studies on ageing animals, which are characterised by
8

an imbalanced production of pro- and anti-inflammatory cytokines (Ye & Johnson,
2001; Maher et al., 2005) and increased sensitivity to proinflammatory cytokines
(Barrientos et al., 2006). Moreover, the age-related cognitive deficit is associated with
enhanced activation of microglia, which has been suggested to be triggered by IL-18
(Griffin et al., 2006), also member of the IL-1 family.
1.2.3 IL-1 in neuroinflammation and neurodegeneration

CNS function

Neuroinflammation describes a sequence of events taking place in the CNS in response
to injury (e.g. seizures, trauma, infection, Alzheimer’s disease), characterised by
infiltration of circulating leukocytes (neutrophils and monocytes) and activation of the
resident cells (microglia, astrocytes, and endothelial cells) (for review see (Allan et al.,
2005)). The latter includes activating the synthesis and the release of soluble mediators,
such as cytokines, chemokines, and complement proteins. A very important feature of
neuroinflammation is that the activation of microglia is strictly controlled by the local
microenvironment (Neumann H., 2001). Of the soluble mediators, special attention has
been given to the balance between proinflammatory (e.g. IL-1, IL-6, TNF-D, IL-18)
and antiinflammatory (IL-4, IL-10, TGF-E) cytokines. Microglia represent the main
source of IL-1 in the brain upon injury (Yabuuchi et al., 1993; Eriksson et al., 1999),
with an onset of induction occurring within an hour of the insult (Giulian & Lachman,
1985; Yabuuchi et al., 1993; Eriksson et al., 1998; Eriksson et al., 1999), linking IL-1
to the neurodegenerative process. Interestingly, the endogenous antagonist (IL-1ra) is
induced in the same cell types that express IL-1R agonists, but with a certain delay
(Eriksson et al., 1998; Eriksson et al., 2000). The lower severity of brain injury and
improved recovery upon blocking IL-1 signalling (Tehranian et al., 2002) further
supports the implication of IL-1 in neurodegeneration.
The ageing process and ageing-associated neurodegenerative disorders (e.g.
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age
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Fig. x CNS function vs. age.
Fig. 1.2. Diagrammatic representation of the model proposed for the importance of
neuronal plasticity in brain function, from development to ageing. Early in development,
the potential for plasticity is immense, but is overwhelmed by neuronogenesis. Later into
adulthood, neuronal plasticity is the only resource, but is hampered by ageing

Alzheimer’s disease) require special attention. Thus, ageing represents the cumulative
effect of subacute neuroinflammatory events over a long period of time (Chung et al.,
2006), and is characterised by a higher number of activated glia (for review see (Conde
& Streit, 2006)) and an imbalance between pro- and anti-inflammatory cytokines (Ye &
Johnson, 1999, 2001; Maher et al., 2005), leading to a continuous neuroinflammatory
background.
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A significant inflammatory component has been described also in ageing-related
neurodegenerative diseases, and Alzheimer’s disease is the prototypical example.
Amyloid precursor protein (APP) is a protein discovered following thorough
investigation of the amyloid pathology found in Alzheimer’s disease (Glenner &
Wong, 1984). APP processing following its expression on the cell membrane involves
a sequence of proteolytic cleavage. Presenilin-1 (PS-1) is part of the J-secretase
complex, which cleaves APP within the membrane and releases the pathological
peptide species (amyloid E, AE) (Kwok et al., 2003). Mutations in either APP or PS-1
genes have been described in familial forms of Alzheimer’s disease (Chai, 2007), and
both PS-1 and APP expression, and AE production are increased by proinflammatory
cytokines such as IL-1 and IL-6 (Forloni et al., 1992; Liao Y. F. et al., 2004). The
presence of AEaggregates increasing the expression and synthesis of proinflammatory
cytokines (Lindberg et al., 2005) closes a vicious cycle of amplification (Mrak &
Griffin, 2001).
1.3

Hippocampus and memory

1.3.1 The hippocampal formation
1.3.1.1 Anatomy and circuitry
The hippocampus is an anatomical component of the limbic system, and has extensive
connections with the sensory, as well as with the motor cortices. It consists of four
cytoarchitectonically distinct regions: the entorhinal cortex, the dentate gyrus, the
hippocampus proper (subdivided in CA1, CA2, and CA3 fields), and the subicular
complex (further subdivided into subiculum, presubiculum, and parasubiculum). In
humans and primates, the hippocampus is covered by the inferior pole of the temporal
lobe, while in rodents it assumes a C-shaped elongated structure with the longitudinal
axis running obliquely from the septal nuclei (rostro-dorsally) to the temporal cortex
(ventro-caudally).
The hippocampus features a unique unidirectional excitatory projection pattern. It starts
in the entorhinal cortex, which projects to the DG via the perforant pathway. The
granule cells of the DG project to the CA3 subfield of the hippocampus proper via the
mossy fibres. The pyramidal neurones of CA3 give rise to association fibres
terminating in the contralateral CA3 as well as to projections further to the CA1
subfield via the Schaffer collaterals (for review see (Amaral & Witter, 1989)). The
subicular formation is the target for the main output pathway of the pyramidal cells of
the CA1 subfield. The input, as well as the output connections are highly organized
topographically in the longitudinal axis of the hippocampus (septo-distal; see also
description in section 1.3.1.2) as well as with regard to the laminar organisation of the
hippocampal formation. The early neuroanatomical studies suggested a lamellar
organisation of the hippocampal formation (i.e. the serial excitatory circuits are limited
to a relatively thin slice of tissue perpendicular to the longitudinal axis of the formation
(Andersen et al., 1969)). More recent studies, though, clearly indicate that besides a
lamellar organisation, extensive longitudinal and commissural projections are present in
the hippocampal formation (Amaral & Witter, 1989).
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1.3.1.2 Dentate gyrus - neuroanatomy
The dentate gyrus is a cortical region with three-laminar structure. The very simple
organisation of its principal cell layers, together with the highly ordered laminar
distribution of most of its input connections, makes it a model for studying basic
neurobiology. The most superficial (molecular) layer is almost free of neuronal
perikarya and consists of the dendritic trees of the granular neurones and the fibres
terminating in this area. The principal cell layer (granule cell layer, GCL) consists of
small, densely packed neurones with very few (less than 8%, unpublished personal
observation) non-neuronal cells. In most cases, no glial sheath is interposed between
neighbouring granule cells. In cross section, the granule cells are organised in two
blades connected to form a V-shape. The blade facing the CA1 subfield is typically
called the outer or suprapyramidal layer, while the blade facing the diencephalon is
called the internal or infrapyramidal blade. The subgranular zone is defined as a narrow
region (two cell diameters thick) immediately subjacent to the GCL containing a
relatively high density of mitotically active cells. The polymorphic cell layer, contained
within the curvature of the GCL, consists mainly of mossy cells.
The entorhinal cortex provides the major input to the DG via the perforant pathway. It
originates mainly in the entorhinal neurones of layer II, and ends in the outer two-thirds
of the molecular layer. In rats, the septal third of the DG receives input from ipsilateral,
as well as from the contralateral entorhinal area, while the distal two-thirds receives
input exclusively from the ipsilateral entorhinal cortex (van Groen et al., 2002). The
most comprehensive anatomical studies have been made in rats, but trans-specific
extrapolations of the experimental results must be made with caution, because major
differences have been described (van Groen et al., 2002; Amaral et al., 2007). Minor
projections also come from the pre- and para-subicular formations, and terminate at the
interface between the input from the lateral and medial entorhinal areas respectively.
Hypothalamic excitatory projections from the supramammillary nuclei terminate on the
proximal dendrites of the granule cells. Cholinergic and GABA-ergic input comes from
the septal nuclei and terminates in the polymorphic layer and the subgranular zone. The
DG is innervated by a prominent noradrenergic input from the locus coeruleus; a
diffuse dopaminergic input from the ventral tegmental area (VTA); and a diffuse
serotoninergic input from the raphe nuclei. All three inputs terminate in the
polymorphic layer. The deeper third of the molecular layer receives input exclusively
from the mossy cells of the polymorphic layer bilaterally and using glutamate as the
main neurotransmitter. Interestingly, the commissural component of this projection
does not exist in primates.
Consistent differences have been found between the external and the internal blades of
the GCL. Thus, granule cells in the internal blade have smaller total length of the
dendritic tree, as well as lower density of spines (Desmond & Levy, 1985; Claiborne et
al., 1990). The significance of these differences has not been clarified yet, nor is it clear
whether similar differences are present in primates and humans.
1.3.2 Cellular mechanisms of memory
There is compelling evidence for a central role of the hippocampal formation in
memory and learning. The unidirectional excitatory connections of the hippocampal
11

