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ABSTRACT

At present, there is no cure for traumatic spinal cord and brain injuries. Therapies in use have 
only modest effect on outcome. Therefore, the need to better understand the biology of trau-
matic CNS injuries, making development of new therapies possible, is huge.
The interest in Vascular Endothelial Growth Factor (VEGF) in the Central Nervous System 
(CNS) is mulifactorial and has implications in neural and vascular pathophysiology, regenera-
tion and protection. This study was undertaken to explore the eventual expression and possible 
function of VEGF, the VEGF receptors (VEGFR), the axon guidance molecules semaphorins 
and neuropilins and the transcription factor Hypoxia Inducible Factor (HIF) after different 
kind of traumatic injuries to the CNS. 
In traumatic spinal cord injuries expression of VEGF and the VEGF receptors were found pri-
marily in astrocytes and inflammatory cells. It was also noted that vessels positive for VEGF 
receptor markers were not always positive for markers of mature blood vessels with intact 
blood-brain barrier (BBB), indicating VEGF as important for angiogenesis and possibly BBB 
alterations. In addition, it was found that prostaglandins could upregulate VEGF expression 
after spinal microinjections in vivo and in spinal cord scar tissue in vitro. 
Neuropilins (Np) are VEGF co-receptors that are also essential in the receptor complex for 
class 3 semaphorins (Sema3), axon guidance molecules that typically mediate axon growth 
repulsion. Sema3A, 3F, 4F, Np1 and Np2 were studied after intramedullary axotomy of rat 
lumbar spinal cord motoneurons, an injury model followed by motoneuron survival and re-
generation. Sema3A was upregulated in motoneurons and the scar, Np2 in the motoneurons 
and Sema3F in the ventral roots at the injured side suggesting involvement of these factor in 
the injury response to intramedullary axotomy.
The expression of HIFs, molecules of importance for adaptation to hypoxia and major regual-
tors of VEGF expression, were studied after intramedullary axotomy to motoneurons. HIF1α 
but not HIF2α expression was found in injured motoneurons with a maximum expression af-
ter 7 days. VEGF expression was also found in injured motoneurons and motoneuron survival 
in vitro was increased with VEGF treatment, indicating the HIF/VEGF system as potentially 
important in neuron injury response and survival.
Traumatic brain injuries (TBI) are followed by inflammatory response and edema, factors of 
importance for unfavourable injury outcome. VEGF expression after such injuries was shown 
to be maximal around 4-6 days after injury and expressed mainly in astrocytes and inflamma-
tory cells while VEGFR1 and 2 were expressed in blood vessels around the central lesion area 
from 1 to 6 days after injury. Thus, the expression of VEGF correlates temporally with the 
late inflammatory and edema development seen in TBI. Though, VEGFR2 inhibition in TBI 
did show early increase in the CNS injury markers S100β and neuron specific enolase (NSE) 
in serum, increased GFAP positive areas, increased areas devoid of MAP2 and possible in-
crease in TUNEL and FluoroJade-B stainings. This indicates VEGF rather as an endogenous 
protective factor of importance for favourable injury outcome than as a factor of importance 
for secondary injuries in TBI.
In summary, these novel findings suggest important roles of both beneficial and possibly det-
rimental character for VEGF in CNS injury responses.
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 INTRODUCTION

As the title does indicate, this thesis deals with the expression and possible influence 
of Vascular Endothelial Growth Factor (VEGF) and factors related to VEGF in differ-
ent kinds of traumatic injuries to the Central Nervous System (CNS). 
An introduction to the fields of spinal cord injuries (SCI), traumatic brain injuries 
(TBI) and some aspects of the specific injury models used will be followed by a 
summary of the more important factors investigated in this thesis. Detailed technical 
descriptions will be covered in the “Materials and Methods” section.

Spinal cord injuries

At present there is no cure for traumatic spinal cord injuries and paralysis. No phar-
macological therapy except acute high-dose methylprednisolone is presently in use 
and clinical outcome is generally poor1. The consequences of spinal cord injuries 
at the individual level are enormous and socioeconomical consequences for the so-
ciety substantial. The typical SCI-patient is a man between 16-30 years of age that 
at present will be more or less severely disabled throughout life. In Sweden there is 
about 130 new cases of SCI per year demanding highly specialized care (The Swedish 
Spinal Cord Injury Register, www.sos.se/mars). Comparable figures from the United 
States estimate the number of SCI patient to be about 11000 per year, the average 
age at injury to be 28,6 years, 78,2 % of new spinal cord injuires occurring among 
males and the lifetime cost if injured at the age of 25 years to range from 600USD 
in mild injuries resulting in limited incomplete motor function to 2700000USD in 
advanced injuries resulting in high tetraplegia after injury at spinal cord level C1-C4 
(University of Alabama National Spinal Cord Injury Statistical Center, 2004 at www.
spinalcord.uab.edu).

Traumatic SCI will be followed by a series of biological events that are more or less 
well understood, the long term consequences being formation of a gliotic scar and 
cyst formation2-4. The impact of the trauma will lead to disruption of neural, glial and 
vascular tissue components. Blood vessels will be damaged resulting in local tissue 
hypoxia, hemorrhage and leakage of plasma proteins that will lead to edema forma-
tion5,6 the extent of the injury correlating with the force of the initial impact7. A local 
inflammaroy response and invasion of inflammatory cells will occure and injured tis-
sue will undergo phagocytosis8,9. If the injury is more severe and of penetrating art the 
scar will also be invaded by meningeal cells and Schwann cells4. Astrocytes become 
activated after injury and over time organize in a gliotic scar around the injury10 tra-
ditionally considered to be a barrier for regrowing axons11, a truth challenged by the 
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close proximity of nerve sprouts in the scar to laminin-immunoreactive astrocytes12. 
The axons in and distal to the injury will undergo so-called Wallerian degeneration 
with degradation of myelin, another component of the SCI scar considered to have 
axon growth inhibiting properties13, 14. A long term consequence of SCI is cyst forma-
tion15 which can become a significant medical problem since the cystic cavitation has 
a tendency to enlarge (syringomyelia) and destruct additional spinal cord tissue.

Intraspinal lesion of motoneuron axons (paper I-III)

Degeneration and regeneration of nerve cells are central problems in the field of 
neuroscience. In such varied disorders and medical problems as cerebral paresis due 
to anoxia during childbirth, head trauma caused of different kinds of injury, devastat-
ing disorders such as Parkinsons disease and ALS or a stroke in the elderly person, 
loss of functional nerve cells is central. 

In the central nervous system, the question on regeneration (i.e. outgrowth of neurites 
from an injured nerve cell making functional contact with its target) has been espe-
cially challenging due to the relative lack of successful regeneration in this compart-
ment. 
Though, there are exceptions to this rule, which could be good models to better un-
derstand why CNS regeneration is generally so poor and what could be done to over-
come this. 

Spinal motoneurons are nerve cells that innervate muscles and activate muscle con-
traction. These cells are located in the ventral parts of the spinal cord and have their 
cell bodies together with a minor part of their axons located in the CNS. By far, the 
major part of the motoneuron axons are located outside the CNS in the Peripheral 
Nervous System (PNS) i.e. in the ventral roots, the spinal nerves and in the peripheral 
nerves, respectively. Thus, the motoneuron of the ventral spinal cord is a nerve cell 
destined to function in both CNS and PNS
Injury to motoneurons by interrupting the contact between the motoneuron and its 
muscle fibers has profound influence on the motoneuron cell body located in the 
spinal ventral horn and caractheristic morphological changes include swelling of 
the soma, displacement of the nucleus and disintergration of the Nissl substance16. 
Modern time research has revealed not only morphological changes but also a wide 
variety of metabolic changes in injured motoneurons. A simplified summary of the 
findings from this immense field is that injured motoneurons respond with a change 
in metabolism where synthesis of peptides and proteins involved in cell survival and 
regenerative processes are favoured over those involved in neuronal transmission, 
enabling injured motoneurons to “focus” its machinery on survival and recovery of 
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lost functions. In the PNS, injured motoneuron axons do have the capacity to regener-
ate and reinnervate muscle fibers, and especially so if the injured proximal and distal 
parts of the nerve are in connection or surgically reconnected17,18. Also a peripheral 
nerve injury leads to no or only minor death of motoneurons19. On the other hand, if 
tearing of the motoneuron roots, i.e. a ventral root avulsion lesion, at the spinal cord 
surface an extensive death of motoneurons will be initiated with only about 10-20% 
survival of injured motoneurons at three weeks after injury20-22. Thus, it seems that 
the distance of the injury from the cell body is one factor of relevance for the survival 
of the motoneurons i.e. an injury close to cell body, e.g. a ventral root avulsion, will 
be more devastating for the motoneuron than a more distal injury such as an axotomy 
of a distal nerve. 

In 1983, Risling et al showed that a large proportion (up to 50%23) of motoneurons 
could survive after being axotomized within the ventral parts of the spinal cord  (i.e. 
inside the CNS) by a lesion to the spinal cord ventral funiculus (Ventral Funiculus 
Lesion, VFL). Furthermore, these motoneurons did not only survive, but could 
reinnervate the ventral roots24. Thus, an injury even more proximal than the previous-
ly discussed devastating spinal root avulsion and actually an injury within the CNS 
was shown to be followed by successful regeneration (see figure 1). As an exception 
to the rule of poor regenerative capacity after injury in CNS these findings naturally 
generated an interest in what could characterize this type of injury, the scar formation 
and intrinsic properties of the motoneurons themselves. It was for example shown 
that the dendritic three of the lesioned motoneurons was diminished in size resulting 
in a decreased number of synaptic connections25. It was also shown that lesioned mo-
toneurons did not only produce one axon-like process that did grow through the scar 
but actually that more than one axon-like process was produced and that these were 

Figure 1: Schematic figure illustrating the 
ventral funiculus lesion model. The axons of 
the motoneurons in the ventral horn of the 
spinal cord are cut within the grey matter. 
After injury the motoneurons are able to re-
generate axons that grow through the scar 
tissue and out into the ventral roots. 
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even sometimes derived from distal dendrites (ʻdendraxonsʼ). Decreased synaptic 
input was also demonstrated by studies showing elimination of excitatory glutama-
tergic synaptic terminals from the injured motoneurons, leaving the motoneurons 
under inhibitory influence after injury, which could be a sign of the injured motoneu-
rons shifting their machinery in favor of reparative processes23. One injury response 
shown after ventral root avulsion is a reduced production of the NMDA type of gluta-
mate receptor, which might further emphasize the need of decreased synaptic input 
as a mechanism for survival21. 

In some aspects it has been shown that the motoneuron reaction to the very proximal 
injury does not differ from reactions to a more distal injury. For example, both situ-
ations results in increased motoneuron expression of the low-affinity neurotrophin 
receptor p7526 but also in upregulation of growth-associated protein 43 (GAP-43)27, 
a protein of importance for cytoskeleton dynamics during axon elongation28 whose 
expression correlates with regenerative capacity of axons29. It has also been show that 
peripheral nerve axotomy as well as intramedullary axotomy will result in increased 
expression of insulin-like growth factor (IGF) binding protein-6 (IGFBP-6) in the 
lesioned motoneurons and that the central scar does express IGF-1 which will thus be 
available for and possibly mediate trophic effects on the injured motoneurons30. 

The location of the VFL with its near proximity to the denervated nerve root, and the 
peripheral nerve environment therein (e.g. growth facilitating Schwann cells) is most 
likely of importance for the successful regeneration seen in this model. Though, the 
regenerating axon has to pass central nervous scar tissue on its way to the root, a tis-
sue considered unfavourable for nerve regeneration. This scar tissue was shown to be 
composed of a trabecular framework of astrocytic processes and invading leptome-
ningeal cells surronded by a large extracellular space that were entered and crossed 
by regenerating axons24. Very few oligodendrocytes could be found in the scar which 
is of course interesting considering the reported growth inhibiting properties of mye-
lin13 but over time theres was an increase in macrophages and inflammatory cells that 
could contribute to the growth facilitating environment by removing myelin31. One 
other finding was a relatively long-lasting defect of the blood-brain barrier (BBB), 
something that could possibly provide the injured area and thereby the motoneurons 
with circulating growth factors over a prolonged period 32 which has also been sug-
gested as an explanation behind axon regeneration in the goldfish opticus nerve33. 
Also, the lesion has been shown to contain extracellular matrix molecules with adhe-
sive properties, such as laminins, known to be of importance for nerve 
regeneration12.
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Already at the turn of the last century did the famous Spanish neuroanatomist 
Santiago Ramón y Cajal observe regeneration of intramedullary cut axons through  
scar tissue and out into the ventral roots and concluded that: 

“It thus seems natural to conjecture that the regenerative process of the white matter, 
which is so remarkably faint and sluggish under ordinary conditions, can powerfully 
be stimulated by means of active or trophic substances liberated by the mesodermic 
scar and diffused in the spinal wounds and their edges.” 2

Even if a lot more is known today, the need to better understand how neurons react 
to injury and what factors could influence the outcome of such injuries is still enor-
mous.

Clinical perspective: successful regeneration after spinal cord reim-
plantation of avulsed ventral roots 

Since spinal motoneurons were shown to have an unexpected capacity to survive 
and regenerate even a very proximal lesion within in the spinal cord24,34 it became of 
interest trying to rescue other injured motoneurons with the hope to facilitate their re-
generation. Motoneuron ventral root avulsions, where the motoneuron roots are thorn 
of the spinal cord, has a very unfavourable outcome for motoneuron survival20-22 and 
a direct clinical relevance as injury model since injuries tearing the ventral roots of 
the spinal cord, especially in the spinal cord segment supplying nerves to the arms, 
does occure in motor vehicle accidents and during complicated births. Traditionally, 
such injuries has been regarded as non-curable, only palliative methods applied or 
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Figure 2: Schematic figure illustrating the 
spinal cord ventral root avulsion-
reimplantation model. Motoneuron ventral 
roots thorn of the spinal cord surface are 
reimplanted into the lateral parts of the spinal 
cord. Such reimplantations are followed by 
regeneration of the avulsed axons through the 
grey matter and into the reimplanted ventral 
roots.
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sometimes surgery in cases with remaining distal stumps of ventral roots35. By reim-
plantation of avulsed ventral roots directly into the lateral parts of the spinal cord (see 
figure 2), via a small opening in the pia mater, the possible regenerative capacity of 
the injured motoneurons was explored. After such operations it was shown that the 
injured motoneurons could regenerate new axons that grew into the implanted roots 
and made functional contacts with the denervated muscles36,37. Additional success-
ful operations in primates38,39 has been followed by application of the same surgical 
method in human cases and even though the clinical situation is complicated by vari-
ations in extension of trauma, age of patient and the time interval between trauma and 
surgery, promising results has been achieved40,41 with the most recent report showing 
partially restored hand function42. 

Future experiements will hopefully further elucidate biological mechanisms of im-
portance for the facilitation of neuronal survival and regeneration in injuries such as 
this.

Traumatic brain injuries (paper IV-V)

In two of the papers presented in this thesis a traumatic brain injury (TBI) model has 
been used in an attempt to gain further understanding on the importance of VEGF 
after such injuries.
 
Traumatic head injuries affects around 200/100000 Scandinavian individuals per 
year43. In Sweden approximately 80 000 cases of traumatic head injuries were re-
ported between the years 1998-2001. 3000 of these individuals eventually died while 
a substantial amount of the survivals became severely disabled. In a majority of the 
cases the injured person was a young man between 15 and 24 years but small 
children (under 6 years) an elderly (over 65 years) are also at risk (The Swedish 
National Board of Health and Welfare, www.sos.se/epc)44. In the USA over 500 000 
cases per year are being reported of which 10% have a fatal outcome and about 20% 
result in permanent disabilities45. The social and economic cost for these injuries are 
substantial, not least when considering that a large proportion of the most severely 
disabled persons are in the beginning of their economically most productive years 
when being injured45,46.

Traumatic brain injuries consist of heterogeneous group of injuries with variations in 
pathophysiology and outcome. Distinction between different kinds of traumatic brain 
injuries is not always clear-cut and in the clinic there is often a mixture of different 
injury types, e.g. with a combination of both vascular and neuronal injuries Differ-
ent classifications can also be used e.g. making difference between diffuse and focal 
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injuries or parenchymal and vascular lesions. 
Traumatic brain injuries are caused by contact and/or deceleration/acceleration forces 
and, as indicated before, a combination of these causes are common e.g. in falls and 
different forms of accidents where the head strikes or is struck by some object (con-
tact force) and is free to move which can produce significant acceleration/decelera-
tion forces47. 

