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Chapter 1

General introduction 

1.1. Traumatic spinal cord injury

Traumatic impact to the spinal cord, which is commonly caused by falls, accidents or acts 
of violence, leads to the immediate destruction of spinal tissue. Spinal cord injury (SCI) 
patients not only experience the devastating consequences of immobility and sensory 
loss, approximately 50% of the SCI-patients develops central neuropathic pain (CNP), 
persistently occurring in remitting and relapsing episodes (Finnerup et al. 2001; Siddall 
et al. 2003; Cardenas et al. 2004). CPN severely impairs the quality of life of SCI-patients 
and can become so debilitating that depression and even suicide occurs (Cairns 1996; 
Felix 2007). SCI-patients that suffer from CNP experience spontaneous pain, which in-
cludes pain that is independent of a peripheral stimulus as well as evoked pain, where 
the perception of pain is induced by a peripheral stimulus. Evoked pain or hypersensitiv-
ity in CNP patients, which includes a condition known as “hyperalgesia”, where a painful 
stimulus is experienced as more painful, and “allodynia”, where a normally non-noxious 
stimulus is experienced as painful. CNP patients are reported to experience pain at 3 dif-
ferent levels relative to the site of injury, known as at-level pain, below-level pain and 
above-level pain (Siddall et al. 2003; Siddall & McClelland 1999; Siddall et al. 1999). CNP 
significantly impairs daily life and is, as peripheral neuropathic pain conditions, mostly 
resistant to currently used analgesics.

Approximately 12,000, 1,500, 15,200, 5,500 and 1,250 new cases of SCI are report-
ed each year in the USA, Canada, Western Europe, Japan and Australia and New Zealand 
respectively (www.proneuron.com). Since SCI mostly affects young adult people, life-long 
treatment and medical care is needed for these patients causing a high social-economic 
burden in addition to the emotional and financial discomfort for affected individuals. 

Up to date, there exists still no effective treatment for SCI, which makes this con-
dition one of the most challenging research topics. The only recognized treatment of 
SCI patients involves stabilization of the spine and rehabilitation therapy. In some coun-
tries, the corticosteroid methylprednisolone is used in early treatment of SCI, but up to 
this day it remains controversial whether treatment with methylprednisolone improves 
long term functional outcome after SCI. Moreover, methylprednisolone treatment has 
been associated with adverse side effects. In view of SCI management it is therefore of 
vital importance to explore novel therapeutic approaches which render improved SCI 
outcome without adverse side effects. In order to gain insights into interesting thera-
peutic targets or medicinal agents, more insights into the pathophysiological processes 
following traumatic impact to the spinal cord are needed. This input mostly comes from 
studies using animal models.
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1.2. Animal models of spinal cord injuries

SCI in humans can be categorized by the characteristics of the lesion, such as open and 
closed injuries or injuries with or without bony lesions. According to these criteria, SCI can 
be classified into 4 types including contusion/cyst, cord, maceration/massive compression, 
cord laceration, and solid cord injury (Bunge et al. 1993; Bunge et al. 1997; Silver & Miller 
2004). Contusion injury is the most frequently reported type of SCI in humans. This clinical 
situation can be mimicked and studied in animal models, where the injury, as in humans, 
is characterized by a closed injury (intact meninges) with cyst formation and a rim of spared 
white matter that results in motor deficits and pain behaviour. Contusion injury can be in-
flicted several ways, including weight drop and is most frequently studied in rats and mice.

Different methods of behavioural testing have been developed to study mo-
tor performance and pain behaviour after SCI. Motor performance is often assessed by 
using the Basso Beattie and Bresnahan (BBB) locomotor scale, in which the animals are 
observed in an open field and scored for their motor performance on a 21-point scale. 
Within this scale, animals that score 21 points have excellent and coordinated motor per-
formance, whereas animals which score 0 exhibit complete paralysis. Information about 
gross and subtle aspects of gait can be obtained by use of the Catwalk method (Fig. 1). 
In this behavioural test, rodents are trained to cross a glass runway which is internally il-
luminated by a luminescent tube. As soon as the glass plate is touched, the paw prints 
of the animals are highlighted. The light source is captured within the glass runway, but 
as soon as the glass plate is touched by the paws of the animals, these areas light up. As 
such the paw prints are visualized during gait. The illumination is captured with a camera, 

Fig. 1. CatwalkTM gait analysis system provided by Noldus Information Technology BV: Catwalk method can be 

used to provide gross and detailed information about gait in rodents. (a) Overview of the Catwalk gait analysis system. (b) 

Above picture demonstrates the computer software walking pattern of the animal, including analysis of gait. Below picture 

demonstrates camera view of a rat crossing the glass plate. (c) Side view of the Catwalk gait analysis system, note the glass 

plate (yellow arrow) which is illuminated by a luminescence tube.
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positioned underneath the glass runway and provides a detailed picture of the footprints 
during the run. As such, the walking pattern that is created, can give detailed information 
about motor performance.

Since many patients develop chronic pain conditions after SCI, much attention has 
been paid to the assessment of pain behaviour in animals. Pain behaviour in rodents is typ-
ically studied by evoking paw withdrawal responses to thermal and mechanical stimuli to 
study hypersensitivity to mechanical stimuli, or to thermal stimuli. Especially mechanical 
hypersensitivity (allodynia) is a severe problem in patients with chronic neuropathic pain, 
since even slight touch of the skin such as occurs when putting on clothes is experienced 
as painful in these patients. Mechanical hypersensitivity can be determined by the use of 
von Frey hairs (Von Frey test). These hairs are placed perpendicular onto the plantar sur-
face of the animals paw. Subsequently the filaments are slightly bent to elicit a fixed force, 
depending on the strength and diameter of the filament. Typically a positive withdrawal 
response is characterized by a brisk withdrawal of the paw, postural changes, licking of the 
paw and sometimes vocalisations. The withdrawal threshold can be determined as the 
force that is needed to elicit a withdrawal of the paw of an animal. Animals that suffer from 
mechanical hypersensitivity show reduced withdrawal thresholds to mechanical stimuli. 
Meanwhile automated von Frey tests are introduced (Fig. 2a), where a gradually increasing 
force is applied to the animals paw until withdrawal occurs, providing the paw withdrawal 
threshold. Thermal hypersensitivity can be studied by the application of a heat source with 
defined intensity to the paw (Fig. 2b). This behavioural test described by Hargreaves and 
co-workers, determines withdrawal latencies to this thermal stimulus. Animals that are 
hypersensitive withdraw their paw after a shortened delay and accordingly, withdrawal 
latencies are lower when compared to normal animals. 

Fig. 2. Behavioural test to assess hypersensitivity in rodents provided by Ugo Basil: (a) Automated von Frey to as-

sess mechanical hypersensitivity. The filament on top of the measuring unit (yellow arrow) is placed perpendicular on the 

plantar surface of the rats paw. Increasing force is applied until withdrawal occurs. (b) Behavioural system to assess thermal 

hypersensitivity described by Hargreaves and co-workers. The measuring unit is placed underneath the animal (yellow ar-

row) from which an infrared light source is projected onto the plantar surface of the paw until withdrawal occurs.
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In the studies described in this thesis, moderate contusion injury of the rat spi-
nal cord was inflicted by weight drop via the NYU impactor of a 10 grams weight from 
12.5 mm height, causing an injury that was characterized by cyst formation, complete 
grey matter loss, few spared white matter, and intact dura mater. With this type of contu-
sion injury, animals develop motor deficits that can be scored with the BBB test demon-
strating a typically behavioural pattern that exist of almost complete paralysis in the first 
few days after SCI (BBB score 0-3), followed by a gradual recovery to weight supported 
stepping (BBB score 11/12) and sometimes coordinated stepping (BBB > 11). Kloos and 
co-workers demonstrated that contusion injury of this intensity leads in approximately 
40% of the animals to mechanical hypersensitivity. Additionally gradual increase of injury 
led to an augmented percentage of animals developing pain after SCI (Kloos et al. 2005). 

1.3. Pathopysiology after traumatic spinal cord injury

The immediate tissue damage due to the physical impact on the spinal cord consists of 
necrosis of local cells (neurons and glia), injured neurites (axons and dendrites) and dam-
age to blood vessels. As a consequence of cell death and hemorrhage, a wide variety of 
molecules are released into the spinal cord parenchyma, including adenosine triphos-
phate (ATP), the neurotransmitter glutamate, heat shock proteins (HSP) and fibrinogen 
from the blood (Schachtrup 2010), many of which trigger an inflammatory reaction re-
sulting in secondary injury. Oxidative stress, excitotoxicity and cell death resulting from 
excessive levels of glutamate following impaired blood circulation, lead to the production 
of reactive oxygen species, lipid peroxidation, disturbances in intracellular Ca2+ homeosta-
sis, damage to cell membranes, imbalance of electrolytes, formation of edema, produc-
tion of prostaglandins and vasoactive substances and induction of apoptosis, processes 
which all potentiate the inflammatory reaction that follows SCI.

1.3.1. Activation of the immune system 

SCI triggers the activation of the innate as well as the adaptive immune system. Innate im-
mune cells present in the CNS (microglia or astrocytes) or derived from the blood (mono-
cytes/macrophages and polymorphnuclear leukocytes such as neutrophils) respond very 
fast to the injury, yet their response is unspecific since the molecules, (reactive oxygen 
species like superoxides) released by these cells have general, but not specific toxic ef-
fects and cause collateral damage to surrounding tissue. At later time points this a-specific 
response is followed by the specific response of the adaptive immune system, which in-
cludes activation of lymphocytes and antibody production against e.g. myelin molecules.

Microglia which are classically known as the immune competent cells of the CNS, respond 
very quickly to the initial injury by changing their morphological phenotype. In normal, 
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physiological conditions, microglia are characterized by a ramified morphology with nu-
merous long and slender processes that are used to survey the environment (Nimmer-
jahn et al. 2005; Davalos et al. 2008; Davalos et al. 2005). When activated, microglia adopt 
a morphological phenotype in which their processes are retracted, become amoeboid, 
hypertrophic, and cells become phagocytic. Moreover, microglial activation is character-
ized by proliferation. Upon activation, microglia produce a wide variety of inflammatory 
mediators which makes them essential payers in the inflammatory reaction after SCI. Mi-
croglia activation peaks at approximately 12 h after SCI in rats and remains present up to 
weeks after injury (Popovich & Hickey 2001; Donnelly & Popovich 2008).

Astrocytes which are star-shaped glia cells found in the CNS, and under normal physiologi-
cal conditions known for their supportive function. They provide structural and metabolic 
support to neurons, regulate neurotransmitter uptake and release, ion concentrations in 
the extracellular space, and are involved in the modulation of synapses and the vascular 
system. After a pathological event, astrocytes change their morphological phenotype 
and protein expression pattern characterized by increased expression of the intermedi-
ate filament GFAP and hypertrophied cell bodies. Upon activation, astrocytes produce 
inflammatory mediators and extracellular matrix molecules that are inhibitory to re-grow-
ing axons and form scar tissue. Increased GFAP staining and hypertrophy of cell bodies, 
can be detected as early as 3 days after injury (Popovich et al. 1997). However others 
already demonstrated astrocyte chemokine and cytokine production within hours after 
SCI, suggesting that astrocytes release inflammatory mediators before enhanced GFAP 
expression is detectable (Pineau et al. in press; Pineau & Lacroix 2007). Astrocyte activation 
is essential for the formation of the glial scar after SCI. This glial scar consists of a dense 
rim of predominatly hypertrophied astrocytes that surround the lesion site. Besides the 
physical barrier the glial scar creates, the production of matrix molecules by astrocytes, 
such as chondroitin sulphate proteoglycans (CSPGs), inhibit re-growth of axons into the 
lesion area (Silver and Miller, 2004). In this way, the glial scar seals off the healthy spinal 
cord parenchyma from affected and inflamed tissue. 

Neutrophils and macrophages are recruited from the blood. Neutrophils infiltrate the spi-
nal cord tissue from a few hours after injury, peaking at 24 h and are gone after 3–4 days. 
Macrophages are recruited from the blood at later time points after SCI, starting at 2–3 
days, peaking 7 days after injury (Popovich & Hickey 2001; Donnelly & Popovich 2008) and 
remaining in the spinal cord tissue up to weeks after SCI. Neutrophils and macrophages 
are mainly involved in the clean-up of cell debris, but via the production of ROS, proteases 
and cytokines, these cells can also induce further neuronal and glial cell damage. 

Lymphocytes, are also recruited from the blood, but belong to the adaptive immune sys-
tem. Lymphocytes infiltrate the spinal cord tissue from 24 h up to 7 days after injury and 
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return gradually back to normal levels at 4 to 5 weeks (Donnelly & Popovich 2008; Pop-
ovich et al. 1996b). Lymphocytes can be subdivided in B cells and T cells, of which B-cells 
are associated with antibody production against e.g. myelin whereas T-cells respond to 
tissue damage and myelin breakdown by production of cytotoxic chemicals, such as per-
forin and proteases. Although the inflammatory response after SCI is largely associated 
with detrimental effects on spinal tissue it has also been suggested to have beneficial 
effects. This dual character requires further explanation in the following section

1.3.2. Spread of inflammation into rostro-caudal direction

Spread of inflammation into rostro-caudal direction is a crucial aspect that determines 
long term outcome after SCI. Severity of injury is related to the spread of inflammation, 
which occurs in rostral and caudal direction. Additionally glial activation rostral and caudal 
to the lesion epicenter has been suggested to be involved in the development of above 
and below level pain after SCI. At the lesion epicenter, microglial activation was found 
at 12 h after SCI. At 12 h also in the white matter tracts of the fasciculus gracilis rostral 
to T8 and at the corticospinal tracts caudal to T8 microglia activation was visible. When 
compared to 12 h after SCI, at 3 days a stronger microglia reactivity was found rostral and 
caudal to the lesion (Popovich et al. 1997), which was also detectable at lumbar levels 
5 weeks after SCI (Detloff et al. 2008). At the lesion site, predominantly astrocyte activation 
was observed, but remarkably at 7 to 28 days after SCI, astrocytes cluster around regions 
where reactive microglia were detected in rostral and caudal funiculi. At day 33 after SCI, 
at lumbar levels astrocyte demonstrated reactive morphology and distribution was uni-
form in white and grey matter (Hains & Waxman 2006). Additionally activated astrocytes 
surrounding the lesion site play an important role in the formation of the glial scar after 
SCI, as will be explained in more detail in the next paragraph.

1.4. Beneficial vs detrimental effects of immune system activation

Whether activation of the immune system is detrimental or beneficial after SCI is a ques-
tion that is not easy to answer, since the inflammatory reaction has two faces: activated 
immune cells often have dual functions that can either induce repair mechanisms or ex-
cacerbate tissue destruction. The beneficial or detrimental effect of neuroinflammation 
obviously depends on the inflammatory mediators released during particular phases of 
inflammation following SCI. 
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1.4.1. Detrimental effects of inflammation 

Cytokines are small molecules released by immune competent cells that activate other 
immune cells. Under physiological conditions, cytokines function as communication 
signals between cells, yet after a pathological event cytokine levels are elevated and 
potentiate the inflammatory reaction by activating other immune competent cells. Pro-
inflammatory cytokines like IL-1β, IL-6 and TNFα transcript levels peak already within 6 h 
after SCI (Streit et al. 1998; Donnelly & Popovich 2008; Pineau & Lacroix 2007). High levels 
of TNFα have been shown to be toxic to neurons and glia cells by inducting apoptotic 
pathways (Guicciardi & Gores 2009; Lee et al. 2000a; Hermann et al. 2001) whereas IL-1β ex-
acerbates ischemia induced neuronal damage (Hailer et al. 2005) and can be neurotoxic 
(Fogal & Hewett 2008; Fogal et al. 2007). Additionally TNFα has been shown to potenti-
ate glutamate-mediated cell death after SCI (Hermann et al. 2001). Therefore inhibition 
of these early cytokines has been associated with neuroprotection after SCI (Genovese 

et al. 2006; Tuna et al. 2001).

Chemokines are small cytokines that chemotactically attract other immune cells, which 
are released quickly after SCI. Glial cells have been shown to produce chemokines that 
attract neutrophils and macrophages. mRNA production of the neutrophil attracting 
chemokine IP-10 (CXCL10), and macrophage chemo-attractants MCP-1 (CCL2) and MIP-
1α (CCL3) was already demonstrated as early as 1 h after spinal cord contusion injury (Lee 

et al. 2000b), peaking at 6 h and 24 h respectively (McTigue et al. 1998). Protein levels of 
MCP-1, and neutrophil chemoattractants MIP-2 (CXCL2) and KC (CXCL1) were already de-
tected at 3 h and peaked at 12 h after spinal cord injury in mice (Pineau et al. in press). In-
hibition of chemokines by infusion of a chemokine receptor antagonist has been shown 
to be neuroprotective after SCI, as evidenced by reduced infiltration of blood-born cells 
accompanied by increased axonal sparing and decreased myelin breakdown (Ghirnikar 

et al. 2001) 

Reactive oxygen species (ROS) are under normal physiological conditions produced as a by-
product of the respiratory chain in the mitochondria of cells. ROS are highly reactive oxy-
gen containing molecules that cause damage to membranes, proteins, RNA and DNA. 
Internal antioxidant systems in the cell are able to scavenge these harmful molecules. 
After SCI, ROS are produced in the tissue itself when blood flow and oxygen supply is im-
paired (anoxia), as well as during reperfusion, when blood flow is restored. Also immune 
cells with phagocytic activity like microglia, macrophages and neutrophils produce ROS 
to destroy infected or damaged cells. Normally these ROS are scavenged by free radical 
scavengers and anti-oxidants, such as superoxide dismutase and vitamin C, but after SCI, 
the capacity of these systems are exceeded and ROS react with membrane molecules, 
DNA and RNA, causing lipid peroxidation and damage to the cell (Azbill et al. 1997). 
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ROS production starts within a few hours after injury, peaks at 24 h and returns gradually to 
normal levels at 3 – 4 weeks. ROS are potent activators of the intracellular second messen-
ger pathways involving the transcription factor NF-κB, which is a potent regulator of the ex-
pression of several inflammation-related genes including chemokines, cytokines, enzymes 
for prostaglandin synthesis (COX2) and nitric oxide production (NOS). NF-κB activation has 
also been associated with the activation of apoptotic pathways (La Rosa et al. 2004).

Prostaglandins are produced from arachidonic acid (AA) which is cleaved from membrane 
lipids a process which compromises the first step in the prostaglandin synthesis path-
way. Production of AA occurs after SCI as a result of the imbalance in Ca2+ signaling in 
cells that are under physiological stress. Elevated intracellular Ca2+ concentrations induce 
phospholipase A activation which results in the cleavage of membrane lipids into AA. 
Under inflammatory conditions, AA is then further converted into prostaglandins by the 
enzyme cyclooxygenase 2 (COX2) (Phillis et al. 2006). As cell damage and physiological 
stress occurs quickly after SCI, prostaglandins are rapidly released by neurons, glial cells 
and endothelial cells (Adachi et al. 2005; Resnick et al. 1998). They have been shown to 
induce neurotoxicity (Kawano et al. 2006), are vasoactive and are able to sensitize nocice-
ptive neurons in the spinal cord which causes pain (Zeilhofer 2007; Zhao et al. 2007a). In-
hibition of COX2 activation has been shown to reduce secondary injury after SCI (Resnick 
et al. 1998; Kwon et al. in press; Hains et al. 2001)

1.4.2. Beneficial effects of inflammation

Growth factors play an important role in neuronal differentiation, survival and path-finding. 
Early after SCI, they are predominantly produced by glial cells, whereas at later time points 
also macrophages and lymphocytes release a wide variety of growth factors including TGFβ 
NGF, BDNF and GDNF (Donnelly & Popovich 2008; McTigue et al. 2000; Lagord et al. 2002; 
Ikeda et al. 2001; Brown et al. 2004; Hashimoto et al. 2005). Elevated levels of BDNF, GDNF, 
NGF, and TGFβ could already be observed in the first hours after SCI, increasing and peak-
ing up to days after SCI (Hashimoto et al. 2005; Donnelly & Popovich 2008; Brown et al. 2004; 
Ikeda et al. 2001; McTigue et al. 2000). Endogenous production and exogenous application 
of growth factors after CNS injury has been associated with re-growth of axons, axonal 
sprouting, remodeling of the neurovascular system and tissue preservation (Houweling 

et al. 1998a; Houweling et al. 1998b; Grill et al. 1997; Vavrek et al. 2006; Sasaki et al. 2009; 
Brock et al. in press; Namiki et al. 2000). Recently the vascular endothelial cell growth factor 
(VEGF) gained scientific interest after CNS injury. This growth factor was originally described 
as a proliferation-inducing agent for endothelial cells in the periphery, however recently 
new roles of VEGF in the CNS were described; The VEGF gene contains a hypoxia response 
element (Semenza 2000). Astrocytes in vitro were shown to respond to VEGF treatment 
by proliferation (Mani et al. 2005, Rosenstein & Krum 2004). Furthermore VEGF and its re-
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ceptors were up-regulated in neurons and astrocytes after brain injury (Kovacs et al. 1996; 
Marti et al. 2000). After SCI, VEGF was mainly detected in macrophages and microglia at the 
border of the lesion (Bartholdi et al. 1997). This typical expression pattern, suggest a role in 
the inflammatory reaction that may include repair mechanisms and neuroprotection after 
injury (Rosenstein & Krum 2004). Indeed, elevated VEGF levels either induced by exogenous 
application or induced by endogenous elevation via a viral construct, had neuroprotective 
effects and improved motor outcome after SCI (Widenfalk et al. 2003; Liu et al. 2010 in press). 
Endogenous VEGF may be produced by astrocytes and may stimulate angiogenesis, blood 
brain barrier repair, increase astrocyte proliferation in an autocrine fashion and induce the 
expression of other beneficial growth factors (Krum et al. 2008).

Blood spinal cord barrier repair: Repair of the blood spinal cord barrier (BSCB) is an impor-
tant step to re-establish normal physiological balance in the injured spinal cord. After SCI 
the BSCB is maximally permeable at 24 h after SCI, followed by gradual re-establishment 
up to 14 days and closure at 3 weeks (Popovich et al. 1996a, Noble & Wrathall 1989, Whet-
stone et al. 2003). Whereas the mechanical impact onto the spinal cord disrupts the BSCB 
in the first place, at later time points vasoactive molecules released by immune cells play 
an important role in maintaining permeability. The cytokines IL-1β and TNFα which are 
released early after SCI were shown to induce BSCB permeability (Schnell et al. 1999; Nish-
ioku et al. in press). Other vasoactive substances including ROS, NO, elastase and histamine 
produced by astrocytes and leukocytes (Butt 1995; Nag et al. 2000; Sarker et al. 1998; Un-
terberg et al. 1988) may contribute to BBB permeability. Endogenous restructuring BSCB 
has been associated with restoring ion balance, reduction of infiltration of blood immune 
cells, improved tissue homeostasis and reduced oedema (Sharma 2005). 