subfields further suggest serial processing of the sensorial information. Very
importantly, the CA3 subfield has a particular pattern of connections that places it with
certainty in a reverberant circuit supporting memory. Thus, the pyramidal neurones of
CA3 are mostly connected with themselves, and less than one third of their input comes
from extrinsic afferents. Out of those, the largest input comes from the entorhinal areas
(neurones of layer II), largely the same cells projecting to the granule cells of the DG.
Together with the mossy fibres input, and the back-projections from CA3 to the granule
cells, this provides the anatomical support for highly recurrent processing of input
coming from a restricted number of cortical areas (for revirew, see (Leutgeb &
Leutgeb, 2007). This is in contrast with the point-to-point connections between the
entorhinal cortex (neurones of layer III), CA1 and subiculum (Witter et al., 2000).
Interestingly, although spatially selective firing patterns have been described in the DG
(McNaughton et al., 1983) as well as in the CA1 and the subicular formation (i.e. the
input and output area of the hippocampal formation) (Barnes et al., 1990), they appear
not to require the proper functioning of the upstream hippocampal subfield (Leutgeb &
Leutgeb, 2007).
Brain development, memory, and learning are associated with long-lasting alterations
of synapses tightly connected to specific patterns of neuronal activity. The synaptic
strengthening hypothesis of memory storage has been suggested from the earliest
neuroanatomical studies by Ramon y Cajal (Ramón y Cajal, 1893). Further refinement
was provided by Hebb (Hebb, 1949), who proposed that the synaptic efficiency of the
appropriate connection is strengthened if the two neurones are active at the same time.
To date, synaptic plasticity can be classified as rapid, and synapse-specific (long-term
potentiation – LTP; long-term depression – LTD), in contrast to slow, and networkspecific, homeostatic adaptations (synaptic scaling (Davis, 2006)). In addition,
homeostatic changes are also responsible for modulating the ability of the synapses to
undergo plastic changes (metaplasticity (Abraham & Tate, 1997)). Importantly, while
LTP and LTD are driven by positive feed-back mechanisms, potentially destabilising
the system, the homeostatic adaptations are controlled by negative feed-back loops
(reviewed in (Perez-Otano & Ehlers, 2005)). It is now widely accepted that LTP and
LTD are mediated by D-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA)-receptor trafficking (Malinow & Malenka, 2002), while synaptic scaling is
performed by altering the number and the subunit composition of the N-methyl-Daspartate (NMDA)-receptors (Rao A. & Craig, 1997).
1.3.2.1 Long-term potentiation and long-term depression
LTP and LTD are widely accepted as plastic synaptic changes occurring during
learning. Typically, LTP is elicited when a synaptic pathway is presented with high
frequency stimulation. In contrast, homosynaptic LTD is elicited by low frequency
stimulation, while heterosynaptic LTD appears in synapses not stimulated when
neighbouring synapses undergo LTP (for review see (Massey & Bashir, 2007)).
LTP has been described in all systems utilising glutamate as the main excitatory
neurotransmitter (reviewed in (Lynch M. A., 2004)), and consists of a short induction
phase (also termed “short-term” potentiation), and a maintenance phase. While the
maintenance phase is dependent on de novo protein synthesis (Lynch G. et al., 2007),
the induction is driven strictly by adaptive changes in the postsynaptic segment. LTP
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formation activates several signalling pathways simultaneously, such as cAMP, ERK,
PKC, PI3K (see (Lynch M. A., 2004) for review). In addition, it induces and requires
sustained transcription of many genes. Activation of DNA transcription is
accomplished by activating CREB, NF-NB, and AP-1 systems. The earliest transcribed
genes are the immediate early genes (IEGs). According to function, IEGs can be
divided into regulatory transcription factors such as c-fos and zif268, and biological
effectors such as the activity-regulated cytoskeleton-associated protein (Arc).
Consequently, IEGs have been hypothesized to play an important role in the neuronal
plasticity required for memory consolidation. Guzowski and collaborators (Guzowski
et al., 2001) have shown that both effector (Arc) and transcription factor (c-fos, zif268)
IEG expression is robustly but transiently increased in the hippocampus after spatial
task training, and that the familiarity of the training set-up inversely correlates with the
extent of IEG induction. In addition, they provide evidence that Arc expression is
induced in connection with hippocampus-dependent task learning. Furthermore, the
level of induced Arc expression correlates inversely with the performance in a spatial
navigation (i.e. hippocampus-dependent learning) task (Guzowski et al., 2001). The
relevance of studying Arc expression as mechanism of synaptic strengthening and
learning is supported by its association to the actin cytoskeleton, which in turn has been
shown to be concentrated in the periactive zone of the synapses (Shupliakov et al.,
2002). Interestingly, a major set of genes consistently activated following LTP
induction is encoding pro-inflammatory cytokines (IL-1E, IL-6, TNF-D). This is most
likely achieved by the early activation of NF-NB pathway (Meberg et al., 1996;
Freudenthal et al., 2004).
1.3.2.2 Cytokines and memory
A very important distinction must be made when discussing the involvement of
cytokines in memory modulation. Proinflammatory cytokines such as IL-1 and TNF-D
have been shown to regulate neurotoxicity, but their effects, largely mediated by glia,
can be either promoting cell death, or neuroprotective. In addition, they may be
involved in synaptic plasticity, in homeostatic scaling of membrane receptors, or in
both (for review, see (Pickering & O'Connor, 2007)). While IL-1E appears essential for
maintaining the LTP at physiological concentrations (Schneider et al., 1998; Coogan et
al., 1999; Ross et al., 2003), IL-6 expressed following LTP induction is shortening the
maintenance phase (Balschun et al., 2004). Furthermore, administration of IL-1ra after
LTP induction curbs the maintenance phase (Bellinger et al., 1993; Coogan et al., 1999;
Ross et al., 2003), providing further support for the importance of IL-1E in modulating
learning. Recent studies also described the implication of IL-1 in the homeostasis of
AMPA receptors’ expression (Lai et al., 2006). Similarly, TNF-D at physiological
levels is required for LTD (Albensi & Mattson, 2000) and overexpression of TNF-D
results in impaired spatial learning (Aloe et al., 1999), while, not surprisingly, learning
is enhanced in TNF-D knock-out (KO) mice (Golan et al., 2004). However, when
secreted at pathophysiological levels, brain cytokines drive the sickness syndrome
(Dantzer & Kelley, 2007) and have negative effects on learning (Pickering &
O'Connor, 2007) (see also comment in 1.2.2 ).
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1.3.3 Hippocampal neurogenesis
Neurogenesis in the adult brain is defined as the continued generation of neurones
(Altman & Das, 1965), and is confined to two regions of the brain, namely the
subventricular zone (SVZ) and the subgranular zone (SGZ) of the DG. The
proliferative response of the precursor cells located in the SGZ is a stereotypical
response to brain injury including focal ischaemia (Jin et al., 2001), global ischaemia
(Yagita et al., 2001), seizures (Dong et al., 2003), as well as to exposure to novelty and
exercise (Emsley et al., 2005). Neurogenesis induced by brain damage results in
neuronal cells that migrate towards damaged areas (Arvidsson et al., 2001; Jin et al.,
2001; Jin et al., 2003b). The proliferation of the neuronal progenitor cells decreases
with age (Kuhn et al., 1996). However, the aged brain to a certain extent preserves the
ability to respond with increased neurogenesis to injury (Jin et al., 2004), environmental
enrichment (Kempermann et al., 1998), hormonal manipulation (Cameron & McKay,
1999), growth factors (Jin et al., 2003a), and seizures (Gray et al., 2002). Interestingly,
a degree of neuroinflammation seems to be required for increasing the rate of
progenitor cell proliferation. Thus, absence of cyclooxygenase-2 reduced the amplitude
of the proliferative response to ischaemia (Sasaki et al., 2003). Nevertheless, a fully
developed inflammatory response is detrimental (Ekdahl et al., 2003), and limitation of
neuroinflammation can restore neurogenesis in the hippocampus following
neuroinflammation induced by bacterial lipopolysaccharide (LPS) and cranial
irradiation (Monje et al., 2003).
Neurogenesis is a highly regulated process and has several steps that can be assessed
individually (see also (Parent, 2007) for review). The first step is the proliferation of
precursor cells. The rate of proliferation is utterly dynamic when enhanced by acute
neuroinflammation, with a clear peak within one week from the acute injury, and
decays slowly towards base-line over the following weeks (Kralic et al., 2005). Chronic
neuroinflammation, as described in healthy brain ageing, results in lower number of
actively dividing progenitor cells (Kuhn et al., 1996), and a reduced response to insult
in terms of enhanced neurogenesis (Darsalia et al., 2005). The second step is the
differentiation into neurones. This turning point is also regulated by proinflammatory
cytokines (Ben-Hur et al., 2003), and IL-1E has been shown to mediate the neuronal
differentiation of multipotent precursors (Wang et al., 2007). The best characterised so
far is the dopaminergic system, where IL-1 induces the mesencephalic neuronal
precursors to adopt a dopamine-secreting phenotype (Potter et al., 1999). In the adult
rodent brain, IL-6, which is upregulated by IL-1R activation (Jiang et al., 2003), shifts
the differentiation towards an astrocyte-like phenotype (Vallieres et al., 2002; Taga &
Fukuda, 2005). The third step is the survival of the newly formed neurones. The
survival critically depends on the availability of growth factors (abundant following
acute injury (Dragunow et al., 1994) as well as following physical exercise (Soya et al.,
2007)); and upon integration in active neuronal networks (van Praag et al., 2002),
however slower in the adult brain than in development (Rao M. S. et al., 2005).
Although the proliferation rate alters dramatically, the survival pattern does not vary
significantly in ageing (McDonald & Wojtowicz, 2005). In Paper II, we provide in vivo
evidence for IL-1 acting as a trophic factor for neurones, as suggested earlier by in vitro
studies on mouse spinal cord neurones (Brenneman et al., 1992).
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2 AIMS
The aims of this thesis were to evaluate the consequences of blocking IL-1 signalling in
the brain. The studies used a transgenic mouse model overexpressing the human
soluble isoform of IL-1 receptor antagonist under the control of the GFAP promoter
(Tg hsIL-1ra, (Lundkvist et al., 1999)).
The specific aims were to:
1. evaluate the impact of blocking IL-1 signalling on the expression of proinflammatory
cytokines in the brain under physiological conditions (Paper I);
2. assess the effect of IL-1 signalling on neurogenesis in chronic (ageing) and acute
(seizures) neuroinflammation (Paper II);
3. assess the phenotypical alterations induced by blocking IL-1 signalling in the brain in
terms of brain morphology and behavioural profile (Paper III);
4. investigate the mechanisms behind learning deficits induced by interfering with IL-1
signalling (Paper IV).
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3 MATERIALS AND METHODS
3.1

The Tg hsIL-1ra experimental model

IL-1 has been suggested to be one of the main cytokines driving the neuroinflammation
elicited by brain trauma, stroke, multiple sclerosis, and even age-related dementias. The
Tg hsIL-1ra strain has been originally developed for studying the role of IL-1Rmediated signalling in pathological conditions (Lundkvist et al., 1999). The DNA
construct microinjected in fertilized mouse eggs had the murine GFAP promoter
sequence followed by the hsIL-1ra sequence and a splice site from the small t intron of
SV40. The first study that used this transgenic strain was based on two progenitor lines
GILRA2, and GILRA4 (Lundkvist et al., 1999). These lines had similar levels of hsIL1ra protein in the brain, but GILRA4 displayed a more robust secretion of hsIL-1ra in
the CSF. Therefore, all subsequent studies were performed on descendants of the
GILRA4 line. When littermates were not used, age- and sex-matched WT mice of the
original background strain (C57CBA) were purchased (Charles River, Germany).
The animals used in the present studies (bred in the animal facility at Karolinska
University Hospital in Huddinge, Sweden) are either littermates (LM, i.e. generated by
mating progenitors heterozygous for the transgene, Tg hsIL-1ra+/-), or non-littermates
(non-LM, i.e. generated by mating WT mice, or animals homozygous for the transgene,
respectively). The LM mice are generally recommended because of the more
homogenous genetic background. Yet, we have shown (Paper III) that geneticallydriven behavioural traits that are obscured by the parentage can surface late into
adulthood, provided the IL-1 signalling pathway is intact. The preferential use of
homozygous transgenic mice is justified by the Tg hsIL-1ra phenotype having very low
severity, the animals being indistinguishable from the age- and gender-matched WT
animals. In addition, circumstantial evidence point toward a graded degree of IL-1R
blockage in a gene-dosage-dependent manner (Paper I, Paper II).
The animals were housed under controlled conditions of temperature (21.0 r 0.4oC),
relative humidity (55-65%), and light-dark cycle (12:12 h, lights on at 06:00 h). Food
and tap water were available ad libitum. The mice were housed in cages of 6 to 10
animals. Routine measurements, performed in our animal facility, indicate that housing
up to 10 mice in a cage does not create significantly stressful conditions. All
experiments were performed in agreement with European regulations and were
approved by the Stockholm South ethics Committee.
The vast majority of experimental models have focused on the role played by IL-1
under inflammatory conditions; in other words, the effects of elevated IL-1 or blocking
the pathology-driven peaks of IL-1 synthesis have been studied extensively. In contrast,
a limited number of animal models have employed blocking proinflammatory cytokine
signalling. In the case of IL-1, the most widely used models are the IL-1R KO, and the
Tg hsIL-1ra mouse strains. A synoptic view of the studies performed to date on the
latter can be found in Table 2 in the Appendix.
A major advantage of the IL-1R KO mouse strain is that the IL-1R-mediated signalling
through IRAK leading to NF-NB activation is inactive, in physiological, as well as in
pathological conditions (see comments in the introduction about physiological vs.
pathological peaks of IL-1 expression). However, alternative IL-1R-mediated
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signalling has been suggested in view of exogenous IL-1 administration worsening the
outcome in a model of reversible middle cerebral artery occlusion (Touzani et al.,
2002). As an alternative, the IL-1R-mediated signalling can be impaired by transgenic
overexpression of IL-1ra. Given that the IL-1ra competitively inhibits the binding of
IL-1 to IL-1R1, very high IL-1ra/IL-1 molecular ratios are expected to be necessary for
an effective blockage of IL-1Rs. According to our measurements (Paper I), the ratio
between hsIL-1ra and the murine (m) IL-1E is around 2400:1 in the cortex, 1500:1 in
the hippocampus, and 1000:1 in the cerebellum of young (1 month) Tg hsIL-1ra mice.
The ratios changed slightly in the older mice (1 year), probably due to normal agerelated alterations in the rates of expression for IL-1 and GFAP. Nevertheless, we bring
proof that processes driven by IL-1 (neurogenesis and gliosis, Paper II) are diminished
but not abolished by ratios half the values mentioned above. Therefore, we
preferentially used homozygous Tg hsIL-1ra mice and compared them with agematched WT animals.
3.2