It is common to make difference between primary and secondary brain injuries/
damage. The primary injury is caused by the direct exposure of forces against the 
head/ brain and cause a primary destruction of brain tissue (neurons/axons, blood 
vessels, glia) in either a diffuse or focal pattern (see table 1). The primary injury 
has traditionally been considered irreversible and the immediately destroyed tissue is 
most likely out of rescue. Though, starting from the very moment of injury the dam-
age of tissue will result in a complex cascade of biological events causing cellular, 
neurochemical, inflammatory and metabolic changes such as formation of free radi-
cals, cellular calcium influx and glutamate excitotoxicity47,48 that in turn will cause 
e.g. protein and DNA damage, mitochondrial dysfunction and cellular swelling which 
eventually will lead to secondary brain injuries/damage (see table 1). 

1: Primary traumatic brain damage (neuronal and / or vascular)

Diffuse:
1: Diffuse axonal injury (DAI)
2: Diffuse vascular injury (DVI)
3: Cerebral concussion

Focal:
1: Vascular injury 
 a: intracerebral hemorrhage
 b: subarachnoidal hemorrhage
 b: subdural hemmorrhage
 c: extradural/epidural hemorrhage
2: Axonal injury
3: Contusion
4: Laceration

2: Secondary brain damage

1: Diffuse and/or focal hypoxic-ischemic damage
2: Diffuse and/or focal brain swelling
3: Inflammation

Table 1: Classifications of TBI adapted from “Head injury: 
Pathophysiology and management of severe closed injury” 
by Reilly and Bullock47. 
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Thus, the secondary brain damages are complications to the primary brain damages 
and includes blood-brain barrier disruption, inflammation, hypoxia/ischemia, cer-
ebral swelling/edema and raised intracranial pressure47,49,50. 

Secondary brain injuries are potentially reversible with adequate treatment. Increased 
understanding in biological events initiated by the primary injury leading to second-
ary injuries are therefore of significant interest.  

Edema is a complication not only to TBI but many CNS disorders. Since the brain 
is in a closed cavity inside the skull brain edema, i.e. increased water content of the 
brain, will lead to an increased intracranial preassure (ICP). With an increased ICP 
there is a risk of decreased cerebral blood flow (CBF) which will lead to impaired 
delivery of oxygene and nutrients and in turn give rise to hypoxia/ischemia and 
infarction, in the worst case of the whole brain. An increasing edema/ICP will not 
only be able to cause increased ischemic areas around injuries but can also cause a 
shift of brain tissue leading to herniation and damage of brain tissue at typical loca-
tions such as the edge of the tentorium cerebelli or the foramen magnum 
(see figure 3).
  
There are different types of brain edema with different biological background. For 
example, the disruption of the blood-brain barrier after traumatic injuries results in 
extravasation of serum proteins. These proteins will change the colloid-oncotic pres-
sure51 that in turn will increase the extracellular water content of the brain paren-
chyma, causing a vasogenic edema, a type of edema common around contusions and 
intracerebral bleedings. On the other hand, the cytotoxic edema occurs in associa-
tion with hypoxic-ischemic damage and causes swelling of the cells themselves. The 

Figure 3: Computerized tomography (CT) 
of a human brain. To the left in the picture 
can be seen a contusion injury (arrow). Blood 
(white) can be seen in the central parts of the 
injury and an edematous zone (black) around 
the injury. A midline shift (arrowheads) and 
compressed ventricles at the same side as the 
injury can also be seen.
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hypoxia/ischemia results in loss of high-energy phosphates which will give rise to 
dysfunctional sodium/potassium pumps, causing an influx of water and calcium into 
the cell, the latter being cytotoxic and leading to cell death e.g. via mitochondrial dys-
function52,53. Ischemia cells can also release excitatory amino acids (EAA) which can 
activate NMDA and AMPA receptor-operated calcium channels that when activated 
will allow calcium influx into the cells54. Increased calcium influx is also involved in 
production of free radicals that will be involved in cellular death through lipid peroxi-
dation and loss of cellular integrity, protein oxidation and DNA/RNA oxidation55,56.
Other types of edema are hydrostatic edema caused by increased intravascular pres-
sure e.g. in defective vascular autoregulation after head injury leading to extracel-
lular accumulation of protein-poor fluid or osmotic edema caused by reduced serum 
osmolality.

The traumatized brain brain does show classic signs of inflammation: edema for-
mation (as discussed previously) and swelling, infiltration of blood-borne inflamma-
tory cells as well as resident immune cells, and impared function. This inflammatory 
response after traumatic brain injuries is most likely of great importance for injury 
development and both detrimental and beneficial contributions to the initial damage 
are probably possible57. 

Infiltration of polymorphnuclear leukocytes (PMNs) into the parenchyma does peak 
around 24-48h after TBI58 while macrophage numbers reach a maximum within the 
injury at 3-5 days after injury49,58. Also, upregualtion of ICAM-1, V-CAM and E-
selectin, adhesion molecules of importance for inflammatory cell diapedesis, is seen 
after TBI and in vessels exposed to hypoxia59,60,61. Cytokines such as IL-1, IL-6 and 
TNF-α are induced after TBI with a delayed maximum and has been shown to be 
involved in inflammatory response62,63.

BBB-dysfunction and inflammation after TBI are probably correlates and cytokines,  
adhesion molecules and leukocyte chemoattractants at the site of BBB play an im-
portant role in mobilizing peripheral inflammatory cells into the brain64. Again proin-
flammatory cytokines such as IL-1 and IL-6 plays important roles, are produced by 
brain microvascular cells and are involved in the upregulation of adehesion mol-
ecules such as PECAM-1, E-selectin and ICAM-1 allowing inflammatory cells to 
infiltrate the CNS and cause BBB-disruption65 but can also be involved in increasing 
vessel permeability through regulation of thight junctions66,67.
 
In this work an injury model that primarily produces a contusion like injury68,69 is 
used (see figure 3). The contusion injury is caused by blunt trauma to the head and 
results in a focal lesion with parenchymal damage and microhemorrhages around 
capillaries. Unlike a laceration injury where the meninges covering the brain are torn, 
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a contusion injury does not rupture the dura, arachnoidea or pia mater. The central 
damaged zone does eventually become necrotic and a vasogenic edema does evolve 
in and around the injury. Typical localizations are in the frontal and temporal lobes. 
The main types of contusion injuries are fracture contusions at the site of a skull frac-
ture, coup contusions that occure ipsilateral to the impact site but without a fracture 
and contrecoup contusions that occure opposite to the coup contusion70. The edema 
around a contusion injury is often biphasic71,72 with the initial peak dominantly being 
of cytotoxic origin73 and the later phase, that develops gradually, typically being of 
vasogenic origin47,71,73.

It is known from clinical experience that patients suffering from contusions can show 
delayed deterioriation in neurological functions that can appear from three to up to 
ten days after the initial trauma72,74-77. This delayed deterioriation is often caused by 
the increasing vasogenic edema that will result in an increased ICP. The exact cause 
of this delayed edema is not known and does most often occure in absence of second-
ary hemorrhage and infection. It has been shown that the delayed ICP increase corre-
lates temporally with increased inflammation without infection71 and recent research 
has shown that contusion injuries are followed by a delayed inflammatory response 
and an increase in proinflammatory cytokines such as IL-1β, IL-6 and TNFα62 in both 
experimental models49 and in the human50. The delayed inflammatory response does 
also correlates temporally with delayed vasogenic edema in the same model78 that can 
be induced by IL-1β and TNFα63. 

In summary, secondary injuries, such as posttraumatic inflammation and edema, are 
complications to TBI and interesting targets for improvement of injury outcome. 
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Vascular endothelial growth factor and vascular endothelial 
growth factor receptors – a background

Vascular endothelial growth factor (VEGF) is a major regulator of vessel formation 
and vascular permeability in both health and disease 79,80,81,82,83,84. Though, especially 
the discoveries of neuropilin-1(Np1), a receptor for the axon guidance molecules 
semaphorins, as a co-receptor for VEGF85 has also boosted the interest in VEGF as 
being potentially important in the nervous system. In the following, I will first de-
scribe VEGF and the VEGF receptors in general terms. Known or potentially inter-
esting aspect of VEGF in the nervous system will be discussed separately. 

The VEGF family

Members of the VEGF family belong to the superfamily of VEGF/PDGF proteins, all 
characterized by their ability to bind and act as covalently linked dimers. The glyco-
proteins of the family, that are structurally related to the platelet-derived growth fac-
tors (PDGFs), consists of VEGF-A (hereafter named VEGF), which is the founding 
member of the family, placenta growth factor (PlGF), VEGF-B, VEGF-C, VEGF-D 
and VEGF-E. The VEGF proteins bind selectively with different affinities to several 
receptors (see figure 5). Of these, three are receptor tyrosine kinases namely VEGF 
receptor-1 (VEGFR1), also called Flt-1 (fms-like tyrosine kinase 1), VEGF receptor 2 
(VEGFR2), also called  KDR (kinase insert-domain containing receptor) in humans, 
and Flk-1 (fetal liver kinase 1) in rodents. The third of the tyrosine kinase receptors 
are VEGFR-3 also called Flt-4. In addition to these receptors VEGF can also bind to 
the receptors neuropilin-1 (Np1) and neuropilin-2 (Np2) as well as to heparan-sul-
phate proteoglycans, integrin αVβ3 and cadherin though non of these receptors seem 
to mediate any VEGF effects themselves but merely function as co-receptors86. 

VEGF-A

VEGF was discovered in 1983 but at that time called Vascular Permeability Fac-
tor (VPF) due to its blood vessel permeability increasing capacity79. In 1989 it was 
discovered that VPF and the recently discovered endothel-specific mitogen  VEGF 
was the same protein80,87-89. VEGF is of fundamental importance for proper vasculo 
and angiogenesis and mice that lack only one VEGF allele die in utero at embryonic 
day 11-1281,82. The human VEGF gene is localized to chromosome 6p21.3 (chromo-
some 17 in mouse), spans 14kb and is organized as eight exons separated by seven 
introns90. The promotor region contains binding sites for gene activator protein –1  
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and –2 (AP-1 and AP-2) and also a hypoxia response element (HRE) in the 5  ̓flank-
ing region which function as binding site for hypoxia-inducible factor-1 (HIF-1) that 
can increase VEGF transcription during hypoxic conditions91. Alternative splicing 
of the eight exons of the gene can result in at least five different isoforms of VEGF 
in the human (VEGF206, VEGF189, VEGF165, VEGF145, and VEGF121) (see figure 4). 
In the mice, the isoforms are one amino acid shorter and expression of VEGF206 has 
not been found92-94. At present, VEGF165 seemes to be the biologically most important 
isoform with most diverse biological effects but most VEGF producing cells can 
produce several VEGF spliceforms.

The different isoforms have different properties e.g. in their ability to bind heparin 
and the co-receptors neuropilin. The shorter form VEGF121 does not bind heparin 
at all due to the lack of exon 6 and 7 and is secreted as a soluble protein (see figure 
4). These exons encodes heparin binding domains, and the VEGF forms containing 
exon 6 and/or 7 bind to heparin and heparan-sulfate proteoglycans with different and 
increasing affinity from VEGF145 to VEGF206

95. VEGF206 and VEGF189 is therefore 
cell-attached or remain in extracellular matrix (ECM), but can be released into solu-
ble and bioactive forms by heparin or plasmin96, while the smaller isoforms can be 

Exon 1-5, 419bp 6a, 72bp 6b, 51bp 7, 132bp 8, 22bp
mRNA

VEGF121

VEGF145

VEGF165

VEGF189

VEGF206

5ʻ 3ʻ

Probe 1 Probe 2
HSPG binding domain

Figure 4: Schematic picture of the different VEGF isoforms. 
Approximate localization of sequences complimentary to the VEGF 
in situ hybridization probes used in the present thesis are marked.

ON VEGF AND RELATED FACTORS IN NEUROTRAUMA



      
21

secreted 94,95,97. VEGF165, for example, is associated to cells or ECM in 50-70% after 
secretion98. The co-receptor Np1 seemes to bind the VEGF165 exclusively85 while Np2 
binds both VEGF165 and VEGF145

99 (see figure 5). 

VEGF-B, C & D

VEGF-B100  binds to both VEGFR1 and Np1 and is widely expressed in the body but 
most prominently in heart, skeletal muscles, kidney and also in brain100-102 where it 
has been found in the hippocampus102. Recent research has shown that VEGF-B is 
constitutively expressed in endothelium of brain vessels and that this expression is 
downregulated after injury, implicating VEGF-B as an important factor for vessel 
homeostasis103. VEGF-C is produced as a preproprotein and has to undergo proteo-
lytic cleavage into its mature forms104. It binds to VEGFR2 and VEGFR3105 and was 
first belived to be mainly of importance for lymphangiogenesis106 though it is now 
known to be of importance for angiogenesis as well107-109. VEGF-C is expressed in 
heart, placenta, ovary and small intestine during development but is not detectable 
in normal CNS102,109. VEGF-D  is structurally related to VEGF-C and like VEGF-D 
binds to VEGFR2 and VEGFR3110 and are mitogenic for endothelial cells. VEGF-D 
is expressed has been reported to be expressed in heart, skeletal muscle and lung dur-
ing development but is absent or very weakly expressen in the CNS110,111.

The VEGF receptors

Three structurally related receptors, all receptor tyrosine kinases, for the VEGF fam-
ily proteins has been detected to date namely VEGFR1 (also known as Flt-1, 180kD) 
that binds VEGF, VEGF-B and PlGF), VEGFR2 (also known as KDR in humans 
and Flk-1 in mice 200kD) that binds VEGF, VEGF-C and VEGF-D (see figure 5), 
and VEGFR-3 (also known as Flt-4) that binds VEGF-C and VEGF-D. VEGFR3 is 
probably most important for development of lymphatic vessels and will not be dis-
cussed in this thesis112. The VEGF receptors are transmembrane proteins that consist 
of seven immunoglobulin (Ig)-like folds in the extracellular part of the receptors113-115. 
It has been shown that different Ig-like domains of the extracellular part of the recep-
tor serves distinct functions for binding of ligand and dimerization of the receptor. 
Domain 2 in VEGFR1 is thus important for high affinity binding of the ligand while 
domain 3 in VEGFR2 serves the same function116,117 and domain 4 has been reported 
to be involved in receptor dimerization in both VEGFR1 and VEGFR2117. 
Intracellularly VEGFR1 and VEGFR2 have a split tyrosine kinase domain and bind-
ing of the ligand (VEGF) induces receptor dimerization. This dimerization triggers 
kinase activation where both the receptor itself, i.e. one receptor intracellular chain 
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phosphorylates tyrosine residues on the opposite chain, but also several cytoplasmic 
signal transduction molecules are involved86. These are for example non-receptor 
tyrosine kinases of the Src-family that bind to the phosphorylated tyrosines, activates 
signalling molecules that induces further intracellular signalling pathways.

VEGFR1

VEGFR1 was the first VEGF receptor to be described118, though the exact role for 
this receptor is still only partly known and it does only undergo weak tyrosine auto-
phosphorylation upon binding of VEGF118,119. VEGFR1 is upregulated by a HIF1-de-
pendent mechanism120. Alternative splicing of VEGFR1 produces a soluble form that 
inhibit VEGF activity121 and it is also known that mice only expressing the extracel-
lular part of the receptor show normal angiogenesis122 while mice lacking the extra-
cellular part die at day E8,5123 which could imply that VEGFR1 has an importance 
not as much as angiogenic factor but rather as a regulator preventing VEGF binding 
to VEGFR2296. VEGFR1 null die in utero at day E9123 and excessive proliferation of 
angioblasts has been suggested a role for the vascular disorganization and lethality 124 
further supporting the idea of VEGFR1 as a negative regulator. It has also been sug-
gested that monocytes express VEGFR1 and that VEGFR1 could be of importance 
for the migration of  monocytes125.

