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Abstract
A single brain insult can have major, long-lasting consequences on a person’s
life. The identification of non-invasive in vivo imaging prognostic biomarkers
that would allow an accurate prognosis of the long-term outcome after a
brain insult would be of major value. In addition, such biomarkers may
reveal new insights into the underlying neurobiological mechanisms that
lead to a poor outcome following a brain insult and may open up new
avenues towards novel treatments and preventive strategies. Discovering
predictive biomarkers that allow to identify the patients that will benefit
from a certain treatment and that allow to follow-up the treatment response
would also be of great value.
In this PhD thesis we set out to identify in vivo imaging correlates of the longterm behavioural outcome following different brain insults, which could
pave the way towards the identification of novel prognostic and predictive
biomarkers. First of all, we investigated extracellular matrix proteases as
possible biomarkers of epileptogenesis following a brain insult. A single
photon emission computed tomography (SPECT) radiotracer with high
affinity for active urokinase-type plasminogen activator (uPA) and kallikreinrelated peptidase 8 (KLK8) was implemented in an in vitro autoradiography
study of two different animal models of acquired epilepsy. A decreased
activity of the extracellular proteases uPA/KLK8 was observed in relevant
brain regions in the subacute phase following both kainic acid-induced
status epilepticus (SE) and controlled cortical impact (CCI)-induced traumatic
brain injury (TBI) during young adulthood. The decrease in uPA/KLK8 activity
was even more pronounced and widespread in the chronic phase following
SE, when rats had developed spontaneous recurrent epileptic seizures.

i

Moreover, the hippocampal decrease in uPA/KLK8 activity was correlated
with the seizure burden in the animal model of temporal lobe epilepsy.
However, ex vivo autoradiography with the SPECT probe in the TBI model
revealed that the radiotracer was incapable of crossing the intact bloodbrain barrier. This thwarted implementation of the SPECT tracer in an in vivo
imaging study to investigate the potential prognostic value of early
decreases in uPA/KLK8 activity regarding long-term outcome following brain
injury. Secondly, we investigated the prognostic value of changes in brain
inflammation and alterations in brain microstructure during the subacute
phase for the long-term outcome following CCI-injury during young
adulthood. Neuroinflammation was assessed by positron emission
tomography (PET) imaging with a radioligand for translocator protein
(TSPO), a marker of brain inflammation. Alterations in brain microstructure
were assessed with diffusion tensor imaging (DTI). Subacute changes in brain
inflammation and DTI metrics were able to predict different chronic TBI
sequelae, including disinhibition, increased seizure susceptibility and
impaired visuospatial learning/memory. In addition, we studied the impact
of maternal immune activation (MIA), a risk factor for schizophrenia, on the
offspring’s brain and behaviour. First, we investigated whether there was
microglial activation in the brain of adult rats that were exposed to prenatal
immune activation (using the viral mimetic Poly I:C). No microglial activation
was observed in this study. Interestingly, in adult offspring, behavioural
outcome was dependent on the maternal response to the immune
challenge. In the final study, we investigated whether adult MIA offspring
had alterations in functional connectivity, brain microstructure and NMDA
receptor function using respectively resting-state functional magnetic
resonance imaging (MRI), DTI and pharmacological MRI with an NMDA

ii

receptor antagonist. Increased functional connectivity was observed in the
default mode-like network of adult MIA offspring of dams that lost weight
following the immune challenge during pregnancy. No changes in brain
microstructure were observed. An altered response to the NMDA receptor
antagonist was observed in MIA offspring, indicative of altered NMDA
receptor function. This was most pronounced in offspring of dams that
gained weight following the immune stimulus. Hence, it seems that MIA
offspring exhibited a different pathophysiology dependent on the maternal
response to the immune activation. Finally, functional connectivity in the
default mode-like network correlated with behaviour in the MIA offspring,
as has been observed in schizophrenia patients. Future studies are
warranted to investigate whether functional connectivity in the default
mode-like network is a predictive biomarker in this neurodevelopmental
animal model with relevance for schizophrenia. If so, it could be used in
future studies for the identification of novel treatments instead of the
behavioural read-out, which is quite variable in this model. It would also be
interesting to investigate if hypersynchronicity in the default mode-like
network is present early in life following MIA and may be a prognostic
biomarker of the long-term behavioural outcome. Taken together, we have
identified several relevant imaging correlates of chronic outcome following
different brain insults.
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Samenvatting
Eén enkel hersenletsel kan ernstige en langdurige gevolgen hebben op een
persoons leven. De identificatie van niet-invasieve in vivo beeldvorming
prognostische biomerkers die een accurate prognose zouden toelaten van
de lange termijn effecten van een hersenletsel zou van onschatbare waarde
zijn. Bovendien zouden zulke biomerkers nieuwe inzichten kunnen geven in
de onderliggende neurobiologische mechanismen die tot een slechte
prognose leiden na een hersenletsel en nieuwe wegen kunnen openen naar
innovatieve therapieën en preventie strategieën. De ontdekking van
predictieve biomerkers die toelaten om de patiënten te identificeren die
baat hebben van een bepaalde behandeling en die toelaten om de respons
op de behandeling op te volgen zou ook van ontelbare waarde zijn.
In

deze

doctoraatsthesis

hadden

we

als

doel

om

in

vivo

beeldvormingscorrelaten van de chronische gedragsveranderingen na
verschillende soorten hersenschade te identificeren, welke de weg zouden
kunnen banen naar nieuwe prognostische en predictieve biomerkers.
Allereerst hebben we extracellulaire matrix proteasen onderzocht als
mogelijke biomerkers van epileptogenese na een hersenletsel. Een SPECT
radiotracer met hoge affiniteit voor actief urokinase-type plasminogen
activator (uPA) en kallikrein-gerelateerd peptidase 8 (KLK8) werd
geïmplementeerd in een in vitro autoradiografie studie van twee
verschillende diermodellen van verworven epilepsie. Een verminderde
activiteit van de extracellulaire proteasen uPA/KLK8 werd geobserveerd in
relevante hersenregio’s in de subacute fase na kainaat-geïnduceerde status
epilepticus (SE) en gecontroleerde corticale impact (CCI)-geïnduceerd
hersentrauma tijdens jongvolwassen leven. De vermindering in uPA/KLK8

v

activiteit was nog sterker uitgesproken en wijdverspreid in de chronische
fase na SE, wanneer ratten spontane epileptische aanvallen ontwikkeld
hadden. Bovendien was de afname in uPA/KLK8 activiteit in hippocampus
gecorreleerd met de frequentie van epileptische aanvallen in het diermodel
van temporale kwab epilepsie. Ex vivo autoradiografie met de SPECT tracer
in het hersentrauma model toonde echter aan dat de radiotracer niet in
staat was om de intacte bloed-hersenbarrière te passeren. Dit verhinderde
implementatie van de SPECT tracer in een in vivo beeldvormingsstudie om
de potentiële prognostische waarde van vroege afname in uPA/KLK8
activiteit te evalueren met betrekking tot de lange termijn gevolgen na
hersenschade. Vervolgens onderzochten we de prognostische waarde van
veranderingen in herseninflammatie en veranderingen in de microstructuur
van de hersenen tijdens de subacute fase voor de lange termijn gevolgen na
CCI-geïnduceerd

hersentrauma

tijdens

jongvolwassen

leven.

Herseninflammatie werd gemeten met behulp van PET beeldvorming met
een radioligand voor TSPO, een merker voor herseninflammatie.
Veranderingen in de microstructuur van de hersenen werd gemeten met
behulp van diffusie tensor beeldvorming (DTI). Subacute veranderingen in
herseninflammatie en DTI metingen waren in staat om verschillende
chronische gevolgen van hersentrauma te voorspellen waaronder
disinhibitie, verhoogde gevoeligheid om epileptische aanvallen te
ontwikkelen, en problemen in leren/geheugen. Hiernaast bestudeerden we
ook de impact van maternale immuun activatie (MIA), een risicofactor voor
schizofrenie, op de hersenen en het gedrag van de nakomelingen. Allereerst
onderzochten we of er microglia activatie was in de hersenen van volwassen
ratten die blootgesteld waren geweest aan prenatale immuun activatie
(gebruik makende van het viraal mimeticum Poly I:C). In deze studie werd
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geen microglia activatie geobserveerd. Een interessante observatie was dat
de gedragsveranderingen in volwassen nakomelingen afhankelijk waren van
de maternale respons op de immuun stimulus. In de finale studie
onderzochten we of volwassen MIA nakomelingen veranderingen hadden in
functionele connectiviteit, microstructuur van de hersenen en NMDA
receptor functie, gebruik makende van respectievelijk functionele
magnetische resonantie beeldvorming (MRI) tijdens rust, DTI en
farmacologische MRI met een NMDA receptor antagonist. Verhoogde
functionele connectiviteit werd geobserveerd in het “default mode-achtig
netwerk” van volwassen MIA nakomelingen van moeders die gewicht
verloren na de immuun stimulus tijdens de zwangerschap. Er werden geen
veranderingen in microstructuur van de hersenen geobserveerd. Een
veranderde respons op de NMDA receptor antagonist werd waargenomen
in MIA nakomelingen, wat een veranderde NMDA receptor functie
suggereert. Dit was het meest uitgesproken in nakomelingen van moeders
die gewicht bijkwamen na de immuun stimulus. Het lijkt erop dat MIA
nakomelingen een verschillende pathofysiologie vertoonden afhankelijk van
de maternale respons op de immuun activatie. Functionele connectiviteit in
het “default mode-achtig netwerk” correleerde met gedrag in de MIA
nakomelingen, zoals geobserveerd werd in schizofrenie patiënten.
Toekomstige studies zijn nodig om te onderzoeken of functionele
connectiviteit in het “default mode-achtig netwerk” een predictieve
biomerker is in dit neuro-ontwikkelingsmodel met relevantie voor
schizofrenie. Als dit het geval is, zou dit gebruikt kunnen worden in
toekomstige studies voor de identificatie van nieuwe therapieën in plaats
van het gedrag, welke tamelijk variabel is in dit diermodel. Het zou ook
interessant zijn om te onderzoeken of hypersynchroniciteit in het “default
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mode-achtig netwerk” al vroeg aanwezig is in het leven na MIA en een
prognostische

biomerker

zou

kunnen

zijn

van

de

chronische

gedragsveranderingen. Samengevat hebben we verschillende relevante
beeldvormingscorrelaten geïdentificeerd van de chronische gevolgen na
verschillende soorten hersenletsels.
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Chapter 1.

Rationale and objectives

Chapter 1
A single brain insult can have a dramatic, long-lasting impact on a person’s
life. Injury to the brain (e.g. due to a traumatic brain injury) induces
coordinated responses including neurodegeneration, neuroplasticity and
inflammation, and can result in various chronic sequelae, such as cognitive
and psychiatric deficits and epilepsy. A brain insult early in life (e.g. during
prenatal development) can alter the normal development of the brain and
also result in various brain and behavioural abnormalities later in life.
Prognostic biomarkers that can predict the precise long-term outcome of
brain insults are currently lacking. Such biomarkers would be extremely
useful, not only for the prognosis, but also because they may provide insight
into the underlying neurobiological mechanisms and put forward novel
targets for treatment and possibly prevention of the chronic consequences.
Non-invasive in vivo imaging brain biomarkers would be ideally suited for
such purpose since they can provide a direct assessment of altered brain
structure or function and allow longitudinal follow-up of patients. In vivo
imaging correlates of the symptomatic presentation could also be potential
predictive biomarkers, i.e. they might allow to predict which individuals may
benefit from a certain treatment. In addition, they might be useful as a noninvasive read-out of therapeutic response.
Brain insults affect all components of the brain: neurons, glia, vasculature
and the extracellular matrix. Brain structure and function is altered and
different processes are triggered, which can be divided into three main
responses: neurodegeneration, neuroplasticity and inflammation. The main
aim of this PhD thesis was to identify in vivo imaging correlates of chronic
behavioural outcome following discrete brain insults in experimental animal
models. As potential candidates we investigated several molecular targets
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including the extracellular matrix proteases urokinase-type plasminogen
activator (uPA) and kallikrein-related peptidase 8 (KLK8/neuropsin),
translocator protein (TSPO, a marker of brain inflammation) and NMDA
receptor function, as well as brain microstructure and functional
connectivity in the brain.
The PhD thesis is divided into two parts. In the first part (objectives 1 & 2),
the impact of two different brain insults during young adulthood is
investigated, i.e. status epilepticus (SE) and traumatic brain injury (TBI). In
the second part (objectives 3 & 4), we investigated the impact of a brain
insult during prenatal development, i.e. maternal immune activation (MIA).
Hypotheses and objectives
Since the extracellular matrix proteases uPA and KLK8 are upregulated by
glial cells following brain injury and have been implicated in synaptic
plasticity, we hypothesised that they are involved in epileptogenesis and are
related to epilepsy outcome following epileptogenic brain insults such as SE
and TBI. The first objective of this thesis was to evaluate a novel single
photon emission computed tomography (SPECT) radiotracer, i.e.
[111In]MICA-401, which binds with high affinity to active uPA and KLK8, in
both normal and injured rat brain (SE, TBI). Additionally, we investigated
whether changes in [111In]MICA-401 binding correlated with chronic
epileptic seizure burden following SE. Due to the incapacity of this
radiotracer to cross the intact blood-brain barrier, we decided to shift our
focus towards another target.
Previous research from our lab has shown that subacute positron emission
tomography (PET) imaging with the TSPO radioligand [ 18F]PBR111 in rats
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following SE can predict the chronic seizure burden and is also related to
psychiatric comorbidities of epilepsy. Other studies have shown that
subacute alterations in brain microstructure can predict chronic seizure
susceptibility and cognitive impairment following fluid percussion injury (an
experimental model of mixed focal and diffuse TBI). Based on these
observations, we hypothesised that subacute brain inflammation and
microstructural alterations can predict various chronic TBI sequelae. The
second objective of this thesis was to set-up a Controlled Cortical Impact
(CCI) injury rat model (an experimental model of focal TBI) in our lab and to
evaluate whether subacute TSPO expression and changes in brain
microstructure could predict chronic functional deficits in this model,
including psychiatric and cognitive abnormalities, seizure susceptibility and
posttraumatic epilepsy.
Prenatal immune challenge is an important risk factor for several
neuropsychiatric disorders, including schizophrenia. During the past 15
years, maternal immune activation (MIA) models have frequently been used
to model schizophrenia. Since schizophrenic patients have been shown to
exhibit immunological disturbances, we hypothesised that adult MIA
offspring have chronic brain inflammation. The third objective of this thesis
was to implement a MIA rat model (using the viral mimetic Poly I:C) in our
lab and to evaluate whether adult MIA offspring display microglial activation
in the brain.
Patients with schizophrenia display aberrant functional connectivity in the
brain, especially in the default mode network. Additionally, there is a lot of
evidence for NMDA receptor hypofunction in both patients and MIA models.
Hence, we hypothesised that there is altered functional connectivity in the
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default mode-like network and altered NMDA receptor function in MIA
offspring, which correlate with behavioural outcome. The fourth and final
objective of this PhD dissertation was to evaluate functional and structural
brain connectivity, as well as NMDA receptor function, and their relationship
to behaviour in adult MIA offspring.
Specific research questions
1. Are alterations in extracellular matrix proteases uPA/KLK8 (assessed by
in vitro autoradiography with the novel SPECT radiotracer [ 111In]MICA401) related to chronic seizure burden following SE? Can the SPECT
probe [111In]MICA-401 be implemented for in vivo brain imaging?
2. Can subacute neuroinflammation (assessed with the PET TSPO
radioligand [18F]PBR111) and changes in brain microstructure (assessed
by diffusion tensor imaging (DTI)) predict long-term outcome following
TBI?
3. Does prenatal immune challenge lead to persistent neuroinflammation
in adulthood? Is the behavioural outcome and microglial activation in
adult MIA offspring dependent on the maternal response to the immune
challenge?
4. Does prenatal immune challenge result in altered functional connectivity
in the default mode-like network (assessed by resting-state functional
magnetic resonance imaging (fMRI)) and altered NMDA receptor
function (assessed by pharmacological fMRI with the NMDA receptor
antagonist MK-801) during adulthood and are they related to
behavioural outcome? Are changes in functional connectivity and NMDA
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receptor function in adult offspring depending on the maternal response
to the immune challenge?
General outline of the dissertation
Chapter 2 is a general introduction, providing a brief description of the
disorders modelled in this thesis (i.e. epilepsy, traumatic brain injury and
schizophrenia). Epidemiology, aetiology and the need for biomarkers for
these three disorders is described. The role of extracellular matrix in epilepsy
and general pathophysiology of traumatic brain injury and schizophrenia are
presented.
Chapter 3 provides an overview of rodent models of epilepsy, traumatic
brain injury and schizophrenia.
Chapter 4 describes the principles of the in vivo imaging and related
techniques used in this thesis (PET and SPECT, in vitro and ex vivo
autoradiography, diffusion tensor imaging, pharmacological MRI and
resting-state fMRI) and their relative advantages and limitations.
PART 1
Chapter 5 is an evaluation of the novel SPECT radioligand [111In]MICA-401
and its capacity to assess alterations in extracellular matrix proteases uPA
and KLK8 in the brain following epileptogenic insults (SE and TBI) using in
vitro autoradiography. We investigated whether changes in [ 111In]MICA-401
binding correlated with chronic seizure burden following SE and if
[111In]MICA-401 can be used for in vivo neuroimaging purposes. This chapter
was published as “Missault S, Peeters L et al.: Decreased levels of active uPA
and KLK8 assessed by [111 In]MICA-401 binding correlate with the seizure
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burden in an animal model of temporal lobe epilepsy. Epilepsia. 2017
Sep;58(9):1615-1625.”
Chapter 6 is a thorough investigation of the potential of subacute in vivo
imaging of TSPO (PET) and brain microstructure (DTI) to predict long-term
functional outcome (behavioural and EEG deficits) following CCI injury. This
chapter has been submitted to Journal of Neurotrauma as “Missault S,
Anckaerts C et al.: Neuroimaging of subacute brain inflammation and
microstructural changes predicts long-term functional outcome after
experimental traumatic brain injury.”
PART 2
Chapter 7 is a general description of the MIA model as implemented in our
lab and investigates the hypothesis that chronic microglial activation is
present in adult MIA offspring. In addition, we investigated whether MIA
offspring displayed differential behavioural deficits depending on the
maternal weight response to the immune challenge (weight gain vs. loss), as
was previously reported by one research group, and whether maternal
weight response was associated with a differential immune response. This
chapter was published as “Missault S, Van den Eynde K et al.: The risk for
behavioural deficits is determined by the maternal immune response to
prenatal immune challenge in a neurodevelopmental model. Brain Behav
Immun. 2014 Nov;42:138-46.”
Chapter 8 is an investigation of functional connectivity, brain microstructure
and NMDA receptor function in adult MIA offspring, and their relationship
with behavioural outcome. Based on the previous work outlined in chapter
7, we hypothesised that MIA offspring exhibit a differential pathophysiology
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depending on the maternal response to the immune challenge. This chapter
will be submitted as “Missault S, Anckaerts C et al.: Increased functional
connectivity in the default mode-like network is related to behavioural
outcome in a neurodevelopmental model with relevance for schizophrenia.”
Chapter 9 is a general discussion of the obtained results and observations in
relation to the literature. Finally, future perspectives are discussed.
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Introduction

Chapter 2
A single brain insult can have a devastating, long-lasting impact on a person’s
brain and behaviour. Brain insults such as traumatic brain injury can give rise
to several deficits, including cognitive and psychiatric abnormalities and
epilepsy. In addition, brain insults during early life can disrupt normal
development

of

the

brain

and

increase

the

risk

for

several

neurodevelopmental disorders such as autism and schizophrenia. In this PhD
thesis, several different brain insults in experimental animal models were
used to model epilepsy, traumatic brain injury, and schizophrenia. This
general introduction contains a brief description of epilepsy, traumatic brain
injury and schizophrenia (including epidemiology and aetiology), the role of
the extracellular matrix in epilepsy, general pathophysiology of traumatic
brain injury and schizophrenia, as well as the need for biomarkers for these
disorders.
1. Epilepsy
1.1. Definition and epidemiology
The word epilepsy is derived from the ancient Greek ἐπιλαμβανειν, meaning
“to seize upon”, “to attack”. Epilepsy is defined as a disorder characterised
by an enduring predisposition of the brain to generate epileptic seizures. A
patient is considered epileptic if 1) at least two unprovoked seizures
occurred more than 24 h apart, 2) one unprovoked seizure occurred and the
probability of further seizures is estimated to be similar to the general
recurrence risk after two unprovoked seizures, occurring over the next ten
years, or 3) an epilepsy syndrome is diagnosed (1). In addition, epilepsy is
associated with several cognitive, psychological and social consequences (2).
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Approximately 50 million people worldwide are currently living with
epilepsy, making it one of the most common neurological disorders. The
global annual incidence of epilepsy is estimated to be 2.4 million people
(WHO, 2017). Incidence is high in early childhood (especially in neonates),
stabilises after adolescence, is lowest during adulthood and increases again
in older age groups (3).
1.2. Aetiology
Epilepsies fall within six different categories, based on the underlying cause.
These are 1) genetic, 2) structural, 3) metabolic, 4) infectious, 5) immune
and 6) unknown cause. In genetic epilepsy, the epilepsy is the direct result
of a genetic defect. In structural epilepsy, there is a distinct other structural
condition or disease present that has been associated with an increased risk
for epilepsy, such as head trauma, stroke and brain tumour (4). In metabolic
epilepsy, a metabolic disorder is present that is associated with epilepsy. In
infectious and immune epilepsies, the epilepsy is the result of respectively
an infection or immune disorder (5). Often, the cause is unknown (WHO,
2017).
1.3. ECM and epilepsy
1.3.1. Introduction to the ECM
1.3.1.1.

General properties of the ECM

The extracellular matrix (ECM) in the brain is composed of molecules
secreted by neurons and glia, which form stable aggregates in the
extracellular space. The ECM fulfils many functions in the brain, both during
neurodevelopment and in the adult brain. The quantity and composition of
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the ECM change significantly during development. The final and most
striking change, i.e. the formation of perineuronal nets, coincides with the
end of the critical period, a time of enhanced plasticity in which the brain is
especially sensitive to environmental stimuli (6). In the mature brain, the
ECM has a slow turnover and mainly restricts structural plasticity, while still
supporting many physiological processes (7). While most studies indicate a
restricting role for ECM in structural plasticity during adulthood, many ECM
components are beneficial for growth and regeneration. A balance between
growth promoting and repellent cues may determine the net effect of ECM
on structural plasticity (6, 7).
1.3.1.2.

Perineuronal nets

With the closure of the critical period, perineuronal nets (PNNs) are formed,
a process which is dependent on neuronal activity during a critical
developmental period. PNNs are a unique structure in the ECM and are most
prominently

displayed

around

parvalbumin-expressing

GABAergic

interneurons. They surround cell bodies, proximal dendrites and axon initial
segments in a mesh-like structure, interdigitating with synaptic contacts and
astrocytic processes. While the exact function of PNNs is unknown, they are
likely involved in the stabilisation of existing synapses, prevention of new
synapses on mature neurons, linkage of the ECM to the cytoskeleton, and
facilitation of neuron-astrocyte interactions. Experimental degradation of
PNNs and ECM in general using chondroitinase ABC and hyaluronidase has
been shown to reinstate plasticity in adult animals, which is usually only seen
during the critical period (8) (Fig.2-1).
Degradation of PNNs has been shown in several animal models of epilepsy,
which is at least partly due to the increased activity of extracellular matrix
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proteases (such as matrix metalloproteinases) following epileptogenic
insults (8, 9). Breakdown of the PNNs and the ECM in general allows
renewed plasticity, which may contribute to epileptogenesis following brain
injury.

Fig.2-1. Restriction of structural plasticity by perineuronal nets (PNNs). a. PNNs enwrap cell bodies,
proximal dendrites and axon initial segments of parvalbumin-expressing GABAergic interneurons in a
mesh-like structure. b. Inhibitory components of PNNs act as a barrier against formation of new
synapses, contribute to synapse stabilisation and trap neurotrophic factors. c. Disruption of PNNs can
reactivate plasticity. Disruption of PNNs can be achieved experimentally using chondroitinase ABC
(ChABC) or may occur due to increased activity of extracellular proteases following brain insults.
(Soleman et al., 2013)

1.3.1.3.

ECM proteases

Several extracellular proteases (or ECM proteases) are expressed in the
central nervous system (Fig.2-2). Most of these are capable of degrading
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various ECM components, and thus remodelling the ECM, in addition to
other functions. For the purpose of this thesis, three of these proteases will
be highlighted, i.e. the serine proteases urokinase-type plasminogen
activator (uPA), kallikrein-related peptidase 8 (KLK8, also known as
neuropsin), and matrix metalloproteinase-9 (MMP-9). These proteases are
very interesting candidates for biomarkers of epileptogenesis. A cDNA
profiling study that investigated many gene products, including gene
products involved in neuronal plasticity, gliosis, organisation of the
cytoskeleton or extracellular matrix, cell adhesion, signal transduction,
regulation of cell cycle, and metabolism, revealed that uPA was one of the
most highly upregulated gene products in the hippocampus during
epileptogenesis following status epilepticus in rats (10). KLK8 has been
shown to be involved in regulation of the excitation-inhibition balance,
which is disturbed in epilepsy (11). Finally, an elegant study by Wilczynski et
al. provided very convincing evidence for an important role of MMP-9 in
epileptogenesis (12). While other MMPs (e.g. MMP-3) have also been
suggested to be implicated in epilepsy, the most compelling evidence has
been provided for MMP-9.
Urokinase-type plasminogen activator
uPA is part of the plasminogen activator/plasmin(ogen) system. It is secreted
as an inactive zymogen (pro-uPA), which upon activation can convert
inactive plasminogen into active plasmin. Hence, a proteolytic cascade is
triggered that participates in extracellular matrix degradation and
remodelling. Binding of uPA to its membrane-bound receptor uPAR ensures
that proteolysis is restricted to the vicinity of the cell membrane. This leads
to local amplification of the plasminogen cascade, since uPA-activated
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plasmin can in turn activate pro-uPA. Activity of these proteases is tightly
regulated by serine protease inhibitors, i.e. serpins, including neuroserpin
and Plasminogen Activator Inhibitors PAI-1 and PAI-2. Moreover, uPA can
activate several intracellular signalling pathways upon binding to its
receptor, which is independent of its protease activity (13). uPA is involved
in the regulation of many processes including cell adhesion, neuronal
migration, neurite outgrowth, and angiogenesis (14-22).

Fig.2-2. Simplified representation of the interaction network of extracellular proteases in the brain.
Most of the proteases and receptors on which they act in this diagram have been implicated in brain
injury, epileptogenesis and epilepsy. Red: serine proteases, dark pink: MMPs, green: enzyme inhibitors,
black: extracellular matrix constituents, blue: receptors; light pink: NMDA receptor, red or dark pink
arrows with scissors: proteolytic cleavage, green arrows with a dash: enzyme inhibition, black arrows:
direct or indirect interaction other than cleavage or enzyme inhibition, grey arrows: putative or
controversial interactions, red dashed arrows: transition from inactive to active state. (Lukasiuk et al.,
2011)
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Kallikrein-related peptidase 8
KLK8 or neuropsin is a trypsin-like serine protease that can degrade various
ECM components and adhesion molecules. It is secreted as a zymogen
(proneuropsin) and activation is dependent on neuronal activity in an NMDA
receptor-dependent manner (23). It plays an important role in synaptic
plasticity, including early-phase long-term potentiation, as well as in neurite
outgrowth and fasciculation, and GABAergic neurotransmission (21, 24-32).
Recently, it has been shown that neuropsin is involved in the regulation of
the excitation-inhibition balance in hippocampus through its modulation of
parvalbumin-expressing GABAergic interneuron activity via neuregulin-1
(NRG1) and ErbB4 signalling (11).
Matrix metalloproteinase-9
MMP-9

or

gelatinase-B

belongs

to

the

family

of

the

matrix

metalloproteinases (MMPs), which are zinc- and calcium-dependent
endopeptidases. It can degrade various ECM components, as well as cell
adhesion molecules, growth factors and cytokines (33, 34). MMP-9
expression and activity is usually tightly regulated. MMP-9 expression is high
during early development and decreases over time. While levels in the
mature brain are low, MMP-9 activity can be induced in response to synaptic
activity (35). MMP-9 is secreted as a zymogen (pro-MMP-9) and can be
activated by other MMPs and components of the plasminogen
activator/plasmin(ogen) system, depending on neuronal activity. Like other
MMPs, MMP-9 is active very locally and transiently. MMP-9 is rapidly
inactivated by co-released Tissue Inhibitor of Metalloproteinases 1 (TIMP1)
(21). MMP-9 is involved in neurodevelopment and plasticity in the mature
brain, playing roles in neurite outgrowth and migration, myelination,
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synaptic plasticity, including late-phase long-term potentiation and dendritic
spine remodelling and stabilisation, as well as in angiogenesis and neutrophil
migration (35-38). Following brain injury, MMP-9 is also involved in bloodbrain barrier breakdown and associated with neutrophil infiltration in the
brain (39-41).
1.3.2. ECM and epilepsy
Several observations indicate a role of ECM in epilepsy (Fig.2-3).

Fig.2-3. The extracellular matrix (ECM)-mediated mechanisms of epileptogenesis. A cascade of
molecular and functional alterations (pink) is triggered either by mutations in ECM molecules or by
acute brain insults (grey). Several potential ECM-based antiepileptogenic and antiepileptic treatment
strategies (green) are envisaged but remain to be verified. (Soleman et al., 2013)

Seizures affect the composition of the ECM, upregulating and
downregulating different components of the ECM, including components of
PNNs and extracellular proteases (7, 8). Loss of PNNs and the appearance of
degraded PNNs following status epilepticus (SE) could result in a more
permissive environment that allows increased neurite outgrowth and
synaptic plasticity, enhancing epileptogenesis. One possible explanation for
the disorganisation of PNNs following SE is the loss of PNN support
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structures, such as hyaluronan synthases and link proteins as was observed
by McRae and colleagues (42). Another possible explanation could be the
enzymatic degradation of PNNs by extracellular proteases (reviewed in (8)).
Brain injury (including seizure activity) has been shown to increase
expression of several extracellular proteases, including family members of
the metzincin metalloproteinase superfamily: Matrix MetalloProteinases
(MMPs), and A Disintegrin And Metalloproteinase with Thrombospondin
motifs (ADAMTs), as well as various members of the plasminogen
activator/plasmin(ogen) system (such as tissue-type plasminogen activators
tPA). MMPs, zinc-dependent endopeptidases, can digest chondroitin
sulphate proteoglycans (CSPGs), the organisational element within the
PNNs. ADAMTS4 and ADAMTS5 are also capable of cleaving CSPGs. tPA can
both directly and indirectly (through activation of MMPs) degrade CSPGs (8).
An altered expression and activity of uPA has been observed in several
animal models of epilepsy (10, 43-46), as well as in human epilepsy (47), and
after central nervous system (CNS) injury in general (48-53). Studies of
animal models that have a deficiency in Plau, the gene encoding uPA,
indicate that uPA might be neuroprotective. uPA knockout (uPA-/-) mice
exhibited more neurodegeneration and less neurogenesis after kainic acidinduced status epilepticus (KASE) compared to wild-type mice (46, 54).
Similarly, uPA-/- mice had a larger lesion volume following Controlled
Cortical Impact (CCI) injury than their wild-type counterparts, as well as a
worse behavioural outcome (55, 56). Investigation of uPA-/- mice has also
indicated a role of uPA in plasticity following CNS injury. uPA-/- mice failed
to show the structural remodelling of phrenic motor neuron synapses typical
of the crossed phrenic phenomenon response following spinal cord injury, a
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function dependent on the interaction between uPA and its receptor (57).
Moreover, administration of a genetic construct that expresses uPA
enhanced peripheral nerve regeneration after both traumatic and ischemic
injury in wild-type mice (58). However, very recent studies have observed
no difference in seizure susceptibility, epileptogenesis or worsening of
epilepsy phenotype after KASE or CCI injury in uPA-/- mice (56, 59). Mice
deficient in uPA receptor (uPAR) were shown to have spontaneous seizures,
which was attributed to a reduction in hepatocyte growth factor/scatter
factor (60). Interestingly, one of the other ligands of the uPAR is Sushi
Repeat-containing Protein, X-linked 2 (SRPX2), mutations of which cause
epilepsy in humans. Epilepsy phenotype was more severe following SE in
uPAR knockout mice compared to wild-types (61). There was however no
significant difference in posttraumatic epilepsy outcome and chronic seizure
susceptibility following Controlled Cortical Impact (CCI)-induced traumatic
brain injury (TBI) between uPAR deficient mice and wild-type mice (62).
An altered expression of KLK8 has also been described in several animal
models of epilepsy (25, 63-66), as well as after CNS injury in general (65, 67).
KLK8 is involved in oligodendrocyte death, demyelination and axonal
degeneration after CNS injury (67) and plays a role in epileptogenesis and
seizure susceptibility. Inhibition of KLK8 markedly improved the epilepsy
phenotype in partially kindled mice, but not fully kindled mice, suggesting a
role in epileptogenesis (66). On the other hand, KLK8-/- mice have been
shown to exhibit increased hyperexcitability to seizure-evoking stimuli, and
to have a disturbed excitation-inhibition balance with decreased GABAergic
interneuron activity and increased pyramidal neuron activity following
administration of the proconvulsant kainic acid (11, 68). Hence, it is likely
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that a precise balance of KLK8 is required to maintain proper excitability
(21).
MMP-9 expression and activity have also been shown to be markedly
increased following epileptogenic insults (reviewed in (21)). This increase
may exceed the physiological demands and possibly contribute to aberrant
plasticity underlying epileptogenesis, as is suggested by studies in rats
overexpressing MMP-9 (12). MMP-9 knockout mice showed decreased
sensitivity to pentylenetetrazole (PTZ) kindling-induced epileptogenesis,
while MMP-9 overexpressing rats had an increased susceptibility. In
addition, MMP-9 deficiency resulted in diminished seizure-evoked pruning
of dendritic spines and decreased aberrant synaptogenesis following mossy
fiber sprouting, a form of hippocampal circuitry reorganisation that is
thought to be related to epileptogenesis. (12). KLK8 deficient mice (11, 68).
1.4. Need for novel treatment targets, prognostic and predictive
biomarkers
In approx. 70% of the cases, epilepsy can be treated with antiepileptic drugs.
However, up to 30% of the patients do not respond well to pharmacological
treatment (WHO, 2017). Hence, there is an urgent need for identification of
novel treatment targets. Moreover, there are currently no preventive
treatments,

i.e.

antiepileptogenic

drugs,

available

to

prevent

epileptogenesis, i.e. the process by which a normal brain becomes epileptic.
In the past 15 years, a lot of evidence has accumulated that points to an
important role of extracellular matrix (ECM) remodelling during
epileptogenesis and ictogenesis (i.e. the generation of seizures).
Furthermore, due to its extracellular location, the ECM provides an
attractive target for novel drugs.
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A biomarker is defined as an objectively measured characteristic of a normal
or pathological biological process. Three main types of biomarkers exist, i.e.
diagnostic, prognostic, and predictive biomarkers. Diagnostic biomarkers
can help in making a diagnosis of a disease. Prognostic biomarkers can help
in predicting the prognosis of a patient, regardless of treatment. Predictive
biomarkers can aid in identifying patients that will benefit from a certain
treatment.
Prognostic biomarkers would be of extreme value in acquired epilepsy to
identify the patients that will develop epilepsy following epileptogenic
insults (such as traumatic brain injury). The identification of such biomarkers
may also render insight into the underlying neurobiological mechanisms of
epileptogenesis, providing new avenues for novel therapies that can delay
or even prevent epileptogenesis. Finally, prognostic biomarkers can be used
to enrich the trial population in clinical trials with patients with poor
prognosis to evaluate novel drugs or other treatments, hence increasing the
cost effectiveness of such studies. In addition, identification of predictive
biomarkers would also be extremely useful in order to identify the patients
that would benefit from a certain treatment and for follow-up of treatment
response (69).
In this PhD thesis uPA and KLK8 were investigated as potential biomarkers
of epilepsy.
2. Traumatic brain injury
2.1. Definition, aetiology, epidemiology and classification
Traumatic brain injury (TBI) (from the ancient Greek word τραυμα, meaning
“wound”) can be defined as an injury to the brain, resulting from external
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physical forces. There are many possible causes, such as motor vehicle
accidents, falls, physical assaults (including firearms and knives), sportsrelated accidents, explosions, etc. TBI is a major cause of death and disability
worldwide, and represents a serious global public health and socioeconomic
problem. In 2013 for example, a total of approx. 2.8 million people with TBI
were submitted to hospital care in the USA, of which approx. 56,000 people
died (CDC, 2017). Lifelong disability is common in TBI survivors. It is
estimated that in the USA 5.3 million people are living with a TBI-related
disability, while in the European Union the estimate amounts to 7.7 million
(70, 71). TBI often leads to cognitive deficits (e.g. attention deficit, inability
to form visuospatial associations), psychiatric deficits (e.g. depression in 3070% of TBI survivors) and impairments in self-regulatory behaviour (e.g.
increased impulsivity, impulsive-aggressive behaviour) (72). TBI is often
considered to be a ‘silent epidemic’, given the fact that public awareness of
the magnitude of this problem is generally limited (70). The 30-year
cumulative incidence of posttraumatic epilepsy has been shown to be
respectively 2%, 4% and 17% after mild, moderate and severe TBI (73). Risk
factors for posttraumatic epilepsy are brain contusion with subdural
haematoma, skull fracture, loss of consciousness or amnesia for more than
one day, an age of 65 years or older, as well as long-term increase in bloodbrain barrier disruption (73, 74). Posttraumatic epilepsy accounts for
approximately 10-20% of structural/metabolic epilepsies and 5% of all
epilepsy (75). Mild injury (e.g. a concussion) can be defined as a TBI without
skull fracture and a loss of consciousness or post-traumatic amnesia for less
than 30 min. Moderate TBIs are characterised by loss of consciousness or
post-traumatic amnesia lasting 30 min to 24 h or a skull fracture. Severe
injury can be defined as having a brain contusion, intracranial haematoma,
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or loss of consciousness or post-traumatic amnesia for more than 24 h (73).
TBIs are also frequently subdivided into mild, moderate and severe
categories based on the Glasgow Coma Scale score upon admission in the
intensive care unit. The Glasgow Coma Scale consists of three components:
eye opening, verbal and motor responses. A total score of 13-15 is defined
as mild, 9-12 as moderate, and 3-8 as severe TBI. Young children, young
adults and older adults (65+) are most likely to sustain a TBI (CDC, 2017).
2.2. Pathophysiology of TBI
Injury due to TBI can be divided into 1) primary injury, which represents the
direct mechanical damage occurring at the moment of impact; and 2)
secondary injury, which is the result of several pathological processes that
are triggered following initial impact (Fig.2-4).
2.2.1. Neuronal damage
Following impact, there is direct tissue damage with excessive release of
excitatory neurotransmitters (particularly glutamate), structural injury to
neurons (including axons), glia and vasculature (due to shear, tensile and
compressive forces), and impaired regulation of cerebral blood flow and
metabolism, resulting in ischemia. Due to the impaired delivery of oxygen,
cells switch to anaerobic metabolism, which is insufficient to maintain the
cellular energy states. ATP depletion follows and failure of ATP-dependent
ion pumps occurs. This results in membrane depolarisation along with
secondary excessive release of excitatory neurotransmitters. AMPA
receptors, NMDA receptors, and voltage-gated Na+ and Ca2+ channels are
activated, resulting in Na+ and Ca2+ influx, which leads to self-digesting
(catabolic) intracellular processes and mitochondrial Ca2+ overload, which
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induces oxidative stress. Ca2+ activates lipid peroxidases, proteases, and
phospholipases, which degrade membranes and increase the intracellular
concentration of free fatty acids and free radicals. Oxidative stress leads to
peroxidation of cellular and vascular structures, protein oxidation, DNA
damage, and mitochondrial dysfunction. Additionally, Ca2+-induced
activation of caspases, translocases, and endonucleases triggers progressive
structural changes of membranes and DNA, which leads to membrane
degradation of vascular and cellular structures and ultimately necrosis or
programmed cell death (apoptosis) (76, 77). Remaining cell debris is
removed by inflammatory processes. Neuronal death due to excessive
stimulation by excitatory neurotransmitters is known as excitotoxicity. This
process plays an important role in the development of secondary injury
following TBI, but also following other brain insults such as status
epilepticus. Especially apoptotic cell death can explain delayed neuronal
injury after brain injury.
2.2.2. Altered perfusion
Apart from neuronal injury, several other events occur following TBI.
Cerebral blood flow (including autoregulation and CO2 reactivity) and
metabolism are impaired, resulting in either hypo- or hyperperfusion
following TBI (76).
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Fig.2-4. Simplified scheme of traumatic brain injury pathophysiology. (Shlosberg et al., 2010)

2.2.3. Blood-brain barrier disruption
Blood-brain barrier (BBB) disruption is another very important process that
takes place after TBI and other brain insults such as status epilepticus.
Impact-induced shearing stresses result in vascular damage, causing leakage
of blood-borne proteins, including components of the coagulation cascade,
and red blood cells. Extensive intravascular coagulation is set in motion,
which reduces blood flow (known as the ‘no-reflow’ phenomenon),
increasing the risk of ischemia. Extravasation of certain blood-borne
proteins, including serum albumin, fibrinogen, and thrombin, can trigger
activation

of

perivascular

neuroinflammation.

glia,

especially

microglia,

and

thus

Activated astrocytes and microglia, as well as

infiltrating neutrophils, produce and release multiple factors (including
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cytokines such as transforming growth factor-β, tumour necrosis factor-α,
interleukin-1β; reactive oxygen species; several MMPs such as MMP-9;
vascular endothelial growth factor A; and glutamate) that can have a
profound effect on BBB function. These factors can increase the paracellular
permeability of endothelial cells via destruction or downregulation of tight
junction proteins and hence contribute to BBB disruption. Several studies in
rat TBI models have shown a biphasic opening of the BBB, with peaks at 4-6
hours and 2-3 days post-injury. The described events are thought to underlie
the first peak in BBB permeability. The cause of the second peak is currently
unknown (78, 79).
2.2.4. Oedema
Another important process following TBI is the formation of oedema.
Several types of oedema can occur, most commonly vasogenic and cytotoxic
oedema (80). Structural and functional impairment of the endothelial cell
layer of the BBB results in extravasation of fluid and serum proteins, leading
to an increase in extracellular/interstitial fluid, i.e. vasogenic oedema.
Cytotoxic oedema is characterised by intracellular water accumulation in
neurons, astrocytes and microglia, regardless of BBB integrity. Cell swelling
is caused by increased cell membrane permeability for ions, ionic pump
failure (due to ATP depletion), and uptake of osmotically active solutes.
Cerebral oedema leads to an increase in intracranial pressure, which
decreases cerebral perfusion pressure, hence promoting ischemia (76, 79,
80).
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2.2.5. Inflammation
Brain inflammation is a major part of the pathophysiology of TBI and affects
many of the aforementioned processes, including neuronal death, BBB
injury, and oedema (Fig.2-5). Both primary and secondary injury trigger
through the release of damage-associated molecular patterns (DAMPs) the
induction of cellular mediators from brain parenchymal cells (neurons,
microglia and astrocytes), including pro-inflammatory cytokines, vasoactive
prostaglandins, free radicals, and complement, followed by induction of
chemokines (i.e. chemotactic cytokines) and increased expression of cell
adhesion molecules on the surface of cerebrovascular endothelium. The
brain resident microglia and astrocytes are activated and peripheral immune
cells are recruited. Polymorphonuclear leukocytes adhere to defective
endothelium or intact endothelium that expresses cell adhesion molecules.
The first wave of peripheral immune cells to enter the brain are the
neutrophils (within hours after injury), followed by a second wave of
monocytes/macrophages and T-cells within days of the TBI. These
peripheral immune cells release various signalling factors, which serve to
recruit more peripheral immune cells, perpetuate activation of microglia
and astrocytes, and damage neurons. The resident microglia and astrocytes
become activated (hypertrophy) and increase in number in the injured area
in the days following TBI, through migration and/or proliferation. Reactive
gliosis results in a glial scar surrounding the damaged area, which is enriched
in chondroitin sulphate proteoglycans (CSPGs). This glial scar provides a
barrier between damaged and viable nervous tissue, preventing further
spread of damage to uninjured parts of the nervous system, as well as
restricting plasticity and thus preventing neuronal/axonal regeneration (76,
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78, 81). The main neurite growth-inhibitory molecules upregulated in the
glial scar are the CSPGs. The inhibitory role of CSPGs has mainly been
attributed to the negatively charged side chains, which create a repellent
barrier.

