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ERK extracellular signal-regulated kinase 
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MAPK mitogen activated protein kinase 
MEK MAPK kinase 
NGF nerve growth factor 
PC12 phaeochromocytoma cell line 12 
rRNA ribosomal ribonucleic acis 
RT-PCR reverse transcription polymerase chain reaction 
Smad4 small Mad homology protein 4 
TBI traumatic brain injury 
TcR T-cell receptor 
TGF  transforming growth factor 
wt wild type 
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Introduction

Traumatic brain injury (TBI) 
Traumatic brain injury is the most common cause of mortality and disability 
in the younger (<50 years of age) Swedish population. The incidence rate of 
moderate and severe TBI is 20,000 cases per year, many requiring neuroin-
tensive care, and the patients suffer from cognitive and behavioural distur-
bances, reduced sensorimotor capacity and affected emotional experiences. 
Increased knowledge on cellular signalling, intracellular responses and con-
tributions of various cell populations to brain trauma (including neurons, 
astrocytes, oligodendrocytes, microglial cells and cells of brain vessels; Lo 
et al., 2003) as well as of the extracellular matrix will result in the refined 
selection of druggable candidate genes. 

At present no effective pharmacological treatment is available, largely 
due to the lack of detailed understanding of the cellular mechanisms in-
volved in brain response to trauma. Many clinical trials have been performed 
but without positive results. In the work with nitrone radical scavengers 
treatment (Lees KR et al. 2003, http://www.renovis.com/prd_cero.shtml),
most recently the compound NXY-059 (http://www.astrazeneca.se/pressrum/
index.asp?did=5804&aid=15314&year=2005) has been worked up and is in 
the phase III of clinical trials. It has given promising result in clinical stroke 
and may eventually be explored in TBI patients. 

To continue the work with finding new targets for therapeutic interven-
tion in TBI and to avoid previous problems with failing clinical trials of 
promising therapeutic targets, a special concept called The Neurovascular 
Unit (NVU) Concept, has been introduced within the acute brain injury area 
(http://grants.nih.gov/grants/guide/pa-files/PAS-04-072.html). Above all, the 
concept represents a more multi-factorial view of the injury and takes into 
consideration interactions between a lot of factors involved in the brain in-
jury process. The NVU concept implies that translational strategies with 
close collaboration between basic and clinical scientists are warranted to 
achieve a breakthrough in the treatment of TBI. 

The present thesis deals with the general importance of molecular charac-
terization and cellular localization as a basis for development of novel thera-
pies. One of the rationales has been to create a solid database with extensive 
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coverage describing the transcriptional changes that follows traumatic brain 
injury over time in the laboratory mouse. A further objective was the func-
tional classification of altered transcripts into manageable groups and to 
assign cellular sources for the altered transcript levels. This will allow for a 
model of the molecular and cellular outcome of TBI, including cell interac-
tions among glia, neurons, vascular cells and invading leukocytes.  

The background for this study is the urgent need to increase basic knowl-
edge of cellular and molecular mechanisms activated in the injured brain. In 
the thesis, I have investigated models of neurotrophic and other intercellular 
signalling pathways in brain growth and repair. Altered transcriptional ex-
pression levels over time have been detected in the laboratory mouse after 
traumatic brain injury, classified according to Gene Ontology principles. 
This information compared with results from transcriptional expression ex-
periments performed in rat phaeochromocytoma PC12 cells stimulated with 
neurotrophic factors, and gives strong evidence for the importance. 

The brain injury process following TBI involves a multitude of injurious 
cascade reactions that may aggravate the damage to the brain unless ob-
structed by endogenous repair mechanisms or therapeutic interventions. 
Some of the pathways, factors and systems investigated are e.g. endothelial 
cells, neurons, neuronal stem cells, microglia, astrocytes, immune cells (pro-
ducing e.g. cytokines and chemokines), cell-cell interactions caused by ad-
hesions molecules (e.g. selectins and lectins), extracellular matrix, and other 
components as the complement system, excitotoxicity, blood-brain-barrier, 
believed to be involved in the progression and the secondary mechanisms 
following injury, and the response to TBI. Findings are highly likely to be 
applicable also to other major neurological problems such as stroke. 

In summary, comprehension injury-induced processes offers hope to find 
rationales for neuroprotective and pharmacological interventions in patients 
suffering traumatic brain injury. Further improvements in the outcome of 
TBI patients will require research clarifying the molecular mechanisms of 
the brain injury processes, thereby identifying new targets for therapeutic 
intervention and neuroprotective drug development. 

Experimental TBI 
In order to study TBI pathology, various in vivo models have been used. At 
present, there are several methods to accomplish and facilitate characteriza-
tion and to test relevant clinical therapies (Kline and Dixon, 2001) in mice. 
Experimental TBI models are preferrably used in order to evaluate neuronal 
behaviour, survival and re-growth when exposed to traumatic conditions. 
The controlled cortical impact (CCI) model used in the current studies is 
especially elucidated but alternative models are mentioned, fluid percussion 
injury (FPI) and weight drop injury (WDI) (Fig.1).  
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Figure 1. Three in vivo models for TBI. 

Controlled Cortical Impact (CCI) 
I have characterized TBI in a well-
established injury model in mice 
(paper I), controlled cortical impact 
(CCI, Fig. 1). CCI gives an impact at 
the cerebral cortex and subcortical 
areas (Laurer and McIntosh, 1999; 
Smith et al., 1995). The CCI set-up 
consists of an air-driven piston caus-
ing a mechanical trauma in mice and 
results in cortical contusions, mor-
phological and cerebrovascular ef-
fects, subdural and intra-parenchymal 
hematoma, edema, inflammation and 
changes in cerebral blood flow which 
clearly mimics human traumatic 
brain injury. 

Figure 2. Our set-up of the CCI model in 
mice.

The impact is caused by an impact tip (diameter 2.7 mm with round or flat 
edge) attached to a pneumatically controlled cylinder, angled or vertical, 
which is connected to the transducer core of a linear velocity displacement 
transducer (LVDT). The LVDT measures the velocity and sends an analog 
signal to a PC-based data system gathering the impact parameters (Fig 1).  
The model is designed in order to give consistent values in velocity, depth, 
and duration of tissue deformation. For a methodological description of the 
parameters used in these papers, see Materials and Methods.  

In the CCI model, similarities with human TBI are obvious (similar ef-
fects can be seen with FPI). The main feature of the CCI model is that it 
gives a cortical contusion, which is a prominent component in human TBI. 
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Fluid Percussion Injury (FPI) 
Prior to the induction of a trauma to an animal (24 hours before), a plastic 
parts is fixed to the scull of the animal. The day after, a fluid percussion 
injury is induced due to saline in a plexiglas cylinder, propagating a pendu-
lum-induced piston movement and giving a trauma. The pendulum is 
dropped from different heights depending on the severity of the trauma and 
the piston starts a pressure pulse which inflicts the trauma to the closed skull. 
Moreover, this results in an injury as a consequence from intracranial pres-
sure associated with displacement of neural tissue (Fig. 1). 

Depending on the area of injury, FPI mimics concussive injury (Dixon et 
al.1987, Hayes et al., 1987) or hippocampal cell death and cortical contu-
sions (McIntosh et al., 1987. Furthermore, disruptions in vascular and blood-
brain barrier (Cortez et al., 1989), changes in cerebral blood flow (Ya-
makami and McIntosh, 1991), cerebral edema among other effects also are 
resulting events of FPI. 

FPI is well known to be a model that gives a very realistic image of the 
most common neurobehavioural and cognitive deficits after TBI. 

Weight Drop Injury (WDI) 
Depending on the injury of interest, this model can be used either as an open 
or closed skull model. To obtain a focal lesion, an open model can be used, 
but if a more diffuse pattern is wanted, a closed skull model is preferred 
(Fig. 1). 

Both of the variants start with a string-attached weight's vertical move-
ment through a guide tube, to the skull of an animal. In the open scull model 
a footplate is resting directly on the exposed brain, taking up the impact from 
the weight (through a stainless steel guide tube of the model of Feeney et al. 
1981). In the closed model, the guide tube length differs from the stainless 
steel tube. Depending on the severity of the injury wanted, the height and the 
mass of the falling weight are adjusted. 

Some of the neural characteristics seen after WDI are for example distur-
bances in regional CBF (Nilsson et al., 1996; Scremin et al., 1997), diffuse 
axonal injury (Okonkwo and Povlishock, 1999), elevations in intracranial 
pressure (Engelborghs et al., 1998). 

The WDI model has some similiarities to the CCI model presented above. 
None of them require two days of surgery as the FPI model, and they give 
e.g. morphological, cerebrovascular and neurobehavioural effects after in-
jury. 

Compared to the FPI and CCI models, WDI has some disadvantages in 
producing inconsistent injury. For example, the drop of the weight can be 
affected of misalignment in the string holding the weight. Other factors in-
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volved in causing problems with this technique are the weight itself, the 
guide tube and the foam bedding properties (in the closed scull model). 

Relevance for human TBI 
All of the above mentioned techniques produce some characteristics of hu-
man brain injury. Despite several differences between the models, many of 
the secondary injury mechanisms are similar independent of model. 