VEGFR2

VEGFR2126 is now widely accepted as the major mediator of VEGF induced vascular 
permeability and endothelial cell survival, proliferation and migration83. VEGFR2 
is fundamental for proper angiogenesis and genetically modified mice lacking the 
VEGFR2 gene die at E8,5 exhibiting early defects in the development of haemat-
opoietic and endothelial cells and total lack of organized blood vessels127. VEGFR2 
expression does decline towards the end of gestation and for example vessels in the 
adult brain does not express neither VEGFR1 or VEGFR2126. Unlike VEGFR1 (and 
VEGF), the VEGFR2 gene does not have a HRE site and is thus not upregulated 
by hypoxia in the same fashion as VEGFR1. Tough, VEGFR2 can be upregulated 
at post-transcriptional level under hypoxic conditions  by not  yet fully understood 
mechanisms128,129. Also, growth factor such as VEGF itself and bFGF can upregulate 
expression of VEGFR2130,131. 

Withdrawal of VEGF induces apoptosis of endothelial cells and regression of newly 
formed vessels132 and it has been shown that this protection of endothelial cells can 
be mediated through VEGFR2133. VEGFR2 can for example mediate its antiapoptotic 
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effect via the PI3K dependent way and thereby activating the antapoptotic kinase 
Akt134 but also via upregulation of antiapoptotic protein Bcl2135.  
Also, integrin αVβ3 is of importance for endothelial cell survival136 and since VEGF 
has been reported to upregulate integrin αVβ3

137,138 and VEGFR2 to associate with 
integrin αVβ3

139 an interplay might be possible. Another mechanism for VEGFR2 
mediated endothelial survival is mediated through the interaction between VEGFR2 
and Vascular endothelial cadherin (VE-cadherin), a molecule that mediates adhesion 
between endothelial cells, since deficiency of VE-cadherin in mice was followed by 
endothelial cell apoptosis and abolished VEGFR2 mediated cell survival140. VEGF 
also induces several molecules of importance for proliferation e.g. extracellular sig-
nal-regulated kinases (ERKs) which probably plays an important role in endothelial 
cell proliferation141. An early step in pathophysiological angiogenesis is degradation 
of basement membranes142. It is now known that VEGF via  VEGFR2 can induce 
matrix metalloproteinases (MMPs) that can degrade the basement and thereby play 
an essential role in the migration of endothelial cells during angiogenesis143. Other 

VEGFR2 VEGFR1

Np1
Np2
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VEGF
VEGF-C
VEGF-D

VEGF165
VEGF-B
Sema3A
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VEGF
VEGF-B

VEGF145
VEGF165
VEGF-C
Sema3F VEGF145

VEGF165
VEGF189
VEGF206

VEC�v�3

Figure 5: Schematic picture of the VEGF receptors and VEGF co-receptors. 
Indicated are which VEGF isoforms and semaphorins that bind to which receptor and also 
known interactions between VEGF receptors and their co-receptors. 
See “The VEGF receptors” for a detailed description.
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ways that VEGF /VEGFR2 can facilitate migration is e.g. through facilitating actin 
filament reorganization via intracellular activation of a MAP kinase pathway144 or by 
inducing the coupling of a focal adhesion kinase (FAK) to integrin αVβ3  and tyrosine 
phosphorylation of the cytoskeletal components145.

VEGF increases vascular permeability and was, as mentioned before, actually first 
named vascular permeability factor (VPF) due to this capacity79. Increased vascular 
permeability is an important step in angiogenesis, and most markedly so in patho-
logical angiogenesis146. VEGF/VEGFR2 can mediate phosphorylation of adherens 
molecules and tight junction proteins of importance for cell contact between endothe-
lial cells such as VE-cadherins, β-catenins, occludins and zonula occludens proteins 
147,148,149 and thereby increase vascular permeability.  In tissues such as the kidney 
glomerulus and plexus choroideus VEGF and VEGFR2 has been found to be con-
tinuously and highly expressed92,126. These tissues are known for fenestrated vascular 
endothelium, and it has been demonstrated that such fenestration can be induced by 
VEGF in vitro147. Formation of caveolae, invaginations of cell membrane forming 
vesicles that can mediate transcytosis in endothelial cells, are importat for vascular 
permeability. In different experimental setups, VEGF treatment of endothelial cells 
results in formation of such caveolae and has been linked to a VEGFR2 and eNOS 
dependent mechanisms150,151.  
Another form of permeability organelle is the vesiculo-vacuolar organelle (VVO), a 
network of caveolae spanning the endothelial cell from the luminal to the abluminal 
side152. This organelle has been shown to play an important role in extravasation of 
macromolecules during increased permeability induced by VEGF. VEGF as well as 
VEGFR2 has also been found to be bound  to these organelles, indicating yet another 
possible mechanism by which VEGF/VEGFR2 can increase permeability153. 
 

Regulation, expression and physiological effects of VEGF

Oxygen and nutrient levels has key roles in the regulation of VEGF, the over all aim 
of this regulation being to support tissues with perturbed oxygen/nutrient homestasis 
with new vessels in turn allowing proper oxygenation and delivery of nutrients (e.g. 
glucose deficiency154) and thereby meeting the needs of the tissue. 
For example, VEGF mRNA levels are increased under hypoxic conditions in various 
pathophysiological situations155,156 and can be seen  upregulated in such different situ-
ations as around necrotic areas of tumors157,158 and in infarction of the brain159 . 
It is now a well-established fact that hypoxia-inducible factors (HIF1α and HIF2α) 
are key regulators in the VEGF gene hypoxia response91,160,161. Translation of VEGF 
is also efficient even under otherwise unfavourable hypoxic conditions both due to 
the structure of the mRNA itself162 but also because VEGF mRNA can be stabilized 
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during hypoxia by the RNA-binding protein HuR, increasing the half-life of VEGF 
mRNA up to eight times163 and thereby increase the translation rate156.   
Several growth factors, e.g. TGF-β, IGF-1, FGF, EGF and PDGF can upregulate 
VEGF, possibly suggesting autocrin and paracrin regulation of the release of VEGF 
in hypoxic conditions94,97. Also inflammatory cyokines such as IL-1 and IL-6 does 
upregulate VEGF further strengthening the idea of VEGF as being important for 
inflammation97.

Vascular endothelial growth factor in the nervous system

In the present thesis I will focus on VEGF and related factors in non-malignant disor-
ders of the CNS. The interested reader is therefore referred elsewhere for articles on 
VEGF and malignant angiogenesis164,165.

Why is VEGF and the regulation of VEGF interesting in CNS pathology? The answer 
to this question is multifaceted. Firstly, as an important angiogenic molecule VEGF 
could be of importance in any situation where there is insufficient vascular supply in 
CNS (e.g. after a stroke) by increasing perfusion and delivery of nutrients through 
vasodilation and increased permeability and, in a later phase, by angiogenesis. En-
dothelial cell protection and stability could also add to these beneficial effects of 
VEGF as well as the recently suggested role of VEGF as a direct neuroprotective 
factor. On the other hand, increased expression of VEGF could lead to increased 
vascular permeability allowing extravasation of plasma proteins that could give rise 
to edema and subsequently increased intracranial pressure. Increased leakage could 
possibly also facilitate hemorrhage. Finally VEGF is a proinflammatory factor and 
could thus be involved in inflammation after different forms of CNS injuries. (See 
figure 6).

VEGF in CNS development.

During development, VEGF is essential fore angiogenesis and severly defective 
brain vascularization and death of neuroectodermal cells will be the result in geneti-
cally modified animals lacking VEGF81,82. In the developing brain, VEGF receptors 
expression on endothelial cells in the capillary sprouts that invade the neuroectoderm 
correlates temporally and spatially with endothelial cell proliferation and angiogensis 
166. During the same period VEGF is synthesized in and released from the ventricular 
neuroectoderm, thus suggesting a role for the ingrowth of capillaries into the neuroec-
toderm92. Also during the postnatal period is there a correlation between angiogenesis 
and VEGF expression in the rat brain. VEGF expression early during this period is 
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most prominent in the cortical neurons, possibly reflecting the increasing metabolism 
in these cells, first in the outer layers of the cortex and later in deeper layers of the 
cortex. In the later stages, when the vascular network is stabilized, VEGF expression 
is more abundant in glial cells while the neuronal expression declines167. 

VEGF in ischemic CNS injuries

In the adult brain, angiogenesis does not occure under normal physiological condi-
tions. Though, angiogenesis and VEGF upregulation can occure under pathological 
conditions such as ischemia/hypoxia and has been studied quite intensly during the 
last decade in different stroke models. Hypoxia will induce VEGF expression in the 
brain159,168,169 and can be observed in ischemic/hypoxic areas surrounding brain in-
farcts (the penumbra) in human specimens where also the VEGFR2 can be observed 
on vessels around the infarct170. In animal models of stroke, expression of VEGF121 
and VEGF165 has been reported to appear as early as 1h after transient middle cerebral 
artery (MCA) occlusion and to peak within 3 hours171. Others have reported increase 
in VEGF 24-48h after transient MCA occlusion and the main cellular source to be 
astrocytes172. After permanent MCA occlusions VEGF121 and VEGF165 could be seen 
first in macrophages and thereafter neurons and later in glial cells and VEGF plus the 
VEGFR1 was observed in vessel around the infarct indicating involvement of these 
factors in angiogenesis around cerebral infarct159, but early (1d) VEGF expression in 
neurons and blood vessels and late (3d) expression of VEGFR1 in neurons, glia and 
endothelial cells and VEGFR2 in glia and endothelial cells has also been reported173. 
Yet others have reported maximum VEGF levels 24 to 72 hours after pemanent MCA 
occlusion and the main source to be microglia/macrophages174. 

The possible effects of VEGF in stroke are still not fully understood. Changes in BBB 
status increasing the permeability has been temporally correlated to VEGF upregula-
tion in stroke175 and after VEGF application to CNS vessels in vivo176, and been linked 
to changes in zonula occludens (ZO) proteins of endothelial cell thight junctions177, 
but  also after intracerebral infusions of VEGF178,179,180  e.g. by inducing fenestra-
tion like changes in the vessel wall. Src kinases has been one intracellular signalling 
pathway suggested to mediate the VEGF induced vascular permeability in cerebral 
ischemia181. Treatment with intravenously given VEGF165 after permanent occlusion 
of MCA in rats did result in enhanced angiogenesis in the penumbra and improved 
neurological outcome if given late (48h) after occlusion but did result in increased 
BBB breakdown, increased ischemic lesions and hemorrhagic transformation if given 
early suggesting different roles of VEGF at different times after stroke182. A deleteri-
ous role of VEGF in cerebral ischemia has also been demonstrated by antagonism of 
VEGF by using murine Flt(1-3)-IgG protein that sequesters VEGF. This approach did 
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reduce the volume of edematous tissue and infarction size when treatment was given 
before and after transient MCA occlusion183. Similar results has also been shown after 
administration of VEGF antibodies in cerebral hypoxia184. 

On the other hand, positive roles of VEGF after ischemic injuires has also been re-
ported. VEGF could possibly rescue viable tissue by improving perfusion due to its 
vasodilatory effect, sustain the existing vascular network by protecting endothelial 
cells or by inducing angiogenesis. Though, angiogenesis, that is reported to occure 
from 48 to 72 hours after a permanent MCA occlusion169,185 does probably play a less 
important role in the very acute setting but might be of importance to reduce risk for 
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Figure 6: Putative role of VEGF in CNS injuries illustrated by ischemic stroke. VEGF may be favour-
able by increasing perfusion of the penumbra via vasodilation and, at later times, angiogenesis. VEGF 
could also possibly protect endothelial cells and in addition be directly neuroprotective. Conversely, 
VEGF might also adversely affect recovery by increasing vascular leakage and edema that can lead to 
increased intracranial preassure and life-threatening intracranial hypertension. In addition, increased 
leakage could transform the insult into a hemorrhagic infarct. An alternative mechanism involves the 
pro-inflammatory role of VEGF, which could attract inflammatory cells and facilitate their adherence to 
the activated endothelium by upregulation of leukocyte adhesion receptors. 
Picture reprinted by permission of Elsevier
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re-infarction at a later stage, which is supported by clinical findings186. Topical appli-
cation VEGF on the rat brain surface after transient MCA occlusion has been shown 
to reduce infarct volume and neuronal death187 and, as mentioned before, late intra-
venous adminstration of VEGF after stroke could be favourable for outcome182. Later 
studies with intracerebroventricular administration of VEGF has also confirmed that 
VEGF given late after transient MCA occlusion is favourable for injury outcome and 
that it could be neuroprotective188. It has also been demonstrated that VEGFR2 
coupled antiapoptotic/protective pathways are induced in vulnerable areas after 
ischemic brain injuries in vivo suggesting a role for VEGF in endogenous neuropro-
tective responses to ischemia189.

VEGF in traumatic CNS injuries

VEGF regulation in traumatic CNS injuries has also been studied during recent years, 
though not as intensively as in different stroke models. 

Stab and freeze injuries was shown to be followed by VEGF upregulation in astro-
cytes around the injury190 and in another cortical freeze injury model it was indi-
cated that the immediate BBB breakdown was unrelated to VEGF upregulation that 
was suggested to promote angiogenesis and repair following injury191. Expression of 
VEGF and VEGFR1 was found on astrocytes after stab injuries and different CNS 
grafting strategies suggesting an involvement in reparative processes and 
angiogenesis192. Spinal cord injuries are also followed by VEGF93 and VEGF mRNA194 
upregualtion and probably correlated to posttraumatic angiogenesis though the exact 
role is still unclear. It has for example recently been shown that posttraumatic ad-
ministration of VEGF after spinal cord contusions could be favourable for injury 
outcome and lead to tissue sparing and improved functional recovery possibly due to 
vessel protection/repair195 but also that local administration of VEGF after spinal cord 
transection could be neurotrophic and lead to regeneration of corticospinal tracts196. 
On the other hand, intraspinal injections of VEGF after spinal cord contusion injuries 
has also been shown to give rise to increased permeability, increased inflammatory 
response and  a profound exacerbation of lesion volume197.

VEGF and inflammatory response in CNS injuries

Studies has suggested VEGF upregulation after different kind of CNS disorders as 
an important pro-inflammatory mechanism. It has been shown that VEGF can stimu-
late expression of integrins on endothelial cells in vitro thereby facilitate monocyte 
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migration198 and similar results has been shown on brain microvascular endothelial 
cells where VEGF did increase neutrophil migration across brain microvascular en-
dothelial cells but it has also been shown that VEGF can directly increase neutrophil 
migration across brain microvascular endothelial cells, tentatively via upregualtion 
of IL-18199 and increased ICAM-1 expression, an adhesion molecule of importance 
for leukocyte trafficking200,201 on brain vascular endothelial cells through the PI3K/ 
Akt/ NO pathway202. Proescholdt et al showed that chronic VEGF overexposure by 
intracerebral infusion of a VEGF165 encoding adenoviral vector or VEGF protein both 
led to an increased BBB breakdown179. Injection with VEGF165 encoding adenoviral 
vector also led to a severe inflammatory response not seen after VEGF protein infu-
sion only that on the other hand was followed by increased ICAM-1 expression179.  
Proescholdt and colleagues has also shown expression of VEGF in multiple sclerosis 
plaques and experimental allergic encephalomyelitis (EAE) suggesting that VEGF  
can be part of the inflammatory response, BBB breakdown and migration of inflam-
matory cells in these disorders203.  Croll et al has recently confirmed that VEGF can 
induce inflammation in CNS and that this VEGF induced inflammatory response pro-
ceeds angiogenesis204. 

VEGF as a neurotrophic/neuroprotective factor

Recent years has seen an increasing interest in VEGF as a favourable factor for neu-
ron survival and not primarily due to its ability to facilitate proper vascular supply but 
also as a direct neuroprotective and neurotrophic factor. 