Glial scar formation: As in peripheral tissues, CNS injury is followed by formation of scar 
tissue. When the dura mater is still intact, like in a contusion injury, the scar tissue ex-
ists primarily of activated astrocytes (Silver & Miller 2004). After SCI when the BSCB is 
breached, astrocytes become hypertrophic, proliferate and start expressing intermediate 
filaments such as GFAP (Schachtrup et al. in press), a process known as reactive astrogliosis 
(Popovich et al. 1997). Indeed, areas of intensive glial scarring are also associated with 
increased BSCB permeability and macrophage activity (Silver & Miller 2004). The opinions 
about the functions of the glial scar are quite opposite: On the one hand glial scar for-
mation is supposed to be detrimental to outcome, since it forms a physical barrier and 
production of extra cellular matrix molecules which impede re-growth of axons across 
the lesion site. On the other hand, beneficial effects of the glial scar have been claimed, 
since components of the scar are able to promote BSCB repair and inhibition of glial scar 
formation may induce spread of inflammation into rostro-caudal direction which may be 
associated with decreased tissue sparing and worsened functional outcome (Faulkner 

et al. 2004; Okada et al. 2006; Bush et al. 1999). 
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1.5.  Long term effects of SCI inflammation: loss of motor and sensory 
function and chronic pain conditions

Loss of motor and sensory function after SCI is caused in first place by the direct damage to 
neurons and descending/ascending tracts. In the second phase after SCI, inflammation 
results in further demyelination and damage to axons. Tissue debris and its clearance by 
immune cells ultimately lead to cavitations. Re-growing attempts by severed axons even-
tually fail rendering a permanent status of impaired function. Demyelination starts im-
mediately after the lesion, reaches a maximum at approximately 2 days, and then slowly 
diminishes at 7 days, to increase again after 4 weeks after the injury (Totoiu & Keirstead 
2005). As monocytes and lymphocytes were shown to respond to myelin breakdown, 
their temporal activation and infiltration pattern into the spinal cord parenchyma co-
incides with the second wave of demyelination observed at 7 days after injury (Don-
nelly & Popovich 2008). 

Development of CNP is a second major problem after SCI. Experimental models have shown 
that glial activation, via the release of neuroactive mediators (such as pro-inflammatory 
cytokines and PGE2 play an essential role in the sensitization of neuronal nociceptive 
networks in the dorsal horn of the spinal cord (Hains & Waxman 2006). In animal models 
increased tissue damage after SCI was correlated with augmented severity of pain after 
SCI (Kloos et al. 2005). The spread of inflammation in rostro-caudal direction has been 
presented as an important phenomenon in the development of neuropathic pain at lev-
els other than the lesion site (above-level pain, below-level pain), a phenomenon that is 
frequently seen in spinal cord injured patients (Finnerup et al. 2001; Siddall et al. 2003). 

Several lines of evidence support this concept: 1) Early inhibition (starting immediately 
after SCI and lasting for 1 week) as well as late treatment (single injection at 28 days after 
SCI) of SCI-induced glial activation using intrathecal propentofylline partially reduced es-
tablished mechanical allodynia and thermal hypersensitivity in rats (Gwak & Hulsebosch 
2009). Moreover inhibition of microglial activation immediately after SCI by minocycline 
was sufficient to reduce established SCI-induced pain symptoms in animals (Hains & Wax-
man 2006; Marchand et al. 2009; Tan et al. 2009). 2) Patch-clamp recordings of dorsal horn 
neurons demonstrated that inflammatory mediators such as cytokines and chemokines 
are able to modulate the frequency of spontaneous IPSPs and EPSPs. Additionally TNFα 
and IL-1β enhanced excitatory AMPA- and NMDA-induced currents, whereas inhibitory 
GABA- and Glycin-induced currents were suppressed by IL-1β and IL-6. Furthermore the 
chemokine CCL2 was able to reduce GABA-induced currents in spinal cord neurons. 
These data indicate that inflammatory mediators are able to modulate neuronal func-
tioning directly (Gosselin et al. 2005; Kawasaki et al. 2008). 3) Intrathecal administration 
of cytokines, chemokines or prostaglandins to naïve rats has been shown to induce pain 
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behavior (Saito et al. 1995; Thacker et al. 2009; Zhao et al. 2007b; Dansereau et al. 2008), 
whereas inhibition of spinal cytokines or chemokines leads to a reduction of pain be-
havior in different pain models, including SCI (Milligan et al. 2005; Marchand et al. 2009; 
Sweitzer et al. 2001; Gao et al. 2009). 

As cytokines levels peak early after SCI (Streit et al. 1998; Pineau & Lacroix 2007; 
Donnelly & Popovich 2008) the role of cytokines in pain after SCI was pointed out by 
a study where blocking of TNFα (starting immediately after SCI and lasting for 1 week) 
prevented the SCI-induced mechanical allodynia, whereas delayed treatment (starting at 
14 dpo and lasting for 1 week) did not reverse established mechanical allodynia (March-
and et al. 2009). 

These data point out that cytokine release after SCI may play an important role in 
the development chronic pain conditions and that inhibition of these early inflammatory 
mediators can be of therapeutical benefit to reduce chronic pain after SCI. 

1.6. Ways to interfere with SCI-induced inflammatory reaction

As previous described the cellular and molecular processes that occur during the inflam-
matory reaction following SCI have their own specific temporal expression patterns. De-
spite the complexity of the inflammatory reaction and the many processes that occur 
simultaneously, intervention with detrimental events such as early cytokine production, 
gliosis, pro-inflammatory signaling and extravasation of blood borne cells, may be prom-
ising strategies to attenuate secondary injury after SCI. Inhibition of these early detrimen-
tal events has been attempted in SCI-patients via the use of corticosteroids. The reason 
why there is a need for alternatives will be discussed into more detail in the following 
section.

1.6.1. Interference with pro-inflammatory signaling 

Stabilization of the spine when needed and rehabilitation therapy belongs to the stan-
dard care after SCI. Besides these invasive methods, in some countries glucocorticoid 
treatment with methylprednisolone (MP) is also used. According to the National Acute 
Spinal Cord Injury Study 2 (NASCIS 2) protocol, MP is typically administered within 8 h 
after SCI in a high bolus injection of 30 mg/kg, followed by 23 h infusion of 5.4 mg/kg/h 
(Bracken et al. 1990). MP is the only recognized therapeutically pharmacological treat-
ment of SCI injury patients, yet its use has been shown to be controversial. Increased 
incidence of severe adverse side effects, such as pulmonary embolism, increased risk of 
wound infection, severe sepsis, gastrointestinal hemorrhage, or pneumonia have been 
reported in MP-treated patients (Bracken et al. 1990, Gerndt et al. 1997; Qian et al. 2005, 
Suberviola et al. 2008; Bracken et al. 1997), whereas data on improved long term func-
tional outcome are not conclusive (Bracken et al. 1984; Bracken 1990). 
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MP binds to the glucocorticoid receptor, which belongs to the family of ligand 
activated nuclear hormone receptors (NHR) including android, estrogen and progester-
one receptors, but also thyroid hormone receptor (THR), liver X receptor (LXR), prolifera-
tor activated receptor (PPAR) and the retinoid receptors (RAR and RXR). Via the classical 
activation pathway, these receptors upon ligand binding translocate into the cell nucleus 
and become a transcriptional active unit. This ligand-receptor complex binds to specific 
sequences in the DNA in the promoter of target genes, where it starts gene transcription, 
a mechanism known as transactivation. However, the anti-inflammatory effects of MP are 
suggested to be mediated by a different mechanism which is known as transrepression. 
This mechanism involves interference with pro-inflammatory transcription factor signal-
ing (such as NF-κB) which is upstream of several inflammatory mediators including COX2, 
chemokines and cytokines. In contrary, the adverse side effects are thought to be medi-
ated by glucocorticoid target gene induction mainly concerning genes that are involved 
in metabolic processes. 

In the cerebrospinal fluid of SCI patients that received MP, several cytokines and 
chemokines were found to be reduced when compared to non-treated patients (Tsai 
et al. 2008). Experimentally, data on MP use reported only small improvements of mo-
tor outcome (Weaver et al. 2005) and tissue preservation (Chvatal et al. 2008; Merola 

et al. 2002; Takami et al. 2002) after SCI, whereas treatment had no effect on at-level or 
below-level mechanical allodynia (Weaver et al. 2005). Together with the minor functional 
improvement in humans and risk of adverse side effects, these studies point out the im-
portance of exploring new possible anti-inflammatory therapies that are more effective 
and have less adverse side effects.

Other members of the family of NHRs are now explored for their anti-inflammato-
ry properties in experimental models, including SCI. For instance, Tamoxifen an estrogen 
receptor antagonist has been shown to be neuroprotective after experimental stroke 
(Kimelberg 2008). Immediately after SCI, Tamoxifen treatment reduced cytokine levels, 
apoptosis and myelin loss, which was accompanied with improved motor function, 
suggesting a detrimental role for estrogens after SCI (Tian et al. 2009). In contrary, also 
neuroprotective effects of estrogen treatment have been reported after SCI including 
improved motor outcome and tissue sparing (Sribnick et al. in press; Sribnick et al. 2005; 
Chen et al. in press; Cuzzocrea et al. 2008; Ritz & Hausmann 2008; Sribnick et al. 2010 
in press). Immediate treatment with progesterone reduced neuronal loss and induced the 
differentiation of immature oligodendrocytes suggesting a role in re-myelinating pro-
cesses (Labombarda et al. 2010 in press; Labombarda et al. 2009; Gonzalez et al. 2009). 

Other members of the NHR family, the PPARs, have been shown to be anti-in-
flammatory in a wide variety of inflammatory models, including SCI. The PPARγ agonists 
pioglitazone and rosiglitazone, drugs that were originally designed for the treatment of 
diabetes mellitus, reduced lesion site, attenuated inflammatory mediated cytokine ex-
pression, reduced hypersensitivity and improved motor performance after SCI (McTigue 
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et al. 2007; Park et al. 2007). Also the LXR ligand T0901317 was able to reduce cytokine lev-
els after SCI, which was accompanied with improved motor performance and increased 
tissue preservation (Paterniti et al. in press). These studies suggest that targeting nuclear 
hormone receptors may be also neuroprotective and inflammatory reducing in human 
SCI. As such, PPAR agonists have already been clinically tested in other diseases with in-
flammatory pathology, such as Alzheimer’s disease, rheumatoid arthritis, and ischemia 
reperfusion injury (http://clinicaltrials.gov), but not in SCI yet.

1.7. Routes of application: adverse side effects vs therapeutical benefit 

Besides understanding the cellular and molecular events following SCI, which is impor-
tant for correct timing of drug application. Knowledge of the drugs properties, such as 
risk of side effects, is of vital importance for adequate treatment. The route of administra-
tion of drugs largely determines the adverse side effects. Systemic side effects can be 
avoided by local application, rather than systemic administration. Hence after experi-
mental SCI, local drug delivery is often applied via catheters which deliver drugs into the 
intrathecal space. Systemically drugs are often applied via intraperitoneal, intravenous 
or subcutaneous injections and involve uptake and transport via the blood stream and 
passage of the liver. The route of application also determines the effectiveness of a drug. 
It is therefore necessary to test whether the route of application of a drug differentially 
influences the effectiveness.

1.8.  Understanding the working mechanisms of anti-inflammatory 
substances

Knowledge of drugs’ properties also includes understanding of working mechanisms of 
such drugs. For instance, the anti-inflammatory effect of methylprednisolone is supposed 
to occur via affecting transcription by interference with pro-inflammatory transcription 
factors, thereby reducing transcript levels of inflammatory mediators. In order to achieve 
synergistic effects, drugs that interfere with transcription may be combined with drugs 
that have post-transcriptional effects. Also combinations of drugs that interfere with in-
flammatory events in a temporal fashion may provide synergistic effects. Knowledge of 
molecular mechanisms of action of the drugs applied as well of the inflammatory events 
that occur after SCI is therefore required

All together this overview demonstrates that there are many possible strategies 
to modulate inflammation after SCI. Until now, only MP is used in clinical setting to at-
tenuate inflammation after SCI in humans. Since the inflammatory reaction is a complex 
cascade of beneficial and detrimental events following their very own expression pat-
tern, it may be important to combine strategies. Combinations of therapies can be made 
by timing, like for instance drugs that affect different processes in time, or to combine 
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therapies based on different mechanisms of action, such as drugs that work on the level 
of transcriptional inhibition combined with drugs that work on protein level. Addition-
ally the route of drug administration provides further possibilities to optimize treatment. 
Local application may improve efficacy of a drug, as well reduce the risk of adverse side 
effects, which often occur with systemic applications. Eventually these strategies should 
improve functional outcome and reduce chronic pain after SCI. 

Research questions

The aim of this thesis was to study novel therapeutic approaches to modulate the in-
flammatory reaction following experimental SCI leading to improved motor function and 
reduced pain. 

As a first strategy, treatments to reduce detrimental effects of the inflammatory re-
action were analyzed. As early pro-inflammatory cytokine production after SCI is essential 
for the initiation and maintenance of the inflammatory reaction, the cytokine transcript 
reducing effect of the nuclear hormone receptor ligands retinoic acid (RA) and T0901317 
(T09) was investigated. 

As a second strategy, boosting of beneficial effects of the inflammatory reaction 
was studied, via exogenous application of the growth factor VEGF after SCI. 

Chapters 2 and 3 include reviews on two members of the nuclear hormone receptor fam-
ily, PPAR and RAR, and their anti-inflammatory effect in different animal models of neuro-
logical disorders and neuroinflammation, including SCI. The research question addressed 
in these two literature overviews can therefore be formulated as:

1.  Does activation of nuclear hormone receptors PPAR or RAR have anti-inflam-
matory effects in models of neuroinflammation?

Chapters 4 and 5 involve in vitro studies of primary astrocte cultures stimulated with the 
bacterial product lipopolisaccharides (LPS) which elicits an inflammatory response. These 
chapters demonstrate that the nuclear hormone receptor ligand RA, was able to reduce 
transcript as well as protein levels of cytokines and chemokines in these LPS-challenged 
primary astrocytes

As such the following research question has been addressed in these two chapters:

2.  Is RA able to attenuate LPS induced cytokine and chemokine expression in pri-
mary astrocyte cultures?
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Chapter 6 includes the in vivo application of RA. As the route of application of a drug, large-
ly determines the efficacy as well as the risk of adverse side effect. Two different routes of 
RA application after SCI were investigated, where transcript levels of early cytokines was 
used as a measure. In this study the following research question was formulated: 

3.  Does the route of administration of RA differentially affect mRNA transcription 
of pro-inflammatory cytokines at 6 h after experimental SCI?

Chapter 7 describes the potential cytokine reducing effect of another member of the nuclear 
hormone receptor family, the LXR. Therefore the LXR ligand T09 was investigated for its early 
cytokine transcript reducing effect after SCI, to answer the following research question:

4.  Does LXR activation reduce pro-inflammatory cytokine gene transcription, 
peaking at 6 h after experimental SCI?

Chapter 8 includes the study describing the effect of VEGF treatment on motor outcome and 
pain behavior after SCI. In the previous chapters modulation of the inflammatory reaction 
after SCI was achieved via inhibition of pro-inflammatory cytokine transcription, whereas in 
this study stimulation of beneficial effects was performed via the application of VEGF, 

5.  Does early repetitive VEGF treatment after SCI result in decreased hypersensi-
tivity, increased motor function and improved tissue preservation?
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Abstract

Retinoids are important signals in brain development. They 
regulate gene transcription by binding to retinoic acid re-
ceptors (RAR) and, as was discovered recently, a peroxisome 
proliferator-activated receptor (PPAR). Traditional ligands of 
PPAR are best known for their functions in lipid metabo-
lism and inflammation. RAR and PPAR are ligand activated 
transcription factors, which share members of the retinoid 
X receptor (RXR) family as heterodimeric partners. Both sig-
nal transduction pathways have recently been implicated 
in the progression of neurodegenerative and psychiatric 
diseases. Since inflammatory processes contribute to vari-
ous neurodegenerative diseases, the anti-inflammatory ac-
tivity of retinoids and PPARγ agonists recommends them as 
potential therapeutic targets. In addition, genetic linkage 
studies, transgenic mouse models and experiments with 
vitamin A deprivation provide evidence that retinoic acid 
signaling is directly involved in physiology and pathology 
of motoneurons, of the basal ganglia and of cognitive func-
tions. The activation of PPAR/RXR and RAR/RXR transcrip-
tion factors has therefore been proposed as a therapeutic 
strategy in disorders of the central nervous system.

Keywords:  Retinoic acid, PPAR, Neurodegeneration, 
Inflammation, Alzheimer, Parkinson, ALS, MS, 
Schizophrenia, Depression
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1. Introduction

With increasing life expectancy in modern societies, neurodegenerative diseases are gain-
ing major socioeconomic relevance. At present the financial burden of brain disorders 
constitutes 35% of the total costs of all diseases in Europe (Andlin-Sobocki et al., 2005). For 
neurological diseases, such as multiple sclerosis or Parkinson’s and Huntington’s disease as 
well as for the psychiatric disorders depression, schizophrenia and dementia, the costs in 
terms of quality of life are enormous. However, for none of these diseases is an etiological 
therapy yet available. Therefore, the importance of basic research for the development of 
therapeutic strategies has met growing awareness. A class of signalling molecules, whose 
relevance for neurodegenerative diseases has recently become apparent, is the transcrip-
tional regulators of the nuclear receptor superfamily. This group includes retinoic acid 
receptors (RAR) and peroxisome proliferator-activated receptors (PPAR), both of which 
form heterodimers with retinoid X receptors (RXR). The structural similarity of the two 
pathways is further reflected by a functional link as it was recently discovered that retinoic 
acid can elicit different, even opposing effects by activating either RAR/RXR or PPARβδ/
RXR heterodimers (Schug et al., 2007). It has been suggested that these ligand-activated 
transcription factors are potential pharmacological targets for the treatment of spinal 
cord injury (Mey, 2006). Since retinoid signaling affects neuronal proliferation, differentia-
tion and physiology in the adult brain, its potential therapeutic benefits are not limited 
to traumatic lesions but extend to other pathological conditions. Retinoids and PPAR li-
gands participate in the modulation of inflammatory processes, and immune reactions 
are implicated in several neurodegenerative diseases. The immunomodulatory function 
of PPAR/RXR and RAR/RXR activity may therefore provide another pharmacological ratio-
nale. In this review we will discuss the results and implications of studies that focused on 
multiple sclerosis (MS), amyotrophic lateral sclerosis (ALS), motor disorders involving the 
basal ganglia, on Alzheimer’s disease (AD), depression and schizophrenia.

1.1. RAR/RXR signal transduction

The RAR/RXR transcription factor complex is activated by ligand binding, its natural ligand 
being all-trans retinoic acid (all-trans RA). Retinoids are obtained from the diet in form 
of vitamin A (retinol and retinal), retinyl esters or β-carotene. Following cellular uptake 
of all-trans retinol from the plasma, the intracellular synthesis of retinoic acid occurs in 
two steps: retinol is oxidized first to retinal and subsequently to retinoic acid (Fig. 1). The 
second NADH-dependent, thermodynamically irreversible step is catalyzed by retinal-
dehyde dehydrogenases (Blomhoff and Blomhoff, 2006). Three known RA-synthesizing 
aldehyde dehydrogenases are designated as RALDH-1, -2, and -3 (also: ALDH1A1, A2, A3). 
Retinoic acid acts in a paracrine or autocrine fashion. The fact that RA activates nuclear 
transcription factors was discovered in 1987 (Giguere et al., 1987; Petkovich et al., 1987). 
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Retinoid receptors belong to the same superfamily as PPAR, vitamin D receptor, thyroid 
hormone receptor (TR) and steroid receptors. They can be grouped into two families, the 
RAR and the RXR, each consisting of three isoforms encoded by separate genes: RARα, 
RARβ, RARγ (also: NR1B1–3) and RXRα, RXRβ, RXRγ (NR2B1–3). All-trans RA and 9-cis RA 
bind to the RAR family, whereas only 9-cis RA is a high affinity ligand for the RXR (Bastien 
and Rochette-Egly, 2004). The active transcription factor complex consists of an RAR/RXR 
heterodimer, ligand and co-activators. It interacts with retinoic acid response elements 
(RARE) in the promoters of target genes (Glass and Rosenfeld, 2000). About 500 genes 
have been suggested to be regulated by RAR/RXR signalling (Blomhoff and Blomhoff, 
2006); however, a much lower number was experimentally shown to be activated via 
the classical RARE driven pathway. Proven target genes include enzymes, transcription 
factors, cytokines and cytokine receptors (Mey, 2001, 2006; Lane and Bailey, 2005). In addi-
tion, many cases of gene suppression and non-genomic modes of action of RA and its re-
ceptors have been described. Rapid actions of RA include the regulation of gap junctions 
(Zhang and McMahon, 2000), spinule formation in the retina (Dirks et al., 2004), and ef-
fects on dendritic spines in the hippocampus (Chen and Napoli, 2008). A direct influence 
on phosphorylation of the transcription factor CREB and the mitogen-activated kinase 
ERK1/2 has been observed (Cañón et al., 2004; Chen and Napoli, 2008). Another path of 
action is the repression of AP-1 (Jun, Fos) activity, which involves RAR/RXR heterodimers, 
but not the RARE (Li et al., 1996). In an oxygen/glucose-deprivation/reperfusion model to 
simulate ischemia, RA protected hippocampal neurons from cell death. In this case, RA 
also increased phosphorylation of ERK1/2 but reduced phosphorylation of the kinases 
JNK and p38 (Shinozaki et al., 2007). 