Experimental procedures

3.2.1 Genotyping (Paper I, III)
Animal genotyping was performed on DNA extracted and purified with the GenElute
kit (Sigma) from tissue obtained from ear-marking the animals. Polymerase chain
reaction (PCR) was performed using specific primers for hsIL-1ra and mouse E-actin,
the latter used for normalising the levels of hsIL-1ra to a mouse gene. After
amplification, the PCR-product was analysed by electrophoresis in 2% agarose gels
stained with ethidium bromide and scanned in ultraviolet light. There was no band at
the size of hsIL-1ra in samples from the WT mice. The genotype determined by PCR
was confirmed by ELISA for the transgene product (hsIL-1ra) performed on brain
homogenates (see 3.2.3).
3.2.2 Direct brain volumetry (Paper I)
The brain volume was measured by direct volumetry using the principle of
communicating vessels. Subsequently, the brains were fixed in 4% buffered
paraformaldehyde and stored at 4oC until further processing.
3.2.3 Cytokine measurements (Paper I)
The animals were sacrificed by decapitation and the brains were rapidly dissected on
ice, then frozen and stored at -80oC until further processing. The total amount of protein
extracted was measured using a bichinchoninic acid kit. Levels of the transgene product
(hsIL-1ra), and of mIL-1E, mIL-6 and mTNF-D, were analysed by ELISA in the
hippocampus, parietal cortex and cerebellum from transgenic and WT mice.
3.2.4 Kainic acid administration (Paper II)
Kainic acid (KA) or vehicle (sterile saline, 0.9% NaCl) was administered to Tg hsIL1ra and WT mice via a single intraperitoneal (i.p.) injection (20 mg/kg, 2.5 mg/ml in
vehicle), followed by behavioural observation for at least 2 h. The severity of the
seizures was graded according to the Racine scale (Racine, 1972). Animals receiving
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KA were included only if they scored at least 4 out of 6 on Racine’s seizure scale and
did not show signs of distress before the endpoint.
3.2.5 Cell division labelling (Paper II)
Pulse-labelling using serial 5-bromo-2-deoxyuridine (BrdU) injections is a way to
retrospectively label the cells that have been dividing around the time of administration.
The rationale of giving injections over several consecutive days relies on the presumed
stationarity of the neurogenesis process in the GCL. Pulse-labelling was performed by
giving the animals i.p. injections of BrdU once daily for 4 consecutive days.
3.2.6 Tissue processing and immunohistochemistry (Paper II, IV)
The animals were given a lethal dose of anaesthetic and perfused transcardially with
fixative solution (14% picric acid in 4% buffered paraformaldehyde). The brains were
removed from the skull and after overnight postfixation, were cryoprotected by 10%
buffered sucrose and stored at +4°C until further processing. The tissue was cut in 12 or
14 Pm thick sagittal sections on a cryostat. Three consecutive sections every 10th
section were saved and stored at -20°C until further processing.
3.2.6.1 Neurogenesis (Paper II)
Neurogenesis was assessed using a combination of markers for recent cell division
(BrdU incorporation in the DNA) and for terminal differentiation into neuronal cells
(neuronal nuclear antigen, NeuN). The DNA was degraded to expose BrdU-containing
sequences, which were visualised by indirect immunofluorescence. The neuronal
phenotype of the BrdU-positive (BrdU+) cells was based on the colocalisation with
NeuN. The fluorescence images were acquired using the green and red emission filters
in sequence, and then superimposed for identification of double-labelled cells.
3.2.6.2 Gliosis (Paper II)
The activation of glial cells was assessed using astrocyte-specific (GFAP) and
microglial (F4/80) markers respectively.
3.2.6.3 Neuronal activation (Paper IV)
Every 10th section spanning the whole GCL was used for detection of Arc expression.
All Arc-positive (Arc+) cells were counted in the GCL. For the retrosplenial cortex
(identified according to a mouse brain atlas, (Li et al., 1995)), the average density of
Arc+ cells per square millimetre was estimated.
3.2.7 Image acquisition and analysis (Paper II, III, IV)
Micrographs were captured using a fluorescence microscope (Nikon Eclipse E800)
equipped with a CCD camera connected to an OpenLab image acquisition and
processing system.
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3.2.7.1 Activation of glial cells (Paper II)
Astrocyte and microglial activation was assessed by estimating the area occupied by
structures immunopositive for specific glial markers. This was achieved using an
implementation of the fuzzy c-means clustering algorithm on one-dimensional data
using Matlab 7.1 (for algorithm description, see (Malinow & Malenka, 2002)). Briefly,
each pixel in a grey-scale image is classified as belonging to a certain class based on a
measure of its distance from the centres of two clusters (“useful signal” and
“background”) weighted by the power of a fuzziness factor (for this study, a fuzziness
factor of 1.3 was found to be optimal, see also Fig. 3.2). The iterative process was
initiated by arbitrary values set for the two centres and each iteration consisted of
computing the coordinates of the centres based on the distribution of the membership
values and the recalculation of the membership values based on the new centre
coordinates. The iterative process was terminated when the improvement from the
previous iteration was lower than a threshold value set to 0.1%. The algorithm
approximates the human reasoning in that it does not set a threshold around which the
pixels are dichotomously classified as “background” or “useful signal”, but it attributes
each pixel a probability to belong to either cluster. Applying the algorithm on
microscopy images allows the calculation of the proportion of the image area labelled
with a certain marker. In our study, the algorithm was applied on microscopic images
acquired with a 20x objective in the hilus area of the hippocampus. The estimation of
glial activation was expressed as the percentage of image area occupied by the specific
marker (GFAP or F4/80).

GFAP/hsIL-1ra

Fig. 3.1. Double immunohistochemical staining
demonstrating the presence of the transgene product
(hsIL-1ra) inside an astrocyte (GFAP-positive cell
body and processes)
m=1.1
m=1.3

1

Fuzzy membership value

m=1.5
m=1.7
m=1.9

0.5

his togram

0
original
m=1.3
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Fig. 3.2. Schematic depiction of the
fuzzy segmentation algorithm. Upper
panel: values of the membership
function for different fuzzifier (m)
values. Lower panels: original image
(left) and segmented image (right).
Note that the grey transition zone
between useful signal (white) and
background (black) is rather small
and has very little influence on the
global picture.

Segmented (m=1.3)
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3.2.7.2 Magnetic resonance imaging
Perfusion fixed brains (see 3.2.6) were scanned in a magnetic resonance imaging (MRI)
system (Bruker Biospin). The acquisition was performed in rapid acquisition relaxation
enhanced (RARE) mode, and averaged over 2 consecutive acquisitions. Comparison
with brain volumes estimated by direct volumetry (see also section 3.2.2) showed that
preserving the fixed brains in 10% buffered sucrose does not result in a significant
degree of tissue shrinkage.
3.2.8 Western blot analysis (Paper I, IV)
(Paper I) Western blot analysis of APP and PS1 was performed on homogenates of
hippocampus and cerebellum from LM mice (also used for the determination of
cytokine levels) at the age of 30-40 days and 13-14 months of age. Bound antibodies
were detected by the enhanced chemiluminiscence (ECL) method and the optical
density (OD) was determined using the NIH ImageJ software.
(Paper IV) Hippocampus homogenates from non-LM Tg hsIL-1ra and WT mice were
used for Western blot analysis. All primary antibodies (see Table in Paper IV) were
applied on the same membrane following stripping. Immunoreactivity was detected
using the ECL detection system and the OD was estimated using Image SXM software.
All measurements were normalised to NeuN levels, and expressed as percentage of
values for control samples (naïve WT).
3.2.9 Stereology
3.2.9.1 Neurones in the granule cell layer (Paper II)
Every 20th of the collected sections was stained with cresyl violet for quantification of
the total number of neurones in the GCL. Cresyl-violet staining was chosen for total
neuronal number estimation based on the intense and distinct staining of the nucleolus
– intranuclear structure suitable for counting using the nucleator principle in regions
with densely packed neurones. A fractionator design was used for computing the total
number of neurones according to the formula:
N = [number of hits] x [(x step)x(y step)/(sampling frame area)] x [(section
thickness)/(disector depth)] x [1/(section sampling fraction)]
3.2.9.2 Neurogenesis (Paper II)
Every 10th of the collected sections were used, and all BrdU+ cells in the SGZ were
counted. High magnification (40X - 100X) was used for confirmation of doublelabelling for each BrdU+ cell identified. The total number of BrdU+ and doublelabelled (newly formed neurones) cells per SGZ was estimated by multiplying the total
number of cells counted with the inverse of section sampling fraction (10 in this study).
The neuronal cell count for each animal was used as reference for calculating the rate of
proliferation of progenitor cells and the rate of differentiation into neurones.
3.2.9.3 Neuronal activation in the GCL (Paper IV)
The following lines of evidence support the hypothesis of anisotropic distribution of
Arc+ cells: (i) smaller dendritic tree and lower density of synaptic spines of granule
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cells in the inner blade (Claiborne et al., 1990) resulting in smaller likelihood of Arc at
detectable levels following induction of LTP; and (ii) the differences in the entorhinal
projections to the GCL (van Groen et al., 2003). Thus, the septal third of the GCL
horisontal
receives
projection from the entorhinal cortex bilaterally, while the rest of the GCL
(distal two-thirds) receives input only from the ipsilateral entorhinal cortex. Therefore,
cranial
we divided the GCL in a proximal/septal third and the distal two-thirds and made all
the calculations accordingly. The two blades of the GCL are referred to according to
the nomenclature proposed by van Groen (van Groen et al., 2003). Thus, the “outer
blade”
(ob) is facing the CA1 region, while “inner blade” (ib) refers to the portion of
lateral
the GCL lying deeper and facing the deeper brain structures (Fig. 3.3). Nevertheless,
caution must be taken when interpreting data obtained in mice, since most of the
anatomical knowledge about the architecture of the hippocampal formation comes from
studies on rat brains (van Groen et al., 2002).
Every 10th section spanning the whole GCL was stained for Arc, and the numbers of
Arc+ cells were recorded separately for the inner and outer blades (Fig. 3.3), and for the
septal third and the distal two-thirds (Fig. 3.4).
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Fig. 3.3. Sagittal section of the
hippocampus showing approximate
delineation of the subfields. CA1, 2,
3 – hippocampus proper (“cornu
ammonis”); DG – dentate gyrus