In 1996 Yang and colleagues showed that VEGFR2 was expressed on neural progen-
tior cells of the retina, implicating a possible new, non-vascular role for the VEGF/
VEGFR2 system in retinal devlopment205, a finding that has been strengthened by 
other studies showing trophic effects of VEGF on photoreceptor cells206. 
In the peripheral nervous system, Sondell et al has demonstrated the importance of 
VEGF in various reports. VEGF and VEGFR2 has been shown to be expressed by 
neurons in both the superior cervical ganglia (SCG) and dorsal root ganglia (DRG), 
but also in Schwann cells207. Addition of VEGF165 to explant cultures of SCG and 
DRG did show to have a neurotrophic effect as measured by axonal outgrowth but 
also a role for Schwann cell survival and proliferation207, the latter shown to be of fa-
vourable effect in peripheral nerve regeneration by stimualting invasion of Schwann 
cells into peripheral nerve grafts pretreated with VEGF208. Blocking of the mitogen-
activated protein kinase (MAPK) kinase pathway did inhibit the VEGF stimulated 
axonal outgrowth pointing towards VEGFR2 as possible mediator of the neuro-
trophic VEGF effect207 which was later confirmed by specific VEGFR2 inhibition209.   
Silverman et al showed increased density and survival of neurons in mesencephalic 
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explant cultures after VEGF treatment210 and recently Rosenstein et al showed neu-
rotrophic effect of VEGF in vitro mediated via VEGFR2 MEK1 and PI3K/ Akt path-
ways211.
Other in vitro studies has shown neuroprotection of VEGF in cultures of immortal-
ized hippocampal neurons and cerebellar granule neurons subjected to hypoxia and 
linked this neuroprotection to the PI3K / Akt pathways212,213 but also that VEGF could 
mediate neuroprotection of cortical neurons in culture exposed to hypoxia by inhibit-
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Figure 7: Schematic picture of HIF induced regulation of the VEGF gene and functions of VEGF. 
Hypoxic or non-hypoxic regulation of HIF results in decreased degradation or increased synthesis of 
HIF respectively. HIF subunits dimerize, bind to a response element within the VEGF promoter region 
and initiates transcription of VEGF mRNA that subsequently will be translated into VEGF protein that 
when released will have multiple functions.
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ing the activation of caspase-3214. VEGF mediated inhibition of caspase-3 does also 
protect cultured hippocampal neurons from glutamate- induced neurotoxicity215 via 
VEGFR2 mediated pathways.
In 2001, a paper by Oosthuyse and colleagues demonstrated the importance of hy-
poxia-induced VEGF for the survival of neurons, in particular motoneurons of the 
spinal cord216. Transgenic mice lacking the hypoxia-response element (HRE) in the 
VEGF gene was shown to have impaired hypoxic VEGF upregualtion in neural 
tissue which led to progressiv degeneration of spinal motoneurons. In vitro studies of 
primary neuron cultures from wild type mice showed VEGF165 promoted survival of 
motor neurons through binding to VEGFR2 and Np1216 and possible auto and para-
crine roles of VEGF for the survial of neurons has also been shown217. 
In vivo Sun and colleagues recently demonstrated that intracerebroventricular ad-
ministration of VEGF after transient ischemic stroke enhanced the delayed survival 
of newborn neurons in region of hippocampus and the subventricular zone188. VEGF 
has also been demonstrated to stimulate neurogensis both in vitro218 and in vivo219 in 
other studies. A potential neurotrophic effect of VEGF given after spinal cord injuries 
has been demonstrated196 and in vivo studies in transient MCAO suggests that low 
concentrations of intravenously given VEGF could be neuroprotective while higher 
doses, inducing angiogenesis, could be unfavourable for neuron survival220. 
Finally, in a very recent study Azzouz et al showed slowed disease progression and 
increased survival of “ALS” mice with a mutated form of superoxide dismutase-1 
(SOD1(G93A)) after injections of a VEGF-expressing lentiviral vector into muscles 
and concluded this effect to be due to direct neuroprotective properties of VEGF221.  

The semaphorin family and the semaphorin receptors Np1 & Np2

The semaphorins (Sema) belong to a large family of secreted and membrane-bound 
proteins categorized into eight classes222 where class 3-7 contain vertebrate sema-
phorins. Semaphorins of class 3 are secreted proteins, though likely bound to cell 
membranes and extracellualr matrix, while semaphorins of class 4 to 6 are transmem-
brane proteins and semaphorin 7 anchored to the membrane. Several in vitro studies 
have revealed chemorepulsive properties of the semaphorins but also, though to a 
much lesser extent, chemoattractive properties223. The semaphorins are best known 
for their capacity to repel axon outgrowth and thereby act as axon guidance molecules 
but has also been attributed important roles in organogenesis, angiogenesis and in the 
immune system224. The axon guidance ability of the semaphorins is due to its capacity 
to modify cytoskeleton components of the axon growth cone which is examplified 
by the collaps of axon growth cones and  depolymerization of actin after exposure to 
Sema3A225. It has also been shown that rather than full collaps of the growth cones 
does Sema3A steer the axon by turning it away from the Sema3A rich environment 
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further underlining the axon guidance ability of the semaphorins226. 

Two families of receptors have to date been been shown to mediate the semaphorin 
functions: the plexins and the neuropilins. Hitherto two neuropilins (Np1227 and 
Np2228) and nine plexins have been identified. The plexins will not be discussed in 
the present thesis and the interested reader is therefore directed elsewhere224. 
Np1 and Np2 are essential for mediating Sema3 signaling229 though not sufficient for 
physiological effect, probably due to their very short intracellular domains, and need 
to form complex with the plexins for induction of intracellular signalling resulting in 
axon steering230,231.
The possible roles for semaphorins in CNS injuries is still largely unknown but es-
pecially thanks to a series of work from Pasterkamp and colleagues it has been sug-
gested that a decline in Sema3A in motoneurons after peripheral nerve injury could 
be of importance for successful peripheral nerve regeneration while upregulation of 
Sem3A in the CNS scar could be of importance for for failed nerve regenration after 
CNS lesions232-235.

The discovery that Np1 did not only serve as a receptor for the Sema3 molecules227 

but also as a co-receptor for VEGF165 binding to VEGFR2 and VEGFR185 and that 
VEGF145 and VEGF165 can bind to Np299,236 that can function as a co-receptor for 
VEGFR199,236 implicate VEGF as a possible factor of importance in the process of 
neuronal growth and repair. The possible interplay between VEGF and semaphorins 
is yet far from fully understood but it is known that VEGF165 and Sema3A do compete 
for the binding sites of Np1 and that VEGF165 can inhibit Sema3A induced collaps 
of DRG neurites in vitro237. VEGF165 can also inhibit Sema3A initiated apoptosis and 
repulsion of neuroectodermal progenitor cells in vitro238 and recent findings show that 
anti-Sema3A chemorepulsive VEGF effect on DRG neurite growth in vitro is medi-
ated via Np1239 further underlining the potential importance of a possible VEGF-Np-
Sema interplay in vivo. 

Hypoxia inducible factor

Hypoxia-Inducible Factor proteins are key mediators in the cellular response to 
hypoxia  and important regulators of VEGF expression91,160. 
HIF1α deficient mice die at embryonic day E10,5 due to insufficient vascular  de-
velopment and increased apoptosis240,241 and HIF2α knock out mice develop multiple 
organ pathology, mitochondrial abnormalities and enhanced generation of reactive 
oxygen species (ROS)242. Hypoxia-Inducible Factor 1 and 2 (HIF1α & HIF2α) be-
long to the basic helix-loop-helix-Per-ART-Sim (bHLH-PAS) family of transcription 
factors that are involved in diverse biological processes. These transcription factors 
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bind DNA as heterodimers (see figure 7) after dimerization with a partner protein 
typically belonging to the ARNT subfamily of bHLH-PAS proteins. Thus, HIF1α243 
binds to HIF1β (ARNT) and together they regulate various genes important for adap-
tation to hypoxia but also hypoglycemia by bindning to a hypoxia response element 
(HRE) within the promoters or 5  ̓or 3  ̓enhancer regions of their target genes. 
Genes regulated by HIF1α in this way are e.g.  Aldolase A & C, Enolase 1, Glucose 
transporter 1 & 3, Glyceraldehyde-3-P-dehydrogenase, Lactate dehydrogenase A 
and Pyruvate kinase M all involved in glucose metabolism, Insulin-like growth factor 
(IGF) 2, IGF-binding protein 1-3 involved in cell proliferation and survival, Trans-
forming growth factor β3, Vascular endothelial growth factor (VEGF), VEGF recep-
tor 1 (Flt-1) involved in angiogenesis, cell proliferation and cell survival, Erythropoi-
etin involved in erythropoiesis and cell survival, Transferrin & Transferrin receptor, 
Ceruloplasmin involved in iron metabolism and NIP3 a pro-apoptotic protein244,245. 

In this way cells can for example combat oxidative stress by increasing glycolysis 
and producing cofactors for antioxidant enzymes.

Hypoxic and non-hypoxic regulation of Hypoxia Inducible Factor

HIF1α and HIF1β are expressed at basal levels in most organs246 but only HIF1α is 
upregulated in response to hypoxia247,244,248. HIF2α is mainly expressed in developing 
and adult vascular endothelial cells but also in kidney and developing lung249,250, 160. 
During normoxic conditions, HIF1α is continuously degraded by proteasomal deg-
radation in a process mediated by the von Hippel-Lindau tumor suppressor protein 
(pVHL) that binds to the specific domains of the HIF1α subunit251,252. 
Though, during hypoxic conditions HIF1α is stabilized which leads to rapid accu-
mulation of HIF1α. The stabilized HIF1α is phosphorylated, dimerizes with HIF1β, 
translocate to the cell nucleus where it binds to hypoxia-response elements (HRE) 
within its target genes (e.g. VEGF) and activates gene transcription. Besides oxygen, 
iron is also necessary for inhibition of HIF1α activity and iron chelators can therefore 
mimic hypoxia and activate HIF1α245,253. (see figure 7) 

Even though this posttranslational (i.e. post mRNA) mechanism is the primary way 
of HIF1α regulation in hypoxia, HIF1α mRNA levels has been reported to be 
elevated in hypoxic conditions247 and factors and mechanisms regulating this process 
is currently being elucidated. Hitherto, it has been shown that various cytokines and 
growth factors can stimulate upregulation of HIF1α and e.g. interleukin-1β (IL-β), 
Transforming growth factor-β (TGFβ) and insulin-like growth factor 1(IGF1) but 
also pyruvate and lactate can be involved in non-hypoxic upregualtion of HIF1α253. 
In summary, HIF1α can be increased by both hypoxic and non-hypoxic pathways. 
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These pathways differs in some important aspects. Firstly, the hypoxic upregulation 
of HIF1α is a matter of decreased degradation of HIF1α while the non-hypoxic, 
growth factor regulated, upregulation is a matter of increased synthesis of HIF1α. 
Secondly, while hypoxia increases HIF1α in all cell types, the growth factor/non-hy-
poxic stimulated increase in HIF1α  expression seems to be cell-type-specific245.

“Ext ist ensi alis me nären huma nism”

Hundkungen, 1982263

MATTIAS SKÖLD



      
35

AIMS OF THE STUDY

The general aim of this thesis has been to shed light on expression and 
potential importance of VEGF and factors related to VEGF in traumatic 
CNS injuries. More specifically, the aims of the study were:

1 – To analyze whether an expression of VEGF and the VEGF receptors 
occur after lesions to the spinal cord /spinal cord motoneurons.

2 – To elucidate factors that can be of importance for VEGF expression in 
the spinal cord lesion scar.

3 – To analyze if semaphorins and semaphorin receptors are expressed after 
spinal cord injuries and to map the temporal and spatial pattern of these fac-
tors with specific focus on motoneurons.

4 – To analyze the temporal and spatial expression of the transcription fac-
tors HIF1α, HIF2α and their target gene VEGF after intramedullary axotomy 
to spinal cord motoneurons.

5 – To analyze whether an expression of VEGF and the VEGF receptors 
occur after traumatic brain injuries and to map the temporal, spatial and cel-
lular expression pattern of these factors.

6 – To investigate the potential influence of VEGF on injury outcome after 
traumatic brain injuries by inhibition of VEGF receptor 2.

    AIMS OF THE STUDY



      
36

MATERIALS AND METHODS

Animals, surgery and pharmacological treatment.

Spinal cord injuries – ventral and lateral funiculus lesions (study I-III)

Adult female Sprague-Dawley rats (200 - 250g, B&K Universal, Sweden) were 
anaesthetized with chloral hydrate (300 mg/kg) (KEBO-Lab, Sweden). A ventral fu-
niculus lesion (VFL), cutting the motoneuron axons at the intramedullary level, was 
performed as described previously24. In brief, a one-sided laminectomy was 
performed at the lumbar level of the spinal cord. The dural sac was cut open, and an 
approximately 2-mm-long longitudinal unilateral incision was made in the left ven-
tral funiculus of the lower lumbar segments with a microscalpel (Fine Science Tools, 
Heidelberg, Germany). The wounds were closed with sutures in multiple layers. Con-
trol animals were subjected to a half-sided laminectomy whereafter the wounds were 
closed with sutures in multiple layers. 

In addition to the spinal cord VFL we did also perform lateral funiculus lesions. 
Shortly, a half-sided laminectomy was performed at the thoracic level of the spinal 
cord. The dural sac was cut open, and an approximately 2-mm-long transversal 
unilateral incision was made in the left lateral funiculus of the Th7-Th8 segments 
with a microscalpel (Fine Science Tools, Heidelberg, Germany) resulting in a lesion 
of the descending and ascending tracts of the lateral funiculus. The wounds were 
closed with sutures in multiple layers.

Intraspinal microinjections (study I)

In 6 chloral hydrate anesthetized female Sprague-Dawley rats, injections into the 
lateral funiculus were made with a 10-µl syringe (Unimetrics TP4010, Sweden) af-
ter a laminectomy as under. One injection of 10 µl and one additional injection of 5 
µl at a distance of about 5mm from the first one of TGF-β1 (2ng/µl, human trans-
forming growth factor-β1, Peprotech, USA), γIFN (60U/µl, recombinant rat inter-
feron-gamma, Biosource International, USA) and PGF2α (1µM, prostaglandin F2α, 
Sigma-Aldrich, Sweden) were made in the left lateral funiculus during 5 and 2.5 
min, respectively. The rats were allowed to survive for 7 days (PGF2α inj. n=5, γIFN 
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inj. n=3, TGF-β1 inj. n=3), 10 days (PGF2α inj. n=1) or 30 days (PGF2α inj. n=1). 
Control injections with sterile physiological NaCl solution were undertaken under 
the same conditions as for the above mentioned factors (n=2), and these rats were 
allowed to survive for 7 days.

Sciatic nerve transection (study III)

In additional animals (n = 6) in study III a 5- to 7-mm segment from the sciatic nerve 
was unilaterally resected below the obturator tendon (sciatic nerve transection and 
resection, SNT). The remaining parts were moved aside, and the wound was sutured 
so that no contact between the proximal and distal ends was allowed. In the control 
animals the sciatic nerve was unilaterally exposed but not cut and the wound was 
sutured.

Traumatic brain injuries (study IV-V)

The traumatic brain injury model was adopted from Feeney et al68 and used to in-
duce brain contusions. Sprague-Dawley rats (270 to 290g, B&K Universal) were 
deeply anaesthetized by intramuscular injection of 0,15 ml of Hypnorm (10mg/ml 
fluanisonum and 0,2 mg/ml fentanylium). In addition, 0,1 ml of Xylocain-Adrenalin 
(5 mg/ml lidocaine and 5 mg/ml adrenaline) was injected subcutaneously in the sagit-
tal midline of the skull before the skin incision was made. The rats were placed in a 
stereotactic frame and, under microscopic guidance, a 2 mm craniotomy was drilled 
3 mm posterior and 2,5 mm lateral to the bregma. A standardized parietal contusion 
was produced by letting a steel rod weighing 24 g with a flat end diameter of 1,8 mm 
fall onto the intact dura from a height of 7 cm. The rod was allowed to compress the 
tissue with a maximum of 3 mm, resulting in a contusion injury of the brain62. Control 
animals were subjected to craniotomy without contusion. 
The animals showed no deficits in motor, balance, or sensory function during the 
posttraumatic phase. At the decided survival time the surgically treated rats were 
anesthetized by intramuscular injection of 0,15 ml Hypnorm and killed by 
decapitation.
After decapitation the brains were quickly dissected out, the contused and the non 
injured contralateral side of the brain were cut out in an approximately 0,5 cm slice, 
frozen on dry ice and thereafter stored in sealed boxes in -70°C until use. The tissue 
was cut in 14μm thin coronal sections, thawed onto Probe-On slides and stored in 
-70°C until use. 
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VEGF receptor 2 inhibition in traumatic brain injuries (study V)

In study V we performed pharmacological blocking of VEGF receptor 2 by use of 
the substance SU5416 (SUGEN Inc.). SU5416 is a potent selective inhibitor of the 
tyrosine kinase catalysis of  the VEGF receptor 2254. According to the manufacturers 
recommendations the rats received 10 mg/kg daily i.p. injections of SU5416 dis-
solved in DMSO. Control animals received i.p. injections of DMSO only. To maxi-
mize VEGFR2 inhibition animals received their respective injections from one day 
before injury and once daily throughout the study. 24 animals received SU5416 incej-
tions and 24 animals DMSO only incetions. The animals were sacrificed at 1, 4, 6 and 
16 days after injury (n=6).
The use of animals for all experiments was approved by the Swedish ethical commit-
tee (Stockholms Norra Försöksdjursetiska Nämnd).