Fig.2-5. The inflammatory response to traumatic brain injury. dpi = days post-injury. (Gyoneva and
Ransohoff, 2015)

Inflammation plays a big part in the secondary injury processes and is likely
to affect long-term outcome following TBI. Studies in experimental TBI
models have for instance shown that inhibition of microglial activation and
suppression of the release of proinflammatory cytokines and chemokines
can improve cognitive outcome (82-84). While neuroinflammation is meant
as a protective response to brain injury, uncontrolled and enduring
inflammation is likely to have detrimental effects. As such, inflammation
may have both beneficial and deleterious effects on neurons, depending on
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the timing and the cell types involved as well as the molecular context in
which they act (85, 86).
18 kDa translocator protein (TSPO), previously known as the peripheral
benzodiazepine receptor (PBR), is an outer mitochondrial membrane
protein, which is upregulated in several cells during brain inflammation,
particularly in microglia. Many radioligands that target TSPO have been
developed, allowing PET imaging of brain inflammation.
While the glial scar acts as a barrier to prevent neuronal innervation into the
damaged area through expression of CSPGs, there are also many ECM
components and proteases that can promote plasticity upon brain injury,
expressed by both brain parenchymal cells and peripheral immune cells.
Remodelling of the ECM following TBI can create a more permissive
environment to allow structural plasticity and regeneration, which can be
either beneficial or detrimental (as for instance during epileptogenesis).
Moreover, bioavailability of neurotrophic factors may increase following
ECM modulation.
2.3. Need for more specific prognostic biomarkers
Two large studies were performed to create prognostic models for the
outcome after TBI (both published in 2008).
The International Mission for Prognosis and Analysis of Clinical Trials in TBI
(IMPACT) study contained 8,509 patients with moderate to severe TBI
(Glasgow Coma Scale score of 12 or less). Three models were constructed
with increasing complexity. The core model consists of age, motor and
pupillary response. This core model can be expanded with computed
tomography (CT) characteristics (i.e. diffuse injury, evacuated or non32
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evacuated mass lesion) and secondary problems (i.e. hypoxia and
hypotension). Finally, addition of laboratory measurements of glucose and
haemoglobin renders the most complex model (87). Based on these
characteristics, the 6-month outcome in TBI patients can be predicted. The
models have value in the classification and characterisation of large cohorts
of patients. However, extreme caution is advised when applying the
estimated

prognosis

to

individual

patients

(http://www.tbi-

impact.org/?p=impact/calc).
The Medical Research Council (MRC) Corticosteroid Randomisation After
Significant Head Injury (CRASH) Trial contained data from 10,008 patients
with Glasgow Coma Scale of 14 or less. Two models were constructed. The
basic model included four predictors: age, Glasgow Coma Scale score,
pupillary reactivity, and the presence of major extracranial injury. The CT
model also included CT characteristics (i.e. presence of petechial
haemorrhages, obliteration of the third ventricle or basal cisterns,
subarachnoid bleeding, midline shift or non-evacuated haematoma). These
models can be used to predict the mortality at 14 days and the outcome at
6

months

following

TBI

(88)

(http://www.crash2.lshtm.ac.uk/Risk

calculator/).
A major limitation in the construction of these models was that they only
used mortality and unfavourable (dead, vegetative state: unresponsive, and
severe disability: able to follow commands, but unable to live
independently) versus favourable outcome (moderate disability and good
recovery) as possible outcomes, instead of focusing on the prediction of the
different sequelae that can develop following TBI. This dichotomisation
evidently led to a loss of information and a reduced sensitivity (89).
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There is a need for more specific prognostic biomarkers, that 1) are a better
reflection of the ongoing neurobiological processes following TBI and 2)
provide prognosis for the various different possible TBI-related sequelae, i.e.
cognitive, psychiatric and self-regulatory behavioural impairments, as well
as posttraumatic epilepsy.
In this PhD thesis subacute brain inflammation (more specifically, TSPO) and
changes in brain microstructure were investigated as potential prognostic
biomarkers of long-term TBI outcome.
3. Schizophrenia
3.1. Definition, epidemiology and course of the disorder
The word schizophrenia is derived from the ancient Greek σχιζος and φρενη,
respectively meaning “split” and “mind”, referring to the splitting of the
psychic functions (90). Schizophrenia is a highly disabling chronic mental
disorder, characterised by positive or psychotic symptoms (i.e. functions
that are not usually present in healthy people such as delusions,
hallucinations), negative symptoms (i.e. lack of functions that are usually
present in healthy people: blunted emotion, social withdrawal, inability to
experience pleasure or anhedonia), and cognitive symptoms (e.g.
impairments in attention, working memory, executive functions).
The prevalence of schizophrenia is approx. 0.3-0.7%. The psychotic
symptoms typically emerge between the late teens and mid-30s. The peak
age at first psychotic episode is in the early to mid-20s for men and in the
late 20s for women. However, impaired cognition is already present during
development and precedes the emergence of positive symptoms, taking the
form of stable cognitive deficits during adulthood. Most patients remain
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chronically ill, with exacerbations and remissions of active symptoms, while
others exhibit a course of progressive deterioration. Cognitive symptoms
often persist while other symptoms are in remission. The course appears to
be favourable in ca. 20% of the patients with a small number of patients
showing complete recovery. Negative and cognitive symptoms are more
closely related to prognosis than positive symptoms and tend to be more
persistent (91).
3.2. Aetiology
Schizophrenia is nowadays thought of as a neurodevelopmental disorder,
with several possible genetic and environmental risk factors, which interfere
with neurodevelopmental processes during so-called windows of
vulnerability.
3.2.1. Genetic risk factors
The concordance rate of schizophrenia for monozygotic twins is approx. 4560%, while it is only 10-15% for dizygotic twins, indicating a strong genetic
component in the aetiology of schizophrenia (92). A spectrum of risk alleles
has been associated with an increased risk for schizophrenia, each one
contributing only a small fraction to the total population variance (91). Many
of the putative susceptibility genes (including disrupted-in-schizophrenia 1
(DISC1), NRG1 and dysbindin) play a role in synaptic plasticity, the
development and stabilisation of brain microcircuitry, (NMDAR-mediated)
glutamatergic function, dopaminergic function and GABAergic function (93).
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3.2.2. Environmental risk factors
A study of concordance rates in monochorionic and dichorionic twins
showed that concordance rate of schizophrenia in monozygotic twins who
shared a placenta is much higher (60%) than in monozygotic twins that did
not share a placenta (11%) (94). This observation is a strong indication that
prenatal environment is a strong determinant of the development of
schizophrenia. Indeed, many prenatal risk factors have been identified:
prenatal infection (reviewed in (95)), malnutrition, exposure to lead, Rhesus
incompatibility, and maternal stress. Various prenatal infections have been
associated with an increased risk of schizophrenia, i.e. rubella, influenza,
Toxoplasma gondii, herpes simplex virus type 2, periconceptional
genital/reproductive infections, maternal respiratory infections, bacterial
infection, pyelonephritis, measles, varicella zoster, and polio. Since many
different infections (viral, bacterial, and parasitic) were associated with
increased risk of schizophrenia, it was postulated that a common
mechanism, i.e. maternal immune activation and induction of cytokines
underlies altered foetal brain development and increased vulnerability to
schizophrenia (the “cytokine hypothesis”) (96). Given the important roles
cytokines fulfil during neurodevelopment (reviewed in (97) and (98)), it is
not surprising that a pathological induction of cytokines disturbs brain
development. Other prenatal and perinatal risk factors have been associated
with a higher risk of schizophrenia, including season of birth (birth during
winter/early spring), advanced paternal age and obstetric complications.
Finally, there are also several environmental risk factors later in life that
increase the risk of developing schizophrenia, including growing up in an
urban environment, being part of an ethnic minority, childhood trauma,
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cannabis use, severe infections and autoimmune disorders. Environmental
risk factors are reviewed in (92). The effect sizes of several prenatal
environmental risk factors for schizophrenia are much higher than the effect
sizes of susceptibility genes.
3.2.3. Interplay of genetic and environmental risk factors
Finally, there is likely an important interplay between genetic susceptibility
and environmental exposures (92). Some environmental exposures may
have a greater impact in the presence of susceptibility genes. Some
susceptibility genes may only confer increased risk of schizophrenia in the
presence of a certain environmental exposure. Some genes may increase the
likelihood of becoming exposed to a certain environmental risk factor.
Finally, some environmental risk factors may have epigenetic effects and
thus influence gene expression. None of the aforementioned risk factors
(genetic or environmental) are in themselves sufficient to cause
schizophrenia. A combination of multiple risk factors is probably required
for the development of schizophrenia.
Several models have been put forward to reconcile the potentially early
neurodevelopmental aetiopathogenesis of schizophrenia and its relatively
late onset (at least of the positive symptoms). A first model proposes that a
fixed brain insult during early life interacts with normal brain maturational
events that occur much later in life (99). Appearance of symptoms is linked
to normal maturation of brain areas affected by early developmental
pathology.

A

second

model

considers

a

deviation

of

normal

neurodevelopmental processes during adolescence (e.g. synaptic pruning),
due to abnormal programming or an exogenous factor (e.g. cannabis use),
by itself or through interactions with early life events, as the basis for the
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development of overt schizophrenia (100). A third model proposes that a
combination of genetic and environmental factors disturbs the normal
developmental course early in life, which becomes more exacerbated during
critical periods, resulting in an altered developmental trajectory that
ultimately leads to the expression of schizophrenia (101). Finally, the “twohit hypothesis”, as it was originally described, postulates that a susceptibility
gene (first hit) leads to an abnormal neuronal network, and interacts with
second hits (environmental factors), which modulate the gene’s function, to
result in schizophrenia (102). An adapted version of this “two-hit
hypothesis” interprets the first hit as any risk factor (genetic or
environmental) that disrupts early brain development and produces longterm vulnerability to a second hit (so-called priming), which ultimately leads
to the expression of schizophrenia symptoms (103).
3.3. Pathophysiology of schizophrenia
3.3.1. Abnormalities in neurotransmission
Several neurotransmitter systems are known to be altered in schizophrenia,
including the dopaminergic, glutamatergic, serotonergic, GABAergic and
cholinergic systems. For the purpose of this PhD thesis I will focus on the
dopamine and glutamate hypotheses of schizophrenia, which are the two
major neurotransmitter-based hypotheses that have been postulated to
explain the pathophysiology of schizophrenia.
The dopamine hypothesis of schizophrenia postulates that there is 1)
hyperdopaminergic function in the mesolimbic pathway (originating in the
midbrain and projecting to limbic structures), which explains the positive
symptoms, and 2) hypodopaminergic function in the mesocortical pathway
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(originating in the midbrain and projecting to frontal cortex), which explains
the negative and cognitive symptoms (104). There is evidence that several
genetic and environmental risk factors of schizophrenia interact to cause
dopaminergic dysfunction (105).
The glutamate or NMDA receptor (NMDAR) hypofunction hypothesis of
schizophrenia postulates that deficiency in glutamatergic signalling,
especially due to reduced NMDAR functioning on GABAergic interneurons,
underlies the positive, negative, and cognitive symptoms of schizophrenia.
NMDAR malfunctioning can indirectly cause hyperdopaminergic function in
the mesolimbic pathway and hypodopaminergic function in the
mesocortical pathway through involvement of the cortical brainstem
glutamate projection (projecting from prefrontal cortex to brainstem
neurotransmitter centres) (106, 107) (Fig.2-6). Hence, the glutamate and
dopamine hypotheses are not mutually exclusive. There is evidence that
numerous genetic and environmental risk factors affect the glutamatergic
system (108).
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Fig.2-6. The NMDA receptor hypofunction hypothesis can explain positive, negative and cognitive
symptoms in schizophrenia patients. A. Normal Glu-GABA-Glu-DA neuronal circuitry. B. Due to
hypofunction of the NMDA receptor on the GABAergic interneuron, the glutamatergic projection from
cortex to brainstem is overactive (dark red) and leads to hyperdopaminergic function in the mesolimbic
pathway, explaining the positive symptoms. C. Normal Glu-GABA-Glu-GABA-DA neuronal circuitry. D.
Due to hypofunction of the NMDA receptor on the cortical GABAergic interneuron, the glutamatergic
projection from cortex to brainstem is overactive (dark red) and leads to overactivation of the
brainstem GABAergic interneuron (dark red), resulting in inhibition of mesocortical dopaminergic
neurons and hypofrontality, explaining negative and cognitive symptoms. Glu = glutamatergic neuron,
GABA = GABAergic neuron, DA = dopaminergic neuron. (Schwartz et al., 2012)
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3.3.2. Neuroanatomical abnormalities
Several neuroanatomical abnormalities have been reported in schizophrenic
patients (reviewed in (109)). Enlargement of the lateral ventricles and third
ventricle has been observed. Volume decreases were observed in superior
temporal gyrus and medial temporal lobe (hippocampus, amygdala, and
parahippocampal gyrus). Reductions in frontal lobe volume have also been
reported. Most studies of cortical grey matter found that volume reductions
were not diffuse, but more pronounced in certain areas. Studies of several
subcortical structures (thalamus, corpus callosum, basal ganglia, and cavum
septi pellucidi) have also reported abnormalities in their volume. These
observations indicate that schizophrenia is not only related to abnormalities
in neurotransmitter systems, but also to abnormalities in gross brain
structure.
3.3.3. Dysconnectivity
The dysconnection hypothesis of schizophrenia suggests that some
schizophrenia symptoms can be best explained by abnormal connectivity
between brain regions (110, 111). A large amount of studies has shown
abnormal connectivity in schizophrenia patients, both at the structural and
functional level (reviewed in (112) and (113)). In general, most studies show
a decreased connectivity in schizophrenic patients, which is particularly
evident in connections involving the frontal lobe. A possible explanation of
decreased connectivity is a deficit in NMDAR-dependent synaptic plasticity,
which provides a link between the dysconnection hypothesis and the
NMDAR hypofunction hypothesis of schizophrenia.
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Many studies of the default mode network (DMN), a brain network that is
active during rest and mainly involved in processing information about the
self and others, showed an increased functional connectivity within the
DMN in schizophrenic patients, as well as abnormal deactivation of the DMN
during different tasks, both of which correlated with symptom severity
(reviewed in (114) and (115)) (Fig.2-7). On the contrary, structural
connectivity was mostly found to be decreased within the DMN in
schizophrenia patients (115). DMN hypersynchronicity and hyperactivity
could be related to GABAergic and/or dopaminergic dysfunction. Evidence
for GABAergic and dopaminergic modulation of the DMN, together with
evidence of GABAergic and dopaminergic abnormalities in schizophrenia,
suggest a possible role of these two neurotransmitter systems in altered
DMN function in schizophrenia. A few studies have shown that the DMN in
schizophrenic patients is responsive to antipsychotic drugs, making it a
promising predictive biomarker (116-119). Moreover, if these abnormalities
in DMN are also present in relevant animal models of schizophrenia, and are
found to be responsive to antipsychotics, then they might also be used as a
read-out of novel therapeutics in preclinical drug research, which might be
more robust than behavioural read-outs in rodents. DMN abnormalities
have also been observed in schizophrenia patients with first episode
psychosis, suggesting that these abnormalities may already be present in
early stages of the disorder. It would be interesting to determine whether
DMN hyperconnectivity and hyperactivity are already present early in life
before the emergence of symptoms and thus whether it might be a potential
prognostic biomarker. This could be tested in a relevant animal model of
schizophrenia.
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Fig.2-7. Increased functional connectivity during rest in schizophrenia patients and to a lesser
degree in first-degree relatives. A. Areas showing positive connectivity with default mode network
areas (averaged across 4 region of interest seeds, i.e. medial prefrontal cortex (MPFC), posterior
cingulate cortex (PCC)/precuneus and bilateral parietal cortices) in controls, first-degree relatives and
patients. B. Connectivity with default mode network in PCC/precuneus and MPFC. There was
significantly more connectivity with PCC/precuneus for patients than for controls and with MPFC for
both relatives and patients compared to controls. MPFC and PCC/precuneus seed regions are shown
in the middle. (Whitfield-Gabrieli et al., 2009)

3.3.4. Immune system abnormalities
Several immunological/inflammatory disturbances have been reported in
schizophrenia (reviewed in (120)). High levels of pro-inflammatory cytokines
have been observed in blood and cerebrospinal fluid of schizophrenic
patients. Several genetic and environmental risk factors for schizophrenia
are related to inflammation and immune functions. Immune alterations
influence

dopaminergic,

serotonergic,

and

glutamatergic

neurotransmission. Altered immune responses in schizophrenia affect the
kynurenine pathway, resulting in increased production of kynurenic acid.
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Kynurenic acid is an endogenous glutamate receptor antagonist, especially
of the NMDAR, thus linking the inflammation hypothesis to the NMDAR
hypofunction hypothesis. While some TSPO PET neuroimaging studies have
shown increased TSPO expression in schizophrenia patients, other studies
have shown no difference or even decreased TSPO expression in
schizophrenia patients (reviewed in (121)). Additional support for a role of
inflammation in the pathophysiology of schizophrenia comes from the
therapeutic benefit of anti-inflammatory medication such as COX-2
inhibitors, and the intrinsic anti-inflammatory and immunomodulatory
effects of antipsychotics.
3.4. Need for prognostic and predictive biomarkers
Since the aetiopathogenesis of schizophrenia in many cases is probably to
be found in pre- and perinatal life, and the positive and negative symptoms
only emerge much later in life, there is a broad window for prevention of
these symptoms. The identification of prognostic biomarkers that could be
measured early in life (e.g. childhood) and that would identify those at risk
for developing schizophrenia would be very useful. Identifying predictive
biomarkers that could identify the patients that would benefit from a certain
therapy or children that would benefit from novel preventive strategies
would also be of extreme value. Moreover, such biomarkers could also be
used in relevant animal models of schizophrenia to investigate novel
therapies.
In this PhD thesis brain inflammation (more specifically, microglial
activation), functional connectivity, brain microstructure and NMDAR
function were investigated as potential biomarkers for schizophrenia.
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A good disease model needs to fulfil three main criteria (1, 2). It should have
1) good construct validity, i.e. have a similar aetiology and pathophysiology
as the human disease; 2) good face validity, i.e. present with a similar
phenotype/phenomenology; and 3) good predictive validity, i.e. have a
similar treatment response as patients.
For the purpose of this PhD thesis I will focus on rodent models. While larger
animals that are evolutionarily more closely related to humans might have
better construct, face and predictive validity than rodents, rodent models
are also very good disease models as described below and are more often
used due to their low economic cost. While smaller (nonmammalian) animal
models also exist (e.g. zebrafish) they have less construct, face and
predictive validity than rodent models.
1. Epilepsy
There are several animal models of epilepsy (reviewed in (3)). For the
purpose of this thesis we will focus solely on acquired epilepsy.
An initial brain insult (with or without acute seizures) is used to trigger
epileptogenesis. After a latent period without any seizures, spontaneous
recurrent seizures can occur, i.e. epilepsy. Brain insults that have been used
to model different forms of epilepsy are hyperthermic/febrile seizures,
neonatal hypoxia, traumatic brain injury, chemoconvulsants, and electrical
stimulation.
Traumatic brain injury and posttraumatic epilepsy will be discussed in more
detail below.
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Electrical stimulation and chemoconvulsants can be used for kindling, i.e. a
seizure-induced plasticity phenomenon that occurs when repeated
induction of afterdischarges (i.e. neuronal discharges that continue while
the stimulus has been stopped) in a specific brain region evokes a
progressive enhancement of seizure susceptibility.
Chemoconvulsants and electrical stimulation can also be used to induce a
status epilepticus to model temporal lobe epilepsy. For these purposes,
limbic structures in the temporal lobe are usually targeted, in particular the
hippocampus

and

amygdala.

The

two

most

commonly

used

chemoconvulsants are kainic acid and pilocarpine. Kainic acid activates
kainate receptors, one of the three subtypes of ionic glutamate receptors in
the brain. Pilocarpine is a muscarinic acetylcholine receptor agonist. They
can be administered systemically or intracerebrally and can cause seizures
that can build up into a limbic status epilepticus (depending on the dosage).
Systemically administered kainic acid preferentially destroys hippocampal
pyramidal cells.
The kainic acid-induced status epilepticus (KASE) model is a good model of
temporal lobe epilepsy and has good construct and face validity. KASE
rodents develop spontaneous recurrent seizures after a latent period
following KASE-induced brain injury and reproduce most of the
neuropathological findings (including hippocampal sclerosis), EEG features
and behavioural symptoms of temporal lobe epilepsy (4). Not many studies
have investigated the effect of antiepileptic drugs during the chronic phase
of this model, though several studies have shown good responsiveness to
antiepileptic drugs during the acute phase (to abort or attenuate the status
epilepticus) and some antiepileptogenic effects of different treatments
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during the latent period (5). Hence, this model might also have rather good
predictive validity.
2. Traumatic brain injury
Various animal models of TBI have been developed (reviewed in (6-9)).
Experimental TBI models can be categorised based on the type of injury that
they cause: either primarily focal injury (contusion) (including the Controlled
Cortical Impact injury model), diffuse injury (including the impactacceleration weight-drop model of Marmarou) or a combination of both
(including the lateral fluid percussion injury model). Furthermore,
specialised TBI models have been developed to model specific forms of TBI,
including repetitive, mild (concussive) TBI models to model repetitive sportsor military experience-related injuries, penetrating ballistic-like brain injury
models to model firearm-related injuries, and blast-induced TBI models.
We will limit ourselves in this section to the three most commonly used
models of TBI: weight-drop injury, lateral fluid percussion injury, and
Controlled Cortical Impact injury. These three models have been used to
study posttraumatic epilepsy (reviewed in (10-12)).
2.1. Weight-drop injury
Weight-drop models make use of weights that are dropped through a
guiding apparatus to elicit impact onto the closed skull (closed head injury,
with or without a metal plate fixed to the skull), or the exposed dura through
a cranial window. The head can either be immobilised or not (the latter is
the case in Marmarou’s impact-acceleration model of diffuse axonal injury).
Depending on the method, a concussion or contusion is created. The
severity of brain injury can be easily controlled by adjusting the mass of the
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weight and the height from which it is dropped. It is a very simple and
inexpensive method of TBI induction and in its most commonly used
approach, i.e. impact to the intact skull, a very fast and easy technique with
high throughput. Since no craniotomy is then required, preparation of the
animal takes very little time, minimising also the exposure to anaesthetics.
The weight-drop models replicate many of the neuropathological findings of
human TBI, as well as behavioural deficits in the (sub)acute period including
neuromotor and cognitive deficits. However, not many studies have been
performed in the chronic period of these models. Disadvantages of these
models are the relatively high variability in injury severity, the risk of a
secondary rebound injury and a risk of skull fractures. Moreover, while
increased posttraumatic seizure susceptibility has been reported after
weight-drop injury, no posttraumatic epilepsy has been observed.
Therefore, this animal model is not suited for studying posttraumatic
epilepsy.
2.2. Fluid percussion injury
In the fluid percussion injury models, a craniotomy is performed to expose
the dura mater. A plastic syringe adapter is secured into place. The next day,
TBI is induced by releasing a pendulum that strikes the piston at one end of
a cylindrical reservoir filled with sterile isotonic fluid (saline). A pressure
wave is generated and propagated through the medium to the other side of
the tube, where the fluid percussion device connects to the previously
implanted adapter. Hence, the fluid pressure pulse is transmitted to the
surface of the dura, causing deformation of the underlying brain. Injury
severity depends on the strength of the fluid pressure pulse, which can be
adjusted by releasing the pendulum from a different height. Lateral fluid
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percussion injury (over left or right parietal cortex) is the most commonly
used TBI model. It produces mixed focal and diffuse brain injury and
replicates many of the neuropathological observations of human TBI, as well
as many of the behavioural deficits (especially neuromotor and cognitive
disturbances), which can persist for up to one year after fluid percussion
injury (13). Lateral fluid percussion injury has also been successfully used to
model posttraumatic epilepsy in rats and mice. Disadvantages of these
models are the limited biomechanical control of the insult (with only
pendulum height as an adjustable mechanical parameter), rather high intertrial variability, long two-stage procedure, and high mortality, probably due
to brainstem compression and apnea (respiratory arrest). To improve
reproducibility, Kabadi et al. developed a microprocessor-controlled,
pneumatically driven instrument, with which the impact pressure and dwell
time applied to the piston can be precisely controlled, thus reducing intertrial variability (14). A rapid lateral fluid percussion injury method was
developed to avoid the necessity of implantation of an adapter, resulting in
a one-stage procedure that reduces operating time, increases throughput
and reduces exposure to anaesthetics (15).
2.3. Controlled Cortical Impact injury
The Controlled Cortical Impact (CCI) injury models, also known as rigid
indentation or rigid percussion models also usually require trephination (i.e.
opening of the skull by making a burr hole) before TBI induction.
Immediately following craniotomy, TBI is induced by impacting the exposed
dura with a computer-controlled pneumatically or electromagnetically
driven metal rigid impactor at a prespecified velocity, depth and dwell time
(i.e. using mechanical energy), resulting in deformation of the underlying
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cortex. More recently, several groups have also used CCI directly onto the
closed skull to produce milder, more diffuse forms of TBI. In its usual
approach (impacting the exposed dura), CCI produces primarily a focal
injury, though diffuse axonal injury has also been reported. The great
advantage of these models are the precise biomechanical control over injury
severity, which can be easily adjusted by changing the different mechanical
deformation parameters, and superior reproducibility of lesions. It is a onestage procedure, hence limiting the exposure to anaesthetics, compared to
the traditional fluid percussion injury. There is also no risk of a rebound
injury as compared to the gravity-driven devices. An additional advantage is
the lack of mortality. These models have good construct and face validity,
replicating many of the neuropathological (including neuronal injury,
inflammation, altered perfusion, BBB injury, oedema…) and behavioural
abnormalities (including neuromotor, cognitive and emotional deficits) seen
in human TBI, which can persist up to one year after CCI injury (16). CCI injury
has also successfully been used to model posttraumatic epilepsy in mice and
rats (17, 18). It is also a valuable tool for the development of novel therapies
for TBI.
3. Schizophrenia
Many different animal models with relevance to schizophrenia have been
developed (reviewed in (19, 20)). Most of these were designed to test
specific mechanistic or etiologic hypotheses. These animal models can be
categorised into different groups of models (pharmacological, adult and
neonatal lesion, genetic, neurodevelopmental and two-hit models). For the
purpose of this dissertation we will focus on neurodevelopmental models.
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3.1. Neurodevelopmental models
Several neurodevelopmental animal models have been used to model
schizophrenia. These models make either use of drug administration during
the perinatal period or manipulations of the environment, based on known
environmental risk factors, to alter neurodevelopment. These models
replicate several of the core symptoms of schizophrenia and usually show a
delayed, postpubertal onset of the symptoms, as is seen in schizophrenia
patients.
3.1.1. Gestational MAM
Treatment of pregnant dams with methylazoxymethanol acetate (MAM), an
anti-mitotic agent that specifically targets neuroblast proliferation, affects
brain development in the foetuses. The most obvious effect is a reduced
neuronal cell number in the offspring, which highly depends on the exact
timing of gestational MAM treatment. Exposure to MAM on gestational day
(GD)15, when cortical neurogenesis is at its peak in rats, results in gross
morphological changes, including microcephaly, and decreased volumes of
whole brain, cerebrum and hippocampus (21-23). Administration of MAM
on GD17, when cortical neurogenesis is much lower, causes a more
restricted preferential size reduction in neocortical and limbic structures
(including prefrontal cortex, hippocampus and limbic thalamus) and
increased neuronal density in several cortical regions (23). MAM on GD17
also results in several schizophrenia-like behavioural abnormalities
(including prepulse inhibition deficits, negative and cognitive symptoms), as
well as dopaminergic and glutamatergic dysfunction (23-25). The GD17
MAM model has good construct and face validity. However, it remains
unknown whether it also has predictive validity.
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3.1.2. Social isolation rearing
Post-weaning social isolation rearing (from postnatal day (PND)21 onwards)
has been shown to cause altered brain development, as well as several
schizophrenia-like behavioural deficits (including hyperactivity, prepulse
inhibition deficits, negative and cognitive symptoms) and neurochemical
(especially dopaminergic and serotonergic) abnormalities in adulthood
(reviewed in (26)). Changes in the glutamatergic system in this model are
inconsistent. This model also replicates several of the neurobiological
changes seen in schizophrenia patients, and behavioural symptoms could
often be reversed with antipsychotics, indicating that this model has good
face, construct and predictive validity (reviewed in (19)). A major limitation
of this model is the relative fragility of behavioural symptoms, which are very
much dependent on housing conditions and handling (26). 24 hour-maternal
separation in neonates has also been shown to cause long-lasting
abnormalities relevant to schizophrenia.
3.1.3. Maternal or prenatal immune activation models
Many different animal models of prenatal immune activation have been
employed to study this risk factor of schizophrenia. The first of these models
was established by Fatemi and colleagues in 1998, who used human
influenza virus to cause infection in pregnant mice (27). Several studies of
this group demonstrated that the offspring had many neuropathological
signs, which are implicated in the pathophysiology of schizophrenia. This
model also exhibits several behavioural and pharmacological changes in
adulthood, which are present in schizophrenia patients. Moreover,
behavioural changes could be reversed by antipsychotics (28). However,
some aspects of schizophrenia pathology have not been investigated in this
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model, including the sensitivity to dopamine agonists. This research group
reported in 2003 that maternal immune activation (MIA) by administration
of the synthetic double-stranded RNA (and thus viral mimetic) polyinosinicpolycytidylic acid (Poly I:C) also causes a prepulse inhibition deficit in mice
offspring, as they observed in offspring from virus-infected mice (28).
Similarly, Borrell and colleagues reported in 2002 that MIA with the bacterial
endotoxin lipopolysaccharide (LPS) in pregnant rats caused prepulse
inhibition impairment in adult offspring, which could be reversed with
antipsychotics (29). Zuckerman and colleagues reported in 2003 that MIA
with Poly I:C in pregnant rats led to postpubertal emergence of latent
inhibition impairment, which could be reinstated with antipsychotics,
mesolimbic dopaminergic hyperfunction, and morphological alterations in
hippocampus and entorhinal cortex (30). These observations underline that
not only maternal infection with a pathogen, but also MIA in the absence of
a pathogen can cause long-lasting brain and behavioural abnormalities in
offspring, reminiscent of schizophrenia. Moreover, the nature of the
immune activating agent seems not to be important, since both viral- and
bacterial-like immune activating agents can cause similar deficits. The two
best established MIA models make use of Poly I:C and LPS, which bind
respectively to Toll-like receptors (TLR) 3 and 4, stimulating the production
and release of many pro-inflammatory cytokines. A large body of studies in
rats and mice, making use of both Poly I:C and LPS, have provided robust
evidence for the emergence of many neuroanatomical, neurochemical
(dopaminergic,

glutamatergic

and

GABAergic),

pharmacological,

behavioural and cognitive deficits in MIA offspring, which are core features
of the pathophysiology of schizophrenia. There is also some evidence for
altered immune function and inflammation in these models (29). The
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specific phenotype is dependent on the precise timing of MIA during the
pregnancy. In several studies, behavioural and cognitive symptoms could be
reversed by treatment with antipsychotics. Most of the observed
behavioural, cognitive and pharmacological deficits only emerged in
adulthood and thus seem to rely on peripubertal maturational processes.
Taken together, there is a large amount of evidence that shows that MIA
models have high construct, face and predictive validity. Finally, some
studies have shown that maternal exposure to a single pro-inflammatory
cytokine, i.e. IL-6, is sufficient to cause long-lasting structural and functional
schizophrenia-like abnormalities in MIA offspring (31, 32).
3.1.4. Miscellaneous neurodevelopmental models
Several other early-life interventions in animals have been shown to cause
abnormal brain development and schizophrenia-like abnormalities later in
life, including maternal stress, maternal/prenatal protein or vitamin D
deprivation, obstetric complications, and perinatal, especially prenatal
immune activation (reviewed in (33)).
3.2. Two-hit models
Finally, in recent years, more and more research groups have employed twohit models to study schizophrenia. This is based on the observation that no
single risk factor, either genetic or environmental, can induce schizophrenia.
There is probably an extensive interplay needed between risk genes and
environmental exposures to induce the full spectrum of schizophrenia
pathology. Two-hit models have typically combined a genetic mutation
(such as in the genes encoding for DISC1, NRG1, reelin), perinatal or
childhood insult (such as perinatal immune activation, neonatal NMDAR
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antagonist administration, maternal separation, post-weaning social
isolation rearing) and/or a peripubertal insult (peripubertal stress,
treatment during adolescence with NMDAR antagonists, cannabinoids or
the stress hormone corticosterone).
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In vivo imaging techniques such as PET, SPECT and MRI offer the great
advantage of allowing non-invasive investigation of the entire brain. In
addition, these techniques enable longitudinal assessment of changes in the
brain following e.g. a brain insult. This greatly reduces the number of
laboratory animals needed, which is a major advantage from an ethical point
of view. Longitudinal follow-up of the same animals also provides more
accurate results regarding the evolution of changes in the brain (as
compared to a cross-sectional study), which improves the statistical power
of a study. Furthermore, early changes in the brain assessed by in vivo
imaging techniques can be correlated with chronic deficits, making these
techniques ideally suited for the exploration of potential prognostic
biomarkers.
1. PET and SPECT imaging
1.1. General principle and relative (dis)advantages
Positron emission tomography (PET) and single-photon emission computed
tomography (SPECT) are both nuclear medicine imaging techniques, i.e. they
make use of radiolabelled (radioisotope-containing) tracers that target a
molecule of interest (e.g. a receptor or an enzyme). PET and SPECT imaging
both have high sensitivity (pM range, SPECT less sensitive than PET), but
moderate spatial resolution (μPET: 1-2 mm, μSPECT: 0.25-2 mm). A
limitation of PET imaging is the need for a cyclotron (for production of
radioisotopes) in close proximity to the imaging facility, due to the short halflives of most positron emitting radioisotopes. A major advantage of SPECT is
that multiple radioprobes can be imaged simultaneously, provided that they
emit photons with different gamma-energy. An additional advantage of
SPECT is the availability of relatively long-lived radionuclides, which can be
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useful to study molecules with relatively slow kinetics. A disadvantage of
both techniques is the administration of a radiation dose to the animal.
In both μPET and μSPECT imaging the radiotracer is usually administered
intravenously (most commonly through the tail vein). For dynamic scanning
protocols, the tracer is administered at the start of the scan and data are
acquired in multiple short time frames, allowing study of tracer kinetics. In
other cases, the tracer can be administered prior to scanning, followed by
an optimal uptake period, and static scanning.
1.2. PET
PET radiotracers contain a positron emitting radioisotope, which decays
through positron (β+, the antiparticle of the electron) emission, such as the
commonly used 18F (half-life: 109.8 minutes). After emission of the positron,
its energy will dissipate and annihilation with an electron will occur. The
mass of the electron and positron (each 511 keV) are converted into
electromagnetic energy. Annihilation results in the emission of two photons
() with equal energy of 511 keV, which travel in approx. opposite directions.
Detection of both photons in coincidence by -detectors on the PET ring
allow estimation of the location of the radiotracer (Fig.4-1).
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Fig.4-1. Principle of PET. A positron emitting isotope emits a positron, which annihilates with an
electron, giving rise to two 511 keV photons, which travel in opposite directions and are detected in
coincidence by  -detectors on the PET ring. (Li and Conti, 2010)

1.3. SPECT
SPECT radiotracers contain a radioisotope that mainly decays through
gamma emission, such as the commonly used 99mTc (half-life: 6 hours), and
111In

(half-life: 2.8 days). The single photons emitted by the radioisotope are

detected by a gamma detector. Photons only reach the detector if they pass
through the holes of a collimator. In this way information is gathered about
the origin of the photon and thus the location of the radiotracer. The use of
multipinhole collimators in small animal SPECT scanners is necessary to
obtain adequate spatial resolution (Fig.4-2). Due to pinhole magnification,
the reconstructed spatial resolution exceeds the detector’s intrinsic spatial
resolution. It is because of this multipinhole collimator that the spatial
resolution of μSPECT scanners is better than that of μPET scanners (while
the opposite is true for clinical scanners). However, the use of pinholes
reduces the sensitivity of this technique due to the small aperture size. A
high spatial resolution and detection efficiency are achieved by placing the
subject close to the pinholes, which automatically implies a limited field-ofview and thus limits dynamic SPECT scanning.
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Fig.4-2. Difference between clinical SPECT with a conventional parallel-hole collimator (left) and
small animal SPECT with a pinhole collimator (right). Due to pinhole magnification, a greater spatial
resolution can be obtained in small animal SPECT scanners than in clinical SPECT scanners. (de Kemp
et al., 2010)

2. In vitro and ex vivo autoradiography
In vitro and ex vivo autoradiography are important techniques in the study
of radiotracers, especially in the initial evaluation of novel radiotracers.
2.1. In vitro autoradiography
In vitro autoradiography assays make use of tissue sections, which are
incubated with radiotracer. After incubation, sections are washed to remove
unbound radiotracer, dried and exposed to either phosphor imaging plates
or films. The radioactive decay of the bound radiotracer causes an image on
the phosphor imaging plate or film, which can be made visible by
respectively scanning (reading) the phosphor imaging plate in a
phosphorimager or developing the film in a dark room. Sections are
incubated with radiotracer (“hot ligand”) to determine the total radioligand
binding (specific + non-specific binding). Consecutive sections are incubated
with radiotracer and an excess amount (>1,000-fold the IC50/Ki) of non-
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radiolabelled ligand (“cold ligand”, which can be the same compound
without radioisotope or a different probe with the same target) to
determine the non-specific binding of the radioligand. The difference
between total and non-specific binding gives the specific binding of the
radiotracer. Sections are exposed to phosphor imaging plates or films
alongside calibrated standards, which can either be commercially available
(e.g. a 14C standard) or self-made (e.g. a 18F standard). These standards are
used to plot standard curves, which can then be employed to translate grey
values in regions of interest to concentrations of radioactivity through
interpolation. Phosphor imaging plates need less exposure time to
radioisotopes than films in order to obtain an adequate image, but their
spatial resolution is lower compared to films. The choice between phosphor
imaging plate and film depends on the experimental conditions and needs.
Before performing in vitro autoradiography experiments on tissue from
disease models, it is advisable to perform a saturation binding assay first on
control tissue to determine the concentration of radiotracer that is needed
to obtain full occupancy of the desired target in the tissue. In such an
experiment, consecutive tissue sections are incubated with increasing
concentrations of radioligand. While non-specific binding increases linearly
with increasing concentration of radiotracer, the specific binding reaches a
plateau. In further in vitro autoradiography experiments, a concentration of
radioligand can be used at which there is 100% occupancy of the target.
Hence, differences between control samples and disease model samples can
be explained by a difference in target expression and not due to different
binding affinity. In vitro autoradiography is also particularly useful for the
corroboration of in vivo neuroimaging results in disease models with altered
perfusion and/or blood-brain barrier (BBB) integrity (such as in TBI models),
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which influence in vivo radiotracer uptake in the brain. If similar results are
obtained in in vitro autoradiography and in vivo imaging assays, then one
can reasonably exclude the bias of altered perfusion or BBB integrity in the
in vivo imaging assay.
2.2. Ex vivo autoradiography
In ex vivo autoradiography assays, the radiotracer is administered to the live
animal through the normal route of administration (usually the lateral tail
vein). After some time, the animal is sacrificed, the tissue of interest
extracted and sectioned. The obtained tissue sections are then exposed to
phosphor imaging plates or films alongside a standard, as in in vitro
autoradiography assays. Ex vivo autoradiography can also be performed
following in vivo PET or SPECT scanning of the animal. The advantage of ex
vivo autoradiography compared to PET and SPECT imaging is the superior
sensitivity and resolution (especially when using film). Hence, ex vivo
autoradiography may reveal differences that cannot be picked up by in vivo
imaging.
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3. Radiotracers employed in this PhD thesis
In this PhD thesis, a total of four radiotracers were used.
3.1. [111In]MICA-401
A SPECT probe with high affinity for active uPA and KLK8 (neuropsin), i.e.
[111In]MICA-401 (1) (Fig.4-3), was used to explore differences in uPA/KLK8
activity following epileptogenic insults and is described into more detail in
chapter 5. The radiotracer contains a diphenyl phosphonate group, which
binds covalently to the alcohol group of the serine in the catalytic centre of
serine proteases, resulting in the phosphonylation and inhibition of these
enzymes. The radiotracer also contains a benzylguanidine group, which
provides high selectivity and potency towards uPA, KLK8 and KLK4 compared
to other serine proteases (Table 4-1). A polyethylene glycol (PEG) linker
connects the tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)
chelator, which is used as a complexing agent for the radioisotope 111In.