The immune system in brain trauma – friend or foe? 
It is obvious from data presented in this thesis (especially in papers III and 
IV) that a major response to brain injury involves activation of the immune 
system. In vertebrates, there are several different mechanisms by which non-
specific and specific players act in a complex network of genes, transcripts, 
proteins and cells, both in beneficial and detrimental ways, and that further 
information is needed. The multifactorial features of brain trauma involve 
many different aspects e.g. immunology, blood-brain barrier, oxidative stress 
and free radicals, apoptosis, astrocytic actions, axonal influence on the in-
jury, gap junctions etc. Studies of specific beneficial immune-factor activity 
have been performed by Kipnis et al. (2002). These authors use an experi-
mental model of autoimmune disease and found that after immunization by 
myelin basic protein in rats or mice, two different autoimmune effects could 
be observed, involving the same, myelin-specific, proinflammatory Th1 
cells. Post-traumatic effects either caused autoimmune disease or gave a 
beneficial autoimmunity with improved neuronal survival. Also, Penkowa et 
al. (2003) used the inflammatory response in order to investigate neuropro-
tection. In their study, they use GFAP-IL6 mice which suffer a robust in-
flammatory response and brain damage in uninjured mice. However, when 
these mice were exposed to TBI, the authors observed a neuroprotective role 
of IL-6 in fast tissue repair and less oxidative stress and apoptosis. The 
background for this is the neuroprotective role of MT-I and -II that they 
could detect at a higher degree in GFAP-IL6 mice. 

Physical barriers like skin, mucous membranes and the blood-brain-
barrier protect against foreign substances, bacteria and viruses. Mori et al. 
(2001) investigated the deleterious role for tissue plasminogen activor (tPA) 
in blood-brain barrier (BBB) permeability after CCI in knockout studies. 
These authors registered an amplification of cortical brain damage and 
edema by tPA when measuring cortical lesion volumes. In paper I, we did 
not observe any significant differences in cortical lesion volumes. Therefore, 
with our present data we could not draw any conclusions about BBB inter-
ference in our material. 
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The innate immune defence in brain consists of phagocytes and the com-
plement system. The latter is found in blood and body fluids and is a group 
of serum complement factors (serving important anti-bacterial functions). A 
main component on the surface of the cell that has activated the complement 
system, is C3b, which makes it easier for phagocytes to digest the cell and 
for other complement factors to perform lysis of the cell membrane. Several 
of the transcripts found to be upregulated after injury in the present study are 
in line with engagement of innate immunity in TBI. In addition, it is likely 
that adaptive immune responses are also activated in the injured cortex (re-
viewed by Shroeter et al., 2005). In particular, these responses involve cell-
mediated immunity with phagocytosing macrophages activated and from 
resident microglia, and invading monocytes and neutrophils. Inflammation is 
characterized by recruitment of leukocytes (like monocytes, polymorphonu-
clear neutrophils and T lymphocytes). The extravasation of leukocytes is 
driven by chemokines, currently found to be upregulated in cortex after in-
jury (paper IV). A key event is also the binding of leukocytes to the endothe-
lium in the injured area. Selectin on the endothelial surface (mainly P-
selectin, Selp, is upregulated in TBI as seen in paper IV) interacts with the 
selectin ligand on the leukocyte and causes rolling. This renders the possibil-
ity for inflammatory cells to attach to the endothelium by integrins and to 
passage via gaps between the endothelial cells in order to enter the brain 
parenchyma. 

The cells of the immune system 
Leukocytes are white blood cells which have a short life and originally de-
rive from hematopoietic stem cells in the bone marrow. The differentiation 
from these stem cells to leukocytes is driven by different cytokines produced 
by stromal cells in the bone marrow. 

There is a difference between lymphocytes and other white blood cells. 
The lymphocyte functions depend on highly specific antibodies (B-cells) or 
T-cell receptors, TcRs (T-cells). Other white blood cells are monocytes and 
granulocytes. In brain tissue, monocytes become microglia (potential macro-
phages in the brain). Monocytes, macrophages, microglia and dendritic cells 
are all antigen presenting cells (APCs). Monocytes and macrophages have a 
high phagocytotic capacity and live for a long time. When a chemokine re-
ceptor in the monocytes recognizes e.g. the chemokine Ccl21, the monocyte 
leaves the blood stream and invades the tissue. Moreover, the monocyte 
converts to a dendritic cell which produces the chemokine Ccl19. Ccl19 in 
combination with Ccl21 attract T- and B-cells to the area. 

Rappert et al. (2004) discuss the issue of microglia and signalling mole-
cules responsible for activation and effect on neuronal reorganisation. They 
used a CXCR3 knockout mouse, lacking this receptor for the ligand 
CXCL10 known for activating microglia and involved in their migration.  
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Figure 3. Scheme showing differentiation of the cells in the immune system. 

The results show that microglial proliferation was not affected although re-
cruitment was. Igarashi et al. (2001) also focused on microglia and vulner-
ability after brain injury. In contrast, they are studying iron deposition in 
cortex and hippocampus in the context of neuronal pattern losses and cop-
per/zinc superoxide dismutase occurence, both in a regional and gender 
manner with cortical lesions volume measurements.  

Lefebvre d'Hellencourt and Harry (2005) used a cDNA microarray analy-
sis in mice in order to detect microglial, astrocytic and immediate-early re-
sponses especially in the hippocampus. They observed effects on several 
central cell responses but in particular increases in inflammatory factors such 
as e.g. TNF-  and Ccl3. These factors have been identified as injury-
regulated also in the present studies. 

Granulocytes contain an abundance of granules and represent about 70% 
of the white blood cells. An alternative name is polymorphonuclear cells 
because of the shape of their cell nucleus and they are divided in three dif-
ferent groups: neutrophils (circulate, and are attracted into tissue by e.g. in-
flammation), eosinophils (perform phagocytosis etc.) and basophils (with 
granules of histamine, cytokines and aggressive enzymes). A robust accumu-
lation of neutrophils 24-48 hours after a contusion injury to the mouse or rat 
cortex has been demonstrated (reviewed by Kochanek et al., 2001). This 
invasion can be reduced by interference of various adhesion molecules such 
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as Icam-1, P-selectin and Mac-1. However, the relevance of the invasion of 
neutrophils for the outcome of the injury remains unclear (Kochanek et al., 
2001).

Mast cells are related to granulocytes but are larger and do not have a 
segmented cell nucleus. They mature in connective tissue near the mucous 
membranes in the body. Natural killer cells (NK cells) are a kind of lympho-
cyte, also bigger and have some granules. They also have a receptor called 
KIR which can recognize MHC I. Cells that lack or have very little of MHC 
I are killed by the NK cells. 

B-cells and antibody signalling 
B lymphocytes signal via antibodies which can be produced in large 
amounts. Every day, one billion B-cells are created and are patrolling the 
blood system. Their maturation takes place in the spleen and involves tests 
for autoreactivity. Some are activated but most of them die (90%) within 
some weeks. The activated B-cells become memory cells which live long 
and are easier to activate (i. e. clonal selection) the next time the organism is 
exposed. Other become plasma cells which are highly antibody-producing 
effector cells with big endoplasmatic reticulum and with a life span of a cou-
ple of days. 

T-cells and T-cell receptors (TcRs) 
Other members of the specific immune system are T lymphocytes or T-cells. 
They signal via specialized T-cell receptors (TcRs) and there are several 
different types (Table 1). 

IFN  and IL-10 are cross-regulating each other. Thus, they perform 
crosswise inhibitory effects on the cell type that do not secrete them. 

The maturation of T-cells occurs in the thymus. The instruction derives 
from dendritic cells (DC), containing a lot of different MHC complexes and 
protein fragments from the body. The T-cells contact the dendritic cells and 
if an immature T-cell has a TcR that recognize any complex on the DC, the 
T-cell has to start their self-destructive program and be killed by apoptosis. 
Finally, the T-cells are ready for patrolling the blood circulation. 

No maturation of lymphocytes takes place in the blood. All types of lym-
phocytes and APCs are gathered in the lymphoid organs, the spleen, lymph 
nodes and tonsilles where they can exchange information. 
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Table 1. Features of different T cells (Arumugam et al., 2005). 
Name Recognize

antigen on: 
Specifics Signals via 

cytokines 
Effect

T killer cells, MHC I CD8 protein IL-1, IL-6, IFN , Kill target cells,  
Tk cells, 
cytotoxic T-
lymphocytes, 
CD8-positive cells

  TNF , induce vascular 
changes, activate 
CD4+ cells etc. 

T-helper cell, MHC II CD4 protein Th1: IL-2, IL-12, Activates T-killer  
Th cells, CD4-
positive cells 

  IFN , TNF  cells, make DTH 
reactions, change 
conformation of 
B- cells 

   Th2: IL-4, IL-5, 
IL-10, IL-13 

Primarily activates 
B-cells. 

Cell-cell interactions 
The killer cells in the immune system are primarily T-killer cells and natural 
killer (NK) cells. One main feature in the killer cells’ effector mechanisms 
involves specific integrins in the membrane, serving to regulate adhesion, 
and which play an important role in the immune system.  Integrins change 
their adhesive properties when exposed to infected/target cells and can occur 
with strong or weak binding. Two of the most important molecules are Itgal 
(i.e. Cd11a/LFA-1) and Icam-1. Itgal binds to Icam-1 which can be found at 
APCs. Also, on the surface of the killer cell types a protein called Fas ligand 
can be found. The Fas ligand on the killer cell binds to Fas on a target cells 
and a suicidal signal is sent to the target cell which undergoes apoptosis.  

T-killer cells (cytolytic T lymphocytes, CTLs,) are, as described above, 
recruited to the site of injury (reviewed by Arumugam et al., 2005) by rolling 
along the endothelial cells of the microvasculature and invade brain tissue, 
similar to neutrophils. After reaching an infected cell, their killer actions are 
induced and the target cell starts their apoptotic program.  