In situ hybridization (study I-V)

Oligo probes

Synthetic oligonucleotides were synthesized (CyberGene AB, Huddinge, Sweden). 
The sequence of the probes was checked in a GeneBank database search to ex-
clude significant homology with unrelated genes. The synthesized oliginucleotides, 
GeneBank references and reference to study are listed below.
The probes were labelled at the 3ʼ-end with deoxyadenosine- alpha-(thio)triphosphate 
[35S] (NEN, Boston, MA, USA) by using terminal deoxynucleotidyl transferase (Am-
ersham-Pharmacia, Uppsala, Sweden) to a specific activity of 1,5-6x105 cpm/µl and 
hybridized to the sections, without pre-treatment, for 16-18 hours at 42°C. The hy-
bridization mixture contained: 50% formamide (Fluka/Sigma-Aldrich, Sweden), 4 
x SSC (1 x SSC, 0,15 M NaCl and 0,015 M sodium citrate), 1 x Denhardtʼs solu-
tion (0,02% each of polyvinyl-pyrrolidone, bovine serum albumin and Ficoll), 1% 
sarcosyl (N-lauroylsarcosine; Sigma-Aldrich, Sweden), 0,02 M phosphate buffer 
(pH 7,0), 10% dextran sulfate (Amersham-Pharmacia, Uppsala, Sweden), 500 µg/ml 
sheared and heat denatured salmon sperm DNA (Sigma-Aldrich, Sweden), and 200 
mM dithiothreitol (DTT; Sigma-Aldrich, Sweden). Following hybridization, the sec-
tions were washed several times in 1 x SSC for 15 minutes at 60°C, rinsed in distilled 
water, and dehydrated in ascending concentrations of ethanol. The sections were then 
coated with NTB2 nuclear track emulsion (Kodak, Rochester, NY, USA). After 3-5 
weeks, the sections were developed in D-19 developer (Kodak, Rochester, NY, USA) 
for 4 minutes at room temperature and fixed in AL-4 fixative (Kodak, Rochester, NY, 
USA) for 5 minutes and coverslipped. Some of the slides were counterstained with 
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cresyl violet (Sigma C5042, USA) and then dehydrated in ascending concentrations 
of ethanol and mounted in Entellan (Histolab products AB, Göteborg, Sweden). The 
specificity of the probes was examined and confirmed by use of unaffected tissues 
from adult control animals (negative control) and in suitable cases by use of em-
bryonic tissue (positive controls). Sense probes were also regulary used as negative 
controls. 
In study V the [35S] isotope was replaced with [33P] isotope (NEN, Boston, MA, 
USA).

Oligo probes Complementary  GeneBank  Study  
  to nucleotide accession code  

VEGF  365 - 414  AF062644 I, III, IV

VEGF  25 - 72  M32167  IV

VEGF B  136 - 185  AF022952 I

VEGF C  115 - 164  AF010302 I

VEGF D  479 - 528 AF014827 I

Flk-1 (VEGFR2) 1978 - 2027 U93306  I, III

Flt-1 (VEGFR1) 4516 - 4565 D28498  I, III

Neuropilin-1 (Np1) 2580 - 2629 AF018957 I, II, III, IV

Neuropilin-2 (Np2) 1504 - 1553 AF016297 II

HIF1a  1235 - 1285 AF057308 III

HIF2a  1411 - 1461 AJ277828 III

Semaphorin3A  2205 - 2254 X95286  II

Semaphorin3F 1143 - 1192 HSU38276 II

Semaphorin4F 1475 - 1524 NM_019272.1 II

GFAP  1418 - 1468 AF028784 V

MAP2  257 - 307  NM_013066 V

MAG  2224 - 2273 NM_017190 V

Table 2: List of in situ hybridization oligo-probes used in the present thesis
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Riboprobes

The technique used was essentially performed as described previously92,168,169. The 
plasmids used for generation of the HIF1α and HIF2α probes have been described 
before255,256. Single-stranded antisense or sense cRNA probes were generated by in 
vitro transcription of these plasmids using 100 mCi 35S-UTP and T7 or SP6 RNA 
polymerases as described by the manufacturer (Stratagene). 
Sections were incubated in 2 x SSC at 70°C, digested with Pronase (40 mg/mL), fixed 
in 4% paraformaldehyde, and acetylated with acetic anhydride diluted 1:400 in 0,1 M 
triethanolamine. Hybridization was performed in buffer containing 50% formamide, 
10% dextran sulfate, 10 mM Tris-HCl (pH 7,5), 10 mM sodium phosphate (pH 6,8), 
2 x SSC, 5 mM EDTA, 150 mg/mL yeast tRNA, 0,1 mM UTP, 1 mM ADPβS, 1 mM 
ATPγS, 10 mM dithiothreitol, 10 mM 2-mercaptoethanol, and 2,5 x 104 cpm/mL 35S-
labelled RNA probe overnight at 48°C. Slides were washed in 2 x SSC/50% forma-
mide at 37°C for 4 h, digested with RNase (20 mg/ml) for 15 min, washed again with 
2 x SSC/50% formamide overnight and dehydrated in graded ethanol. Slides were 
coated with Kodak NTB-2 emulsion (Eastman Kodak, Rochester, NY) diluted 1:1 
in water and exposed for 21 d (exon I.1) or 50 d (exon I.2), respectively. Slides were 
developed and counterstained with 0,02% Toluidin Blue, air dried, and mounted.
The sections were examined in a Nikon Eclipse E600 microscope and photos where 
captured with a Nikon Coolpix 990 digital camera.

Immunohistochemistry (study I-V)

Sections from the same animals as described under “In situ hybdridization” were 
used.  When used for immunofluorescence histochemistry the sections were air dried 
and thereafter soaked in 0,01M PBS for 20 min. Both unfixed and fixed material was 
used. Fresh frozen material often underwent fixation in 4% formalin for 1-5 minutes 
and rinsing in 0,01M PBS for 10 minutes. Incubated with the primary  antibodies 
were performed in a humid chamber at 4°C for 24 h . Sections were also double-
labeled with different sets of combinations antibodies. All the primary antibodies 
were diluted in a solution of 0,3% Triton, 5% bovine serum albumin (BSA) and 
0,1% sodium azide in 0,01M PBS. Donkey-serum (5%) was also added to minimize 
background staining. The sections were then rinsed in 0,01M PBS and incubated for 
45 min at 20°C with 0,01%PBS + 0,1% sodium azide + 0,3%Triton containing sec-
ondary antibodies. Secondary antibodies were often preabsorbed with rat serum but 
when non-preabsorbed secondary antibodies were used, rat serum was added to the 
secondary antibody solution.
After the sections were rinsed in PBS, they were mounted in a mixture of glycerol 
and PBS (1:3) and coverslipped. The sections were examined in a Nikon Eclipse 
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Antigen  Type  Species Source  Dilution Study

VEGF   polyclonal rabbit Santa Cruz  1:100 I, III, IV
(VEGF aminoterminus)� � � (SC-152)

VEGF164 polyclonal goat R&D Systems Inc. 1:50 III, I

Flk-1 (VEGFR2) polyclonal rabbit Santa Cruz  1:100 I, IV
     (SC-315)

Flt-1 (VEGFR1) polyclonal rabbit Santa Cruz  1:100 I, IV
     (SC-316)

Neuropilin-1 polyclonal goat Santa Cruz  1:100 I
     (SC-7239)

Neuropilin-2 polyclonal goat Santa Cruz  1:100 II
     (SC-7241)

Semaphorin3A polyclonal goat Santa Cruz  1:100 II
     (SC-1148)

HIF1a  monoclonal mouse NeoMarkers 1:500 III 
     LabVisionCorp.

SMI-71   monoclonal mouse Sternberger  1:1000 I, IV
(a.b. against vessels��� � � Monoclonals Inc.
in areas with BBB)� � � � �

Neurofilament monoclonal mouse Zymed   1:200 I
     (Zymed 18-0171)
� � � � �
GFAP  polyclonal goat Santa Cruz  1:100 I, IV
     (SC-6170)

GFAP  polyclonal rabbit DAKO  1:100 I

Macrophage/ monoclonal mouse Serotec  1:500 I, IV, V
microglia surface      – 1:2500 
antigen ED-1

Macrophage/ monoclonal mouse Sera Lab  1:100 I 
microglia surface 
antigen OX42

Oligodendrocyte/ monoclonal mouse Boehringer-  1:100 I
astrocyte type 2     Mannheim 
marker A2B5    Biochemica

Fibroblast marker  monoclonal mouse Cedarlane labs. 1:100 I
Anti -Thy1.1 

Islet-1 (clone2D6) monoclonal mouse Developmental  1:200 III
     Studies Hybridoma 
     Bank, USA
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E600 microscope equipped with epifluorescence and appropriate filter combinations 
for the fluorophores used here. Photos where captured with a Nikon Coolpix 990 
digital camera

Secondary antibodies conjugated with fluorophores were used in all studies included 
in the present thesis. To avoid the risk for unspecific cross reactivity, only  affinity 
purified antibodies were used. In study II-V the secondary antibodies were pread-
sorbed against the tissue species by the manufacturer. Microscope equipped with 
epifluorescence and appropriate filters was used for visualization of Cy3 (red) and 
Cy2 (green).

Fluoro-Jade B (study V)

Fluoro-Jade B (FJB) (Chemicon International) is a polyanionic fluorescin derivative 
which sensitively and specifically binds to degenerating neurons257. FJB stains cell 
bodies, dendrites and axons of dying but not healthy neurons. FJB does not sepa-
rate between different cell death-mechanism. The mechanism behind FJB staining 
of dying neurons is not fully understood but interactions between the strongly acidic 
FJB molecule and basic molecules expressed in degenerating neurons has been dis-
cussed257. Tissue was cut and thawed onto Superfrost Plus slides as under “In Situ 
Hybridization”. Slides were washed in 80% ethanol with 1% NaOH, 70% ethanol 
and distilled water. After this the slides were washed in 0,06% KmNO4  for 10 min-

Antigen  Type  Species Source  Dilution Study

MAP-2   monoclonal mouse Sigma-Aldrich 1:200 III
(clone HM-2)

p75-LANR  monoclonal mouse Drs. E Shooter &  1:200 III
(clone MC 192)    B. Barres 

GLUT-1  polyclonal goat Santa Cruz  1:100 I
     (SC-1605)
Rat granulocytes monoclonal mouse Serotec   1:200 IV, V 
(clone MOM/3F12/F2) 

ICAM  monoclonal  mouse Serotec   1:200 V

vWf  monoclonal mouse Serotec  1:200 V

Biotinylated polyclonal rabbit Vector   1:200 V 
anti-rat IgG    Laboratories

Table 3: List of primary antibodies used in paper 1-V 
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utes and thereafter washed in distilled water. 2ml  FJB solution was diluted in 48ml 
0,1% acetic acid. Slides were incubated with FJB solution for 30 min. Sections were 
then rinsed in distilled water, dehydrated, air dried and mounted in Entellan (His-
tolab products AB, Göteborg, Sweden). A conventional FITC filter applied to a Nikon 
Eclipse E600 microscope was used for visualizing of FJB and pictures captured with 
a NikonCoolpix 990 Digital camera.

TUNEL histochemistry (study V)

Terminal deoxynucleotidyl transferase (TdT) can be used to incorporate labeled de-
oxyuridine triphosphates at sites of 3ʼ-OH  ends of DNA breaks, enabling detection of 
cells with fragmented DNA. We used a commercially available TUNEL kit (TACS in 
situ Apoptosis Detection Kit, R&D systems) where biotinylated deoxyuridine nucle-
otides are detected using streptavidin-horseradish peroxidase conjugate and TACS-
Blue Label substrate. The enzyme reaction generates a blueish insoluble precipitate 
where DNA fragmentation has occurred. Tissue slides for Terminal Deoxynucleotidyl 
transferase-mediated deoxyuridine triphosphate-biotin nick end labelling (TUNEL) 
were prepared in the same way as described for immunohistochemistry, except they 
were postfixed in 3,7% DNAse  free formaldehyd for 20 minutes and rinsed in 0,01M 
PBS. The slides were permeabilized with ethanol/acetic acid (2:1) for 5min in -20°C, 
rinsed in 0,01M and distilled water whereafter quenching of endogenous peroxidase 
was performed with 30% H2O2 in methanol and thereafter rinsed in 0,01M PBS. 

Antibody   Dilution Source   Study

Cy3 donkey anti rabbit IgG 1:500 Jackson ImmunoResearch I, V 

Cy3 donkey anti mouse IgG 1:500 Jackson ImmunoResearch I, IV, V

Cy3 donkey anti goat IgG 1:500 Jackson ImmunoResearch II

Cy2 donkey anti rabbit IgG 1:200 Jackson ImmunoResearch I, III, IV

Cy2 donkey anti goat IgG 1:200 Jackson ImmunoResearch I, IV 

Cy2 donkey anti mouse IgG 1:200 Jackson ImmunoResearch I, V 

Cy3 goat anti mouse IgG 1:500 Jackson ImmunoResearch III

Cy2 rabbit anti goat IgG 1:200 Jackson ImmunoResearch III

Table 4: List of secondary antibodies used in paper 1-V 
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After this the slides were incubated with TdT-dNTP mixture solved in TdT labelling 
buffer for 1 hour  in a 37°C humid chamber, washed in TdT stop buffer for 5 min, in-
cubated with streptavidine-horseradish solution in room temperature for 10 minutes 
and labelled with TACS-Blue, counterstained with Nuclear Fast Red, dehydrated in 
ascending concentrations of ethanol and mounted in Entellan (Histolab products AB, 
Göteborg, Sweden).
Positive controls were performed by preincubating control slides  with DNAse (1ml 
TACS nuclease/ 50ml TACS nuclease buffer). The slides were analyzed in bright-
field with a Nikon Eclipse E600 microscope and pictures captured with a Nikon-
Coolpix 990 digital camera.

Cell cultures (study I & III)

Fibroblast/astrocyte cultures (study I)

Meningeal fibroblast cultures from rat cerebral cortices were, with some modifica-
tions, prepared according to the method used by McCarthy and de Vellis258. Cortical 
hemispheres from decapitated postnatal day 0 rat pups (n=10) (B&K Universal, Swe-
den) were dissected free of meninges which were incubated in  0,1% trypsin in Hepes 
buffered Hanks  ̓balanced salt solution without calcium and magnesium (HHBSS) 
and with added 0,05% collagenase (Worthington, Freehold, NJ, USA) for 30 minutes 
at 37°C. After addition of medium with 15% fetal calf serum, additional trituration, 
filtration and centrifugation and resuspension in Dulbeccos modified eagle medium 
(DMEM) with 10% fetal calf serum and penicillin-streptomycin the cells were seed-
ed into uncoated cell culture flasks. Once the cells had grown to confluence, usually 
8 days after plating, the flasks were shaken overnight (16 hours) on a rotary shaker 
at 900 rpm in order to remove the loosely adherent top layer (mainly neurons, oli-
godendrocytes, microglia and macrophages), rinsed several times, detached, divided, 
subcultured, grown until confluence a second time and finally shaken again, rinsed 
and used for experiments in less than 2 weeks. 
The cultures were morphologically assessed for purity and immunohistochemically 
screened (see Immunohistochemistry) with antibody markers; anti-GFAP for as-
trocytes (rabbit polyclonal; DAKO; Glostrup, Denmark, dilution 1:100), a micro-
glial and macrophage marker antibody that recognizes a CR-3 complement receptor 
epitope (OX-42, monoclonal; Sera-lab, Crawley Down, Sussex, England; dilution 
1:16), ED-1 for detection of macrophages and monocytes (monoclonal anti rat mono-
cytes and macrophages, MCA 341 Serotec Inc, USA ; dilution 1:2500), anti-A2B5 
(monoclonal; Boehringer-Mannheim Biochemica, Germany; dilution 1:100) for oli-
godendroglia and type II astrocytes and anti Thy1.1 (mouse monoclonal, Cedarlane 
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labs. Ontario, Canada, dilution 1:100) for detection of fibroblasts. This technique 
yielded between 90-95% pure fibroblast cultures with a mixture of fibroblast cells 
with an origin from the meninges while the rest of the cells were mainly astrocytes. 
This technique provided a culture that to a great extent resembles the fibroblast rich 
environment found in the lesion area after spinal cord injury, with the important dif-
ference that the cultures were free of inflammatory cells, which can normally be 
found in spinal cord injuries.
The cells were cultured for 4 days on poly-L-lysine coated permanox 8-well cell cul-
ture chamber slides (Nunc, Naperville, IL, USA) in DMEM + 10% Fetal Calf Serum 
medium with addition of the studied factors 2ng/ml TGFß1, 60U/ml γIFN, 1,0µM 
PGF2α and 1,0 µM PGE2 (prostaglandin E2, Sigma-Aldrich, Sweden) diluted 1:20 
every 12 hours and change of medium every 48 hours. Thereafter the cells were fixed 
in 2% paraformaldehyde in phosphate buffered saline (PBS) for 5 minutes, rinsed in 
PBS, air-dried at 37°C and processed for in situ hybridization as described for tissue 
sections under in situ hybridization. All cell culture components were obtained from 
Life Technologies (Inchinnan, U.K.), unless otherwise mentioned.