Fig.4-3. Chemical structure of [111In]MICA-401. The diphenyl phosphonate group, which derivatises
the catalytic site serine alcohol of serine proteases, is indicated in red. The benzyl guanidine moiety,
which provides specificity for uPA and KLK8 is indicated in blue. The polyethylene glycol (PEG) linker is
indicated in green. The DOTA chelator, which chelates 111In, is indicated in purple.

79

Chapter 4
3.2. [18F]BR351 and [18F]BR420
Two PET probes with high affinity for the zinc-dependent MMPs, i.e.
[18F]BR351 (2) and [18F]BR420 (3) (Fig.4-4), were investigated to explore
MMP-9 expression following traumatic brain injury. [18F]BR351 contains a
hydroxamic acid zinc-binding group, which binds the catalytic Zn 2+ ion in the
catalytic centre of MMPs (thus displacing the Zn2+-bound water molecule
needed for substrate cleavage through hydrolysis) and inhibits the enzymes.
[18F]BR420 contains a pyrimidine-2,4,6-trione (barbituric acid) zinc-binding
group, which also binds to Zn2+ in the catalytic centre, resulting in MMP
inhibition (4). While [18F]BR351 has high affinity for all investigated MMPs
(though somewhat lower for MMP-9), [18F]BR420 shows more selectivity
towards the gelatinases (i.e. MMP-9 and MMP-2), especially MMP-9 (Table
4-1). A low IC50, i.e. the concentration of the inhibitor at which 50% of the
target is inhibited, indicates a potent ligand. These tracers were first
evaluated in a colorectal cancer model, i.e. Colo205-bearing nude mice,
which was published as “Vazquez N, Missault S, et al.: Evaluation of
[18F]BR420 and [18F]BR351 as radiotracers for MMP-9 imaging in colorectal
cancer.” (5). The tracers were further evaluated for neuroimaging purposes
(unpublished data). While no individual chapter will be dedicated to these
radiotracers, some of the results will be briefly discussed in chapter 9.
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B

Fig.4-4. Chemical structures of [18F]BR351 (A) and [18F]BR420 (B). The zinc-binding groups are
indicated in red, respectively hydroxamic acid (A) and barbituric acid (B).

3.3. [18F]PBR111
Certain limitations of the aforementioned SPECT and PET probes hindered
their implementation in a longitudinal in vivo imaging study for the
investigation of uPA/KLK8 and MMP-9 as potential prognostic biomarkers
for long-term outcome following TBI. Hence, we used [18F]PBR111 (6) (Fig.45), a well-characterised second-generation radioligand of TSPO, in a
longitudinal imaging study to explore the potential of brain inflammation as
a prognostic biomarker of long-term TBI outcome. [18F]PBR111 has been
shown to have high affinity for TSPO (peripheral benzodiazepine receptor PBR) and low affinity for GABAA receptors (central benzodiazepine receptor
- CBR) (Table 4-1). [18F]PBR111 is a metabolically stable radiotracer with high
specific in vitro and in vivo binding to TSPO (6, 7).

Fig.4-5. Chemical structure of [18F]PBR111 (n=2).
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Table 4-1. Affinity of the different radiotracers used in this thesis for their respective targets and
related enzymes/receptors, as well as their logD values (an index of lipophilicity). IC50 is the
concentration needed to inhibit 50% of the target. K i is the inhibition constant, reflecting the binding
affinity of the ligand. A low IC50 and Ki (in nM range) indicate a potent ligand. A radiotracer with
moderate lipophilicity, indicated by a logD7.4 value between 2.0–3.5, shows optimal passive brain entry
in vivo (8).

IC50 (nM)
uPA

tPA

plasmin

KLK8

logD7.4
KLK4

KLK 1

Plasma
KLK

[111In]MICA-

22 ±

401

2

>10,000

>10,000

33 ±

36 ±

4

3

>10,000

>10,000

± 0.01

IC50 (nM)

[18F]BR420

-2.73

logD7.4

MMP-9

MMP-2

MMP-8

MMP-13

7±2

23 ± 9

138 ± 12

645 ± 17

2.15 ±
0.02

[18F]BR351

50 ± 27

4±3

2±1

11 ± 0.3

2.02 ±
0.03

Ki (nM)
PBR ([3H]PK11195)

PBR ([3H]Ro 5-

logD7.5
CBR ([3H]flumazenil)

4864)
[18F]PBR111

3.7 ± 0.4

4.2 ± 0.4

800 ± 120

3.2 ±
0.1

82

Chapter 4
4. MRI
Magnetic resonance imaging (MRI) has a much higher spatial resolution
(≤100 μm) than PET and SPECT imaging. The sensitivity, however, is much
lower (μM-mM range). A major advantage of this technique is that it can
provide both anatomical (structural) and functional information about
organs. An additional advantage of the technique is that no radioactive
compounds are needed for imaging. A disadvantage is the high
instrumentation cost. We will discuss two MRI techniques relevant for this
thesis, i.e. diffusion MRI and blood-oxygen level dependent (BOLD) contrastbased functional MRI (fMRI).
4.1. Diffusion MRI: Diffusion tensor imaging
4.1.1. Diffusion MRI
Diffusion MRI techniques can be used to probe the tissue microstructure in
the brain. Diffusion-weighted MRI assesses the random displacement of
water molecules due to molecular diffusion or Brownian motion in each
voxel, which can be described by a displacement distribution or
displacement probability density function. Diffusion MRI techniques make
use of a pulsed gradient spin-echo (SE) sequence, which sensitises the MR
signal to diffusion of spins (i.e. hydrogen protons of water molecules).
Compared with a classic SE sequence, this sequence includes two additional
magnetic field diffusion gradient pulses (Fig.4-6). The application of a
magnetic field gradient causes a phase shift to the spins, which varies with
their position along the gradient axis. The first gradient pulse causes an
initial phase shift, which is dependent on the strength and duration of the
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gradient. After application of the 180° RF (radiofrequency) pulse that flips
the spins, the second diffusion gradient pulse is applied, which has exactly
the same amplitude and duration as the first one. Hence, stationary spins
will experience a similar phase shift and return to their initial state and not
undergo a net phase shift. However, spins that moved due to diffusion will
be subjected to a different field strength during the second pulse and thus
experience a net phase shift. Because of the random nature of diffusion,
diffusing spins will experience different phase shifts. This spin dephasing
results in a decrease of the MR signal intensity. The longer the diffusion
distance is, the higher the spin dephasing and thus the greater the decrease
in signal intensity. The diffusion-weighted image has low signal in regions
with high diffusion along the applied diffusion gradient (9).

A

B

Net phase
change

Fig.4-6. Pulsed gradient spin-echo sequence used in diffusion MRI. A. Two identical diffusion
gradients are applied, one before and one after the 180° refocusing pulse. The degree of diffusion
weighting (b value) depends on the amplitude of the gradients (G), the duration of the gradients δ and
the time between the two gradients Δ. B. The diffusion gradients introduce a phase shift in the spins.
Ultimately, stationary spins will have no phase change, but diffusing spins will, which leads to signal
loss in the diffusion-weighted image. (Winston, 2012)
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4.1.2. Diffusion-weighted imaging
Diffusion-weighted imaging is the simplest diffusion MRI technique (9). Here
it is assumed that diffusion has no restrictions and that the displacement
distribution can be described by a Gaussian distribution. Only two images
need to be acquired: one with a diffusion weighting gradient along a certain
direction (as described above) and a reference image (b 0 image) without
diffusion weighting. The physical diffusion coefficient D (mm2/s) is in this
case replaced by the apparent diffusion coefficient (ADC), which can be
calculated from the following equation:
S = S0 e-bD
with S being the signal intensity in the diffusion-weighted image for a
specific b value (Fig.4-7) and diffusion gradient direction, S0 the signal
intensity in the reference image and b the degree of diffusion weighting:
b = γ2G2δ2(Δ- δ/3)
which depends on the amplitude G of the applied gradient pulses, the
duration of the gradients δ and the time between the two gradient pulses Δ.
γ is the gyromagnetic ratio, which for protons equals 42.58 MHz/T.
More frequently, diffusion gradients are applied in three orthogonal
directions to get an estimate of the average diffusion.
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Fig.4-7. Diffusion-weighted images with different degrees of diffusion weighting. The image on the
left is a T2-weighted echo planar imaging (EPI) image without diffusion-weighting (b=0 s/mm2), the
middle image has a modest degree of diffusion-weighting (b=700 s/mm2) and the image on the right
has a high degree of diffusion-weighting (b=2,000 s/mm2). Note the high signal loss in the ventricles,
which have a high diffusion coefficient. (Winston, 2012)

4.1.3. Diffusion tensor imaging
The model above, however, is often too simplistic. In most cases in the brain,
diffusion is anisotropic, i.e. not the same in all directions. The ADC, described
above, is dependent on the direction of the diffusion weighting gradients.
Anisotropic Gaussian distributions have six degrees of freedom instead of
one and are fully characterised by a diffusion tensor. Hence, at least six
diffusion-weighted images must be acquired in addition to a non-diffusionweighted image. Usually, a b value of 800-1,000 s/mm2 is used. A set of six
equations like the one above must be solved, resulting in a The diffusion
tensor can be represented by an ellipsoid (Fig.4-8) or an orientation
distribution function. The tensor has three orthogonal eigenvectors and
three corresponding positive eigenvalues, which describe the properties of
the tensor. Eigenvalues are ordered as λ1 ≥ λ2 ≥ λ3. The eigenvector that
corresponds to the largest eigenvalue is the principal diffusion direction. If
the eigenvalues are significantly different from each other, diffusion is
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anisotropic. From the eigenvalues, several useful scalars (DTI metrics) can
be derived, which fall into two categories: those pertaining diffusion
magnitude and those pertaining anisotropy. The mean of the three
eigenvalues gives the mean diffusivity (MD), which is similar to the average
of ADCs in three orthogonal directions (average diffusion) in diffusionweighted imaging. λ1 equals the axial diffusivity (AD), i.e. the diffusion along
the main axis of the tensor. The mean of λ2 and λ3 is the radial diffusivity
(RD). The most commonly used metric of anisotropy is the fractional
anisotropy (FA), given by the following formula:
3 (λ1 − λ)2 + (λ2 − λ)2 + (λ3 − λ)2
FA = √ √
2
λ1 2 + λ2 2 + λ3 2
with λ being the mean of the three eigenvalues. FA has a value between 0
and 1. A high FA indicates a pronounced preference of diffusion direction
(high anisotropy), which is for example the case in white matter tracts. Here,
the diffusion is high along the axis of the fibers (high AD) and low
perpendicular to the axis of the fibers (low RD). When there is no preferred
direction of diffusion (λ1 = λ2 = λ3), FA is zero and diffusion is isotropic (9, 10).

Fig.4-8. The diffusion tensor has three eigenvectors ε1, ε2 and ε3 with corresponding eigenvalues λ1,
λ2 and λ3. In this case, diffusion is anisotropic, since λ1 is significantly different from λ2 and λ3.
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DTI has many advantages compared to diffusion-weighted imaging: it is a
rotationally invariant description of diffusion and allows to measure
anisotropic diffusion. It is therefore especially useful for the study of white
matter tracts and has been used in many neuroimaging studies of various
disorders including traumatic brain injury (TBI) and schizophrenia (10).
However, DTI also has some disadvantages. There is a low specificity of the
DTI metrics to identify particular cellular features. Alterations in MD, AD, RD
and FA following TBI for example can be explained by several different
underlying physiological and cellular/molecular changes pertaining to
neurodegenerative, regenerative and inflammatory processes (reviewed in
(11)). The diffusion tensor is also a simplified representation of water
diffusion in tissue. First of all, diffusion in biological tissue is not completely
Gaussian. Non-Gaussian behaviour of water diffusion can be modelled using
diffusion kurtosis imaging. Second of all, while DTI gives a good depiction of
fiber orientation in regions where there is only one fiber population (i.e.
fibers aligned along a single axis), it fails to describe crossing fiber tracts. To
resolve crossing fibers, diffusion MRI techniques with higher angular
resolution are needed, such as diffusion spectrum imaging and q-ball
imaging. These techniques generally make use of many diffusion gradient
directions, a higher b value than the standard 800-1,000 s/mm2 for DTI
and/or multiple b values (rendering multiple ‘shells’ of data in q-space) (911).
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4.2. BOLD contrast-based fMRI: pharmacological MRI and resting-state
fMRI
4.2.1. BOLD contrast-based fMRI
Blood-oxygen level dependent (BOLD) contrast-based functional MRI (fMRI)
is based on the observation that neuronal activity is tightly linked to localised
blood supply (Fig.4-9). The brain needs a constant supply of glucose and
oxygen to maintain proper functioning. When a certain brain region
becomes activated (e.g. in response to a sensory stimulus or a cognitive
task), the regional metabolic demand for oxygen and glucose increases,
causing an increase in local blood flow (i.e. the haemodynamic response).
This results in an increased ratio of oxygenated (oxyHb) and deoxygenated
haemoglobin (deoxyHb), which have different magnetic properties. In
deoxyHb, the iron ions (Fe2+) are in a paramagnetic state, since four of the
six outer electrons of each Fe2+ are unpaired. Magnetic susceptibility
differences

between

deoxyHb-containing

compartments

and

the

surrounding area induce local magnetic field gradients, which results in
magnetic field inhomogeneities. Pulse sequences that are highly sensitive to
such inhomogeneities (T2*-weighted sequences) will generate an MR signal
that changes with the concentration of deoxyHb. Activated brain regions
actually receive more oxygen than they need, resulting in an increase of
oxyHb/deoxyHb ratio compared to basal levels and thus a higher BOLD signal
than in a non-activated state. As such, BOLD contrast does not solely depend
on the oxygen consumption, but also on cerebral blood flow and volume
(12).
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Fig.4-9. Mechanism of the blood-oxygen level dependent (BOLD) contrast. An increase in neuronal
activity (in response to a stimulus) leads to increased supply of oxygenated haemoglobin
(haemodynamic response) and thus an increased ratio of oxygenated (diamagnetic) vs. deoxygenated
haemoglobin (paramagnetic). Hence, there is an increase in MR signal intensity in T 2*-weighted
images.

4.2.2. Pharmacological MRI
In pharmacological MRI the effect of a pharmacological compound on
neuronal activity can be assessed using BOLD contrast imaging as described
above. A pharmacological drug may activate neurons and thus increase
signal intensity in T2*-weighted images (Fig.4-10) or inhibit neuronal activity
and result in signal intensity reduction. A series of T2*-weighted images is
acquired before, during and after injection of e.g. a bolus of the
pharmacological drug. The signal intensity in the images before and after
administration of the drug (after detrending etc.) is compared and thus
information about the influence of the drug on regional neural activity
changes is obtained.
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4.2.3. Resting-state fMRI

T2*-weighted
images

Pharmacological challenge

Statistical
difference maps
PRE ⬌ POST

Fig.4-10. Principle of pharmacological MRI. A pharmacological challenge is given during acquisition
of T2*-weighted images. A change in neuronal activity will induce a change in the BOLD signal intensity.

The brain consists of several networks, i.e. brain regions that are
anatomically and/or functionally connected. While anatomical (structural)
connectivity between brain regions can be investigated with diffusion MRI
techniques, functional connectivity is commonly explored using BOLD
contrast imaging. Functionally connected brain regions are defined as
anatomically distinct brain regions that display similar patterns of neuronal
activity.
Several brain networks are active during rest. One of the best-described
resting-state networks is the default mode network, which is involved in
information processing about the self and others (including self-referential
information, autobiographical information, theory of mind, etc.), as well as
in remembering the past and thinking about the future. Acquisition of a
time-series of BOLD contrast fMRI images during rest (i.e. resting-state fMRI)
reveals spontaneous low-frequency (0.01-0.1 Hz) fluctuations in the BOLD
signal in brain regions, reflecting spontaneous neuronal activity patterns. A
high correlation between the BOLD signal fluctuations of two anatomically
separate brain regions suggests a high functional connectivity between
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these regions (Fig.4-11). While many studies support the neuronal basis of
the resting-state fMRI signal, non-neuronal oscillations may also contribute
to the observed BOLD signal fluctuations (13).
Many neuroimaging studies have made use of resting-state fMRI to explore
resting-state functional connectomics in a myriad of neurological and
psychiatric disorders, including schizophrenia.

T2*-weighted
images during
rest

Extraction and comparison of lowfrequency fluctuations (0.01-0.1
Hz) in the BOLD signal

Functional
connectivity
maps

Fig.4-11. Principle of resting-state functional MRI. T2*-weighted images are acquired during rest.
Correlation analysis is performed on spontaneous low-frequency fluctuations in the BOLD signal timecourses of anatomically distinct brain regions. In case of a high correlation, these brain regions are
said to be functionally connected. Functional connectivity maps are obtained by extracting the BOLD
signal time-course of a seed region of interest (yellow blob in the figure on the right) and investigating
which other voxels in the brain show a similar (i.e. highly correlated) BOLD signal time-course. In the
figure on the right there is a breakdown of a bilateral connection in a mouse model of Alzheimer’s
disease.
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Chapter 5
1. Abstract
Objective: Urokinase-type plasminogen activator (uPA) and kallikreinrelated peptidase 8 (KLK8) are serine proteases that contribute to
extracellular matrix (ECM) remodelling after brain injury. They can be
labelled with the novel radiotracer [111In]MICA-401. As the first step to
explore the applicability of [111In]MICA-401 in tracing the mechanisms of
post-injury ECM reorganisation in vivo, we performed in vitro and ex vivo
studies assessing [111In]MICA-401 distribution in the brain in two animal
models: kainic acid-induced status epilepticus (KASE) and controlled cortical
impact (CCI)–induced traumatic brain injury (TBI). Methods: In KASE model,
in vitro autoradiography with [111In]MICA-401 was performed at 7d and 12w
post-SE. To assess seizure burden, rats were video-EEG monitored for 1
month prior to the 12w time point. In CCI model, in vitro autoradiography
was performed at 4d and ex vivo autoradiography at 7d post-TBI. Results: At
7d post-SE, in vitro autoradiography revealed significantly decreased
[111In]MICA-401 binding in hippocampal CA3 subfield and extrahippocampal
temporal lobe (ETL). In the chronic phase, when animals had developed
spontaneous seizures, specific binding was decreased in CA3 and CA1/CA2
subfields of hippocampus, dentate gyrus, ETL, and parietal cortex.
Interestingly, KASE rats with the highest frequency of seizures had the
lowest hippocampal [111In]MICA-401 binding (r=-0.76, p≤0.05). Similarly at
4d post-TBI, in vitro [111In]MICA-401 binding was significantly decreased in
medial and lateral perilesional cortex and ipsilateral dentate gyrus. Ex vivo
autoradiography at 7d post-TBI, however, revealed increased tracer uptake
in perilesional cortex and hippocampus, which was likely related to tracer
leakage due to blood-brain barrier (BBB) disruption. Significance: Strong
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association of reduced [111In]MICA-401 binding with seizure burden in the
KASE model suggests that analysis of reduced levels of active uPA/KLK8
represents a novel biomarker candidate to be explored as biomarker for
epilepsy severity. However, limited BBB permeability of [ 111In]MICA-401
currently limits its in vivo applications.
Key words: extracellular matrix, urokinase-type plasminogen activator,
kallikrein-related peptidase 8, epilepsy, traumatic brain injury, SPECT
2. Introduction
Epilepsy affects approximately 69 million people worldwide (1). Despite of
>20 antiepileptic drugs on the market, 30% of patients remain in
unsatisfactory seizure control (2). Therefore, identification of epileptogenic
mechanisms remains a major unmet need in neurology.
Studies over the past 10 years have revealed involvement of extracellular
proteases in the pathogenesis of epilepsy (reviewed in (3, 4)). These
proteases degrade various components of the extracellular matrix,
facilitating plasticity in both physiological and pathological conditions. One
family of extracellular proteases are serine proteases, which include
urokinase-type plasminogen activator (uPA) and kallikrein-related peptidase
8 (KLK8), also known as neuropsin or brain serine protease 1 (BSP1) (5). Since
these enzymes are located extracellularly, assessment of their activity in vivo
would provide an attractive tool to monitor the progression of extracellular
plasticity.
Our research group has recently reported the synthesis of a novel activitybased single-photon emission computed tomography (SPECT) probe,
[111In]MICA-401 (6). The probe was designed based on a diphenyl
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phosphonate scaffold, which binds covalently to the alcohol group of the
active site serine of serine proteases. It also bears a benzylguanidine moiety,
which provides a high selectivity towards uPA (7), KLK8 and KLK4, and a PEG
linker to connect the DOTA-chelator, which is used as a complexing agent
for radioisotope indium-111 (111In). In vitro evaluation of the binding kinetics
of [111In]MICA-401 revealed that the probe was highly selective towards
uPA, KLK8 and KLK4 as compared to other related trypsin-like serine
proteases (tPA, thrombin, plasmin, FXa, plasma KLK, KLK1, HNE and AChE).
Recently, [111In]MICA-401 was evaluated for its capacity to image uPA
activity in vivo by SPECT in two different cancer models (6). Interestingly, the
best SPECT images were acquired at 4 d post-injection due to a slow blood
clearance of the tracer.
Since the tracer can only bind to active enzyme, i.e. enzyme in which the
catalytic site serine is available for binding, tracer binding reflects levels of
active uPA and KLK8 (6). Because little is known about the role of KLK4 in the
brain, we limit the interpretation of the results to uPA and KLK8.
The present study was designed to evaluate the capacity of [ 111In]MICA-401
to image the spatiotemporal dynamics of active uPA and KLK8 in the brain
in two rodent models of acquired epilepsy: the KASE model of mesial
temporal lobe epilepsy (TLE) and the CCI model of posttraumatic epilepsy.
Our in vitro data show a reduction in [111In]MICA-401 binding in several
injured brain areas during the first post-injury week in both models, which
is even more pronounced and widespread in the chronic phase in the KASE
model, when spontaneous seizures have developed. Moreover, the reduced
hippocampal binding of [111In]MICA-401 correlated with the seizure burden.
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3. Methods
3.1. Study design
Study design is shown in Fig.5-1.

Fig.5-1. Study design. In vitro autoradiography (ARG) with [111In]MICA-401 was performed in rats with
kainic acid-induced status epilepticus (KASE) and in rats with controlled cortical impact (CCI)-induced
traumatic brain injury, and their respective controls. KASE and healthy control rats were sacrificed
either at 7 d (Group 1) or 12 w post-SE (Group 2). Neuronal loss was assessed at both time points in
KASE and healthy control rats with immunohistochemistry. In the 12 w KASE group, electrodes were
implanted at 6 w post-SE and a one-month continuous video-EEG monitoring was performed between
the 8th and 12th w post-SE to assess the seizure burden. In CCI- and sham-injured rats, in vitro
autoradiography was done at 4 d post-injury (Group 3). Another cohort of CCI rats was injected with
[111In]MICA-401 at 3 d post-injury and sacrificed 4 d later for ex vivo autoradiography (Group 4). To
assess the contribution of blood-brain-barrier (BBB) disruption to in vivo tracer uptake, we performed
an in vivo BBB permeability assay at 3 d post-CCI injury (i.e. at the time of tracer injection) (Group 5).

3.2. Animals
Fifty-four male Sprague-Dawley rats were purchased from Harlan
Laboratories, the Netherlands. Upon arrival, animals were single housed in
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a temperature- and humidity-controlled environment on a 12 hour lightdark cycle with standard food and water available ad libitum. Animals were
treated in accordance with the guidelines approved by the European Ethics
Committee (decree 2010/63/EU) and the Animal Welfare Act (7 USC 2131).
Animal experiments were approved by the ethical committee of the
University of Antwerp, Belgium (ECD 2012-62).
3.3. Kainic acid-induced status epilepticus (KASE)
Animals were about 8 weeks old at the time of status epilepticus (SE)
induction (mean weight: 250.9 ± 5.2 g). The KASE model was induced as
previously described (8) with a few modifications. Briefly, animals received
multiple low-dose subcutaneous injections of kainic acid (A.G. Scientific,
USA) until they reached SE (average total dose: 16.2 ± 5.4 mg/kg). Animals
were sacrificed at 7 days post-SE while undergoing epileptogenesis (11 KASE,
6 healthy controls) or at 12 weeks post-SE when they had already developed
spontaneous recurrent seizures (SRS) (9 KASE, 6 healthy controls).
Occurrence of SRS was confirmed with continuous video-EEG monitoring
(see below).
3.4. Controlled Cortical Impact (CCI)-induced traumatic brain injury
(TBI)
Rats of about 8 weeks old (mean weight: 225.5 ± 2.5 g) were anaesthetised
using isoflurane in oxygen (induction: 5%, maintenance: 2.5%; Abbott,
Belgium). A craniotomy of 5 mm diameter was performed with a hand-held
trephine over the left parietal cortex (midway between bregma and lambda,
bordering the lateral ridge). Great care was taken to avoid damage of the
underlying dura. CCI-injury was performed with the Leica Impact One
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apparatus (Leica Biosystems, USA) using the following parameters: flat tip of
3 mm diameter, impact angle 18°, impact velocity 4 m/s, depth of
penetration 2.5 mm, dwell-time 500 ms. Following impact, the craniotomy
was sealed with a piece of plastic, and skin sutured. Sham-operated animals
received the same surgery, but were not exposed to impact. Rats were
sacrificed at 3 days (3 CCI, 3 shams), 4 days (5 CCI, 5 shams) or 7 days postinjury (3 CCI, 3 shams).
3.5. Video-EEG
Electrode implantation. Implantation of EEG electrodes was performed at 6
w post-SE in KASE rats as previously described (8). Briefly, animals were
anaesthetised and six epidural electrodes were implanted bilaterally: four
recording electrodes (two frontal, two parietal), one reference and one
ground electrode (both occipital). The electrodes were fixed into a plastic
plug (Bilaney Consultants, Plastics One, UK) and secured to the skull using
dental cement (Simplex Rapid, Kemdent, UK; Durelon, 3M ESPE, USA).
Recording. KASE rats were subjected to continuous video-EEG monitoring
for 29 ± 1 d between the second and third month post-SE. One animal was
monitored only for 5 days due to loss of the electrode assembly, and was
excluded from the seizure analysis. Animals were connected to a digital EEG
acquisition system (Ponemah P3 Plus, Data Sciences International, USA)
through a cable system as previously described (8).
Analysis. Video-EEG data were analysed manually using NeuroScore 3.0
(Data Sciences International, USA). SRS were identified as previously
described (8, 9). Briefly, an electrographic seizure was defined as an aberrant
EEG signal with an amplitude of at least three times the baseline signal and
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a duration of at least 5 s (10). The severity of the seizures was determined
by analysing the corresponding video recording and scored according to a
modified scale of Racine (9). To assess the seizure burden for each animal,
we calculated the total number of SRS per day.
3.6. Radiochemistry
Radiosynthesis of [111In]MICA-401 was performed as recently described(6).
The radiolabelling precursor, an uPA/KLK8 inhibitor linked to a DOTAchelator, was incubated with [111In]-InCl3 (PerkinElmer, Belgium) for 45 min
at 60°C to achieve complexation of indium ( 111In). [111In]MICA-401 was
synthesised with a 59% yield and a chemical and radiochemical purity of
>98%. The specific activity was 15.44 GBq/μmol.
3.7. Inhibitory potential of the radiolabelling precursor for serine
proteases in rat
The inhibitory potential of the radiolabelling precursor for human uPA, KLK8
and a set of related trypsin-like serine proteases as well as mouse uPA has
recently been described (6). Since there was a large difference in IC 50 values
for human and mouse uPA, we decided to assess the IC50 values for human
and rat uPA and KLK8 of UAMC-01162, the compound from which the
radiolabelling precursor was derived, according to previously described
protocols (7). Briefly, recombinant rat uPA or KLK8 was incubated with an
enzyme-specific chromogenic substrate and different concentrations of
UAMC-01162. Inhibition of the enzymatic reaction was evaluated through
spectrophotometry.
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3.8. Autoradiography
Tissue collection and preparation. Animals were sacrificed by decapitation.
Brains were immediately resected and snap-frozen in 2-methylbutane on
dry ice (-35°C, 3 min). Brains were stored at -80°C. In KASE model, only the
right hemisphere was snap-frozen for the present analysis (kainate-induced
lesion is symmetric). Serial coronal cryosections (20 μm) were collected in
triplicate at two coronal levels: at -2.92 mm from bregma (sections
containing lesion core and dorsal hippocampus: CCI and shams) and -4.80
mm from bregma (sections containing ventral hippocampus: KASE and
healthy controls).
In vitro autoradiography. Coronal brain sections were dried at room
temperature and incubated with 50 nM [111In]MICA-401 in 50 mM Tris-HCl
buffer for one hour at room temperature to assess total receptor-ligand
binding. In order to assess non-specific binding of the radiotracer,
consecutive brain sections were incubated under the same conditions with
an excess amount (1 mM) of UAMC-01162, the compound from which the
radiolabelling precursor is derived, in addition to 50 nM [ 111In]MICA-401.
Sections were washed with ice-cold Tris-HCl buffer and distilled water to
remove unbound tracer. After drying, sections were exposed on hyperfilm
(Amersham Hyperfilm MP; GE Healthcare, Belgium) for three days, alongside
a 14C standard (American Radiolabeled Chemicals Inc., USA). The hyperfilms
were developed manually and digitalised using an Epson V700 photo
scanner (Seiko Epson Corporation, Japan).
In KASE model (20 KASE, 12 healthy controls), specific binding of [111In]MICA401 was assessed in CA1/CA2 and CA3 subregions of hippocampus, dentate
gyrus (DG), extrahippocampal temporal lobe and parietal cortex. In CCI
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model (5 CCI, 5 shams), we analysed perilesional cortex (both medial and
lateral to the lesion), contralateral cortex (regions symmetric to the medial
and lateral perilesional cortex), ipsilateral and contralateral CA1, CA3 and
DG. All ROIs were outlined manually in triplicate samples (sections with total
binding and non-specific binding separately).
Grey values were measured using ImageJ software (National Institute of
Health, USA). The mean grey values were converted to doses of radioactivity
(kBq/g 14C) by interpolation from a standard curve that was derived from the
14C

standard grey values. The specific binding of [ 111In]MICA-401 was

obtained by subtracting the non-specific binding from the total binding. The
average specific binding for the hippocampus proper was calculated by
taking the mean of the specific binding values for CA1/2 and CA3.
Ex vivo autoradiography. Three CCI-injured and three sham-operated rats
were injected intravenously with [111In]MICA-401 (39.1 ± 2.2 MBq) at 3 d
post-injury. At 4 d post-injection, animals were sacrificed by decapitation
and brains were resected, snap-frozen and sectioned as above. This time
point was chosen based on our previous observations showing very slow
blood clearance of the radiotracer(6). At 4 d post-injection, most of the
signal in the blood has been cleared and tracer binding in various organs can
be more readily distinguished (6). Sections were dried at room temperature
and exposed on hyperfilm for two weeks along with a 14C standard. The film
was developed manually and analysed in the same way as the in vitro
autoradiography films. ROIs included perilesional cortex and ipsilateral
hippocampus.
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3.9. Immunohistochemistry
To provide a potential explanation for the observed decrease in levels of
active uPA/KLK8, a NeuN staining was performed to evaluate the extent of
neuronal loss in the KASE model. Coronal brain sections adjacent to the brain
sections used for in vitro autoradiography were acclimatised to room
temperature, fixated with 4% paraformaldehyde and rinsed with PBS.
Sections were treated with 3% H202 and 5% Normal Donkey Serum (NDS)
containing 0.5% Triton X-100. Sections were incubated overnight with
mouse anti-rat NeuN antibody (1:2000; clone A60; Merck Millipore,
Belgium) in 1% NDS. The following morning, sections were rinsed and
incubated for one hour with horse radish peroxidase-conjugated donkey
anti-mouse IgG antibody (1:500; Jackson ImmunoResearch Laboratories,
Inc., UK) in 1% NDS. Sections were rinsed again and incubated with 3,3’diaminobenzidine for 10 min. The reaction was stopped with dH2O and
sections were gradually dehydrated and coverslipped.
Images were obtained with a NanoZoomer-XR slide scanner (Hamamatsu,
Japan) equipped with a 20x objective and analysed with ImageJ software.
Images were transformed to 8-bit images and a threshold was set to select
specifically stained neuronal nuclei from background staining (Suppl.Fig.51). The area fraction, i.e. the % area of the ROI that consists of NeuN-stained
nuclei (as set by the threshold), was calculated for the following ROIs:
CA1/CA2 and CA3 subregions of hippocampus, granule cell layer of the
dentate gyrus (DG), extrahippocampal temporal lobe and parietal cortex. A
higher area fraction reflects a higher neuronal density in this ROI.
Furthermore, the area (in mm2) of each ROI was measured in ImageJ. All
ROIs were outlined manually in triplicate samples.
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Suppl.Fig.5-1. Example of a NeuN-stained brain section and setting of the threshold. In the lower
panels, an inset is shown of the hippocampus, before (left) and after (right) setting of the threshold as
described in the Methods section. The percentage of the area of the ROI that contains black pixels (i.e.
above the threshold) is calculated to give the area fraction.

3.10.

Assessment of blood-brain barrier (BBB) permeability

One group of CCI-injured (n=3) and sham-operated rats (n=3) was injected
intravenously with 2% Evans blue (in 0.9% saline, 4 ml/kg) at 3 d post-injury.
Evans blue was allowed to circulate for one hour, after which the animal was
perfused transcardially with 100 ml of ice-cold PBS under deep anaesthesia
(60 mg/kg Nembutal, Ceva Santé Animale, Belgium; intraperitoneally) to
remove the blood from the blood vessels. Following perfusion, brains were
resected and snap-frozen as above. During sectioning photographs were
taken for visual inspection of Evans blue extravasation. Evans blue has a very
high affinity for serum albumin, which cannot cross the intact BBB. In case
of increased BBB permeability, Evans blue (bound to albumin) can
extravasate into the brain parenchyma.
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3.11.

Statistics

All data were analysed using non-parametric tests in GraphPad Prism 5. The
Mann-Whitney U test was used to compare specific binding and tracer
uptake between either KASE and controls or CCI and sham rats or between
KASE and controls of two different time points. The Wilcoxon matched-pairs
signed rank test was used to investigate possible differences between
ipsilateral and contralateral hemispheres of CCI-injured rats. Spearman’s
rank correlation was used to investigate the relationship between specific
binding of [111In]MICA-401 and i) neuronal loss in KASE rats, and ii) number
of SRS per day in chronic KASE rats. Statistical significance was set at p≤0.05.
4. Results
4.1. High affinity of UAMC-01162 for rat uPA and KLK8
UAMC-01162, the compound from which the radiolabelling precursor is
derived, has a high affinity for both rat uPA and KLK8. The IC 50 values were
21 ± 1 nM for rat uPA and 15 ± 2 nM for rat KLK8 (Table 5-1).
4.2. Decreased specific binding of [111In]MICA-401 in the KASE model
In vitro [111In]MICA-401 autoradiography of normal rat brain revealed a
prominent binding in several brain regions, including cerebral cortex,
hippocampus, amygdala and caudate putamen whereas binding in the
thalamus was low. At 7 d post-SE, while KASE rats were undergoing
epileptogenesis, specific binding of [111In]MICA-401 was reduced in
extrahippocampal temporal lobe (ETL, defined as amygdala, piriform cortex
and entorhinal cortex) (p≤0.01) and CA3 subregion of hippocampus (p≤0.05)
as compared to healthy controls (Fig.5-2A,C). At 12 w post-SE, when all KASE
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rats had SRS, [111In]MICA-401 specific binding was reduced in the ETL and
parietal cortex (p≤0.001), CA1/CA2 subregion of hippocampus and dentate
gyrus (p≤0.05). We also found a trend towards decreased binding in CA3
(p≤0.1) (Fig.5-2B,D). Moreover, at 12 w post-SE specific binding of
[111In]MICA-401 in CA1/CA2 and parietal cortex was lower than at 7 d postSE (p≤0.01) (Fig.5-2I). There were no significant differences between healthy
controls of 7 d and 12 w.
4.3. Specific binding of [111In]MICA-401 is not correlated with
neuronal loss
We investigated whether the decrease in [111In]MICA-401 binding was
related to neuronal loss in the KASE model. KASE rats exhibited a
significantly lower area fraction of NeuN staining in CA1/2 and CA3 subfields
of hippocampus, parietal cortex (p≤0.01) and ETL (p≤0.05) at 7 d post-SE
compared to healthy controls, indicating extensive neuronal cell loss (Fig.52E,G). At 12 w post-SE KASE rats had a significantly lower area fraction of
NeuN staining in CA3 subfield (p≤0.05) as well as a trend for a lower area
fraction in the granule cell layer of the dentate gyrus (p≤0.1) (Fig.5-2F,H). At
the same time point, a trend for an increased area was observed for the
granule cell layer of the dentate gyrus (p≤0.1) (data not shown). At 7 d postSE KASE rats had a significantly lower area fraction of NeuN staining in
parietal cortex compared to 12 w post-SE (p≤0.01) as well as a trend for a
lower area fraction of NeuN staining in CA1/2 (p≤0.1) (Fig.5-2J). There were
no significant differences between healthy controls of 7 d and 12 w. There
was no correlation between neuronal cell loss and [ 111In]MICA-401 binding
in any of the studies brain regions at any time point (data not shown).
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Table 5-1. Inhibitory potential of UAMC-01162 and the radiolabelling precursor MICA-401 for
several serine proteases (*Vangestel C et al., 2016).