T-helper cells also have TcRs but their receptors interact with the com-
plex MHC class II (MHC II), present only at special APCs.  When T-helper 
cells are activated, they start to produce a cytokine, IL-2, and its receptor. T-
memory cells or T-effector cells are produced. A circle is induced where 
activated T-helper cells can amplify the activation of APCs. These APCs can 
then activate more T-helper cells and also T-killer cells. 
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T-helper cells secrete several signalling molecules (Table  1) which attract 
and activate phagocytes. In this way, the T-helper cells decide which B-cells 
or T-killer cells that are going to be activated.  

Antigen presenting cells (APCs) 
The criteria for being an antigen presenting cell (APC) is that they can per-
form phagocytosis, present a complex of antigen-MHC II on the surface and 
produce cytokines. They also have Toll-like receptors that recognize details 
that normally can be found on microorganisms and this recognition activates 
the APCs. T-helper cells can reinforce the activation of APCs by letting one 
of its surface proteins (CD28) bind to the protein B7 on an APC.  

Cytokines and Chemokines 
Cytokines and chemokines are small soluble signalling glycoproteins that 
can act at concentrations of picograms, produced by cells at inflammatory 
sites. Chemokines are cytokines that can direct white blood cells and induce 
chemotaxia. When a chemokine binds to its receptor, the membrane-bound 
receptor changes intracellularly and on the inside allows a protein complex 
to bind. Several proteins and cascades are induced this way as a result e.g. 
the MEK signalling cascade. 

Additional mechanisms 
Another neuroprotective stress signal, uncoupling protein 2 (UCP2) is eluci-
dated by Bechmann et al. (2002) to be expressed in neurons in cortex and in 
relation to activation of apoptotic signals as caspase 3. Caspases have been 
the object of enormous attention and another article by Fink et al. (1999) 
mention this in a transgenic perspective. When inhibiting caspase-1 expres-
sion in the brain by a transgenic mice model, they received a decrease in 
tissue damage and production of free radicals after injury. The molecular 
markers for apoptosis which we examined did not show any specific re-
sponse.

Some other secondary damage processes are exploited by Wang et al. 
(2000 and 2002). When performing CCI in knockout mice, they observed 
patophysiological matrix metalloproteinase-9 (MMP-9) effects. In one report 
(Wang et al. 2000), they had established that deficiency in MMP-9 expres-
sion protected against TBI. These investigators also saw (Wang et al. 2002) 
that the main source for MMP-9 activity was astrocytes. When administrat-
ing two different neuroprotective pharmacologial compounds, U0126 (inhib-
its MEK and hence downstream MAPK/ERK signalling) and SB203580 
(inhibition of p38), simultaneously, they found a synergistic effect in de-
creased MMP-9 expression. 
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Similar course of events can also be seen in ischemia and stroke condi-
tions, both regarding secondary progression of the injury and post-injury 
treatment, although different intial steps related to trauma. Some studies 
(Brecht et al. 2005; Chen et al. 1999) discuss signalling pathways and neu-
roprotective strategies. 

To summarize, there are several different immune cells that work in a 
complex pattern maintaining balances in order to protect against foreign 
substances. The different steps in an immune response involve antigen pres-
entation, activation of T-helper cells, activation of B- and T-killer cells and 
finally, activated leukocytes work together with phagocytes and the com-
plement system to stop the infection. In the present study it has been evident 
that these events are of importance, and especially the engagement of innate 
immunity, during the first week after injury. Furthermore, cell-mediated 
immunity is the response after the adaptive immune responses has been acti-
vated. Altogether, the present study and previous studies enlighten the ac-
tions, harmful or beneficial, of the immune system and may contribute in the 
search for pharmaceutical targets after traumatic brain injury. 
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Aims of the present study 

The purpose of the present study was: 

1. To establish the role of BMP signalling in the adult brain including post-
injury effects in TBI 

2. To evaluate transcriptional changes and neurite outgrowth after NGF- 
and BMP4-stimulation of PC12 cells 

3. To study transcriptional changes characterizing the post-injury mouse 
brain with particular attention to the response in neocortex 

4. To further explore the molecular immune response and inflammatory 
events induced and propagated by chemokines in the injured mouse 
brain

The objective for this thesis is to increase the understanding of brain injury 
mechanisms, especially in a molecular context. The exact mechanism behind 
traumatic brain injury and the significance of the collaboration between dif-
ferent physiological systems is for the time being incomplete and we have 
tried to find a model for the cellular growth and protective processes that are 
activated when exposed to a traumatic brain injury. Several growth factors, 
neurotrophic factors and cytokines have been implicated in post-injury 
mechanisms and functional classes have preferably been the structure for the 
analysis presented here. 

In paper I, I used three different mouse models in order to understand 
how a specific system and pathway reacts when shut off or overactivated in 
the adult mouse brain. The system of interest is the bone morphogenetic 
protein (BMP) signalling pathway which constitutes the largest group within 
the superfamily of transforming growth factors- . The adult brain exhibits 
distinct patterns of the various components in the bone morphogenetic pro-
tein (BMP) signalling pathway, having a largely neuronal localization 
(Bengtsson et al. 1995; Söderström et al. 1996; Söderström and Ebendal 
1999). Although some transcriptional changes in BMP expression have been 
noted, the functions of BMPs in the adult brain remain unknown (Ebendal et 
al. 1998). In traumatic brain injury, some BMP receptors have been reported 
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to be upregulated in the hippocampus (Lewén et al., 1997). Furthermore, it is 
known that BMPs play an important role during development of the nervous 
system and has been found to be involved in cell specification events, neuron 
survival and neurite extension (Angley et al. 2003; Hall and Miller 2004; 
Mehler et al 1997; Nakashima et al. 2001), stimulation of dendritic growth 
(Lein et al. 2002) and, in cooperation with neurotrophic factors, enhance-
ment of survival and neurite outgrowth in peripheral neurons (Althini et al. 
2004; Bengtsson et al. 1998). 

In order to further study the outcome after TBI, with respect to transcrip-
tional alterations in normal brain over time and in brains with modified BMP 
function, mutant and C57BL/6J adult male mice were subjected to a con-
trolled cortical impact (CCI) brain injury. Three different conditionally ex-
pressed mouse models were used and were divided into two variants depend-
ing on whether the system is on (gain-of-function) or off (loss-of-function). 
In both variants, we have used CaMKII-Cre as a promoter for Cre-driven 
recombination which start to cut out the gene of interest postnatally day 15-
20 in forebrain neurons (Minichiello et al. 1999). The BMP receptor type I, 
Acvr1, was the target for both a loss-of-function approach, a knock-out mice 
(called Floxed Acvr1; Kaartinen and Nagy, 2001), as well as a constitutively 
active receptor represented in transgenic mice expressed in a gain-of-
function situation (Floxed-Stop caAcvr1; Fukuda et al., 2006). The knockout 
mouse for the common TGF-  superfamily signal mediator Smad4 (called 
Floxed Smad4; Yang et al. 2002), a co-transporter for the signals intracellu-
lar propagation into the nucleus, represents the last of the three conditional 
mice. All three mouse models survived the genetic manipulation embryoni-
cally (controlled by Mendelian inheritance after genotyping and quantitative 
RT-PCR, qRT-PCR), grew up normally and did not show any obvious phe-
notypes. 

Through histology, lesion volume measurements, evaluation of the degree 
of cell death by measuring histone-associated DNA fragments, behavioural 
tests, qRT-PCR and statistical analysis, the impact of the TBI was evaluated 
in the three mouse models in order to gather information about the influence 
from the TBI in both the loss-of-function and gain-of-function systems. The 
findings in paper I suggest that BMP signalling is dispensable in adult corti-
cal neurons but that BMP exerts subtle effects involving several cell types in 
the injured brain. 

In order to study downstream effects of two signalling pathways initiated 
by BMP4 and nerve growth factor (NGF), we used qRT-PCR to analyse 
mRNA expression in rat phaeochromocytoma PC12 cells (paper II). The 
PC12 cell line is a useful model when studying neuronal differentiation and 
evaluation of different stimuli’s effects on signalling pathways etc. Previous 
studies have shown that by stimulating PC12 cells with NGF in combination 
with BMP4, a strong increase in neurite outgrowth was the result compared 
to experiments with solely NGF stimulation. In paper II, several early ex-
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pressed genes were investigated and their mRNA expression after exposure 
to NGF or BMP4 or both.  

Throughout the project, we could see that the injury alone radically af-
fected the outcome and that transcriptional expression levels of functional 
patterns in the brain were very differently affected. In paper III, a time study 
of the injury’s expression levels were performed at injured C57BL/6J mice 
brains compared to uninjured brain. Time points chosen were 1 hour, 4 
hours, 22 hours, 3 days and 7 days, and measured tissues were in the fore-
brain, neocortex and hippocampus. Supplementary time points for two and 
three weeks were also measured. 

In paper III, we performed transcriptional analysis with qRT-PCR and 
characterized the temporal pattern of 100 selected genes in a model of cere-
bral contusion injury. At different time points (compared to uninjured tissue) 
altered transcription was detected and up- and downregulation noted in many 
of the chosen genes. Worth mentioning are five patterns which cluster gene 
expression in a time perspective manner. Similar but more pronounced 
changes were found for the hippocampus.