During the last decade it became apparent that the retinoid signal transduction 
system is activated after CNS lesions and during peripheral nerve regeneration. For in-
stance, spinal cord contusion injury in the rat caused a local increase in protein expression 
and enzyme activity of the RA-synthesizing RALDH-2 (Mey et al., 2005; Kern et al., 2007). 
In macrophages at the lesion site RARα, RXRα and RXRβ were observed to translocate 
from the cytosol to the cell nuclei, where they might control gene transcription (Schrage 
et al., 2006). Following sciatic nerve injury transcriptional activity of RA was also detected, 
and the expression of several mediators of the RA signaling pathway increased strongly 
in the regenerating nerve segment (Zhelyaznik et al., 2003; Zhelyaznik and Mey, 2006). 
Cell culture studies and experiments with RARβ-deficient mice indicated that RARβ is re-
quired for RA-induced axonal regeneration of sensory neurons (Corcoran et al., 2000; So 
et al., 2006). Since RALDH-2 (Corcoran and Maden, 1999) and RARβ (Cosgaya and Aranda, 
2001) are induced by NGF, RA appears to act downstream of this neurotrophin, while ad-
ditional neurotrophin-independent RA/RARβ activity contributes to axon outgrowth (So 
et al., 2006). In a mouse model of diabetic neuropathy, RA treatment raised serum levels 
of NGF, improved myelination in peripheral nerves and caused behavioral improvements 
(Arrieta et al., 2005).
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1.2. PPAR/RXR signal transduction

Peroxisome proliferator-activated receptors (PPAR) belong to the same superfamily as the 
RAR. The first PPAR was discovered, cloned and sequenced in 1990, and it was named 
after its property to be activated by drugs that cause proliferation of peroxisomes in 
hepatocytes (Issemann and Green, 1990). Until now, three different isoforms of PPAR, en-
coded by separate genes, have been identified: PPARα (NR1C1), PPARβ/δ (NUC1, NR1C2) 
and PPARγ (NR1C3). The different isoforms have similar structural features; however, 
each isoform exhibits its own specific tissue expression pattern and distinct physiologi-
cal functions depending on ligand activation (Kliewer et al., 1994; Kota et al., 2005). PPAR 

Fig. 1. Retinoic acid signal transduction. The upper cell illustrates synthesis and release of RA. Blood-derived retinyl 

esters and retinol are bound to retinol binding protein (RBP) and taken up by RA-synthesizing cells. In two redox reactions 

retinol (ROH) is oxidized via retinaldehyde (RAL) to RA, which can leave the cell through the plasma membrane. In target 

cells RA binds to cytosolic binding proteins and enters the nucleus where it regulates gene expression by activating RAR/

RXR heterodimers. Retinoic acid can be transcriptionally active in the absence of CRABPII. It is inactivated by cytochrome 

450 oxidases of the Cyp26 family. See also list of abbreviations.
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also heterodimerize with RXR, then bind as a complex to their response elements (PPRE) 
(Gervois et al., 1999). Different promoter-specific co-activators participate to regulate the 
activity of PPARγ and other nuclear receptors (Glass and Rosenfeld, 2000). Natural ligands 
of PPAR are fatty acids, prostaglandins and oxidized fatty acid derivatives. They are also 
activated by synthetic ligands like the lipid-lowering fibrates, the anti-diabetic glitazones 
(Moraes et al., 2006) and by some non-steroid anti-inflammatory drugs (NSAIDs) like ibu-
profen or indomethacin (Lehmann et al., 1997). Recently, RA was shown to activate not 
only RAR/RXR but also PPAR/RXR heterodimers (Schug et al., 2007). Different lipid bind-
ing proteins selectively cooperate with different nuclear receptors, for instance, CRABP-II 
with RARα and the fatty acid binding protein FABP-5 with PPARβ/δ. When a high CRABP-
II concentration was available in the cell, RA activated RARα (Kd ca. 0.1–0.2 nM), but in 
the presence of a high FABP-5/CRABP-II ratio RA bound PPARβ/δ with high affinity (Kd 
10–50 nM), which induced expression of endogenous PPRE target genes in a human 
keratinocyte cell line (Schug et al., 2007). 

The PPARs, which have been implicated in lipid metabolism, cellular proliferation 
and inflammatory responses, are widely expressed, including in monocytes, dendritic 
cells, endothelial cells, megakaryocytes and lymphocytes, where they may be related to 
immune functions (Kota et al., 2005; Moraes et al., 2006). PPARγ can also influence gene 
expression independently of PPRE. The activity of a number of transcription factors, e.g., 
NF-κB, AP-1 and STAT1, is inhibited by PPARγ via direct interaction or by competition for 
limiting supplies of co-activators (Kielian and Drew, 2003). PPARα and PPARβ/δ but not 
PPARγ were found in cervical, thoracic and lumbar segments of the spinal cord, in the 
thalamus and cerebral cortex (Braissant and Wahli, 1998; Moreno et al., 2004). Immuno-
histochemical staining showed that PPARβ/δ is the main isoform present in neuronal cell 
bodies of the spinal cord gray matter. Both receptors, PPARα and –β/γ, were concentrated 
in cell nuclei. In the white matter PPARα appeared particularly strong in PPARβ/δ nega-
tive astrocytes, whereas oligodendrocytes expressed only PPARβ/δ (Benani et al., 2003). 
PPARβ/δ is a factor in neuronal differentiation, and functions of this receptor in various 
aspects of neural physiology have been suggested (Benani et al., 2003; Cimini et al., 2005). 
While conflicting results about the expression of PPARγ in the CNS have been published 
(Braissant and Wahli, 1998; Benani et al., 2003; Moreno et al., 2004), this receptor is ex-
pressed in microglial primary cultures (Bernardo et al., 2000) and may be upregulated 
after injury. Endogenous PPAR ligands may mitigate the inflammatory response after spi-
nal cord injury. To examine the effects of endogenous PPARα ligands, experimental spinal 
cord injury was induced in wild-type and in PPARα deficient (-/-) mice. The injury resulted 
in severe trauma characterized by edema, loss of myelin, neutrophil infiltration, apoptosis 
and increased production of TNFα. Compared to wildtype animals all these parameters 
were augmented in PPARα -/- mice. The absence of PPARα also interfered with recovery 
of limb function (Genovese et al., 2005).
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1.3. Polyunsaturated fatty acids as PPAR and RXR ligands

Polyunsaturated fatty acids (PUFA) play a crucial role in brain function as well as in general 
growth and development. Among them, the ω-3 fatty acids, and specifically a high ratio 
of ω-3 to ω-6 fatty acids, have been shown to be neuroprotective, to reduce inflammation 
and to correlate with behavioral recovery after spinal cord injury (King et al., 2006), isch-
emia and age-related deficits (Lauritzen et al., 2000; Dyall et al., 2007). They are implicated 
in several neurological and psychiatric diseases that will be discussed below. 

Omega-3 fatty acids cannot be synthesized by the body but must be obtained 
from the food. The three major forms are α-linolenic acid (α-LA), eicosapentaenoic acid 
(EPA) and docosahexaenoic acid (DHA), the latter being the most important form in the 
brain, where it is highly concentrated in myelin. Since dietary uptake of fatty acids is of 
concern for the entire population and since it affects several medical conditions, the 
number of publications about this subject is enormous. On the other hand, fatty acid 
derivatives do not yield patentable thus commercially profitable products, and there-
fore many studies do not match size or clinical standards required for drug approval by 
the FDA. Nevertheless, nutritional and epidemiological research demonstrated various 
biological effects on the brain. While PUFA constitute a structural component of myelin 
and maintain the fluidity of cell membranes (Bourre, 2005; Hashimoto et al., 2006), they 
also act as specific signaling molecules. In the context of this review this is of interest 
in so far as ω-3 fatty acids, most notably DHA, have been found to be direct ligands of 
PPAR and of RXR (Chawla et al., 2001). Although the 9-cis isomer of RA was previously 
thought to be the natural ligand of RXR (Solomin et al., 1998), its endogenous occur-
rence has been difficult to confirm (Kane et al., 2005). The discovery that DHA can act as 
a direct RXR ligand therefore strengthened the concept of RXR activation independent 
of its heterodimeric partner (RAR, PPAR, TR, etc.). While initially the required concentra-
tions of DHA seemed to be super-physiologically high (Mata de Urquiza et al., 2000), 
values of stronger binding affinities were recently obtained. In addition, other naturally 
occurring PUFAs, e.g., arachidonic acid, were also found to activate RXR at physiological 
concentrations and with similar efficiency as DHA (Lengqvist et al., 2004). This opens the 
possibility that many of the effects of fatty acids on neurological diseases are based on 
direct transcriptional regulation. 

It should be mentioned that other fatty acid signaling pathways have been de-
scribed, which are not within the range of the present review: Omega-6 arachidonic acid, 
synthesized from α-LA in the liver, is a very important substrate for synthesis of eico-
sanoids, which are absolutely necessary to regulate blood flow as well as platelet, gastric 
and renal functions. Some eicosanoids such as prostaglandin E2 or leukotriene B4 are 
potent mediators early in the course of inflammation. In contrast, ω-3 fatty acids exert 
mainly anti-inflammatory effects, primarily because they compete with arachidonic acid 
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as a substrate for cyclooxygenases and 5-lipoxygenase (Simopoulos, 2002), they suppress 
NF-κB activity (Moon et al., 2007) and act as antioxidants (Sarsilmaz et al., 2003). By binding 
and activating a family of background K+ channels PUFA reduce neuronal excitability and 
glutamate cytotoxicity (Lauritzen et al., 2000). 

Tab. 1. RAR/RXR, PPAR/RXR signaling in multiple sclerosis

ligand/
receptor

major results experimental 
approach

references

RA
anti-inflammatory, 

Th2-phenotype
in vitro

Correale et al., 1995; Racke et al., 1995; 
Lovett-Racke et al., 2002; rev.: van 

Neerven and Mey, 2007

RA
suppresses 

neurological 
symptoms

oral administration in 
EAE rat model

Massacesi et al., 1987, 1991

PPARα
anti-inflammatory, 

Th2 phenotype
in vitro

Lovett-Racke et al., 2004; Xu et al., 
2007a

PPARβ/δ
improvement: 

histology, behavior
EAE mice Polak et al., 2005

PPARγ
involvement in 

EAE, Th1 immune 
response

heterozygous mice, EAE
Natarajan et al., 2003; Raikwar et al., 

2005, 2006; Xu et al., 2007b

PPARγ
T-cell adhesion and 

transmigration
PPARγ overexpression in 

endothelial cells
Klotz et al., 2007

PPARγ
anti-inflammatory, 

reduced 
demyelination

EAE mouse model
Natarajan and Bright, 2002; Feinstein 

et al., 2002; Diab et al., 2004

PPARγ clinical improvement case study Pershadsingh et al., 2004

ω-3 PUFA anti-inflammatory nutritional studies rev.: Simopoulos, 2002

ω-3 PUFA
possibly beneficial 

for MS
nutritional studies rev.: Steward and Bowling, 2005

ω-3 PUFA
anti-inflammatory, 

improvement
EAE rodent models Harbige, 2003
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Tab. 2. RAR/RXR, PPAR/RXR signaling in amyotrophic lateral sclerosis

ligand/
receptor

major results
experimental 

approach
references

RA/RARα
involved in 

motoneuron disease
retinoid deficient rats Corcoran et al., 2002

RBP, CRABP-II, 
RALDH-2

RARα, RARβ

marginally 
upregulated in ALS 

animal model 
reduced with 
motoneuron 
degeneration

gene expression 
screen and 

immunohistochemistry 
of SOD-1 mutant rats

Jokic et al., 2007

RARα, RXRγ, 
CRABP-I, RBP

involved in ALS
postmortem analysis of 

ALS patients
Malaspina et al., 2001; Dangond et al., 

2004; Jiang et al., 2005

PPARγ
anti-inflammatory, 

motoneuron survival, 
clinical benefit

SOD-1 mutant mice Kiaei et al., 2005; Schutz et al., 2005

ω-3 PUFA
negative correlation 

with ALS
clinical study Veldink et al., 2007

2. Multiple sclerosis and amyotrophic lateral sclerosis

Multiple sclerosis (MS), a chronic disease of the CNS, is characterized by inflammation, 
demyelination and degeneration of sensory- and motoneurons. About 2.5 million people 
have been diagnosed with MS worldwide (Feinstein, 2003). The disease has its onset dur-
ing early adult life and is recognized by patches of demyelination in cerebrum, cerebel-
lum, brainstem and spinal cord. In MS, periods of autoimmune attacks are followed by 
remission. The relapsing-remitting phase often lasts several years. About 30% of patients 
enter into a secondary, chronic progressive state (Steinman et al., 2000). Animal experi-
ments demonstrating that autoreactive T-cells are able to induce demyelination of the 
CNS supported the theory that MS is an immune-mediated disorder with an underlying 
T-cell response to antigens located in the myelin of the CNS (Pette et al., 1990; Steinman 
et al., 2000) (Tables 1 and 2).

2.1. Effect of retinoids on experimental allergic encephalomyelitis

Experimental allergic (or: autoimmune) encephalomyelitis (EAE) is the most important 
animal model to study MS. In EAE, inflammation with variable degrees of demyelination 
and axonal damage is induced by injecting mice with myelin antigens such as oligoden-
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drocyte-myelin glycoprotein or myelin basic protein (MBP) (Hemmer et al., 2006). Immu-
nization results in a Th1-mediated immune response, monocyte recruitment, microglia 
activation (Ando et al., 1989) and causes pathology comparable to MS, although its pro-
gression in time is different (Zamvil and Steinman, 1990; Hemmer et al., 2006). Excessive 
Th1 response is typical for several autoimmune diseases. With macrophage activation, re-
spiratory burst and activation of killer cells, the Th1 response leads to severe tissue dam-
age, whereas cytokines produced by Th2 cells seem to inhibit inflammatory processes 
in the CNS (Aloisi et al., 2000). Therefore, switching the immune response towards a Th2 
phenotype could be a successful strategy to limit autoreactive diseases of the CNS (Ken-
nedy et al., 1992; Racke et al., 1994). Cell culture experiments indicate that retinoids may 
be useful in this regard (Fig. 2): Proliferation of murine MBP-specific T-cells was inhibited 
by RA, accompanied with an increase in IL-4 mRNA levels and decreased transcript con-
centrations of IL-2, TNFα and IFNγ (Racke et al., 1995). A similar anti-proliferative effect was 
reported with human autoreactive T-cells (Massacesi et al., 1987; Lovett-Racke and Racke, 
2002). In MBP-specific T-cell lines derived from relapsing-remitting MS patients, RA pro-
moted T-cell differentiation towards the Th2 phenotype, indicated by production of IL-4 
in the presence of RA, and production of IFNγ in the absence of RA (Correale et al., 1995; 
Racke et al., 1995; Dawson et al., 2008). Retinoids were also therapeutically beneficial in 

vivo. Oral administration of 13-cis RA suppressed neurological symptoms in EAE rats and 
reduced lymphocyte responsiveness to T-cell mitogens (Massacesi et al., 1987, 1991). Al-
though the 13-cis isomer of RA does not directly bind to retinoic acid receptors, as a 
drug (Isotretinoin, Accutane) it is effective in the treatment of dermatological diseases. 
The pharmacological activity of 13-cis RA is believed to result either from non-genomic 
effects or a gradual isomerization to all-trans RA (Nelson et al., 2006). The fact that a non-
toxic dose of 13-cis RA decreased T-cell mediated immunity strong enough to suppress 
an ongoing immune response in the EAE model (Massacesi et al., 1991) appears to be 
highly relevant with respect to possible therapeutic applications. Side effects of Accu-
tane on the nervous system are another issue and will be discussed below (Section 5.1). 

Retinoic acid has beneficial effects in other diseases with an inflammatory 
based pathology including asthma, arthritis and atherosclerosis. Signals that were 
found to be down-regulated by retinoids include transcriptional activity of NF-κB, 
expression of cytokines IL-1α, IL-1β, IL-6, TNFα, IL-8, IL-12, production of reactive oxy-
gen species and release of lysosomal enzymes. Anti-inflammatory effects of retinoids 
and PPAR ligands which have been identified with microglia and astrocyte primary 
cultures are discussed in detail in a recent review (van Neerven and Mey, 2007). While 
new data suggest that the inflammatory synthesis of prostaglandin E2 is modulated 
by retinoic acid in microglia (enhanced: Kim et al., 2008) and astrocytes (reduced: 
Kampmann et al., 2008), it remains to be seen how these results contribute to the 
design of translational experiments. 
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2.2. Effect of peroxisome proliferator-activated receptor ligands on EAE

When cells of the immune system are challenged with LPS or other immunogenic stimuli, ac-
tivation of PPARα and PPARγ reduces inflammatory responses (van Neerven and Mey, 2007).

Not surprisingly, PPAR activation has been tested to counter symptoms of EAE. 
The specific PPARα agonists gemfibrozil and fenofibrate were able to increase the pro-
duction of the Th2-related cytokine IL-4, inhibited release of IL-12p40, IL-12p70, IL-23, 
IL-27p28 and reduced NO production by microglia. They suppressed proliferation of 
transgenic T-cells that were specific for MBP (Ac1-11), which had been used for immuni-
zation (Lovett-Racke et al., 2004; Xu et al., 2007). Similarly, gemfibrozil shifted the cytokine 
secretion of human T-cell lines by inhibiting secretion of INFγ and promoting that of IL-
4. Most importantly, oral administration of gemfibrozil and fenofibrate reduced clinical 
signs of EAE (Lovett-Racke et al., 2004; Fig. 3). 

The PPARβ/δ agonist GW0742 also improved clinical and histological symptoms 
in EAE. While GW0742 did not suppress IFNγ production in vivo or in vitro, it reduced 
astroglial and microglial activation and IL-1β levels in EAE brains. Several myelin genes 
were elevated (Polak et al., 2005). 

In the EAE model PPARγ appears to be even more important. A study with PPARγ-
heterozygous mice demonstrated that these animals developed exacerbated EAE with 
prolonged clinical symptoms, increased expansion of CD4(+) and CD8(+) T-cells and ex-
pression of CD40 and MHC class II molecules, which are crucial for antigen presentation 
and activation of adaptive immune responses. T-cell proliferation and Th1 response were 
also stronger in these animals (Natarajan et al., 2003). In accordance with these results, 
PPARγ antagonists increased the severity and duration of EAE in both C57BL/6 wild-type 
and PPARγ (+/-) mice, again associated with increased T-cell proliferation, Th1 differen-
tiation and IFNγ production (Raikwar et al., 2005, 2006). Consequently, the activation of 
PPARγ is beneficial: Treatment of SJL/J mice with the PPARγ agonists 15d-PGJ2 or cigli-
tazone inhibited EAE in association with a decrease in neural antigen-specific Th1 cells 
and in IL-12 production. These observations were corroborated in cell cultures. PPARγ 
agonists inhibited IL-12-induced activation of the JAK-STAT signalling pathway and Th1 
differentiation of activated T-cells (Natarajan and Bright, 2002). Similar inhibition of sever-
al cytokines of the IL-12 family was obtained with LPS-stimulated primary microglia and 
astrocyte cultures (Xu and Drew, 2007). At histological examination the PPARγ effect was 
associated with diminished lymphocyte infiltration and reduced demyelination (Fein-
stein et al., 2002). Lentiviral overexpression of the nuclear receptor in endothelial cells 
blocked adhesion and transmigration of T-cells (Klotz et al., 2007). Pioglitazone was ef-
fective even when provided after onset of the disease. On the molecular level, decreased 
chemokine and cytokine expression, and increased expression of IκB were found in the 
brain and in EAE-derived T-cells, suggesting that the protective effect of PPARγ activation 
was mediated by an increased inhibition of NF-κB (Feinstein et al., 2002). 
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A case report, where the safety and therapeutic potential of oral pioglitazone was 
tested in a patient with secondary MS, demonstrated improved motor function and coordina-
tion, better orientation, short-term memory and attention. Treatment with pioglitazone con-
tinued for 3 years without adverse events, and the patient remained clinically stable. However, 
magnetic resonance imaging displayed no perceptible change in overall brain atrophy or the 
extent of demyelination. As these preliminary data suggest that PPARγ agonists offer a thera-
peutic benefit to MS patients (Pershadsingh et al., 2004) more clinical studies are in progress 
now (e.g., Takeda Pharmaceuticals, Univ. of Illinois). We note that drugs used as PPAR agonists 
can be beneficial in EAE independent of PPAR/RXR activation (Dasgupta et al., 2007).

Fig. 2. Retinoic acid affects leukocyte differentiation. Upon activation by the innate immune system and antigen 

presentation, CD4+ T-lymphocytes differentiate either to IFNγ producing Th1 effector cells or to IL-4 producing Th2 effec-

tor cells. The cytotoxic Th1 response is mainly directed against intracellular pathogens, whereas the humoral Th2 response 

is mainly against extracellular pathogens. Both responses differ in their patterns of cytokine and cellular activities. RAR- and 

PPAR-agonists promote Th2 differentiation at the expense of the Th1 pathway. Under the influence of TGFβ and IL-6 CD4+ 

and CD8+ cells can be induced to generate IL-17 (Th17 differentiation). RA inhibits this process (Mucida et al., 2007). The 

interaction between CD4 and MHC II is essential for successful antigen presentation. Activation of CD40 by its ligand trig-

gers the antigen presenting cell to supply co-stimmulatory signals, which are necessary for proper T-cell activation. These 

processes are also inhibited by PPARγ agonists. Positive and negative effects are indicted by arrows and blunt ending lines, 

respectively; arrows with broken lines show paths of differentiation or cytokine release. Refer to the list of abbreviations.
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2.3. PPARγ and RARα signaling in motoneuron disease

Amyotrophic lateral sclerosis is characterized by the loss of motoneurons in the cerebral 
cortex, brain stem and spinal cord leading to muscular weakness and atrophy. About 90% 
of all ALS cases are sporadic, whereas 10% include familial forms (Jackson and Bryan, 1998). 
Mutations in the Cu/Zn superoxide dismutase gene (SOD)-1 have been found in 20% of 
the familial ALS patients and have been implicated in the pathophysiology of the disease, 
albeit in a small percentage of all cases. This is important nonetheless, because several 
lines of transgenic mice have been engineered that carry mutant forms of the SOD-1 gene, 

Fig. 3. Oral administration of PPAR agonists has a therapeutic benefit in EAE. 

(a) Mice were fed 500 mg of gemfibrozil (GEM) daily by gavage for 21 days, beginning the day before immunization with 

200 mg MBP Ac1-11/complete Freund’s adjuvant. Control mice were immunized only (control) or were fed PBS by gavage 

(PBS). Severity of the symptoms (clinical score) is indicated on the ordinate; disease incidence is shown in parenthesis.  

(b) Mice were given a diet supplemented with fenofibrate (FEN, 0.25%, w/w) beginning 3 days before immunization. Half 

of the mice in the fenofibrate group died within the first 10 days, and the FEN-supplemented diet was stopped. (c) Animals 

received a diet supplemented with GEM (0.25%, w/w) beginning 3 days before immunization. (d) Mice were immunized 

with MBP, and at the first signs of disease, the animals were fed 500 mg GEM, FEN or PBS by gavage for 21 days. Positive 

effects of the PPARγ agonists were highly significant in all cases. Source: Lovett-Racke et al. (2004).
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and these animals serve as experimental models of ALS. Similar to human ALS patients, 
they display abnormal accumulation of neurofilaments in motoneurons, which is partly 
responsible for the cellular degeneration (Lee et al., 1994; Straube-West et al., 1996). 

Using such SOD-1 mutant mice, PPAR agonists were assessed as a possible treat-
ment of ALS. The PPARγ agonist pioglitazone, fed with the diet, improved motoneuron 
survival, muscle strength and motor performance. The animals exhibited a delayed 
disease onset and longer survival (Kiaei et al., 2005; Schutz et al., 2005). Gliosis was also 
reduced, as were microglial activation and molecular parameters of inflammation in 
the spinal cord, including NF-κB, iNOS and 3-nitrotyrosine immunoreactivity, which cor-
relates with produced NO. Quantification of motor neurons of the spinal cord revealed 
complete neuroprotection by pioglitazone, whereas nontreated SOD1-G93A mice lost 
30% of motoneurons. 