Spinal motoneuron cultures (study III)

The protocol used in this study was adopted from Hughes et al. 259 and Piehl et al. 260 
and modified according to Hanson et al.261. Briefly, spinal cords from embryonic day 
15 rats (n=8) (Sprague Dawley; BK Universal, Sollentuna, Sweden) were removed 
and dissected free of meninges. The lumbar ventral grey columns were isolated, 
trypsinized, and triturated. The resulting cell suspension was filtered and separated 

Figure 8: Immunofluorescence pho-
tomicrograph image representing 
the ventral part of the spinal cord. 
The spinal cord section has been 
incubated with an antibody against 
NeuN. The large green cells are mo-
toneurons in the ventral horn of the 
spinal cord. Scale bar 100 μm.

NeuN
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by centrifugation on a metrizamide (6,8 mg/ml; Sigma) density gradient. Large, low-
density cells were collected. Cells were seeded onto 24-well cell culture dishes (Cos-
tar, Cambridge, MA) precoated with poly-DL-ornithine and laminin at a density of 
200–300 neurons/cm2 in horse-serum containing medium. Cultures were incubated at 
37°C with 5% CO2 for 1 hr before initiating treatments. The purity of the cultures was 
evaluated with neuron specific antibody MAP2 (clone HM-2, Sigma) and motoneu-
ron specific antibodies against Islet-1 (mouse IgG, clone 2D6, Development Stud-
ies Hybridoma Bank, USA 262) and LANR (p75-low-affinity neurotrophin receptor, 
clone MC192 supplied by Drs E. Shooter and B. Barres).

Pharmacological treatment of motoneuron cultures.

Cells were treated with rat recombinant VEGF164 (1, 10, 50 and 100 ng/ml, R&D 
Systems, Minneapolis, MN, USA) or horse-serum containing medium only in the fol-
lowing paradigms: Horse serum only (6 wells), VEGF164 1 ng/ml (6 wells), VEGF164 
10 ng/ml (6 wells), VEGF164 50ng/ml (6 wells) and VEGF164 100ng/ml (6 wells). New 
media and factors were added once daily. 

Motoneuron cell survival assay

Cell survival was analyzed 48h after plating as previously described261. Thus, living 
cultures were incubated with MTT (Sigma) for 1 hr, fixed in 4% paraformaldehyde, 
and evaluated. In each single well the number of viable cells was divided by the to-
tal number of dead and living cells, yielding a survival ratio. The survival ratios for 
different treatments are composed of pooled data from all of the six wells for each 
treatment combination. Student t-test was used to determine statistical significance 
between control and treated wells.

ELISA - Enzyme Linked ImmunoSorbent Assay (study V)

Enzyme linked immunosorbent assay (ELISA) was used to detect CNS injury-mark-
ers in serum after TBI.  ELISA combine the specificity of antibodies with the sensitiv-
ity of simple enzyme assays by using antibodies or antigens coupled to an easily-as-
sayed enzyme. Both methods used were solid phase ELISA i.e. 96-well microplates 
coated with  a “capture” antibody, specific for the antigen of interest, were used. The 
antigen was added to the wells and allowed to complex with the solid phase antibody. 
Unbound products were removed whereafter a second antibody (“detector” antibody) 
specific for the antigen and conjugated with horseradish peroxidase (HRP) was added 
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whereafter tetramethylbenzidine (TMB) was used as substrate.The absorbance was 
measured at 450nm in a microplate reader (ThermoLabsystem Multiskan EX). Con-
trols and reference standards with known concentrations provided by the manufac-
turer were treated the same way as samples.

S100β ELISA

For detection of S100β in serum from rats a solid phase 100β ELISA was performed 
using a commercially available ELISA kit (Sangtec“100 ELISA kit, Sangtec Molecu-
lar Diagnostics AB, Bromma , Sweden) according to the manufacturerʼs instructions. 
Briefly, the serum samples, standars and controls were added onto a 96-well micro-
plate precoated with 2 solid phase catcher antibodies specific for S100β. A S100β 
specific detector antibody conjugated with HRP was added and after incubation for 2 
hours at room temperature the wells were washed, the tetramethylbenzidine (TMB) 
subtrate was added and the reaction allowed to proceed for 15 minutes whereafter 
TMB Stop solution was added and the absorbance measured at 450nm in a micro-
plate reader (ThermoLabsystem Multiskan EX). The procedure was repeated two 
times with similar results.

NSE ELISA

For detection of Neuron Specific Enolase (NSE) in serum from rats a solid phase 
NSE ELISA was performed usin a commercially available ELISA kit (Biomeda  NSE 
ELISA kit EU1025; Biomeda, Foster City, CA, USA) according to the manufactur-
erʼs instructions. Briefly, the serum samples, standars, controls and biotinylated cap-
ture antibody specific for the αγ and γγ isoforms of NSE were added onto a 96-well 
microplate precoated with streptavidin. The wells were incubated at room tempera-
ture for 60 minutes, rinsed in washing buffer whereafter HRP conjugated anti-NSE 
detector antibodies where added. After 60 minutes incubation the wells were washed, 
TMB substrate added and the reaction allowed to proceed for 30 minutes before the 
reaction was stopped. absorbance measured at 450nm in a microplate reader (Ther-
moLabsystem Multiskan EX). The procedure was repeated two times with similar 
results.
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RESULTS AND DISCUSSION

Paper I: “Induction of VEGF and VEGF receptors in the spinal cord 
after mechanical spinal injury and prostaglandin administration.”

Penetrating injuries to the ventral spinal cord were shown to result in VEGF, 
VEGFR1, VEGFR2 and Np1 expression. The VEGF-B, C or D forms could not be 
demonstrated264. 
Astrocytes has been shown to be cells of VEGF origin in other CNS injury strate-
gies192,190 which was confirmed and in addition neurofilament immunopositive struc-
tures were also shown to co-localize with VEGF positive structures. The injury model 
used does lead to an increase in macrophages31, another possible origin for VEGF193. 
VEGFR1, VEGFR2 and Np1 seemed to be correlated with vessels in the lesion area 
and indications of VEGFR1 and 2 influence on altered BBB status was shown since 
these receptors did not always correlate with a marker for mature, BBB competent 
vessels. A persistant BBB defect in the scar after ventral funiculus axotomy, as meas-
ured by transendothelial vesicular transport of i.v. administrated Horse Radish Per-
oxidase (HRP), lasting up to 7 months after injury has been reported and attributed 
a possible role in the regenerative capacity of cut motoneuron axons seen after such 
injuries32,34. The interpretation of these findings are based on the fact that BBB func-
tion does normally return at the time when neurite sprouts after a CNS lesion does 
degenerate2,33. In addition, a longstanding BBB defect has been reported in the scar 
after dorsal funiculus lesions, a type of injury followed by axonal growth of primary 
sensory neuron axons265. It could also be noted that lesioned CNS axons that nor-
mally fail to grow for any significant length does indeed grow in PNS-grafts266-268, 
perhaps lacking a fully functional BBB or nerve blood barrier due to degeneration, 
and that areas known for axon elongation in the CNS such as the superficial layers 
of the olfactory bulb269 does not have a functional BBB270. In summary; an altered 
accessability to e.g. neurotrophic factors via a defective BBB could be of importance 
for successful axonal regeneration32,34,265. As discussed earlier, VEGF is a very potent 
permeability increasing factor79, VEGF stimulated increase in vesicle formation be-
ing one mechanism behind this increased permeability150,151. 

Is it possible that the VEGF increase seen in the VFL scar and the increase in VEGFR 
positive vessels after a VFL264 could have a role in this persistant permeability in-
crease seen in the same injury? 
It is likely that the VEGF expression seen is involved in posttraumatic angiogenesis 
considering the angiogenic capacity of VEGF and the simultaneous expression of its 
receptors in vessel like structures in and around the scar. VEGF mRNA expression 
could be observed up to 1 week after injury but at that point only in very limited 
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amounts and at three weeks after injury no VEGF mRNA could be detected. 
A similar pattern was observed for the VEGF receptors264. This expression pattern 
makes it less likely that the observed VEGF/VEGFR expression is directly involved 
in the persistant BBB changes observed after VFL32,34. Though, an influence of VEGF 
on more acute BBB changes seen in traumatic CNS injuries could be possible. In-
creased permeability could lead to increased deposition of extracellular matrix mol-
ecules (ECM) of impotance for proper angiogenesis271. ECM molecules such as lam-
inins are known to be important factors for nerve regeneration after nerve injury in 
the periphery272,273. The VFL leads to deposition of ECM, e.g. laminins, in the scar 
that has been linked to axon regeneration in this compartment274,12. It could thus be 
speculated that increased permeability due to VEGF expression could facilitate in 
the building of an extracellular matrix in the scar that does allow nerve regeneration. 
Certain VEGF isoform do also bind to ECM which is an important step in angiogen-
esis and could in this way possibly contribute to the growth facilitating properties of 
the scar.
VEGF has been attributed a role as a pro-inflammatory factor in CNS179,204 and it 
could thus be hypothesized that VEGF  expression seen after VFL is involved in the 
inflammatory response seen after such injuries. Not only is the VFL followed by a 
BBB defect but also of an invasion of blood-borne macrophages within a few days 
after injury31. Invading macrophages and inflammatory cells are possible sources for 
VEGF after CNS injury191,193 but also most likely a source of other cytokines of im-
portance in inflammatory response  after injury such as prostaglandins275. It has also 
been shown that the prostaglandin receptors can be upregulated in astrocytes after 

Figure 9: Electron microphotographs of spinal cord microvessels. 
Immunogold with silver enhancement has been used in the left picture for detection of  SMI-71 antibody 
specific for vessels in areas with BBB that can be observed at the luminal side of the endothelial cells 
(arrows). In the right picture a vessel from an area close to a spinal cord injury is shown. Arrows indicate 
a few of the mutiple pinocytotic vesicles that can be seen spanning the entire endothelium. 
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ventral funiculus lesions276. The inducible rate-limiting enzyme in prostaglandin syn-
thesis COX-2 is known to be upregulated in SCI and COX-2 inhibition to have a 
favourable outcome after such injuires277. The COX-2 upregulation is also associated 
with hypoxia, peroxidation and neuronal death induced by excitatory amino acids278 
and COX-2 has in addition been shown to influence angiogenesis279,280. 
Injections of prostaglandins into the spinal cord to imitate an inflammatory response 
after injury was followed by a dramatic VEGF expression at the injection site264. The 
same area was almost devoid of GFAP perhaps indicating that prostaglandins suppress 
astrocyte reactivity and that VEGF could be produced by other cells than astrocytes. 
Investigating cultures consisting of fibroblasts mixed with a few astrocytes (e.g. a 
“lesion area” cellular content but without inflammatory cells, neurons, microglia and 
cells of vascular origin234,281,282) showed that such cultures could express VEGF when 
treated with prostaglandins. Thus, cell components of the scar can produce VEGF in 
response to prostglandins. In this context one interesting perspective could be to in-
vestigate if the edema reducing effects of methylprednisolone after spinal cord injury 
could be linked to reduced prostaglandin levels in turn reducing the VEGF levels. 
The fact that hypoxia leads to increased levels of VEGF159,168 169 and COX-2283,284 285,286 
in CNS needs further attention. 
The findings of increased VEGF expression after prostaglandin treatment might in-
dicate that VEGF and COX-2 expression are either directly or indirectly linked phe-
nomenons. One possible mechanism behind the reported immunomodulatory role of 
VEGF179 could be that resident CNS inflammatory cells express cytokines in response 
to injury287, that these cytokines in turn induce meningeal fibroblasts and reactive as-
trocytes of the scar to produce VEGF that could lead to an increased vascular perme-
ability and further recruitment of inflammatory cells. It is also possible that  newly 
developed, immature vessels in the injured spinal cord stay leaky for some time and 
also contribute to the increased vasopermeabilty seen in the area. 
It has been stated that there is a difference between the injured brain and spinal cord 
with respect to BBB defect, i.e.BBB defects should persist longer and the recruitment 
of inflammatory cells should be greater in the injured spinal cord than in the injured 
brain288. It is interesting to note that the temporal pattern for VEGF expression differs 
in traumatic spinal cord injuries/VFL264 and in traumatic brain injuries (paper IV). 
While the former is followed by a marked increase of VEGF expression from day one 
after injury the latter case is followed by discrete VEGF expression early after injury 
and with a marked increase around 4-6 days. These different compartments has been 
reported to react differently to comparable penetrating injuries or injections of proin-
flammatory cytokines with a much more prominent and widespread inflammatory 
response in the spinal cord injury than in the brain288,289 but if there is a linked to dif-
ferent VEGF expression patterns as shown here is unknown. Comparision of the two 
different injury models used in the present thesis is not uncomplicated. One major 
difference is that while the VFL is a penetrating injury induced with a microscalpel 
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using very minor force the contusion injury is a blunt trauma, typically of non-pen-
etrating character, applied with some force. Thus, while the lesion of the penetrating 
spinal cord injury is followed by invasion of fibroblasts of meningeal origin, the con-
tusion injury is followed by cerebral tissue destruction, bleeding and inflammatory 
response but no or minor invasion of meningeal cells.

PAPER II: “Semaphorin and neuropilin expression in motoneurons 
after intraspinal motoneuron axotomy”

Expression of the VEGF co-receptor Np1 was observed after VFL and seemed to 
correlate with vessels in the scar264. This receptor has been shown not only to be 
a receptor for the VEGF165 isoform, enhancing its binding to VEGFR285, but also 
for members of the sema3 family of axon guidance molecules227. VEGF165 has also 
recently been shown to be neuroprotective/neurotrophic207, an effect reported to be 
mediated via Np1 and VEGFR2215,216. 
In addition to this an interplay between VEGF165 on one hand and Sema3A on the other 
has been shown. Bagnard and colleagues showed that Sema3A did act as a repellent 
molecule on neuroectodermal progenitor cells, induced apoptosis after long term ap-
plication and that both repulsion and apoptosis was mediated via Np1. VEGF165 could 
counteract this effect, antagonize Sema3A apoptosis and promote cell survival and 
proliferation, a function dependent on VEGFR1 and Np1238. Another study showed 
that VEGF165 did inhibit Sema3A induced Np1 mediated collaps of DRG neurites in 
vitro237 further illustrating the possible competition of VEGF165 and Sema3A for Np1 
binding sites. If there is also an interaction between VEGF and semaphorins in vivo is 
still unknown but definitely opens interesting perspectives on possible links between 
the vascular and neuronal systems both during development and after injury.