IC50 (μM)
UAMC-01162 (1)

MICA-401 (2)

Human uPA

0.007

0.022*

Rat uPA

0.021

Human tPA

38.05

>10*

Human thrombin

30

>10*

Human plasmin

27

>10*

Human Factor Xa

35.2

>10*

Human plasma KLK

10.16

>10*

Human KLK1

>10

>10*

Human KLK4

0.012

0.036*

Rat KLK4

0.044

0.082

Human KLK8

0.050

0.033*

Rat KLK8

0.015

0.034

Human HNE

>10

>2.5*

Human AChE

>20

>20*
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Fig.5-2. Decreased in vitro binding of [111In]MICA-401 and neuronal cell loss in kainic acid-induced
status epilepticus (KASE) model. (A) At 7 d post-SE, when rats were undergoing epileptogenesis,
specific binding of [111In]MICA-401 was decreased in the extrahippocampal temporal lobe (ETL) and
hippocampal CA3 subfield of KASE rats (n=11) compared to healthy controls (n=6). (B) At 12 w postSE, when KASE rats had spontaneous recurrent seizures, specific binding of [ 111In]MICA-401 was
decreased in most brain areas, including ETL, hippocampal CA1/CA2 subfield, dentate gyrus and
parietal cortex. (C-D) Representative in vitro autoradiographs of total [111In]MICA-401 binding in
healthy control and KASE rats at 7 d (C) and 12 w post-SE (D). The regions of interest (ROIs) are drawn
in yellow. Red asterisk: parietal cortex; green asterisk: CA1/CA2; orange asterisk: CA3; purple asterisk:
dentate gyrus; blue asterisk: ETL. (E) Neuronal cell loss was observed in hippocampal CA1/CA2 and
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CA3 subfields, parietal cortex and ETL of KASE rats at 7 d post-SE. (F) Neuronal loss was observed in
CA3 of KASE rats at 12 w post-SE. (G-H) Representative images of NeuN staining in KASE and healthy
control rats at 7 d (G) and 12 w post-SE (H). The ROIs are drawn in yellow. (I) Specific binding of
[111In]MICA-401 was significantly lower in KASE rats at 12 w post-SE compared to 7 d post-SE in parietal
cortex and CA1/2. (J) The area fraction of NeuN staining was significantly higher in KASE rats at 12 w
post-SE compared to 7 d post-SE in parietal cortex. Statistical significances: * p≤0.05, ** p≤0.01, ***
p≤0.001 (compared to age-matched control group). Data are represented as boxplots.

4.4. Specific binding of [111In]MICA-401 correlated with epilepsy
phenotype in KASE rats at 12 w post-SE
All KASE rats experienced SRS in the chronic stage. They had on average 10.8
± 2.9 SRS per day (range: 0.6-19.9 SRS per day). A negative correlation was
found between the specific binding of [111In]MICA-401 in hippocampus
proper and a daily seizure frequency in KASE rats at 12 w post-SE (Fig.5-3).

Fig.5-3. In vitro [111In]MICA-401 binding is correlated with the seizure burden in chronic kainic acidinduced status epilepticus (KASE) rats. The KASE rats with the highest daily number of seizures had
the largest decrease in [111In]MICA-401 binding in the hippocampus proper. Statistical significance: *
p≤0.05.
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4.5. Decreased specific binding of [111In]MICA-401 in the CCI-injury
model
In vitro autoradiographic evaluation of [111In]MICA-401 binding in CCIinjured rats revealed reduced specific binding in medial and lateral
perilesional cortex and ipsilateral dentate gyrus as compared to the
corresponding regions in sham-operated rats at 4 d post-injury (p≤0.01)
(Fig.5-4A,B). Specific binding of [111In]MICA-401 was significantly decreased
in both medial and lateral perilesional cortex of CCI-injured rats compared
to the corresponding contralateral cortical regions (p≤0.01). Moreover, a
trend towards a decreased binding was observed in the ipsilateral CA1
subfield and dentate gyrus of CCI-injured rats as compared to the
contralateral CA1 subfield and dentate gyrus, respectively (p≤0.1).
4.6. In vivo uptake of [111In]MICA-401 after CCI-injury
Ex vivo autoradiography of [111In]MICA-401 showed an increased uptake of
the radiotracer in perilesional cortex and hippocampus in CCI rats as
compared to shams at 7 d post-injury (Fig.5-4C,D). In addition, tracer
accumulation was observed in the ventricles of both sham and CCI rats.
Similarly, extravasation of Evans blue was observed in the perilesional area
in another cohort of CCI rats at 3 d post-injury (i.e. the time point of tracer
injection) (Fig.5-4E). Evans blue was also perceived in the ventricles of both
sham and CCI rats.
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Fig.5-4. Decreased in vitro binding of [ 111In]MICA-401 and increased in vivo uptake of [ 111In]MICA401 and Evans blue extravasation in Controlled Cortical Impact (CCI)-injured rats. (A) Specific binding
of [111In]MICA-401 was decreased in medial and lateral perilesional cortex and ipsilaterally in the
dentate gyrus of CCI rats (n=5) compared to shams (n=5) at 4 d post-injury. (B) Representative in vitro
autoradiographs of total [111In]MICA-401 binding in sham-operated and CCI-injured rats at 4 d postinjury. The regions of interest (ROIs) are drawn in yellow. Dark blue asterisk: medial perilesional cortex;
red asterisk: lateral perilesional cortex; pink asterisk: medial contralateral cortex; light blue asterisk:
lateral contralateral cortex; green asterisk: CA1; orange asterisk: CA3; purple asterisk: dentate gyrus.
(C) Increased radiotracer uptake was observed with ex vivo autoradiography in perilesional cortex and
ipsilateral hippocampus of CCI-injured but not sham-operated rats injected with radiotracer 4 days
earlier. (D) Representative ex vivo autoradiographs of [111In]MICA-401 accumulation in sham-operated
and CCI-injured rats. Tracer uptake can be observed in perilesional cortex and ipsilateral hippocampus
of CCI-injured rats (arrow), but not in shams. ROIs are drawn in yellow. Red asterisk: perilesional cortex,
blue asterisk: ipsilateral hippocampus. (E) Extravasation of Evans blue is visible in the perilesional area
of CCI rats (arrow), but not in shams. Statistical significance: ** p≤0.01. Data are represented as
boxplots.
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5. Discussion
The objective of this study was to investigate the capacity of the novel
activity-based SPECT probe [111In]MICA-401 to image brain alterations in
active uPA and KLK8 in two rodent models of acquired epilepsy. In this study
we observed a (sub)acute decrease of [111In]MICA-401 binding in the
temporal lobe in a TLE model and in the perilesional cortex and dentate
gyrus in a TBI model. This decrease in [111In]MICA-401 binding was even
more pronounced and widespread when animals had developed SRS in the
TLE model. Moreover, the hippocampal decrease in [111In]MICA-401 binding
was correlated with the severity of the epilepsy phenotype.
Since [111In]MICA-401 can only bind to active uPA/KLK8, [111In]MICA-401
binding is an indirect measure of uPA/KLK8 activity.
5.1. Decreased [111In]MICA-401 binding after epileptogenic insults
In the in vitro autoradiography assays we observed a decrease in
[111In]MICA-401 binding and thus levels of active uPA and KLK8 in several
relevant brain regions after SE and CCI-injury. While several studies have
reported an increase in uPA and KLK8 expression and activity following
epileptogenic insults, most of these used electrical stimulation of the
amygdala or hippocampus to trigger epileptogenesis (11-16). On the
contrary, most studies that used KASE to evoke epileptogenesis showed
primarily that the basal neuronal expression of these proteases was lost due
to neuronal degeneration in some brain regions, in addition to an
overexpression of uPA and KLK8 by respectively astrocytes and
oligodendrocytes (17-19). Masos and Miskin did not report a decreased
neuronal expression of uPA following KASE, but they used a rather low dose
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of KA (i.e. 12 mg/kg, in mice), resulting in relatively mild seizures during SE
and possibly less pronounced neurodegeneration compared to the other
studies (14). Moreover, they mainly focused on the expression of uPA mRNA
(not protein), which was increased during the first 72 hours post-SE but had
already declined at 100 hours post-SE (14). Our study focused on the
expression of active proteases at later time points post-SE. Based on these
studies we hypothesised that the decreased [111In]MICA-401 binding might
be explained by neuronal loss. Consequently, we assessed the extent of
neuronal loss in the KASE model. Indeed, neuronal loss was observed in
several brain regions that exhibited a decreased [ 111In]MICA-401 binding.
However, while the decrease in levels of active uPA/KLK8 clearly progressed
in KASE rats, with only few regions affected at 7 days post-SE and many more
regions at the chronic time point, no such spatiotemporal profile was
observed for the neuronal loss in these animals. Extensive neuronal loss was
already overt in all investigated brain regions except the granule cell layer of
the dentate gyrus at 7 days post-SE and was not more pronounced or
widespread at the chronic time point. At the chronic time point, a trend for
a decreased area fraction of NeuN staining was seen in the granule cell layer
of dentate gyrus, but at the same time, a trend for an increased area of the
granule cell layer of the dentate gyrus was observed. The decreased area
fraction in the dentate gyrus may not necessarily reflect true cell loss, but
might point to granule cell dispersion, which would indeed result in a less
compact and broader granule cell layer of the dentate gyrus. No correlation
could be established between the level of [111In]MICA-401 binding and
neuronal loss in all investigated brain regions at any given time point. We
must therefore conclude that neuronal degeneration does not fully explain
the observed decrease in levels of active uPA and KLK8.
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Another possible explanation for the decreased levels of active uPA and
KLK8 is a decreased neuronal activity due to hypometabolism, which is
known to occur following SE (20-26) and CCI-injury (27) and which affects
more brain regions than just those that are marked by severe neuronal loss.
A decreased neuronal activity can result in a decreased expression and
activity of uPA and KLK8 as well as of upstream activators of these proteases,
which all contribute to a lower binding of [111In]MICA-401. However, while
cerebral glucose hypometabolism is widespread in the acute phase after SE,
persistent hypometabolism in the chronic phase is less pronounced and less
widespread than in the acute phase (20-23, 25, 26). On the contrary, we
observed a distinct progression of uPA/KLK8 decrease in the KASE model.
Hypometabolism can therefore not completely explain the observed
progressive decrease in levels of active uPA and KLK8.
5.2. Hippocampal decrease in [111In]MICA-401 binding is correlated
with seizure outcome in a TLE model
Interestingly, the hippocampal decrease in [111In]MICA-401 binding was
correlated with the number of seizures in the chronic phase of the KASE
model. Our results also show that this decrease in levels of active uPA and
KLK8 is already present in the temporal lobe in the early phase of the model.
It would therefore be very interesting to have a radiotracer that can be used
for in vivo assessment of uPA/KLK8, in order to investigate whether the early
decrease in levels of active uPA and KLK8 correlates with chronic seizure
burden. This would allow us to investigate whether uPA/KLK8 can serve as a
prognostic biomarker for the disease outcome following SE. Whether the
widespread decrease in levels of active uPA and KLK8 is the cause or the
consequence of the seizures or simply an epiphenomenon cannot be
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inferred from this study. More research is warranted to investigate the
precise relationship of the uPA/KLK8 decrease and the SRS. Regardless of the
exact sequence of events, a decrease of active uPA and KLK8 will affect the
extracellular matrix and contribute to the pathophysiology of the disease. It
has been suggested that uPA plays a neuroprotective role following
epileptogenic insults. Indeed, lack of uPA in mice resulted in more
neurodegeneration and less neurogenesis after KASE (17, 28), as well as in a
bigger lesion and a worse behavioural outcome following CCI-injury (29, 30).
However, in this study no correlation was observed between uPA/KLK8
expression and neuronal loss. Other studies have shown that uPA is
necessary for synaptic remodelling, repair and recovery following different
kinds of injury (31-34). A pronounced decrease in uPA expression following
KASE might result in the failure to initiate the appropriate repair
mechanisms, leading to a worse behavioural phenotype. However, uPA
deficiency did not have an effect on epilepsy phenotype following KASE nor
epileptogenesis following CCI injury in mice (28, 35). On the other hand,
deficiency of KLK8 did result in increased seizure susceptibility to kainic acid
(36, 37). It has been shown that KLK8 regulates the balance between
excitation and inhibition in hippocampus and inhibits pyramidal neuron
hyperexcitability

through its

regulation of

parvalbumin-expressing

interneuron activity via NRG1-ErbB4 signaling (37, 38). Thus, a decrease in
KLK8 expression following an insult may lead to decreased activity of
GABAergic interneurons and increased pyramidal neuron activity, resulting
in increased seizure activity. We hypothesise that a more pronounced
decreased expression of KLK8, rather than uPA, may be responsible for the
increased seizure frequency in KASE rats observed in this study.

120

Chapter 5
5.3. [111In]MICA-401 does not penetrate the intact blood-brain barrier
Our ex vivo autoradiography assay revealed an opposite trend compared to
the in vitro autoradiography assay. An increased tracer uptake was observed
in perilesional cortex and ipsilateral hippocampus of CCI rats in the ex vivo
autoradiography assay, while a decreased binding of the radiotracer had
been established in perilesional cortex and ipsilateral dentate gyrus in the in
vitro autoradiography assay. We confirmed that these brain regions exhibit
a disrupted BBB with the Evans blue BBB permeability assay and could
therefore infer that we were most likely merely observing local BBB leakage,
which allowed regional accumulation of the otherwise non-permeable
radiotracer in these brain regions. Indeed, the radiotracer has an
unfavourable logD7.4 (-2.73±0.01) for BBB penetration (6), which limits its in
vivo application. The radiotracer may be useful to implement in animal
models with a consistent BBB injury where an altered activity of uPA/KLK8 is
to be expected. However, one cannot compare results with healthy controls.
One can only compare the difference of active uPA/KLK8 levels between
subjects of the disease model, preferably after correcting for possible
interanimal variability in BBB disruption. Another possibility to implement
the radiotracer in in vivo assays of active uPA/KLK8 levels is to disrupt the
BBB using e.g. mannitol or focused ultrasound in order to enhance the
delivery of the radiotracer into the brain. Tracer accumulation, as well as
Evans blue, was observed in the ventricles of both sham and CCI rats, which
is due to the higher permeability of the blood-cerebrospinal fluid barrier at
the choroid plexus as compared to the BBB (39).
Finally, this study underlines the importance of performing in vitro
autoradiography experiments in combination with in vivo or ex vivo assays,
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which might otherwise lead to incorrect interpretations of the in vivo/ex vivo
assays.
5.4. Limitations of the study
In the current study we used healthy male age-matched Sprague-Dawley
rats as controls for the KASE rats at the chronic time point, rather than
controls that underwent electrode implantation and vEEG monitoring like
the KASE rats. Although we only used epidural electrodes and no depth
electrodes, some damage to the dura and possibly the superficial parietal
cortex might have occurred in the KASE rats with concomitant alterations in
the extracellular matrix, which might have contributed to the observed
decreases in levels of active uPA/KLK8. However, in this study we clearly
showed that decreases in uPA/KLK8 were already present in the early phase
post-SE when neither KASE nor control rats underwent electrode
implantation. Moreover, in the chronic phase post-SE, decreased levels of
active uPA/KLK8 were observed in all investigated brain regions, which is
unlikely solely due to the presence of epidural electrodes. Additionally, we
observed that the chronic KASE rats had no neuronal loss in parietal cortex
at the investigated level, indicating that the electrodes did not induce
pronounced damage.
6. Conclusions
Our study showed a (sub)acute decrease in levels of active uPA/KLK8 in the
temporal lobe in a TLE model and in perilesional cortex and dentate gyrus in
a TBI model. In the TLE model this decrease in active uPA/KLK8 was even
more pronounced and widespread in the chronic phase of the model, when
SRS had developed. Moreover, the hippocampal decrease in [111In]MICA-401
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binding correlated with the severity of the epilepsy phenotype in this disease
model, which suggests that analysis of reduced levels of active uPA/KLK8
might represent a novel biomarker candidate for epilepsy severity. In vivo
applications of the radiotracer are currently limited due to its incapacity to
cross the intact BBB. Different strategies to improve the delivery of the
radiotracer into the brain are under consideration. This will allow us to
determine whether the (sub)acute decrease in active uPA/KLK8 can predict
the epilepsy phenotype in animal models of acquired epilepsy.
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Key Point Box
•

The radiotracer [111In]MICA-401 has a high affinity for active

urokinase-type

plasminogen

activator

(uPA)

and

kallikrein-related

peptidases 4 and 8 (KLK4/8).
•

Post-mortem [111In]MICA-401 binding reveals decreased levels of

active uPA/KLK8 in brain following status epilepticus and traumatic brain
injury.
•

Post-mortem [111In]MICA-401 binding correlates with seizure burden

in a model of temporal lobe epilepsy.
•

In vivo application of [111In]MICA-401 is currently limited due to its

incapacity to cross the intact blood-brain barrier.
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1. Abstract
There is currently a lack of prognostic biomarkers to predict the different
sequelae following traumatic brain injury (TBI). The present study
investigated the hypothesis that subacute neuroinflammation and
microstructural changes correlate with chronic TBI deficits. Rats were
subjected to Controlled Cortical Impact (CCI) injury, sham surgery or skin
incision (naïve). CCI-injured (n=18) and sham-operated rats (n=6) underwent
positron emission tomography (PET) imaging with the translocator protein
(TSPO) radioligand [18F]PBR111 and diffusion tensor imaging (DTI) in the
subacute phase (<3 weeks post-injury) to quantify inflammation and
microstructural alterations. CCI-injured, sham-operated and naïve rats (n=8)
underwent behavioural testing in the chronic phase (5.5-10 months postinjury): open field and sucrose preference tests, two one-week video-EEG
monitoring periods, pentylenetetrazole seizure susceptibility tests, and a
Morris water maze test. In vivo imaging revealed pronounced
neuroinflammation, decreased fractional anisotropy and increased
diffusivity in perilesional cortex and ipsilesional hippocampus of CCI-injured
rats. Behavioural analysis revealed disinhibition, anhedonia, increased
seizure susceptibility and impaired learning in CCI-injured rats. Subacute
TSPO expression and changes in DTI metrics significantly correlated with
several chronic deficits (Pearson’s r = 0.50-0.90). Specific PET and DTI
parameters had good sensitivity and specificity (area under the ROC curve =
0.83-0.89) to distinguish between TBI animals with and without particular
behavioural deficits. Depending on the investigated behavioural deficit, PET
or DTI data alone, or the combination, could satisfactorily predict the
variability in functional outcome data (adjusted R2 = 0.50-1.00). Taken
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together, both TSPO PET and DTI seem promising prognostic biomarkers to
predict different chronic TBI sequelae.
Key words: positron emission tomography, diffusion tensor imaging,
posttraumatic epilepsy, TSPO PET, MRI
2. Introduction
Traumatic brain injury (TBI) is a major public health and socioeconomic
problem, which affects all ages and populations throughout the world. TBI is
defined as any kind of brain injury due to external force and is a leading
cause of mortality and morbidity worldwide. It is commonly referred to as a
silent epidemic, partly due to the public unawareness of the major longlasting consequences that can occur following TBI including posttraumatic
epilepsy, cognitive problems and psychiatric deficits (1, 2). Prognostic
models have been developed to predict the outcome following TBI, but a
major limitation in the construction of these models was that they only used
mortality and unfavourable outcome (dead, vegetative state and severe
disability) as possible outcomes, while the prediction of the different
sequelae that can develop following TBI remains unaddressed (3, 4). This
dichotomisation evidently leads to a loss of information and a reduced
sensitivity of the prognostic models (5). Moreover, these models use rather
unspecific predictors such as age, motor score, and pupillary reactivity (3, 4).
A more comprehensive approach to identify specific predictors may be to
investigate the link between a potential prognostic biomarker that is linked
to the underlying neurobiological response to TBI and the development of
chronic deficits. Moreover, while the existing prognostic models have been
shown to be of value for the classification of patients, great caution is
required when applying them to determine the individual risk of a single
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patient (6). The identification of specific prognostic biomarkers would be of
major value to identify patients that will develop a certain chronic
consequence. Additionally, they might provide insight into the underlying
neurobiological mechanisms that give rise to the TBI-related sequelae and
open new avenues towards treatment and possibly prevention of these
secondary consequences.
Inflammation is a very important secondary injury mechanism in TBI. Upon
initial injury, a neuroinflammatory response is elicited, which involves both
resident and peripheral immune cells. This response is complex and can have
both beneficial and detrimental consequences for the neurons, depending
on the timing and the cell types involved, as well as the molecular context in
which they act (7, 8). Several inflammatory mediators have been
demonstrated to exhibit epileptogenic and ictogenic properties and might
be involved in the development of posttraumatic epilepsy (7).
Neuroinflammation has also been demonstrated to play an important role
in cognitive dysfunction and psychiatric deficits following TBI. Inhibition of
(sub)acute microglial activation and suppression of (sub)acute release of
proinflammatory cytokines and chemokines has been shown to improve the
cognitive outcome following experimental TBI (9-11). Acute inflammatory
biomarker profiles in cerebrospinal fluid of TBI patients have been shown to
predict the risk for developing depression (12). Evidence suggests that TBI
induces microglial priming, which renders microglia more susceptible to a
secondary inflammatory stimulus. An exaggerated inflammatory response
to a secondary insult has been shown to concur with cognitive impairment
and depressive behaviour (13, 14).

133

Chapter 6
Positron emission tomography (PET) radioligands that bind to the
translocator protein 18 kDa (TSPO), which is highly upregulated on the outer
mitochondrial membrane of activated microglia (amongst other cell types),
are ideally suited to assess brain inflammation in vivo and to investigate
whether early inflammation following brain insults can act as a prognostic
biomarker for the long-term functional outcome. We have recently shown
that in vivo assessment of TSPO expression in the early phase following
status epilepticus could predict the frequency of chronic spontaneous
recurrent seizures and behavioural comorbidities in a rat model of temporal
lobe epilepsy (15). Few in vivo imaging studies with TSPO radioligands have
been performed in TBI models. Wang et al. reported a peak in TSPO ligand
binding at 6 days after controlled cortical impact (CCI) injury, which
decreased gradually to near normal levels at 28 days post-injury (16). Yu et
al. also observed a peak in TSPO ligand binding at 1 week after fluid
percussion injury, which decreased during the next eight weeks of
observation (17).
Diffusion imaging has emerged as a very powerful tool to characterise
microstructural changes in both grey and white matter following TBI. Both
diffusion-weighted imaging (DWI) and diffusion tensor imaging (DTI) have
been proven to be highly sensitive techniques to assess alterations in tissue
microstructure and diffuse axonal injury after TBI (18-21). The average
diffusion (average of three diffusion coefficients in three orthogonal
directions) has been investigated as a potential prognostic biomarker of the
long-term functional outcome following experimental TBI. Kharatishvili et al.
showed that average diffusion in the ipsilesional hippocampus at both early
and chronic time-points following lateral fluid percussion injury (FPI)
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correlated with pentylenetetrazole (PTZ)-evoked seizure susceptibility at 12
months post-injury (22). In an extended reanalysis of these data, Immonen
et al. observed that average diffusion in the perilesional cortex and thalamus
at 2 months post-injury showed the highest predictive value for increased
seizure susceptibility at 12 months post-injury (23). In another study from
Immonen and colleagues it was demonstrated that average diffusion in the
ipsilateral hippocampus at 23 days following FPI correlated with Morris
water maze performance at 7 months post-TBI (24). Frey et al. showed that
the (sub)acute apparent diffusion coefficient (DWI in one direction) in
injured cortex after FPI correlated with chronic kainate-evoked seizure
susceptibility (25). Several clinical studies also indicate that DTI can be useful
for the prognosis of TBI (reviewed in (18)).
In this study we have first of all investigated whether i) subacute brain
inflammation, assessed by in vivo PET imaging with the TSPO ligand
[18F]PBR111, and ii) subacute microstructural changes, assessed by in vivo
DTI, correlated with the different chronic sequelae that may occur following
TBI, including psychiatric deficits, spontaneous recurrent seizures, increased
seizure susceptibility and visuospatial learning and memory deficits. Next,
we have evaluated the sensitivity and specificity of these parameters in
distinguishing between TBI animals with and without particular deficits.
Finally, we have investigated whether PET or DTI data alone, or the
combination of these two imaging modalities, could best predict the
variability in the different behavioural outcome parameters.
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3. Materials and methods
3.1. Animals
Sixty-three male Sprague-Dawley rats were purchased from Envigo
(previously Harlan Laboratories), the Netherlands. Animals were grouphoused in a temperature- and humidity-controlled room on a 12 hour lightdark cycle with standard food and water available ad libitum until the
moment of electrode implantation. From this point onward, animals were
single-housed. Animals were treated in accordance with the EU directive
2010/63/EU. Animal experiments were approved by the animal ethics
committee of the University of Antwerp, Belgium (ECD 2012-62).
3.2. Study design
The study design of the longitudinal in vivo imaging and behavioural study is
shown in Fig.6-1. A total of 8 naïve, 7 sham-operated and 19 CCI-injured rats
were included in this study. Six sham-operated and 18 CCI-injured rats were
subjected to in vivo imaging (PET/CT and MRI) in the subacute phase
following TBI. PET imaging was performed at 7 and 21 days post-injury and
MRI at 4 and 18 days post-injury. One sham-operated rat and one CCIinjured rat were scanned at the first time-point, but died before the second
time-point. Eight naïve, six sham-operated and 18 CCI-injured rats (including
all rats that had undergone in vivo imaging in the subacute phase)
underwent behavioural testing in the chronic period (5.5-10 months postinjury). In total, 17 CCI-injured rats were used to investigate a possible
relationship between early brain inflammation and microstructural changes
and chronic behavioural deficits.
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Fig.6-1. Study design. Young adult male Sprague-Dawley rats were subjected to Controlled Cortical
Impact (CCI) injury, sham surgery or skin incision. CCI-injured (n=18) and sham-operated rats (n=6)
underwent positron emission tomography (PET) imaging with the TSPO radioligand [ 18F]PBR111 at 7
days and 21 days post-injury, as well as diffusion tensor imaging (DTI) at 4 days and 18 days postinjury. CCI-injured (n=18), sham-operated (n=6) and naïve rats (n=8) were subjected to chronic
behavioural testing: an open field test (OFT) and sucrose preference test (SPT) at 5.5 months postinjury, one-week continuous video-EEG (vEEG) monitoring periods at 6 and 9 months post-injury,
followed by pentylenetetrazole (PTZ) seizure susceptibility assays, and a Morris water maze (MWM)
test at 10 months post-injury.

Additionally, a separate cohort consisting of 9 naïve, 10 sham-operated and
10 CCI-injured rats was subjected to an open field test at 2 months and a PTZ
seizure susceptibility assay at 6 months post-injury to corroborate
observations from the other cohort.
3.3. Controlled Cortical Impact-induced Traumatic Brain Injury
CCI-injury was performed as previously described (26). Eight-week old rats
(mean ± SEM: 281 ± 3 g) were anaesthetised with isoflurane in oxygen (5%
induction, 2.5% maintenance; Forene; Abbott, Belgium). During the surgery,
the animal was kept warm by means of a temperature-controlled heating
pad. A craniectomy of 5 mm diameter was performed with a trephine over
the left parietal cortex (midway between bregma and lambda, bordering the
lateral edge) without damaging the dura. CCI was done with the Leica Impact
One device (Leica Biosystems, USA) using the following parameters: flat tip
of 3 mm diameter, impact angle 18°, impact velocity 4 m/s, depth of
penetration 2.5 mm, dwell-time 500 ms (n = 19). After impact, the cranial
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window was sealed with a piece of plastic, and skin sutured. Sham-operated
animals were subjected to the same surgery, but were not exposed to
impact (n = 7). Since previous work has shown that craniotomised animals
can display behavioural deficits compared to naïve animals, naïve rats were
included in this study as well (27). Naïve animals received anaesthesia and a
skin incision, but no craniectomy (n = 8). Naïve rats were treated in exactly
the same way as sham-operated and CCI-injured rats, but did not undergo
in vivo imaging.
3.4. PET imaging with [18F]PBR111
Radiosynthesis of the TSPO radioligand [18F]PBR111 was performed on a
FluorSynton I automated synthesis module (Comecer, the Netherlands)
according to Bourdier et al. (28). PET scans were performed on an Inveon
PET/CT scanner (Siemens Preclinical Solution, USA) as previously described
with a few minor modifications (15). Rats were anaesthetised with
isoflurane in oxygen (5% induction, 2-2.5% maintenance; Abbott, Belgium),
after which 8.6 ± 0.4 MBq radiotracer (molar activity: 149.8 ± 11.0
GBq/μmol) was administered by tail vein injection in a volume of 0.5 ml.
During the uptake period of 45 min, the animal remained anaesthetised and
was kept warm by means of a temperature-controlled heating pad. Next,
animals were subjected to a static PET scan of 15 min, followed by a 7 min
CT scan. At 50 min post-injection, an arterial blood sample was collected
from the tail artery for radiometabolite analysis according to Katsifis et al.
(29). During the scanning session, breathing rate and temperature were
constantly monitored (Minerve, France) and maintained within normal
physiological ranges. The temperature of the animal was maintained by
supplying heated air through the imaging cell. PET images were
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reconstructed using a 2D ordered subset expectation maximization
algorithm (4 iterations, 16 subsets) after Fourier rebinning (30, 31).
Normalisation, dead time, random, CT‐based attenuation, and scatter
corrections were applied.
Image processing was done using PMOD v3.3 (PMOD Technologies,
Switzerland). The CT images were co-registered to three-dimensional (3D)
T2-weighted MR images that were acquired earlier that week (see below) by
manually guided automatic rigid matching. This CT to MR transformation
was used to co-register the PET images to the MR images. The following
volumes of interest (VOIs) were manually drawn on each individual 3D MR
scan: lesion (hyperintense on the T2-weighted MR image), perilesional
cortex, contralateral cortex, ipsilesional hippocampus and contralesional
hippocampus. VOI statistics in kBq/cc were generated and used to calculate
the standardised uptake values (SUV: average tissue radioactivity
concentration [kBq/cc] / injected dose [kBq] / body weight [g]). For
correlation analyses, we also calculated the relative change in SUV over time
in CCI-injured rats according to the following formula:
% 𝑐ℎ𝑎𝑛𝑔𝑒 = (

𝑆𝑈𝑉 𝑎𝑡 21 𝑑𝑎𝑦𝑠 − 𝑆𝑈𝑉 𝑎𝑡 7 𝑑𝑎𝑦𝑠
) ∗ 100
𝑆𝑈𝑉 𝑎𝑡 7 𝑑𝑎𝑦𝑠

One CCI-injured rat died during the CT scan at the first time-point. One
sham-operated rat got an infection of the tail following the first scanning
time-point and was subsequently sacrificed. These rats were not scanned at
the second time-point (neither PET/CT or MRI).
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3.5. In vivo MRI: DTI and 3D T2-weighted anatomical MRI
Rats were anesthetised with isoflurane in a mixture of O2 (30%) and N2 (70%)
(5% induction, 2-2.5% maintenance; Abbott, Belgium). Breathing rate and
blood oxygenation were monitored constantly using a pressure sensitive
pad and a pulse oximeter (MR-compatible Small Animal Monitoring and
Gating System, SA Instruments, Inc., USA), and maintained between normal
physiological ranges. The temperature of the animals was monitored by
means of a rectal probe and maintained at (37 ± 0.5) °C through a feedbackcontrolled warm air system (MR-compatible Small Animal Heating System,
SA Instruments, Inc., USA).
Data were acquired on a 7T PharmaScan with Paravision 5.1 software using
a standard Bruker crosscoil set-up with a quadrature volume coil and a
quadrature surface coil designed for rats (Bruker, Germany). The rats’ head
was immobilised in an MR-compatible stereotaxic device using blunt
earplugs and a tooth bar. Three orthogonal multi-slice Turbo Rapid
Acquisition with Relaxation Enhancement (RARE) T2-weighted images were
acquired to ensure consistent slice positioning between DTI data of different
animals. A field map was acquired to measure field homogeneity, followed
by local shimming, which corrects for the measured inhomogeneity in a
rectangular volume within the brain. Coronal diffusion-weighted (DW)
images were acquired with a 2-shot spin-echo echo planar imaging (SE-EPI)
sequence with 60 optimally spread diffusion gradient directions. Fifteen
non-DW b0 images (b-value 0 s/mm²; 5 b0 per 20 DW images) were acquired.
The imaging parameters were: repetition time (TR) 7500 ms, echo time (TE)
26 ms, diffusion gradient pulse duration δ 4 ms, diffusion gradient
separation Δ 12 ms, b-value 800 s/mm2, 20 slices of 0.7 mm (limited to
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cerebrum), 0.1 mm slice gap, scan duration approx. 20 min. The FOV was (30
x 30) mm2 and the matrix size [128 × 128], resulting in pixel dimensions of
(0.234 × 0.234) mm2. Following DTI, a 3D RARE T2-weighted scan was
acquired with the following parameters: TR 3185 ms, TE 11 ms (TEeff 44 ms),
RARE factor 8, 2 averages, FOV (29.0 x 16.0 x 10.2) mm3, acquisition matrix
[256 × 64 × 50], spatial resolution (0.113 x 0.250 × 0.204) mm³, scan duration
approx. 45 min.
Image processing was performed with SPM12 in MATLAB 2014a
(MathWorks, USA). First, images were realigned to correct for subject
motion using the diffusion toolbox in SPM12. A rigid registration was
performed between the b0 images, which was followed by an extended
registration taking also all DW images into account. Next, the diffusion
tensor was estimated and the DTI parameter maps were computed (i.e.,
fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD) and
radial diffusivity (RD)). Finally, the DTI parameter maps were smoothed in
plane using a Gaussian kernel with full width at half maximum (FWHM) of
twice the voxel size (FWHM (0.468 x 0.468 x 0.800) mm3). Regions of interest
(ROIs) (lesion, perilesional cortex, contralateral cortex, ipsilesional
hippocampus and contralesional hippocampus) were manually drawn in
Amira 5.4.0 on the average b0 (T2-weighted) image of each animal and then
adjusted on the individual FA and MD maps to ensure exclusion of white
matter and ventricles. For each ROI, the mean value of the different DTI
parameters was extracted in Amira 5.4.0. For correlation analyses, the
relative change in DTI metrics over time in CCI-injured rats was calculated
analogous to the % change in [18F]PBR111 SUVs above.
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One sham-operated rat exhibited very large ventricles at the first scanning
time-point as compared to other sham-operated rats and CCI-injured rats,
and showed a worse performance in several behavioural assays than the
other sham-operated rats. This rat was excluded from the entire analysis.
Spontaneous congenital hydrocephalus has been reported in this and other
rat strains (32).
3.6. Long-term outcome
3.6.1. Open field test
An open field test was performed to explore the presence of anxiety or
disinhibition in CCI-injured rats. Animals were placed in the periphery of a
well-lit square arena ((48 x 48) cm2) and allowed to explore the novel
environment for 10 min. During this trial, animals were video-tracked with
EthoVision XT software (version 10.0, Noldus, the Netherlands). For analysis,
the arena was divided in a central zone (inner square, (24 x 24) cm2) and a
peripheral zone. The following parameters were calculated: latency to first
entry in central zone, number of transitions from periphery to centre, % time
spent in centre, % distance moved in centre, total distance moved and mean
velocity.
3.6.2. Sucrose preference test
A sucrose preference test was done to assess the presence of anhedonia in
the CCI-injured rats. The test was performed as previously described (33).
Briefly, animals received two drinking bottles, one filled with water and one
with 2% sucrose solution. After 48 h of habituation, the % sucrose
preference and total fluid intake were calculated over a test period of 24 h.
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3.6.3. Video-EEG: spontaneous recurrent seizures and seizure
susceptibility
Electrode implantation. All animals were implanted with six epidural screw
electrodes as described before (34), however, with a different positioning.
One electrode was implanted rostral to the lesion over the left cortex
(between bregma and lesion), two electrodes were implanted over the right
cortex: one contralateral to the first electrode and the other opposite to the
core of the lesion near the sagittal midline, one electrode was positioned
over the left frontal lobe, and two more over the occipital lobe. Electrodes
were fixed into a plastic plug (Bilaney Consultants, Plastics One, UK) and
secured to the skull using dental cement (Simplex Rapid, Kemdent, UK;
Durelon, 3M ESPE, USA) and additional anchor screws. Animals were
allowed to recover for at least one week before recording started.
Recording. Animals were subjected to continuous video-EEG (vEEG)
recording for two periods of one week, once at 6 months post-injury and
once at 9 months post-injury. The week of recording spontaneous
epileptiform activity and seizures was each time followed by a PTZ seizure
susceptibility test (see below). Animals were connected to a digital EEG
acquisition system (Ponemah P3 Plus, Data Sciences International, USA)
through a cable system as previously described (34). EEG was recorded from
the electrode rostral to the lesion and the contralateral electrode. The
occipital electrodes were used as reference and ground electrodes. Due to
limited capacity of the recording system, only four out of the eight naïve
animals were subjected to continuous vEEG recording at the 6-month timepoint. For the same reason, the CCI-injured rat and sham-operated rat that
were not subjected to in vivo imaging did not undergo vEEG recording at this
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time-point. Between the 6-month and 9-month time-points, several animals
lost their electrode assembly (4/8 naïve, 1/6 sham, 11/18 CCI). Hence, fewer
rats underwent vEEG recording at the 9-month time-point.
Analysis. Video-EEG data were analysed manually using NeuroScore 3.0
(Data Sciences International, USA) as described before (34). For the analysis
of the spontaneous epileptiform activity and seizures, we quantified the
number and duration of epileptiform discharges (EDs) and seizures per day,
as well as the duration of all epileptiform activity (EDs + seizures) per day.
An ED was defined as a high-amplitude (equalling at least two times the
baseline amplitude) rhythmic discharge containing spikes and/or uniform
sharp waves, lasting  1 s but < 5 s. Most of the observed events were either
spike-wave discharges or high-voltage rhythmic spike discharges. A similar
event that lasted > 5 s was defined as a seizure. Video-analysis allowed us to
classify seizures as purely electrographic events or behavioural seizures,
which were scored according to a modified Racine scale as described before
(35). In this study, rats were considered epileptic if they experienced two or
more unprovoked convulsive seizures (S3-5) (36).
PTZ-evoked seizure susceptibility test. Animals were injected subcutaneously
(s.c.) with a single subconvulsive dose (25-30 mg/kg) of PTZ, after which they
underwent one hour of vEEG recording, a protocol adapted from (22). For
this test, we also quantified the number of spikes, in addition to EDs and
seizures. We calculated the latency to first spike, first ED, first seizure (purely
electrographic or behavioural) and first convulsive seizure, as well as the
number of spikes, EDs, seizures (purely electrographic and behavioural) and
convulsive seizures, and finally also the total duration of EDs, all seizures and
convulsive seizures. At 6 months post-injury, rats received 25 mg/kg PTZ
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(s.c.). Due to the low occurrence of convulsive seizures following this dose
and previous reports in the literature that observed a more pronounced
difference in the occurrence of convulsive seizures between TBI and control
rats with a 30 mg/kg dose (22, 37), we decided to administer 30 mg/kg PTZ
(s.c.) at 9 months post-injury. Three rats lost their electrode assembly during
the PTZ tests (one CCI rat and one naïve rat at 6 months, one CCI rat at 9
months). They were excluded from the analysis of number of spikes, EDs and
seizures, but included in the analysis of latency to first spike, ED and seizure
(if recorded). For uniformity/standardisation, all animals received PTZ
injections at both 6 and 9 months, even if the animals had previously lost
their electrode assembly and no EEG recording could be obtained. However,
these were not included in the analysis.
3.6.4. Morris water maze test
Rats were subjected to a Morris water maze (MWM) test to investigate the
extent of visuospatial learning and memory deficits in the CCI-injured rats.
The test was performed as previously described (38). The experimental setup consisted of a circular pool (150 cm diameter) filled with white opaque
water (kept between 20 and 24°C), containing a submerged round platform
(15 cm diameter) and surrounded by visual cues. Prior to the test, rats were
dyed black with a non-toxic hair dye to provide contrast with the white pool
for video-tracking purposes (EthoVision XT 10.0, Noldus, the Netherlands).
The test consisted of a training period (acquisition) of eight days with the
platform fixed in one place, and a probe trial (retention) during which the
platform was removed from the swimming pool. Every training day
consisted of four trials of maximally 120 s each, with the rat starting from a
different position for each trial (15 min intertrial interval, semi-random
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order for each training day). If the rat could not locate the platform, it was
placed on the platform for approximately 10 s before being returned to its
home cage. A learning curve was plotted for escape latency and path length
to platform (sum of the four daily trials). In addition, we calculated the mean
velocity. Four days after finishing the eight-day training period, the platform
was removed and a probe trial of 100 s was performed. We calculated the
% time spent in the target quadrant (i.e., the quadrant that previously
contained the platform), as well as the number of crossings through the
previous platform position.
3.7. Statistics
Normal distribution of the data was tested using the D’Agostino-Pearson
omnibus normality test. Outlier analyses were performed with the ROUT
test. For the analysis of the open field test, sucrose preference test,
spontaneous epileptiform activity and seizures at each time-point, seizure
susceptibility tests and probe trial of the MWM test, we used Kruskal-Wallis
tests to compare the three study groups (naïve, sham, CCI) and Dunn’s
multiple comparisons test as post-hoc test. When pooling all controls (naïve
+ sham), we used Mann-Whitney U tests to compare the two groups
(control, CCI). For correlation analyses, we used the Pearson correlation test.
Chi-square tests for trend were performed to investigate whether the
occurrence of convulsive seizures in the PTZ tests was associated with injury
(naïve, sham, CCI). For receiver operating characteristic (ROC) curve analysis,
CCI-injured animals were divided into two groups for each behavioural
outcome parameter: CCI-injured rats with and without a deficit. Depending
on the nature of the response, CCI-injured rats with a value higher than the
mean + one standard deviation of the naïve rats or a value lower than the
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mean - one standard deviation of the naïve rats were considered to have a
deficit. These analyses were performed using GraphPad Prism 6. For the
analysis of longitudinal data (PET, DTI, spontaneous epileptiform activity and
seizures over time, MWM learning curves) we made use of linear mixed
models in JMP Pro 13, which allowed us to take animals into account for
which a data point was missing. Additionally, linear mixed models are more
robust against non-normality of data than repeated-measures ANOVAs. For
each data set, we fitted linear mixed models with Group (naïve/sham/CCI),
Time (two time-points) and the interaction between Group and Time as fixed
effects and either Subject alone (random intercept model, smaller model) or
both Subject and Subject*Time as random effects (random slope model,
larger model). We tested the necessity for the random slope (Subject*Time)
with the likelihood ratio test. If the interaction between Group and Time
proved to be significant, we performed the appropriate post-hoc tests. We
did Student’s t pairwise comparisons and corrected the p-values for the
number of comparisons (Bonferroni correction). Finally, we also performed
forward stepwise regression analysis in JMP Pro 13 with p-value threshold
as stopping rule (prob to enter: 0.25, prob to leave: 0.1). Statistical
significance was set at p≤0.05.
4. Results
4.1. Subacute brain inflammation after CCI-injury
Analysis of the PET scans revealed significantly higher SUVs of TSPO ligand
[18F]PBR111 in the lesion (left parietal cortex, mean ± SEM volume: 16.43 ±
1.78 mm3), perilesional cortex and ipsilesional hippocampus of CCI-injured
rats compared to sham-operated rats, which decreased over time (Fig.62A,B; Suppl.Fig.6-1). For each of these brain regions, a significant interaction
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between Group and Time (p≤0.01) was noted. Post-hoc testing revealed a
significantly higher SUV for each of these brain regions in CCI-injured rats
compared to shams at 7 days post-injury (lesion and ipsilesional
hippocampus: p≤0.0001, perilesional cortex: p≤0.001). At 21 days postinjury, there was still a significantly higher SUV in the ipsilesional
hippocampus of CCI-injured rats vs. shams (p≤0.05), but the difference was
smaller than at 7 days post-injury. In the other brain regions, no significant
difference was present anymore at 21 days post-injury. There was a
significant decrease in SUVs between 7 days and 21 days post-injury in the
lesion, perilesional cortex and ipsilesional hippocampus of CCI-injured rats
(p≤0.001), while in sham-operated rats there was no change in SUV over
time. No significant difference in SUVs between CCI-injured and shamoperated rats was observed at any time-point in contralateral brain regions.
Radiometabolite