Retinoids are also implicated in the disease, because dietary retinoid deficiency 
in adult rats induced motoneuron degeneration, intracellular accumulation of neurofila-
ments and increased astrogliosis. These features were interpreted as a syndrome of mo-
toneuron disease similar to ALS. Receptor analysis demonstrated that the effects were 
mediated by a lack of RARα signaling. This receptor was also pathologically reduced in 
motoneurons of patients with spontaneous ALS, shown with in situ hybridization in the 
post mortem tissue from ten cases. Moreover, the lack of RARα was accompanied by 
RALDH-2 deficiency (Corcoran et al., 2002b). These results suggest that PPARγ agonists 
and retinoids have a therapeutic potential for human ALS (Schutz et al., 2005). Several 
publications report analyses of post mortem human spinal cord tissue from ALS pa-
tients by gene micro-arrays. Changed patterns of transcription affected a large number 
of genes that are involved in many cell functions, including the RA signaling pathway. 
Specifically, the genes of cellular retinoic acid binding protein I (CRABP-I), RARα and RXRγ 
were found to be expressed at lower levels, and the gene for retinol binding protein (RBP) 
was upregulated (Malaspina et al., 2001; Dangond et al., 2004; Jiang et al., 2005). This is 
somewhat corroborated by a recent gene expression analysis of SOD-1 mutant rats (Jokic 
et al., 2007). With progression of the disease a marginal increase in the expression of RPB-
1, CRABP-II and RALDH-2 occurred. Receptors RARα and RARβ were detected immunohis-
tochemically in motoneurons. Although quantitative changes in protein expression were 
not significant, this specific staining disappeared with the degeneration of these cells. 
Although variable findings regarding the expression of retinoid receptors in the spinal 
cord have been published (Krezel et al., 1999; Corcoran et al., 2002a; Schrage et al., 2006; 
Jokic et al., 2007), RARα appears to be important for motoneuron survival. It is especially 
high in γ-motoneurons, which survive longer in SOD-1 mutant mice and rats. Also consis-
tently, reactive astrocytes in the spinal cord show strong RXRβ immunoreactivity (Schrage 
et al., 2006; Jokic et al., 2007). It is not known at this point whether RA signaling is causally 
related to the progress of the disease, part of compensatory physiological mechanisms or 
only a pathological sign without significant therapeutic relevance.
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2.4. Supplementation of polyunsaturated fatty acids in MS and ALS

As noted in the introduction, PUFA can regulate gene transcription by activating PPAR or 
RXR. Epidemiological observations suggested that dietary PUFA supplementation might 
be beneficial in demyelinating diseases. Consequently there have been a number of pro-
spective randomized clinical trials to test ω-3 fatty acids (either with α-LA or with fish oil 
containing EPA and DHA) among patients with relapsing-remitting MS. In most cases 
a positive trend favoring the treatment group was reported, but possible benefits of the 
ω-3 PUFA never reached significance. No effects of ω-6 γ-LA on disease progression or 
severity were found (reviewed in: Stewart and Bowling, 2005). Although animal experi-
ments showed more conclusive results with positive influences of ω-3 PUFA on survival 
and progression in EAE the mechanisms of action are not clear (Harbige, 2003). Their anti-
inflammatory effects appear mostly to be due to indirect influences on prostaglandin 
metabolism (Simopoulos, 2002). 

A recent clinical study involving 132 ALS patients and 220 healthy controls re-
vealed a negative correlation between PUFA and vitamin E in the food and the occurrence 
of ALS. Other dietary components such as glutamate, cholesterol or vitamin C were not 
significantly associated with the risk of developing ALS; vitamin A was not investigated in 
this study (Veldink et al., 2007). Again, it remains to be seen whether any effects of dietary 
fatty acids can be attributed to regulatory functions on the level of gene transcription.
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Tab. 3. RAR/RXR, PPAR/RXR signaling in subcortical neurodegenerative diseases

ligand/
receptor

major results
experimental 

approach
references

RAR, RXR, 
binding 
proteins

involved 
extrapyramidal motor 

functions

rodents, biochemistry, 
histology

Zetterström et al., 1999; Liao and Liu, 
2005; Ghate et al., 2007

RA, RALDH-1, 
other 

enzymes

involved 
extrapyramidal motor 

functions

in situ hybridization, 
transgenic mice

Abu-Abed et al., 2002; Galter et al., 
2003; McCaffery and Dräger, 2004

RA
involved in dopamine 

signaling
in vitro, molecular 

biology
Samad et al., 1997; Valdenaire et al., 

1998; Wang and Liu, 2005

RARβ, RXRβ, 
RXRγ

involved in 
extrapyramidal motor 
functions, dopamine 

signaling

knockout mice Krezel et al., 1998; Saga et al., 1999

RA
involved in 

extrapyramidal motor 
functions

retinoid deficient rats Carta et al., 2006

RALDH-1
involved in striatal 

functions
clinical observations Fisher, 1989; Laplane et al., 1992

RA, RXRγ reduced in HD model
gene expression analysis 

in HD mouse model
Luthi-Carter et al., 2000

PPARα, 
PPARβ/δ, 

PPARγ

rescued 
dopaminergic 
neurons of the 

substantia nigra 

MPTP treated monkeys 
and rats

Breidert et al., 2002; Dehmer et al., 
2004; Kreisler et al., 2007; Iwashita 

et al., 2007 

PUFA clinical benefit in HD clinical studies Vaddadi et al., 2002; Puri et al., 2002

3. Subcortical neurodegenerative diseases

Parkinson’s disease (PD) and Huntington’s disease (HD) are two well-known neurodegen-
erative diseases that affect subcortical structures of the brain. Both diseases share distur-
bances in the nigrostriatal projections and extrapyramidal system, which are accompa-
nied by severe movement disorders. Parkinson’s disease has onset at a mean age of 55 
and more than 0.5% of individuals older than 70 years are affected. The disease becomes 
clinically apparent after the degeneration of approximately 70% of the dopaminergic neu-
rons of the substantia nigra (SN). With a variety of contributing genetic and external fac-
tors, idiopathic PD is the common clinical appearance of different pathological processes. 
The degenerating neurons typically contain Lewy bodies, cytoplasmatic inclusions mainly 
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consisting of α-synuclein and ubiquitin. As neuronal degeneration progresses, symptoms 
are resting tremor, rigidity, bradykinesia and postural instability. Although several treat-
ments to stabilize and improve functions of the basal ganglia were developed, most pa-
tients are bedridden after approximately 15 years (Rowland, 2000) (Table 3).

3.1. Physiological functions of retinoic acid in the nigrostriatal system

Several lines of experimental evidence suggest that the RA system is involved in develop-
ment and function of the nigrostriatal pathway. 

(1) A first indicator is the presence of RA-synthesizing enzymes, binding proteins 
and retinoid receptors. RARα and RARβ are expressed in the striatum of neonatal rats and 
mice, RARβ also in adult animals (Ghate et al., 2007). All three RXRs are expressed continu-
ously during ontogenesis (Zetterström et al., 1999; Liao and Liu, 2005). Using a reporter 
cell line, McCaffery and Dräger detected endogenous RA in striatal tissue of adult mice 
(McCaffery and Dräger, 1994). They identified dopaminergic neurons of the substantia 
nigra as the source of RA synthesis. These cells express enzymes required for the con-
version of vitamin A to RA, namely alcohol dehydrogenase ADH-3 (Galter et al., 2003) 
and retinaldehyde dehydrogenase RALDH-1. Interestingly, the RA-synthesizing enzyme 
RALDH-1 appears to be transported in axons to the forebrain, implying that projection 
neurons supply the striatum with RA. Additional aldehyde dehydrogenases were found 
in the striatum during embryonic development (McCaffery and Dräger, 1994). The stri-
atal expression of retinoid binding proteins CRBP-I, CRABP-I, CRABP-II (Zetterström et al., 
1999) and of the RA-degrading enzyme CYP26B1 (Abu-Abed et al., 2002) further support 
a physiological function of RA in this system. 

(2) Functional studies revealed that RA influences the dopamine signal transduc-
tion system. The D2 receptor gene has a functional RA response element in its promoter 
(Samad et al., 1997). RA treatment of neuronal cultures from embryonic striatum raised 
the number of D2 receptor binding sites (Valdenaire et al., 1998). Using RNase expression 
assays Wang and coworkers showed that RA also regulated expression of the D1 recep-
tor gene and of other genes that are part of the dopamine signal transduction cascade 
in the lateral ganglionic eminence. These included the heterotrimeric G-protein Golf, 
adenylyl cyclase type V and dopamine- and cAMP-regulated phosphoprotein (Wang and 
Liu, 2005). It was assumed that RA might influence D1 receptor expression via activation 
of the transcription factors Meis2 and Brn4. So far, most of the effects of RA on genes nec-
essary for dopaminergic signaling were described in development, and little is known 
about these influences in the adult brain. 

(3) A causal link between RA signaling and extrapyramidal motor symptoms was 
more convincingly demonstrated by the interference with RA signaling in vivo. Since 
RA seems to be produced by neurons of the substantia nigra, it is likely that in addition 
to the dopamine deficiency, caused by the disappearance of substantia nigra neurons, 
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a reduction in RA signaling contributes to the neurological appearance of PD. This hy-
pothesis is clinically supported by experience with Antabuse, a drug which is used in the 
treatment of alcoholism. Antabuse, which is a potent inhibitor of the RA-synthesizing 
enzyme RALDH-1 (McCaffery and Dräger, 1994), can induce PD symptoms accompa-
nied by striatal lesions (Fisher, 1989; Laplane et al., 1992). It should be noted, however, 
that Antabuse can directly influence the action of enzymes through copper chelation; 
for instance, it inhibits dopamine-β-hydroxylase thereby blocking the reaction from do-
pamine to norepinephrine. RARβ/RXRβ, RARβ/RXRγ and RXRβ/RXRγ double knockout 
mice exhibited a strong reduction of striatal D2- and D1 receptor expression and show 
reduced locomotor activity and impaired motor performance in the rotarod test (Krezel 
et al., 1998), resembling the Parkinson-like phenotype of D2 receptor knockout mice (Baik 
et al., 1995). Carta and coworkers also demonstrated motor impairments in vitamin A 
deprived rats, though in this case, the behavioral effect seemed to be caused by reduced 
acetylcholine levels in the striatum and not by a reduced expression of dopamine re-
ceptors (Carta et al., 2006). In accordance with this interpretation, lower expression of 
choline acetyltransferase was found in striatal cholinergic interneurons of RXRγ-deficient 
mice (Saga et al., 1999). Since acetylcholine is a physiological antagonist of dopamine in 
the striatum (Rowland, 2000), these results seem to be contradictory. Perhaps RA serves 
generally as a trophic and differentiation factor in the striatum, thus maintaining the 
homeostasis of both neurotransmitter systems. 

The down-regulation of D2 receptors observed in patients with advanced PD 
is exacerbated by long-term dopaminergic treatment (Rowland, 2000; Thobois et al., 
2004). Therefore, by strengthening the postsynaptic dopamine system, RA could also 
delay the development of drug insensitivity. On the other hand, the pharmacological 
potential of RA may be limited by effects on the cholinergic system.

3.2. Immunotoxicity, oxidative stress and cell viability in the basal ganglia

Parkinson’s disease is accompanied by inflammatory processes (Hirsch et al., 2003), and 
the involvement of neuroinflammation in Huntington’s disease (HD) is also likely (Crocker 
et al., 2006). As noted above, RAR/RXR and PPAR/RXR signals can reduce immunotoxicity 
in the CNS (van Neerven and Mey, 2007). Activation of these signaling pathways might 
therefore be helpful in the treatment of PD and HD. By stabilizing the redox balance 
PPAR can mitigate pathological processes caused by respiratory stress or mitochondrial 
dysfunction, which are discussed as primary factors for both diseases (Rego and Oliveira, 
2003; Lin and Beal, 2006). While there are no clinical studies published yet, experiments 
with animal models of PD and HD indicate that PPAR agonists influence the course of 
both diseases beneficially. One established animal model for PD consists of systemic 
injections of the neurotoxin MPTP in monkeys or rodents, which causes a degeneration 
of dopaminergic neurons. In this type of experiment, treatment with the PPARα agonist 
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fenofibrate (Kreisler et al., 2007), PPARβ/δ agonists L-165041 and GW501516 (Iwashita 
et al., 2007) and the PPARγ agonists pioglitazone (Breidert et al., 2002) and rosiglitazone 
(Dehmer et al., 2004) resulted in significant rescue effects of dopaminergic neurons in 
the substantia nigra. The actions of the PPARβ/δ agonists involved inhibition of apopto-
sis via reduced activation of caspase-3 (Iwashita et al., 2007). The PPARγ agonists exerted 
their effects by IκBα activation and NF-κB inhibition leading to reduced microglia activa-
tion. This nearly abolished NO-mediated cell death (Dehmer et al., 2004). 

Effects of PPAR ligands in HD were investigated in fewer studies. This is an auto-
somal dominant hereditary trinucleotide repeat disorder. The triplet repeat CAG codes 
for part of the protein huntingtin, whose physiological function is still unknown. The 
extent of the trinucleotide extension correlates directly with the severity of symptoms 
and inversely with the age at onset, on average 35–40 years. One prominent patho-
logical feature is the massive loss of striatal medium-sized GABA-ergic spiny projection 
neurons, leading to a marked atrophy of the neostriatum. Generalized brain atrophy 
is due to additional pathological processes affecting the cortex, thalamus, cerebellum 
and further structures (Rowland, 2000). In a gene expression screen of mice that were 
transgenic for the 50 end of the human huntingtin gene, Luthi-Carter et al. found that 
the mRNA concentrations of RXRγ and a number of RA-responsive genes including 
the D2 receptor were significantly reduced (Luthi-Carter et al., 2000). While this link 
between RA signaling and HD is rather week, unsaturated fatty acids which activate 
PPARs had beneficial effects on the clinical course of HD (Vaddadi et al., 2002). Puri and 
coworkers demonstrated that 6 month ethyl-EPA treatment of HD patients improved 
orofacial dyskinesia and significantly reduced progressive cerebral atrophy measured 
by MRI (Puri et al., 2002). A more recent study could reproduce a positive effect of ethyl-
EPA only for a subset of HD patients with a later age at onset and lower CAG repeat 
value. After 12 months of therapy these patients showed better motor performance 
than patients of the control group. Unfortunately, the treated patients still suffered 
from significant deterioration of behavioral symptoms (Puri et al., 2005). Since ethyl-
EPA elicits several effects in addition to activating PPARs (Jump, 2002) it is uncertain 
whether these observations involve the PPAR system. With respect to a therapeutic 
influence on extrapyramidal symptoms the anti-inflammatory effects or RAR/RXR sig-
naling have not been studied so far.

4. Alzheimer’s disease and aging 

Alzheimer’s disease (AD) is a progressive degenerative disease of the death commences 
in brain regions that control memory and cognitive function but progresses to other 
areas. Alzheimer’s disease is pathologically characterized by the extracellular accumula-
tion of β amyloid (Aβ) plaques and intracellular neurofibrillary tangles of hyperphospho-
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rylated tau protein. The idea that PPAR/RXR and RAR/RXR signaling are candidates for 
therapeutic strategies against AD was suggested by three lines of evidence. (1) Given 
that inflammatory reactions contribute substantially to the neurodegenerative processes 
(Kielian and Drew, 2003; Sastre et al., 2006b), their anti-inflammatory properties recom-
mend PPAR/RXR activating drugs and retinoids for therapeutic use (Delerive et al., 2001; 
Diab et al., 2004; Delayre- Orthez et al., 2005). (2) RA is implicated in neural plasticity and 
memory processes which deteriorate in the disease (Chiang et al., 1998; Misner et al., 2001; 
Alfos et al., 2001; Cocco et al., 2002; Etchamendy et al., 2003; Shinozaki et al., 2007; min-
gaud et al., 2008). (3) Genes for RA signaling are found within the boundaries of many of 
the chromosomal regions genetically linked to AD (Goodman and Pardee, 2002). A weak 
association exists also between late-onset AD and PPARγ polymorphisms (Koivisto et al., 
2006; Hamilton et al., 2007; Scacchi et al., 2007) (Table 4).

4.1. Anti-inflammatory treatment with PPAR agonists

While the causal relationship between the formation of amyloid plaques, deposition of 
neurofibrillary tangles and the following neuronal degeneration is still not completely 
understood, several hypotheses compete in the field (Mudher and Lovestone, 2002; 
Sastre et al., 2006b). Regardless of the etiology of the disease, an inflammatory process, 
including microglia and astrocyte activity, cytokine production and prostaglandin syn-
thesis, is believed to contribute to the AD pathology (Kielian and Drew, 2003; Hoozemans 
et al., 2006). As mentioned above, RAR/RXR as well as PPAR/RXR signaling suppresses 
several aspects of inflammatory activity in microglia and astrocytes. A specific target of 
NSAIDs with relevance for AD is the PPARγ, which can inhibit expression of iNOS, COX-2 
and of the cytokines IL-1β, TNFα, IL-6, IL-2 and IFNγ (Li et al., 2000; Sastre et al., 2003, 2006a; 
Heneka et al., 2005; Townsend and Pratico, 2005). In addition to direct transcriptional 
regulation by PPAR/RXR, effects via inhibition of transcription factors STAT1, NF-κB and 
AP-1 were also observed (Ricote et al., 1998; van Neerven and Mey, 2007). 

Oxidative stress arising with increasing age and during inflammation seems to 
be etiologically associated with AD. In aged mice NF-κB becomes constitutively active 
in many tissues due to the oxidative stress, which eventually leads to the production of 
pro-inflammatory cytokines. Administration of PPARα activators was found to restore the 
cellular redox balance, to eliminate the constitutive activation of NF-κB and the spon-
taneous production of IL-6 and IL-12 (Spencer et al., 1997; Poynter and Daynes, 1998). 
During the aging process inflammatory reactions are accompanied by reduced PPARγ 
levels. Specific PPARγ ligands were therefore explored as therapeutic tools in this con-
text. For instance, 2,4-thiazolidinedione (2,4-TZD) and pioglitazone reduced age-related 
oxidative stress, the translocation of NF-κB p65 subunit to the cell nuclei and NF-κB-
regulated transcription of iNOS, COX-2, IL-1β, IL-6, and adhesion molecules VCAM-1 and 
P-selectin (Sung et al., 2006). Oral administration of pioglitazone or the NSAID ibuprofen,  
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also a ligand of PPARγ, resulted in a reduction of the number of activated microglia and 
reactive astrocytes in hippocampus and cerebral cortex of APPV717I mice, an animal 
model for inflammation in AD (Heneka et al., 2005). One effect of PPARγ agonists consists 
in its ability to counteract the induction of β-secretase by inflammatory cytokines. This 
is one of the enzymes involved in Aβ deposition because it is responsible for proteolytic 
cleavage of amyloid precursor protein (APP). In transfected neuroblastoma cells NSAIDs, 
via PPARγ activation, inhibited activity of β-secretase and release of Aβ (Sastre et al., 
2003). It was further shown that this effect is caused by direct transcriptional inhibition 
of the β-secretase gene, BACE1 (Sastre et al., 2006a). In accordance with this mechanism, 
brain extracts from AD patients contained more β-secretase and less PPARγ protein than 
controls, and there was less PPRE binding activity in their tissue (Sastre et al., 2006a). 
A genetic association between PPARγ and late-onset AD was recently revealed (Koivisto 
et al., 2006; Hamilton et al., 2007; Scacchi et al., 2007). PPARγ overexpression dramatically 
increased ubiquitinylation and degradation of APP in proteasomes, though effects on Aβ 
clearance were independent of secretase activity in these experiments (Camacho et al., 
2004; D’Abramo et al., 2005).

Fig. 4. Treatment of AD patients with the PPARγ agonist rosiglitazone. Numbers of patients who completed the 

study were: 106 (placebo), 109 (2 mg RSG), 114 (4 mg RSG) and 113 (8 mg RSG). Although the effect of the drug on cogni-

tive performance was not significant, the analysis of ApoE e4-negative vs. ApoE e4 positive cohorts showed a significant 

interaction between genotype and treatment (AD Assessment Scale-Cognitive score, negative number indicates improve-

ment). Shown are the individual ADAS-Cog scores in patients with ApoE e4/e4 and ApoE e4/x genotypes. Symbol size 

is proportional to number of subjects with same change in score. Source: Risner et al. (2006).
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Tab. 4. RAR/RXR, PPAR/RXR signaling in Alzheimer’s disease

ligand/
receptor

major results
experimental 

approach
references

RA, RARα

genetic linkage 
between genes 

associated with AD 
and RA signaling

genetic evidence, 
human AD patients

Goodman, 1998, 2006; Goodman, 
Pardee, 2002

RARs, RXRs, 
PPARs

expressed in 
hippocampus

knockout mice, 
histology; transgenic 

reporter mice

Krezel et al., 1999; Moreno et al., 
2004; Sakai et al., 2004

RA
reduces Aβ 

accumulation
in vitro Ono et al., 2004; Holback et al., 2005

RA
involved in Aβ 

deposition
retinoid deficient rats

Corcoran et al., 2004; Husson et al., 
2006

RA, RARβ, 
RXRγ

involved in learning/
memory, aging; 

necessary for LTP, LTD 
in hippocampus

knockout mice, retinoid 
deficient rodents, 

behavior, physiology

Enderlin et al., 1997; Chiang et al.,, 
1998; Misner et al., 2001; Cocco et al., 
2002; Etchamendy et al., 2002, 2003; 

rev.: Mey, McCaffery, 2004; Lane, 
Bailey, 2005

RARβ/
ethanol

blocking RARβ 
reduced alcohol 
memory deficits

chronic alcohol 
consumption in mice

Alfos et al., 2001

13-cis RA

reduced 
hippocampal 
neurogenesis 
and memory 
performance 

chronic administration 
in mice (i.p.)