By using Affymetrix GeneChip Mouse Genome 430 2.0 oligonucleotide 
arrays (45,000 probe sets; 39,000 transcripts) over the entire mouse genome 
three days after injury we could by removing ESTs, internal controls and 
thereafter use special sieving criteria for signal and expression levels, detect 
146 transcripts that were reliably upregulated. We did a correlation analysis 
between results from qRT-PCR and the GeneChip arrays at the 3 days time 
point. The result show a significantly positive correlation and 13 genes 
common between the two techniques. We could not see any overlap in fac-
tors for transcription, growth factor signalling or apoptosis. In contrast, in 
transcripts involved in stress response (Hmox1, Timp1 and Ucp1), inflam-
mation (Ccl2, Ccl3, Itgb2, Socs3 and Spp1), cytoskeleton, cell adhesion and 
extracellular matrix components (Gfap, Msn, Tagln and Vim) and cell cycle 
regulation (Cdc20) an overlap was seen. In situ hybridization was used for 
cellular localization of several of the upregulated transcripts and mostly 
showed upregulation regarding inflammatory response by micro-
glia/inflammatory cells but also activated astrocytes and brain vascular cells 
were represented. 

One group of molecules that especially attracted our attention in the Ge-
neChip analysis are the chemokines, factors involved in inflammation and 
immunologic response (paper IV). Chemokines are small chemotactic cyto-
kines that have been found to direct leukocytes to areas of injury and in-
flammation by a receptor-mediated mechanism (G-protein coupled recep-
tors), serving functions in the innate immune response (reviewed by Charo 
and Ransohoff, 2006). The members of the chemokine family (with the sub-
families CC-, CXC-, CX3C- and XC-) are characterized by the number and 
relative position of the two first conserved amino-terminal cystein residues 
(Esche et al., 2005). Functionally, chemokines are induced during inflamma-
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tion or are constitutively expressed. Several of these chemokine ligands and 
receptors are considered to be associated with specific cell types as e.g. T-
cells, monocytes and macrophages. 

We confirmed our result from the GeneChip analysis with qRT-PCR ex-
periments (in paper IV) by doing a thorough investigation over time (1h, 4h, 
22h, 3d and 7d) of the expression pattern for five of the chemokine ligands. 

All in all, the thesis work has resulted in mapping of the effects of trau-
matic brain injury in the mouse genome at a transcriptional level and may be 
relevant for the NVU Concept in the evaluation of the molecular understand-
ing of the actions from the insult. Furthermore, cell systems and signalling 
pathways have been investigated and specific system have been analysed. It 
is concluded that after traumatic brain injury various cell types contribute to 
these strictly controlled temporal shifts in transcript levels, affecting tran-
scription factors, inflammatory mediators and neurotrophic proteins accom-
panied by delayed reactive gliosis in cortical areas directly affected by the 
insult.

An exciting challenge will be to identify relations in expression and to 
evaluate the shifts in expression levels for the different functional classes of 
transcription factors, mediators of stress and inflammation, neurotrophic 
proteins, structural proteins etc. after brain injury and to get a cellular an-
choring. The results from the project may in the future give a basis for defin-
ing new target genes to find unique strategies for neuroprotective interven-
tions in traumatic brain injury. 
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Results and Discussion 

TBI in genetically modified mice (paper I) 
This paper focusses on the functions of BMP signalling in adult forebrain 
neurons of postnatal cortical regions when BMP-related factors are absent or 
overexpressed. TBI in the genetically modified mice resulted in post-injury 
alterations resembling those in their wildtype littermates. Thus, TBI in itself 
resulted in highly robust changes in levels of expressed transcripts specifi-
cally following distinct temporal patterns. 

Acvr1 (also known as ALK2 or ActR-I) is a type I signalling receptor for 
BMPs abundantly expressed by adult neurons in the neocortex and hippo-
campus (Bengtsson et al. 1995; Söderström et al. 1996). When BMP ligands 
(like BMP2, 4, 6 or 7) bind to serine-threonine kinase receptor type II on 
neurons, it can act on the type I receptor Acvr1, bind and phosphorylate it in 
complex. Thus, an intracellular signalling cascade is initiated and results in 
phosphorylation of the cytoplasmic proteins Smad1 and Smad5. The acti-
vated Smad1 and Smad5 associate with the common signal mediator Smad4 
and translocate to the nucleus where the complexes serve as transcriptional 
regulators of downstream BMP regulated genes (Miyazawa et al. 2002, ten 
Dijke et al. 2003).

Genetic analysis of this signalling pathway in the brain has been ham-
pered by the fact that gene inactivation of Acvr1 (Gu et al, 1999; Mishina et 
al. 1999) or Smad 4 (Sirard et al. 1998; Yang et al. 1998) in mice result in 
early embryo lethality. To circumvent this, we used genetic tools to postna-
tally inactivate the Acvr1 and the Smad4 genes locally in forebrain neurons, 
two loss-of-function strategies and one gain-of-funtion (see Introduction).

The results showed that CaMKII-Cre induces local recombination in 
BMP-signalling related genes without obvious phenotypic modifications. 
When focusing on specific markers, we observed an increase in Mtap2 
mRNA expression (with quantitative RT-PCR) without alteration in overall 
expression pattern in the brain (seen with in situ hybridization) when BMP 
signalling was eliminated. Since mice carrying either of these three recombi-
nations survived and showed no obvious phenotypic differences compared to 
wildtype littermates, we also tested the outcome of disturbed BMP signalling 
in adult mice in the CCI experimental model of traumatic brain injury, test-
ing the putative role of BMP signalling on neuronal survival in a stressed 
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situation. The results showed no differences linked to genotyp. The Mtap2 
expression seems to be, normally, suppressed by BMP signalling. 

Finally, when investigating some additional genes in these conditional 
mice models when exposed to TBI, distinct changes in molecular responses 
were observed. In Gfap expression, we did not see any specific changes be-
tween genotypes of Floxed Acvr1 and Smad4 three days postinjury. In con-
trast, a reduction of Gfap expression was observed in the mice overexpress-
ing BMP (Floxed-Stop caAcvr1) at the same time-point. Considering this 
finding, we continued to investigate the constitutively active Acvr1 in tran-
scripts at three days post-TBI compared with uninjured tissue (e.g. Phox2a, 
Itgb2, Spp1, Timp1, Hmox1). We have shown that Gfap and vimentin are 
strongly upregulated in reactive astrocytes (paper III). The injury-induced 
upregulation in Gfap transcript levels seen in paper I were similar irrespec-
tive of genotype in the present loss-of-function models. In contrast, a re-
duced upregulation after TBI was observed in brains with caAcvr1 activated 
(P<0.01). A similar reduction in vimentin mRNA was also seen after TBI in 
the mice with activated BMP-like neuronal signalling (P<0.05, data not 
shown).

In order to further examine neuronal responses to TBI especially in the 
gain-of-function model, we used qRT-PCR to detect the Phox2a transcript 
that is exclusively expressed by neurons. Phox2a was upregulated following 
injury. In the caAcvr1/CaMKII-Cre mice the Phox2a response to TBI was 
significantly lower (P<0.05). The Itgb2 transcript was also upregulated in 
neurons as well as microglial cells after TBI. Itgb2 showed a diminished 
upregulation three days post-injury (P<0.001) in the brains with excessive 
neuronal BMP-signalling mediated by caAcvr1. Furthermore, quantitative 
RT-PCR showed that tissue inhibitor of metalloproteinase 1 (Timp1) expres-
sion was significantly reduced (P<0.01) in the TBI brains with caAcvr1-
driven BMP signalling. In contrast, heme oxygenase (decycling) 1 (Hmox1) 
was also strongly upregulated three days post-injury but with no differences 
in expression levels linked to the genotype. In contrast, when examining 
microglia-specific reactions to TBI in the gain-of-function model, Spp1 (os-
teopontin) was studied and a significant upregulation (P<0.01) was detected 
in the brains with enhanced BMP signalling compared to the controls. The 
significant transcriptional changes in the caAcvr1 mice are specific and not 
reflected in altered cortical levels of 28S rRNA, used as a reference. 

In other words, genetically increased BMP signalling results in distinct 
changes in the expression of molecular markers which by this enhanced 
Acvr1 signalling can have a possibly sparing effect on neurons after TBI 

The present results with the unexpected upregulation of Mtap2 transcript 
seen when disturbing BMP/Acvr1/Smad signalling is compatible with previ-
ous findings from Minichello et al. (1999) and Xu et al. (2000) where CaM-
KII-Cre also was used in order to eliminate growth factor signalling in post-
natal brain neurons. The effect on Bdnf pathway could be examined when 
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selective recombination, in forebrain, of the TrkB neurotrophin receptor 
happened. In a study of a CaMKII-Cre mice strain (Xu et al. 2000), total 
elimination of the TrkB receptor gives severe effects as reduced dendritic 
complexity without losses in number of primary dendrites, among other ef-
fects concerning long-term potentiation and visual cortex. One can thus con-
clude that eliminating either BDNF or BMP signalling in adult cortical neu-
rons is not lethal but leads to subtle, possibly non-overlapping functional 
changes linked to neurotransmission/dendritic arborisation. 

As mentioned earlier, the marker for microglial actions in our study, 
Itgb2, showed a significant down-regulation in animals lacking of BMP. 

Analysis of BMP signalling in neuronal cells (paper II) 
In line with the upregulation of Mtap2 transcript in cortex when BMP signal-
ling is impaired (paper I), we recently found that BMP4 added to phaeo-
chromocytoma PC12 cells drastically reduced expression of Mtap2 (paper 
II). In order to observe the effects downstream of the two signalling path-
ways induced by NGF and BMP4 respectively, we used quantitative RT-
PCR to measure mRNA levels in PC12 cells of 45 selected genes. We could 
detect transcriptional expression in 28 genes, preferably in genes that react 
almost immediately (e.g. Egr1-4, Hes1, Junb, Jun and Fos) and where Egr3 
reacted most robustly. 