analysis

revealed

no

significant

difference

in

metabolisation of the radiotracer between sham-operated and CCI-injured
rats (respectively, (14.4 ± 0.9)% and (15.8 ± 1.0)% intact tracer in plasma at
50 min post-injection).
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Fig.6-2. PET imaging with [18F]PBR111 in CCI-injured rats. A. Representative PET images of shamoperated and CCI-injured rats at 7 and 21 days post-injury. Yellow: lesion, pink: perilesional cortex, red:
contralateral cortex, orange: ipsilesional hippocampus, green: contralesional hippocampus. B.
[18F]PBR111 standardised uptake values (SUVs) in perilesional cortex and ipsilesional hippocampus of
sham-operated (n=5) and CCI-injured rats (n=18). The [18F]PBR111 SUV was significantly higher in both
perilesional cortex and ipsilesional hippocampus of CCI-injured rats compared to shams at 7 days postinjury as well as in ipsilesional hippocampus at 21 days post-injury. The SUVs decreased in both regions
over time in CCI-injured rats. Mean ± SEM is given. *p≤0.05,***p≤0.001
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Suppl.Fig.6-1. PET imaging with [18F]PBR111 in CCI-injured rats. [18F]PBR111 standardised uptake
values (SUVs) in the lesion, contralateral cortex and contralesional hippocampus of sham-operated
(n=5) and CCI-injured rats (n=18). The [18F]PBR111 SUV was significantly higher in the lesion of CCIinjured rats compared to shams at 7 days post-injury. The SUV decreased in the lesion over time in CCIinjured rats. There was no significant difference in SUVs in contralateral cortex and contralesional
hippocampus between sham-operated and CCI-injured rats at any given time-point. Mean ± SEM is
given. ***p≤0.001
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4.2. Subacute microstructural alterations after CCI-injury
After CCI-injury, fractional anisotropy (FA) was decreased in the lesion,
perilesional cortex and ipsilesional hippocampus at 4 days post-injury
compared to shams. At 18 days post-injury, FA was significantly decreased
in the lesion, but not in any other brain region (Fig.6-3A,B; Suppl.Fig.6-2A).
Linear mixed model analysis showed a significant effect of Group on FA in
the lesion (p≤0.0001), while in the perilesional cortex and ipsilesional
hippocampus, a significant interaction between Group and Time
(respectively p≤0.0001 and p≤0.05) was present. Post-hoc analysis showed
a significant difference between sham-operated and CCI-injured rats at 4
days post-injury in perilesional cortex (p≤0.001) and a trend for ipsilesional
hippocampus (p=0.06). In addition, there was a significant difference
between 4 and 18 days in CCI-injured rats in the perilesional cortex
(p≤0.0001) and ipsilesional hippocampus (p≤0.05). Finally, there was also an
effect of time on FA in contralateral cortex (p≤0.05) (Suppl.Fig.6-2A). No
significant effect of Group or Time on FA was noted in the contralesional
hippocampus (Suppl.Fig.6-2A).
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Fig.6-3. Diffusion tensor imaging in CCI-injured rats. A. Representative fractional anisotropy (FA) and
mean diffusivity (MD) maps of sham-operated and CCI-injured rats at 4 and 18 days post-injury.
Yellow: lesion, pink: perilesional cortex, red: contralateral cortex, orange: ipsilesional hippocampus,
green: contralesional hippocampus. B. FA in perilesional cortex and ipsilesional hippocampus of shamoperated (n=5) and CCI-injured rats (n=18). FA was significantly lower in the perilesional cortex of CCIinjured rats compared to shams at 4 days post-injury. A trend towards significance for a lower FA was
observed in the ipsilesional hippocampus of CCI-injured rats vs. shams at 4 days post-injury. FA
increased significantly over time in both perilesional cortex and ipsilesional hippocampus of CCI-injured
rats. C. MD in perilesional cortex and ipsilesional hippocampus of sham-operated (n=6) and CCI-injured
rats (n=18). MD was significantly higher in the perilesional cortex of CCI-injured rats compared to
shams. A trend towards significance for a higher MD was observed in the ipsilesional hippocampus of
CCI-injured rats vs. shams at 4 days post-injury. MD was significantly higher in the ipsilesional
hippocampus of CCI-injured rats vs. shams at 18 days post-injury. MD increased significantly over time
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in ipsilesional hippocampus of CCI-injured rats. Mean ± SEM is given. #p≤0.1, *p≤0.05, **p≤0.01,
***p≤0.001

After CCI-injury mean diffusivity (MD), axial diffusivity (AD) and radial
diffusivity (RD) were increased in the lesion, perilesional cortex and
ipsilesional hippocampus vs. shams, which was more pronounced at the
later time-point (Fig.6-3A,C; Suppl.Fig.6-2B). Analysis with linear mixed
models revealed a significant effect of Group on MD, AD and RD in the
perilesional cortex (MD: p≤0.01, AD: p≤0.05, RD: p≤0.001). For all of these
parameters, there was a significant interaction between Group and Time for
lesion (p≤0.0001) and ipsilesional hippocampus (p≤0.01). Post-hoc analysis
showed a significant increase in MD, AD and RD in the lesion of CCI-injured
rats at 4 days (p≤0.05) and 18 days post-injury (p≤0.0001) vs. shams, as well
as a significant effect of time in CCI-injured rats (p≤0.0001). There was a
significant increase in RD in ipsilesional hippocampus between shamoperated and CCI-injured rats at 4 days post-injury (p≤0.05) and a trend for
an increased MD (p=0.07). At 18 days post-injury MD, AD, RD were all
significantly increased in CCI-injury rats vs. shams (MD, RD: p≤0.0001, AD:
p≤0.001). All of these parameters significantly differed between 4 and 18
days in CCI-injured rats (p≤0.0001). There was also a significant interaction
between Group and Time effects on MD in the contralesional hippocampus
(p≤0.05). Post-hoc analysis showed that there was a significant difference
between 4 and 18 days post-injury in CCI-injured rats (p≤0.001) (Suppl.Fig.62B). There was also a significant effect of Time on RD in the contralesional
hippocampus (increase over time, p≤0.05). Finally, there was no significant
effect of Group or Time on MD, AD or RD in the contralateral cortex
(Suppl.Fig.6-2B).

153

Chapter 6

Suppl.Fig.6-2. Diffusion tensor imaging in CCI-injured rats. A. FA in lesion, contralateral cortex and
contralesional hippocampus of sham-operated (n=5) and CCI-injured rats (n=18). FA was significantly
lower in the lesion of CCI-injured rats compared to shams. FA was significantly higher in contralateral
cortex of all rats at 18 days vs. 4 days post-injury. There was no difference in FA in contralesional
hippocampus between sham-operated and CCI-injured rats at any given time-point. B. MD in lesion,
contralateral cortex and contralesional hippocampus of sham-operated (n=6) and CCI-injured rats
(n=18). MD was significantly higher in the lesion of CCI-injured rats compared to shams at 4 and 18
days post-injury. MD increased significantly over time in the lesion of CCI-injured rats. There was no
difference in MD in contralateral cortex between sham-operated and CCI-injured rats at any given
time-point. MD was significantly higher in contralesional hippocampus of CCI-injured rats at 18 days
vs. 4 days post-injury. Mean ± SEM is given. *p≤0.05,***p≤0.001
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4.3. TSPO binding correlates with DTI parameters in the lesion of CCIinjured rats
We investigated whether there was a relationship between [ 18F]PBR111
SUVs and DTI parameters (FA, MD, AD and RD) in the different ROIs in CCIinjured rats. A positive correlation was observed between [ 18F]PBR111 SUV
and FA in the lesion at 4 days (p≤0.05, r=0.48) and 18 days post-injury
(p≤0.05, r=0.52), as well as negative correlations between [18F]PBR111 SUV
and MD, AD and RD at 4 days (MD: p≤0.01, r=-0.60; AD: p≤0.01, r=-0.59; RD:
p≤0.01, r=-0.60) and 18 days post-injury (MD: p≤0.01, r=-0.62; AD: p≤0.01,
r=-0.63; RD: p≤0.01, r=-0.62) (Suppl.Fig.6-3). No significant correlations were
observed for the other investigated brain regions.
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Suppl.Fig.6-3. Significant correlation between [18F]PBR111 SUV and FA, MD, AD and RD in the lesion
of CCI-injured rats. Positive correlations were observed between the [18F]PBR111 SUV and FA in the
lesion of CCI rats at 4 days (A) and 18 days post-injury (B). Negative correlations were observed
between the [18F]PBR111 SUV and MD, AD and RD in the lesion of CCI-injured rats at 4 days (C,E,G)
and 18 days post-injury (D,F,H).
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4.4. Chronic deficits after CCI-injury
4.4.1. Disinhibition
The % distance moved in the centre of the open field arena was significantly
higher in CCI-injured rats than in naïve rats (p≤0.05) (Fig.6-4A). There was no
significant difference between the three groups in any of the other
investigated parameters. To corroborate this observation, we performed
the same test in a separate cohort of animals at approx. 2 months post-injury
(naïve: n=9, sham: n=10, CCI: n=10) and we observed a significantly
increased % distance moved in the centre (p≤0.05), a significantly increased
number of entries into the centre (p≤0.05) and a trend for an increased %
time spent in centre (p=0.06) in CCI-injured rats compared to naïve animals
(data not shown).
4.4.2. Anhedonia
CCI-injured rats had a significantly lower % sucrose preference compared to
sham-operated rats and all controls (sham-operated + naïve rats) (p≤0.05)
(Fig.6-4B).
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Fig.6-4. Chronic behavioural deficits in CCI-injured rats. A. Open field test. CCI rats showed a
significantly higher % distance moved in the centre of the open field arena compared to naïve rats
(naïve: n=8, sham: n=5, CCI: n=18). B. Sucrose preference test. CCI rats had a significantly lower %
sucrose preference compared to shams and all controls (naïve: n=8, sham: n=5, CCI: n=18). C. Morris
water maze (MWM) test. CCI rats had a significantly longer escape latency than naïve rats as well as
a trend for a longer latency compared to shams during acquisition of the MWM test (naïve: n=8, sham:
n=5, CCI: n=16). Data are presented as boxplots (A,B) or mean ± SEM is given (C). #p≤0.1, *p≤0.05
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Fig.6-5. Spontaneous recurrent seizures (SRS) and seizure susceptibility in CCI-injured rats. A-C. SRS.
A. Representative examples of SRS that were observed during vEEG monitoring. 1: spike-wave
discharge (SWD), 2: high-voltage rhythmic spike (HVRS) discharge, 3: convulsive S3 seizure. i:
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beginning, ii: middle and iii: end of the convulsive seizure. B. Both sham-operated and CCI-injured rats
had a significantly higher spontaneous seizure frequency at 9 months vs. 6 months post-injury (6
months: n=4 sham, n=17 CCI; 9 months: n=4 sham, n=7 CCI) C. There was a trend for a higher daily
frequency of behavioural SRS in CCI-injured rats compared to naïve rats (naïve: n=4, sham: n=4, CCI:
n=7). D-E. Pentylenetetrazole (PTZ) seizure susceptibility test at 6 months post-injury. D. CCI-injured
rats showed a trend for a shorter latency to first spike following 25 mg/kg PTZ injection compared to
naïve rats (naïve: n=5, sham: n=5, CCI: n=13). E. CCI-injured rats showed a trend for a higher number
of epileptiform discharges (EDs) (naïve: n=4, sham: n=5, CCI: n=13). F-I. PTZ test at 9 months postinjury. F. There was no difference in latency to first spike following 30 mg/kg PTZ injection between
any of the groups (naïve: n=4, sham: n=4, CCI: n=7). G. CCI-injured rats showed a trend for a lower
number of epileptiform discharges (EDs) (naïve: n=4, sham: n=4, CCI: n=6). H. CCI rats had a
significantly shorter latency to first convulsive seizure vs. all controls (naïve: n=1, sham: n=2, CCI: n=6).
I. CCI rats had a significantly higher total duration of convulsive seizures than naïve rats and all controls
following 30 mg/kg PTZ injection (naïve: n=4, sham: n=4, CCI: n=6). Data are presented as boxplots (CI) or mean ± SEM is given (B). #p≤0.1, *p≤0.05

4.4.3. Spontaneous epileptiform activity and seizures
At 6 months post-injury no difference was observed between naïve, shamoperated and CCI-injured animals regarding number of epileptiform
discharges (EDs) per day, number of seizures per day (all electrographic) or
duration of all epileptiform activity per day (data not shown). At this timepoint no behavioural seizures were observed.
At 9 months post-injury behavioural seizures were observed. CCI-injured
rats showed a trend for an increased frequency of behavioural seizures
compared to naïve animals (p=0.06) (Fig.6-5C). No difference was observed
between the three groups for any other investigated parameter. Most
behavioural seizures that were recorded were S1 seizures, typically
displaying a spike-wave pattern (Fig.6-5A-1) or high-voltage rhythmic spike
pattern (Fig.6-5A-2), and manifested by a behavioural arrest (absence-like
seizures). A few other types of behavioural seizures were recorded. One CCI-
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injured rat experienced two S3 seizures (Fig.6-5A-3) and one S2 seizure
during the one-week monitoring period at 9 months post-injury. Another
CCI-injured rat experienced one S2 seizure. A sham-operated rat
experienced one S4 seizure during the one-week monitoring period.
In addition, we investigated the evolution of spontaneous epileptiform
activity and seizures over time. There were significantly more EDs and
seizures per day at 9 months post-injury than at 6 months post-injury
(p≤0.05) (Fig.6-5B). Finally, the duration of all epileptiform activity per day
was significantly higher at 9 months vs. 6 months post-injury (p≤0.01).
However, there was no difference between sham-operated and CCI-injured
rats. No naïve rats were longitudinally subjected to vEEG monitoring.
4.4.4. Seizure susceptibility
At 6 months post-injury, CCI-injured rats showed a non-significant trend for
a shorter latency to the first spike compared to naïve animals (p=0.08) (Fig.65D). A very weak trend was observed for an increased number of EDs in TBI
rats compared to naïve rats (p=0.10) (Fig.6-5E). There was no difference
between the three groups for latency to first ED and seizure, and number of
spikes and seizures. At this time-point only 23% (5/22) of all rats experienced
a convulsive seizure (usually S5) after injection with 25 mg/kg PTZ with no
difference between the three groups (χ2, p>0.05) (data not shown).
At 9 months post-injury 60% (9/15) of all rats developed a convulsive seizure
(usually S5) after administration of 30 mg/kg PTZ: 25% (1/4) naïve rats, 50%
(2/4) sham-operated rats and 86% (6/7) CCI-injured rats (χ2, p≤0.05). When
comparing the three groups, we observed a trend for an increased number
of convulsive seizures (p=0.08) and a significantly increased total duration of
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convulsive seizures in CCI-injured rats compared to naïve animals (p≤0.05)
(Fig.6-5I). We pooled the two control groups (naïve and sham-operated
animals) to be able to perform statistics regarding the latency to the first
convulsive seizure and observed a significantly shorter latency to first
convulsive seizure in CCI-injured rats vs. controls (p≤0.05) (Fig.6-5H). In
addition, we observed a trend for a decreased number of EDs in CCI-injured
rats compared to naïve rats (p=0.07) (Fig.6-5G). Upon further investigation,
we observed a strong relationship between number of EDs and latency to
first convulsive seizure in the rats (r=0.88, p≤0.1) (data not shown). Hence,
a decreased latency to the first convulsive seizure coincides with a decreased
number of EDs. We observed no difference between the three groups for
any other investigated parameter (latency to first spike and ED, number of
spikes and EDs) (Fig.6-5F). Additionally, we performed a PTZ test in a
separate cohort of animals at approx. 6 months post-injury, but without EEG
monitoring. Behavioural monitoring of animals indicated that 11% (1/9)
naïve rats, 40% (4/10) sham-operated rats and 78% (7/9) CCI-injured rats
developed a generalised tonic-clonic (S5) seizure following administration of
30 mg/kg PTZ (χ2, p≤0.01).
One CCI-injured animal went into status epilepticus (six convulsive seizures
in one hour) after administration of 30 mg/kg PTZ. The rat died shortly after
the test, before diazepam could be administered to stop the status
epilepticus. This was also the only CCI-injured rat that experienced multiple
spontaneous convulsive seizures during the one-week monitoring period at
9 months post-injury.
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4.4.5. Impaired visuospatial learning
Analysis with linear mixed models showed a significant effect of both Group
(p≤0.05) and Time (= trial block) (p≤0.0001) on both escape latency and path
length to the platform. There was no significant interaction between Group
and Time. Post-hoc analysis revealed that CCI-injured animals had a
significantly longer escape latency than naïve animals (p≤0.05) and a weak
trend for a longer latency compared to sham-operated rats (p=0.09) (Fig.64C). The difference was seen to be greatest at the second day of training.
CCI-injured animals also showed a trend for an increased path length
compared to naïve rats (p=0.07) (data not shown). There was no difference
in the swimming speed between the three groups.
Though a numerically lower % time spent in the target quadrant during the
probe trial was observed in CCI-injured animals versus the controls, no
significant difference between the three groups was noted. There was a
trend for a lower frequency of platform crossings in CCI-injured rats
compared to sham-operated rats (p=0.08) (data not shown).
4.5. Correlation between subacute TSPO binding and microstructural
changes and chronic deficits in CCI-injured rats
First of all, we investigated if there was a correlation between i) subacute
TSPO expression ([18F]PBR111 SUV) and ii) DTI metrics in perilesional cortex
and ipsilesional hippocampus of CCI-injured rats and chronic behavioural
deficits. In addition, we investigated whether the evolution in TSPO
expression and DTI metrics (i.e., the % change in SUV, FA, MD, AD and RD
over time) correlated with the chronic functional outcome.
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Several correlations were observed between individual TSPO PET and DTI
parameters on the one hand and chronic deficits on the other hand (Fig.6-6
and Fig.6-7). Correlations that were significant are summarised in Table 6-1
(TSPO PET) and Table 6-2 (DTI). Most importantly, both TSPO PET and DTI
parameters correlated with disinhibition in the open field, increased seizure
susceptibility and MWM performance.
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Fig.6-6. Correlation between subacute brain inflammation and long-term functional outcome in CCIinjured rats. A. Colour-coded correlation matrix between TSPO PET measurements and functional
deficits (red=positive Pearson’s r, blue=negative Pearson’s r). Periles. ctx. = perilesional cortex, ipsiles.
hc. = ipsilesional hippocampus, dist. = distance, behav. = behavioural, freq. = frequency, lat. = latency,
# = number, conv. = convulsive, sz. = seizure(s), tot. = total, dur. = duration, esc. = escape, improv. =
improvement. B. There was a negative correlation between the % change in [18F]PBR111 SUV in
perilesional cortex over time and the % distance moved in the centre of the open field. C. A positive
correlation was observed between the % change in SUV in perilesional cortex over time and the daily
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behavioural seizure frequency at 9 months post-injury. D. A negative correlation was observed
between the SUV in ipsilesional hippocampus at 7 days post-injury and the latency to the first spike
following PTZ administration at 6 months post-injury. E. There was a trend for a negative correlation
between the SUV in ipsilesional hippocampus at 21 days post-injury and the latency to the first
convulsive seizure following PTZ administration at 9 months post-injury. F. There was a positive
correlation between the % change in [18F]PBR111 SUV in perilesional cortex over time and the total
duration of convulsive seizures during the PTZ seizure susceptibility assay at 9 months post-injury. G.
A positive correlation was seen between the % change in SUV in perilesional cortex over time and the
escape latency on day 2 of the Morris water maze (MWM) test. #p≤0.1, *p≤0.05, **p≤0.01
Table 6-1. Significant correlations between subacute TSPO PET measurements and chronic
functional deficits.

Chronic deficit

Pearson’s
r

pvalue

SUV 21 d perilesional
cortex

-0.52

p≤
0.05

% change SUV over
time perilesional
cortex

-0.66

p≤
0.01

Daily behavioural seizure frequency 9
m

% change SUV over
time perilesional
cortex

0.81

p≤
0.05

Latency to first spike (PTZ test 6 m)

SUV 7 d ipsilesional
hippocampus

-0.58

p≤
0.05

Number of convulsive seizures (PTZ
test 9 m)

% change SUV over
time perilesional
cortex

0.85

p≤
0.05

Total duration of convulsive seizures
(PTZ test 9 m)

SUV 21 d perilesional
cortex

0.81

p≤
0.05

% change SUV over
time perilesional
cortex

0.90

p≤
0.01

% change SUV over
time perilesional
cortex

0.51

p≤
0.05

% distance moved in centre open field

Escape latency MWM day 2

TSPO PET parameter
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Table 6-2. Significant correlations between subacute DTI measurements and chronic functional
deficits.

Chronic deficit

DTI parameter

Pearson’s
r

pvalue

% distance moved in centre open field

% change FA over time
ipsilesional
hippocampus

-0.50

p≤
0.05

Latency to first spike (PTZ test 6 m)

FA 4 d perilesional
cortex

0.61

p≤
0.05

MD 4 d perilesional
cortex

-0.71

p≤
0.01

AD 4 d perilesional
cortex

-0.65

p≤
0.05

RD 4 d perilesional
cortex

-0.72

p≤
0.01

Number of EDs (PTZ test 6 m)

% change FA over time
ipsilesional
hippocampus

-0.58

p≤
0.05

Latency to first convulsive seizure (PTZ
test 9 m)

% change FA over time
perilesional cortex

-0.83

p≤
0.05

% improvement escape latency MWM
day 1 vs. 2

MD 18 d ipsilesional
hippocampus

-0.52

p≤
0.05

RD 18 d ipsilesional
hippocampus

-0.54

p≤
0.05
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Fig.6-7. Correlation between subacute microstructural changes and long-term functional outcome
in CCI-injured rats. A. Colour-coded correlation matrix between DTI measurements and functional
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deficits (red=positive Pearson’s r, blue=negative Pearson’s r). Periles. ctx. = perilesional cortex, ipsiles.
hc. = ipsilesional hippocampus, dist. = distance, behav. = behavioural, freq. = frequency, lat. = latency,
# = number, conv. = convulsive, sz. = seizure(s), tot. = total, dur. = duration, esc. = escape, improv. =
improvement. B. There was a negative correlation between the % change in FA in ipsilesional
hippocampus over time and the % distance moved in the centre of the open field. C. A negative
correlation was seen between MD in perilesional cortex at 4 days post-injury and the latency to the
first spike following PTZ administration at 6 months post-injury. D. A negative correlation was found
between the % change in FA in ipsilesional hippocampus over time and the total number of
epileptiform discharges (EDs) during the PTZ seizure susceptibility assay at 6 months post-injury. E.
There was a negative correlation between the relative change in FA in perilesional cortex and the
latency to first convulsive seizure following PTZ administration at 9 months post-injury. F. A negative
correlation was observed between MD in ipsilesional hippocampus at 18 days post-injury and the %
improvement in escape latency between day 1 and day 2 of the Morris water maze (MWM) test.
#p≤0.1, *p≤0.05

4.6. ROC curve analysis
ROC curves were plotted for those in vivo imaging parameters that
significantly correlate with chronic deficits based on the Pearson correlation
analysis. ROC curves were only plotted if there was a sufficient number of
animals (n ≥ 6) in each group (i.e., CCI-injured animals with deficit and CCIinjured animals without deficit). This excluded ROC curves with behavioural
seizure frequency and seizure susceptibility at 9 months post-injury as
outcome.
The relative change over time in [18F]PBR111 SUV in perilesional cortex and
FA in ipsilesional hippocampus showed good sensitivity and specificity in
distinguishing between CCI-injured rats with and without disinhibition in the
open field (respectively, AUC = 0.86, p≤0.01 and AUC = 0.85, p≤0.05) (Fig.68A,C).
[18F]PBR111 SUV in the ipsilesional hippocampus at 7 days, as well as MD
and RD in the perilesional cortex at 4 days post-injury had good sensitivity
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and specificity in distinguishing between CCI-injured rats with decreased and
normal latency to first spike during the PTZ test at 6 months post-injury
(respectively AUC = 0.86, p≤0.05; AUC = 0.83, p≤0.05 and AUC = 0.83,
p≤0.05) (Fig.6-8B,D). The relative change in FA in ipsilesional hippocampus
exhibited good sensitivity and specificity in distinguishing between CCIinjured rats with increased and normal number of EDs following PTZ
administration at 6 months post-injury (AUC = 0.83, p≤0.05) (Fig.6-8E).
MD and RD in ipsilesional hippocampus at 18 days post-injury showed good
sensitivity and specificity in distinguishing between CCI-injured rats with and
without a learning deficit in the MWM test (respectively AUC = 0.86, p≤0.05
and AUC = 0.84, p≤0.05) (Fig.6-8F).
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Fig.6-8. ROC curve analysis. Several in vivo imaging parameters showed good sensitivity and
specificity to distinguish between CCI-injured rats with and without a particular deficit. A. The %
change in [18F]PBR111 SUV in perilesional cortex over time could distinguish between TBI rats with
(n=8) and without disinhibition (n=9). B. The [18F]PBR111 SUV in ipsilesional hippocampus at 7 days
post-injury was able to distinguish between TBI rats with decreased (n=6) and normal (n=6) latency to
first spike following PTZ at 6 months post-injury. C. The % change in FA in ipsilesional hippocampus
could distinguish between TBI rats with (n=8) and without disinhibition (n=9). D. The MD in perilesional
cortex at 4 days post-injury was able to distinguish between TBI rats with decreased (n=6) and normal
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(n=6) latency to first spike following PTZ at 6 months post-injury. E. The % change in FA in ipsilesional
hippocampus could distinguish between TBI rats with increased (n=6) and normal (n=6) number of
epileptiform discharges (EDs) during the PTZ test at 6 months post-injury. F. MD in ipsilesional
hippocampus at 18 days post-injury was able to distinguish between TBI rats with (n=8) and without
(n=7) learning impairment in the Morris water maze (MWM) test. AUC = area under the curve.

4.7. Stepwise regression analysis
Finally, we performed stepwise regression analysis to investigate whether
TSPO PET or DTI alone are sufficient to predict the long-term functional
deficits or whether combining TSPO PET and DTI has an added value. To this
end, automated forward stepwise regression analysis was done with three
different sets of possible predictors, i.e., only TSPO PET parameters, only DTI
metrics and both TSPO PET and DTI parameters to build different regression
models. The models were then compared to see which of the three models
was best at explaining the variability in the data (i.e., the chronic functional
deficits). The obtained data are summarised in Table 6-3.
TSPO PET parameters alone could explain some of the variability in the %
distance moved in centre open field of CCI-injured rats (R2 adj. = 0.42,
p=0.0082). Combining TSPO PET and DTI parameters resulted in a better
model (R2 adj. = 0.51, p=0.0027).
DTI parameters alone can predict the variability in behavioural SRS
frequency at 9 months post-injury (R2 adj. = 1, p=0.0034), as well as the
increased seizure susceptibility at 6 months post-injury (latency to first
spike: R2 adj. = 0.91, p=0.0081; number of EDs: R2 adj. = 0.92, p=0.0070).
Combining DTI and TSPO PET parameters slightly improves the models
(behavioural SRS frequency at 9 m: R2 adj. = 1, p=0.0008; latency to first spike
at 6 m: R2 adj. = 1, p=0.0026; number of EDs at 6 m: R 2 adj. = 0.98, p=0.0026).
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Both TSPO PET and DTI parameters alone can predict the latency to the first
convulsive seizure after PTZ injection at 9 months post-injury (TSPO PET: R2
adj. = 1, p=0.0388; DTI: R2 adj. = 1, p=0.0077). TSPO PET parameters can
reasonably well explain the variability in the number and total duration of
convulsive seizures during the 9 month PTZ assay (number of convulsive
seizures: R2 adj. = 0.66, p=0.0159; total duration of convulsive seizures: R2
adj. = 0.76, p=0.0146). Adding DTI parameters further improves the models
(number of convulsive seizures: R2 adj. = 1, p=0.0055; total duration of
convulsive seizures: R2 adj. = 1, p=0.0005).
Variability in MWM performance can mainly be explained by DTI metrics
(escape latency MWM training day 2: R2 adj. = 0.78, p=0.0013; %
improvement escape latency MWM training day 1 vs. day 2: R2 adj. = 0.55,
p=0.0081), but TSPO PET parameters can have some added value (TSPO PET
+ DTI: escape latency MWM training day 2: R2 adj. = 0.94, p=0.0003; %
improvement escape latency MWM training day 1 vs. day 2: R2 adj. = 0.55,
p=0.0081).
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PTZ 6 m

% sucrose preference

Sucrose
preference

Number of EDs

Latency to first spike

% distance moved in centre

Open field

Functional outcome

/

TSPO PET

TSPO PET + DTI

0.99

0.97

1.00

TSPO PET + DTI

DTI

0.97

0.44

TSPO PET
DTI

0.32

TSPO PET + DTI

0.23

TSPO PET
0.31

0.57

TSPO PET + DTI

DTI

0.25

0.50

TSPO PET
DTI

R2

Imaging modality

0.98

0.92

/

1.00

0.91

0.32

0.22

0.22

0.12

0.51

0.20

0.42

Adjusted
R2

0.0026

0.0070

/

0.0026

0.0081

0.0710

0.0688

0.0688

0.1609

0.0027

0.0419

0.0082

p-value
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Table 6-3 (PART 1). Stepwise regression models of chronic functional deficits with TSPO PET

measurements alone, DTI measurements alone and the combination of TSPO PET and DTI

measurements as predictors. The best models for each functional outcome parameter are indicated

in bold, italic and red.
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PTZ 9 m

SRS 9 m

Total duration of convulsive
seizures

Number of convulsive seizures

Latency to first convulsive seizure

Daily behavioural SRS frequency

Functional outcome

0.81

TSPO PET

TSPO PET + DTI

1.00

0.70

1.00

TSPO PET + DTI

DTI

/

0.72

TSPO PET
DTI

1.00

TSPO PET + DTI

1.00

TSPO PET
1.00

1.00

TSPO PET + DTI

DTI

1.00

0.66

TSPO PET
DTI

R2

Imaging modality

1.00

0.51

0.76

1.00

/

0.66

1.00

1.00

1.00

1.00

1.00

0.60

Adjusted
R2

0.0005

0.1606

0.0146

0.0055

/

0.0159

0.0347

0.0077

0.0388

0.0008

0.0034

0.0256

p-value
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Table 6-3 (PART 2). Stepwise regression models of chronic functional deficits with TSPO PET

measurements alone, DTI measurements alone and the combination of TSPO PET and DTI

measurements as predictors. The best models for each functional outcome parameter are indicated

in bold, italic and red.

175

Chapter 6
Table 6-3 (PART 3). Stepwise regression models of chronic functional deficits with TSPO PET
measurements alone, DTI measurements alone and the combination of TSPO PET and DTI
measurements as predictors. The best models for each functional outcome parameter are indicated

0.0081
0.64
TSPO PET + DTI

0.55

0.0081
0.55
0.64
% improvement escape latency
day 1 vs. day 2

DTI

0.1777
0.25
TSPO PET

0.13

0.0003
0.94
0.98
TSPO PET + DTI

0.0013
0.78
0.86
DTI

MWM

Escape latency day 2

0.0527
0.26
TSPO PET

0.20

R2
Functional outcome

Imaging modality

Adjusted
R2

p-value

in bold, italic and red.
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5. Discussion
The main finding of our study was that both subacute TSPO expression and
changes in DTI metrics following CCI injury correlated with several chronic
sequelae. Importantly, not only the absolute SUV and DTI values at distinct
time-points were good correlates of the functional outcome, but also the
relative change in TSPO expression and FA over time. Some of the TSPO PET
and DTI measurements showed good sensitivity and specificity in
distinguishing TBI rats with and without a particular chronic deficit, making
them promising prognostic biomarkers. Depending on the behavioural
deficit that is investigated, TSPO PET data or DTI metrics alone, or the
combination of the two imaging modalities, can predict the long-term
deficit.
5.1. Subacute brain inflammation and microstructural changes after
TBI
High TSPO binding of [18F]PBR111 was observed at 7 days post-contusion,
which decreased over time. This temporal profile was similar to previously
reported binding of other TSPO radioligands in rat contusion models (16, 17,
39).
Decreased anisotropy and increased diffusivity have previously been
observed after experimental TBI (reviewed in (40)) in line with our findings
at 4 days post-TBI. Neuronal cell loss, resulting in a decreased neurite
density, axon damage, demyelination and disorganised gliosis can underlie
the decreased anisotropy. The subsequent increase in anisotropy at 18 days
post-TBI may be due to neuronal regeneration/reorganisation (e.g., axon
sprouting), remyelination and organised gliosis (e.g., glial scarring). The
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increased diffusivity may be explained by vasogenic edema, neuronal cell
death and gliosis (e.g., amoeboid microglia).(40) A worsening of the
diffusivity over time may reflect secondary injury (41). Furthermore, we
observed a correlation between TSPO binding in the lesion on the one hand
and decreased anisotropy (FA) and increased diffusivity (MD, AD and RD) on
the other hand, supporting the hypothesis that gliosis contributed to the
observed changes in DTI parameters.
5.2. Chronic sequelae of TBI
CCI-injured rats exhibited several chronic deficits compared to naïve and/or
sham-operated animals. In several instances, CCI-injured animals only
differed significantly from naïve animals, but not from sham-operated rats
(the latter often showing an intermediate response compared to naïve and
CCI-injured rats). This is not that surprising, since it has been shown that
craniotomised animals can display behavioural deficits compared to naïve
animals (27).
CCI-injured rats exhibited an increased tendency to enter the centre of the
open field compared to controls, which may be due to disinhibition and
impulsivity (common symptoms in TBI patients (42) and observed in rats
following CCI-injury (43)) or decreased anxiety, which has been observed in
CCI-injured mice (44). Several studies have observed increased thigmotaxis
in an open field following experimental TBI in rodents, while some failed to
observe a difference between TBI and sham-operated animals. Differences
in observation might be explained by differences in injury type, location and
severity, species and strain differences, and a different timing of the open
field test (44-48). Reduced anxiety-like behaviour and increased
disinhibition/impulsivity has been observed in other behavioural tests
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following CCI-injury, including elevated zero maze and light-dark box tests
and the delay discounting task (43, 44).
CCI-injured rats exhibited anhedonia in the chronic period, which is an
indication of depression-like behaviour. Some studies have failed to observe
anhedonia following experimental TBI in rodents, which could be due to
differences in injury type, location and severity, species and strain
differences, and a different timing of the sucrose preference test (44, 45).
Most of the EDs and seizures that we observed during this study were either
spike-wave discharges (SWDs) or high-voltage rhythmic spike (HVRS)
discharges and were bilateral in onset. If there was a behavioural
manifestation, then it was usually a behavioural arrest. These SWDs and
HVRS discharges have been shown to occur spontaneously in this and other
rat strains (both inbred and outbred) and their occurrence progresses with
age, which complicates the use of rodents to study acquired epilepsy (4951). While some have argued that there is no difference in the occurrence
of SWDs between sham-operated and fluid percussion-injured (FPI) animals
(52), others have described a higher frequency of SWDs in FPI animals
compared to shams (53). In our study we did not observe a significant
difference between naïve, sham-operated and CCI-injured rats regarding the
occurrence of EDs. Because of the controversy regarding SWDs, HVRS
discharges and non-convulsive (especially absence-like) seizures in models
of posttraumatic epilepsy, we limit ourselves to the occurrence of convulsive
(i.e., S3-5) seizures to make conclusions regarding the development of
posttraumatic epilepsy (PTE) in our CCI rat model. At 6 months post-injury
none of the rats had any convulsive seizures. At the 9-month time-point, one
CCI-injured animal experienced two spontaneous convulsive seizures during
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the one-week monitoring period. This rat was considered epileptic and was
also the only animal that went into status epilepticus during the subsequent
PTZ test. It is important to note that this rat also had the highest frequency
of spontaneous non-convulsive behavioural seizures during the one-week
monitoring period at 9 months post-injury. Hence, 14% (1/7 vEEGmonitored) rats developed posttraumatic epilepsy by the end of our study,
which is comparable to the study of Kelly and colleagues, who perceived
spontaneous convulsive seizures in 15% of all CCI-injured rats (5% (2/40) in
vEEG-monitored and 19% (17/88) in video-monitored rats) (54). The
development of posttraumatic epilepsy has also been studied after CCIinjury in mice. Bolkvadze and Pitkänen observed spontaneous convulsive
seizures in 9% of the CCI-injured mice (55), while Hunt and colleagues
reported that 13-18% of severely injured CCI mice had spontaneous
convulsive seizures (56, 57). In our study one sham-operated rat
experienced one convulsive seizure during the monitoring period, which is
uncommon, but has been reported previously by others as well (58). None
of the naïve animals had convulsive seizures.
We observed a clear increase in seizure susceptibility during the second PTZ
assay at 9 months post-injury when we used 30 mg/kg PTZ (86% CCI rats
developed convulsive seizures vs. 38% controls), but not at 6 months postinjury with the 25 mg/kg PTZ dose. However, in a separate cohort, we also
observed a clear increase in seizure susceptibility at 6 months post-injury
when using the 30 mg/kg dose (78% CCI rats vs. 26% controls) (similar to
previous observations in CCI mice at this time-point(55)), suggesting that the
dose of PTZ is important to distinguish between TBI animals and controls.
Similar observations have been made by the group of Pitkänen, who also
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employed 25 mg/kg and 30 mg/kg PTZ doses in Sprague-Dawley rats to
assess seizure susceptibility after TBI (FPI) (22, 37).
The CCI rats exhibited a clear deficit in the acquisition of the MWM task,
which was most pronounced on day 2 of the training phase. In addition, they
also displayed a slight non-significant deficit in the retention trial. Deficits in
hippocampus-dependent spatial learning and memory have consistently
been shown after experimental TBI in rodents using the MWM test (59-61).
Cognitive impairment following experimental TBI has been shown using
several different paradigms, showing both retrograde and anterograde
amnesia, as well as working memory deficits (reviewed in (62)).
5.3. Correlation