Crandall et al., 2004; Sakai et al., 2004

PPARα anti-inflammatory mouse models for AD
Spencer et al., 1997; Poynter, Daynes, 

1998

PPARα
neuroprotective with 

Aβ exposure
in vitro Santos et al., 2005

PPARγ
genetic linkage with 

AD 
genetic evidence, 

human AD patients
Koivisto et al., 2006; Hamilton et al., 

2007; Scacchi et al., 2007

PPARγ anti-inflammatory in vitro
Ricote et al., 1998; Li et al., 2000; 

Sastre et al., 2006b

PPARγ anti-inflammatory mouse models for AD Heneka et al., 2005; Sung, 2006

PPARγ inhibits Aβ release in vitro Sastre et al., 2003, 2006a

PPARγ degradation of APP over-expression in vivo
Camacho et al., 2004; D’Abramo et al., 

2005

PPARγ behavioral benefit mouse model for AD Pedersen et al., 2006

PPARγ
limited clinical 

benefit
clinical studies Watson et al., 2005; Risner et al., 2006

ω-3 PUFA
reduces plaque 

formation
rodent models for AD

Gamoh et al., 2001; Calon et al., 2004; 
Lim et al., 2005

ω-3 PUFA low in AD brains postmortem analyses
Prasad et al., 1998; Heude et al., 2003; 

Hashimoto et al., 2006

ω-3 PUFA cognitive benefit epidemiological studies Kalmijn et al., 1997; Morris et al., 2006
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4.2. PPAR activation as a therapeutic tool for Alzheimer’s disease

Pedersen and coworkers used the PPARγ agonist rosiglitazone to treat learning and mem-
ory deficits in another animal model for AD, the transgenic Tg2576 mouse (Pedersen et al., 
2006). These mice overexpress a mutated form of human APP, which leads to increased 
levels of Aβ that eventually forms β-amyloid plaques and causes memory deficits (Hsiao 
et al., 1996). This is similar to the pathology in AD, although neurofibrillary tangles and 
neuronal degeneration are not commonly observed in the animal model. In the rosiglita-
zone study, transgenic animals that received the PPARγ agonist in their diet showed spatial 
memory performance similar to wild-type mice, in contrast to non-treated Tg2576 mice, 
whose abilities deteriorated significantly. Rosiglitazone also attenuated the reduction of 
insulin-degrading enzyme in the hippocampus, an enzyme that also degrades monomeric 
Aβ. The authors speculated that beneficial effects of rosiglitazone were due to lowering 
of the glucocorticoid level because glucocorticoids reduce the activity of this enzyme, in-
sulin increases it and PPARγ supports peripheral insulin sensitivity (Pedersen et al., 2006). 
This mode of action is particularly relevant because the drug does not cross the blood 
brain barrier. PPAR agonists which do penetrate into the brain tissue, however, may directly 
protect nerve cells from Aβ-induced degeneration. That was recently shown in neuronal 
primary cultures from embryonic rat hippocampus (Santos et al., 2005), and may also be 
a property of RA (Shinozaki et al., 2007). Since FDA-approved PPARγ agonists are available, 
clinical studies have already been started to test these drugs in age-related dementia. A 
preliminary experiment, where rosiglitazone was given to patients with mild AD/cognitive 
impairment, demonstrated better delayed recall and selective attention after 6 months of 
treatment (Watson et al., 2005). Apart from anti-inflammatory effects a major function of 
PPARs is the regulation of lipid homeostasis and insulin sensitivity (Kota et al., 2005). This 
provides another link to AD, because lipoprotein metabolism, specifically apolipoprotein E 
(ApoE) is associated with the disease. One or two copies of the e4 allele of the ApoE gene 
are present in approximately half of the AD patients, while in contrast the e2 allele confers 
decreased risk and later onset (Risner et al., 2006). A connection between ApoE and PPARγ 
treatment became apparent in the first large clinical investigation involving 67 clinical cen-
ters and 449 patients. This study reported a statistical association between the effect of 
rosiglitazone and the ApoE genotype of the patients (Risner et al., 2006). At the highest con-
centration ApoE e4-negative patients benefited from the treatment. While Landreth and 
colleagues conclude that these results support the use of PPARγ agonists in the treatment 
of AD (Sundararajan et al., 2006) in our opinion the results give less reason for optimism (Fig. 
4). No significant benefit of rosiglitazone was found across the entire population of patients, 
and the authors report that the interaction between rosiglitazone treatment and allelic 
status was primarily the result of unexplained improvement at week 24 in ApoE e4-positive 
patients receiving placebo (Risner et al., 2006). Nonetheless, possible long-term benefits of 
PPAR-related treatment of AD will certainly be investigated in the future. 
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A similar conclusion can be drawn with respect to fatty acid ligands of PPAR and 
RXR, specifically DHA. Epidemiological studies suggested that a diet rich in ω-3 PUFA is 
associated with decreased risk of cognitive decline (Kalmijn et al., 1997; Morris et al., 2006), 
and cell membranes of AD patients contained lower amounts of DHA (Prasad et al., 1998; 
Heude et al., 2003; Hashimoto et al., 2006). Experiments with DHA administration in mice 
and rats corroborate this interpretation (Gamoh et al., 2001). For instance, Lim and cowork-
ers found in aged Tg2576 mice that high intake of DHA reduced amyloid plaque formation. 
Supported by gene expression data, they conclude that DHA influenced APP processing 
(Lim et al., 2005). This may have been caused by transcriptional effects of RXR or indirectly 
by decreasing oxidative stress and inflammatory reactions (Calon et al., 2004). Although in 
astrocytes LXR/RXR activity induces ApoE expression (Liang et al., 2005), this was not sig-
nificantly altered in the DHA experiments (Lim et al., 2005), and it is not certain that dietary 
effects of ω-3 PUFA in transgenic animals involved RXR signaling.

4.3. Retinoic acid signaling is involved in learning and memory

Although most publications on retinoic acid are related to embryonic development, derma-
tology or cancer research, increasing attention is being paid to its physiological functions 
in the adult brain (Mey and McCaffery, 2004; Lane and Bailey, 2005). Investigations of retin-
oid receptor knockout mice and vitamin A deprived rats showed that these animals were 
compromised in memory tasks (Chiang et al., 1998; Misner et al., 2001; mingaud et al., 2008). 
Transgenic mice lacking either RARβ or RXRγ or both genes were deficient in the formation 
of spatial memory as tested with the Morris water maze. Adult rats, which received a vitamin 
A free diet for 12 weeks, developed a severe deficit in spatial learning and memory, and this 
cognitive impairment was fully restored when vitamin A was replaced in the food (Cocco 
et al., 2002). Chronic ethanol consumption, which produces cognitive deficits, also interferes 
with retinoid signaling, though the mechanisms are far from understood. Ethanol can in-
duce RARβ and RXRβ/γ expression in vivo, and blocking RARβ activity was shown to reverse 
alcohol-induced working memory deficits (Alfos et al., 2001). Astrocytes in vitro produced 
more RA when treated with ethanol (McCaffery et al., 2004); indeed astroglial-derived RA 
may even be an important signal for neurogenesis in the dentate gyrus of the hippocampus 
(Környei et al., 2007). The brain structure most closely associated with spatial learning and 
memory consolidation is the hippocampus, which in mice shows a high expression of RARα, 
RARγ, RXRs and PPARs (Krezel et al., 1999; Moreno et al., 2004). Accordingly, transcriptional 
activity of RA was observed in the hippocampus of transgenic reporter mice (Luo et al., 2004; 
Sakai et al., 2004; Környei et al., 2007; Fig. 5). Potential physiological correlates of associative 
learning are long-term potentiation (LTP) and longterm depression (LTD). These were stud-
ied in brain slices of retinoid receptor knockout mice. RARβ and RARβ/RXRγ mutant mice 
lacked LTP almost completely, while LTP was normal in RXRγ-deficient animals. LTD was se-
verely reduced in all three knockout mice including the RXRγ mutants (Chiang et al., 1998). 
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In aging mice, the declining memory performance in radial maze tasks as well as 
diminished amplitude of LTP correlated with a decrease in the expression of RARβ and 
RXRβ/γ in the brain. RA administration led to a reversal and the application of an RAR 
antagonist exacerbated the age-related deficits (Enderlin et al., 1997; Etchamendy et al., 
2001). In line with these results, life-long dietary supplementation with vitamin A pre-
vented age-related deterioration in the performance of short-term working memory and 
long-term declaratory memory tasks in mice. Aged animals which had received the high 
vitamin A diet showed no decline in RARβ and GAP43 expression in the hippocampus, and 
learning induced expression of Fos was specifically enhanced in hippocampus CA1–CA3, 
the prefrontal cortex and the mediodorsal striatum (Mingaud et al., 2008). Since ageing is 
also associated with a decrease in the brain content of ω-3 PUFA, dietary supplementation 
with EPA and DHA was tested in old rats. The treatment reversed an age-related decline in 
the expression of GluR2 and NR2B glutamate receptor subunits in prefrontal cortex, hip-
pocampus and striatum (Dyall et al., 2007). 

The fact that memory impairment due to vitamin A deficiency is reversible points 
to a specific physiological, opposed to a general developmental function of RA (Misner 
et al., 2001; Cocco et al., 2002). That may include long-term structural changes, however. 

Fig. 5. Retinoic acid activity in the mouse brain. Serial slices through the rostral brain of a 7-week-old RARE-lacZ 

transgenic mouse show endogenous transcriptional activity of RA (blue staining); aha: amygdala/hippocampal area, am: 

amygdala, ccx: cingulated cortex, DG: dentate gyrus, hyp: hypothalamus. Source: Luo et al. (2004). (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of the article.)
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Cocco and colleagues found that vitamin A deprivation led to reduced sizes of pyrami-
dal neurons in the hippocampus. In an eight-arm radial maze discrimination task it took 
39 weeks of vitamin A deprivation to produce significant memory impairment in young 
mice, and this effect was not reversible with systemic injections of RA (150 mg/kg; Etcha-
mendy et al., 2003). 

Although little is known about the physiological mechanisms that underlie effects 
of RA on cognitive functions, several pertinent processes are regulated or at least influ-
enced by RA. These are neurotransmitter- and neurotrophin-signaling pathways, including 
genes for acetylcholine esterase and choline acetyl transferase (Malik et al., 2000; Lane and 
Bailey, 2005), and the regulation of neuronal differentiation and even of neurogenesis in 
the dentate gyrus and subventricular zone of adult mammals (Crandall et al., 2004; Wang 
et al., 2005). That RA may play a role in the plasticity of neural networks has most recently 
been demonstrated by Chen and Napoli (2008). They report that all-trans RA increased 
dendritic spine formation and synapse staining (PSD-95, synaptophysin) in cultured hip-
pocampal neurons within 30 min, indicating that RA directly affects the formation of syn-
apses. These rapid changes were RARα-dependent (as checked with siRNA and shRNA) 
and involved Ras activation, transient phosphorylation of kinase Erk1/2 and an effect on 
local dendritic translation of the glutamate receptor GluR1 (Chen and Napoli, 2008).

4.4. Connections between retinoid signaling and Alzheimer’s disease

In a pioneering study Goodman investigated genetic linkages between RA signaling 
and neurological and psychiatric disorders (Goodman, 1998). Based on the observation 
that gene loci thought to be involved in AD were clustered around genes for CYP26 en-
zymes, RARα, RXRβ, RXRγ, CRABP-II, and retinol binding proteins, she hypothesized that 
a decreased availability of RA and subsequent dysregulation of retinoid genes and their 
targets contribute to late-onset AD (Goodman, 2006). Biochemical data support this idea 
as they indicate lower retinoid supply, transport and signaling as factors associated with 
the disease. For instance, ApoE is a transport protein for retinyl esters in chylomicrons 
(Ishibashi et al., 1996), and the ApoE e2 allele has a better ability to carry retinoids and 
DHA (the putative RXR ligand). Compared to ApoE e4 the e2 allele then is associated with 
decreased risk of AD in humans and memory impairment in rats (Goodman and Pardee, 
2002). The insulin-degrading enzyme, which also degrades Aβ plaques, has an RARE in its 
promoter, and its expression is induced by RA (Melino et al., 1996). Since either increase of 
α-secretase or decrease of β-secretase can reduce the relative accumulation of Aβ, it was 
also an interesting finding that RA and BDNF shift APP processing towards the α-secretase 
pathway in vitro (Holback et al., 2005). The promotor of the α-secretase gene (ADAM10) 
contains an RARE, and RA induces ADAM10 promotor-mediated gene expression in vitro 
(Prinzen et al., 2005). Also in cell cultures, retinol destabilizes preformed Aβ fibrils (Ono 
et al., 2004). Corcoran et al. (2004) discovered that after 1 year of vitamin A deprivation rats 
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developed Aβ deposits in the forebrain, this being associated with a loss of choline acetyl 
transferase positive neurons. As corroborating evidence they found lower expression of 
RARα and of the RA-synthesizing enzyme RALDH-2 in cortex samples of AD patients (Cor-
coran et al., 2004). While a contrasting report showed lower amyloid precursor proteins 
and β-secretase in retinoid deficient rats (Husson et al., 2006), in general, RA activity seems 
to be beneficial with respect to memory functions. Acute administration of 150 mg/kg RA 
raised retinoid receptor levels in the hippocampus of aged mice, and this treatment allevi-
ated deficits in memory performance of these animals (Etchamendy et al., 2001; mingaud 
et al., 2008). While we are still ignorant of the precise contribution of RAR/RXR signaling 
in AD, raising the levels of RA through dietary or pharmacological intervention appears 
to be a promising strategy. For this approach synthetic RAR/RXR ligands (with diminished 
toxicity compared to RA), the activation of RA-synthesizing RALDH enzymes or inhibition 
of RA-degrading CYP26 enzymes have been suggested (Goodman and Pardee, 2002).

5. Psychiatric disorders

The observation that retinoids participate in brain physiology and cognitive functions 
suggests they may also be involved in disorders of mood. In this area, interest was at first 
not caused by scientific research but came from clinical experience (Table 5).

5.1. Does RA treatment cause depression?

Since in 1982 isotretinoin (13-cis RA, Accutane) was approved by the American Food and 
Drug Administration for the treatment of cystic acne, this medication has been given to 
more than eight million patients worldwide (Bremner, 2003). Reports of suicides among 
the treated population raised public awareness and scientific interest about the possible 
relationship between isotretinoin administration and increased risk of depression and sui-
cide. The first safety warnings about possible psychiatric side effects were issued in 1985, 
and since then extensive litigation resulted in the US. However, while RA remains the best 
available treatment against acne and several other dermatological disorders, the issue 
whether it causes depressive symptoms remains controversial. While a large number of 
case studies have been published that either support or reject the purported psychiatric 
effects of isotretinoin (Wysowski et al., 2001; Bremner, 2003; Magin et al., 2005), possible 
mechanisms have only recently been investigated. 

Clinical depression is described as a state of intense sadness, melancholia or de-
spair that has advanced to the point of being disruptive to an individual’s social function-
ing or activities of daily life. One current idea about the etiology of depression proposes 
that this disease is the result of reduced neurogenesis in the hippocampus (Vogel, 2000; 
Santarelli et al., 2003). This hypothesis was based on the findings that hippocampal vol-
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ume is reduced in depressive patients as well as on observations that steroid hormones, 
which signal stress-induced depression, lower hippocampal neurogenesis. Moreover, an-
ti-depressants have been shown to reverse these effects by promoting the formation of 
new nerve cells in the hippocampus (Cameron et al., 1998; McEwen, 1999; Malberg et al., 
2000). Since RA is an important regulator of cell proliferation and neuronal differentia-
tion, McCaffery and co-workers investigated whether 13-cis RA can affect neurogenesis 
in the hippocampus, which may thereby explain psychiatric side effects, in case these 
are substantiated. In contrast to short-term effects of retinoids or the replenishment of 
a vitamin A deficient diet, where RA was beneficial for cognitive functions, the chronic 
administration of a clinical dose (1 mg/kg/ day) of 13-cis RA suppressed hippocampal 
neurogenesis in mice (Sakai et al., 2004) and interfered with spatial memory performance 
in a radial maze task (Crandall et al., 2004). Here isotretinoin is believed to be isomerized 
to all-trans RA and/or 9-cis RA because the 13-cis isomer does not directly bind to RAR/
RXR. As mentioned above, RA is endogenously synthesized in the hippocampus where 
it affects granule cells of the dentate gyrus (Luo et al., 2004; Sakai et al., 2004; Fig. 5). Since 
direct effects of RA on the physiology of neural functions including aminergic neurotrans-
mitter systems and synaptic plasticity are also discussed (see Sections 3.1 and 4.3; O’Reilly 
et al., 2007; Chen and Napoli, 2008), other lines of interaction between RA and the disor-
ders of mood are not unlikely. 

First, however, it must be established empirically that such a connection exists. 
Several clinical studies suggested a possible link between chronic use of oral isotretinoin 
and depression (Hazen et al., 1983; Hull and Demkiw-Bartel, 2000; Bremner et al., 2005; 
O’Reilly et al., 2006). Bremner and others used functional brain imaging to test whether 
13-cis RA would result in decreased metabolic activity in the orbitofrontal cortex, a fea-
ture seen in depressive patients (Bremner et al., 1997, 2003). The data demonstrated that 
4 months of isotretinoin, but not antibiotic treatment, decreased brain metabolism in the 
orbitofrontal cortex. However, treatment was not associated with any changes in depres-
sive symptoms (Bemner et a., 205).
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Tab. 5. RAR/RXR, PPAR/RXR signaling in psychiatric disorders

ligand/
receptor

major results
experimental 

approach
references

13-cis RA
possible influence 

on depression 
(conflicting results)

case reports

Hazen et al., 1983; Hull and Demkiw-
Bartel, 2000; Ferahbas et al., 2004; 

Bremner et al., 2003; rev.: Wysowski 
et al., 2001; Bremner, 2003; Magin 

et al., 2005 

13-cis RA
effect on cortical 
brain metabolism

brain imaging study Bremner et al., 2003, 2005

13-cis RA

reduced 
hippocampal 
neurogenesis 
and memory 
performance 

chronic administration 
in mice, histology

Crandall et al., 2004; Sakai et al., 2004

13-cis RA
effects on depressive 
behaviour but not on 

axiety 

behvavioral tests with 
mice 

O’Reilly et al., 2006

13-cis RA
no effect on 

depressive behaviour 
behavioral tests with 

rats 
Ferguson et al., 2005

13-cis RA
no effect on 
depression

clinical studies
Jick et al., 2000; Chia et al., 2005; 

critique: Wysowski and Beitz, 2001; 
Kellett and Gawkrodger, 2005 

RA, RARα
involved in 

Schizophrenia
effects of nutrition, 
genetic evidence 

Goodman, 1998; LaMantia, 1999; 
St.Clair et al., 2005, Feng et al., 2005; 
Rioux and Arnold, 2005, Goodman, 
2006; Palha and Goodman, 2006; 

Wan et al., 2006

PPARα, RXRβ
no association with 

Schizophrenia
genetic polymorphisms Ishiguro et al., 2002

RXR
involved in 

neurogenesis, autism
indirect evidence rev.: McCaffery and Deutsch, 2005

ω-3 PUFA
lower risk of 
depression 

(conflicting results)
epidemiology

LLorente et al., 2003; Peet and 
Stokes, 2005; Saduyu et al., 2005; Lee 

et al., 2006; Parker et al., 2006; rev.: 
Schachter et al., 2005

One animal study revealed that mice treated with isotretinoin displayed behav-
ioural changes (O’Reilly et al., 2006). In the forced swim test and the tail suspension test 
animals spent more time being immobile, which can be interpreted as depression-relat-
ed behavior. No significant effects on anxiety were reported as assessed with behavior in 
the open field. 

Although this result argues for an association between depression and isotretin-
oin, another behavioral study with rats (Ferguson et al., 2005), several case reports (Ferah-
bas et al., 2004; Chia et al., 2005) and a large clinical study provide evidence to the contrary 
(Jick et al., 2000). In a cohort study over a 3- to 4-months period, patients with moderate 
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to severe acne and treated with isotretinoin or antibiotics were monitored to determine 
whether they experienced increases in depressive symptoms during treatment. Data 
from this analysis show that there was no difference in severity or incidence of depres-
sive symptoms when comparing isotretinion- with antibiotic-treated patients (Chia et al., 
2005). A prospective study, which was completed by 16 patients, found even improve-
ments in the Beck depression inventory and hopelessness scale during treatment with 
13-cis RA. The positive effect of RA was significant for the cognitive-affective scale after 
the first 8 weeks of treatment (Kellett and Gawkrodger, 2005). 

In a large population-based cohort study, data of 7535 isotretinoin and 14,376 
oral antibiotic users with acne were analyzed. Relative risk estimates for newly diagnosed 
depression or psychosis, attempted suicide between treatment groups (isotretinoin vs. 
antibiotic treatment) or within treatment groups (before vs. after treatment) also gave 
no evidence that RA treatment is associated with an increased risk of depression, suicide 
or other psychiatric disorders (Jick et al., 2000). It should be mentioned that this industry-
sponsored study was criticized on methodological grounds. For instance, psychiatric diag-
noses were recorded only when patients were hospitalized or evaluated by a psychiatrist 
for depression, and therefore changes in depressive mood symptoms below the clinical 
level could not be assessed (Wysowski and Beitz, 2001; Bremner, 2003). In their review of 
the clinical studies conducted so far Magin and colleagues conclude that the incidence 
of depression and suicide during isotretinoin therapy may be no greater than the back-
ground incidence and that no causal relationship had been demonstrated (Magin et al., 
2005; similar: Marqueling and Zane, 2007).