From knockout studies in mice it is obvious that the MAP2 and MAP1b 
(a Mtap2-related gene encoding a juvenile dendritic protein of vital impor-
tance for neurite extension in PC12 cells, paper II) proteins act synergisti-
cally in dendritic outgrowth (Teng et al. 2001) and that these two proteins 
may be important in the control of the dendritic tree. 

Furthermore, the MAP2 expression decreased when BMP4 was added to 
the PC12 cells which correspond to result from paper I where we could see 
an upregulation in MAP2 mRNA expression in mice where the BMP signal-
ling pathway were shut off. This indicates that BMP normally maintain bal-
anced MAP2 mRNA levels. 

To summarize the information from cell and mice studies, we observed 
that when BMP4, in combination with NGF, was added to PC12 cells, a 
downregulation of Mtap2 mRNA expression occurred. With qRT-PCR we 
could detect an upregulation of Mtap2 in the mice lacking BMP expression 
which is consistent with the result from the cell experiments (paper II). 

Hunting for TBI genes (paper III) 
Paper III describes the mapping of transcription patterns in forebrain neurons 
after traumatic brain injury using qRT-PCR. This study also makes use of 
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the Affymetrix GeneChip  Mouse Genome 430 2.0 Array inluding exten-
sive covering of the genome on a single array with 45,000 probe sets and 
39,000 transcripts. The array technique makes it possible to view either the 
entire genome on a single array, or to focus on smaller data sets. Affymetrix 
promise that the arrays can provide gene expression data for e.g. discovering 
genes and characterizing gene function, understanding biological mecha-
nisms etc. The difference with this GeneChip compared to previous array 
types is that it contains multiple probe pairs per probe set which make it 
possible to do measurements for every transcript independently. 

Overall, all previous studies give information about injury responses but 
extensive studies concerning TBI in mice need to be done. This is now pos-
sible with Affymetrix GeneChip array. When using qRT-PCR and Affy-
metrix GeneChip, we get reliable results and show interesting expression 
patterns in many cases concordant with previous findings. 

In the present study, the pattern of 100 different transcripts was character-
ized at several time points (1h, 4h, 22h, 3d, and 7d) and I could note changed 
expression levels, markedly in 30 transcripts. Altogether, in neocortex we 
could divide these 30 into five groups which in expression pattern and in 
terms of time related to each other. In the first group of transcripts (A) that 
started to react with an upregulation almost immediately after injury were 
factors that are considered neuroprotective: Egr1-4, Junb, Fos, Smad etc. A 
little more delayed upregulation were found in a group (B) that contained 
factors for different functions as growth and signalling, stress responses, 
transcription, inflammation (e.g. Socs3, Hspa1b, Fosl2). A somewhat 
smaller cluster (C) was shown among genes that start their expression very 
quickly after injury and then maintain their upregulated levels throughout the 
time study (e.g. Ccl2/MCP1). Factors in group four (D) starts their expres-
sion a little later, at 22 hours and are for example Timp1, Hmox1 and moesin 
(Msn) which have potential effects in the activation of the immune system. 
At last, the fifth group (E) shows the highest expression levels late, 3 days to 
7 days, and contain integrin -2 (Itgb2), Spp1 (osteopontin), transgelin 
(Tagln), Gfap and vimentin known to interact in cell adhesion, but also 
Nos1, the neuronal nitric oxide synthase, could be detected in this group. 

By using Affymetrix GeneChip Mouse Genome 430 2.0 oligonucleotide 
arrays (45,000 probe sets; 39,000 transcripts) over the entire mouse genome 
three days after injury we could by removing ESTs, internal controls and 
thereafter use special sieving criteria for signal and expression levels, detect 
146 transcripts that were reliably upregulated. We did a correlation analysis 
between results from qRT-PCR and the GeneChip arrays at the same time 
point (3 days). The result show a significantly positive correlation and 13 
genes common between the two techniques. We could not see any overlap in 
factors for transcription, growth factor signalling or apoptosis. In contrast, in 
transcripts involved in stress response (Hmox1, Timp1 and Ucp1), inflam-
mation (Ccl2, Ccl3, Itgb2, Socs3 and Spp1), cytoskeleton, cell adhesion and 
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extracellular matrix components (Gfap, Msn, Tagln and Vim) and cell cycle 
regulation (Cdc20) an overlap was seen. In situ hybridization was used for 
cellular localization of several of the upregulated transcripts and mostly 
showed upregulation regarding inflammatory response by micro-
glia/inflammatory cells but also activated astrocytes and brain vascular cells 
were represented. 

Nagata et al. (2004) examined transcripts from the mouse hippocampus 
24h after transient ischemia. Examination of 6,000 genes identified 25 that 
were changed more than 3-fold. These included c-fos, c-jun, Junb, Egr1, 
Egr2, Neurod6, Dusp1, Cox2 (Ptgs2), Gadd45  and vimentin. These data are 
in good accordance with changes seen presently also in TBI. Considering the 
effects of TBI in cortex and hippocampus on a transcriptional level evoke 
thoughts of what have been done in the area of cDNA microarrays and in 
quantitative RT-PCR (or both), in mice and rat models. 

Lefebvre d'Hellencourt and Harry (2005) used a cDNA microarray analy-
sis in mice in order to detect microglial, astrocytic and immediate-early re-
sponses especially in the hippocampus. They observed effects on several 
central cell responses but in particular increases in inflammatory factors such 
as TNf- , MIP-1  among others can be mentioned since these have been 
seen also in the present studies. 

Astrocytic expression effects when measuring with e.g. quantitative RT-
PCR are displayed by Burbach et al. (2004) who present several and pro-
found effects in Gfap mRNA expression to injury. The magnitude differed 
regarding to lesion type; astrocytic occurrence surrounding an injury site 
showed 82-fold increase while astrocytes located in a denervation zone or 
surrounding amyloid plaque showed a much lower expression pattern. We 
have also seen considerable Gfap expression but not in such extent. Also 
Jurynec et al. (2003) discuss astrocytic response to injury and subsequent 
glial scar and potential lack of axonal regeneration and neurite outgrowth 
when measuring with quantitative RT-PCR. Kobori et al. (2002) have made 
both microarray evaluation and quantitative RT-PCR confirmation on neu-
rite outgrowth, neuronal regeneration and plasticity as response to injury, 
including transcription factors, signal transduction genes and inflammatory 
proteins. In particular, both genes analysed in previous reports such as c-jun 
and bdnf and some novel genes as for example the high mobility group pro-
tein 1 (Hmg-1), the TGF- -inducible early growth response (Tieg) is 
higlighted as targets for altered transcription as a result of TBI. Others have 
also used the strategy of comparisons between the microarray expression 
analysis and quantitative PCR and Long et al. (2003) shows expression lev-
els in mice hippocampus. 

Paschen et al. (2004) display results from both cortical and hippocampal 
tissue and analyses mRNA expression levels from for example Xbp1, Hsp70 
etc with quantitative RT-PCR. 
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Some microarray analysis concerning the immune system was shown by 
Poulsen et al. (2005), they saw that mice lacking of IL-6 one day postinjury 
got much more severe problems after injury than the wildtype.

There are several reports on transcriptional alterations in neocortex and 
hippocampus following trauma and ischemia in mice and rats. Kobori et al. 
(2002) thus examined altered expression of genes in the mouse cerebral cor-
tex at 2h, 6h, 24h, 3d and 14d after experimental cortical impact injury. Of 
the 10,000 genes studied, 86 annotated genes and 24 expression sequence 
tags showed more than 1.5-fold increase. Trancripts identified as upregulated 
in the neocortex included Bdnf, Egr3, c-Fos, c-Jun, Gadd45, metal-
lothionein2, uncoupling protein 2 and heme oxygenase 1 (Hmox1), all in 
accordance with the present findings. Some of the interesting findings by 
Natale et al (2003) are the importance of microglial activation after TBI, 
likely to involve e.g. the increased expression of heme oxygenase 1. The 
prolonged upregulation of the c-jun transcript as well as the late (3d postin-
jury) appearance of Ucp2 also match the present observations. By compari-
son with similar data from the rat cortex following fluid percussion trauma, a 
total of 82 genes were found to be regulated in the injured cortex of both 
species and in the two experimental trauma models used. To a large extent, 
these observations again overlap with the present findings. However, we 
found less upregulation of MCP1 and moreover, were unable to confirm the 
reduction in the Mapt transcript. 

Increases in Gfap and vimentin transcripts in astroglial cells found by Rall 
et al. (2003) in a study of the injured (CCI) rat frontal cortex, are also in 
accordance with our findings. Another CCI study of the rat cerebral cortex, 
also 24h postinjury, identified 41 upregulated and 23 downregulated tran-
scripts (Raghavendra Rao et al., 2003). Socs3, Crem, Hes-1, Smn, the MAP-
kinase phosphatase cpg21 and Nptx2 were upregulated as were c-fos, c-jun, 
Junb, MIP-1 , MCP1, IL6, caspase 3, Nos1 and Nos2, Hmox1, Hspa1b, 
metallothionein 2 (Mt2), vimentin and nestin. We now confirm increased 
transcript levels of Socs3 (suppressor of cytokine signalling 3), Nptx2, Fos, 
Jun, Junb, MIP-1  and vimentin in the injured neocortex of the mouse. In 
contrast we do not find clear evidence for regulated transcript levels for Il6, 
nestin, Nos1, Nos2 or caspase 3. We neither found that the increased levels 
of Socs3, Hspa1b or Mt2 transcripts are specific for the neocortex as op-
posed to the hippocampus on the injured side. Instead, our results show simi-
lar expression changes in neocortex and hippocampus (although with higher 
magnitude in hippocampus). 