between

subacute

brain

inflammation

and

microstructural alterations and chronic TBI sequelae
Several correlations were observed between subacute TSPO expression and
DTI metrics in the perilesional cortex and ipsilesional hippocampus and longterm functional deficits. Importantly, not only the absolute [ 18F]PBR111
SUVs and DTI values at the two subacute time-points correlated with chronic
outcome, but also the relative change in TSPO expression and DTI
parameters over time, i.e., the dynamics of the neuroinflammatory response
and degeneration/regeneration processes.
Surprisingly, a pronounced decrease in TSPO expression in the perilesional
cortex over time correlated with a higher disinhibition level in CCI rats as
suggested by the open field test. Interestingly, TSPO itself is involved in the
synthesis of neurosteroids, some of which have anxiolytic effects (e.g.,
allopregnanolone). Overexpression of TSPO in mice has been shown to
produce anxiolytic behaviour (63). While no positive correlation could be
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established between the subacute increase in TSPO and the long-term
increase in disinhibition, it cannot be excluded that TSPO played some role
in the subsequent disinhibited behaviour. CCI animals with an increase in FA
in ipsilesional hippocampus over time showed less disinhibition than animals
where the initial FA deficit did not resolve or even worsened over time. An
increase in FA might indicate neuronal regeneration and repair, which may
explain the better functional outcome (40, 64).
High levels of subacute TSPO in the ipsilesional hippocampus and
perilesional cortex correlated with high spontaneous behavioural seizure
frequency and increased seizure susceptibility at 6 and 9 months post-TBI.
Animals that had a minimal decrease in TSPO binding over time, i.e.,
persistent inflammation, were shown to have a high frequency of
behavioural seizures and increased seizure susceptibility at 9 months postTBI. Interestingly, the only rat that developed spontaneous recurrent
convulsive seizures in this study and that went into status epilepticus
following PTZ administration at the final time-point was also the only animal
that had a prominent increase in subacute TSPO expression over time in the
perilesional cortex. Several inflammatory mediators have been implicated in
epileptogenesis, seizure initiation and TBI-induced pathogenesis and might
play a role in the development of posttraumatic epilepsy (PTE) (reviewed in
(7)). A pronounced and enduring inflammatory response following TBI might
lead to the development of PTE, as supported by our study. Changes in FA,
MD, AD and RD also correlated with increased seizure susceptibility. A more
pronounced deficit in FA, MD, AD and RD in perilesional cortex correlated
with a shorter latency to the first spike during the 6-month PTZ assay. Our
observations are in line with studies performed by Kharatishvili and
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Immonen and colleagues, who showed that increased average diffusion in
ipsilesional hippocampus and perilesional cortex correlated with increased
chronic seizure susceptibility after FPI (latency to first spike, number of
spikes and number of EDs) and with the severity of mossy fiber sprouting
post-FPI, a form of hippocampal circuitry reorganisation that is thought to
be related to epileptogenesis (22, 23). This indicates that these diffusion
measurements can be good predictors of seizure susceptibility in different
TBI models. CCI rats with a limited increase or even a decrease in FA over
time in ipsilesional hippocampus had a higher number of EDs during the PTZ
assay at 6 months post-injury, while a more pronounced increase in FA in
perilesional cortex over time correlated with a shorter latency to the first
convulsive seizure during the 9-month PTZ assay. An increase in FA can be
due to increased plasticity (beneficial or aberrant) or increased organised
gliosis (e.g., glial scarring).
A pronounced subacute neuroinflammatory response in the perilesional
cortex correlated with a more severe learning deficit in our CCI rats. Part of
the lesioned and perilesional cortex is the parietal association cortex, which
is implicated in spatial processing. Lesions of this area have been shown to
cause deficits in the acquisition of the MWM task (65). Neuroinflammation
has been shown to affect cognition; inhibition of subacute inflammation has
been demonstrated to improve the cognitive outcome following
experimental TBI (9-11). CCI rats with a more pronounced increase in MD
and RD in ipsilesional hippocampus at 18 days post-injury displayed a greater
deficit in the acquisition of the MWM task. Similarly, Immonen et al. showed
that FPI rats with a higher increase in average diffusion in ipsilesional
hippocampus at 23 days post-injury exhibited a greater impairment in the
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MWM test at 7 months post-injury (24). This research group also observed
a correlation between average diffusion in hippocampus at several acute
and chronic time-points post-FPI and mossy fiber sprouting at a chronic
time-point (22). Interestingly, inhibition of mossy fiber sprouting has been
shown to coincide with an amelioration of MWM performance in
pilocarpine-treated mice (66).
The interpretation of diffusion metrics remains challenging, since various
cellular alterations can cause a similar DTI abnormality. In addition, several
cellular processes (increased plasticity, gliosis) can have both beneficial and
detrimental effects, possibly affecting different behavioural processes in a
different manner.
5.4. Prognostic biomarkers and models
ROC curve analysis showed that several TSPO PET and DTI parameters had
good sensitivity and specificity (area under the ROC curve = 0.83-0.89) to
distinguish between traumatised rats with and without a particular chronic
deficit and hence are very promising prognostic biomarkers for the longterm outcome following TBI.
Stepwise regression analysis showed that both TSPO PET and DTI data alone,
as well as the combination of TSPO PET and DTI parameters provided good
regression models (adjusted R2 = 0.50-1.00) to explain the variability in the
chronic outcome parameters, depending on which behavioural parameter
was investigated. These data indicate that both TSPO PET and DTI
parameters could be useful characteristics to be implemented into novel,
improved prognostic models for the outcome of TBI. Moreover, these
models may give a more precise prognosis than the current prognostic
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models. More research is warranted to conclude whether such prognostic
models would be of value to predict the outcome of individual subjects.
6. Conclusion
Our study shows that subacute neuroinflammation, measured by PET
imaging with a TSPO radioligand, and microstructural changes, measured by
DTI, correlate with several chronic deficits after CCI injury in rats, including
disinhibition,

spontaneous

behavioural

seizure

frequency,

seizure

susceptibility and impaired visuospatial learning. Importantly, not only the
absolute PET/DTI values at the two subacute time-points correlated with
chronic outcome, but also the subacute evolution of brain inflammation and
microstructural changes proved to be good correlates of long-term
behavioural deficits. Moreover, our study suggests that TSPO PET/DTI
parameters could be useful prognostic biomarkers and be implemented in
novel, improved prognostic models for prediction of the development of
different TBI sequelae.
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Chapter 7
1. Abstract
Background: Schizophrenia is a highly disabling psychiatric disorder with a
proposed neurodevelopmental basis. One mechanism through which
genetic and environmental risk factors might act is by triggering persistent
brain inflammation, as evidenced by long-lasting neuro-immunological
disturbances in patients. Our goal was to investigate whether microglia
activation is a neurobiological correlate to the altered behaviour in the
maternal immune activation (MIA) model, a well-validated animal model
with relevance to schizophrenia. A recent observation in the MIA model is
the differential maternal body weight response to the immune stimulus,
correlated with a different behavioural outcome in the offspring. Although
it is generally assumed that the differences in maternal weight response
reflect differences in cytokine response, this has not been investigated so
far. Our aim was to investigate whether i) the maternal weight response to
MIA reflects differences in the maternal cytokine response, ii) the
differential behavioural phenotype of the offspring extends to depressive
symptoms such as anhedonia and iii) there are changes in chronic microglia
activation dependent on the behavioural phenotype. Methods: Based on a
dose-response study, MIA was induced in pregnant rats by injecting 4mg/kg
Poly I:C at gestational day 15. Serum samples were collected to assess the
amount of TNF-α in the maternal blood following MIA. MIA offspring were
divided into weight loss (WL; n=14) and weight gain (WG; n=10) groups,
depending on the maternal body weight response to Poly I:C. Adult offspring
were behaviourally phenotyped for prepulse inhibition, locomotor activity
with and without amphetamine and MK-801 challenge, and sucrose
preference. Finally, microglia activation was scored on CD11b- and Iba1-
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immunohistochemically stained sections. Results: Pregnant dams that lost
weight following MIA showed increased levels of TNF-α compared to
controls, unlike dams that gained weight following MIA. Poly I:C WL offspring
showed the most severe behavioural outcome. Poly I:C WG offspring, on the
other hand, did not show clear behavioural deficits. Most interestingly a
reduced sucrose preference indicative of anhedonia was found in Poly I:C
WL but not Poly I:C WG offspring compared to controls. Finally, there were
no significant differences in microglia activation scores between any of the
investigated groups. Conclusions: The individual maternal immune response
to MIA is an important determinant of the behavioural outcome in offspring,
including negative symptoms such as anhedonia. We failed to find any
significant difference in the level of microglia activation between Poly I:C
WL, Poly I:C WG and control offspring.
Key words: Poly I:C; Maternal Immune Activation; Neuroinflammation;
Schizophrenia; Autism; Locomotion
2. Introduction
Around young adulthood, schizophrenia patients start experiencing various
symptoms that have a major impact on their quality of life, including positive
(e.g. hallucinations), negative (e.g. anhedonia) and cognitive symptoms (e.g.
attention deficits) (1). Although there is a clear genetic component, a large
variety of perinatal environmental factors are known to increase the risk of
developing schizophrenia, including prenatal infection and malnutrition,
obstetric complications and maternal stress (2-4). These environmental
insults have been suggested to act through common mediators of
inflammation such as oxidative stress and apoptosis, interfering with
neurodevelopmental processes like neurogenesis and synaptogenesis (2).
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Since the current treatments with antipsychotics are unsatisfactory, there is
need for a better understanding of the disease aetiology and pathology. One
way to achieve this goal is by testing new hypotheses and treatment
strategies in relevant animal models. In the past decade, a maternal immune
activation (MIA) animal model with relevance to schizophrenia has been
developed, although behavioural readouts have not always been
reproducible or consistent. This model is based on the induction of immune
effectors in the pregnant mother that cross the placenta and interfere with
normal foetal brain development (5, 6). Given their substantial roles during
gestation, it is hypothesised that an imbalance in pro- and anti-inflammatory
cytokines in the foetal brain may lead to neurodevelopmental abnormalities
(5).
Recent reports have described a significant variability in the maternal body
weight response to Poly I:C and more importantly, a differential behavioural
outcome of the offspring dependent on the individual maternal body weight
response. Body weight change serves as an indicator of the pregnant dam’s
individual responsiveness to the MIA challenge, but it has not been
investigated whether this correlates with differences in circulating cytokine
levels. Differences in behavioural outcome between offspring of dams that
lost weight and offspring of dams that gained weight have been observed in
different behavioural paradigms including prepulse inhibition and
psychotomimetic-induced locomotor activity. Hyperactivity responses to
amphetamine (AMPH), an indirect dopamine agonist, and MK-801, a direct
NMDA-receptor antagonist, are interesting behavioural assessments, since
they can reflect underlying dopaminergic and glutamatergic (NMDAreceptor-associated) network alterations, which are both involved in
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schizophrenia pathology. So far, differences in depressive symptoms such as
anhedonia have not been investigated in the rat MIA model.
The relevance of the immune system in schizophrenia pathology is further
supported by recent reports of persistent immunological disturbances in
schizophrenia patients including aberrant levels of pro-inflammatory
cytokines in the blood and cerebrospinal fluid (7-11). These proinflammatory cytokines are produced primarily by activated immune cells
such as cells of the mononuclear phagocyte system (12). Being the
mononuclear phagocytes of the brain, microglia play a major role in early
brain development while in adulthood they play a key role in the brain’s
innate immune reaction. However, depending on their phenotype, microglia
have been shown to exert detrimental effects in various neurological
conditions (13, 14). Recently, three post-mortem studies and three in-vivo
PET studies have demonstrated a significant increase in activated microglia
in the frontotemporal brain regions of schizophrenic patients (15-20).
However, these retrospective studies cannot provide a direct link between
prenatal infection, behavioural deficits and brain inflammation.
The aim of this study was to investigate whether the individual maternal
response to MIA determines behavioural outcome including depressive
symptoms in offspring and whether microglia activation acts as a
neurobiological correlate to the altered phenotype.
3. Materials and Methods
3.1. Animals
Animals were treated in accordance with the guidelines approved by the
European Ethics Committee (decree 86/609/CEE) and the Animal Welfare
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Act (7 USC 2131). Animal experiments were approved by the ethical
committee of the University of Antwerp (Belgium).
Forty-nine male and forty-nine female Wistar-Hannover rats (Charles River
Laboratories, France, 10 weeks of age) were used for timed mated breeding.
Upon arrival, the rats were housed individually under standard laboratory
conditions in a temperature- (22±2°C) and humidity- (55±10%) controlled
room on a 12h light-dark cycle (lights on at 6:00 am) with standard food and
water available ad libitum.
3.2. Poly I:C dose-response study
MIA was induced in thirty-six pregnant rats either in early/mid pregnancy
(GD9, n=17) or in mid/late pregnancy (GD15, n=19) by subcutaneous (s.c.)
injection with vehicle (nuclease-free water) (n=4 for GD9, n=5 for GD15),
2mg/kg (n=4 for GD9, n=5 for GD15), 4mg/kg (n=4 for GD9, n=4 for GD15) or
8mg/kg (n=5 for GD9, n=5 for GD15) Poly I:C (Polyinosinic-polycytidylic acid
sodium salt, Sigma-Aldrich, USA). Six hours after injection, the pregnant rats
were sacrificed by decapitation. Maternal blood and central nervous system
(CNS) samples from two foetuses per litter were collected and preserved in
RNAlater (Ambion, Life Technologies, USA) at -80°C. RNA was extracted from
whole blood using the RiboPureTM-Blood Kit (Ambion, Life Technologies,
USA) and quantified using a NanoDrop spectrophotometer (NanoDrop,
USA). RNA was extracted from foetal CNS samples by homogenizing them in
QIAzol and mixing the resulting cell lysates with chloroform. The RNAcontaining aqueous phase was recovered and 100% ethanol was added.
Final RNA purification was achieved using the RNeasy Mini Kit (Qiagen, the
Netherlands). After conversion of mRNA to cDNA (Applied Biosystems, Life
Technologies, USA), all samples were tested in triplicate by qPCR (ABI 7300,
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Applied Biosystems, Life Technologies, USA) for the relative quantification
of IL-1β, TNF-α, IL-6 and IL-10 (primers from Eurogentec, Japan). qPCR data
were analyzed using the 2-ddCt method (21). Ct-values of target transcripts in
treated samples were normalized to the geometrical mean of the Ct-values
of three housekeeping genes (β-actin, 28S rRNA and hypoxanthine-guanine
phosphoribosyltransferase) and then compared to the normalized Ct-values
in the untreated reference samples for relative quantification.
3.3. Behavioural study in MIA offspring
Based on the dose-response study, 13 pregnant dams were injected with
either vehicle (n=6) or 4mg/kg Poly I:C (n=7) on GD15 (Fig.7-1). Six hours
after injection a blood sample was collected from the tail vein. Weight
change was measured 24h post-injection. On the day of birth, nests were
culled to eight pups per litter. At postnatal day 21 (PND21), male offspring
were group-housed under reversed 12h light-dark cycle (lights out at 10:00
am). In total, 22 male control and 24 male Poly I:C offspring were included
in the study. In order to avoid possible confounding effects of the
psychotomimetic challenges on the level of brain inflammation, offspring
from each treatment group were divided into “no challenge” and
“challenge” groups, with the latter receiving indirect dopamine agonist
AMPH or NMDA-receptor antagonist MK-801 during locomotion testing.
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Fig.7-1. Experimental design. Pregnant dams received either a saline or Poly I:C injection at
gestational day 15 (GD15). Male adult offspring were behaviourally phenotyped from postnatal day
76 (PND76) onwards, starting with prepulse inhibition (PPI, PND76-79). Locomotor activity was
measured, initially spontaneously for 1h, followed by either vehicle (“non-challenge” group) or AMPH
(PND77-87) and MK-801 (PND78-90) injection with 2h of subsequent locomotor activity monitoring.
In the “challenge” group AMPH and MK-801 were administered on separate days. Sucrose preference
test was performed (PND79-96) before sacrificing animals for immunohistochemical analysis of
microglial density and activation (PND90-104).

3.4. Follow-up of MIA induction
Six hours after injection with Poly I:C or vehicle a blood sample was collected
from the tail vein. Blood samples were allowed to clot for 30min, then
centrifuged for 10min at 2000g after which serum was collected. The relative
amount of TNF-α was determined using the Rat TNF-α Chemiluminescence
ELISA Kit (Novex, Life Technologies, USA). Briefly, serum samples were
added to the wells and incubated for 2 hours at room temperature. Wells
were washed 5 times and incubated for 1 hour at room temperature with
Rat TNF-α Detection Antibody. After washing, wells were incubated with
Novobright CSPD-Emerald II Substrate for 30min at room temperature.
Finally, samples were semi-quantified by luminescence readings.
3.5. Behavioural analysis
3.5.1. Prepulse inhibition (PPI)
PPI of the acoustic startle response was determined using standard startle
boxes (Kinder Scientific, USA) in 46 rats (Vehicle n=22; Poly I:C n=24) at
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PND76-79 as described previously (22) with a few modifications. The startle
response of the rat was normalised by a train of 5 startle pulses. Next, PPI
testing was initialized by subjecting the rat to 8 blocks of 10 trials consisting
of the following acoustic stimuli in semi-random order: no stimulus (65dB),
startle pulse (120dB; 40ms), prepulse (70dB, 75dB, 80dB; 20ms) and
prepulse + startle pulse (interpulse delay of 100ms). The intertrial interval
varied randomly between 10 and 20s. PPI was calculated according to the
formula: PPI=[1-(Prepulse+pulse /Pulse)] x100 (23).
3.5.2. Locomotor activity (LMA)
LMA was measured using the home cage - 4x8 photobeam activity system
(San Diego Instruments, USA) on the same rats (Vehicle n=22; Poly I:C n=24)
at PND82-90 using a protocol adapted from (24). Animals were allowed to
acclimatise to the cage for at least 15min. Next, a 60min-test period was
initialized in which spontaneous locomotion was recorded in 5min-bins
followed by a 120min recording period after s.c. injection of vehicle (control
n=14 and Poly I:C n=14 offspring in the “no challenge” groups) or 1mg/kg
AMPH (Janssen Pharmaceuticals, Belgium; control n=8 and Poly I:C n=10 in
the “challenge” groups). The next day, the experiment was repeated in the
“challenge” offspring with injection of a low dose MK-801 (0.2mg/kg, s.c.,
(+)-MK-801 hydrogen maleate, Sigma-Aldrich, USA).
3.5.3. Sucrose preference test
For the final behavioural test, rats (Vehicle n=22; Poly I:C n=24) were
individually housed (PND83-97) to monitor sucrose preference using a
protocol adapted from (25). Bottles were weighed and sucrose preference
was calculated according to the formula: % sucrose preference = (sucrose
solution consumption/total fluid consumption)x100.
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3.6. Histological analysis in MIA offspring
Between PND90-104, vehicle (n=22) and Poly I:C (n=24) offspring were
sacrificed by

decapitation. Brains

were

fixed overnight in 4%

paraformaldehyde, then impregnated overnight with 20% sucrose
(containing 0.1% sodium azide) and finally snap-frozen. Serial sagittal
cryosections (10m) were collected in triplicate (2.10 mm lateral from
bregma (26)) .
For visualisation of microglia, immunohistochemical staining against the
CD11b-receptor (OX-42) was carried out as described previously (22) with
cresyl violet counterstaining. The same procedure was followed for Iba1
(primary antibody rabbit anti-rat; 1:500; Wako Chemicals GmbH, Germany;
secondary antibody goat anti-rabbit; 1:500; Jackson Immunoresearch, UK).
Next, CD11b- and Iba1-stained sections were analysed microscopically
blinded for treatment. CD11b-stained sections received a visual score
representing the level of brain inflammation as described previously (22, 27)
in frontotemporal cortex, corpus callosum, hippocampus, thalamus,
striatum and pons. Two aspects of the microglia were taken into account
when scoring i.e. the density and morphology. Density scores of 1, 2 and 3
were given for low, moderate and high numbers of microglia, respectively,
in a given brain region. For the level of activation, a score of 1, 2 or 3 was
given for no, a few or several microglia with a thick soma, respectively.
Microglia were counted on the Iba1-stained sections in the same regions as
above.
3.7. Statistical analysis
Data on cytokine levels (qPCR and ELISA) were analysed using Kruskal-Wallis
tests with Dunn’s multiple comparison test for post-hoc testing. The
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behavioural and histological data were analysed by fitting mixed models
with litter as an additional term (random effect) to take possible litter effects
into account. PPI data were analysed by fitting a two-way ANOVA model
with group and intensity as independent variables. Random intercepts for
litter and rat (nested within litter) were added to account for the
dependence between the observations within the same litter, and within the
same rat, respectively. Data on sucrose preference, total fluid intake and
histological data were analysed using a one-way ANOVA model with a
random intercept for litter to account for the dependence between the
observations within the same litter.
Locomotor activity was analysed by performing linear mixed model analysis
to model the number of beam crossings as a function of time and group,
accounting for the structure of the data. The same strategy was followed for
the AMPH and MK-801 stimuli. To allow for a different slope and intercepts
before and after the stimulus at time interval 60, two distinct time-variables
were created. The variable inactive time gives the time prior to the stimulus,
which was set equal to zero after the stimulus. The variable active time
shows the time after the stimulus and was set equal to zero before the
stimulus. In addition, we created an indicator variable stimulated that
indicated whether the recording took place before or after the stimulus.
The initial fixed-effects model included group membership as a main effect,
and an interaction term between group and stimulated. The former term
estimates the intercept before the stimulus, while the latter estimates the
change in intercept after the stimulus for every group. Main effects for
inactive time, and active time, and interaction terms with the group
membership. These latter terms test whether the LMA change with time is
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different between the groups, before and after the stimulus, respectively.
The fixed-effects model was simplified in a stepwise backward way.
Significance was tested using an F-test with Kenward-Roger correction for
the number of degrees of freedom.
To account for the dependencies between the observations in our dataset,
several random effect terms were included in our model. Firstly, possible
litter effects needed to be taken into account. Secondly, rats were analysed
repeatedly over time. Therefore we included random intercept terms for
individual rat, nested within litter, and random slope terms for active time
and inactive time, to account for individually varying slopes before and after
the stimulus.
Statistical analyses were performed using R 3.1.0, SAS 9.4 and GraphPad
Prism 6 (GraphPad Software Inc., USA). Statistical significance was set at
p≤0.05.
4. Results
4.1. Poly I:C dose-response study
Surprisingly, not the highest dose tested but the 4mg/kg dose induced the
largest increase in IL-1β mRNA in maternal blood, which was significant at
GD15 (p≤0.05) (Fig.7-2 panels A, B). The highest increase in TNF-α mRNA
expression in the blood of GD15 mothers was also observed at the 4mg/kg
dose, while at GD9 the strongest expression was observed using 8mg/kg Poly
I:C, an effect which was statistically significant (p≤0.05) (Fig.7-2 panels E, F).
There was no significant increase in IL-6 mRNA expression at either of the
gestational time points (Fig.7-2 panels I, J). There was also no indication of
increased anti-inflammatory IL-10 at either GD9 or GD15 in maternal blood
(Fig.7-2 panels M, N). Interestingly, not all dams responded to Poly I:C with
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an induction in cytokine mRNA levels. When comparing the cytokine
response of rats in early/mid (GD9) to mid/late (GD15) pregnancy, no
statistically significant differences were found for any of the treatments.
Some foetuses exhibited a moderate to high increase in the mRNA levels of
inflammatory cytokines compared to controls, while others showed no
increase at all (Fig.7-2 panels C-D; G-H; K-L; O-P). The largest increase in proinflammatory cytokines was observed in offspring belonging to the 4mg/kg
group (Fig.7-2 panels C;D;G;K;L). While at GD9 this rise in pro-inflammatory
cytokines was balanced by a rise in anti-inflammatory IL-10, this was not the
case at GD15 (Fig.7-2 panels O, P). It is interesting to note that littermates
have similar responses in some nests, but also have quite different
responses to the treatment in other nests.
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Fig.7-2. Induction of the pro-inflammatory cytokines IL-1β, TNF-α and IL-6 and of the antiinflammatory cytokine IL-10 in maternal blood and in foetal central nervous system (CNS) tissue 6h
after injection of the dam with either vehicle (nuclease-free water) or one out of three doses of Poly
I:C (2mg/kg, 4mg/kg or 8mg/kg, subcutaneously) on gestational days GD9 (left) and GD15 (right)
of the pregnancy. All data are represented as separate data points in the plot, with a line representing
the median of the group. The highest increases in IL-1β (A-D) and TNF-α (E-H) mRNA in both maternal
blood (A-B and E-F) and foetal CNS (C-D and G-H) were most frequently found in the 4mg/kg dose
group, except for the induction of TNF-α in maternal blood at GD9 which was highest in the 8mg/kg
dose group. Some foetuses exhibited a very high induction of IL-6 mRNA after the 4mg/kg treatment
(K-L). Significancy was only reached in maternal blood at GD15 for IL-1β after 4mg/kg treatment
(*p≤0.05)(B) and at GD9 for TNF-α after 8mg/kg treatment (*p≤0.05)(E), probably because not all
dams and foetuses seemed to respond to maternal immune activation (MIA) by inducing cytokines, at
least not at this time point. Interestingly, this rise in pro-inflammatory cytokines seemed to be
balanced by a rise in anti-inflammatory IL-10 only at GD9 (O) but not at GD15 (P) after 4mg/kg
treatment.

4.2. Behavioural analysis in MIA offspring
4.2.1. Follow-up of MIA induction
There was a clear differentiation within the Poly I:C-treated group regarding
weight change 24h post-injection. Three out of seven Poly I:C-treated dams
gained weight (+3.7±1.2g) as did the control group (n=6; +1.7±0.2g), while
the others lost weight (-2.5±0.7g). The Poly I:C-treated dams that lost weight
following MIA showed a significant increase in TNF-α 6h post-injection
compared to control dams, as determined by ELISA (p≤0.05). On the other
hand, there was no significant increase in TNF-α in the Poly I:C-treated dams
that gained weight compared to controls (Fig.7-3).
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Fig.7-3. Semi-quantification of TNF-α in maternal serum 6h after subcutaneous administration of
vehicle (nuclease-free water) or 4mg/kg Poly I:C on GD15. Pregnant dams that received Poly I:C and
subsequently lost weight (n=4) had a significant increase in circulating TNF-α compared to vehicletreated dams (n=6, *p≤0.05). On the other hand, pregnant dams that gained weight following Poly I:C
injection (n=3) had no significant rise in TNF-α levels compared to controls. (RLU = Relative
Luminescence Units)

4.2.2. Prepulse inhibition (PPI)
A significant interaction between group and prepulse intensity was observed
(p≤0.05), indicating that the difference in %PPI between the three groups is
not uniform across the three different prepulse intensities. However, at
none of the three prepulse intensities, the %PPI was significantly different
between the three offspring groups (Fig.7-4). The basal startle response did
not differ between treatment groups (data not shown).
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Fig.7-4. Mean (±SEM) representation of the effects of MIA on prepulse inhibition of the acoustic
startle response. A significant interaction between group and prepulse intensity was observed
(p≤0.05), indicating that the difference in %PPI between the vehicle (n=20), Poly I:C WL (n=13) and Poly
I:C WG (n=10) offspring groups is not uniform across the three prepulse intensities (70, 75 and 80dB).
There was however no significant difference in %PPI between the three offspring groups at any of the
investigated prepulse intensities.

4.2.3. Locomotor activity (LMA)
Overall, no significant differences in spontaneous LMA were observed
between offspring groups. The mean LMA did not change significantly with
time before the AMPH or MK-801 stimulus, and there was no significant
difference in slope between the three offspring groups. Both the AMPH and
MK-801 stimuli caused a highly significant increase in LMA across all three
offspring groups (p≤0.001) (Fig.7-5). The immediate response to the
stimulus in the Poly I:C WL offspring group was consistently lower compared
to the Poly I:C WG and vehicle groups, although in the AMPH-experiment
pairwise differences between groups did not reach significance (Fig.7-5
panel A). In the MK-801-experiment, the pairwise difference between the
Poly I:C WL group and Poly I:C WG group showed a trend towards
significance (p=0.08), although neither of these groups was significantly
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different from the control group (Fig.7-5 panel B). This observation
underlines that Poly I:C WL offspring and Poly I:C WG offspring exhibited
opposite responses to the MK-801 challenge.
On average, the LMA kept increasing in the first hour after the stimulus (that
is, beyond the immediate response to the stimulus). In the MK-801experiment, this increase was highly significant (p≤0.001), whereas in the
AMPH-experiment there was only a trend towards significance (p=0.06). In
neither of the two experiments, the increase in LMA in the later time
intervals differed significantly between the three offspring groups. However,
the graph shows that in the MK-801-experiment Poly I:C WL offspring
generally had a lower mean LMA compared to vehicle offspring in the later
time intervals, while Poly I:C WG offspring generally had a higher mean LMA
compared to controls (Fig.7-5 panel B).
4.2.4. Sucrose preference
Poly I:C WL rats demonstrated a significantly reduced sucrose preference
compared to controls (p≤0.05) and Poly I:C WG offspring (p≤0.01) (Fig.7-6).
There was no significant difference in total fluid consumption between any
of the offspring groups, indicating that the decreased sucrose preference
reflects true anhedonia. Poly I:C WL offspring had a mean±SEM total liquid
consumption of 2.3±0.2ml per hour, Poly I:C WG offspring 2.2±0.2ml per
hour and vehicle offspring 3.9±0.5ml per hour.
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Fig.7-5. Effects of MIA on psychotomimetic-induced locomotor activity (LMA). Mean (±SEM) number
of beam crossings per 5min of vehicle (n=8), Poly I:C WL (n=5) and Poly I:C WG (n=5) offspring before
(60min) and after (120min) injection (arrow) of AMPH (1mg/kg) (A) and MK-801 (0.2mg/kg) (B). Poly
I:C WL offspring showed consistently lower responses to AMPH and MK-801 compared to the Poly I:C
WG and vehicle offspring groups, although in the AMPH-experiment pairwise differences between
groups did not reach significance (A). In the MK-801-experiment, the pairwise difference between the
Poly I:C WL and Poly I:C WG groups showed a trend toward significance (p=0.08), whereas neither of
these offspring groups differed significantly from the control offspring (B). This indicates that Poly I:C
WL and Poly I:C WG offspring showed opposite responses to the MK-801 challenge. In the MK-801experiment Poly I:C WL offspring generally had a lower mean LMA compared to vehicle offspring in
the later time intervals, while Poly I:C WG offspring generally had a higher mean LMA compared to
controls (B).
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Fig.7-6. Effects of MIA on sucrose preference. Boxplot representation of the percentage sucrose
preference of vehicle (n=18), Poly I:C WL (n=9) and Poly I:C WG (n=7) offspring. Poly I:C WL offspring
showed a significantly lower sucrose preference compared to control offspring (*p≤0.05) and Poly I:C
WG offspring (**p≤0.01).

4.2.5. Histological analysis in MIA offspring
There were no significant differences in CD11b-scores or density of Iba1positive microglia between the three offspring groups in any of the
investigated brain regions (data not shown).
5. Discussion
The present study provides important evidence that the individual maternal
immune response plays an important role in the development of MIAinduced behavioural deficits. More specifically, we report a differential
behavioural outcome in offspring exposed to MIA during mid/late gestation,
depending on whether the dam lost or gained weight, an indication of
sickness following MIA. Although it is conceivable that the differential
maternal weight response following Poly I:C administration is correlated
with differences in immune response, this had not been investigated so far.
We report here for the first time that pregnant dams that lost weight
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following Poly I:C injection exhibited a significant increase in serum TNF-α
compared to vehicle-treated dams, while Poly I:C-treated dams that gained
weight showed no difference compared to controls. We showed that
offspring of dams that experienced weight loss after MIA exhibited a worse
outcome in the tested behavioural experiments than the offspring of dams
that gained weight. These observations are in line with recent reports of
variability in the body weight response to Poly I:C in pregnant rats, which is
associated with a significantly different behavioural outcome in offspring
(28, 29). We report here for the first time that Poly I:C WL and Poly I:C WG
offspring had significant differences in a depressive symptom i.e. anhedonia.
A variety of parameters are used in the literature to induce the MIA model
in rodents. In rats, MIA is predominantly induced at GD15 while in mice
different gestational time points are used including GD9, GD12.5 and GD17,
corresponding to GD10, GD14 and GD20 in rat in terms of
neurodevelopment (24, 30-33). A dose-response study based on the working
hypothesis of the model was performed in order to obtain more information
on the optimal dose (2-8 mg/kg) and time point during pregnancy (GD9 and
GD15) of the Poly I:C challenge. More specifically, vehicle injection was
compared to Poly I:C for the induction of the most relevant pro- and antiinflammatory cytokines (IL-1β, TNF-α, IL-6 and IL-10) involved in the toll-like
receptor 3 mediated response using RT-qPCR. Although a differential
maternal immune response could be expected at different stages during
gestation due to febrile hyporesponsiveness in late pregnancy (34), we did
not observe a significant difference in cytokine response between GD9 and
GD15. As expected, exposure to Poly I:C in pregnant dams resulted in the
induction of mRNA expression of pro-inflammatory cytokines. Most clearly
was the significant rise in IL-1β which was observed in maternal blood 6h
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after 4mg/kg Poly I:C administration at GD15. Peripheral pro-inflammatory
cytokines, such as IL-1β, have been suggested to be the prime inducers of
sickness behaviour, including decreased food intake and subsequent body
weight loss (35). However, clear dose-response effects were not observed
for all cytokines including IL-6, an important intermediary of the MIA
response (36), or time points probably due to the presence of nonresponders in the different dose-groups, both in maternal blood and in
foetal CNS tissue. However, it is also possible that these seemingly nonresponders had a different time course of mRNA cytokine inductions as the
response to an acute immune challenge is strongly time-dependent and
different cytokines are known to peak at different time points. Of all the
doses tested, the 4mg/kg dose was the most consistent in inducing cytokine
mRNA increases in both the maternal and foetal compartments. While the
rise in pro-inflammatory cytokines was balanced by an increase in antiinflammatory IL-10 in GD9 foetuses, this was not the case at GD15. Meyer
and colleagues reported that induction of IL-10 could prevent the
emergence of behavioural deficits in the Poly I:C mouse model, but that
excessive levels of IL-10 alone could also result in behavioural deficits,
indicating the importance of a balance in pro- versus anti-inflammatory
cytokines (5). Our decision to induce MIA in the behavioural study by
injecting 4mg/kg Poly I:C at GD15 is further supported by the fact that these
are the most common parameters used to induce MIA in rats (24, 31, 37,
38).
Our study provides supportive evidence for an inherent immune response
of the foetus to the MIA challenge, at least in some of the foetuses. While
many studies have described increases in inflammatory cytokine protein
levels in the foetal brain after MIA challenges (Poly I:C, LPS), they could often
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not find any difference in inflammatory cytokine mRNA expression, leading
to the assumption that the increased cytokines are not derived from the
foetus, but originate in the mother and are transferred to the foetus through
the amniotic fluid and placenta (39-41). However, Meyer and colleagues
observed some alterations (both decreases and increases) in mRNA
expression of inflammatory cytokines in the foetal brain of mice exposed to
Poly I:C on GD9 or GD17 (42). Ghiani and colleagues observed elevated
mRNA levels of pro-inflammatory cytokines in the foetal brain of rats that
were exposed on both GD15 and GD16 to an LPS challenge (43). Our study
shows that at least some (apparently responder) foetuses experienced
increased mRNA expression of inflammatory cytokines 6h after
subcutaneous injection with Poly I:C on GD9 and GD15. Based on the results
of our study we can hypothesize that the contradictory findings regarding
altered transcription of inflammatory cytokine genes may be ascribed to the
presence of responders and non-responders, often resulting in nonsignificant overall findings. However, limiting factors for a proper
comparison of these studies are the use of different species, different
immune challenges, different time points during gestation, different
administration routes (i.v., i.p., s.c.) and consequently other time courses of
cytokine induction responses.
Since we also observed the presence of responders and non-responders in
our behavioural experiments, even within the Poly I:C WL and Poly I:C WG
groups, it would be interesting to be able to follow-up these foetuses into
adulthood and to correlate the data on cytokine mRNA alterations in the
foetus with behavioural data in the same adult individual. In this way we
could determine whether it is only the maternal immune response that is
important for the behavioural outcome in offspring, or the individual foetal
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immune response as well. As mentioned above, littermates could have very
similar or very different cytokine mRNA inductions. Possible explanations for
this observation are 1) a differential distribution of maternal cytokines to the
different foetuses, because of the individual maternal-foetal interface
(placenta and amniotic sac) of each foetus, and 2) a different genetic
predisposition of the foetuses to respond to transient changes in (maternally
derived) cytokines with an increase or decrease of cytokine gene
transcription, i.e. a different individual foetal immune response.
The pathological outcome of offspring can also be determined by maternal
behaviour, possibly through its effects on the offspring’s epigenome (44).
MIA can alter post-partum maternal behaviour, which may thus pose an
additional risk for the development of brain and behavioural pathology in
offspring (45). This phenomenon hinders the unequivocal interpretation of
results, since the pathology of offspring may result from the prenatal
immune challenge but also from abnormal post-partum maternal behaviour,
and poses thus an important limitation to many studies. This issue can be
addressed by implementing simultaneous cross-fostering designs in which
both prenatally immune challenged and control offspring are fostered by
control and immune challenged dams (46). While it is known that MIA can
influence maternal behaviour, it has not been investigated whether there is
a difference in behaviour between dams that lose weight following MIA
compared to dams that gain weight. This is a limitation to our study and
should be addressed in future experiments.
Offspring were behaviourally phenotyped at young adulthood (PND81) since
most behavioural deficits described in the MIA model start to emerge at this
stage (24). The most widely described behavioural outcome parameter in
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this model is a PPI deficit (31, 37, 47-50), reflecting a sensorimotor gating
dysfunction, which is typically observed in both schizophrenia patients and
individuals at high-risk of developing schizophrenia (51). However, negative
findings have been published as well in the MIA model (22, 30, 52, 53). In
the present study, a significant interaction between group and prepulse
intensity was observed (p≤0.05), indicating that the difference in %PPI
between the three offspring groups is not uniform across the three different
prepulse intensities. However, at none of the tested prepulse intensities, the
%PPI was significantly different between the three offspring groups.
Poly I:C WL offspring showed consistently lower responses to AMPH and
MK-801 compared to the Poly I:C WG and vehicle groups. A decreased
responsiveness to AMPH probably reflects alterations in dopaminergic
circuits and is consistent with the observations of Bronson and colleagues
who also dichotomized offspring based on the maternal body weight
response to MIA (28). Additionally, there is an increasing amount of
evidence for glutamatergic and NMDA-receptor abnormalities in
schizophrenia (54). The involvement of the glutamatergic system in general
and the NMDA-receptor in particular was evaluated by assessing the
response to the NMDA-receptor antagonist MK-801, which is known to
induce hyperlocomotion in rodents (55). As with AMPH, both
hyperresponsiveness (45, 56, 57) and hyporesponsiveness (29, 38) to MK801 have been described in the MIA model. We observed that Poly I:C WL
and Poly I:C WG offspring showed opposite responses to the MK-801
challenge. While neither of the treated offspring groups differed significantly
from the control group, the Poly I:C WL and Poly I:C WG groups showed a
trend toward significance when compared with each other. Poly I:C WL
offspring generally had a lower mean LMA compared with control offspring,
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while Poly I:C WG offspring had a higher mean LMA relative to controls.
These observations are consistent with those made by Bronson and
colleagues who reported a strongly reduced sensitivity to MK-801 in Poly I:C
WL offspring and a modestly increased response in Poly I:C WG offspring
(28). Vorhees and colleagues reported a decreased response in Poly I:C WL
offspring as well (29). A decreased responsiveness to MK-801 is consistent
with the NMDA-receptor hypofunction hypothesis of schizophrenia.
An important negative symptom of schizophrenia is anhedonia i.e. the
inability to experience pleasure, which is linked to a dysfunction in the
brain’s reward system. In the present study, Poly I:C WL offspring showed a
significantly lower sucrose preference than control and Poly I:C WG
offspring. The difference in mean sucrose preference between Poly I:C WL
and control offspring was approximately 5%, which is similar to the decrease
in sucrose preference previously reported in Poly I:C mice offspring (58). This
depressive-like behaviour in Poly I:C WL offspring may be linked to the
altered dopaminergic state observed in these animals in the LMA test, since
dopamine is one of the most important neurotransmitters involved in
reward. We observed no significant difference in total liquid consumption
between any of the offspring groups, indicating that the decreased sucrose
preference reflects true anhedonia. Depressive-like behaviour such as
anhedonia can also be linked to microglia activation. Treatment with
minocycline, an inhibitor of microglia activation, has for instance been
shown to prevent lipopolysaccharide-induced anhedonia and to improve the
recovery from sickness behaviour in mice (59).
One mechanism through which pro-inflammatory cytokines could act
prenatally to increase the risk of schizophrenia is by triggering uncontrolled
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brain inflammation, which might persist into adulthood (60). Increased
microglia activation has been observed in schizophrenia patients in three
post-mortem and three in-vivo PET studies (15-20). Preclinical data on
microglial changes in Poly I:C offspring are growing, but are equally
contradictory. While some studies have reported an increase in microglial
density and activation (22, 61, 62), others have reported no change in
density and morphology (63) or even a decrease in reactivity in some brain
regions (33, 62). In the present study, we observed no significant differences
in CD11b-stained microglial density and activity, nor in Iba1-stained
microglial density.
Recently, data are emerging on the importance of chronic alterations in
brain cytokines in the MIA model in the absence of overt brain inflammation.
Garay et al. described that Poly I:C-induced MIA resulted in complex
alterations of many brain cytokines in mice, but no alterations in (Iba1)
microglial density or morphology (33). Very recently, Mattei et al. evaluated
microglial changes in adult Poly I:C rats. While (Iba1) microglial density was
not changed in most brain regions and Iba1 reactivity was actually decreased
in hippocampus and cerebellum, the microglial production of TNF-α and IL1β was significantly increased in the hippocampus (but not cerebellum) of
Poly I:C offspring (62). These observations indicate that alterations in brain
cytokines, produced by microglia but possibly also by other immune cells,
may have important effects on neural development and behaviour without
overt signs of brain inflammation. Future studies should take this into
account and focus more on brain cytokines in addition to microglial
density/reactivity changes.
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Today, a lot of conflicting data exist regarding behavioural changes and
neuroinflammation in MIA models. The present study shows that the
variability of behavioural outcome in offspring is at least partly determined
by the individual maternal immune response to MIA. Most interestingly
anhedonia is present in the offspring of mothers with weight loss following
MIA compared to the weight gain and vehicle dams.
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1. Abstract
Background: Immune activation during pregnancy is an important risk factor
for schizophrenia. Brain dysconnectivity and NMDA receptor (NMDAR)
hypofunction have been postulated to be central to schizophrenia
pathophysiology. The aim of this study was to investigate resting-state
functional

connectivity

(resting-state

functional

MRI

-

rsfMRI),

microstructure (diffusion tension imaging – DTI) and NMDAR function
(pharmacological fMRI – phMRI) using multimodal MRI in adult offspring of
pregnant dams exposed to an immune challenge (maternal immune
activation – MIA model), and to determine whether these neuroimaging
readouts correlate with schizophrenia-related behaviour. Methods:
Pregnant rats were injected with Poly I:C or saline on gestational day 15.
Maternal weight and immune responses were assessed. Based on the
maternal weight response, offspring were divided into three groups:
controls (saline, n=11), offspring of dams that gained weight (1.430.56 %
increase, Poly I:C WG, n=12) and offspring of dams that lost weight post-MIA
(-1.000.60 % decrease, Poly I:C WL, n=16). Male adult offspring were
subjected to rsfMRI, DTI, phMRI with NMDAR antagonist MK-801,
behavioural testing and histological assessment. Results: Poly I:C WL
offspring exhibited increased functional connectivity in the default modelike network (DMN), while Poly I:C WG offspring showed the most
pronounced attenuation in NMDAR function versus controls. DTI revealed
no differences in MIA offspring versus controls. Behavioural deficits were
subtle with the most prominent increased anxiety, especially in Poly I:C WL
offspring.