5.2.  Relevance of RA signaling for schizophrenia  
as a developmental disease 

Schizophrenia is a psychiatric diagnosis that describes a condition characterized by cog-
nitive and affective deficits (e.g., disorganized thought, apathy), combined with positive 
symptoms, especially delusions or hallucinations. The underlying mental disorder results 
in significant social or occupational dysfunction. The diagnosis is based on the self-
reported experience of the patient in combination with secondary clinical signs (Amer-
ican Psychiatric Association, 1994). Increasing evidence supports the hypothesis that 
schizophrenia is a neurodevelopmental disease leading to a disconnection between 
different brain regions. Since drugs that interfere with dopaminergic neurotransmission 
in the mesolimbic system are effective against psychotic symptoms, this neurotransmit-
ter is implicated in the disorder. Goodman (1998) was the first to suggest that retinoids 
may be involved in the development of schizophrenia. She introduced three lines of evi-
dence (1) developmental symptoms of vitamin A deprivation (2) genetic linkage studies 
supporting a relation between schizophrenia and RA signaling and (3) effects of RA on 
the dopaminergic system. (1) Evidence for this hypothesis was revealed by an investi-
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gation of Ashkenazi Jews with and without symptoms related to schizophrenia (e.g., 
thought disorder or mental deficits) and their relatives. In this population, symptoms 
similar to those caused by embryonic RA intoxication, overlap frequently with a familial 
incidence of schizophrenia. These were enlarged ventricles, agenesis of the corpus cal-
losum, microcephaly, and a variety of major and minor congenital malformations, the 
most prominent being craniofacial and digital anomalies (Palha and Goodman, 2006). 
Two studies demonstrated that prenatal nutritional deprivation increased the risk of 
schizophrenia later in life (Susser and Lin, 1992; St Clair et al., 2005). In line with the idea 
of a developmental connection between retinoids and schizophrenia, animal studies 
showed that abnormalities in retinoid signaling (excess or deprivation of retinoic acid) 
caused changes in neural crest cell differentiation and migration during development 
(LaMantia, 1999). This may provide an explanation for the observed association between 
brain and craniofacial malformations and schizophrenia noted above. (2) The second 
line of evidence came from studies demonstrating that chromosomal regions previously 
implicated in schizophrenia contained genes involved in retinoid signaling (listed in: 
Goodman, 1998). A genetic linkage has been shown between schizophrenia and the G-
protein Golf, a downstream signal of the D1 receptor, which is regulated by RA in some 
tissues (Schwab et al., 2000; Wang and Liu, 2005). An analysis of the six RAR/RXR genes 
in schizophrenia patients for variants that affect protein structure found only a low fre-
quency of structural variants not seen in controls. The conclusion of this study was that 
the RAR/RXR genes, while not a major cause in the etiology of schizophrenia in general, 
may play a role in some patients (Feng et al., 2005). The link is somewhat corroborated 
by indications of altered RA signaling in the disease. Schizophrenic patients expressed 
higher levels of RARα in the dentate gyrus when compared to control subjects. Overall 
expression of retinoid receptors also seemed to be elevated; however differences were 
not statistically significant (Rioux and Arnold, 2005). In the cerebral fluid of schizophrenic 
patients protein levels of retinoid transporters (ApoE and transthyretin tetramer) were 
significantly reduced when compared to healthy controls (Wan et al., 2006). Recently, 
a genetic link was also found between a PPARγ allele and cognitive decline (Yaffe et al., 
2008). (3) Schizophrenic patients have been treated with antipsychotic drugs (neuro-
leptics) since the 1950s, the first of these being a phenothiazine-derived compound. In 
1975 it was discovered that phenothiazines bind to a dopamine receptor, now named 
D2R. Antipsychotic drugs tend to antagonize D2R of the mesolimbic system of the brain 
and have been shown to be effective in most schizophrenic patients. The third line of ev-
idence supporting Goodman’s hypothesis includes studies that implicate retinoids in the 
modulation of this pathway by influencing dopaminergic neurotransmission. This was 
mentioned when we discussed Parkinson’s disease. Brain areas that receive dopaminer-
gic innervation, e.g., corpus striatum, nucleus accumbens and olfactory tubercle, express 
retinoid receptors (Zetterström et al., 1999), and expression of the D1 and D2 receptor 
was shown to be regulated by retinoic acid (Samad et al., 1997) or reduced in retinoid 
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receptor deficient mice (Krezel et al., 1998). Retinoid X receptors form heterodimers with 
other members of the superfamily of ligand-activated transcription factors. One of these, 
Nur77, has been implicated in the adaptation and homeostatic regulation of dopamin-
ergic systems (Levesque and Rouillard, 2007). While these are all very indirect pieces of 
evidence, one study investigated mutations in the genes of RXRβ, PPARα and nuclear-
related receptor 1 in schizophrenic patients. Polymorphisms were identified in RXRβ and 
PPARα genes, yet there was no association found between schizophrenia and the RXRβ 
or PPARα polymorphisms (Ishiguro et al., 2002). 

A case can be made for erroneous nuclear receptor activation in the develop-
ment of autism (McCaffery and Deutsch, 2005). Similar to schizophrenia there are some 
indirect lines of evidence that link the diagnosis to RAR/RXR signal transduction. Macro-
cephaly has been described as an endophenotype of autism, where it results from exces-
sive neurogenesis and gliogenesis during the first years after birth (Herbert et al., 2003). 
Nuclear receptors, especially RAR/ RXR but also TR/RXR and steroid receptors are potent 
regulators of neuronal progenitor cell division and differentiation. Teratogens, including 
RA itself, that affect these pathways have been linked to autism. McCaffery and Deutsch 
suggested therefore that reduced transcriptional inhibition of RXR contributes to the de-
velopment of autism (McCaffery and Deutsch, 2005).

5.3. Involvement of ω-3 fatty acids in psychiatric disorders

The last decades of the 20th Century saw a dramatic rise in the incidence of clinical de-
pression. This observation could merely reflect changes in diagnosis, help seeking, etc., 
or it could indicate a real increase in the occurrence of the disease. In support of the 
latter interpretation it was suggested that strong increases in depression and neurologi-
cal disorders were partially caused by higher consumption of vegetable oils rich in ω-6 
fatty acids in North America and Europe (Smith, 1991; Hibbeln and Salem, 1995). Accord-
ingly, a link between seafood intake and lower rate of depression, specifically postpartum 
depression was observed (Parker et al., 2006), though not always (Llorente et al., 2003), 
and several studies reported that a high ratio of ω-3 to ω-6 PUFA alleviated symptoms in 
psychiatric patients (Sagduyu et al., 2005; Peet and Stokes, 2005; Lee et al., 2006). However, 
3 years ago, Schachter and colleagues conducted a thorough meta-analysis that seemed 
to have covered all controlled clinical trials concerning ω-3 fatty acids and psychiatric 
diseases (Schachter et al., 2005). Out of 257 relevant reports 79 unique studies met their 
methodological criteria and could be evaluated. Depression and schizophrenia were the 
most frequently investigated disorders with 22 and 28 reports, respectively. The meta-
analysis produced either no significant effects or no conclusive evidence regarding the 
use of EPA or DHA for depression, bipolar disorder, attention deficit/ hyperactivity disor-
der, obsessive–compulsive disorder and other diagnoses. A more recent review on ω-3 
PUFA as treatment of mood disorders revealed significant beneficial effects in four out of 
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six double-blind placebo-controlled trials. The authors argue for studies clarifying the effi-
cacy of EPA or DHA supplementation for unipolar and bipolar depressive disorders (Parker 
et al., 2006). In contrast to the inconclusive results for most psychiatric conditions, the 
meta-analysis mentioned above found that three of four clinical trials investigating the 
treatment of schizophrenia reported significant effects in favor of EPA (Schachter et al., 
2005). While positive results with ω-3 PUFA on clinical symptoms may have been due to 
interference with inflammatory processes and other indirect paths of action (Sarsilmaz 
et al., 2003), the evidence can also be interpreted to corroborate the concept that RXR 
signaling is directly involved in mood disorders.

6. Summary

In the context of increasing research on RAR/RXR and PPAR/RXR in the brain, a number 
of recent studies have explored the relevance of these nuclear receptors for neurological 
and psychiatric diseases. While in most cases the current evidence is far from conclu-
sive, promising results point toward new therapeutic strategies. Both transcription factor 
families, RARs and PPARs possess anti-inflammatory properties that may be useful when 
pathological processes involve microglia, macrophages, astrocytes or activation of the 
peripheral immune system. This is of particular importance not only for multiple sclerosis 
but also for Alzheimer’s, Parkinson’s and other neurodegenerative diseases. Retinoids and 
PPARγ agonists inhibit the formation of amyloid plaques or protect neurons from Aβ-
induced degeneration. In this regard, selective agonists for specific receptors will most 
likely be employed in the future. 

Indirect evidence and studies with transgenic animals indicate that retinoids are 
involved in the physiology of the extrapyramidal motor system and of the hippocampus. 
While direct neurophysiological functions of RA are likely, the precise mechanisms have 
yet to be discovered. Since several of the respective ligands have already been approved 
for other medical conditions, e.g., retinoids for dermatological diseases and cancer, PPAR 
agonists for diabetes, clinical studies for neurodegenerative diseases are in progress or 
soon to be expected. A lively but so far inconclusive debate has developed about the 
possible role of RA and nuclear receptors in the etiology of psychiatric disorders, espe-
cially clinical depression and schizophrenia.
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Abstract

The retinoid acid receptors (RAR) and peroxisome prolifera-
tor-activated receptors (PPAR) have been implicated in the 
regulation of inflammatory reactions. Both receptor fami-
lies contain ligand activated transcription factors which 
form heterodimers with retinoid X receptors (RXR). We re-
view data that imply RAR/RXR and PPAR/RXR pathways in 
physiological reactions after spinal cord injury. Experiments 
show how RAR signaling may improve axonal regeneration 
and modulate reactions of glia cells. While anti-inflamma-
tory properties of PPAR are well documented in the periph-
ery, their possible roles in the central nervous system have 
only recently become evident. Due to its anti-inflammatory 
function this transcription factor family promises to be 
a useful target after spinal cord or brain lesions.
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1. Introduction

During the last decade much progress has been made dis entangling the physiological re-
sponses after central nervous system (CNS) injury. Yet, there is still no effective treatment 
available to prevent the devastating effects that result from major CNS lesions. Although 
neurite sprouting and axonal growth is observed after spinal cord injury (SCI), successful 
regeneration beyond the lesion-induced scar does not occur. In contrast, axonal regen-
eration with functional recovery is possible in the peripheral nervous system (PNS). The 
diff erent outcomes of CNS and PNS lesions are largely due to differences in the cellular 
and molecular signals that neurons encounter in these environments. Three important 
problems after CNS injury are (1) development of a growth inhibitory glial scar, (2) sec-
ondary neuronal and glial degeneration as a delayed consequence of the lesion, and (3) 
the failure of axonal regeneration in white matter tracts. Responding to these problems, 
most attention has been directed either to over come the inhibitory barrier of the glial 
scar or to promote the growth of axon collaterals and thus compensate for per manently 
severed connections (Silver and Miller 2004; Liberto et al., 2004; Makwana and Raivich 
2005). A subsidiary approach is to modify inflammatory reactions in order to limit the sec-
ondary degeneration. Synthetic corticosteroids, e.g., methyl- prednisolone, are the only 
pharmacological tools currently in clinical use (Baptiste & Fehlings 2006). In this review, 
we will discuss two nuclear re ceptor families that have recently been discovered as pos-
sible therapeutic targets for the treatment of SCI and brain dam age. Retinoic acid recep-
tor (RAR) signaling may improve axonal regeneration, influence glial differentiation, and 
mod ulate inflammatory reactions (Mey 2006). Peroxisome proliferator- activated recep-
tors (PPAR) have a major function in anti- inflammatory processes (Kielian & Drew 2003). 
Both receptor classes, RAR and PPAR, heterodimerize with retinoid X receptors (RXR) to 
form active transcription factors.

2.  Endogenous RAR/RXR and PPAR/RXR activity  
in the injured nervous sytem

2.1. RAR/RXR signal transduction

The RAR/RXR transcription factor complex is activated by ligand binding, its natural li-
gand being all-trans retinoic acid (RA). Retinoids are obtained from the diet in the form 
of vitamin A (retinol and retinal), retinyl esters, or β-carotene. Following cellular uptake of 
all-trans retinol from the plasma, the intracellular synthesis of RA occurs in two steps. (1) 
Retinol is oxidized to retinal, predominantly involving the alcohol dehydrogenases ADH-
1, -3, and -4. (2) The critical step is the subsequent oxidation of retinal to RA by retinalde-
hyde dehydrogenases (RALDH) (Blomhoff & Blomhoff, 2006). RA is released in a paracrine 
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or autocrine fashion. The fact that RA activates nuclear transcription factors was discov-
ered in 1987 (Giguere et al., 1987; Petkovich et al., 1987). Retinoid receptors belong to 
the same superfamily as PPAR, thyroid hormone receptors (TR), and steroid receptors. 
They can be grouped into two families, the RARs and the RXRs, each consisting of three 
isoforms encoded by separate genes: RARα, RARβ, RARγ (also: NR1B1-3) and RXRα, RXRβ, 
RXRγ (NR2B1-3). All-trans RA and 9-cis RA bind to the RAR family, whereas only 9-cis RA 
is a high-affinity ligand for the RXR (Blomhoff & Blomhoff, 2006; Bastien & Rochette-Egly, 
2004). The active transcription factor complex consists of an RAR/RXR heterodimer, ligand, 
and co-activators. It interacts with retinoic acid response elements (RARE) in the promot-
ers of target genes. About 500 genes have been suggested to be regulated by RAR/RXR 
signaling, however a much lower number was experimentally shown to be activated via 
the classical RARE driven pathway. Proven target genes include enzymes, transcription 
factors, cytokines, and cytokine receptors (Lane & Bailey, 2005; Mey, 2006). In addition, 
many cases of gene suppression and nongenomic modes of action of RA and its recep-
tors have been described (Blomhoff & Blomhoff, 2006).

2.2. RAR/RXR signaling after spinal cord injury

The discovery that enzyme activity of a retinaldehyde dehydrogenase increased after 
spinal cord contusion injury was the first direct evidence that retinoids play a role in the 
physiological responses to SCI. Contusion injury caused a significant increase in RALDH2 
enzyme activity, which peaked 8–14 days following the lesion (Mey et al., 2005). While 
in the non-injured rat spinal cord RALDH2 is only present in the meninges, oligoden-
drocytes and in pericytes, around the lesion site, its immunoreactivity also appeared in 
a population of NG2-positive glia cells (Kern et al., 2006) (Figure 1(a)). NG2 is a chondroi-
tin sulfate proteoglycan, expressed in cells that have been described as oligodendrocyte 
precursor cells, synantocytes or polydendrocytes. These cells respond to injury with in-
creased production of NG2 and a subpopulation of them, close to the lesion site, appears 
to be involved in the local production of RA. Alternatively or additionally, RA-synthesizing 
cells migrate from the adjacent arachnoidmembrane and from blood vessels toward the 
site of injury (Kern et al., 2007). While only minor changes in the quantitative expression 
of retinoid receptors were observed after SCI, their cellular distribution changed remark-
ably (Figures 1(b), 1(c)). In the non-injured tissue, retinoid receptors were found in the 
cytosol of motorneurons and glia, but close to the injury site macrophages and surviving 
neurons displayed a nuclear localization of RARα, RXRα, and RXRβ (Schrage et al., 2006). 
In the context of locally rising RA synthesis, the observation that retinoid receptors trans-
locate into the cell nuclei indicates that neurons, glia, and macrophages are targets of RA 
signaling after SCI. This interpretation is consistent with data on spinal cord development, 
where RA has been shown to be a regulator of cell differentiation (Sockanathan et al., 
2003; Wuarin & Sidell, 1991; Wuarin et al., 1990; Vermot et al., 2005).
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2.3. RAR/RXR signaling after peripheral nerve injury

RA signaling is implicated in the differentiation of neurons whose axons grow in the PNS, 
(Liu et al., 2001; Holst et al., 1997; Wyatt et al., 1991) and again in neurite regeneration (Cor-
coran & Maden, 1999; Corcoran et al., 2000). Several mediators of the RA signaling path-
way have been shown to be induced after peripheral nerve injury in the rat. Experimen-
tal lesion of the sciatic nerve induced expression of the cellular retinol binding protein-I 
(CRBP-I) (Zhelyaznik et al., 2003), which is implicated in retinoid metabolism (Belyaeva 
et al., 2005). Similarly, transcript and protein concentrations of the cellular retinoic acid 
binding protein-II (CRABP-II) increased strongly (Zhelyaznik et al., 2003). CRABP-II is prob-
ably involved in the intracellular transport of RA to the cell nucleus (Budhu & Noy, 2002). 
As after SCI, the RA-synthesizing enzyme RALDH2 was present in the injured nerve. After 
sciatic nerve injury in transgenic reporter mice, local activation of RARE was detectable in 
the regenerating nerve, indicating that RA-dependent gene expression is induced during 
peripheral nerve regeneration (Zhelyaznik et al., 2003). The expression of retinoid recep-
tors also changed significantly. Following sciatic nerve crush, mRNA of all RARs and of 
RXRα was increased, and at 4, 7, and 14 days after the injury protein levels of RARα, RARβ, 
and RXRα were augmented (Zhelyaznik & Mey, 2006). To study Wallerian degeneration 
in the absence of axonal regeneration, the distal nerve segment can be cut off and su-
tured to the peroneus muscle. Under these conditions RARα and RARβ were upregulated 
in the degenerating nerve. Cell culture experiments indicated that RARβ is required for 
RA-induced axonal regeneration (Corcoran et al., 2000). Consequently, experiments with 
RARβ-deficient mice corroborated this interpretation because there were significantly 
less GAP43-positive, regenerating axons after sciatic nerve crush in the knockout animals 
(So et al., 2006). Since RALDH2 (Corcoran & Maden, 1999) and RARβ (Cosgaya & Aran-
da, 2001) are induced by NGF, RA appears to act downstream of this neurotrophin. RA/
RARβ signaling seemed to be necessary for the neurotrophic activity of NGF (Corcoran 
& Maden, 1999). In addition, neurotrophin-independent RA/RARβ activity contributes to 
axon outgrowth (So et al., 2006). Double labeling with cell type specific markers in the 
sciatic nerve demonstrated expression of retinoid receptors mostly in macrophages and 
Schwann cells. In cultured primary Schwann cells, RA downregulated CNTF (Johann et al., 
2003) and raised expression of ErbB3, a neuregulin receptor that is necessary for normal 
myelination. Finally, RXRα labelling was shown to colocalize with some regenerating ax-
ons, indicative of a direct role for RXRα in nerve regeneration (Zhelyaznik & Mey, 2006).

2.4. PPAR/RXR signal transduction

Peroxisome proliferator-activated receptors belong to the same superfamily as the RAR. 
The first PPAR was discovered, cloned, and sequenced in 1990, and it was named after 
its property to be activated by drugs that cause proliferation of peroxisomes in hepato-
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cytes (Issemann & Green, 1990). Until now, three different isoforms of PPAR, encoded by 
separate genes, have been identified: PPARα (NR1C1), PPARβ/δ (NUC1, NR1C2), and PPARγ 
(NR1C3). The different isoforms have similar structural features; however each isoform 
exhibits its own specific tissue expression pattern and distinct physiological functions 
depending on ligand activation (Kliewer et al., 1994; Kota et al., 2005). PPAR also heterodi-

Fig. 1. Retinoic acid synthesis and nuclear translocation of RAR/RXR after spinal cord injury. (a) Double immunos-

taining of rat spinal cord sections shows RALDH-2 immunoreactivity (red) in a subpopulation of NG2-positive glia (green) 

7 days after contusion injury. RALDH2/NG2 expressing cells were only detected in the vicinity of the lesion site, many NG2 

cells do not contain the RA-synthesizing enzyme (yellow arrow heads). White arrows point to DAPI-stained cell nuclei of 

RALDH2/NG2 cells in superimposed photographs. (b) At 7 dpo, ED1-positive macrophages at the lesion site express RXRβ 

in their cell nuclei. (c) SCI-induced transient translocation of RARβ and RXRα from the cytosol into the nuclei of activated 

macrophages/microglia. All scale bars are 20 μm (sources: (Mey et al., 2005; Schrage et al., 2006).
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merize with RXR, then bind as a complex to their response elements (PPRE).These consist 
of two repeats of the consensus sequence AGGTCA separated by one or two nucleotides 
(direct repeats DR-1 and DR-2) (Gervois et al., 1999). Natural ligands of PPAR are fatty acids, 
prostaglandins, and oxidized fatty acid derivatives. They are also activated by synthetic 
ligands like the lipid-lowering fibrates and the anti-diabetic glitazones (Moraes et al., 
2006). PPAR, which have been implicated in lipid metabolism, cellular proliferation and 
inflammatory responses, are widely expressed, for example, in colon, spleen, retina, the 
cardiovascular system, liver, skeletal muscles, and in adipose tissue. Their expression by 
monocytes, dendritic cells, endothelial cells, megakaryocytes, and lymphocytes may be 
related to immune functions (Kota et al., 2005; Moraes et al., 2006). PPARγ can also influ-
ence gene expression independently of PPRE. The activity of a number of transcription 
factors, for example, NF-κB, AP-1, and STAT1, are inhibited by PPARγ via direct interaction 
or by competition for limiting supplies of co-activators (Kielian & Drew, 2003).

2.5. PPAR/RXR signaling after spinal cord injury

PPAR are expressed in the developing and adult CNS. PPARα and PPARβ/δ, but not PPARγ 
were found in cervical, thoracic, and lumbar segments of the adult spinal cord, in the 
thalamus and cerebral cortex (Braissant & Wahli, 1998) (Figure 2). Immunohistochemical 
staining showed that PPARβ/δ is the main isoform present in neuronal cell bodies of the 
spinal cord gray matter. Both receptors, PPARα and PPARβ/δ, were concentrated in cell 
nuclei. In the white matter PPARα appeared particularly strong in PPARβ/δ-negative astro-
cytes, whereas oligodendrocytes expressed only PPARβ/δ (Benani et al., 2003). PPARβ/δ 
is a factor in neuronal differentiation, and functions of this receptor in various aspects 
of neural physiology have been suggested (Benani et al., 2003; Cimini et al., 2005). While 
in two studies PPARγ could not be detected in brain and spinal cord (Benani et al., 2003; 
Braissant & Wahli, 1998), this receptor is expressed in microglial primary cultures (Bernar-
do et al., 2000) and may be upregulated after injury. In a different report, all PPAR and RXR 
were found immunohistochemically throughout the adult rat CNS (Moreno et al., 2004). 

Endogenous PPAR ligands may play a role in modulating the inflammatory re-
sponse after SCI, possibly preventing the expansion of the initial damage. Genovese and 
coworkers (Genoves et al., 2005) examined the effects of endogenous PPARα ligands in 
an experimental model of spinal cord trauma. SCI was induced in wild-type and in PPARα-
deficient (−/−) mice. The injury resulted in severe trauma characterized by edema, loss of 
myelin, neutrophil infiltration, apoptosis, and increased production of TNFα. Compared to 
wild-type animals, all these parameters were augmented in PPARα−/− mice. The absence 
of PPARα also interfered with recovery of limb function (Genoves et al., 2005). Studies us-
ing animal models of chronic pain indicate that PPARα is involved in the neural process-
ing of pain (Taylor et al., 2002; LoVerme et al., 2006).
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3.  Regulation of inflammatory processes by RAR/RXR 
signalling in the spinal cord

Although the inflammatory response limits the effects of a pathogenic insult, it is also 
responsible for most of the secondary damage incurred after spinal cord injury. The regu-
lation of these events is therefore of primary therapeutic concern. Both pathways, RAR/
RXR and PPAR/RXR signaling, are implicated.

3.1. Inflammatory reactions in the spinal cord

The physiological events following spinal cord injury can be differentiated into an acute 
phase (the first 24 hrs), followed by a subacute phase (24–72 hrs), and a late phase (3–
90 days). Events after this time are considered chronic. CNS injury directly leads to release 
of inflammatory signals resulting in the production of vasoactive mediators and chemot-
actic factors. Primary damage consists mainly of severed axons, neuronal and oligoden-
drocyte cell death. Expansion of the initial damage is then caused by a disruption of the 
blood supply and an extended inflammatory reaction. Depending on the type of injury, 
the blood-brain barrier is disrupted. This event determines the extent to which blood 
derived cells participate in the inflammatory process (Raivich et al., 1999; Popovich et al., 
2001). When the blood-brain barrier breaks down, the release of cytokines and chemok-
ines leads to a massive recruitment of inflammatory cells from the periphery, including 
hematogenous neutrophils and perivascular/meningeal macrophages. These cells con-
tribute to tissue damage by the production of proteolytic enzymes and reactive oxygen 
species. Microglia and macrophages phagocytose dead or injured neurons and glia, and 
are responsible for the clearance of cellular debris (Raivich et al., 1999).