Raghavendra Rao et al. (2003) also studied 8,800 genes in the rat hippo-
campus at 3h and 24h post-injury using the CCI model of trauma. After 3h, 
the levels of 308 transcripts were changed whereas 261 transcripts changed 
at 24 and this list overlaps with the present observations of increased Egr, 
Fos, Junb, Jun, Gfap, vimentin and Tagln expression. The authors note a 
distinct lack of changes in transcripts known to encode proteins with func-
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tions in apoptosis. This is also confirmed presently even though some differ-
ences in observations exist. Gene analysis of the rat cerebral cortex follow-
ing transient cerebral ischemia revealed altered mRNA levels of Socs3, 
Crem and Smn and other genes involved in inflammation, transcriptional 
control or serving as heat-shock proteins (Raghavendra Rao et al., 2002). In 
particular, the upregulation of Socs3 in neurons was suggested to have a 
neuroprotective function by controlling post-injury inflammation. Also in the 
present model of brain injury, we noted a distinct upregulation of the Socs3 
transcript. Tang et al. (Tang et al., 2002) also studied expression profiles in 
the rat brain 24h after ischemia, kainate seizures and intra-cerebral hemor-
rhage. Of the 8,000 genes studied, 52 were induced by all three models of 
injury and the changes appear well correlated to events seen in our TBI 
model. Lu et al. (2003) studied over 8,000 genes in the rat peri-infarction 
cortex after 24h of permanent cerebral ischemia. Changes were found in 
transcript levels of c-fos, Fra1, c-jun, Junb, Egr1, Egr4, Crem, Id1, Cpg21, 
Arc, calpain2, caspase 3, Timp1, Mt2, Hspa1b, Hmox1, Gadd45 , Nptx2, 
Socs3, Cox2, Tagln, Gfap, vimentin, tubulin-a1 (Tuba1), Il6, MIP-1 , Spp1, 
uPAR, Bdnf, Tgfb1 and Vegf. In a subsequent paper, these authors (Lu et al., 
2004) studied time points 30 min, 4h, 8h, 24h, 3d and 7d in a model of 
ischemia/reperfusion. Again, the gene lists and temporal patterns found are 
in good accordance with the present findings. Küry et al. (2004) found a 
strong upregulation of the Cdc20 (p55cdc) transcript in the infarcted rat cor-
tex. We found a similar regulation of this transcript in our TBI material.

In conclusion, we have established distinct changes over time in transcript 
levels in the mouse neocortex and hippocampus (similar but more profound 
changes in the hippocampus) with qRT-PCR and GeneChip analysis as a 
result of traumatic brain injury. In particular, we observed several fractions 
of expression patterns. Finally, we have seen some interesting and complex 
expressions patterns after injury which can be the basis for future neuropro-
tective and pharmacological interventions in these injury-induced cellular 
events.

Inflammation and immune responses in TBI (paper IV) 
A large group of molecules identified through the GeneChip analysis in pa-
per III with robust and strong upregulations in expression patterns, was the 
chemokines. Therefore, we wanted to further explore transcripts (paper IV). 

The chemokine-related transcripts present in our GeneChip analysis were 
in total 31 ligands and 19 receptors of which only 13 ligands and six recep-
tors remained when we used similar sieving criteria as in paper III. The fac-
tors that reached detectable levels were Ccl2 and Ccl12 that binds to their 
receptor Ccr2, Ccl3 and Ccl4 were also found binding to Ccr5, but where 
Ccl3 also binds to the receptor Ccr1. The ligand Cxcl10 binds to the receptor 
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Cxcr3, and Cxcl10 exhibits a rather robust upregulation unlike other ligands 
in this subfamily. The remaining ligands show a modest upregulation which 
is the case for e.g. Cxcl16 (while its receptor Cxcr6 did not reach detectable 
levels at the array hybridization) or are not affected as for Cxcl12 and 
Cxcl14. The same phenomenon is seen with the ligand for fractalkine 
(Cx3cl1) which is not affected at all but where its receptor, Cx3cr1, has in-
creased mRNA expression levels.  

We confirmed our result from the GeneChip analysis with qRT-PCR ex-
periments by doing a thorough investigation over time (1h, 4h, 22h, 3d and 
7d) of the expression pattern for especially five of the chemokine ligands. 
We saw highest expression at the 22h hours measurement up to 3 days (on 
average 16-fold) for Ccl3, Ccl2 and Ccl12. For Cxcl10, we detected a stable 
upregulation up to 3 days (above 32-fold) and thereafter a slow decline. Ccl9 
differed in expression pattern by giving a fast and modest response already 
after 4 hours (4-fold increase) and then by decreasing to more moderate lev-
els. For Ccl3, we also complemented our result with in situ hybridization in 
order to identify cellular localization. We could detect an expression pattern 
in the brain tissue which strongly resembles the distribution of microglia in 
tissue.

A correlation between specific chemokine-related gene expression pat-
terns and outcome after traumatic brain injury seems feasible and the results 
may help in defining novel targets for neuroprotective strategies in TBI tar-
geting chemokine signalling. 
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Conclusions

This thesis shows that bone morphogenetic protein (BMP) signalling nor-
mally has limited functions to protect the injured adult mouse brain cortex. 
In contrast, BMP stimulates transcription factor expression and formation of 
nerve processes in cultured immature neuron-like cells. 

The thesis also demonstrates that cortical areas (neocortex, hippocampus) 
show distinct transcriptional alterations as a result of traumatic brain injury 
(TBI) in an experimental mouse model. An initial phase (hours after injury) 
is characterized by upregulated transcripts encoding several transcription 
factors.

Three days after TBI, the cortex was found to be characterized by a large 
set of upregulated transcripts encoding proteins involved in inflammation 
and tissue remodeling, such as heme oxygenase 1, osteopontin, chemokines, 
lysozyme, moesin and tissue inhibitor metalloproteinase 1 expressed by 
phagocytotic cells. In addition, glial fibrillary acidic protein was robustly 
upregulated in reactive astrocytes, procollagen type III alpha 1 in blood ves-
sels and transgelin in neurons. Indeed, surprisingly few neuron-specific tran-
scripts were found to be regulated in the present study. 

In contrast, many genes previously linked to cellular stress responses or 
apoptosis in neurotrauma (such as heat shock proteins, Sod, Nos and Bcl2) 
were not robustly upregulated, nor were neuronal growth factor genes found 
to be affected by the injury. It is concluded that the inflammatory response is 
dominating in neocortex a few days after injury and that genes serving func-
tions in axonal regeneration may become active at later time points. 

In summary, this thesis work has resulted in a genome-wide orientation of 
transcriptional expression in mice after traumatic brain injury. Also, some 
specific neuronal signalling systems have been more thoroughly investigated 
and evaluated in vivo and in vitro. 

Brain trauma results in extensive problems both for the individual, with 
secondary damage aggravating the injury and complicating the subsequent 
recovery period, and for the society. The present research can with the thor-
ough molecular understanding and characterization of the injury responses 
contribute to the finding of novel targets for therapeutic interventions after 
traumatic brain injury. 
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Future perspectives 

It is obvious from the present characterization of post-injury transcriptional 
changes in the brain cortex that inflammation is a dominating feature in TBI. 
Several aspects of this come to mind. One issue is whether the inflammation 
is harmful or beneficial to the regenerative process after brain injury. An-
other crucial issue is possibly to block the inflammation, to find out the ini-
tial cellular and molecular events leading to inflammation. 

Several experimental treatment strategies have been found to improve the 
outcome of TBI. Thus, application of the MEK kinase inhibitor U0126 was 
shown to reduce the cortical lesion volume in TBI and ischemia (Clausen et 
al., 2004; Mori et al., 2001). MEK inhibition has been observed to have neu-
roprotective and neurotrophic actions both in cell culture and in animal mod-
els of TBI (Althini et al., 2004; Clausen et al. 2004). MEK inhibition affects 
the Erk1/2 protein, which in a phosphorylated form acts after brain trauma 
(Otani et al., 2002) and this inhibition, especially in combination with neuro-
trophic factors, stimulates outgrowth in cultured nerve explants (Althini et 
al., 2004). The role of leukocyte signalling and effects on the MEK pathway 
during inflammation is also an interesting issue. 

Furthermore, the free radical scavanger S-PBN has been demonstrated to 
have similar neuroprotective effects (Marklund et al., 2001). With the cur-
rently presented set of data it would be of relevance to compare transcrip-
tional changes after injury in protected versus unprotected brains. 

It would also be of relevance to extend the time frame to later stages after 
the acute inflammatory phase to characterize possible regenerative events by 
examining transcripts such as Gap43, known to be involved in axonal 
growth. In traumatic brain injury, wide-spread damage on the neuronal ax-
ons is observed which may be an explanation for the diffuse problems also 
following mild TBI. In addition, these studies may for comparative reasons 
be performed in experimental models of diffuse, as opposed to focal, brain 
injury.  