Conclusions:

MIA

offspring

displayed

a

differential

pathophysiology depending on the maternal response to the immune
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challenge. Functional connectivity in DMN correlated with behaviour in MIA
offspring.
Key words: resting-state functional MRI, diffusion MRI, pharmacological
MRI, NMDA receptor, maternal/prenatal immune activation, autism,
biomarker
2. Introduction
Immune activation during pregnancy is an important risk factor for several
neuropsychiatric disorders, including schizophrenia, which supports the
neurodevelopmental hypothesis of this disorder (1, 2). Several hypotheses
regarding the pathophysiology of schizophrenia have been proposed,
including the dysconnectivity and NMDA receptor (NMDAR) hypofunction
hypotheses (3, 4).
Many neuroimaging studies have reported altered functional and structural
connectivity in schizophrenia patients (5). Of particular interest is the default
mode network (DMN), a network of brain regions that is active during rest.
Several studies investigating DMN reported increased functional
connectivity (FC) in this network in schizophrenia patients, as well as
unaffected first-degree relatives and individuals at ultra-high risk for
psychosis (reviewed in (6, 7)). In addition, schizophrenia patients show
abnormal deactivation or activity of the DMN during specific tasks and
aberrant DMN connectivity/deactivation correlated with symptom severity
(reviewed

in

(6)).

Some

studies

have

shown

that

DMN

connectivity/activation alters with antipsychotic treatment in schizophrenia
patients concurrent with symptomatic improvement (8-10). Altogether this
suggests that neuroimaging of the DMN may be a promising biomarker of
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disease and potentially predictive of treatment response. A decreased
structural connectivity has also been described in the DMN of schizophrenia
patients, reviewed in (6).
To date, a few diffusion magnetic resonance imaging (MRI) studies have
been performed in MIA models, focusing on microstructural changes.
Changes in fractional anisotropy or apparent diffusion coefficient in white
and grey matter at ages ranging from birth to adulthood have been observed
(11-15). However, no FC studies have been performed in MIA models.
A mounting body of evidence supports NMDAR hypofunction as a key factor
of schizophrenia pathophysiology (3). NMDAR antagonists can produce the
entire range of schizophrenia symptoms in healthy subjects. Abnormal
transcript and protein expression of NMDAR subunits have been observed
in schizophrenia patients, as well as altered glutamate levels and
abnormalities of modulators of the NMDAR glycine modulatory site. Altered
NMDAR function (through behavioural testing with NMDAR antagonists)
and expression has been demonstrated in MIA models (16-23).
Interestingly, depending on the maternal weight response to immune
challenge (weight loss vs. gain), offspring of polyinosinic:polycytidylic acid
(Poly I:C)-treated rats have been shown to display different behavioural
deficits, including different locomotive responses to NMDAR antagonists
(18, 24-26). This indicates that the maternal response to the immune
stimulus is an important determinant of the long-term behavioural outcome
in offspring, and likely also of the underlying pathophysiology.
Since the behavioural outcome in this model is variable and poorly
replicable, novel predictive biomarkers are needed for evaluation of new
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treatments for schizophrenia at the preclinical stage. As a first step, we
evaluated resting-state functional connectivity, microstructure and NMDAR
function using multimodal MRI in rats prenatally exposed to an immune
challenge and evaluated whether changes in these in vivo imaging read-outs
correlated with schizophrenia-like behavioural deficits.
In this study we aimed to elucidate the following research questions:
i)

Is there increased FC in the default mode-like network (DMN) of
adult rats exposed to prenatal immune challenge?

ii)

Are FC changes associated with microstructural alterations?

iii)

Do adult MIA offspring display a different hemodynamic response to
an NMDAR antagonist?

iv)

Do offspring of dams that lose weight post-MIA show a different
pathophysiology

(dysconnectivity/NMDAR

dysfunction)

from

offspring of dams that gain weight?
v)

Do FC, microstructural and NMDAR function abnormalities correlate
with behavioural deficits in adult MIA offspring?

vi)

Is NMDAR dysfunction (altered response to an NMDAR antagonist)
related to abnormal NMDAR levels?

3. Material and methods
3.1. Animals
Thirteen male and 13 female 10-week old Wistar Han rats were purchased
from Charles River Laboratories (France). Animals were single-housed in a
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temperature- and humidity-controlled room on a 12-hour light-dark cycle
with standard food and water available ad libitum. After minimum one week
of acclimatization, animals were subjected to timed mating. Male offspring
were group-housed under the same conditions. Animals were treated in
accordance with EU directive 2010/63/EU. Animal experiments were
approved by the animal ethics committee of the University of Antwerp,
Belgium (ECD 2015-77).
3.2. Study design
Study design is shown in Fig.1. Pregnant Wistar Han dams received an
immune challenge (viral mimetic Poly I:C, N=9) or saline (N=4) on gestational
day (GD) 15 as previously described (24). Maternal weight and immune
responses were assessed as before (24). Offspring were divided into three
groups: controls (n=11), offspring of dams that gained weight post-MIA (Poly
I:C Weight Gain offspring, n=12) and offspring of dams that lost weight or
showed no weight change (Poly I:C Weight Loss offspring, n=16) (24). On the
day of birth, litters were culled to eight pups per litter. Adult male offspring
(usually three per litter) were subjected to MRI and behavioural testing
during postnatal weeks (PNW) 12 and 13. MRI consisted of resting-state
functional MRI (rsfMRI), diffusion tensor imaging (DTI) (scanning session 1),
and pharmacological fMRI (phMRI) with the NMDAR antagonist MK-801 (10
min baseline and 30 min post-intravenous MK-801 administration) (scanning
session 2). Behavioural tests included prepulse inhibition of the acoustic
startle reflex, spontaneous locomotion, open field test, sucrose preference
test and MK-801-induced locomotion (24). PhMRI and locomotion with MK801 were the last tests to be performed, in order to exclude possible effects
of the psychotomimetic drug on the other imaging and behavioural read-
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outs. Animals were sacrificed in PNW 14 and their brains processed for
GluN1 immunohistochemical staining and quantification.

Fig.8-1. Study design. Pregnant dams were administered 4 mg/kg Poly I:C (maternal immune
activation: MIA) or saline on gestational day (GD) 15. Six hours post-injection, a venous blood sample
was collected and 24 h post-injection, the maternal weight response was recorded. Male offspring
were tested during adulthood in postnatal weeks (PNW) 12 and 13. Behavioural testing included
assessment of the prepulse inhibition (PPI) of the acoustic startle reflex, spontaneous locomotor
activity (LMA), open field (OFT) and sucrose preference tests (SPT), and finally assessment of the
locomotor response to the NMDA receptor (NMDAR) antagonist MK-801. Animals underwent restingstate functional MRI (fMRI) and diffusion tensor imaging (DTI) during PNW 12 and pharmacological
fMRI with MK-801 during PNW 13. Rats were sacrificed in the beginning of PNW 14 for histological
assessments.

3.3. Maternal immune activation (MIA) and response
Pregnant dams were injected subcutaneously (s.c.) with saline or 4 mg/kg
Poly I:C (10 ml/kg) on GD 15. Six hours post-injection, a blood sample was
collected from the lateral tail vein for assessment of the immune response.
Blood samples were allowed to clot for 30 min at room temperature (RT),
after which serum was obtained (10 min, 3000 rpm, 4°C). The weight of the
dam was recorded before and 24 h after Poly I:C/vehicle injection to
calculate the maternal weight response.
The maternal immune response was assessed in serum using a customized
Luminex multiplex assay (Procartaplex, eBiosciences) for the following
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cytokines and chemokines: TNF-α, IL-1β, IL-6, IL-10, CCL2 (MCP-1), CCL5
(RANTES), and IP-10 (CXCL10). Luminex analyses were performed according
to the instructions from the manufacturer in duplicates. Briefly, serum
samples were centrifuged at 10,000 g for 10 min at 4°C for removal of
remaining platelets and supernatants were 1:2 diluted in assay buffer.
Samples were incubated with magnetic beads for 2 h at 500 rpm at RT
followed by detection antibody mixture incubation for 30 min. For
visualization, samples were incubated with streptavidin conjugated RPhycoerythrin for 30 min and samples analysed on Magpix Luminex
platform. Data were analysed using Bio-plex Data Pro software.
3.4. Magnetic resonance imaging (MRI)
3.4.1. Acquisition
All data were acquired on a 7T PharmaScan MR system (Bruker, Germany)
with Paravision 5.1 software using a standard Bruker crosscoil set-up with a
quadrature volume coil and a quadrature surface coil designed for rats
(Bruker, Germany). The rats’ head was immobilized in an MR-compatible
stereotaxic device using blunt earplugs and a tooth bar.
RsfMRI, DTI and three-dimensional (3D) T2-weighted anatomical MRI scans
were all performed during one scanning session in PNW 12. PhMRI with the
NMDAR antagonist MK-801 was performed during a second scanning
session in PNW 13.
For the first scanning session, rats were anesthetized with isoflurane in a
mixture of O2 (30%) and N2 (70%) (5% induction; Forene; Abbott, Belgium)
after which a s.c. bolus injection of 0.05 mg/kg medetomidine hydrochloride
(Domitor, Pfizer, Karlsruhe, Germany) was administered to sedate the
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animals. After 15 min, continuous s.c. infusion of 0.1 mg/kg/h medetomidine
was started. Following bolus injection, isoflurane was gradually decreased
to 0.4% during the rsfMRI scan. After the rsfMRI scan was finished, infusion
of medetomidine was discontinued and isoflurane was increased to ± 1%. At
the end of the scanning session, animals received a s.c. injection of 0.25
mg/kg atipamezole (Antisedan, Pfizer, Karlsruhe, Germany) to reverse the
effects of medetomidine. For the second scanning session, only isoflurane
was used as anesthetic (5% induction, 2% maintenance). Breathing rate and
blood oxygenation were monitored constantly using a pressure sensitive
pad and a pulse oximeter (MR-compatible Small Animal Monitoring and
Gating System, SA Instruments, Inc., USA) and maintained between normal
physiological ranges. The temperature of the animals was monitored by
means of a rectal probe and maintained at (37 ± 0.5) °C through a feedbackcontrolled warm air system (MR-compatible Small Animal Heating System,
SA Instruments, Inc., USA).
Three orthogonal multi-slice Turbo Rapid Acquisition with Relaxation
Enhancement (RARE) T2-weighted images were acquired to ensure uniform
slice positioning for rsfMRI, DTI and phMRI data of different animals. A field
map was acquired in each scanning session to measure field homogeneity,
followed by local shimming, which corrects for the measured inhomogeneity
in a rectangular volume within the brain.
During the first scanning session, coronal rsfMR images were acquired
between 40 and 50 min post-bolus injection using a single-shot T2*weighted gradient-echo echo planar imaging (GE-EPI) sequence with the
following parameters: repetition time (TR) 2000 ms, echo time (TE) 29 ms,
20 slices of 0.7 mm (limited to cerebrum), slice gap 0.1 mm, 300 repetitions,
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scan duration 10 min. The field of view (FOV) was (30 x 30) mm2 and the
matrix size [128 x 128], resulting in voxel dimensions of (0.234 x 0.234 x
0.800) mm3.
Coronal diffusion-weighted (DW) images were acquired with a two-shot
spin-echo echo planar imaging (SE-EPI) sequence with 60 optimally spread
diffusion gradient directions. In addition, 15 non-DW b0 images (b-value
0 s/mm²; 5 b0 per 20 DW images) were acquired. The following imaging
parameters were used: TR 7500 ms, TE 26 ms, diffusion gradient pulse
duration δ 4 ms, diffusion gradient separation Δ 12 ms, b-value 800 s/mm2,
20 slices of 0.7 mm (limited to cerebrum, same slices as rsfMRI), 0.1 mm slice
gap, scan duration approx. 20 min. The FOV was (30 x 30) mm 2 and the
matrix size [128 × 128], resulting in voxel dimensions of (0.234 × 0.234 x
0.800) mm3.
A 3D RARE T2-weighted scan of the entire brain was acquired with the
following parameters: TR 2250 ms, TE 11 ms (TEeff 44 ms), RARE factor 8,
scan duration 15 min. The FOV was (29 x 20 x 15) mm3 and the acquisition
matrix [256 × 64 × 50], resulting in a spatial resolution of (0.113 x 0.313 ×
0.300) mm³.
During the second scanning session, coronal phMR images were acquired
using a single-shot T2*-weighted GE-EPI sequence with the following
parameters: TR 4000 ms, TE 25 ms, 13 slices of 1.0 mm (limited to cerebrum),
slice gap 0.2 mm, 600 repetitions, scan duration 40 min. The FOV was (25 x
25) mm2 and the matrix size [128 x 64], resulting in voxel dimensions of
(0.195 x 0.391 x 1.200) mm3. Baseline scans were acquired for 10 min (150
repetitions) after which a single bolus of 0.2 mg/kg MK-801 (0.8 ml/kg) was
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administered through an intravenous (i.v.) catheter and the measurements
continued until 30 min (450 repetitions) post-injection.
3.4.2. Data preprocessing
All image preprocessing was performed using SPM12 in MATLAB 2014a
(MathWorks, USA).
Resting-state fMRI. First, images within each session were realigned to the
first image using a least-squares approach and a 6-parameter (rigid body)
spatial transformation. Secondly, EPI images were coregistered to the
individual 3D RARE scan. The individual 3D RARE scans were normalised to a
study-specific 3D T2-weighted anatomical template using an affine
transformation followed by the estimation of the nonlinear deformations.
These transformation parameters were used to normalise all EPI datasets to
the study-specific 3D template. This template was made in Advanced
Normalisation Tools (ANTs) using all individual 3D RARE scans. Next, in plane
smoothing was done using a Gaussian kernel with full width at half
maximum (FWHM) of twice the voxel size (FWHM (0.468 x 0.468 x 0.800)
mm3). Finally, datasets were filtered using the Resting State fMRI Data
Analysis toolbox (REST1.8). The band-pass filter was set between 0.01 and
0.1 Hz to retain the low frequency fluctuations of the blood-oxygen level
dependent (BOLD) signal time course.
Diffusion tensor imaging. Firstly, images were realigned by performing a
rigid registration between the b0 images, which was followed by an
extended registration taking all the DW images into account. Secondly, DW
images were coregistered to the individual 3D RARE scan. The individual 3D
RARE scans were normalised to the study-specific 3D T2-weighted
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anatomical template using an affine transformation followed by the
estimation of the nonlinear deformations. These transformation parameters
were used to normalise all DWI datasets to the study-specific 3D template.
Next, the diffusion tensor was estimated and the DTI parameter maps were
computed (i.e. fractional anisotropy (FA), mean diffusivity (MD), axial
diffusivity (AD) and radial diffusivity (RD)). Finally, the DTI parameter maps
were smoothed in plane using a Gaussian kernel with FWHM of twice the
voxel size (FWHM (0.468 x 0.468 x 0.800) mm3).
Pharmacological fMRI with MK-801. All images within each session were
realigned to the mean image using a rigid registration. Secondly, all datasets
were normalised to the study-specific EPI template using an affine
transformation followed by the estimation of the nonlinear deformations.
The study-specific EPI template was made using the EPI data from 8 control
rats. Finally, in plane smoothing was performed using a Gaussian kernel with
FWHM of twice the voxel size (FWHM (0.390 x 0.782 x 1.200) mm 3).
3.4.3. Data analysis
Resting-state fMRI. A region of interest (ROI)-based analysis was performed
for all three groups including the following ROIs: left and right anterior
cingulate cortex (Cg), retrosplenial cortex (RS), parietal association cortex
(PtA), posterior parietal cortex (PtP), temporal association cortex (TeA),
primary motor cortex (M1), primary somatosensory cortex (S1), primary
auditory cortex (Au1) and primary visual cortex (V1). These ROIs were
defined as square regions of four voxels using MRIcron software, based on
the Paxinos and Watson rat brain atlas. The filtered datasets and a mask for
each ROI were used as an input to REST to extract the time courses for each
ROI. Correlation coefficients between the time courses of each pair of ROIs
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were calculated and z-transformed using an in-house program developed in
MATLAB. The average group z-transformed correlation values were
presented in a functional connectivity (FC) strength matrix. The FC strength
in the default mode-like network was computed by calculating the average
correlation value between Cg, RS, PtA, PtP and TeA. The default mode-like
network in rat was defined based on previous literature (27). Orbitofrontal
and prelimbic cortex could not be included in our analysis due to
susceptibility artefacts in the images at the level of these regions. The FC
strength in motor and sensory areas was computed by calculating the
average correlation value between M1, S1, Au1 and V1.
Seed-based analyses were performed for each of the ROIs within the default
mode-like network. BOLD signal time courses for each of these ROIs were
extracted from all filtered datasets using the REST toolbox. These were used
in SPM12 in a generalized linear model with the motion parameters resulting
from the realignment as covariates to obtain individual statistical FC maps
for all animals with the right Cg, RS, PtA, PtP and TeA as seed regions. A
whole brain mask was implemented in this analysis. The total cluster sizes of
these individual FC maps (family wise error (FWE) corrected, p≤0.05,
minimal cluster size k≥10) were determined. In addition, the mean T-value
was extracted from each individual FC map. A mask containing all clusters
that were significantly correlated with the seed region at group-level (onesample t-test per group, FWE corrected, p≤0.05, k≥10) was used in this
analysis. These masks were the sum of all clusters that were significantly
correlated with the seed in each group (“all group masks”). Finally, mean FC
maps for each seed region were computed per group (one-sample t-test,
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FWE corrected, p≤0.05, k≥10). Further statistics to compare between groups
are described in 2.7.
Diffusion tensor imaging. Voxel-based analysis was performed for each of
the obtained DTI metrics (i.e. FA, MD, AD and RD) in SPM12. First, we used
a whole brain approach. Next, we explored differences within a ROI that
contained all cortical DMN regions (bilateral Cg, RS, PtA, PtP and TeA),
overlayed as a mask. Statistics are described in 2.7.
Pharmacological fMRI with MK-801. For each animal, the first 140 baseline
scans (“pre”) were compared with the last 140 scans (i.e. 20-30 min postinjection, “post”) in SPM12. The motion parameters resulting from the
realignment were added as covariates to account for movement. A whole
brain mask was used in this analysis. Mean T-values were extracted from the
individual T-maps (pre > post) in MATLAB 2014a for the following ROIs:
anterior cingulate cortex (Cg), primary and secondary motor cortex (M1/2),
striatum, hippocampus, thalamus, default mode-like network and entire
cortex. Finally, mean difference maps were computed for each group (paired
t-test, pre > post, uncorrected, p≤0.01, k≥10). Further statistics to compare
between groups are described in 2.7.
3.5. Behaviour
3.5.1. Prepulse inhibition of the acoustic startle reflex
Prepulse inhibition of the acoustic startle reflex was assessed for prepulses
of three different intensities (70 dB, 75 dB and 80 dB) using standard startle
boxes (Kinder Scientific, USA) as previously described (24).
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3.5.2. Spontaneous locomotor activity
Spontaneous ambulatory locomotion was measured for a period of 24 h (12
h light-dark) using a home-cage 4 x 8 photobeam activity system (San Diego
Instruments, USA). The average number of photobeam crossings per hour
was calculated for both the light and the dark phase.
3.5.3. Open field test
Animals were placed in the periphery of a well-lit square arena (48 x 48 cm)
and allowed to explore the novel environment for 10 min. During this trial,
animals were video-tracked with EthoVision XT software (version 10.0,
Noldus, USA). For analysis, the arena was divided in a central zone (inner
square, 24 x 24 cm) and a peripheral zone. The following parameters were
calculated: latency to first entry in central zone, number of transitions from
periphery to centre, % time spent in centre, % distance moved in centre,
total distance moved and mean velocity.
3.5.4. Sucrose preference test
Sucrose preference and total liquid consumption were assessed as
previously described during a test period of 24 h, following a habituation
period of 48 h (24).
3.5.5. MK-801 induced locomotor activity
MK-801 induced hyperlocomotion was measured using the home-cage 4 x 8
photobeam activity system as previously described (24) with one important
modification: four hours of locomotor activity (i.e. beam crossings) were
recorded following administration of 0.2 mg/kg MK-801 (s.c., 10 ml/kg).
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3.6. Histology: GluN1
Animals were sacrificed by decapitation. Brains were resected and snapfrozen in isopentane on dry ice (3 min, -35°C) and stored at -80°C. Sagittal
sections of 20 μm were obtained using a CryoStar NX50 cryostat (Thermo
Scientific, Belgium) at ca. 1.90 mm lateral to the midline (right hemisphere)
and collected in triplicate.
Sections in triplicate were incubated for 1 h with Dako wash buffer (Dako,
Belgium) and for 30 min with 10% normal goat serum in PBS to block
aspecific binding. Next, sections were incubated for 3 h with anti-GluN1
monoclonal mouse antibody (1:400 in Dako diluent) (Synaptic Systems,
Germany). After washing, sections were incubated for 1 h with goat antimouse antibody conjugated with horseradish peroxidase (GAM IgG2b-HRP,
1:1000 in PBS), rinsed again, and incubated for 10 min with the colorimetric
substrate 3,3’-diaminobenzidine (DAB) for visualization. The reaction was
stopped with dH2O and sections were gradually dehydrated and
coverslipped.
Images were obtained with a NanoZoomer-XR slide scanner (Hamamatsu,
Japan) equipped with a 20x objective and analysed with ImageJ software.
The following ROIs were manually drawn in ImageJ using the curation
function of an in-house developed plugin SliceMap (28): frontal cortex,
corpus callosum, striatum, hippocampus and thalamus. For each ROI, the %
area of positive staining was calculated. Positive staining was defined as
signal higher than three standard deviations above the mean intensity in the
corpus callosum (reference region) of that section. This effectively
normalises the signal intensity in each ROI, in order to reduce inter-slice and
inter-subject variability in staining.
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3.7. Statistics
Normal distribution of the data was tested using the D’Agostino-Pearson
omnibus normality test. Outlier analyses were performed with the ROUT
test. Differences between the three groups (control, Poly I:C WG and Poly
I:C WL offspring) in average FC strength in default mode-like network and
motor/sensory areas, total cluster sizes of FC maps, acoustic startle reflex,
prepulse inhibition and spontaneous locomotion were analysed using oneway ANOVA tests and Dunnett’s multiple comparisons tests as post-hoc
tests. When pooling all MIA offspring, unpaired t-tests were used to
compare the two groups (control and Poly I:C offspring). Differences in MK801 induced hyperlocomotion between the groups were investigated using
a repeated measures two-way ANOVA test with either Dunnett’s (three
groups) or Sidak’s (two groups) multiple comparisons test as post-hoc tests.
Differences between the three groups (control, Poly I:C WG and Poly I:C WL
dams or offspring) in cytokine and chemokine expression, T-values from
phMRI T-maps, open field performance, sucrose preference, total liquid
consumption, GluN1 levels were analysed using Kruskal-Wallis tests and
Dunn’s multiple comparisons tests as post-hoc tests. When pooling all MIA
dams/offspring, Mann-Whitney U tests were used to compare the two
groups (control and Poly I:C dams/offspring). A chi-square test and chisquare test for trend were used to investigate a difference in the proportion
of the group that displayed anhedonia (defined as a sucrose preference of
less than 90%) in the different groups. Pearson correlation tests were
performed to investigate the relationship between in vivo imaging
measurements and behavioural assessments. These analyses were
performed using GraphPad Prism 6. Statistical significance was set at p≤0.05.
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Differences in seed-based FC maps and FA, MD, AD and RD maps between
the three groups were investigated using one-way ANOVA tests with Fcontrasts to compare between the three groups and t-contrasts to compare
between two groups. When pooling all MIA offspring, two-sample t-tests
were used to investigate the difference in seed-based FC maps and FA, MD,
AD and RD maps between the two groups. To investigate the difference in
seed-based FC maps between the different groups, a mask was used that
contained all clusters that were significantly correlated with the seed at
group-level (FWE corrected, p≤0.05, k≥10). These masks were the sum of all
clusters that were significantly correlated with the seed in each group (“all
group masks”). These analyses were performed in SPM12 and MATLAB
2014a. Finally, stepwise regression analyses were performed to investigate
whether in vivo imaging measurements could explain the variability in the
behavioural assessments. Forward stepwise regression analysis was
performed in JMP Pro 13 with p-value threshold as stopping rule (probability
to enter: 0.25, probability to leave: 0.1).
4. Results
4.1. Maternal response to MIA
Pregnant dams injected with Poly I:C exhibited a variable weight response
as reported before (24), with some animals having a reduction in weight
(N=4) or no weight change (N=1) (N=5, mean ± SEM: (-3.2 ± 1.9) g, -1.00 
0.60 % decrease in body weight) and others showing weight gain (N=4, mean
± SEM: (4.7 ± 2.2) g, 1.43  0.56 % increase) (Fig.2A). Pregnant dams injected
with saline showed a slight weight increase (N=4, mean ± SEM: (1.4 ± 0.8) g,
0.47  0.26 % increase).
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Pregnant dams that lost weight or showed no weight change post-MIA
showed a non-significant trend for an increased concentration of CCL5 in
serum at 6 h post-MIA vs. control dams (p=0.078), while dams that gained
weight did not (Fig.2B). When pooling all Poly I:C-injected dams, there was
also a trend for an increase in CCL5 vs. controls (p=0.073). There were no
differences in the other investigated cytokines (TNF-α, IL-1β, IL-6, IL-10, CCL2
and IP-10) between the three groups (data not shown).

Fig.8-2. Maternal response to the viral mimetic Poly I:C. A. Maternal weight response at 24 hours
following Poly I:C or vehicle injection. Poly I:C-treated dams exhibited a wide range of weight change
responses to the immune challenge in comparison with controls and were divided into dams that lost
weight (Poly I:C WL) and gained weight (Poly I:C WG). B. Concentration of CCL5 (RANTES) in maternal
serum at 6 hours post-injection. A trend towards significance was observed for a higher concentration
of CCL5 in Poly I:C WL dams and all Poly I:C-treated dams. Data are presented as boxplots. Control
dams: N=4, Poly I:C WG dams: N=4, Poly I:C WL dams: N=5. Kruskal-Wallis test with Dunn’s multiple
comparisons test (three groups) and Mann-Whitney test (two groups). #p<0.1

4.2. Increased FC in DMN of adult Poly I:C WL offspring
Region-of-interest (ROI)-based analysis of the rsfMRI data revealed
significantly increased average FC in the DMN of Poly I:C WL offspring vs.
controls, but not in Poly I:C WG offspring (p≤0.05) (Fig.3). FC within the DMN
was also significantly increased when comparing all MIA offspring to controls
(p≤0.05). FC was not significantly altered in motor and sensory cortical areas.
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Seed-based analysis revealed i) significantly larger total cluster sizes of
functionally connected clusters (FWE corrected, p≤0.05, k≥10) with
posterior parietal cortex (PtP) (p≤0.05) (Fig.4A) and temporal association
cortex (TeA) (p≤0.01), and ii) significantly higher mean T-values of the FC
maps with parietal association cortex (PtA) (p≤0.05), PtP (p≤0.05) (Fig.4A)
and TeA (p≤0.001) as seed regions in Poly I:C WL offspring vs. controls, but
not in Poly I:C WG offspring (Fig.4B). No significant group difference was
observed for i) total size of clusters significantly correlated with anterior
cingulate cortex (Cg), retrosplenial cortex (RS) and PtA, and ii) mean T-values
of the FC maps with Cg and RS as seed regions. When pooling all MIA
offspring, we observed i) a significantly larger total cluster size of
significantly correlated clusters with TeA (p≤0.01) and ii) significantly higher
mean T-values of FC maps with PtP (p≤0.05) and TeA (p≤0.01) in MIA
offspring vs. controls. Trends towards significance were observed for i)
increased total cluster size of clusters significantly correlated with PtP
(p=0.057) and ii) higher mean T-value of the FC map with PtA as seed in all
MIA offspring vs. controls (p=0.081).
Statistical difference maps (uncorrected, p≤0.001, k≥10) of the FC maps with
PtP and TeA as seed regions revealed a difference between Poly I:C WL
offspring and controls (Poly I:C WL > control, data not shown). When pooling
all MIA offspring, a group difference with controls was only found for the FC
maps with TeA as seed region. Statistical difference maps did not reveal any
group difference between MIA and control offspring for the FC maps with
Cg, RS or PtA as seed regions.
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Fig.8-3. Region of interest-based analysis of resting-state functional MRI data reveals increased
functional connectivity (FC) in the default mode-like network (DMN) of MIA offspring. A. Average
group z-transformed FC matrices of DMN-like, motor and sensory cortical regions. From top to bottom:
left and right anterior cingulate cortex, left and right retrosplenial cortex, left and right parietal
association cortex, left and right posterior parietal cortex, left and right temporal association cortex,
left and right primary motor cortex, left and right somatosensory cortex, left and right primary
auditory cortex, left and right primary visual cortex. The black triangle indicates the correlations
between DMN-like regions. The colour scale indicates the z-transformed correlation values. The values
within the DMN-like network are higher (more red) in Poly I:C WL offspring compared to controls. Cg
= cingulate cortex, RS = retrosplenial cortex, PtA = parietal association cortex, PtP = posterior parietal
cortex, TeA = temporal association cortex, M1 = primary motor cortex, S1 = primary somatosensory
cortex, Au1 = primary auditory cortex, V1 = primary visual cortex, L = left, R = right. B. The average zFC
correlation values within the DMN-like network (left) and primary motor and sensory cortices (right).
The average FC within the DMN-like network is significantly higher in Poly I:C WL offspring and all Poly
I:C offspring vs. controls. Mean ± SEM is shown. Control offspring: n=11, Poly I:C WG offspring: n=10,
Poly I:C WL offspring: n=15. One-way ANOVA with Dunnett’s multiple comparisons test (three groups)
and unpaired t-test (two groups). *p≤0.05

252

Chapter 8

Fig.8-4. Seed-based analysis of resting-state functional MRI data reveals increased functional
connectivity (FC) in the default mode-like network (DMN) of MIA offspring. A. Average group
statistical seed-based FC maps with posterior parietal cortex as seed region (one-sample t-test, FWE
corrected, p<0.05, minimal cluster size k≥10). The colour scale indicates T-values. B. Total cluster size
of all significantly correlated clusters (FWE corrected, p<0.05, k≥10) with different seed regions of the
DMN-like network: right cingulate cortex (Cg R), right retrosplenial cortex (RS R), right parietal
association cortex (PtA R), right posterior parietal cortex (PtP R), and right temporal association cortex
(TeA R). The total cluster sizes of the FC maps with PtP R and TeA R as seed regions are significantly
higher in Poly I:C WL offspring vs. controls, as well as in all Poly I:C offspring for the FC maps with TeA
R as seed. A trend was observed for a higher total cluster size of the FC maps with PtP R as seed region
in all Poly I:C offspring vs. controls. Mean ± SEM is shown. Control offspring: n=11, Poly I:C WG
offspring: n=10, Poly I:C WL offspring: n=15. One-way ANOVA with Dunnett’s multiple comparisons
test (three groups) and unpaired t-test (two groups). #p<0.1, *p≤0.05, **p≤0.01

4.3. No microstructural changes in adult MIA offspring
Whole-brain voxel-based analysis (VBA) did not reveal significant differences
in fractional anisotropy, mean, axial and radial diffusivity between MIA and

253

Chapter 8
control offspring (data not shown). VBA within the DMN did not reveal any
significant group differences either (data not shown).
4.4. Attenuated response to NMDAR antagonist in adult MIA offspring
Administration of NMDAR antagonist MK-801 resulted in a decrease in
blood-oxygen-level-dependent (BOLD) signal. The mean T-values of the
pre>post contrast maps were significantly lower in striatum and thalamus of
Poly I:C WG rats vs. controls (p≤0.05), i.e. there was a smaller drop in BOLD
signal in Poly I:C WG offspring vs. controls (Fig.5). There were also trends for
lower mean T-values in anterior cingulate (p=0.088) and motor cortices
(p=0.081) of Poly I:C WG offspring vs. controls. The mean T-value in thalamus
was also significantly lower in Poly I:C WL offspring compared to controls
(p≤0.05). When taking all MIA offspring together, mean T-values were
significantly lower in striatum (p≤0.05) and thalamus (p≤0.01) vs. controls.
In addition, a trend for a lower mean T-value in hippocampus was observed
in all MIA offspring vs. controls (p=0.062). No differences were observed in
mean T-values for DMN and entire cortex between any of the groups.
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Fig.8-5. Pharmacological fMRI with the NMDA receptor antagonist MK-801 reveals altered NMDAR
function in MIA offspring. A. Average group statistical difference maps of BOLD signal before – after
(20-30 min post) MK-801 administration (uncorrected, p<0.01, minimal cluster size k≥10). MIA
offspring showed a significantly different response to the NMDAR antagonist in comparison with
controls, which was most pronounced in Poly I:C WG offspring. The colour scale indicates T-values. 1:
anterior cingulate cortex, 2: motor cortex, 3: striatum, 4: thalamus, 5: hippocampus. B. Mean T-values
in anterior cingulate cortex, motor cortex, striatum, thalamus and hippocampus. Mean T-values were
significantly lower in striatum of Poly I:C WG offspring and all MIA offspring vs. controls, and in
thalamus of Poly I:C WG, Poly I:C WL and all MIA offspring. A trend was observed for lower mean Tvalues in frontal cortical regions (i.e., anterior cingulate cortex and motor cortex) of Poly I:C WG
offspring and in hippocampus of all MIA offspring vs. controls. Data are presented as boxplots. Control
offspring: n=7, Poly I:C WG offspring: n=8, Poly I:C WL offspring: n=14. Kruskal-Wallis test with Dunn’s
multiple comparisons test (three groups) and Mann-Whitney test (two groups). #p<0.1, *p≤0.05,
**p≤0.01
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4.5. Subtle behavioural deficits in adult MIA offspring
As expected, the % prepulse inhibition (PPI) increased significantly with
prepulse intensity. Surprisingly, a trend towards significance for increased
PPI with the 75 dB prepulse was observed in all MIA offspring vs. controls
(p=0.086) (Fig.6A). No difference was observed in the magnitude of the
startle reflex or PPI with the other prepulse intensities between the different
groups.
Poly I:C WG offspring showed a trend for increased spontaneous locomotion
during light phase (p=0.074) (Fig.6B). A weak trend was observed for
decreased activity during dark phase in all MIA offspring vs. controls
(p=0.098).
Poly I:C WL offspring showed trends for a decreased number of entries into
the centre of the open field (p=0.089), decreased % time spent in centre
(p=0.072) and decreased % distance travelled in centre (p=0.063) vs.
controls (Fig.6C). When pooling all MIA offspring, there was a significantly
decreased number of entries into centre (p≤0.05), decreased % time spent
in centre (p≤0.05) and decreased % distance travelled in centre (p≤0.05), as
well as a trend for increased latency to first entry into the centre of the open
field vs. controls (p=0.089). There were no differences in total distance
travelled or velocity between the groups.
There was no significant difference in % sucrose preference or total liquid
consumption between the groups (Fig.6D). However, there was a nonsignificant higher proportion of animals with anhedonia (defined as sucrose
preference <90%) in Poly I:C WL and WG groups (both 25%, respectively
3/12 and 4/16 rats) than in controls (9%, 1/11 rats).
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Poly I:C WG offspring initially showed a similar hyperlocomotive response to
MK-801 as controls, but after approx. 85 min their responses started to
deviate with the Poly I:C WG offspring exhibiting a reduced response to the
drug vs. controls. This was significant at 95-100 min post-injection (p≤0.05)
and a trend was observed at 125-130 min post-injection (p=0.073) (Fig.6E).
No difference was observed between Poly I:C WL offspring and controls or
when comparing all MIA offspring vs. controls.

Fig.8-6. Subtle behavioural deficits in MIA offspring. A. All Poly I:C offspring exhibited an increased %
prepulse inhibition with the 75 dB prepulse vs. controls, but not with the other prepulse intensities. B.
Poly I:C WG offspring showed increased baseline locomotor activity (average beam crossings per hour)
during the light phase compared to controls, and all Poly I:C offspring showed decreased activity during
the dark phase. C. MIA offspring had a decreased number of entries into the centre of the open field
and a lower % distance moved in the centre vs. controls, which was most pronounced in Poly I:C WL
offspring. D. There was no significant difference in % sucrose preference between the three groups. E.
Poly I:C WG offspring showed a slightly attenuated hyperlocomotive response to MK-801 compared to
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controls. The arrow indicates the time-point of MK-801 administration. Mean ± SEM is shown in panels
A, B and E. Data in C and D are presented as boxplots. All behavioural tests: Control offspring: n=11,
Poly I:C WG offspring: n=12, Poly I:C WL offspring: n=16. A, B: one-way ANOVA with Dunnett’s multiple
comparisons test (three groups) and unpaired t-test (two groups); C, D: Kruskal-Wallis test with Dunn’s
multiple comparisons test (three groups) and Mann-Whitney test (two groups), E: two-way repeated
measures ANOVA with Dunnett’s multiple comparisons test (three groups) and Sidak’s multiple
comparisons test (two groups). #p<0.1, *p≤0.05

4.6. No altered GluN1 protein levels in MIA offspring
There were no significant differences in the % area of GluN1 staining
between the three groups in any of the investigated brain regions (data not
shown).
4.7. FC in DMN correlates with behaviour in MIA offspring
Correlation analysis was performed between rsfMRI measurements (FC in
DMN, total cluster sizes and mean T-values of seed-based FC maps with Cg,
RS, PtA, PtP and TeA as seed regions) and phMRI measurements (mean Tvalues in anterior cingulate and motor cortices, striatum, hippocampus and
thalamus) on the one hand and the following behavioural assessments in
MIA offspring on the other hand: PPI with 75 dB prepulse, average
locomotion during light and dark, latency to first entry in centre of open
field, number of entries into centre, % time spent and % distance moved in
centre, % sucrose preference and locomotion 95-100 min post-MK-801.
Correlation analysis revealed significant negative correlations between
sucrose preference and i) average FC in DMN (p≤0.01, r=-0.54) (Fig.7), ii)
total cluster size of the FC maps with Cg as seed region (p≤0.01, r=-0.50), iii)
total cluster size (p≤0.05, r=-0.46) and mean T-value (p≤0.05, r=-0.44) of the
FC maps with PtP as seed region, and iv) total cluster size of the FC maps
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with TeA as seed (p≤0.05, r=-0.45). In addition, trends were observed for
negative correlations between sucrose preference and i) mean T-value of
the FC maps with Cg (p=0.065, r=-0.38), ii) mean T-value of the FC maps with
PtA (p=0.099, r=-0.34), and iii) mean T-value of the FC maps with TeA as seed
region (p=0.070, r=-0.37).
Significant negative correlations were observed between total cluster size
and mean T-value of the FC maps with Cg as seed region and number of
entries into centre open field (both p≤0.05, r=-0.42). There were also trends
for negative correlations between total cluster size (p=0.059, r=-0.38) and
mean T-value (p=0.057, r=-0.39) of the FC maps with Cg as seed region and
% distance moved in centre.
Positive correlations were observed between total cluster size and mean Tvalue of FC maps with TeA as seed region and MK-801-induced
hyperlocomotion (both p≤0.01, r=0.51) (Fig.7).
No significant correlations were observed between phMRI measurements
and behavioural assessments.
Forward stepwise regression analysis with all of the aforementioned FC
measurements revealed that these parameters could predict some of the
variability in i) PPI with 75 dB prepulse (p≤0.01, R2 Adj=0.40), ii) number of
entries into centre open field (p≤0.05, R2 Adj=0.25), iii) sucrose preference
(p≤0.01, R2 Adj=0.43), and iv) MK-801-induced hyperlocomotion (p≤0.05, R 2
Adj=0.26) in MIA offspring.
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Fig.8-7. Correlation between functional connectivity (FC) in the default mode-like network (DMN)
and behavioural outcome in MIA offspring. A. A negative correlation was observed between average
FC in the DMN and sucrose preference in MIA offspring. B. A positive correlation was seen between
the total cluster size of the FC maps with right temporal association cortex as seed region and MK-801
induced hyperlocomotion in MIA offspring. Red = Poly I:C WG offspring, blue = Poly I:C WL offspring.
Pearson correlation.