Microglia, perivascular macrophages, and activated astrocytes are the most im-
portant local sources of cytokines. Astrocytes are further involved in the formation of 
a glial scar, thereby insulating the healthy tissue from uncontrollable processes in the 
damaged area. Acute inflammation can develop into a chronic process when feedback 
mechanisms fail to inhibit amplification of the inflammatory response. Chronic inflamma-
tion leads to a continuous influx of neutrophils, macrophages, lymphocytes, and eosino-
phils from the circulation, causing more tissue destruction and scarring.

3.2. RAR/RXR signaling is involved in inflammation

Before the molecular mechanisms of the retinoid signalling pathway were understood, 
anti-inflammatory properties of RA had already been described. In 1983, a study showed 
that oral administration of retinoids affected dermal inflammatory cells and reduced el-
evated skin temperature (Orfanos & Bauer, 1983) Retinoic acid has beneficial effects in 
diseases with an inflammatory-based pathology including asthma, arthritis, and athero-
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sclerosis (Fang et al., 2004; Nozaki et al., 2006). A number of cell culture studies support 
the hypothesis that RA reduces inflammatory activation of monocytes, macrophages, 
myeloma cells, and polymorphonuclear cells (neutrophil granulocytes). Signals that were 
found to be downregulated by retinoids include IL-1α, IL-1β, IL-6, TNFα, IL-8, prostaglandin 
E2, production of reactive oxygen species, and release of lysosomal enzymes. A table with 
these effects and references is presented in (5). In contrast to a majority of findings that 
indicate an anti-inflammatory role of RAR/RXR signaling, it was also reported that 9-cis 

RA induced secretion of MCP-1 and thereby stimulated monocyte migration (Zhu et al., 
1999). In combination with T-cell stimulating agents, all-trans RA, 9-cis RA, and an RAR 
agonist, TTNPB, indirectly increased proliferation of human T lymphocytes and IL-2 secre-
tion (Ertesvag et al., 2002). 

One of the major transcription factors responsible for the regulation of inflamma-
tory cytokines is NF-κB. It was shown that RXR inhibits NF-κB-dependent gene expression 
(IL-12) (Na et al., 1999). In the experiments, interference of RXR with DNA binding of NF-κB 
required the presence of the RXR ligand 9-cis RA. The negative RXR/NF-κB interaction 
appears to be mutual because increasing levels of transfection with NF-κB subunits also 
abrogated expression of a retinoid reporter construct (Na et al., 1999). 

3.3. The role of RAR/RXR in inflammatory reactions after CNS injury

Although retinoic acid has so far not been used to modify inflammatory reactions in the 
CNS in vivo, cell culture experiments demonstrate anti-inflammatory effects on micro-
glia and astrocytes (Mey, 2006). Primary cultures of microglia and astrocytes are most fre-
quently prepared from cerebral cortex of perinatal rats and mice. One can expose these 
cultures to LPS to simulate a bacterial infection, or treat them with β-amyloid peptide (Aβ) 
to mimic the immunogenic stimulus of Alzheimer’s disease. In this kind of experiment, RA 
treatment suppressed the induction of TNFα and iNOS. Effects correlated with enhanced 
expression of RARβ, TGFβ, and inhibition of NF-κB nuclear translocation (Dheen et al., 
2005). Xu and Drew demonstrated that 9-cis RA suppressed LPS-induced production of 
NO as well as of pro-inflammatory cytokines TNFα, IL-1β, and IL-12p40 in primary mouse 
microglia, while IL-6 secretion and MCP-1 production were not significantly affected (Fig-
ure 3) (Xu & Drew, 2006). In astrocytes from rat brain and in C6 astroglioma cells, 9-cis RA 
and all-trans RA inhibited IFNγ-induced inflammatory responses (Choi et al., 2005). 

Matrix metalloproteinases (MMP) are involved in the breakdown of the extracellu-
lar matrix and other proteins. These proteases are products of leukocytes and endothelial 
cells and are released in response to various cytokines and growth factors. Increased pro-
teolytic activity of MMP can lead to disruption of the blood-brain barrier and escalate the 
inflammatory response (Noble et al., 2002; Mun-Bryce & Rosenberg, 1998). Retinoic acid 
has negative effects on secretion and expression of these enzymes. It reduced mRNA, 
protein synthesis, and secretion of MMP-9 (gelatinase B) in lymphocytes from patients 
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with chronic B-lymphocytic leukemia and in human monocytes (Nguyen et al., 2006). 
Other metalloproteinases including MMP-1 and MMP-13 appeared to be influenced by 
RA as well (Ho et al., 2005). 

4.  Regulation of inflammatory processes by PPAR/RXR 
signalling in the spinal cord

4.1. PPAR/RXR signaling counteracts inflammatory processes

For the PPAR family, anti-inflammatory effects are well documented. One mechanism in-
volves direct interaction of PPAR with proinflammatory transcription factors, most impor-
tantly NF-κB and AP-1, and the subsequent reduction of gene transcription. This has been 
observed in vitro in human vascular endothelial cells (Delerive et al., 1999a), human aorta 
smooth muscle cells (Delerive et al., 1999b), in C2C12 skeletal muscle cells (in a model for 
insulin resistance in type 2 diabetes) (Jove et al., 2005), and in fibroblasts from rheumatoid 

Fig. 2. Localization of PPARα and PPARβ/δ in astrocytes and oligodendrocytes in the spinal cord. (a) Western 

blotting shows PPARα and PPARβ but not PPARγ in spinal cord, telencephalon, and diencephalon. Identical expression pat-

terns were detected with RT-PCR. (b) Detection of PPAR immunoreactive cells in the white matter of rat spinal cord. GFAP-

positive/CNPase-negative astrocytes are immunoreactive for PPARα (marked a, upper four panels) while GFAP-negative/

CNPase-positive oligodendrocytes express PPARβ (marked ol, lower panels) (scale bars: 25 μm, source: (Benani et al., 2003). 

(c) Distribution of PPARβ/δ and PPARγ immunoreactive cells in the spinal cord of the adult rat (cervical level, coronal sec-

tions, scale bar: 100 μm, source: (Moreno et al., 2004).
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arthritis patients (Okamato et al., 2005). PPAR knockout studies supplement and confirm 
these results. One of the first reports indicating that PPARα is involved in attenuating in-
flammation demonstrated that the eicosanoid LTB4 binds and activates PPARα. Subse-
quently, PPARα-deficient mice were shown to have a prolonged inflammatory response 
when challenged with LTB4 or arachidonic acid (Devchand et al., 1996). 

An interaction of PPARα with NF-κB is indicated by studies of inflammatory cy-
tokine production in aging. In aged mice, NF-κB becomes constitutively active in many 
tissues due to oxidative stress, which eventually leads to the production of cytokines. 
Administration of PPARα activators was found to restore the cellular redox balance, to 
suppress the constitutive activation of NF-κB and to eliminate the spontaneous produc-
tion of IL-6 and IL-12 (Spencer et al., 1997; Poynter et al., 1998). Other examples where 
PPARα−/− mice suffer from more severe inflammatory reactions are carrageenan-induced 
hypersensitivity (Cuzzocrea et al., 2006), airway inflammation (Delayre et al., 2005), and 
experimental colitis (Cuzzocrea at al., 2004). On the molecular level, these investigations 
demonstrated Fas-ligand, IL-1β, TNFα, keratinocyte-derived chemokine, MIP-2, MCP-1, 
ICAM-1, and enzyme activities of MMP-9, myeloperoxidase, and iNOS to be influenced by 
PPARα signalling (Cuzzocrea et al., 2004; Cuzzocrea et al., 2006; Colville-Nash et al., 1998). 

PPARγ-deficient mice die in utero, but heterozygotic PPARγ+/− mice with 50% ex-
pression of the receptor survive and can be studied. In an investigation of PPARγ functions 
after intestinal and gastric ischemia/reperfusion injury, PPARγ+/− mice displayed more se-
vere lesions of the gastric intestinal mucosa. Treatment with the PPARγ ligand BRL-49653 
limited the damage of intestinal injury and resulted in downregulation of cell adhesion 
molecules and proinflammatory cytokines in the intestine and stomach (Nakajima et al., 
2001; Wada et al., 2004). As mentioned before, NF-κB and inflammatory mediators are 
raised during the aging process.While this is accompanied by reduced PPARγ levels, the 
PPARγ ligand 2,4-TZD was shown to reduce age-related oxidative stress, the translocation 
of NF-κB p65 subunit to the nucleus and NF-κB-regulated transcription of iNOS, COX-2, 
IL-1β, IL-6, and the cell-adhesion molecule VCAM-1 (Sung et al., 2006). Another PPARγ ago-
nist, rosiglitazone, relieved renal injury in a nephrotoxicity model, also acting via inhibiton 
of NF-κB (Lee et al., 2006). It seems therefore that both receptors PPARα and PPARγ play 
a general role in modulating the inflammatory response in a wide variety of tissues.

4.2. Effect of PPAR activation on macrophages, microglia, and astrocytes

Given that PPAR agonists influence peripheral macrophages (Li & Palinski, 2006), it was 
to be expected that they act on brain macrophages after disruption of the blood-brain 
barrier. PPARα is already present in undifferentiated monocytes, while PPARγ expression 
is induced during differentiation (Chinetti et al., 1998; von Knethen & Brüne, 2001) and 
upregulated in the course of macrophage activation (Xu et al., 2005; Petrova et al., 1999; 
Ricote et al., 1998; Jiang et al., 1998; Combs et al., 2000). A number of cell culture studies 
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Fig. 3. Anti-inflammatory effects of PPAR and RAR agonists in astrocytes. Astrocyte primary cultures from cortices of 

newborn mice were treated with 9-cis RA (RA) and/or the PPARα agonist fenofibrate (F) for 1 hour and then stimulated with 

2 μg/mL LPS for 24 hours. (a) Nitrite production as an indicator of NOS activity was reduced by 1 μM RA or 100 μM F, and 

completely suppressed with RA plus F. Pretreatment of RA and/or F also decreased the release of (b) the chemokine MCP-1 

(RA: 2 μM, F: 200 μM), and cytokines (c) IL-1β (RA: 1 μM, F: 100 μM), (d) IL-6 (RA: 2 μM, F: 50 μM), and (e) TNFα (RA: 1 μM, F: 

100 μM) in response to LPS. Cytokine production was measured with ELISA. Experiments with microglia cultures revealed 

similar effects, except for MCP-1, whose production was stimulated by 9-cis RA in microglia. Error bars indicate SEM, aster-

isks indicate significant differences compared to the LPS condition (sources: (Xu & Drew, 2006; Xu et al., 2005).

with macrophages and microglia demonstrate that agonists of PPARα and PPARγ elicit 
the same anti-inflammatory effects that we have discussed above. When cells were acti-
vated with bacterial antigens or Aβ, the PPAR ligands typically prevented or reduced the 
inflammatory response. This effect was observed on the following levels: (1) activity of 
transcription factors NF-κB, AP-1, and STAT1, (2) secretion of proinflammatory cytokines 
and chemokines, (3) enzyme activities of COX-2, iNOS, and MMP-9, and (4) the formation 
of reactive oxigen radicals. A synopsis of these results is presented in Table 1. 

Such effects were observed with natural ligands, for example, prostaglandins, 
with artificial PPAR activators, for example, antidiabetic thiadiazolidinones, and with non-
steroid anti-inflammatory drugs (Heneka et al., 2005). A very efficient endogenous agonist 
of PPARγ is the prostaglandin 15d-PGJ2 (Colville-Nash et al., 1998). However, this drug 
also interferes with the transcriptional activity of NF-κB independently of PPARγ activation 
because overexpression of PPARγ or an antagonist of PPARγ did not alter the 15d-PGJ2 
effect on LPS/IFNγ-dependent inflammatory reaction. It was concluded that 15d-PGJ2 in-
hibits the inflammatory response by directly regulating the NF-κB and PI3KAkt pathways 
(Petrova et al., 1999; Giri et al., 2004). 
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With respect to microglia effects on nerve cells, PPAR activation with synthetic 
ligands can be neuroprotective. When cortical neurons were exposed to the cell-free 
supernatant from activated microglia, neurons survived better when microglia had also 
been incubated with PPARγ agonists (Luna-Medina et al., 2005). Some experiments in vivo 
also support this concept. Oral administration of pioglitazone or the nonsteroidal anti-
inflammatory drug ibuprofen, which is also a ligand for PPARγ, reduced the number of 
activated microglia and reactive astrocytes in the hippocampus and cerebral cortex. This 
was observed in 10-month-old APPV717I mice, an inflammation model for Alzheimer’s 
disease (Heneka et al., 2005). Pioglitazone protected mice also from MPTP-induced do-
paminergic neuronal cell loss and mitigated inflammatory response by microglia in an 
animal model of Parkinson’s disease (Dehmer et al., 2004). 

As mentioned before, astrocytes participate in the secretion of cytokines and form 
a glial scar around the damaged tissue. Since the production of microglia primary cul-
tures also involves isolation of astrocytes, it was a straightforward approach to test PPAR 
agonists on this type of glia as well (Figure 3) (Storer et al., 2005; Xu et al., 2006; Heneka 
et al., 2000). Results, which were generally in line with the anti inflammatory effects on 
microglia, are also included in Table 5. 

Fig. 4. Transfection of RARβ induces regeneration of corticospinal axons in vivo. (a) Longitudinal sections of the adult 

rat spinal cord were traced with BDA to determine fibre regeneration in the corticospinal tract; overview of the lesion site 

in an animal injected with the RARβ2 expressing construct (EIAV-RARβ2, Rostral: left). (b) Animals with RARβ2-transfected 

cells displayed less fiber degeneration than control rats. (c) Labeled axons were detected up to the edge of the lesion,  

(d) at the distal edge of the lesion, and (e-g) at various distances caudal to the lesion. Growth cone-like endings were 

detected at the tips of some axons (white arrowheads in d). Axons appear to send collaterals (white arrowhead in g) from 

white matter to grey matter. (Scale bars in (a): 1mm, in (b-g): 100 μm.) (h-i) Quantification of BDA-labeled fibres in the corti-

cospinal tract after spinal cord lesion. EIAV-RARβ2-treated animals displayed increased fiber numbers rostral and caudal to 

the lesion compared to control animals (P < .05, two-way ANOVA) (source: (Yip et al., 2006).
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5.  Application of retinoids and PPAR ligands after spinal 
cord and peripheral nerve injury

Retinoic acid is a well-characterized morphogenetic factor in embryonic development. 
Stem cells and several cell lines can be induced with RA to differentiate to a neuronal 
phenotype. A number of experiments with developing sympathetic neurons and with 
sensory neurons from dorsal root ganglia revealed that RA has neurotrophic effects or 
induces neurite growth. The question arises whether these properties can be exploited 
to support axonal regeneration (Mey, 2006; Clagett-Dame et al., 2006). 

5.1. Retinoic acid-induced axonal growth in vitro and in vivo

While the most convincing demonstration that RA can act as an axon-guiding chemo-
attractant was recently published using the snail Lymnaea stagnalis (Dmetrichuk et al., 
2006), a number of earlier studies indicated that retinoids may fulfill similar functions in 
vertebrates. Neurites extending from chick neural tube cells responded to a gradient of 
RA (Maden et al., 1998). Positive effects on axon outgrowth were also reported using ex-
plants from murine embryonic spinal cord (Quinn & Boni, 1991), embryonic cerebellum 
(Yamamoto et al., 1996), and amphibian spinal cord (Hunter et al., 1991). In a chick retinal 
explant assay, RA enhanced neurite outgrowth under the condition that the neurotro-
phin BDNF was subsequently added in vitro (Mey & Rombach, 1999). RA supported sur-
vival and morphological differentiation of cultured rat spinal cord neurons and increased 
neurite density. In this context, astrocytes were implicated as regulators of local RA con-
centration (Wuarin & Sidell, 1991; Wuarin et al., 1990). 

Corcoran, Maden, and coworkers suggested that the loss of regeneration in the 
adult mammalian CNS is related to developmental changes in retinoid signaling. They 
observed that the RARβ2 receptor, which is present when neurite outgrowth occurs from 
embryonic spinal cord explants, was not detectable in the adult spinal cord (Corcoran 
et al., 2002). A supporting result was that specifically RARβ mediated the induction of 
neurite outgrowth from subpopulations of sensory neurons (Corcoran et al., 2000). In ad-
dition to the inhibitory glial environment (Silver & Miller, 2004), intrinsic changes in CNS 
neurons have been assumed to be responsible for the loss of regenerative ability during 
CNS development (Mey & Thanos, 1991). The declining expression of RARβ2 may be one 
of those changes. To test this hypothesis, the RARβ2 gene was transfected into spinal 
cord explants with a lentiviral vector. This treatment allowed the outgrowth of many neu-
rites, implying the involvement of RARβ2 in axonal regeneration (Corcoran et al., 2002). 
Consequently, to demonstrate that a renewed expression of the appropriate receptor 
mechanism might induce axonal regeneration into the spinal cord in vivo, Wong and oth-
ers (Wong et al., 2006) transfected RARβ2 in adult rats. They then analyzed regeneration 
of sensory axons into the spinal cord and performed behavioral experiments. Following 
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complete dorsal root transections by means of a crush injury, axons regenerated across 
the dorsal root entry zone into the CNS. Both myelinated and nonmyelinated fibers were 
found to have grown in the spinal cord where they projected into the gray matter, formed 
functional connections and improved sensorimotor recovery of the animals (Wong et al., 
2006). In another study, artificially induced RARβ2 expression also supported regenera-
tion of descending corticospinal tract fibers after midcervical spinal cord injury (Figure 
4). Again, the induced regeneration of fibers was accompanied by improved sensory and 
locomotor behavior (Yip et al., 2006). These data suggest not only that RARβ is involved 
in activating a physiological program of regeneration but also that retinoic acid signaling 
may be used as a therapeutic tool in spinal cord injury.

5.2. Manipulation of RAR/RXR signaling in the peripheral nervous system

As mentioned above, it has been known for some time that retinoids act as neurotrophic 
factors for sympathetic and sensory neurons of the peripheral nervous system (Holst et al., 
1997; Wyatt et al., 1999; Rodriguez-Tebar & Rohrer, 1991; Corcoran & Maden, 1999; Corcoran 
et al., 2000). However, very few studies have addressed the role of RA in peripheral nerve 
regeneration in vivo. Taha and coworkers tested whether local RA injections improved 
morphological and functional regeneration of tibial nerves undergoing anastomosis. They 
showed that animals injected locally with RA exhibited increased axonal density when 
compared to vehicle-treated animals (Taha et al., 2004). Several cell culture experiments 
suggested that RA effects may involve an upregulation of neurotrophin receptors, and 
molecular studies indicate mutually synergistic influences of the RA- and neurotrophin-
signaling pathways. Nerve growth factor induced the RA-synthesizing enzyme RALDH in 
dorsal root ganglia (Corcoran & Maden, 1999) and activated the RARβ promoter (Cosgaya 
& Aranda, 2001). RA, on the other hand, caused expression of various neurotrophin recep-
tors (see Mey 2006, Clagett-Dame 2006 for review). That synergistic interactions between 
RA and neurotrophins take place in vivo was revealed in a study using a mouse model for 
diabetes (Arrieta et al., 2005). Treatment of the animals with all-trans RA via subcutaneous 
injection in a dose of 20 mg/kg was able to prevent the NGF depletion normally seen in 
diabetic mice. Microscopic analysis subsequently showed that diabetes-associated loss of 
Schwann cells, of myelinated, and of nonmyelinated axons was strongly reduced by RA. 
This beneficial effect was also measurable in behavioral tests of sensory-motor functions 
(Arrieta et al., 2005).

5.3. Retinoids and PPAR ligands in pain signaling

In a different line of research about spinal cord sensitization, some contrasting results were 
obtained recently. To investigate whether retinoids might be involved in the processing 
of nociceptive information, especially in situations of hyperalgesia due to inflammation, 
rats were given 10–15 mg/kg all-trans RA orally for 4 days. Electrophysiological record-
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ings revealed that treated animals had decreased thresholds to mechanical and electrical 
stimulation of the paws and increased cutaneous receptive fields. This increased respon-
siveness caused by RA was similar to hyperalgesia induced by intraplantar administration 
of carrageenan (which leads to local inflammation) (Romero-Sandoval et al., 2006). On the 
molecular level, RA induced changes of gene expression in the spinal cord, for instance, 
an increase of COX-2 and IL-1. Inhibition of these pathways with IL-1 receptor antagonist 
and the COX inhibitor dexketoprofen reduced responses to mechanical or thermal stimu-
lation when those had been sensitized with RA (Alique et al., 2006). In these studies, it was 
concluded that all-trans RA induced changes in the spinal cord that are similar to inflam-
mation. At this point, it is difficult to reconcile this conclusion with the anti-inflammatory 
properties when RA was combined with stimuli of bacterial infection or Aβ deposition. 

In contrast to RA, administration of the PPARα agonists GW7647, Wy14643, per-
fluorooctanoic acid, and PEA reduced nocifensive behaviors in various animal models of 
hyperalgesia, implicating a mitigating role of PPAR in the regulation of pain signaling (Tay-
lor et al., 2002; LoVerme et al., 2006). GW7647 and PEA also prevented firing of spinal cord 
nociceptive neurons in rats after peripheral exposure to formalin (LoVerme et al., 2006). 

5.4.  Use of PPAR ligands as anti-inflammatory treatment after spinal 
cord injury

The knowledge about anti-inflammatory properties of PPAR ligands obtained in cell cul-
tures soon prompted animal experiments. In these, PPARα ligands were indeed shown to 
exert neuroprotective effects after traumatic brain injury (Besson et al., 2005). Recently, it 
was discovered that synthetic PPARγ ligands rosiglitazone and pioglitazone are also neu-
roprotective by reducing the inflammation in the spinal cord. Treatment of rats directly 
after SCI resulted in a decreased lesion site, better survival of motor neurons, sparing of 
myelin, reduced astrogliosis, and less microglial activation. These features were accompa-
nied by enhanced functional motor recovery and reduced hyperalgesia (Park et al., 2007). 
Investigation of gene expression revealed that pioglitazone lowered levels of transcrip-
tion factors IRF-1, NF-κB, transmembrane proteins Egr-1, ICAM, and cytokine/chemokines 
IL-1β, IL-6, MCP-1, but increased expression of neuroprotective genes and antioxidant 
enzymes. In a rat model for stroke (middle cerebral artery occlusion), PPARγ ligands were 
able to improve neurological outcome, decreased infarct size, and reduced inflammation. 
Fewer microglia/macrophages appeared to be present, and transcript and protein levels 
of IL-1β, COX-2, and iNOS were also lower (Sundararajan et al., 2005).
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Table 1. Anti-inflammatory effects of PPARα and PPARγ agonists on the moleculat level.