inner blade

A cross-sectional asymmetry index (AI) was defined according to the formula: AI =
(Nob-Nib)/(Nob+Nib), where Nob and Nib represent the number of Arc+ cells in the outer
and inner blades respectively. The AI was calculated based on the total number of Arc+
cells counted in either blade. Deviation from 0% is to be interpreted as more cells
expressing Arc in either the outer blade (AI>0%), or the inner blade (AI<0%).
coronal / axial

sagittal
dorsal

dorsal

lateral

cranial

horisontal
cranial

Fig. 3.4. Plane projections of the
dentate gyrus on the main anatomic
reference planes to illustrate the
delimitation between the septal third
(red) and the distal two-thirds (green).
The septal third roughly corresponds
to, or is included in, what is classically
designated as ”dorsal hippocampus”.
The reconstruction is based on Brain
Explorer™ (Allen Institute for Brain
Science). See also the text for details.
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A longitudinal AI was calculated as follows: AI = (Nseptal-Ndistal)/(Nseptal+Ndistal), where
Nseptal and Ndistal represent the total numbers of Arc+ cells in the septal third and distal
two-thirds, respectively (inner and outer blade counts pooled). Deviation from 0%
indicates a relatively larger number of Arc+ cells in either the septal third (AI < 0%), or
the outer two-thirds (AI > 0%).
3.2.9.4 Brain anatomy (Paper III)
The 3D images acquired by MRI were visualised in Amira 4.1.1 and the volumes of
whole brain, ventricles, cerebral cortex, and hippocampus were stereologically
measured by applying a point-counting grid in random orientations on the computer
screen. The actual volumes were estimated by multiplying the total number of points
counted for each structure with the volume unit associated to each point (computed
based on the on-screen magnification). Because of differences found in total forebrain
volume between Tg and WT animals, the relative volumes for each structure were
computed and used in further analysis.
3.2.10 Behaviour
3.2.10.1 Dark-light preference (Paper III)
Anxiety-related behaviour was assessed over a period of 10 min using actometric cages
placed individually in sound attenuating cubicles and equipped with dark/light
preference insert. The animals did not receive any prior training in the testing cages
except for getting accustomed to being handled.
3.2.10.2 Gait and motor coordination (Paper III)

Stride

Distance (cm)

Gait analysis was performed by assessing the footprint pattern in a setting modified
after Carter et al. (1999). The footprints were recorded on white paper (Fig. 3.5). The
animals had been accustomed to identical conditions for 2 consecutive days prior to
testing.
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Fig. 3.5. Gait analysis. Left
panel: footprint recording and
parameter collection. Right
panels: gait pattern reproduced
by recording the 2D location of
a specific marker of each
footprint. Note the slightly
larger distance between hindand fore-paw prints in Tg hsIL1ra than in WT mice.

0
forepaw

hindpaw

Motor coordination (Paper III) and learning (Paper IV) were assessed by analysing the
swimming performance in an apparatus constructed as described by Carter et al.
(1999). Briefly, the mice were trained to swim from one end of a water-filled
transparent plastic tank to a visible escape platform at the opposite end. The animals
were trained for 2 consecutive days before the test (one swimming session per day),
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and then given 2 timed swimming sessions on the third day. A start and a stop point
were marked on the walls of the tank (60 cm apart) to allow the mice to reach constant
swimming speed. The swimming was videotaped from the side of the tank and all
analyses were performed offline. A normal swimming pattern is characterized by
nearly horizontal position, the nose above the water level, the tail immediately under
the surface of the water, and symmetrical, alternating propelling strokes by all four
limbs (Carter et al., 1999). During the trials, a mistake was defined as swimming in the
wrong direction or attempting to climb on the walls of the tank instead of swimming
straight towards the visible platform (Paper IV). The speed of swimming between the 2
marks, and the number of mistakes made were used for further analysis.
3.2.10.3 T-maze (Paper IV)
A T-shaped maze is placed inside a circular pool filled with tap water. The animals
were habituated to the environment in the absence of the escape platform. A transparent
platform submerged about 1 cm below the surface of the water at the end of a short arm
serves as escape zone. During the next 2 consecutive days, the mice were given 5 trials
per day. Each mouse was introduced into the maze starting at the end of the long arm,
and allowed 35 s to locate the platform, with inter-trial resting time of 20 s. In case of
failure, the animal was guided to and placed on the platform. Latency to locate the
platform and the number of successful trials were recorded.
3.2.10.4 Exploration of novel environment (Paper IV)
WT and Tg hsIL-1ra mice were exposed to a memory-inducing activity according to
(Vazdarjanova et al., 2006). Thus, the mice were allowed 10 min to explore a novel
environment consisting of an open top cage that had an eccentrically placed clay object
allowing the animal to explore both outside and inside its shaded interior. The mice
were then placed in their original home cage and sacrificed approximately 1 h later
(Ramirez-Amaya et al., 2005). The brains were quickly dissected free on ice and cut in
half along the midline. One half was immersed in ice-cold fixative solution (see section
3.2.6), while the other half was dissected further into separate brain regions (frontal and
parietal cortices, hippocampus, cerebellum), frozen on dry ice and stored at -70oC until
further processing.
3.2.11 Statistics
All statistical analyses were performed using Statistica (versions 6, 7, and 8; StatSoft
Scandinavia AB, Uppsala, Sweden)
3.2.11.1 Analysis of variance
Two-way factorial, or repeated measures analysis of variance (ANOVA), followed by
Bonferroni (Paper I) or Fisher LSD (Paper II, III, IV) post hoc tests, was used
throughout the studies.
3.2.11.2 Regression and correlation analysis (Paper I, III)
Simple linear correlation analysis has been used. Regression lines are shown only when
correlations were found significant.
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3.2.11.3 Multivariate data analysis (Paper III)
Given the large number of parameters yielded by the analysis of behaviour and brain
morphology, multivariate data analysis was necessary so that multiple independent
statistical analyses would not yield spurious results. Thus, projection to latent structures
- discriminate analysis (PLS-DA) was used for analysing the behaviour and brain
morphology data separately, and regression analysis by means of PLS was performed
for assessing the possible correlation between brain morphology and behavioural
profile at the age of 12 months (for PLS-DA principles and application see also
(Ruetschi et al., 2005; Öberg et al., 2007; Westman et al., 2007)). Both PLS methods
rely on principal component analysis (PCA; unsupervised modelling) (for principle and
application in behaviour analysis see also (Augustsson & Meyerson, 2004; Augustsson
et al., 2005; Meyerson et al., 2006)), but use the a priori information about grouping
(supervised modelling).
Principal component analysis (PCA) is a data reduction technique that may be used
to reduce the dimensionality of a multi-dimensional dataset while retaining the
characteristics of the dataset that contribute most to its variance (unsupervised
separation). The input data are preprocessed by unit-variance scaling (values expressed
as standard deviation scores) and mean centring. The principal components (PCs) are
iteratively optimized and verified by cross-validation in an orthogonal data hyperspace
before adding into the model. The PCs are perpendicular to one-another and are linear
combinations of the input variables.
Partial least squares – discriminant analysis (PLS-DA) is a regression extension of
PCA that takes advantage of class information to attempt to maximize the separation
between groups of observations. In short, it identifies PCs which allow the best
separation of the data points according to their group belonging (supervised separation).
The deviations from the centre of the model projected on the principal components for
each case are illustrated in the score plots (t1, t2... tn). The contribution of each variable
(p1, p2 … pn) to the variance along the first principal components is illustrated in the
loading plot, and the importance of each variable in the final model is depicted in the
variable importance in the projection (VIP) plot. The input variables for behaviour and
brain morphology PLS-DA are listed in Table 3.1 and Table 3.2 respectively.
Typically, the first two PCs that provide the best group separation are sufficient for
describing the data swarm. The Q2 value for each component indicates the confidence
level of the separation between the groups (Q2>0.05 indicates significant separation).
Regression analysis by means of PLS calculates a single partial least squares
regression model to predict the variance of a continuous outcome matrix ("responses")
from the variance of a continuous predictors' matrix ("factors"). The input variables for
PLS are listed in Table 3.2 (brain morphology, "factors") and Table 3.1 (behaviour
profile, "responses"). The model for factors yields a set of loadings (p1, p2 … pn) and
scores (t1, t2 … tn) which account for the loadings (q1, q2 … qn) and scores (u1, u2 …
un) of the model for responses.
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Table 3.1. Input variables for PLS-DA analysis for behaviour (“responses” for PLS)
Test

dark-light
preference

footprint

Variable name Description
proportion of time spent in the light compartment
%time light
dist total

total distance walked in both compartments

%dist light

proportion of distance walked in the light compartment

vert total

total count of rearings (vertical activitiy)

%vert light

proportion of rearings in the light compartment

stride

distance covered by moving one paw (average for all paws)

CVstride

coefficient of variation of variable “stride”

F/Hstride

ratio between strides with front and hind paws

F/Hdist
CVF/Hdist

swimming

distance between the impressions of hind and fore paws on
the same side
coefficient of variation of variable “F/Hdist”

F/Hbase

ratio between the distances between fore and hind paws
respectively

speedTR1

swimming speed recorded on 60 cm long stretch during the
first session

speedTR2

swimming speed recorded on 60 cm long stretch during the
second session

Table 3.2. Input variables for PLS-DA for brain morphology (“predictors” for PLS)
Variable name
Description
WBV