The present study gives some interesting pattern information for neuronal 
behaviour and surrounding tissue. Our forth-coming challenges will be to 
confirm the data and to further investigate the interactions between different 
molecules. The final goal is to try to fit this information into a more global 
perspective and to connect the clinical research data and effects with our 
findings.
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Materials and Methods 

Controlled Cortical Impact (CCI) in mice 
C57BL/6J mice were anaesthetized with Halothane, placed in a stereotaxic 
frame, and kept on 1-2% isofluran, 70% nitrous oxide, and 30% oxygene 
with mask ventilation and spontaneous breathing. Breathing and body tem-
perature was controlled throughout surgery. Local anaesthesia (Xylocain, 
AstraZeneca, Sweden) was administered subcutaneously, the skin was cut, 
and a craniotomy (approximately 3 mm diameter) was made between mid-
line, bregma and lambda. The removed piece of bone was temporarily placed 
under the neck skin. The mouse was subjected to a severe TBI by the con-
trolled cortical impact (CCI) device (Laurer and McIntosh, 1999; Smith et 
al., 1995; Noshita et al., 2002) with a compression depth of 0.5 mm and a 
velocity of 3.1 m/sec. After surgery, the piece of bone was put back, the skin 
sutured, and the mouse placed in a cage with a warming lamp until fully 
awake and mobile. All animal experiments have been approved by the Upp-
sala Ethics Committee for animal research. 

Behavioural tests 
The weights of the mice were measured on days 0 (pre-trauma), 1, 4, and in 
the 1-week groups and on days 0, 1, and 3 for the quantitative RT-PCR ex-
periments. A cylinder (diameter 9 cm, height 15 cm) was used to evaluate 
the effect of the injury on spontaneous forelimb use. The mouse was placed 
into the cylinder for 1 min and scored on a four-level scale. Moreover, a 
cage grid was placed horizontally, and the animal’s paw movement were 
rated during 1min of observation and scored on a three-level scale. Meas-
urements were performed blinded. The weights of the mice were observed 
day 0 (before the trauma), day 1, day 4 and day 7. The weights were re-
corded and were one of the parameters for control of the general status of the 
animals. 
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Cryosectioning, histology, lesion volume measurements 
During deep anaesthesia the animals were perfused by a cardiac infusion of 
sodium chloride, followed by 4% para-formaldehyde. The brains were re-
moved, cryoprotected in 30% sucrose, snap-frozen in ice-cold isopentane, 
and stored at –80ºC. Brains were embedded in Tissue-Tek (Histolab, Swe-
den) and cut in 20 µm coronal sections with a cryostat, beginning at bregma. 
Every twenty-fifth section was saved on a glass slide (SuperFrost Plus). Af-
ter nuclear staining in Mayer’s hematoxylin and counterstaining in 1% eosin, 
slides dehydrated and mounted.  

Lesion volume measurements: Images of sections of the injured brains 
were stored in a digitized format for area measurements from every twenty-
fifth section to reconstruct the cortical lesion volume. Ipsilateral area value 
was subtracted from the contralateral value to extimate the loss of tissue in 
each section. Measurements in paper I were performed in four floxed Acvr1 
(with six control mice), in eight floxed Smad4 (11 controls) and in five 
floxed-Stop caAcvr1 (six controls). 

Cell Death Detection ELISA 
Animals (uninjured n= 2, TBI n=5) were sacrificed 12h after TBI by perfu-
sion with ice-cold 0.9% sodium chloride solution. Brains were removed, and 
the ipsilateral neoxcortex was dissected. Tissues were placed in cold lusis 
buffer, homogenized in a Dounce homogenizer, and centrifuged at low 
speed. The protein contration (Pierce BCA Protein Assay Kit) and apoptotic 
DNA fragmentation were determined according to the manufacturer’s proto-
col (Cell Death Detection ELISAPLUS, Roche catalog No. 1774 425). 

Neocortex on the ipsilateral side of the injury was dissected on ice. About 
100 mg tissue was placed in 1.5 ml of cold lysis buffer, homogenized by 35 
strokes in a Dounce homogenizer and centrifuged at low speed. The protein 
concentration (Pierce BCA Protein Assay kit) and apoptotic DNA fragmen-
tation were determined according to the manufacturers protocol (Cell Death 
Detection ELISAPLUS, Roche, Cat. No. 1774 425). 

RNA isolation from neocortex and hippocampus 
Animals were anaesthezised and decapitated, ipsilateral (to the injury) neo-
cortex and hippocampus were dissected and the tissues put in RNAlater 
(Qiagen) for preservation of RNA. Brains from the genetically modified 
mice, their wildtype littermates and C57BL/6J mice in the other experiments 
were subjected to RNA isolation using Qiagen RNeasy (Qiagen Inc., Valen-
cia, CA, USA). The absorbance at 260 and 280 nm was determined. 
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Quantitative RT-PCR (one-step) 
The Qiagen QuantiTect SYBR Green RT-PCR kit for a one-step reaction 
(reverse transcription at 50 C for 30 min) was used with primers for mouse 
yielding amplified fragments of about 100 base pairs. Quantitative RT-PCR 
was run for 50 cycles (94 C for 15 s, 60 C for 30 s, and 72 C for an addi-
tional 30 s) using an iCycler thermal cycler (BioRad Laboratories, Inc., Her-
cules, CA, USA) following a hot start (95 C for 15 min). After completion 
of the cycles, melting curves obtained by increasing the temperature from 
55 C to 96 C in increments of 0.5 C, were examined to ascertain specificity 
of the PCR products.  
The primers used for qRT-PCR are specified in each of the four papers on 
which this thesis is based. Expression of 28S rRNA was also determined by 
qRT-PCR and showed good correspondence with the A260 values. 

Table 2. 100 mouse genes characterized with quantitative RT-PCR 

# Gene Acc. No. # Gene Acc. No. 

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

25
26
27
28

Transcriptional regulation 
Ascl1 (Mash1) 
Creb
Crem
Egr1 (early growth response 1) 
Egr2
Egr3
Egr4
Fhl2 (Dral) 
Fos (c-fos) 
Fosl2 (Fra-2) 
Hes1
Id1
Jun (c-jun) 
Junb
Jund1 (Jund)
Neurod6
Neurog3
Nfkb1 (NF-kappa B1) 
Phox2a
Smad4
Smad6
Srf (serum response factor) 
Tcf21 (Pod1) 
Xbp1

Growth, signal transduction  
Acvr1 (Alk-2)
Bdnf
Cdk5r1 (p35) 
Dusp1

NM_008553
NM_009952
NM_013498
NM_007913
NM_010118
NM_018781
NM_020596
NM_010212
NM_010234
NM_008037
NM_008235
NM_010495
NM_010591
NM_008416
NM_010592
NM_009717
NM_009719
NM_008689
NM_008887
NM_008540
NM_008542
NM_020493
NM_011545
NM_013842

NM_007394
NM_007540
NM_009871
NM_013642

53
54
55
56
57
58
59

60
61
62
63
64
65
66
67

68
69
70
71
72
73
74
75
76
77
78

Inflammattion, immunity, defense 
Ccl2 (MCP1) 
Ccl3 (MIP-1 alpha) 
Fasl (Tnfsf6) 
Il6 (interleukin 6) 
Itgb2 (integrin beta 2) 
Socs3 
Spp1 (osteopontin) 

Apoptosis
Bcl2
Bcl2l1 (Bcl-XL) 
Birc2 (IAP1) 
Birc5 (survivin) 
Capn1 (calpain1)  
Capn2 (calpain2)  
Casp3 (caspase 3) 
Pdcd8 (AIF) 

Cytoskeleton, ECM, cell adhesion 
Actg1 (actin  cytoplasmic 1) 
Arc
Dcx (doublecortin) 
Gfap
Mapt (MAP tau) 
Msn (moesin) 
Mtap1b (MAP1b) 
Mtap2 (MAP2) 
Nef3 (NF-M) 
Nefl (NF-L) 
Nes (nestin) 

NM_011333
NM_011337
NM_010177
NM_031168
NM_008404
NM_007707
NM_009263

NM_009741
NM_009743
NM_007465
NM_009689
NM_007600
NM_009794
NM_009810
NM_012019

NM_009609
NM_018790
NM_010025
NM_010277
NM_001038609 

NM_010833
NM_008634
NM_001039934 
NM_008691
NM_010910
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29
30
31
32
33
34
35
36

37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

Growth,… (cont.)
Gap43
Gdf1
Gfra1
Met 
Nenf (neudesin/Scirp10) 
Plaur (uPAR) 
Pten 
Vegfa

Stress responses 
Gstk1 (GST-kappa1) 
Hmox1 (heme oxygenase 1) 
Hspa1b (Hsp70) 
Hspb2 (Hsp27) 
Mmp9
Mt2 (metallothionein 2) 
Nos1 (neuronal) 
Nos2 (inducible, macrophage) 
Nos3 (endothelial) 
Ptgs2 (Cox-2) 
Serpina3k
Sod1 (CuZnSOD) 
Sod2 (MnSOD, mitochondrial) 
Sod3 (extracellular SOD) 
Timp1
Ucp2

NM_008083
NM_008107
NM_010279
NM_008591
NM_025424
NM_011113
NM_008960
NM_009505

NM_029555
NM_010442
NM_010478
NM_024441
NM_013599
NM_008630
NM_008712
NM_010927
NM_008713
NM_011198
NM_011458
NM_011434
NM_013671
NM_011435
NM_011593
NM_011671

79
80
81
82
83
84

85
86
87
88
89
90
91
92

93
94
95
96

97
98
99
100

Cytoskeleton,… (cont.) 
Nptx2 (neuronal pentraxin 2) 
Prom1 (prominin 1) 
Tagln (transgelin, SM-22 alpha) 
Tuba1 (tubulin alpha 1) 
Tubb3 (tubulin beta 3) 
Vim (vimentin) 

Neurotransmission, ion channels 
Dlgh4 (PSD95) 
Homer1
Slc18a2 (Vmat2) 
Slc1a2 (GLT-1) 
Syn1 (synapsin I) 
Syp (synaptophysin) 
Syt11 (synaptotagmin 11) 
Th (tyrosine hydroxylase) 

Metabolism, synthesis 
Cnp1 (CNPase) 
Gapdh
Smn1
28S ribosomal RNA 

Cell cycle, cell proliferation 
Cdc20
Gadd45a (GADD45) 
Gadd45g
Parp1

NM_016701
NM_016789
NM_008935
NM_011526
NM_011653
NM_023279
NM_011701

NM_007864
NM_152134
NM_172523
NM_011393
NM_013680
NM_009305
NM_018804
NM_009377

NM_009923
NM_001001303 
NM_011420
X00525

NM_023223
NM_007836
NM_011817
NM_007415

      

In the third paper, 100 mice genes in total were selected for analysis and are 
shown (with accession numbers) in Table I. For confirmation of RNA 
amount, we used primers detecting 28S rRNA (Table 1). Typically, 2-4 mice 
were analyzed at least in duplicates for each genotype. 