Figure 10: Picture showing expression of VEGF mRNA in a E16 
rat embryo detected with in situ hybridization. Observe strong 
signal in the heart and intestines but also in the spinal cord and 
parts of the brain.
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Considering the concurrent expression of VEGF and Np1 in the VFL scar24,264 it be-
came interesting to further caractherize the neuropilins and semaphorins in the same 
system. 
Expression of Sema3A, Sema3F, Sema4F and semaphorin receptors Np1 and Np2 
were therefore studied after VFL, axotomizing ventral root of motoneurons within 
the spinal cord. No changes in expression of Np1 was observed in motoneurons af-
ter ventral funiculus lesions, though as previously described Np1 was observed in 
blood vessels in the lesion area264. In contrast to Np1, a distinct increase in mRNA 
for Np2 was seen in motoneurons from 1 day after injury and throughout the exam-
ined period. Np2-like immunoreactivity could be obsereved in control motoneurons 
but to a lesser extent in motoneurons after VFL. Sema3A mRNA was upregulated in 
motoneurons after VFL and throughout the examined period and was also present 
in the scar area in the ventral horn. Sections incubated with Sema3A antibodies re-
vealed that motoneurons ipsilateral to the injury were immunoreactive and Sema3A 
could also be observed in elongated fibroblast-like cells in the lesion area and in the 
axotomized ventral root. Sema3F mRNA was detected in the ventral root of the ipsi-
lateral side to the VFL but also the dorsal roots and unaffected ventral roots, although 
not as prominent as on the injured side. No Sema3F expression could be found in 
axotomized motoneurons. Sema4F was only visible in motoneurons ipsilateral to the 
injury after three weeks. Sema4F is known to interact with dendritic synapse proteins 
and its suggested role in regulation of glutamatergic synapses290 possibly indicates an 
importance in the reduction of dendritic volume and myelination of dendrites found 
in this model291.

What influence on motoneuron injury response could be possible from the described 
semaphorin and neuropilin expression? Numerous previous studies shows that Sema-
phorins do preferably act as axon growth repellant molecules292 which has also been 
supported by findings of semaphorins in CNS scars known to be hostile to axon 
regeneration232-235. Though, in some cases, depending on the intrinsic state of the neu-
ron, semaphorins has actually also shown to be attractant293,294.

Downregulation of Sema3A in injured facial and spinal motoneurons together with 
an upregualtion of GAP43 has been shown to be followed by a return of these factors 
to baseline levels upon target re-innervation, suggesting downregaultion of Sema3A 
as being of importance for nerve regeneration232. Though, the picture is far from clear. 
In peripheral (sciatic) nerve injuries, known to be followed by a robust and successful 
regeneration, induction of Np1, Np2, Sema3A, Sema3F and VEGF could be shown 
distal to the injury, thus in an environment known to support regeneration, and were 
suggested not to be involved  primarily in growth inhibition  but in growth guid-
ance295. 
We show that ventral funiculus lesions to motoneurons causes an upregulation of 
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Sema3A mRNA and protein in lesioned neurons, which could thus be 
unfavourable for regeneration regarding  to previous studies232. 
Another possibility is that this Sema3A upregulation is a repulsive signal for incom-
ing dorsal root ganglion nerve fibres or axons from the dorsal horn, since Sema3A 
is known to repel regenerating adult sensory fibers296. Elimination of nerve terminals 
from the cell surface of spinal motoneurons after VFL has been reported23 and pos-
sibly, Sema3A is involved in this reponse. 
In order for Sema3A to exert effects on motoneurons, it must bind to a Np1/plexin 
receptor complex. No changes in Np1 levels were observed in motoneurons, possibly 
reflecting that Sema3A upregulation in motoneurons is related to interaction with 
other nerve cells, rather than to regenerative efforts of motoneurons themselves. 
Sema3A was observed in the scar in elongated cells corresponding to the invading 
leptomeningeal cells282. As mentioned, Sema3A has been found in scar tissue after 
various forms of CNS injuries and been suggested to contribute to the inhibitory na-
ture of the neural scar234,235,297. In our model, interference of Sema3A found in the scar 
with regenerating motoneuron axons is doubtful, however, since injured motoneurons 
did not appear to increase their expression of Np1. On the other hand, expression of 
Sema3A at the CNS/PNS border may have a role in preventing Np1 postitive ventral 
root afferents from entering the spinal cord298. 
While no Np1 was found in the motoneurons, it is abundantly expressed in the scar264 
making an inhibitory interaction with Sema3A from the motoneurons possible. The 
picture might be complicated by the fact that Np1 is also a co-receptor for VEGF165

85 
that has neurotrophic capacities207 and is known from in vitro experiments to compete 
with Sema3A for Np1 binding sites237,238. The findings thus indicate that VEGF could 
compete with Sema3A in the scar but more detailed studies are definitely needed to 
tell if such a competition could be of any relevance for successful regeneration after 
VFL. 
In contrast to Np1, Np2 mRNA was distinctly upregulated in motoneurons after cen-
tral lesion, suggesting a role for the ligand Sema3F in VFL. No Sema3F was found in 
lesioned motoneurons but a distinct upregulation was seen in the denervated ventral 
root. The Sema3F/Np2 system is involved in repulsive guidance mechanisms for a 
number of neuron types and fiber tract systems229, and interactions between axon out-
growth from injured Np2 positive motoneurons and the Sema3F positive denervated 
ventral roots are thus likely. In contrast to the upregulation of Np2 mRNA, Np2 pro-
tein expression seemed more fragmented after injury compared to controls, possibly 
reflecting increased turnover of Np2 after injury.

In summary, some novel findings on neuropilins and semaphorins in the centrally 
lesioned  motoneurons and the central scar are presented. Possibly, these findings are 
of specific importance for the regenerative response seen after this injury.

RESULTS AND DISCUSSION



      
54

PAPER III:  “Activation of HIF-1α but not HIF-2α in motoneurons after 
ventral funiculus axotomy – implication in neuronal survival strate-
gies” 

In 2001, a study from the laboratory of Peter Carmeliet did show that transgenic mice 
with a deleted hypoxia-response element in the promoter of the VEGF gene did not 
respond to hypoxia with elevated VEGF levels and had reduced baseline levels of 
VEGF, especially in CNS. Furthermore, the mice did develop progressiv motoneu-
ron degeneration not dependent on decreased vascularization but rather a combi-
nation of reduced vascular perfusion and reduced direct neuroprotction by VEGF. 
Thus, dysfunctional regulation of VEGF in response to hypoxia in neurons, probably 
regulated by HIF, did result in neurodegeneration216. With this fascinating study as 
a background the question arouse: if neurons are dependent on proper HIF/VEGF 
regulation to survive, how does injured neurons, trying to survive, react with regard 
to regulation of the HIF/VEGF system? 

In an attempt to elucidate this question investigations on the regulation of HIF1α, 
HIF2α and the target gene VEGF were undertaken after intraspinal ventral funiculus 
lesions to motoneuron axons. The results did show an upregulation of HIF1α, but not 
HIF2α, mRNA and protein in motoneurons ipsilateral to the injury and in addition 
increased expression of VEGF mRNA and protein in injured motoneurons. Of the 
investigated time points, maximum HIF1α expression in motoneurons seemed to be 
at 7 days after axotomy while at 21 days after injury the surviving motoneurons did 
express HIF1a to a much lesser extent. HIF2α did show no comparable pattern of 
expression and seemed to be expressed majorly in vessels at all times after injury. 
It is of importance to keep in mind that in the injury model applied to the motoneu-
rons in this study the majority of the neurons survive during the first week whereafter 
a gradual death of motoneurons follows resulting in a 50-70% survival rate of the 
original motoneuron pool at 21 days after injury and the numbers being even lower 
at later time points 23,34. Thus, the population of motoneurons seen at 21 days after 
injury could probably not easily be compared with the motoneuron population early 
after injury. This might be of special interest since the levels of HIF1α as measured 
by mRNA expression is maximal at seven days after injury, raising the question if the 
noted HIF1α is a hallmark of the motoneurons that will survive or the motoneurons 
that will eventually die.
The HIF1α expression, in particular the mRNA expression, seemed to be more or 
less exclusive to motoneurons at the lesioned side. It is of importance to keep in 
mind that the major, direct hypoxic influence on the HIF1α expression is a question 
of stabilization at protein level245, hypoxia perhaps being less important as a regula-
tor of HIF1α mRNA seen in the injured motoneurons and especially so at later time 
points when the acute local hypoxic environment probably being a consequence of 
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the direct trauma has likely diminished. 
To elucidate this further, sections from animals subjected to sciatic nerve injury,  
where the hypoxic influence on the motoneurons from the injury is probably mini-
mal, were investigated. Interestingly, this injury did also result in elevated HIF1α 
in motoneurons, indicating that other factors than hypoxia most likely can result in 
elevated HIF1α mRNA levels in our model system. It should be noted that not only 
is the difference between the ventral funiculus lesion and the sciatic nerve transection 
a matter of a central contra a peripheral injury but also that the peripheral injury will 
affect afferent nerves ending at the motoneurons or interneurons in the ventral parts 
of the spinal cord, tough the effect on the motoneurons and eventual influence on 
HIF1α expression being unknown at present. 
After a peripheral nerve injury, death of motoneurons in the ventral horn will be 
minimall19. The induction of HIF1α in these neurons is thus probably not involved 
primarily in cell death but in injury response and adaptation, indicating a favourable 
role for HIF1α also in the ventral funiculus lesion.

As mentioned in the introduction the growth factor/non-hypoxic stimulated increase 
in HIF1a expression seems to be mainly a cell type specific phenomenon245. It could 
clearly be shown that HIF1α expression after ventral funiculus lesions were specific 

Figure 11: Pictures showing expression of HIF1α 
in spinal cord detected with in situ hybridization. 
In A is shown a spinal cord subjected to ventral 
root avulsion and reimplantation. Arrow indicates 
HIF1α expressing cells in the ventral horn. 
In B is shown higher magnification of single 
motoneurons at the ipsilateral side of the injury 
where intense HIF1α marking can be seen 
compared with motoneurons from the contralat-
eral side of the injury as shown in C with less in-
tense HIF1α expression. 
Scale bars 0,5mm (A) and 50μm (B-C)
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for single cells of motoneuron size in the ventral horn and not unspecifically induced 
in the whole area while the HIF1α protein expression in the scar was more unspe-
cifically expressed early after injury but abolished at later time points. Again, this 
does indicate the HIF1α expression in motoneurons to be a specific reaction and not 
merely a reaction to hypoxia in the ventral horn.
As a master switch of glucose metabolism, HIF1α is important in the regulation 
of glycolysis in response to cellular stress such as hypoxia and hypoglycemia. This 
in turn is important in the cellular response to oxidative stress by reactive oxygen 
species (ROS a.k.a free radicals). Glycolysis induced by HIF1α will result in in-
creased production of nicotinamide adenine dinucleotide phosphate (NADPH) and 
nicotineamide adenine dinucleotide (NADH) that serves as cofactors for antioxidants 
and for maintaining high levels of such factors e.g. reduced glutathione (GSH), one  
major antioxidant. It has for example been shown that cells that were resistant to the 
amyloid beta (Aβ) peptide of Alzheimers disease had an increased glucose metabo-
lism regulated by HIF1α and that this mechanism was neuroprotective by reducing 
ROS299. 
Motoneurons are large cells with high metabolic demands, vulnerable to oxidative 
stress. A matter of fact is that some of the most widely studied models of amyotrophic 
lateral sclerosis (ALS) are the forms with mutations in the endogenous antioxidants 
superoxide dismutases (SOD1), mutations that make up a minor part of the inherited 
forms of human ALS300. The potential role of HIF1α as a regulator of antioxidative 
effects after motoneuron injuries as shown in this study might thus be of interest. 

This study did show expression of both HIF1α and its target gene VEGF in injured 
motoneurons. When treating cultured spinal cord motoneurons with VEGF an in-
creased survival could be shown. If this indicates that an autocrine/paracrine role of 
VEGF exist between motoneurons within the injured motorpool can not be answered 
at present, but could serve an attractive explanatory model. 
In the developing CNS, autocrine and paracrine functions of neuronal VEGF has 
been attributed an important role in the maintenance of both neurons and endothelial 
cells, which has also been supported by in vitro studies217. VEGF receptor expres-
sion on motoneurons were not studied in the present work but others have shown 
both VEGFR2 and Np1 on motoneurons and linked them to increased motoneuron 
survival216. To investigate if an autocrine/paracirne VEGF loop could be possible 
after ventral funiculus lesions, studies on receptor expression and activation will be 
needed. 
As discussed earlier, avulsion of reimplanted ventral roots has been shown to be fol-
lowed by successful regeneration36,40 comparision with the ventral funiculus lesion 
and regeneration therein being a foundation for the initial attempts to try reimplanta-
tion strategies. The findings of HIF1α in motoneurons after intraspinal axotomy has 
thus naturally led to an interest of investigating HIF1α also after avulsion/reimplan-
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tation. Preliminary findings indicates that similar to what can be seen after intraspinal 
axotomy did the avulsion and reimplantation of ventral roots results in increased 
expression of HIF1α in motoneurons ipsilateral to the injury (see figure 11) though 
the temporal pattern of this expression still has to be defined.

PAPER IV: ”VEGF and VEGF receptor expression after experimental 
brain contusion in rat”.

The work on mapping the expression of VEGF and the VEGF receptors in CNS 
injuries was expanded from spinal cord and motoneuron injuries solely264,301 to also 
include traumatic brain injuries(TBI). 
VEGF in TBI has multiple potential functions. Firstly, the brain injuries of contusion 
type are followed by edema, both in the model used by us and in the clinical situa-
tion47,49. VEGF as a vasopermeability increasing factor is therefore highly interesting 
after contusion injuries. Secondly, the injury model used is known to be followed by 
an inflammatory response of probable importance for injury development49,50,62 
making VEGF as a proinflammatory factor of interest after TBI179,204. Thirdly, VEGF 
as a potentially interesting neuroprotective/neurotrophic factor302,303 makes it interest-
ing to map its eventual spatial/temporal/cellular localization in TBI. 

TBI in the rat led to expression of VEGF and the VEGF receptors 1 and 2. Expression 
of VEGF was limited to the lesion area or to tissue just around the lesion and most 
prominent around 4 to 6 days after the injury, which matches findings from other 
injury models190. Expression of the VEGF receptors was limited to lesion border and 
expressed from 1 to 6 days after injury. Double immunolabelling demonstrated ex-
pression of VEGF in granulocytes, macrophages/microglia and astrocytes and both 
VEGF and the VEGF receptors 1 and 2 were found in vessel-like structures in and 
around the lesion area. As seen in previous studies264 vessels  immunopositive for 
VEGF or the VEGF receptors were often negativ for a marker of vessels in areas with 
intact BBB. 

What could be the role for VEGF and the VEGF receptors after an injury of this type? 
Considering the very potent angiogenic capacity of the VEGF/VEGFR system 127,304 
angiogenesis as a consequense of the found VEGF and VEGF receptor upregulation 
is very likely. VEGF and VEGF receptors were found at times before angiogenesis 
has been observed in other models of CNS injury191,305 indicating that VEGF does 
affect  injured vessels or intact vessels close to the injury but  possibly also other 
cells from early after injury. Immunostaining with markers for vessels in areas with 
BBB306 and VEGF or VEGFR did show partial spatial mismatch indicating expres-
sion of VEGFR or binding of VEGF as a modulator of vessel permeability or matura-
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tion of vessels around the injury already early after injury.
The delayed peak of VEGF expression is of course interesting considering that TBI 
can be followed by a biphasic edema formation78, though no direct influence of 
VEGF on edema was demonstrated. In this context, it is of interest to note that one 
main regulator of VEGF expression is hypoxia91. It is likely that the perilesional area 
of a contusion is partly hypoxic which might thus trigger the VEGF expression seen. 
Hypoxia induced brain-edema has been shown to be reversed after VEGF antibody 
administration184 and similar  strategies would probably be of interest in TBI. 
The delayed maximum VEGF expression is also of interest in the context of the 
known delayed inflammatory response seen in TBI69. Intracerebral injections of 
VEGF has been shown to be followed by increased inflammatory response with in-
vasion of monocytes/macrophages and leukocytes and expression of adhesion mol-
ecules such as ICAM179,204 and to facilitate transendothelial migration of monocytes198 
which makes the induction of VEGF after TBI an interesting possible target in modu-
lating posttraumatic inflammation. It is also known that IL-1β and IL-6 can lead to 
upregulation of VEGF97. Since these facotors are known to be expressed by inflam-
matory cells late after injury and probably being involved in secondary injuries and 
vasogenic edema69 it would be interesting to further study if there is a link between 
VEGF and these factors in TBI.  
Normal adult CNS does not express the VEGF receptors126. Our findings of VEGFR1 
and 2 are novel in cerebral contusion injuries. Ischemic CNS injuries are known to 
be followed by VEGF and VEGFR expression137,170,159,169 that correlates with BBB-
leakage early after ischemia central in the ischemic area307. VEGF given early after 
stroke does increase vascular leakage182 and VEGF antagonism early after ischemia 
does spare cortical tissue183 while VEGF given late after stroke enhance angiogenesis 
and neurological recovery182. In this work we found early and late VEGF and VEGFR 
expression indicating probable roles in permeability changes as well as in early 

Figure 12: Immunofluorescence photomicrograph 
image of tissue adjacent to the central lesion at 4 
days after a cerebral contusion injury. The section 
has been incubated with antibodies against SMI-
71(a BBB marker, seen in green) and the phospho-
rylated /active form of VEGFR2 (pVEGFR2, seen 
in red). Note that areas with intense pVEGFR2 
staining are almost devoid of vessels marked with 
SMI-71 and vice versa. Scale bar 50μm
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angiogenesis after contusion injuries. 
VEGF is a neuroprotective/neurotrophic factor. Widenfalk et al did recently show 
improved functional outcome and decreased secondary degeneration when 
administrating VEGF165 to the injured spinal cord195 and various studies has now 
shown neurotrophic and neuroprotective capacity of VEGF on CNS neurons both in 
vitro211-217,301 and in vivo188,221 the most likely pathway of these effects probably be-
ing mediated  via VEGFR2212,217. In the present work, VEGFR2 expression seemed  
limited to vessels in the vicinity of the lesion (see figure 12)  making a direct effect 
of VEGF via VEGFR2 on neurons less likely, though the eventual expression on 
neurons was not examined in detail. 