Whole brain volume (Pl)*

%Ctx

Relative volume of the cerebral neocortex #

%Hcp

Relative volume of the hippocampus #

%Vtr

Relative volume of the cerebral ventricles #

%tCtx

Relative volume of the cortex (Ctx+Hcp) #

%Hcp/tCtx

Proportion of the total cortical volume represented by
the hippocampus (expressed as percentage)

* cerebellum not included; see text for details
#
computed as ratio (%) between the volume of the measured structure and WBV
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4 RESULTS AND DISCUSSION
The effects of IL-1 cover an impressive range, and vary dramatically between
physiological and pathological conditions. It is required for proper development, but
too high bioavailable levels are detrimental. The chronic, brain-directed overexpression
of hsIL-1ra presumably interferes with the developmental processes and underlies most
of the differences between the Tg hsIL-1ra and the WT mice described below. We
started by observing the Tg hsIL-1ra mice under normal conditions from the point of
view of cytokine expression in the brain (Paper I), brain morphology, and behavioural
profile (Paper III). We further developed the studies by presenting the Tg hsIL-1ra mice
with challenges and comparing their responses with age- and gender-matched WT
animals. For the latter studies, we used moderately severe acute and chronic
neuroinflammatory challenges (Paper II), as well as a physiological challenge paradigm
(Paper IV) to study the acute, non-developmental effects of IL-1.
4.1

Development, brain cytokines, and brain morphology

4.1.1 Growth and brain morphology (Paper I, III)
Tg hsIL-1ra mice display a phenotype very similar to the WT animals under normal
conditions. Differences become evident when the mice are exposed to moderate
challenges. Interestingly, Bajayo et al. (Bajayo et al., 2005) showed that blocking
central IL-1 signalling resulted in lower bone mass and apparent delay in bone growth
due to excessive osteoclast numbers already in early adulthood (i.e. 5 to 15 weeks of
age). In our colony, the Tg hsIL-1ra mice have a growth curve similar to the WT
animals up to the age of 6 months. After the age of 12 months, the curve flattens for the
homozygous Tg hsIL-1ra mice, while the heterozygous Tg hsIL-1ra and the WT mice
continue gaining weight. Interestingly, the heterozygous Tg hsIL-1ra mice displayed
the highest extreme bodyweight values (up to 50 g) by the age of 18 months, and by the
age of 24 months display the highest bodyweight overall (see also Fig. 4.1).
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Fig. 4.1. Bodyweight curve in the
Tg hsIL-1ra mouse strain (male
mice only). Up to the age of 6
months, transgenic mice cannot be
distinguished from WT animals,
but after 12 months of age,
homozygous Tg hsIL-1ra mice are
much leaner than the age-matched
heterozygous Tg hsIL-1ra and WT
animals. The graph is based on
bodyweight measurements taken
for 242 mice of different ages.
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Fig. 4.2. (A) Direct brain volumetry. (B) Representative MRI slices to illustrate the
striking anatomical differences between the brains of WT and Tg hsIL-1ra mice: * lateral ventricles; + - hippocampus; scale bar – 250 Pm. (C), (D) PLS-DA modelling of
brain morphology data. Note the net separation between the WT (circles) and Tg hsIL1ra mice, as well as between the LM and non-LM Tg hsIL-1ra animals. (E) Most
important variables of the model were analysed separately. Note that the LM animals
have brain volumes (WBV) ranging between the volumes measured for WT and Tg
hsIL-1ra mice respectively; factorial ANOVA followed by Fisher’s LSD post hoc test; *
- genotype effect; § - p<0.05, non-LM Tg hsIL-1ra compared to non-LM WT mice; # p<0.05, LM Tg hsIL-1ra compared to non-LM Tg hsIL-1ra mice.
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By using a direct volumetric method (Paper I), we found that the Tg hsIL-1ra mice
have smaller brains than the WT animals (Fig. 4.2 A). In addition to globally smaller
brains, histological and MRI screening indicated that the Tg hsIL-1ra mice had
enlarged cerebral ventricles (Fig. 4.2 B). The difference was found both at 1 and 12
months of age (Paper I; see also Fig. 4.2 A), suggesting that the ventricle enlargement
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results from a defect in brain development. In subsequent experiments (Paper III) we
measured the relative volumes of cortical structures (cerebral cortex, hippocampus),
and ventricles on MRI scans of fixed brains. Given that 6 parameters were measured
for each brain, multivariate data analysis (PLS-DA, Fig. 4.2 C, D; see Section 3.2.9.3
and Paper III for details) was used in order to reduce the risk of underestimating the pvalues (type I errors). The Tg hsIL-1ra mice were found to have smaller hippocampal
and neocortical volume (Fig. 4.2 E). Studying LM as well as non-LM animals (Paper
III) allowed us to differentiate between the effects of overexpressing IL-1ra in the
brain, and those of prenatal exposure to IL-1ra to be suspected in the non-LM
homozygous Tg hsIL-1ra mice. Although a parenting effect was found only in the
relative ventricular volume, the PLS-DA analysis (Fig. 4.2 C) suggests that the prenatal
exposure to IL-1ra had an additive effect to its transgenic overexpression in the brain
(significant separation between the LM and non-LM Tg hsIL-1ra mice). Further
evidence favouring an effect of blocking IL-1 signalling in the brain before the
physiological developmental peak (Giulian et al., 1988b) is provided by the finding that
administration of IL-1ra to pregnant WT females starting 10 days after impregnation
resulted in impaired learning in fear-conditioning and Morris water maze (Goshen et
al., 2007). In our studies (Paper III), the cumulative effects of prenatal exposure to
hsIL-1ra and its transgenic overexpression were detectable in the morphology of the
brain as late as at 12 months of age. In contrast, the deficit appeared to be either already
recovered from, or too small to reach statistical significance in the WT animals. When
the relative volumes of different brain areas were analysed separately, we found that the
relative enlargement of the ventricles is not the result of a global developmental defect,
but is explained by smaller volume of the cerebral cortex and hippocampus.
4.1.2 Brain levels of cytokines (Paper I)
4.1.2.1 Transgene expression
As expected, the levels of the transgene product (hsIL-1ra) were nearly double in the
homozygous compared to heterozygous Tg hsIL-1ra mice in all brain regions studied
(cerebral cortex, hippocampus, and cerebellum). An age-dependent increase in hsIL-ra
levels was found only in the parietal cortex. Gender-related differences were observed
in the hippocampus. This is in agreement with the finding that females consistently
have more GFAP-positive astrocytes than males in the hippocampus and that agedependent increase in the number of GFAP-positive astrocytes has been found only in
female mice (Long et al., 1998; Mouton et al., 2002).
IL-1ra competitively displaces IL-1E from the receptor complex. In our experimental
model, the occupancy of the heterodimeric receptor complex with agonist (IL-1E) is
reduced by the overexpression of IL-1ra under the GFAP promoter, and the signalling
is modulated by the ratio between hsIL-1ra and endogenous (murine) IL-1E. Under
non-inflammatory conditions, the GFAP promoter is constitutively active, and probably
to a higher degree than the promoter of IL-1E. Studies on inflammatory conditions
reveal the strongly inducible nature of the IL-1E promoter (Watkins et al., 1999).
Therefore, it is to be expected that GFAP promoter-driven hsIL-1ra expression results
in sufficient amounts of hsIL-1ra as to occupy most (ca 90-95%) of the IL-1R1/IL1RAcP in the absence of neuroinflammation. This estimation is based on the levels of
IL-1E and hsIL-1ra measured in the brain (Paper I) and on their comparable affinities to
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the receptor and on their reversible binding. Interestingly, we found that the ratio
between hsIL-1ra and IL-1E varies widely between brain regions (Fig. 4.3). In addition,
the Tg hsIL-1ra mice display gender-dependent differences with regard to the ratio of
hsIL-1ra to murine IL-1E (especially in the hippocampus). These differences can be
explained by the variations in astrocyte density and activity of the GFAP promoter
(Teter et al., 1996; Lee et al., 2006; Lee et al., 2008) superimposed on the regional
differences in numbers and activation status of microglia (as main sources of IL-1)
described in baseline conditions (Lawson et al., 1990). Nevertheless, during
neuroinflammation we expect signalling through IL-1R1/IL-1RAcP to partly escape the
blockage by transgenic overexpression of hsIL-1ra due to activity rates of GFAP and
IL-1E promoters changing differently upon activation of glia. Yet, this effect appears to
be considerable in acute neuroinflammation, but rather insignificant in long-term,
developmental studies. In this context, the “noise” induced by including both genders
becomes important. Therefore we chose to perform subsequent experiments only on
male Tg hsIL-1ra mice.
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Fig. 4.3. Ratio between the transgene product (hsIL-1ra) and endogenous IL-1E, as
basis for estimating the degree of IL-1R blockage. Note that the hippocampus displays
the largest gender-related differences, and very little age-related differences, while age
has the largest effect in the cerebellum.
4.1.2.2 Endogenous IL-1E, IL-6, and TNF-D
We found that IL-1E, IL-6, and TNF-D expression in the brain is significantly higher in
adult than in young mice (Paper I). An exception was the hippocampus, where the age
did not influence the expression of TNF-D. Interestingly, the levels of proinflammatory
cytokines (IL-1E, IL-6, TNF-D) were not influenced by the degree of blockage of IL-1
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signalling. Moreover, the levels of IL-6 and TNF-D were correlated to the levels of IL1E only in the hippocampus of adult mice, and in the cerebellum of both young and
adult mice (Paper I), suggesting that the influence of IL-1 on the expression of IL-6 and
TNF-D increases with age. The age-dependent increase in IL-6 found in both WT and
Tg hsIL-1ra mice can be explained by a mechanism independent of IL-1 signalling.
Thus, IL-10 expression is decreased in the ageing brain and allows a sustained increase
in IL-6 expression (Ye & Johnson, 1999, 2001). In addition, microglia isolated from
aged mice have higher basal production of cytokines and are more reactive to
proinflammatory stimuli than those isolated from young animals (Deng et al., 2006).
Compensatory increase in the expression of one proinflammatory cytokine in response
to decreasing the synthesis of another proinflammatory cytokine has been shown in IL6 KO mice when challenged with peripheral administration of LPS (Fattori et al.,
1994). In the Tg hsIL-1ra mice, the levels of cytokines in steady-state physiological
conditions are largely not different from those found in the WT mice. Moreover, they
follow a similar age-dependent pattern of variation (Paper I). In an earlier study on Tg
hsIL-1ra mice, Tehranian et al. showed that the TNF-D levels were higher in Tg hsIL1ra than in WT mice (Tehranian et al., 2002). Not finding a similar difference in Paper
I can most likely be due to different extraction techniques using detergents (Paper I), or
not (Tehranian et al., 2002). The use of detergents ensures complete extraction of both
soluble and membrane-bound fractions of TNF-D, and an increase in the cytosolic
fraction (Tehranian et al., 2002) simultaneous with a decrease in the membrane-bound
fraction could explain the discrepancy between the two studies.
APP levels were higher, while PS-1 levels were lower in the adult than in the young
animals both in the hippocampus and in the cerebellum (Paper I). Plotting PS-1 against
APP levels in the cerebellum yielded a net separation between young and adult
animals, regardless of genotype (Fig. 4.4).
Fig. 4.4. PS-1 vs. APP levels in the
cerebellum of WT and Tg hsIL-1ra
mice. PS-1 levels decrease, while
APP levels increase with age,
yielding a clear separation between
young and adult animals.
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4.2