5. Discussion
To our knowledge, we showed for the first time altered FC in MIA offspring.
More precisely, we demonstrated increased FC in the DMN in adult offspring
of dams that lost weight post-MIA. Furthermore, DMN FC correlated with
behaviour in MIA offspring. Finally, we observed that MIA offspring have a
different pathophysiology depending on the maternal response to the
immune challenge. While Poly I:C WL offspring showed hypersynchronicity
in the DMN, Poly I:C WG offspring exhibited more pronounced NMDAR
dysfunction.
5.1. Maternal response to MIA
In line with our previous work (24), pregnant dams that lost weight following
MIA seemed to display a slightly more pronounced inflammatory response
in serum compared to dams that gained weight post-MIA. Hence, weight
change may be a good surrogate marker of the severity of the immune
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response. Accordingly, differential behavioural deficits in Poly I:C WL and
Poly I:C WG offspring have been reported (18, 24-26).
5.2. Increased FC in DMN of MIA offspring in the absence of
microstructural changes
We observed increased FC in the DMN of adult Poly I:C WL offspring, in
agreement with most DMN studies in schizophrenia patients. This
hypersynchronicity was most pronounced with posterior parietal and
temporal association cortices of the DMN. Interestingly, these regions have
been shown to comprise different modules of the rat DMN (29). However,
little is known about the functional relevance of these different modules.
While FC was increased in the DMN, no microstructural changes could be
observed in MIA offspring vs. controls. This is in contrast with previous
studies of MIA offspring. However, these studies differ in many aspects from
the current study. Beloosesky, Ginsberg and colleagues evaluated apparent
diffusion coefficient in very young (postnatal day 25) female offspring of rats
injected intraperitoneally with lipopolysaccharide, in which they found
evidence for diffuse cerebral injury (11, 14). Fatemi and colleagues
investigated FA in selected white matter structures of male mice prenatally
exposed to human influenza virus and observed some alterations at
different ages (ranging from birth to young adulthood), which were different
depending on the exact timing of the prenatal immune challenge (12, 13).
Only one study investigated FA throughout the entire brain of male adult
mice exposed to Poly I:C during gestation and reported changes throughout
fronto-striatal-limbic circuits, which were more pronounced when mice
were exposed during early gestation (15). Differences in nature and timing
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of the immune challenge, species and age of the offspring may explain the
difference between our results and the results obtained in these studies.
5.3. Attenuated response to NMDAR antagonist in MIA offspring, but
no change in NMDAR levels
Pharmacological fMRI with an NMDAR antagonist is ideally suited to
investigate whole-brain NMDAR function. As expected, we observed an
altered response to MK-801 in MIA offspring, which was most pronounced
in Poly I:C WG offspring. The altered response was mostly detectable in
subcortical structures, i.e. striatum, thalamus and hippocampus, which have
all been implicated in schizophrenia (30, 31). However, a trend for an altered
response could also be observed in frontal cortical regions in Poly I:C WG
offspring. Frontal cortex abnormalities have also been widely reported in
schizophrenia (32).
A slightly attenuated hyperlocomotive response to MK-801 was observed in
Poly I:C WG offspring, but not Poly I:C WL offspring. The pharmacological
fMRI response to MK-801 also showed the most pronounced difference in
Poly I:C WG offspring compared to controls. Both assessments suggest that
NMDAR function is most altered in Poly I:C WG offspring. In literature, both
exaggerated (16, 17, 33) and attenuated (34) responses to MK-801 in MIA
offspring have been reported as well as no difference vs. controls (35). Some
authors

have

also

described

a

difference

in

MK-801-induced

hyperlocomotion depending on the maternal weight response to the
immune challenge. A decreased response to MK-801 has been
demonstrated in Poly I:C WL offspring, with either a similar but less
pronounced response in Poly I:C WG offspring (26), a slightly increased
response in Poly I:C WG offspring (18, 24) or a response comparable to
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controls (25). It is clear that most studies have observed a disturbed NMDAR
function using MK-801, but the responses are not consistent across studies
and are likely dependent on the precise perturbation of the
neurodevelopment.
Altered NMDAR function may potentially be explained by a change in total
number of NMDARs. However, no difference was observed in GluN1 levels,
the obligatory NMDAR subunit. While some studies have shown decreased
GluN1 in MIA offspring (17, 19, 20), others have demonstrated increased
GluN1 levels (36) or no change (37). Altered NMDAR function may also be
explained by a differential subunit composition, i.e. a different contribution
of GluN2A- or GluN2B-subunits, or a different phosphorylation level of the
subunits. While some studies have shown no difference in GluN2A/B
subunits (19, 20), others have reported increased GluN2B (38), decreased
GluN2B levels (39) or no difference in GluN2B, but increased GluN2A levels
(36). Clearly, the changes are not consistent across studies.
5.4. Subtle behavioural deficits in MIA offspring
The most prominent behavioural deficit was increased anxiety in the open
field, which was most obvious in Poly I:C WL offspring. Anxiety symptoms
and comorbid anxiety disorders have often been described in schizophrenia
patients (40). Several other groups have also reported increased anxiety in
open field in MIA offspring (41-44), while others reported no difference (25,
26, 45) or decreased thigmotaxis (46).
A trend for increased PPI was observed in the MIA offspring with 75 dB
prepulse, but not with the other prepulse intensities. Interestingly,
increased PPI has been observed in autistic children with a 76 dB prepulse
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and not with a stronger prepulse (47). MIA offspring have also often been
used as a model for autism. While many studies have shown decreased PPI
in MIA offspring (48, 49), some failed to observe a difference (50) or showed
increased PPI (26).
A trend for increased spontaneous locomotion during light phase and
decreased activity during dark phase were observed in the MIA offspring,
which suggests a disturbed rest-activity/sleep-wake rhythm. Circadian restactivity/sleep-wake disruptions are a common problem in schizophrenia
(51). Recently, a study has shown persistent sleep alterations in MIA
offspring with increased locomotion during the light phase (52). Increased
locomotion during the light phase has also been shown by others (34, 42,
53), but decreased locomotion has been observed as well (54).
Though there was a numerically higher proportion of subjects with
anhedonia (defined as sucrose preference <90%) in the MIA offspring groups
vs. controls, this difference was not significant. Again, anhedonia has not
been consistently reported in MIA offspring (22, 24, 42, 55, 56).
5.5. Hypersynchronicity in the DMN is related to behaviour in MIA
offspring
Interestingly, FC in the DMN of MIA offspring correlated with their
behavioural outcome. Correlation and stepwise regression analyses showed
that FC in the DMN could predict the variability in several behavioural
parameters: PPI with 75 dB prepulse, sucrose preference, thigmotaxis in
open field and MK-801-induced hyperlocomotion. Higher FC in DMN was
related to higher PPI, lower sucrose preference and increased anxiety.
Similarly, hypersynchronicity in the DMN of schizophrenia patients has been

264

Chapter 8
related

to

psychopathological

symptom

severity

(57,

58).

Hypersynchronicity and hyperactivity of the DMN are thought to blur the
line between internal thoughts/feelings and external perceptions in
schizophrenia patients, resulting in exaggerated self-relevance of neutral
events and aberrant integration of internal and external stimuli, ultimately
leading to symptoms such as paranoia and hallucinations (58). On the other
hand, higher FC in DMN was related to a higher (more normal) MK-801induced hyperlocomotive response. Indeed, Poly I:C WG offspring with
normal FC in DMN had a decreased MK-801-induced hyperlocomotive
response while Poly I:C WL offspring with increased FC had a normal MK801-induced hyperlocomotive response. The pharmacological fMRI
response to MK-801 was not related to behaviour in the MIA offspring.
6. Conclusions and future perspectives
To our knowledge, our study is the first to show altered FC in a MIA model.
We observed increased FC in the DMN of animals that were born to dams
that lost weight following immune challenge. Moreover, FC in DMN was
associated with behavioural outcome in MIA offspring. Since it has been
shown that hypersynchronicity in the DMN of schizophrenia patients can be
normalised by antipsychotic treatment, hypersynchronicity in the DMN of
MIA models could be a potential biomarker to test novel therapies. While
behavioural deficits were subtle in our study, the altered FC was clear and
may be a more reliable read-out of the model than the behaviour. Finally, it
remains to be seen if altered FC in the DMN of MIA offspring precedes the
behavioural deficits and may be useful as a novel prognostic biomarker. All
of these issues will need to be addressed in future studies. Finally, we
showed that Poly I:C WL offspring exhibited DMN hypersynchronicity, while
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Poly I:C WG offspring displayed a more attenuated response to an NMDAR
antagonist. This underlines the importance of taking the individual maternal
response into account in studying the long-lasting effects of disturbed
neurodevelopment following prenatal immune activation.
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Discussion and future perspectives

Chapter 9
The main aim of this PhD thesis was to identify neuroimaging correlates of
chronic behavioural outcome following discrete brain insults in
experimental animal models, i.e. status epilepticus (SE) and traumatic brain
injury (TBI) during young adulthood, and maternal immune activation (MIA)
during prenatal development. In brief, we have successfully identified
several in vivo imaging (or in vitro autoradiography) correlates of chronic
behavioural alterations following distinct brain insults:
•

In vitro autoradiography binding of the SPECT probe [111In]MICA-401,
which binds to active uPA/KLK8 (extracellular matrix proteases), in
hippocampus in the chronic period following SE correlated with seizure
burden in this period in a model of temporal lobe epilepsy (TLE).

•

Subacute TSPO PET tracer uptake (neuroinflammation marker) and DTI
metrics (FA, MD, AD and RD) in perilesional cortex and ipsilesional
hippocampus was able to predict long-term behavioural outcome
following experimental TBI (Controlled Cortical Impact (CCI) injury).

•

Functional connectivity in the default mode-like network (DMN),
assessed with resting-state fMRI, correlated with behaviour in adult
offspring that were prenatally exposed to MIA, a model with relevance
to schizophrenia.

Any kind of brain insult can have a major impact on the brain and affect
different constituents of the brain, including neurons, glia and the
extracellular matrix. Depending on the timing and the nature of the insult,
brain insults can lead to altered neurodevelopment, neurodegeneration,
neuroregeneration/plasticity, inflammation, and remodelling of the
extracellular matrix. These processes interact and influence each other and
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determine the long-term outcome following a brain insult. In vivo imaging of
alterations in neurons, glia and extracellular matrix can be linked to the
behavioural outcome of an insult and may provide insight in the
neurobiological processes that underlie the behavioural changes. Since
different constituents of the brain are altered following an insult,
multimodal imaging of these alterations may prove to be necessary to
provide the most accurate correlate of functional outcome. Several different
potential in vivo imaging correlates of chronic outcome following brain
insults were investigated in this thesis. This may lead to the identification of
novel prognostic and predictive biomarkers.
We observed that alterations in extracellular matrix proteases (uPA/KLK8)
were associated with seizure burden in a TLE model. Previous work from our
lab has shown that upregulation of TSPO (i.e. inflammation) was also
associated with seizure burden in this model (1). We found that subacute
TSPO and DTI metrics could predict long-term TBI outcome, indicating that
inflammation, neurodegeneration and/or regeneration play a role in the
chronic TBI sequelae. Altered functional connectivity in the DMN was related
to behaviour in adult MIA offspring. Alterations in inflammation and
extracellular matrix have also been observed following MIA and in
schizophrenia and may also be able to explain in part the functional deficits.
Our observations will be discussed in more detail below, especially in light
of the outcome of other studies that were not implemented in this thesis, as
well as more recent literature.
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1. uPA/KLK8 activity correlates with seizure burden in a TLE model
In vitro autoradiography with the SPECT radiotracer [ 111In]MICA-401
revealed decreased uPA/KLK8 activity in hippocampal subfield CA3 and
temporal lobe in the subacute phase following SE, as well as in perilesional
cortex and ipsilesional dentate gyrus in the subacute period following TBI. In
the chronic phase following SE, when rats had developed spontaneous
recurrent seizures, uPA/KLK8 activity was decreased in all investigated brain
regions, and hippocampal uPA/KLK8 activity correlated with the seizure
burden. A disadvantage of this radiotracer is its lack of specificity for a single
protease, which is a common problem with radiotracers targeting enzymes.
However, since both uPA and KLK8 had been shown to display similar
responses to epileptogenic insults, i.e. a loss of uPA/KLK8 in degenerating
neurons and an induction of uPA/KLK8 in glial cells, this was not deemed a
problem (2-4). However, it puts some restraints on identifying the real
culprit, i.e. the protease (or better: lack of protease) that is involved in the
increased epileptic seizure burden. While uPA deficiency in knockout mice
has been shown to result in increased neuronal loss and/or decreased
neurogenesis following SE and TBI, as well as a worse neuromotor outcome
following TBI, it did not affect chronic seizure susceptibility or epilepsy
outcome following SE and TBI (5-8). Moreover, it resulted even in a
decreased response to pilocarpine, a proconvulsant (8). However, KLK8
deficiency in knockout mice has been shown to result in an increased
response to kainic acid (9, 10). Therefore, we hypothesise that a
hippocampal decrease in KLK8, rather than uPA, may be involved in the
increased frequency of spontaneous recurrent seizures that we observed
following SE. It has been shown that KLK8 is involved in maintaining the
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proper excitation-inhibition balance in hippocampus following kainic acid
administration, which is dependent on NRG1/ErbB4 signalling towards
parvalbumin-expressing GABAergic interneurons (10). A lack of KLK8 shifts
the excitation-inhibition balance towards excitation, possibly explaining why
rats with a more pronounced decrease in (uPA/)KLK8 had a higher seizure
burden in our study.
In another study, we applied the uPA/KLK8 inhibitor UAMC-01162, the
compound from which [111In]MICA-401 is derived, to cortical neuronal cell
cultures (derived from postnatal rat neocortex). Electrophysiological
analysis of the in vitro cortical neuronal networks using multielectrode
arrays revealed that acute administration of the uPA/KLK8 inhibitor resulted
in increased duration of network bursts (i.e. many neurons firing
simultaneously), which might be explained by a shift of the excitationinhibition balance towards excitation. The uPA/KLK8 inhibitor also resulted
in an increased strength of functional connections in the networks. These
observations are intriguing and give us insight into the electrophysiological
characteristics of a neuronal network that has a compromised uPA/KLK8
activity. Increased burst duration and increased functional connectivity
between excitatory neurons may underlie an increased seizure propensity.
The results of this study have been submitted to PLOS ONE as “Van De Vijver
S, Missault S, et al.: The effect on in vitro cortical neuronal networks
electrophysiology of the acute pharmacological inhibition of urokinase type
plasminogen activator and neuropsin extracellular proteases.”
Unfortunately, due to its incapacity to cross the intact blood-brain barrier
(BBB), [111In]MICA-401 could not be implemented in a longitudinal in vivo
imaging study to investigate whether the early decrease in uPA/KLK8 could
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predict the long-term outcome following SE and TBI. Hence, we explored
other possible molecular targets that could serve as prognostic biomarkers
of long-term outcome following brain injury.
2. MMP-9 following TBI
MMP-9 is a particularly attractive molecule that may serve as a prognostic
and predictive biomarker for long-term outcome following TBI. MMP-9 is
acutely upregulated in the brain, cerebrospinal fluid and blood of TBI
patients (11-16). A more pronounced increase has been shown to correlate
with more severe injury (15), lower score on the Glasgow Coma Scale (13)
and poor short-term prognosis, i.e. longer length of stay and mortality in the
intensive care unit (11, 14). Treatment with “MMP-9” inhibitors in
experimental TBI models results in decreased BBB disruption, reduced
oedema, smaller lesion volume, reduced neuronal loss, dendritic
degeneration and synapse loss, attenuation of microgliosis and astrogliosis,
and improved neurobehavioural outcome (including sensorimotor function
and spatial learning and memory) (17-22). MMP-9 deficiency in knockout
mice also results in reduced lesion size and improved motor outcome
following TBI (23). Moreover, there is substantial evidence that MMP-9 is
involved in epileptogenesis (24).
First of all, we evaluated two “MMP-9” PET tracers in a colorectal tumour
model, i.e. Colo205 xenograft-bearing nude mice: published as “Vazquez N,
Missault S, et al.: Evaluation of [18F]BR420 and [18F]BR351 as radiotracers for
MMP-9 imaging in colorectal cancer. J Labelled Comp Radiopharm. 2017
Jan;60(1):69-79.” MMP-9 plays an important role in tumour progression: in
angiogenesis, stromal remodelling and metastasis. In this study, we
established that [18F]BR420 has a much higher metabolic stability than
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[18F]BR351. In addition, [18F]BR351 has [18F]fluoroethanol as a prominent
radiometabolite, which can mask the signal from [ 18F]BR351. Due to the
much higher selectivity of [18F]BR420 towards MMP-9 (compared to
[18F]BR351) and the much higher stability of this tracer, [ 18F]BR420 seems to
be superior for MMP-9 imaging.
We evaluated MMP-9 activity in our TBI model using gel zymography at
three different time points, i.e. 6 hours, 24 hours and 7 days post-injury.
MMP-9 activity was increased at 6 and 24 hours post-injury in perilesional
cortex and ipsilesional hippocampus, but not in contralateral cortex and
contralesional hippocampus.
Both MMP PET radiotracers were first implemented in an in vitro
autoradiography study of control brain sections. Both radiotracers showed
a lot of aspecific binding. However, [18F]BR420 showed some specific binding
in hippocampal subfield CA3.
[18F]BR420 was implemented in an in vitro autoradiography study of shamoperated and TBI-injured rats at 24 hours post-injury. No increased
radiotracer binding could be observed in the perilesional areas. However,
immunohistochemical staining of MMP-9 did reveal the presence of MMP-9
positive cells in these brain sections. Immunohistochemical staining of
myeloperoxidase in consecutive sections revealed a very similar staining
pattern, which suggests that the MMP-9 positive cells are neutrophils. The
temporal profile of MMP-9 expression in the posttraumatic brain also
matches closely with the temporal profile of neutrophil infiltration. Indeed,
MMP-9 is known to be very acutely upregulated in the brain following TBI,
and neutrophils are the first inflammatory cells to be massively activated
and infiltrating the brain after TBI (preceding massive activation of microglia
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and astrocytes). Moreover, neutrophils are unique in the fact that they are
packed with TIMP-free MMP-9 (25). MMP-9 released by neutrophils is
therefore very potent, since it is not co-released with its endogenous
inhibitor TIMP1, as is the case in other cell types.
Due to the rather disappointing results with the MMP PET probes, we still
explored other targets as possible prognostic biomarkers of long-term
outcome following TBI.
In vivo imaging of extracellular matrix proteases in the brain is very
challenging. Most ligands have low specificity and target different proteases
of the same family. Moreover, low BBB permeability is a common issue for
many of these ligands.
3. TSPO & DTI metrics as prognostic biomarkers for TBI outcome
Following TBI, an increased TSPO PET tracer ([ 18F]PBR111) uptake was
observed at 7 days post-injury in perilesional cortex and ipsilesional
hippocampus, which significantly decreased over time. However, at 21 days
post-injury, TSPO PET tracer uptake was still significantly increased in
ipsilesional hippocampus. Fractional anisotropy (FA) was acutely decreased
in these brain regions at 4 days post-injury and pseudo-normalised by 18
days post-injury. Mean, axial and radial diffusivity (MD, AD and RD) were
acutely increased in these brain regions, which persisted or increased
further by 18 days post-injury. Several of these measurements, and
especially also the evolution over time in TSPO expression and DTI metrics,
were predictive of long-term outcome following TBI, including disinhibition,
behavioural seizure frequency at 9 months post-injury, convulsive seizure
susceptibility and spatial learning deficit. This indicates that dynamic
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changes in subacute brain inflammation, neurodegeneration and/or
regeneration are valuable parameters for the prognosis of chronic TBI
outcome. Importantly, we were able to build prognostic models for different
TBI sequelae (disinhibition, seizure susceptibility, learning & memory), as
opposed to currently existing prognostic models that only use overall
unfavourable vs. favourable outcome as possible outcomes (26, 27).
Prognostic models that use different aspects of chronic TBI outcome as
outcome parameters will allow to make a more accurate prognosis of the
patients.
In addition to in vivo PET scans, we also performed in vitro autoradiography
with TSPO radioligands ([18F]PBR111 and [3H]PK11195) at 7 and 21 days
post-injury. In vitro autoradiography showed a very similar binding profile of
the TSPO radioligand as the in vivo PET scans. While the in vivo uptake of
[18F]PBR111 may be influenced by local changes in perfusion (hyper- or
hypoperfusion) and BBB disruption, the in vitro autoradiography results
indicate that the in vivo radiotracer uptake is not merely reflecting altered
perfusion or BBB integrity. However, some influence of these phenomena
cannot be excluded.
Our results show that TSPO, and thus brain inflammation, is a valuable
prognostic biomarker for long-term TBI outcome. However, a limitation of
TSPO is the lack of cell specificity. While TSPO is highly expressed by
activated microglia, it is also upregulated by other activated immunecompetent

cells,

including

macrophages,

monocytes,

astrocytes,

neutrophils and lymphocytes. In order to explore which cell type(s)
contribute more to the TSPO PET signal, immunohistochemistry with
antibodies targeting CD11b (expressed on microglia, macrophages and
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several other leukocytes) and glial fibrillary acidic protein (GFAP, expressed
on astrocytes) was performed in separate cohorts at 7 and 21 days postinjury. The CD11b-immunoreactivity profile seemed to match the TSPO PET
tracer profile more closely than the GFAP-immunoreactivity profile did.
However, while activated microglia/macrophages probably contribute more
to the TSPO signal than activated astrocytes, a contribution of astrocytes to
the TSPO signal cannot be excluded, as previous studies in experimental TBI
models have shown (28-31). However, a discrepancy between the CD11bimmunoreactivity profile and the TSPO PET profile was found in the
thalamus of CCI-injured rats. While CD11b-immunoreactivity increased over
time in the ipsilesional thalamus, the TSPO PET signal did not. An increased
[18F]PBR111 uptake was observed in CCI-injured rats vs. sham-operated rats
at 7 days post-injury, but not at 21 days post-injury. When comparing the
ipsilesional and the contralesional thalami of CCI-injured rats, a significantly
increased [18F]PBR111 uptake was observed in the ipsilesional thalamus vs.
the contralesional thalamus, though it was more pronounced at 7 days
(p0.01) than at 21 days (p0.05). This discrepancy might be explained by
the fact that the activated microglia/macrophages in the ipsilesional
thalamus at the later time-point have a different phenotype than the
microglia/macrophages

observed

at

earlier

time-points.

Microglia/macrophages can have different activation states, expressing
different genes. Three major activation states have been described, i.e.
classically

activated

M1

microglia/macrophages

and

M2

microglia/macrophages, which can be subdivided into alternative activation
and acquired deactivation. Classically activated microglia are involved in
tissue defence and produce a lot of pro-inflammatory cytokines.
Alternatively activated microglia are involved in tissue repair and produce
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anti-inflammatory cytokines. Acquired deactivated microglia exhibit
immunosuppression and are associated with uptake of apoptotic cells (32).
One has to keep in mind that this classification is probably a huge
oversimplification and that many intermediate phenotypes exist. Some of
these may be associated with high TSPO expression, while others may be
not. One study of microglia in an experimental TBI model showed that
activated microglia, which showed high TSPO gene expression, had
increased gene expression of classical activation and acquired deactivation
markers, but not of alternative activation (33). It is thus possible that TSPO
is a marker of classically activated and acquired deactivated microglia, but
not alternatively activated microglia, though more research is warranted.
Several anti-inflammatory/immunomodulatory compounds are able to shift
microglia/macrophages towards the beneficial M2 phenotype after TBI and
have shown very promising results in experimental TBI models for
improvement of the TBI outcome (reviewed in (34)). If TSPO is confirmed to
be a marker of primarily the classically activated M1 microglia and not of the
alternatively activated M2 microglia, then TSPO could potentially be used as
a predictive biomarker for these treatments.
Antibodies that target microglia (CD11b, Iba1, CD68) also lack cell specificity.
These antibodies also bind to macrophages, monocytes, and variably to
neutrophils and lymphocytes. Hence, histological studies that have tried to
determine the cell type that has the primary contribution to TSPO signal
following TBI are essentially limited due to this lack of specific antibodies.
Therefore, while it is commonly assumed that microglia are the major source
of TSPO signal following TBI, it cannot be excluded that peripheral immune
cells such as monocytes/macrophages and lymphocytes also contribute
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significantly to the signal, in addition to astrocytes. Identification of the cell
type or cell types that underlie the prognostic value of the TSPO PET signal
for long-term TBI outcome could possibly aid in the search for more
specifically targeted immunomodulatory treatments.
While TSPO is the most widely used in vivo imaging target for assessment of
brain inflammation, clinical studies have revealed an important
disadvantage of the second-generation TSPO PET tracers. A human gene
polymorphism in TSPO (rs6971, resulting in Ala147Thr substitution in TSPO)
determines the binding affinity of the PET tracers, resulting in a trimodal
distribution in binding affinity amongst subjects (35, 36). There are lowaffinity binders, high-affinity binders and mixed affinity binders. Knowledge
of the individual binding status of the patient is therefore required to
correctly interpret TSPO PET data.
Various other in vivo imaging techniques exist to study inflammation and can
be used to study residential brain parenchymal cells that are involved in
inflammation, peripheral immune cells, inflammatory mediators or
metabolites that are altered during inflammation (reviewed in (37-39)).
Another commonly used approach is the investigation of BBB breakdown
using in vivo imaging, which is also involved in the inflammatory response
following TBI. PET probes targeting cannabinoid receptor type 2 (CB2), which
in the central nervous system is primarily expressed by microglia, can be
used to study microgliosis. However, CB2 expression has also been reported
in peripheral immune cells (monocytes, macrophages and lymphocytes).
PET probes against monoamine oxidase B (MAO-B), which is upregulated in
reactive astrocytes, may be used to study astrogliosis. Magnetic resonance
spectroscopy (MRS) can be used to assess several metabolites that are highly
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enriched in (activated) astrocytes, including myoinositol, glutathione,
glutamine and lactate.
Different methods exist to track leukocytes. First of all, superparamagnetic
iron oxide particles or perfluorocarbon emulsions can be administered
intravenously, which are then taken up by peripheral immune cells with
phagocytic capacity (monocytes, macrophages, neutrophils) (in situ
labelling). However, iron nanocolloids may also possibly cross the disrupted
BBB and be taken up by microglia. The iron oxide particles can be localised
on T2*-weighted MR images. Perfluorocarbons can be assessed using

19F

MRI. A second method is to harvest leukocytes, label them with
[99mTc]HMPAO, [111In]oxinate or perfluorocarbon emulsions and to reinject
them in order to monitor their in vivo circulation using SPECT imaging or 19F
MRI (ex vivo labelling). A third method is to conjugate ligands or antibodies
directed towards leukocyte-specific receptors, adhesion molecules or
enzymes to either paramagnetic contrast agents that shorten T1 and T2/T2*
relaxation times (gadolinium or iron oxide particles) or radioactive
PET/SPECT labels. However, there is usually a limited specificity to label
specific leukocyte classes. Antibodies can also be directed towards adhesion
molecules that are expressed on activated (inflammatory) endothelial cells.
Activation of pro-inflammatory mononuclear phagocytes can also be
assessed using MRS and increased hyperpolarised [13C]pyruvate-to-lactate
conversion.
Radiolabelled cytokines or cytokine inhibitors have also been employed to
study inflammation. Radiolabelled inhibitors of the inducible isoform of
cyclooxygenase, i.e. COX-2, which plays a major role in inflammation, are
also promising tools for in vivo imaging of brain inflammation. Finally, BBB
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dysfunction can be assessed using contrast agents such as gadolinium (MRI),
68Ga

(PET), 67Ga (SPECT) or 99mTc (SPECT).

Our results also showed that DTI metrics had predictive value for the longterm prognosis of TBI. Alterations in diffusion MRI parameters can be
explained by a variety of underlying pathophysiological changes, which fall
into three main categories: neurodegeneration, neuroregeneration and
inflammation. Hence, diffusion MRI measurements are rather unspecific and
difficult to interpret. DTI metrics correlated strongly with TSPO PET SUVs in
the lesion, which indicates that the observed alterations in DTI metrics in our
study reflected at least partly the ongoing inflammatory processes. BBB
injury leads to vasogenic oedema following TBI, which reduces FA and
increases diffusivity measurements, and can likely also explain some of the
observed changes in DTI metrics. Increases in diffusivity over time may be
explained by delayed neuronal loss and the increase in FA over time
(apparent normalisation) may be due to regeneration, maladaptive or
otherwise. Given the diversity of neurobiological processes that might
explain the observed alterations in diffusion MRI metrics, it is difficult to
estimate which process (or all of them) underlies the prognostic value of the
DTI metrics.
Magnetisation transfer MRI (based on the exchange of protons/energy
between free water and macromolecules) can also be used to probe the
tissue microenvironment, but is equally unspecific as diffusion MRI. On the
other hand, chemical exchange saturation transfer (CEST) imaging is a MRI
technique with which specific brain metabolites can be measured such as
myoinositol and lactate.
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Neuronal loss, dysfunction and regeneration can also be studied using other
in vivo imaging techniques, such as [18F]FDG PET and assessment of N-acetylaspartate (NAA) using MRS. Neuronal loss and hypometabolism will result in
a decreased [18F]FDG uptake by neurons. Regeneration of neurons might
lead to increased [18F]FDG uptake. However, activated glia may also show an
increased [18F]FDG uptake. Therefore, [18F]FDG PET results are also difficult
to interpret when there is a combination of pronounced neuronal loss,
neuronal regeneration and a strong inflammatory response. NAA is a marker
of neuronal viability and is decreased upon neuronal loss or dysfunction.
Neuronal regeneration may increase NAA levels. Finally, neuronal
dysfunction and regeneration/plasticity can also be investigated using BOLD
contrast-based functional MRI (fMRI). However, given the major changes in
the vascular component of the central nervous system following TBI, fMRI
changes would also be difficult to interpret and might reflect vascular
changes rather than neuronal changes.
To summarise, TSPO and DTI metrics were shown to have prognostic value
for long-term TBI outcome and more specifically for different chronic TBI
sequelae (as opposed to a general TBI outcome score such as the Glasgow
Outcome Scale, which was used as an outcome parameter for the currently
existing prognostic models). However, limited specificity of the used (and
most currently existing) in vivo imaging methods hampers the identification
of the exact mechanisms (neurobiological processes and the cell types
involved) that underlie their prognostic value.
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4. Chronic inflammation after prenatal immune activation
We did not observe a difference in CD11b- or Iba1-immunostained microglial
density and morphology between adult male MIA offspring and control
offspring in the study described in chapter 5. However, we did observe an
increase in CD11b-immunoreactive microglial density and altered microglial
morphology in hippocampus, thalamus and corpus callosum of adult male
and female MIA offspring in another study, which was published as “Van den
Eynde K, Missault S, et al.: Hypolocomotive behaviour associated with
increased microglia in a prenatal immune activation model with relevance
to schizophrenia. Behav Brain Res. 2014 Jan 1;258:179-86.”. In the latter
study, microglia of MIA offspring showed a thickening of the soma (i.e. cell
body) and reduced arborisation (i.e. less processes), indicating a more
activated state. However, these microglia did not express CD68, a marker of
phagocytic cells.
Similarly, several studies have failed to observe microglial or astrocytic
activation in adult MIA offspring (40-44) while others did observe gliosis (4551). In one study, minocycline – a broad-spectrum tetracycline antibiotic
that inhibits microglial activation, MMP-9, inducible nitric oxide synthase
(iNOS), caspase-1 and -3 – was administered during puberty and was able to
prevent the microgliosis and attenuate the behavioural deficits (51). While
increased microglial activation has been reported during puberty in MIA
offspring (52), others failed to observe this (41, 42). Interestingly, one group
observed a strong M1-type microglial polarisation pattern during puberty in
MIA offspring, which did not persist into adulthood when symptoms
appeared (53). Another group observed increased microglial activation
shortly following peripubertal stress in MIA offspring, which was no longer
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present in adulthood (54). In this model, combination of MIA and
peripubertal stress was necessary for the emergence of behavioural
symptoms in adulthood. Administration of minocycline during peripubertal
stress exposure prevented pubescent microgliosis and the expression of
behavioural dysfunctions in adulthood (55). Several studies have
investigated the sensitivity to a secondary insult in MIA offspring and
reported exacerbated gliosis compared to control offspring that received the
same insult (54, 56, 57). This may be due to microglial priming. Microglia
may be primed following prenatal immune activation and respond in an
exaggerated manner to a secondary immune stimulus.
Seemingly more consistently, several studies reported an increased
expression of inflammatory cytokines or other inflammatory mediators in
the brain of adult MIA offspring, both in the absence and presence of overt
brain inflammation (i.e. gliosis) (40, 42, 47-49, 56, 58). Treatment with
minocycline was able to revert these abnormalities and the accompanying
behavioural deficits (47, 48). Treatment with paliperidone (an atypical
antipsychotic) during young adulthood was also able to block the
neuroinflammatory response and stimulated microglia towards the
alternatively activated anti-inflammatory M2 phenotype. This also resulted
in improved working memory (58). One study did not observe any changes
in cytokine expression of isolated microglia from adult MIA offspring, though
an increased microglial density and soma size was observed (46).
Several studies have investigated the peripheral immune system in adult
MIA offspring and either reported altered blood cytokine levels (40, 45, 59)
or no change in inflammatory cytokine expression (41, 42). Alterations in
peripheral leukocytes have also been reported in MIA offspring (52, 60).
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To summarise, most studies have observed some immunological
disturbances in adult MIA offspring, often in the form of an increased
expression of pro-inflammatory cytokines in the absence of overt brain
inflammation (i.e. gliosis). This latent inflammation may become overt under
certain conditions, e.g. following secondary insults or “second hits”,
resulting in the emergence of behavioural deficits. Overt brain inflammation
may be state-dependent and only be present during exacerbations and not
throughout the course of the disorder. Several studies reveal an
immunomodulatory effect of minocycline and antipsychotics, inhibiting
brain inflammation and improving or altogether preventing behavioural
deficits. This suggests an important role for inflammation in MIA-induced
behavioural abnormalities.
A similar heterogeneity in data regarding microgliosis in schizophrenia
patients has been described (recently reviewed in (61)). Alterations in
peripheral immunological disturbances seem to be more consistent across
several studies. Moreover, peripheral cytokines and oxidative stress markers
can either be increased during an acute psychotic episode and normalise
during remission following antipsychotic treatment (i.e. serve as state
markers) or be elevated throughout the course of the disorder (i.e. be trait
markers) (62, 63). Clinical trials of immunomodulatory compounds
(especially minocycline and nonsteroidal anti-inflammatory drugs - NSAIDs)
as add-on treatment have shown some improvement of symptoms in
schizophrenic patients, pointing to a disease-modifying role of inflammation
in schizophrenia (61).

297

Chapter 9
5. Functional connectivity in the DMN correlates with behaviour in the
MIA model
Hypersynchronicity in the default mode-like network (DMN) was observed
in the offspring of dams that lost weight following MIA (Poly I:C WL
offspring). An altered response to the NMDA receptor (NMDAR) antagonist
MK-801, suggesting altered NMDAR function, was observed in all MIA
offspring, but was much more pronounced in offspring of dams that gained
weight following MIA (Poly I:C WG offspring). Hence, all MIA offspring
replicated

features

of

schizophrenia.

Interestingly,

the

exact

pathophysiology seemed to depend on the response of the mother to the
immune challenge. It is possible that a more pronounced NMDAR
malfunctioning in Poly I:C WG offspring interfered with the expression of
increased functional connectivity within the DMN. Impaired functional
connectivity in the DMN has been observed in patients with anti-NMDAR
encephalitis, i.e. a disorder where antibody-mediated dysfunction of
NMDARs causes severe neuropsychiatric symptoms (64). Administration of
ketamine, an NMDAR antagonist, to healthy humans has been shown to
reduce functional connectivity (65, 66). However, NMDAR dysfunction may
also be involved in increased functional connectivity. Administration of
ketamine has also been shown to increase functional connectivity in healthy
humans. In these studies, hyperconnectivity correlated significantly with the
psychotic, dissociative and negative symptoms elicited by ketamine. (67,
68). Moreover, ketamine administration has been shown to interfere with
DMN deactivation during a working memory task in healthy subjects, the
degree of which predicted task performance and transient ketamine-evoked
symptoms characteristic of schizophrenia. (69). Similarly, schizophrenia
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patients have been shown to display reduced task-related suppression of
DMN activity during working memory tasks (70). More research is needed
to elucidate the link between NMDAR function on the one hand and
functional connectivity and anticorrelation of default-mode vs. task-positive
networks on the other hand.
Both Poly I:C WL and Poly I:C WG offspring showed some subtle behavioural
deficits. Functional connectivity in the DMN was able to explain the
variability in the behavioural data in MIA offspring. The responsiveness to
the NMDAR antagonist MK-801 could not explain the behavioural outcome.
This could possibly be due to a lack of power, since fewer rats were included
in this analysis than in the functional connectivity analysis due to head
movement problems in some rats following administration of this drug in
the scanner.
Similarly, several studies in schizophrenia patients have shown a correlation
between increased functional connectivity in the DMN and symptom
severity (reviewed in (71)).
As has been shown in this thesis, the behavioural outcome in this model is
variable and inconsistent across studies, even studies performed by one
research group (e.g. also (72-74)). To use behavioural outcome as the only
indicator of drug efficiency in preclinical drug research of novel treatments
for schizophrenia might be suboptimal. Identification of pathophysiological
disturbances that underlie the symptoms and that are both present in
schizophrenia and relevant animal models of schizophrenia and that can be
used as a read-out of responsiveness to novel antipsychotic drugs would be
extremely useful. Hypersynchronicity in the DMN is a very promising
candidate.

A

few

studies

have

shown

that

DMN

functional
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connectivity/activation alters with antipsychotic treatment with a
concomitant amelioration of symptoms in schizophrenia patients (75-77).
Studies have shown that DMN connectivity has a strong genetic basis.
Heritability of DMN connectivity has been estimated to be 0.54 (78). DMN
hyperconnectivity has been suggested to be an endophenotype of
schizophrenia. Endophenotypes are quantitative biological traits that can be
reliably measured, are heritable and associated with a specific
(neuropsychiatric) disorder. As such, endophenotypes lie on the causal
pathway between genes (genotype) and disease (phenotype). Indeed,
altered DMN connectivity/activation has not only been shown in
schizophrenia patients, but also in unaffected first-degree relatives (70),
suggesting its usefulness as an endophenotype of schizophrenia. However,
true endophenotypes are state-independent. The few studies that showed
that DMN connectivity/activity altered with antipsychotic treatment
disprove the idea of altered DMN connectivity/activity as a true
endophenotype.
6. Changes in extracellular proteases in schizophrenia
A polymorphism in the MMP-9 gene, which modulates synaptic MMP-9
protein levels, has been linked to the severity of symptoms in schizophrenia
patients (79). KLK8 acts on NRG1 and may also be involved in schizophrenia
(10). NRG1 is one of the most important susceptibility genes for
schizophrenia. Radiotracers for MMP-9 and KLK8 may therefore be useful to
investigate the precise role of these extracellular matrix components in
schizophrenia in the future.
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7. Future perspectives
Further development of radiotracers for uPA/KLK8 is needed in order to get
BBB permeable tracers with higher specificity towards respectively uPA and
KLK8. Further development of radiotracers for MMP-9 is also warranted to
get more selective probes for MMP-9 that have low non-specific binding and
that are metabolically stable. These could then be implemented in a
preclinical longitudinal in vivo imaging study to investigate whether KLK8,
uPA and MMP-9 could be useful prognostic biomarkers of long-term
outcome following epileptogenic insults and brain injury in general.
Preclinical studies should confirm the prognostic value of TSPO and DTI
metrics for the long-term outcome following TBI, as suggested by our work.
Clinical neuroimaging studies can then be performed in order to confirm the
prognostic value of these measurements in TBI patients.
Finally, future studies in the MIA model need to establish whether DMN
hyperconnectivity is a more consistent and reproducible pathophysiological
feature of the model than the behavioural deficits. Future studies should
also investigate whether functional connectivity in the DMN in the MIA
model is responsive to antipsychotic treatment and may be used as a
predictive biomarker for therapeutic responsiveness. Finally, future
research should explore whether DMN hyperconnectivity might be present
early in life following MIA and may have value as a prognostic biomarker for
MIA-induced neuropathology and ultimately for schizophrenia. It will also be
interesting to investigate whether MIA offspring exhibit a similar reduced
task-related suppression of DMN activity as observed in schizophrenia
patients.
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