PAPER V: “Inhibition of VEGF receptor 2 activity in TBI results in 
elevated S100β and NSE serum levels.”

In paper number IV, the spatial and temporal expression of VEGF and the VEGF 
receptors after traumatic brain injuries of contusion type was mapped. Previous find-
ings in this kind of model as well as in the clinic of traumatic brain injuries has shown 
development of a biphasic edema and a delayed inflammatory response, probably of 
importance for development of secondary injuries49,58. 
The overall impression from paper IV was that VEGF expression around a contu-
sion injury is a delayed phenomenon, the cellular source being mainly astrocytes and 
inflammatory cells in the vicinity of the injury as measured by in situ hybridization 
and immunohistochemistry. Thus, the delayed edema and inflammation previously 
demonstrated in the model does coincide temporally with the maximum VEGF 
expression in the same model. It is highly likely that VEGF, as a primary angiogenic 
factor, is involved in posttraumatic angiogenesis in our model, which is also strongly 
indicated by the upregulation of VEGFR at the border of the injury. Besides this, it 
is of course intriguing to speculate that VEGF, due to its proinflammatory and vessel 
permeability increasing capacity, is also involved in secondary events such as edema 
and inflammation. 
To test this hypothesis experiments where the VEGF effect was blocked with the 
help of the specific VEGFR2 inhibitor SU5416254,308,309 were performed. To evaluate 
edema and blood-brain barrier disruption we did use detection of endogenous IgG 
but also of S100β in peripheral blood, the latter a CNS injury marker310,311,312 that has 
also recently been attributed a role as a reliable peripheral marker of BBB disrup-
tion313-315.

Since the peak of VEGF was delayed in study IV we did focus on the time when 
maximum VEGF expression was found rather than the very early time points when 
the maximal edema development can be found in the model, the hypothesis being that 
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VEGF is involved in vasogenic edema, and possibly iflammation, preferably seen 
later after TBI. 
We found no marked differences in IgG extravasation between injured animals sub-
jected to VEGFR2 inhibition and control, speaking against a dramatic impact on 
vessel permeability by VEGFR2 inhibition. Neither did we find any marked differ-
ences in S100β in serum around 4 to 6 days after injury as would have been expected 
if S100β does reflect BBB disruption and VEGFR2 inhibition would affect vessel 
permeability. 
Surprisingly though, we found a marked early increase in S100β in animals sub-
jected to VEGFR2 inhibition compared with control, findings that were confirmed in 
second samples from the same animals. At later time points no differences between 
the groups could be observed. In addition to this it was noted, though not quantified, 
that the lesion areas were seemigly larger on gross examination in treated animals 
compared with controls. In summary, these initial findings possibly indicated not a 
beneficial but rather a detrimental role of VEGF inhibition in TBI. To further evaluate 
this we added a set of investigations. 
Firstly, NSE, a marker of CNS injury more specific for neurons than glia310,311,316,317, 
was measured in serum and an initial high peak of serum NSE after VEGFR2 inhibi-
tion and TBI was found, possibly reflecting increased neuronal death after VEGFR2 
inhibition. Previous studies has shown biphasic peaks of NSE in CSF after TBI318 
presumably representing 2 waves of neuronal death. An initial peak of NSE could 
be found in the present study but also delayed elevated levels of NSE. This delayed 
NSE elevation and the reported relatively slow release and long half-life of NSE in 
serum319 could make the interpretation of serum NSE findings complicated, not least 
if analyzed over longer periods. It has also been shown that NSE could reflect post-
traumatic inflammatory processes320 and delayed inflammatory response in our model 
might thus be an explanation of the late elevation of NSE found in this study.  
No obvious differences between SU5416 treated and control animals could be shown 
with regard to the presence of granulocytes, macrophages/microglia or ICAM-1 as 
judged by immunohistochemical stainings indicating that VEGFR2 is not directly 
involved in the inflammatory response seen after TBI. 
In addition to the serum measurements of injury markers, in situ hybridizations with  
radiolabelled probes for GFAP, MAP2 and MAG were performed. Expression of 
GFAP early after injury was increased after VEGFR2 inhibition compared to controls 
as measured by area GFAP over a threshold value. Since S100β is a protein mainly 
associated with astrocytes in the CNS321 and since S100β is involved in the dynamics 
of intermediate filaments, such as GFAP322, it may not be excluded that the increase 
in S100β and GFAP as shown here are related, possibly reflecting increased reactiv-
ity, and possibly death, of astrocytes after TBI and VEGFR2 inhibition. VEGFR1 
has been demonstrated on astrocytes180,323 and neutralization of VEGF to increase 
astroglial degeneration and to inhibit CNS tissue repair324. If similar roles could be 
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of importance for VEGFR2 is unknown. VEGFR2 is expressed on vessels after TBI 
as shown in study IV and the GFAP reaction might be indirectly linked to vascular 
events rather than glial. The fact that astrocytes are one very important component of 
the establishment  of BBB325 could therefore be of interest. The GFAP reaction could 
perhaps be a reaction of the astrocytes around the lesion to an unfavourable situation 
for vessels after VEGFR2 inhibition and a reaction ment to stabilize the microenvi-
ronment around vessels unable to react properly to changes in posttraumatic VEGF 
levels.
As mentioned, S100β has been suggested a reliable BBB integrity marker313-315. If the 
early S100β increase seen after VEGFR2 inhibition reflects BBB permeability, this 
would indicate VEGFR2 expression after injury as important for vessel stability and 
survival rather than for primarily being involved in  permeability as reported 179,323, 

182. 
Measuring permeability changes with detection of endogenous IgG revealed no 
marked differences between treated and control animals. The use of IgG as a perme-
ability marker is not uncomplicated since deposition of extravsated IgG might mask 
changes in permeability at later time points. In summary, the inhibition of VEGFR2 
after TBI and its possible influence on BBB changes deserves more detailed studies.

Measuring MAP2 after TBI and VEGFR2 inhibition showed enlarged areas devoid 
of MAP2, indicating enlarged injuries. Previous studies in CNS ischemia has shown  
beneficial effects of VEGF blocking by reducing edema and posttraumatic inflam-
mation 183,181,184 but also that local VEGF application can reduce infarction volume187 
or lesion size196,195. VEGF has recently been found to increase neuronal expression 
of microtubular components such as MAP2211 and the decrease as seen here might 
strengthen such a link. The findings of enlarged MAP2 free areas, elevated NSE and 
S100β after VEGFR2 inhibition indicates VEGF as beneficial for injury outcome. 

There was also a tendency towards increase of TUNEL and FJB positive cells  af-
ter VEGFR2 inhibiton, further supporting a cytoprotective role of VEGF/VEGFR2. 
VEGFR2 expression on neurons was not studied in detail. Since other groups report 
VEGFR2 as one key component in the VEGF mediated neuroprotection/neurotro-
phism207,211,216,217,215,219 it would be of interest to further study if the enlarged areas de-
void of MAP2, increased NSE levels and FJB and TUNEL stainings could be directly 
linked to VEGF mediated effects on neurons via VEGFR2. 

Is it possible that survival of endothelial cells in the hypoxic ”penumbra” surrounding 
the injury is dependent on VEGF? And could this explain the enlarged injury after 
VEGFR2 inhibition? 16 days after injury there seemed to be differences in vessel 
density between SU5416 treated and control animals, but at earlier times, no such dif-
ferences were seen. If comparing the present kind of traumatic injury with angiogen-
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esis in other CNS injuries, it seems unlikely that inhibition of angiogenesis, known to 
be detectable at later stages191,305 could  have an influence on neuronal survival early 
after injury. Perhaps adult CNS vessels could be affected by VEGFR2 inhibition in 
this setting which would possibly explain the enlarged lesion areas acutely after in-
jury. VEGF is of importance for endothelial cell proliferation and survival326 and 
beneficial effects of VEGF administration to the ischemic brain196 or injured spinal 
cord195  has pointed towards protection and survival of endothelial cells as being of 
importance. Neurodegeneration as a consequence of reduced vascular perfusion due 
to reduced VEGF levels, has also been demonstrated in the presence of a normal vas-
cular pattern216. In study IV VEGFR2 in vessel-like structures adjacent to the lesion 
could be detected  from early after injury. Taken togheter, this could indicate  that 
VEGFR2 inhibition probably does affect vessels around the injury already at an early 
point after TBI, which in turn probably has an influence on survival of tissue in the 
same area.
It should be noted that to maximize the VEGFR2 inhibitory effect the receptor was 
blocked from before TBI was induced and during the whole examined period. To 
further  explain the role of VEGFR2 after TBI blocking should also be performed at 
different times after TBI is induced.
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GENERAL DISCUSSION AND FUTURE DIRECTIONS

Recent years have uncovered new and exciting findings on a variety of differ-
ent functions of VEGF in the nervous system and there can be no doubt that 
VEGF is an important factor in both CNS health and disease.
This thesis has added some novel observations to the immense field of VEGF 
and factors related to VEGF in CNS with special focus on traumatic CNS 
injuries. 
The question on whether VEGF is beneficial or detrimental in CNS injuries is 
central to this thesis. At present there is no simple answer to this question and a 
matter of fact is that there is good evidence for both. The results from the TBI 
model in paper IV and V are examples of this. From the field of stroke research 
both favourable and unfavourable aspect of VEGF upregulation are known 
and has been shown to revolve around enhanced edema and inflammation 
on one hand and angiogenesis and neuroprotection on the other, as discussed 
in detail earlier. In TBI, a distinct VEGF upregulation can be demonstrated 
in and around the injury with a late maximum at the time when secondary 
vasogenic edema and inflammation is present. It can thus, on a fairly solid 
ground, be hypothesized that VEGF is involved in these events. To maximize 
pharmacological effect, VEGF receptor inhibitor was given before injury was 
applied and during the whole posttraumatic phase rather than only at the time 
when vasogenic edema is present. This experiment revealed unexpected find-
ings of enlarged lesion areas and increased serum levels of CNS injury mark-
ers pointing towards a beneficial function of VEGF for post-traumatic injury 
repair, possibly due to direct neuroprotection or due to vessel protection. The 
exact mechanism behind this is still enigmatic. Anti-angiogenesis at the very 
early time point is less likley to be an explanation behind the enlarged 
lesions. A vessel-protective role for VEGF and the receptors on already exist-
ing and possibly injured vessels around the central injury can not be excluded 
and maintained perfusion in already existing vessels is another possible im-
portant role for posttrauamtic VEGF expression. The findings of VEGF recep-
tor expression on vessel profiles from already early after injury support these 
possible explanations. The very strong early GFAP reaction could possibly 
add to this as an indicator of dysfunctional reestablishment of BBB.
Naturally, as being a neurotrophic and neuroprotective factor, VEGF as a sup-
portive factor for neuron survival after TBI must be taken into consideration. 
Findings in paper III of increased motoneuron survival upon VEGF treatment 
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as well as various other reports indicates this as a possible explanation behind 
increased injury after VEGFR2 inhibition. The receptor expression in normal, 
untreated TBI is most likely central for outcome, as discussed. The most obvi-
ous VEGFR2 expression was found on vessel profiles after TBI and a detailed 
investigation of possible posttraumatic VEGFR2 expression on neurons was 
not performed. Future investigations are therefore needed to elucidate if neu-
rons do also express VEGFR2 after TBI and how this can influence injury 
outcome. 
What have we learnt that can add to our understanding of spinal cord injuries 
in general and the VFL model in particular? It is clear that VEGF and the 
VEGF receptors are upregulated in the spinal scar and that this induction is 
most likely involved in angiogenesis. VEGF induced inflammatory response 
and vice versa, VEGF induced posttrauamtic BBB leakage and deposition of 
ECM, where VEGF can be bound, are all likely to occure and do all probably 
contribute to the establishment of the specific scar tissue. Concurrent expres-
sion of VEGF and the axon guidance molecules semaphorins and, at least 
hypotetically, the possibility of these ligands to compete for the same receptor 
and thereby facilitate or inhibit axon regeneration deserves further attention 
The first experiment demonstrating an interaction between these two systems 
in vivo has yet to be done. 
The motoneuron-specific HIF1α induction opens interesting perspectives on 
neuron injury response and survival. Even though concurrent VEGF upregu-
lation could be demonstrated and VEGF did increase motoneuron survival 
in vitro, thereby indicating an autocrine/paracrine loop, HIF1α as a master 
switch in activation of various genes involved in cell adaptation and survival, 
for example by reducing reactive oxygene species, should be investigated fur-
ther. The role of VEGF/VEGFR in this system is of interest. Does injured mo-
toneurons express the VEGF receptors? Does inhibition of the VEGF/VEGFR 
pathways lead to increased motoneuron death? Does increased levels of VEGF 
in or close to the motoneurons in vivo improve their survival and regenerative 
capacity? The seemingly cell-specific expression of HIF1α in a cell known 
for its regenerative capacity awokes questions on HIF1α as a possible gen-
eral indicator of regenerative response making comparison with the regulation 
of other molecules involved in axonal regeneration, such as GAP43, needed. 
Conditional, tissue or cell specific, knock-out or knock-in models could also 
be excellent tools to scrutinize the function of the HIF system in CNS.
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CONCLUSIONS

Penetrating injuries to the spinal cord were shown to result in VEGF, VEGFR1, 
VEGFR2 and Np1 expression. The VEGF-B, C or D forms could not be shown after 
such injuries.

The main cellular source for VEGF were astrocytes, inflammatory cells but probably 
also cells of meningeal origin. VEGF receptors were mainly expressed on vessel like 
structures in or around the scar.

A mismatch between VEGF receptor expression and a marker for BBB was found in 
the lesion area.

Intraspinal injections of prostaglandins results in increased VEGF expression.

Cell cultures consisting of fibroblasts and astrocytes did increase their expression of 
VEGF when treated with prostaglandins.

Ventral funiculus lesions leads to upregulation of Sema3A in injured motoneurons 
and the scar, of Np1 upregulation in the scar, of Np2 upregulation in the injured 
motoneurons, of Sema3F expression in the ventral root ipsilateral to the injury and to  
a late upregulation of Sema4F in injured motoneurons.

Ventral funiculus lesions to motoneurons leads to motoneuron specific upregulation 
of HIF1α , but not HIF2α, with a maximum expression after one week.

Intraspinal lesions to motoneurons leads to upregulation of VEGF in motoneurons.

Increased survival of motoneurons can be seen after treatment with VEGF.

TBI result in elevated levels of VEGF in and around the lesion with a maximum 
expression after 4-6 days the main cellular source being astrocytes, granulocytes and 
macrophages. 

Traumatic brain injuries results in elevated levels of VEGFR1 and VEGFR2 in ves-
sels around the lesion from 1 to 6 days after injury.

Inhibition of VEGFR2 in TBI leads to early increase in the CNS injury markers 
S100β and NSE, results in increased astrocyte reactivity and increased areas devoid 
of MAP2.
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