Alterations in neurogenesis and gliosis (Paper II)

Recent studies have shown modulatory effects of neuroinflammation on neurogenesis
(Ekdahl et al., 2003; Sasaki et al., 2003). In this context, Paper II addresses the effects
of IL-1R-mediated signalling on neurogenesis under acute (i.e. KA-induced seizures),
as well as under long-term (i.e. ageing) glial activation and upregulation of IL-1. Both
at 5 and 22 months of age, the changes in neurogenesis under normal housing
conditions are modest enough to afford the assumption of stationarity. However, the
assumption of stationarity is violated when neurogenesis is in a dynamic state (such as
following KA-induced seizures). Yet, the wealth of literature (see e.g. (Jiang et al.,
2003; Kralic et al., 2005; Tozuka et al., 2005)) documenting the dynamics of
neurogenesis provides a basis for inference, and for consistency we have chosen to use
the same BrdU administration protocol in the studies on young vs. old mice and on KAinduced excitotoxicity.
4.2.1 Proliferation of precursor cells
In agreement with previous studies (Kuhn et al., 1996; Hattiangady & Shetty, 2008),
ageing was found to result in a reduced number of actively dividing progenitor cells. At
young age, the basal proliferation rate of progenitor cells was lower in the Tg hsIL-1ra,
than in the WT mice, whereas no difference was seen between the genotypes in old (22
months) mice. This indicates either a stronger effect of the transgenic expression of
hsIL-1ra at young age (see also comment in section 4.1.2), or that the decreased
regenerative capacity due to normal ageing obscures the effect of inhibiting IL-1Rmediated signalling in the brain. The latter hypothesis is supported by the finding that
ageing resulted in smaller increase in progenitor cell proliferation in response to insults
(Darsalia et al., 2005).
KA had an enhancing effect on proliferation, in agreement with earlier studies (Dong et
al., 2003). However, the transgenic overexpression of IL-1ra was found to reduce the
proliferative response to KA in a gene-dosage dependent manner, suggesting that IL1R-mediated signalling is important for restorative processes during acute brain
damage, as has been described for the dopaminergic system (Parish et al., 2002).
4.2.2 Neuronal differentiation
This turning point is also modulated by proinflammatory cytokines (Ben-Hur et al.,
2003). The best characterised so far is the dopaminergic system, where IL-1 induces the
mesencephalic neuronal precursors to adopt a dopamine-secreting phenotype (Potter et
al., 1999). In the adult rodent brain, IL-6, which is upregulated by IL-1R stimulation,
shifts the differentiation towards an astrocyte-like phenotype (Taga & Fukuda, 2005).
The neuronal differentiation rate, here defined as the proportion of newly formed
neurones in all newly formed cells, did not vary between WT and Tg hsIL-1ra mice of
young age. However, at old age, the Tg hsIL-1ra mice displayed a higher differentiation
rate than WT mice. Age-related increase in the production of IL-6 from glia (Ye &
Johnson, 2001) may underlie the trend towards decreasing the differentiation rate seen
in WT mice. Additional support is provided by the presumably cumulative effect of
chronic glial activation and increase in IL-6 found in aged mice (Chung et al., 2006).
The neuronal differentiation rate was unaltered in Tg hsIL-1ra mice in ageing and when
challenged acutely (i.e. KA-induced seizures), suggesting that the regulation of the
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terminal neuronal differentiation provides a degree of elasticity, which is abolished
when blocking the IL-1R-mediated signalling.
4.2.3 Survival of the newly differentiated neurones
Although the proliferation rate varies dramatically, the survival pattern does not change
significantly in ageing (McDonald & Wojtowicz, 2005). The experimental setting used
in the present studies does not allow addressing this feature specifically, but it provides
circumstantial evidence applicable mainly to ageing. We found that the renewal rate
(defined as the proportion of new neurones in the GCL) decreases in old WT animals,
but the number of neurones in the GCL remains constant. This suggests that the
turnover of the granule cells differs between old and young mice. Lower progenitor cell
proliferation rate in young Tg hsIL-1ra compared to WT mice, but similar granule cell
counts, provides in vivo evidence for IL-1 acting as a trophic factor for neurones, as
suggested earlier by in vitro studies on mouse spinal cord neurones (Brenneman et al.,
1992). However, this is not reflected in the total number of neurones in the GCL. In the
KA-treated animals, we found an apparent increase in the renewal rate, though lower in
the Tg hsIL-1ra than in the WT mice. However, since our experimental setting did not
allow assessing the long-term survival of the newly formed neurones, these findings are
probably a direct consequence of the increase in progenitor cell proliferation.
4.2.4 Gliosis
Similarly to neurogenesis, the glial responses were blunted by the blocking central IL1R-mediated activity. With regard to astrocytes, the literature available to date
describes the morphological alterations associated with ageing and excitotoxic insults
as astrogliosis, designating an increase in the number of cells positive for a given
marker. In reactive astrocytes, GFAP-labelling shows an increase in the number,
length, and thickness of processes leaving the soma. In resting state, GFAP staining
visualises around 13% of the total volume occupied by an astrocyte (access domain)
(Bushong et al., 2002). Recent evidence shows that the access domain of individual
astrocytes does not change upon activation (Wilhelmsson et al., 2006), but only a larger
proportion of the access domain becomes visible due to the induced expression of
GFAP. Using a novel approach for assessing changes in glial labelling (see 3.2.6.4), we
found that, in the WT mice, the proportion of area occupied by GFAP-positive
structures in the hippocampus decreased 1 week after KA-induced seizures.
Presumably a consequence of the profound morphological transformation undergone
by the astrocytes (i.e. from long slender to shorter more condensed processes, and
consequently a sparser network of highly fluorescent GFAP-positive fibres), our data
do not exclude changes in the numbers of astrocytes present in the area. Our results are
in agreement with the previous finding that the number of astrocytes decreases in the
molecular layer of the DG during the first 7 days following a lesion known to induce
glial activation in the DG (Hailer et al., 1999). The change was less apparent in the Tg
hsIL-1ra mice. Fragmentation of the GFAP-positive processes is a morphological
feature apparent in the old Tg hsIL-1ra animals, as well as following KA-induced
seizures in young Tg hsIL-1ra mice, but to a much lesser extent in WT animals. These
data support the hypothesis that astrocyte activation is regulated by IL-1, in agreement
with earlier reports on the effect of intracerebral injections of IL-1 in rats (Giulian et al.,
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1988a), and recent findings that astrogliosis was delayed following penetrating brain
injury in IL-1R1 KO mice (Lin et al., 2006).
The automatic method for measuring the extent of astroglial activation was also used
for assessment of microglial activation. An increase in area proportion of structures
positive for F4/80 (microglial marker) was found following KA administration, as well
as upon ageing in the WT mice. Our data is in agreement with the previous studies
showing an increase in numbers of activated microglia associated with both conditions
(Streit et al., 1999). The mice with transgenic overexpression of hsIL-1ra displayed a
complete blunting of the reaction in microglia as shown by an unaltered area
proportion, and the morphological appearance of the microglia. Interestingly,
imprinting an anti-inflammatory phenotype by the transgenic overexpression of hsIL1ra in the brain resulted in higher levels of microglial labelling in young homozygous
Tg hsIL-ra animals than in WT mice. If we consider the hilus being isotropic on
reasonably sized domains (i.e. has the same properties along any axis), the apparently
small difference in relative area between young WT and Tg hsIL-1ra mice (5.7% ±
0.8% vs. 6.9% ± 1.5%) translates into 30% difference in relative volume (i.e. 13.6% vs.
18.1%). The biological significance of this finding needs further investigation.
Nevertheless, this difference is less relevant biologically than the fact that variations
found in WT animals are absent in the Tg hsIL-1ra mice.
4.3

Altered behavioural profile (Paper III, IV)

4.3.1 Motor coordination, exploration, and anxiety (Paper III)
We have used multivariate data analysis in order to get an overview of the spread of the
data swarm. PLS-DA was the method of choice because it essentially is a supervised
classification method that starts from normally distributed variables and makes full use
of a priori knowledge for optimising the model (see section 3.2.11.3 for details). A
constant finding was that WT animals consistently clustered together regardless of the
parenting group.
4.3.1.1 Motor coordination
Tg hsIL-1ra mice display an abnormal swimming pattern, but we were unable to
consistently corroborate this finding by gait analysis. The Tg hsIL-1ra mice typically
displayed a rather vertical position of the body, with apparently chaotic and asymmetric
paw strokes (see description in (Carter et al., 1999) for normal swimming in mice). In
the narrow swimming tank, they constantly and ineffectively attempted to climb on the
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walls. Nevertheless, the strategy changed dramatically when the mice were tested again
after a short interval (1.5 h).
The interpretation of PLS-DA loading plots indicates that variables related to complex
behaviours (e.g. exploration), and thus subject to complex voluntary control, have a
larger influence than the variables describing automatic behaviours (e.g. gait). A
conspicuous finding based on the loading plots for behaviour for both 6 and 12 month
groups is that the variables “F/Hdist” and “stride” consistently map in opposite
quadrants. This indicates a probable negative correlation between the two variables,
which was indeed found significant (Pearson, r=-0.598, p<0.05, Fig. 4.5). However,
plotting “F/Hdist” against “stride” does not provide any separation either between
genotypes, ages, or parenting conditions (Fig. 4.5). Shorter stride length and a larger
distance between fore- and hind-paw impressions, as seen in the 12 months old Tg hs
IL-1ra animals, suggests an ataxic gait pattern (Carter et al., 1999). Yet, given that it is
not consistently found in both 6 and 12 months old mice, or in both non-LM and LM
animals, and that the animals do not display overtly impaired gait, we speculate that the
correlation is the effect of conscious control over an automatic behaviour rather than
indicative of ataxia or motor incoordination.
4.3.1.2 Exploration and anxiety-like behaviour
In agreement with earlier findings in the elevated plus maze (Oprică et al., 2005), we
found that Tg hs IL-1ra mice display less anxiety-like behaviour. In short, non-LM Tg
hs IL-1ra mice hardly display any preference between the light and the dark
compartment, while the age-matched non-LM WT animals spent less than 25% of the
time in the light compartment. The pattern was consistent at 6 and 12 months, and can
be explained by the recent finding that IL-1 signalling is an essential mediator of the
antineurogenic and anhedonic effects of stress (Koo & Duman, 2008). Interestingly, the
LM mice showed a shift in preference pattern, and at 6 months LM WT mice were not
distinguishable from Tg hs IL-1ra mice, whereas at 12 months they were similar to the
non-LM WT animals. The distance walked closely followed the amount of time spent
in either compartment, suggesting that the exploratory behaviour was independent from
the lighting conditions. Moreover, the total rearing counts correlated with the
proportion of time spent in the light compartment.
4.3.2 Memory and learning (Paper IV)
Impairment of IL-1 signalling by overexpressing hsIL-1ra in the brain resulted in
impaired long-term memory, but spared the short-term memory. This is prominent in
hippocampal-dependent navigation tasks, but we found a similar effect also in a cuedlearning task. The underlying mechanism involves poor long-term memory
consolidation by interfering with the BDNF-ERK1/2 and Src kinases signalling
pathways.
In experiments on habituation in the open-field test, the Tg hsIL-1ra mice displayed
impaired learning but apparently preserved short-term memory (Oprică et al., 2005). In
the current set of experiments we have used swimming-based tasks, which are posing a
greater challenge to the animals. In the T-maze the Tg hsIL-1ra mice had a severely
impaired swimming pattern, which may have hampered their performance in