Cluster analysis 
Data obtained by quantitative RT-PCR recognizing the selected candidate 
genes were arranged by cluster analysis (Eisen et al., 1998) by the use of 
Cluster 3.0 (http://bonsai.ims.u-tokyo.ac.jp/~mdehoon/software/cluster/; 2 
log transformation of data, no other data adjustments) and the results visual-
ized by application of the Java TreeView software (downloaded from 
http://genetics.stanford.edu/~alok/TreeView/).
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Affymetrix microarray profiling 
The GeneChip  Mouse Genome 430 2.0 Array was used (extensive cover-
ing of the genome on a single array, 45,000 probe sets, 39,000 transcripts) 
and which provides multiple independent measurements for each transcript. 
Scanning of neocortical samples was carried out at the The Karolinska 
Hospital Affymetrix Microarray Core Facility, according to the manufac-
turer’s protocol (Affymetrix Inc., Santa Clara, CA) and three independent 
runs were performed. The data material was evaluated with respect to sev-
eral sieving criteria. At first, all ESTs and control RNA from Affymetrix 
were removed from the material. Thereafter, the data was sorted after detect-
able RNA levels and transcripts evaluated on the basis of a signal intensity 
of 38 or higher were saved. When proportions between injured tissue and 
uninjured tissue were performed, all RNA transcripts below a three-fold 
increase were taken away. 

In situ hybridization using radioactive oligoprobes 
Mice were killed by cervical dislocation. Two controls and two brains from 
each of the two loss-of-function mice were frozen on dry ice (floxed Acvr1 
and floxed Smad4, respectively). Sections for analysis were cut through the 
neocortical-hippocampal region. Mouse antisense 48-mer oligonucleotides 
were designed. Three probes were used to study Acvr1 (NM_007394) exon 
7 specific expression (Fig. 1B; 5’-TTC ACC AGG ATG TTT TTG CTC 
TTC AGA TCT CGA TGG GCA ATG GCG GAC-3’), in floxed exon 7 
[n.b. exon 8 according to Ensembl designation], will be negative in neurons 
where recombination has occurred.  The Acvr1 exon 6/7 overlapping probe 
(5’-TCT GGG AAT GCA TGA CTG CCA GGC / CTA AGA TAT TTT 
CAT GCC TCA ACA-3’) will be positive in neurons with the recombined 
Acvr1 locus and weak in non-recombined cells. The oligoprobe 5’-TTC 
ATC AGC TTC GCC AGA GAA GTT AAT GTC GGG TCT GAG AAC 
CAT CTG-3’ covers the exon 9/exon10 border (n.b. exon 10/11 according to 
Ensembl) downstream of the floxed Acvr1 construct (positive for wildtype, 
floxed or recombined). Also Smad4 (NM_008540) expression was studied 
using three oligonucleotides. The first is an internal probe (5’-GAT CCA 
CAT AGC CAT CCA CAG TCA CAA CAG GGC AGC TTG AAG GGA 
CCT-3’), specific for the floxed Smad4 exon 8, and will be negative in neu-
rons where recombination has occurred. Another probe (5’-CTG CAC TCC 
TTT GCC TAT GTG CAA C / CA GGA TGA TTG GAA ATG GGA GGC-
3’) is overriding the exon7/exon9 border, will be positive in neurons with 
recombined Smad4 locus while weaker in non-recombined cells. The final 
Smad4 oligonucleotide (5’-GGG CGG CAT AGG CGG GTG GTG CTG 
AAG ATC GCC GTT TTG GTG GTG AG-3’) is antisense to Smad4 exon 
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7, upstream of the floxed construct and will show total Smad4 expression 
(whether wildtype, floxed or recombined). Microtubule-associated protein 2 
(Mtap2, NM_008632, probe 5’-ATG AGA CGT TGC TGA GTC GTC 
GGG GTG ATG CCA CGC TGG ACC TGC TTG-3’,) was studied as a 
dendritic marker. 

In situ hybridization using DIG-labelled riboprobes on 
free-floating sections 
Antisense riboprobe were synthesized (300-1500 bp) using linearized Image 
clones (verified by sequencing) as DNA templates using T3, SP6 or T7 po-
lymerase and the DIG RNA Labelling kit (Roche, Germany) as recom-
mended. The following genes were analyzed by in situ hybridization: Cnp1, 
Col3a1, Dab2, Gfap, Hmox1, Msn, Spp1, Tagln and Timp1. After treatment 
with DNase, the RNA-probes were precipitated, washed and air-dried. To 
evaluate the reaction, a fraction of the RNA was run in an agarose gel elec-
trophoresis. Probes were stored at 80 C until use. For in situ hybridization, 
all steps were performed in room temperature and sections were washed 
between the different treatments in PBS containing 0.1% Tween-20 (PBT) 
unless otherwise stated. After dissection and over night post-fixation in 4% 
formaldehyde, brains were sectioned in 60 µm slices with a vibratome. Sec-
tions were collected in PBS, dehydrated in methanol and stored over night in 

20 C. Sections were then selected, isolated and rehydrated in methanol and 
PBT and were bleached in 6% H2O2, treated with 0.5% Triton X-100 and 
permeabilized with proteinase K (10 mg/ml, 15 min in room temperature). 
The proteinase reaction was stopped in glycerol (2 mg/ml) and postfixed in 
4% formaldehyde. After washing, sections were prehybridized 2 h at 55 C
(prehybridization and hybridization solution contain 50% formamide, 5xSSC 
pH 4.5, 1% SDS, tRNA (50 g/ml) and heparin (50 g/ml)). Probes at a 
concentration of 1 g/ml were denatured in 80 C in hybridization buffer, 
cooled on ice and preheated to 55 C before added to the sections. Incubation 
over night in 55 C was performed. Thereafter, sections were washed 3 x 30 
min in buffer I ( 50% formamide, 5xSSC pH 4.5, and 1% SDS) and 3 x 30 
min in buffer II (50% formamide, 2xSSC pH 4.5, 0.5% Tween-20) at 55 C.
To ensure specific antibody binding, the sections were then incubated in 
block solution for 2 h. Anti-DIG antibody was diluted 1:5000 in blocking 
solution, and incubated with the sections over night at 4 C. The day after, 
the antibody was removed, and endogenous phospatase was inhibited with 
levimasole (2 mM) 5 x 10 min in TBST (Tris-buffers saline with 0.1% 
Tween-20) and 10 min in NTMT (100 mM NaCl, 100 mM Tris-Hcl pH 9.5, 
50 mM MgCl2 and 0.1% Tween-20). Finally the signal was developed with 
BM-purple alkalaine phosphatase substrate at 37 C until staining was visible 
(incubation lasted from a few hours to several days, depending on probe). 
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Genotyping
Tail-tips from three-week-old pups were put in lysis buffer for over-
night incubation at 60 C. DNA was precipitated using isopropanol and 
dissolved in water for PCR (AmpliTaq Gold polymerase). Primer 
pairs and method descriptions in the papers, respectively.

Mouse strains 
The different mouse strains that have been examined throughout the thesis 
are presented in Table 2.  

Table 3. Mouse strains used during the thesis work 

No. Mouse strain Exposed to experiment/-s: 

   
1 C57BL/6J CCI, quantitative RT-PCR, Affymetrix GeneChip array, cluster 
2 NT-3 CCI, behaviour 
3 GDF10 CCI, behaviour 
4 Floxed Smad1 CCI, behaviour, lesion volume measurements 

5 Floxed Smad4 
CCI, behaviour, lseion volume measurements, quantitative RT-
PCR, Cell Death Detection ELISA 

6 Floxed Acvr1 
CCI, behaviour, leaion volume measurements, quantitative RT-
PCR

7
Floxed-Stop
caAcvr1

CCI, behaviour, lesion volume measurements, quantitative RT-
PCR

   

Statistical analysis 
For statistical analysis, the SigmaStat version 3.1 software (SPSS, Inc., 

Richmond, CA, USA) was used. For parametric data (x, y), Student's t-test 
and ANOVA were used and for non-parametric data Mann-Whitney and 
Kruskal-Wallis. Additional post hoc tests like Holm-Sidak and Dunn's were 
performed when recommended. Error bars indicate standard error of the 
mean, *P < 0.05, **P < 0.01, ***P < 0.001 and ns = non significant. 
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