34

navigating towards the platform. In addition, counting successful trials per day showed
no improvement in performance in the Tg hsIL-1ra animals (Paper IV).
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In order to simplify the task and get a better outlook over the motor performance, we
trained the mice to locate a visible platform at the opposite end of a narrow swimming
tank (‘unidirectional swimming test’). Thus, the mice were presented with a cued,
dichotomous decision-making task. Here, too, the young Tg hsIL-1ra mice showed
difficulties in learning the task when given only one trial daily for three consecutive
days. Yet, when trained for the same task at short time interval (1.5 h), the Tg hsIL-1ra
mice showed dramatic improvement in performance (Fig. 4.6). Interestingly, not only
the number of mistakes decreased, but also the time in which they swam a fixed
distance (60 cm). This indicates a change in strategy in performing the task, namely the
mice switch from trying to climb on the walls of the tank to swimming straight towards
the visible platform. This observation was corroborated by the visual inspection of the
tape recordings and is also supported by the lack of consistent differences in motor
coordination on flat, dry surface between WT and Tg hsIL-1ra mice (Paper III).
Interestingly, when we used the unidirectional swimming for testing older mice (12
months of age), we found that the performance of Tg hsIL-1ra mice improved
dramatically, consistent with the hypothesis that the IL-1 signalling partly escapes
blocking by hsIL-1ra in ageing animals. Their performance, however, did not match
that of age-matched WT mice (Fig. 4.6). The dependence of learning performance on
acute IL-1 signalling in our model is supported by the finding that LM animals
followed the same trend as the genotype- and age-matched mice (data not shown).
4.3.2.1 Induction of immediate early genes (Paper IV)
In agreement with previous studies, we found that exploration of a novel environment
increased the number of Arc+ cells in the GCL (Guzowski et al., 2001). The effect was
present in both WT and Tg hsIL-1ra mice, and the immunohistochemical findings were
corroborated by the immunoblots of hippocampal homogenates.
An important feature of our study is the systematic investigation of the GCL. The WT
mice are characterised by an essentially balanced distribution of Arc+ granule cells (AI
close to 0%) between the septal third and the distal two-thirds of the GCL under normal
caging conditions, and a slight imbalance favouring the septal third following exposure
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to novel environment. In contrast, the Tg hsIL-1ra animals display a skewed
distribution of Arc+ granule cells (AI = 40%) under normal conditions, whereas
exposure to novel environment resulted in an apparent “normalisation” (i.e. similar to
WT). Human studies have shown that cognitively impaired subjects require the
activation of more extensive cortical areas than healthy age-matched for performing a
given task (Prvulovic et al., 2005). We therefore speculate that the differences in
activation pattern observed at baseline represent a compensatory mechanism for the
developmental disturbances induced by the transgenic overexpression of IL-1ra (see
Paper III). However, the apparent normalisation of Arc expression pattern following a
challenge does not underpin a cognitive performance similar to WT animals.
The impairment in long-term memory in the Tg hsIL-1ra mice is consistent with the
presumed impaired stabilisation of LTP due to blocking IL-1R (Schneider et al., 1998;
O'Connor & Coogan, 1999; Goshen et al., 2007), which in turn results in lower
induction of Arc. The larger contribution of the septal third of the GCL to the global
increase observed in the WT animals can be attributed to its bilateral input from the
entorhinal cortex (van Groen et al., 2003), as well as to being involved mainly in spatial
navigation tasks (Hock & Bunsey, 1998).
We analysed the expression of Arc also in the retrosplenial cortex, a cortical region
involved in learning and spatial navigation (van Groen et al., 2004). We found lower
activation, in agreement with a recent study showing that induction of IEG c-fos and
zif268 in the retrosplenial cortex was dramatically reduced as a result of hippocampal
lesions (Albasser et al., 2007).
The frontal cortex is the main cortical region involved in short-term memory, and the
dopamine innervation plays a very important role (Rotaru et al., 2007). Although we
found that Arc expression in the frontal cortex is lower in Tg hsIL-1ra than in WT mice
following exposure to novelty (data not shown), the dopamine levels in the frontal
cortex are not different between the WT and the Tg hsIL-1ra mice (Oprică et al., 2005),
which can explain the preservation of short-term memory. Nevertheless, a reduced
induction of Arc indicates defective LTP maintenance and consequently poorer synapse
consolidation also in the frontal cortex. Thus, our data support the acute effect of
blocking IL-1 signalling as required for LTP maintenance leading to long-term, but not
short-term memory disturbances.
4.3.2.2 Glutamate receptor regulation and intracellular signalling
The Tg hsIL-1ra mice had lower baseline levels of AMPA-receptor subunits GluR1 and
GluR2, but no significant alteration in the levels of NMDA-type glutamate receptors
subunit 1 (NMDAR1). The slight increase in GluR1 found in WT mice is consistent
with previous studies (Cammarota et al., 1998), while lower and unchanged levels as
found in the Tg hsIL-1ra mice are consistent with the impaired learning ability
observed in this study. The decrease in GluR2 subunit levels found in WT animals
following exposure to a novel environment is most likely transient due to intense
activation of the hippocampal networks (Clem & Barth, 2006). A temporary decrease
in GluR2-containing AMPA receptors is required for memory consolidation (Simoes et
al., 2007), but chronic absence of GluR2-containing receptors result in global cortical
hyperexcitability, memory impairment (Yan et al., 2002), and reduced emotional
responsiveness (Mead et al., 2006). The latter is also consistent with our earlier finding
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that Tg hsIL-1ra mice do not display place preference in the dark-light preference test
(Paper III).
IL-1R activation enhances NMDA-receptor-mediated increase in intracellular calcium
by activating Src kinases (Viviani et al., 2003). LTP induces gene transcription by
activating NF-NB via a protein kinase C (PKC)-dependent mechanism (Meberg et al.,
1996; Freudenthal et al., 2004), as well as via an IL-1E-driven Src-dependent pathway
(Schneider et al., 1998; Funakoshi-Tago et al., 2005). Consistent with the blockade of
IL-1R by transgenic overexpression of IL-1ra, we found lower levels of active Src in
the hippocampus of Tg hsIL-1ra mice.
BDNF synthesis is essential for long-term memory consolidation (for review, see
(Bekinschtein et al., 2008a)), and this process is ERK-pathway dependent
(Bekinschtein et al., 2008b). Therefore, the increase in activated ERK1/2 following
exploration of a novel environment is indicative of increased BDNF-receptor activation
(Kaplan & Miller, 2000). In addition, the increase in signalling through BDNFreceptors may underlie the increase in GluR1 (Tyler et al., 2002) and Arc (Lyford et al.,
1995) levels found in the WT animals. Blocking IL-1 signalling in the brain resulted in
suppressing the constitutive expression of BDNF as well as its induced expression
following the exploratory activity. Consistently, the exploration-induced increase in PERK1/2 was suppressed in the Tg hsIL-1ra mice. Therefore, the deficit in BDNF
synthesis and signalling adds to the impairment in synaptic strengthening as a
mechanism underlying the learning deficit as a result of blocking IL-1 receptors in the
brain.
4.4

General discussions

There are major differences between the effects of IL-1 signalling in the healthy brain
and in pathological conditions. Importantly, the concept of healthy brain does not
exclude the presence of glial activation and hence production and secretion of
cytokines. On the contrary, it describes a brain that is able to mount an effective
response to injury, and displays elastic variations in numbers and phenotypic features
of all cell types. In the Tg hsIL-1ra mice we found dramatically reduced ability to
respond to challenges, may them be physiological (e.g. cognitive challenge of learning
a task or familiarising with a novel environment) or pathological (e.g. KA-induced
seizures and neurodegeneration). It is important to mention that such challenges, even
though they are presented to a system that is not normal from its very formation (see
the alteration in brain morphology found in the Tg hsIL-1ra mice, Paper III), are not
beyond the ability of WT animals to handle. Previous studies have shown that the Tg
hsIL-1ra mice do not develop fever in response to LPS (Lundkvist et al., 1999), suffer
less extensive damage and recover faster after closed head injury (Tehranian et al.,
2002). However, when the mice were subject to a severe brain injury (permanent focal
ischemia), the expected protective effect of IL-1ra failed to appear (Oprică et al., 2004).
Several genetically-modified mouse strains have been developed for studying the
central actions of IL-1. Thus, IL-1D, IL-1E, IL-1D/E, IL-1ra KO mice have been
generated and used for studies on sickness behaviour and fever response (Kozak et al.,
1995; Horai et al., 1998). In addition, IL-1R1 (Glaccum et al., 1997), IL-1RAcp
(Cullinan et al., 1998), and Casp-1 (Li et al., 1995) KO mice have been generated and
used in similar experimental designs (for review see (Zetterström et al., 1998)). Yet, the
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KO strains have impaired IL-1 signalling in the immune system as well as in the CNS,
and the concerted actions mediated by the IL-1 system are blunted. Therefore, subtle
effects (especially those for which normal/physiological levels of IL-1 are required) are
obliterated, and all similarities between data obtained from Tg hsIL-1ra mice and e.g.
IL-1R1 KO mice ought to be interpreted with caution. Unlike the experimental models
mentioned above, the Tg hsIL-1ra mice are not to be considered a typical model of
immune depression. Nevertheless, the wealth of experimental paradigms in which the
Tg hsIL-1ra mice proved to be a reliable model (see Table 2 in Appendix) support their
use as a model for separation of developmental from pathological roles of IL-1
signalling, as well as central from peripheral actions of IL-1.
Interfering with a specific signalling system using transgenic technologies runs the risk
of producing subtle developmental alterations that are reflected in behavioural patterns
much later in life. Many effects of parenting may be attributed to genetic drift or
interpreted as being due to the derivation of substrains (hence the trend to preferentially
use LM mice). Parenting itself has been shown to alter certain well-documented
behavioural traits (Zaharia et al., 1996; Priebe et al., 2005). The IL-1 signalling system
appears to be very important for the late stages of brain development (for details see
section 1.2.1), but its actual role has not been defined yet. In the Tg hsIL-1ra mice, the
promoter used for driving the expression of the transgene links the synthesis of hsIL1ra (and thus blocking the IL-1 signalling system) to the earliest detectable expression
of GFAP (Lundkvist et al., 1999). Thus, the synthesis of hsIL-1ra at significant levels
presumably occurs around the gestational age of 12 days, when the earliest detectable
GFAP-positive structures have been described in the mouse brain (Choi, 1988), and
continues throughout life (see also (Wen et al., 1998)). Thus, all processes driven by
IL-1 in the adult brain (e.g. axonal sprouting (Parish et al., 2002)) are most probably
impaired and all possibilities of recovery following prenatal exposure to hsIL-1ra are
curbed in Tg hsIL-1ra mice born to homozygous females. The comparison between LM
and non-LM Tg hsIL-1ra mice (i.e. animals having the same genotype) restricts the
sources of differences to parenting conditions and housing. It has been shown that
phenotypical differences between strains can be attributed to parenting, and not to
presumable genetic differences (Zaharia et al., 1996; Priebe et al., 2005). We found that
homozygous females have higher levels of circulating hsIL-1ra than heterozygous
females, and therefore provide higher levels of prenatal exposure to hsIL-1ra in
essential phases of the embryonic development. Exposing the litter to IL-1ra starting
before the physiological peak of IL-1E expression until birth results in memory deficits
detectable as late as at 15 weeks of age (Goshen et al., 2007). Thus, the starting point
for the subsequent development differs between LM and non-LM Tg hsIL-1ra mice.
Given that the recovery possibilities are blocked to the same extent in both groups due
to constitutive overexpression of hsIL-1ra, the subsequent differences are therefore due
mainly to the different degree of developmental disturbance induced in utero. The
ability of the mouse to recover from the prenatal exposure to IL-1ra is illustrated by the
shift in behaviour profile seen in LM WT mice, which in early adulthood (6 months of
age) are not distinguishable from LM Tg hsIL-1ra (which they have been housed
together with for the whole duration of the experiments), while at 12 months of age
they display a profile similar to the WT mice bred and housed separately (non-LM
WT). The ultimate argument is provided by the differences in brain morphology found
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in the LM as compared to non-LM Tg hsIL-1ra mice, which can hardly be attributed to
the housing conditions.
Importantly, our data suggest that developmental processes may still occur during
adulthood (namely between 6 and 12 months of age), to an extent large enough to allow
the recovery from prenatal impairment of IL-1 signalling. Differences in housing and
parenting are cancelled by the genetic background that allows such a recovery. Put in a
broader scope, our findings do not challenge the current opinion that LM animals are to
be preferred especially for behavioural studies, but raise a caveat when using transgenic
animals, that differences induced by parenting (as well as possible prenatal exposure to
the transgene product) can be extinguished later on, provided the animals are studied
for a long enough period of time.
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5 CONCLUSIONS
The data presented here suggest an essential role played by physiological levels of IL-1
in brain development and the global function of the CNS. The conclusions of the
studies are summarised below.
1. Blocking IL-1 signalling in the brain does not result in compensatory increase in
other inflammatory cytokines under normal conditions
2. IL-1 is necessary for the brain to develop normally, and its blocking results in
smaller total brain volume and enlarged ventricular system
3. IL-1 signalling is essential for brain’s adaptive response to neuroinflammation by
controlling neurogenesis and glial activation
4. IL-1 is necessary for the brain to continue its plastic evolution late into adulthood
5. Blocking IL-1 signalling impairs consolidation of long-term memory by interfering
with the synaptic strengthening mechanisms including BDNF secretion
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6 FUTURE PERSPECTIVES
Several questions regarding the implication of IL-1 signalling in brain development
remained unanswered. We found evidence that the Tg hsIL-1ra mice have smaller
brains than WT animals, and the difference is consistent in young (1 month old) and
adult (12 months old) animals. Whether the differences are due to a defect in
neuronogenesis (i.e. lower number of neurones generated in early development) or to a
defect in connectivity (i.e. less developed dendritic trees) is not known to date. The
latter would be supported by the physiological peak of IL-1 expression overlapping
with a period of intense neural network reorganisation. Indirect evidence comes from
the smaller total hippocampal volume, but similar numbers of neurones in the GCL in
the Tg hsIL-1ra and WT mice.
The dopaminergic system poses a puzzling challenge: the Tg hsIL-1ra mice have been
shown to have less dopamine in the striatum, presumably because of accelerated
turnover (Oprică et al., 2005). However, we have not been able to quantify consistently
disturbed gait pattern or ataxia (Paper III), nor to document morphological differences
in the basal ganglia (preliminary study, data not shown). Thus, compensatory
mechanisms must be in action for ensuring a close-to-normal function of the
dopaminergic system.
Our search for a compensatory mechanism triggered by blocking IL-1 signalling in the
brain yielded no culprit so far. However, we found several developmental defects in the
Tg hsIL-1ra mice, although less severe than expectable from manipulating a molecule
with such pleiotropic physiological effects as IL-1. This alludes to the concept of “good
enough” (N.B. not optimal!) as developed for neuronal networks. Thus, the steady-state
functioning of a specific network can be achieved using multiple combinations of
conductances and synaptic strengths (Prinz et al., 2004). Little is known, though, about
how these combinations cope with perturbations (Hooper, 2004). Similarly one can
hypothesise that brain development involves several essential mechanisms, as well as
others that can be at least partly replaced by alternative pathways. As we have shown,
the Tg hsIL-1ra mice have similar lifespan and are phenotypically hardly different from
WT animals, thus the “bare necessities” are dealt with satisfactorily under standardised
laboratory conditions. However, when presented with challenges, the Tg hsIL-1ra mice
tend to fail, because of much reduced elasticity in responses. Therefore, further research
in the field of non-pathological effects of cytokines may help understanding how the
mammalian organism sets ontogenetic boundaries between physiological and
pathological.
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IHC – immunohistochemistry; WB – western blot; see also List of abbreviations.

#
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5

30-40 days

4

4

13-14 months

3

F

6

M
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30-40 days

age

Table 1 Synoptic view of animals included in the analyses

9 APPENDIX

Paper I

Paper
II

Paper III

Paper IV

neuronal activation (IHC, WB)

learning (straight swimming)

learning (T-maze)

brain anatomy (MRI)

behaviour profile (complex battery)

neurogenesis (IHC, stereology)

brain volume (direct volumetry)

APP / PS1 levels (WB)

baseline cytokine production
(ELISA)

read-out (technique)

non-LM

non-LM
* - LM

non-LM

non-LM

LM

LM

comments
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WT

serum corticosterone (CS);
serum ACTH
infarct size; cytokine
production
serum CS; exploration in
the open field and elevated
plus maze;
monoamine/metabolites in
the brain

stress-induced activation of
HPA axis; adrenalectomy

middle cerebral artery
occlusion

mild stress; exploration;
anxiety testing

Goshen et al., 2003

Oprică et al., 2005

Oprică et al., 2005
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WT

pain sensitivity

pain threshold under basal
conditions

Wolf et al., 2003
WT, IL-1R KO

WT; IL-1R KO;
p55/p75 TNFR
KO; IL-18 KO

WT

neurological recovery,
cytokine levels in the brain

traumatic brain injury

Tehranian et al., 2002

WT

compared to

WT, IL-1ra in
WT, IL-1R1 KO

fever, plasma IL-1, IL-6

read-out

EEG; motor seizures; c-fos
expression

bicucculine methiodideinduced seizures

experimental model
hyperthermic response to
central IL-1Eor peripheral
LPS

Vezzani et al., 2000

Lundkvist et al., 1999

reference

Table 2 Studies including the Tg hsIL-1ra mice published to date (September 2008)

no difference in serum CS; more
active and less habituation in the
open field; altered brain
monoamine metabolism

no difference

lower severity score; delayed
induction of proinflammatory
cytokines
lower sensitivity to pain, but
similar to WT treated with IL-1ra
in utero
similar CS secretion; no
compensatory hypersecretion of
ACTH following adrenalectomy

delayed onset and less severe
motor seizures

no fever response

results

no change in pain threshold
following neurotomy; less axonal
ectopic activity than WT
diminished response to mild
stress, but enhanced response to
moderate stress
smaller brain volume; age-related
increase in cytokine levels;
bell-shaped dependence of
memory on hippocampal IL-1E

WT; IL-1R KO
WT; IL-1R KO;
WT treated with
IL-1ra
WT
WT; prenatal IL1ra treatment;
i.c.v. infusion of
IL-1E, IL-1ra

mechanical and thermal
pain sensitivity
pain response alteration due
to stress
brain volume; cytokines
(IL-1E, IL-6 TNF-D), APP,
and PS1 levels in the brain
memory performance

hippocampal-dependent
memory; neurogenesis;

neuropathic pain (neurotomy
L5)

stress-induced analgesia

basal conditions, young vs.
adult animals

fear conditioning; water maze

neuronal stem cell
transplantation; isolationinduced memory impairment

Wolf et al., 2006

Wolf et al., 2007

Oprică et al., 2007

Goshen et al. 2007

Ben Menachem-Zidon
et al., 2007

WT (not
transplanted)

WT, IL-1R1 KO

improved memory deficit

lower bone mass due to higher
numbers of osteoclasts

bone thickness and density

physiological growth

Bajayo et al., 2005

WT, IL-1R1 KO,
IL-1RAcP KO,

pain response

morphine analgesia following
surgical incision of the skin

results
no opioid tolerance and enhanced
analgesia by blocking IL-1
signalling

Shavit et al., 2005

compared to

read-out

experimental model

reference
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altered brain volume and
morphology; altered behavioural
pattern

WT; LM vs. nonLM
WT

brain morphology;
behavioural pattern
time to reach platform;
number of mistakes;
expression of Arc

normal development

learning in water maze;
exploration of novel object

Spulber et al. 2008
(Paper III)

Spulber et al. 2008
(Paper IV)

56

no increase in pain sensitivity

WT; WT+IL-1ra,
IL-1R KO

response to mechanical
stimulation

postoperative incisional pain

Wolf et al., 2008

impaired memory consolidation
and altered BDNF signalling

abolished elasticity of
neurogenesis; blunted gliosis

WT

neurogenesis; gliosis

acute and chronic
neuroinflammation

results

Spulber et al., 2008

compared to

read-out

experimental model

reference
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