Experimental system Nuclear receptor Regulated signals Reference

Cytokine- and LPS-
stimulated microglia

PPARα,RXR
NO synthesis, IL-1β, IL-6,  
IL-12p40, TNFα, MCP-1

Xu et al., 2005

Activated 
macrophages

PPARα, γ
iNOS, heme ogygenase  

(COX-2, HSP70 not affected)
Colville-Nash et al., 1998

Activated 
macrophages

PPARγ
iNOS, MMP-9,  

scavenger receptor A
Ricote et al., 1998

Activated human 
monocytes

PPARγ IL-1β, IL-6, TNFα Jiang et al., 1998

Activated 
macrophages

PPARγ Reactive oxigen species
von Knethen and Brüne., 

2001

LPS-stimulated 
microglia

PPARγ IL-1β, IL-6, TNFα, MCP-1, iNOS Storer et al., 2005

LPS-stimulated 
microglia

PPARγ IL-6, TNFα, iNOS, COX-2 Luna-medina et al., 2005

Aβ-stimulated 
microglia

PPARγ IL-6, TNFα, COX-2 Combs et al., 2000

LPS-stimulated 
astrocytes

PPARα, RXR IL-1β, IL-6, TNFα, iNOS, MCP-1 Xu et al., 2006

LPS-stimulated 
astrocytes

PPARγ IL-6, TNFα, iNOS, COX-2 Luna-medina et al., 2005

LPS-stimulated 
astrocytes

PPARγ IL-1β, IL-6, TNFα, MCP-1, iNOS Storer et al., 2005

Cerebellar injection of 
IFNy, LPS

PPARγ iNOS, cell death Heneka et al., 2000

MPTP-treated mice PPARγ iNOS, IκB, cell death Dehmer et al., 2004

APPV717I transgenic 
mice

PPARγ iNOS, COX-2, β-amyloid Heneka et al., 2005

Rat spinal cord injury PPARγ
IRF-1, IL-1β, IL-6, MCP-1,  

ICAM, Egr-1
Park et al., 2007

Rat model for stroke PPARγ IL-1β, iNOS, COX-2 Sundararajan et al., 2005

6. Conclusion

The studies discussed here demonstrate that RAR/RXR and PPAR/RXR signaling may be 
therapeutic targets after spinal cord injury. The main potential of PPAR ligands derives 
from their anti-inflammatory capacity, which has been corroborated in rodent models of 
inflammation involving various peripheral organs. After spinal cord injury, inflammatory 
reactions account for a large proportion of the secondary damage to neurons and oligo-
dendrocytes. In this context, first experiments show that PPAR ligands are neuroprotec-
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tive. Since PPAR activators are already in use to treat diabetes, clinical studies after stoke 
or other kinds of CNS damage are to be expected. While retinoids also have anti-inflam-
matory properties, they exert more direct effects on the nerve tissue. In several popula-
tions of neurons, axonal regeneration can be induced or supported by the activation of 
RAR/RXR signaling. Since systemic application of retinoic acid influences neural physiol-
ogy within the CNS, therapeutic possibilities arise here as well. As in the case of cancer 
treatment, an important consideration is the expression of retinoid receptors. After spinal 
cord injury the induction of RARβ appears to be a requirement. In addition to the classi-
cal transcriptional effects, retinoids and PPAR ligands can act via receptor-independent 
mechanisms. This, however, is a largely uncharted territory where therapeutic benefits 
remain to be discovered. 
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Abstract

The production of chemokines by astrocytes constitutes 
an important component of neuroinflammatory processes 
in the brain. As the transcriptional activator retinoic acid 
(RA), used for chemotherapy and dermatological applica-
tions, exerts anti-inflammatory effects on monocytes and 
lymphocytes, we have tested whether the physiologically 
occurring isomer, all-trans RA, affects chemokine expres-
sion by astrocytes. Under control conditions, primary cul-
tures of murine cortical astrocytes expressed no or very 
low levels of CCL and CXCL chemokines. After treatment 
with bacterial lipopolysaccharides to simulate inflamma-
tion in vitro, we detected a strong increase in the release  
of CCL2 (to > 4 ng/mL in cell culture supernatant), CCL3 
(> 20 ng/mL), CCL5 (> 25 ng/mL), CXCL1 (> 30 ng/mL) and 
CXCL2 (> 20 ng/mL). Although simultaneous exposure to 
RA did not significantly affect this response, 12 h pre-
treatment with 0.1 µM all-trans RA strongly suppressed 
mRNA expression and protein release of all chemokines. 
The anti-inflammatory activity of RA engaged RA and 
retinoid X receptors and correlated with a decreased 
expression of the lipopolysaccharides co-receptor CD14. 
A minor reduction of nuclear NF-κB was observed but 
not significant, activation of Jun amino-terminal kinase, 
p38 and signal transducer and activator of transcription 3 
were not altered by RA. The results suggest that retinoids 
should be further investigated as candidates for the treat-
ment of neuroinflammation.

Keywords:  CCL, CXCL, glia, inflammation, 
lipopolysaccharide, retinoids
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Introduction

Inflammatory reactions drive neurodegenerative processes that result from ischemia, 
brain injury or during neurological disorders. Although for many years microglia have 
been in the focus of neuroimmunological research, accumulating evidence points to 
a crucial role of astrocytes in this context (Farina et al. 2007). To limit neuronal cell death 
under pathological conditions, it is therefore important to understand and control astro-
glial inflammatory reactions. In the present study, we have explored whether the tran-
scriptional activator retinoic acid (RA) modulates one important aspect of inflammation, 
the production of chemokines. 

Astrocytes, which are the most abundant glia in the vertebrate CNS, can be 
stimulated to produce a wide variety of inflammatory mediators including cytokines, 
chemokines and prostaglandins (Farina et al. 2007; Johann et al. 2008). As astrocytes are 
also involved in protective mechanisms (Liberto et al. 2004; Yiu and He 2006; Herrmann 
et al. 2008), a precise regulation of their response may determine the outcome of CNS in-
flammation. To study this aspect in vitro, cells are typically stimulated with bacterial endo-
toxins, most frequently by using Escherichia coli lipopoly-saccharides (LPS). After binding 
to CD14 and toll-like receptor (TLR)4, LPS activate several intracellular signalling cascades 
eventually targeting transcription factors NF-κB, AP-1 and signal transducer and activator 
of transcription (STAT)3, which in turn activate a large number of pro-inflammatory genes 
(Li and Stark 2002; Herrmann et al. 2008; Okun et al. 2008). 

An important aspect of the inflammatory cascade is the production of chemok-
ines, because they induce the invasion of lymphocytes and monocytes through the 
blood–brain barrier into the brain (Fig. 1; Baggiolini 1998). These small, secreted proteins 
are classified based on the position of conserved cysteine residues into C, CC, CXC and 
CX3C subfamilies. Their G-protein coupled receptors can activate several downstream 
signaling cascades. Blocking of chemokine activity has been shown to reduce dam-
age of the blood brain barrier and to be neuroprotective after ischemia in rats (Anthony 
et al. 1998). Astrocytes which express functional chemokine receptors themselves (Dorf 
et al. 2000), produce chemokines that are responsible for neutrophil, T-cell and monocyte 
infiltration of the injured CNS (Babcock et al. 2003; Ambrosini and Aloisi 2004). 

In the present study, we investigated CCL2 (monocyte chemoattractive protein, 
MCP-1), CCL3 (macrophage inflammatory protein, MIP-1α), and CCL5 (regulated upon 
activation normal T-cell expressed and secreted, RANTES). These factors are chemoat-
tractants for monocytes and leukocytes and were found to be elevated after trauma, 
ischemia, in multiple sclerosis, experimental autoimmune encephalomyelitis, after HIV, 
bacterial infection, and in brain tumors (Ambrosini and Aloisi 2004). In addition, we mea-
sured the neutrophil chemoattractants CXCL1 (KC, the mouse homologue of Gro-α) and 
CXCL2 (MIP-2) produced by astrocytes and up-regulated after experimental autoimmune 
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encephalomyelitis and infection. These chemokines maintain and exacerbate the inflam-
matory reaction in astrocytes by an autoregulatory mechanisms involving mRNA stabili-
zation (Luo et al. 2000; Ambrosini and Aloisi 2004). 

Recently, the possible pharmacological function of retinoids as modulators of 
neuroinflammation has gained scientific interest (Xu and Drew 2006; Zhang-Gandhi and 
Drew 2007; Kampmann et al. 2008). The transcriptional activator RA is involved in a wide 
range of biological processes including glial and neuronal survival, axonal regeneration 
(Wong et al. 2006; Yip et al. 2006) and has been implicated in neurological and psychiatric 
disorders (Malaspina and Michael-Titus 2008; van Neerven et al. 2008). Endogenously, RA 
is synthesized from blood-derived vitamin A and released by cells in a paracrine and auto-
crine fashion. Taken up by target cells, RA binds to RA receptors (RARα, -β, -γ) that heterodi-
merize with retinoid X receptors (RXRα, -β, -γ) to form a ligand activated transcriptional 
complex (Bastien and Rochette-Egly 2004). All-trans RA and 9-cis RA bind to the RAR family, 
whereas only 9-cis RA is a high affinity ligand for the RXR. In addition to the direct tran-
scriptional control, many target genes are regulated indirectly, and several non-genomic 
actions of RA are known (Na et al. 1999; Choi et al. 2005; Blomhoff and Blomhoff 2006). The 
observation that spinal cord injury was followed by RA synthesis and nuclear translocation 

Fig. 1. Retinoic acid in the context of chemokine signaling. Following tissue damage, Chemokines are transported 

through the endothelium into the blood, where they induce integrin expression in lymphocytes, neutrophils and mac-

rophages, causing these cells to infiltrate into the CNS through the blood–brain barrier. We hypothesize that retinoic acid 

(RA) interferes with this process.microglia and macrophages secrete pro-inflammatory cytokines and chemokines. 
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of retinoid receptors in glia cells led us to postulate that RA is an endogenous modulator of 
neuroinflammation (Mey et al. 2005; Schrage et al. 2006). In the present study, we have ex-
plored the potential of RA to modulate the production of chemokines. Therefore, primary 
astrocyte cultures were challenged with LPS and treated with all-trans RA to investigate its 
effect on expression and secretion of proinflammatory chemokines.

Material and methods

Astrocyte primary cultures

Primary cultures of astrocytes were prepared from the mesencephalon and cerebral cor-
tices of 1- to 2-day-old balb/c mice (Charles River). After dissection and removal of the 
meninges, both brain regions were dissociated mechanically in 0.25% Trypsin-EDTA so-
lution (Sigma Aldrich, München, Germany), passed through a 50 µm nylon mesh, and 
centrifuged at 130 g for 10 min. Cells were resuspended and further cultivated in me-
dium containing DMEM including 20% heat-inactivated fetal calf serum, 0.5% penicil-
lin/ streptavidin and 0.1% fungizone (all from Invitrogen, Karlsruhe, Germany) and subse-
quently seeded in T75 flasks coated with poly-L-lysine (200 µg/mL; Sigma Aldrich). Cells 
were grown for 5 days at 37° C in a humidified incubator with 5% CO2, and medium was 
changed every 2–3 days. When reaching confluence, cells were passaged three times to 
remove microglia. 

Purity of the cultures was checked with immunocytochemical staining using 
antibodies against glial fibrillary acidic protein to mark astrocytes (rabbit anti-mouse 
polyclonal antibody: DAKO 1/2000) and ED1 to detect activated microglia (mouse mono-
clonal, Serotec, MCA341R, 1/100). Microglia cells were also visualized with tomato lectin, 
10 µg/mL (Vector Laboratories, Burlingame, CA, USA; FL-1201). Results were evaluated 
with a Zeiss Axiophot epifluorescence microscope coupled to an online digital camera 
(Axiovision software; Carl Zeiss, Göttingen, Deutschland).

Treatment of cell cultures

After the third passage, astrocytes were seeded into poly-L-lysine coated 6-wells plates, 
containing approximately 400.000 cells per well. Before treatment, astrocytes were kept 
for 48 h in serum-free neurobasal medium supplemented with 1% glutamine, 0.2% B27 
supplement (both from Gibco, Invitrogen, Karlsruhe, Germany, Invitrogen), 0.5% penicil-
lin/streptavidin and 0.1% fungizone. To induce an inflammatory reaction, 100 ng/mL E. 
coli LPS (Sigma) were applied to the culture medium. 

All-trans RA (Sigma) was dissolved at 0.1 M in DMSO. To prevent oxidation, air 
above the aliquots was replaced with nitrogen, and stock aliquots were stored at -80° C. 
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All handling with RA occurred under conditions of amber lighting (Na+ lamp). For use, RA 
was further diluted to 1, 0.1 and 0.01 mM in 100% ethanol and added to the cell culture 
medium, reaching final concentrations of 1, 0.1 or 0.01 µM RA. 

The effect of LPS and the influence of RA on chemokine release were monitored 
for time intervals of 30 min, 1 h, 6 h, 12 h, 24 h, 48 h and 72 h. In addition, the effect 
of RA pre-treatment on LPS induced chemokine release and expression was measured: 
As pre-treatment, concentrations of 0.01, 0.1 or 1 µM RA, or 100% ethanol solvent only 
were administered 12 h prior to LPS treatment. Subsequently, 100 ng/mL LPS was added, 
RA replaced with medium change, and cells were incubated for an additional period of 
12 h for measuring chemokine expression or additional 3 h for measuring activation of 
transcription factors. To verify whether RAR/RXR were involved in the molecular signal 
transduction of RA, astrocytes were treated with the RAR pan-antagonist LE540 or the 
RXR pan-antagonist PA452 (kindly provided by Drs Kagechika and Shudo, R&R Inc., Tokyo, 
Japan) in a concentration of 1 µM, 5 min before RA administration (0.1 µM). 

In additional control experiments, cultures were treated with clodronate (dichlo-
ro-phosphono-methyl phosphonic acid; Calbiochem/ Merck Chemicals, Darmstadt, Ger-
many) to eliminate residual microglial cells. After the third passage, cells were left to 
adhere in normal culture medium for 2 days. Subsequently, the medium was renewed 
with medium containing 200 µg/mL clodronate. Cells were incubated for 48 h at 37° C, 
5% CO2, and placed over night on a shaker at 250–300 rpm to remove possible microglia. 
The next morning astrocytes were washed with phosphate-buffered saline, received nor-
mal culture medium, and standard experiments were carried out. As a positive control 
for the physiological response to LPS, these cells were also simultaneously treated with 
100 nM dexamethasone.

Cytotoxicity test: lactate dehydrogenase release

In addition to immunocytochemical observations, described below, the cytotoxicity of 
treatment conditions was measured using lactate dehydrogenase (LDH) release into the 
medium (Roche Cytotoxicity Detection Kit; Roche Diagnostics, Mannheim, Germany). 
LDH release was normalized with respect to maximal LDH release after cell lysis.

Quantitative RT-PCR

Isolation of total RNA was performed with the PeqGOLD extraction kit (Peqlab, Erlangen, 
Germany); RNA concentration and purity were assessed photometrically (OD260, OD260/
OD280 ratio). Total RNA was reverse transcribed into cDNA using Qiagen Omniscript RT 
kit (Qiagen, Hilden, Germany) and Oligo (dT) 12–18 primers (Invitrogen) with calculated 
concentrations of 50 ng/µL RNA extract per reaction. 
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Samples were diluted 1/10 after reverse transcription and then used for amplifica-
tion with the MyiQ5 real-time PCR detection system (Bio-Rad, Munich, Germany). Reac-
tions were carried out in a 96-well reaction module, containing 10 µL total reaction volume 
per well. Samples contained 5 µL of the QuantiTect SYBR Green PCR kit (Qiagen; including 
Sybr Green I, Hot-StarTaq DNApolymerase, reaction buffer and MgCl2), 2 µL nuclease-free 
water, 2 µL cDNA sample and 0.5 µL of each primer (sense and anti-sense each 10 µM 
stock solutions). The protocol consisted of 15 min enzyme activation at 95° C, followed by 
40 cycles of 15 s denaturation at 94° C, 20 s annealing at the primer-specific temperature, 
20 s amplification at 72° C, and 5 s fluorescence measurements at 74° C. Primer sequences 
and annealing temperatures are listed in Table 1. Expression of the housekeeping gene 
hypoxanthine–guanine phosphoribosyl-transferase was measured to normalize gene ex-
pression. Melting curve analysis (from 65° C to 95° C, in 0.1° C/s) and agarose gel electro-
phoresis of the PCR products were routinely performed. Relative mRNA concentrations 
were determined using crossing point analysis. Concentration series (dilutions 1/4, 1/8 … 
1/64) of sample pools, which were included in all runs, showed PCR efficiencies between 
90% and 100%, and the ΔΔCt method was therefore used for quantification. All samples 
and concentration series were measured in duplicates.
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Tab. 1. Primers used in this study: Melting points of chemokine and LPS receptor PCR products were 

empirically determined following qRT-PCR (retinoid receptor expression was detected but not quantified).

Name
Primer sequences
(sense, antisense)

Annealing T
Product size

Product melting T

HPRT
GCTGGTGAAAAGGACCTCT

CACAGGACTAGAACACCTGC
59° C

249 bp
79.2° C

CCL2
AGCACCAGCCAACTCTCACT
GCTGCTGGTGATCCTCTTGT

62° C
219 bp
84.6° C

CCL3
CCTCTGTCACCTGCTCAACA
GATGAATTGGCGTGGAATCT

60° C
163 bp
82.5° C

CCL5
CCCTCACCATCATCCTCACT

GAGCACTTGCTGCTGGTGTA
62° C

154 bp
85.9° C

CXCL1
GCTGGGATTCACCTCAAGAA

CTTTTGGACAATTTTCTGAACCA
60° C

150 bp
82.9° C

CXCL2
AGTGAACTGCGCTGTCAATG
CTTCAGGGTCAAGGCAAACT

62° C
154 bp
83.3° C

RARα
TCTCCCTGGACATTGACCTC
GTGTCTTGCTCAGGCGTGTA

55° C 196 bp

RARβ
ACAAGTCATCGGGCTACCAC
CTGTGCATTCCTGCTTTGAA

55° C 249 bp

RARγ
AGGTCACCAGAAATCGATGC

CTGGCAGAGTGAGGGAAAAG
55° C 212 bp

RXRα
CTCACTGGGACATTGTGGTG
CTCCCCAACACAGGACAGAT

55° C 150 bp

RXRβ
TTAGCAGGGTTCGTTTGGTC

GCCAAATGAGAAGGAAGCAG
55° C 175 bp

RXRγ
TGTGGTCAACAGTGTCAGCA
TGAAGAAGCCTTTGCAACCT

55° C 188 bp

Tgm-2
CATGGTCAACTGCAATGATG
GGGCGGAGTTGTAGTTGGT

59° C
236 bp
88.3° C

TLR-2
CGGACTGTTTCCTTCTGACC

GCCACCCAAGATCCAGAAGAG
60° C

185 bp
82.4° C

TLR-4
TTCTTCTCCTGCCTGACACC
TGTCATCAG GGACTTTGCTG

60° C
106 bp
80.5° C

CD-14
CATGGAGCGTGTGCTTGG

CGCCGTACAATTCCACATCT
60° C

173 bp
85.2° C

SOCS-3
CCTTTGACAAGCGGACTCTC
GCCAGCATAAAAACCCTTCA

59° C 85.2° C
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ELISA

Cell culture supernatants were collected after different periods of incubation, using the 
same treatment protocols as for quantitative RT-PCR. The release of chemokines into the su-
pernatant was measured with ELISA. CXCL1 (KC), CXCL2 (MIP-2), CCL2 (MCP-1), CCL3 (MIP-
1α), CCL5 (RANTES), CCL11 (Eotaxin), CCL17 (thymus and activation-regulated chemokine) 
and CCL22 (macrophage-derived chemokine) levels were determined using DuoSet ELISA 
Development Kits (R&D Systems, Wiesbaden, Germany). All ELISA procedures were per-
formed according to the manufacturer’s instructions and absorbance was measured at 
450 nm with subtraction of absorbance at 540 nm using a microplate reader (Bio-Rad). For 
calibration, standard concentration series of all chemokines were measured routinely.

Western blotting

Activation of signal transduction cascades was investigated with immunoblotting. Cells 
were grown in Petri dishes, treated as previously described and harvested by trypsination, 
then centrifuged, pellets washed in phosphate-buffered saline and diluted in nuclear 
extraction buffer, which was supplemented with 10 µg/mL aprotinin, 10 µM leupeptin, 
0.1 mM phenylmethylsulfonyl fluoride and 200 µM NaVO3 to prevent protein degrada-
tion. Cytosolic and nuclear extracts were isolated with NE-PER Nuclear and Cytoplasmic 
Extraction kit (Thermo Scientific, Perbio Science, Bonn, Germany) according to the man-
ufacturer’s instructions. As described previously (Kuenzel et al. 2009), sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis were run with 10% poly acrylamide gels and 
10 µg protein per slot, based on protein measurements with the bicinchoninic acid assay. 
Proteins were transferred onto nitrocellulose membranes, checked for protein content 
with Ponceau-S staining, and investigated using primary antibodies, directed against p-
STAT3 (#9131), STAT3 (#9132), p-Jun amino-terminal kinase (p-JNK) (#46685), p-MAPK(p38) 
(#9215), NF-κB p65 (#4764) and lamin (#2032) all primary antibodies were from Cell Sig-
naling/New England Biolabs (Frankfurt/M, Germany) and diluted 1/1000. The antibodies 
against CD14 (sc-9150; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and actin (A1066; 
Sigma) were diluted 1/333 and 1/500, respectively. In these experiments, 15 µg sample 
protein were used per lane. 
Immunoreactive signals were visualized with peroxidaseconjugated secondary antibodies 
(goat anti-rabbit; Sigma, 1/5000) and the enhanced chemiluminescence method (Amer-
sham Pharmacia Biotech, Freiburg i. Brsg., Germany) according to standard protocol. For 
semiquantitative evaluation of protein expression, X-ray films were exposed 30 s to 20 min 
to determine the linear range of the signal, and signal intensities were evaluated with 
a digital image analysis system (LTF, Wasserburg, Germany). Concentrations of phosphory-
lated STAT3, c-Jun and p38 were normalized to total STAT3, of CD14 to actin, and NF-κB in 
nuclear extracts was normalized to lamin, as detected in the same blots after stripping.
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Statistical analysis 

The effects of RA on LPS-stimulated astrocytes in the preincubation experiments and 
time–course experiments were measured for each condition in 6–9 cultures prepared 
from 2 to 3 different litters. Data were analyzed using one-way ANOVA and post hoc Dun-
nett’s test. In control experiments using clodronate or inhibitors of retinoid receptors, pre-
selected comparisons were made using t-test. Any differences in number of independent 
experiments, or tests are indicated in the figure legends. All statistical analyses were car-
ried out with the logarithms of data, in RT-PCR experiments with Ct values, which showed 
normal distribution and similar variances. Gene expression results were normalized to 
levels under LPS stimulation. In the graphs, results are presented as mean ± standard error 
of the mean (SEM).

Results

Chemokine release in primary cultures of mouse astrocytes 

In the present study, cell culture experiments were performed to test the hypothesis that 
RA reduces the release of chemokines by murine cortical astrocytes. The applied protocol 
yielded primary cultures of > 95% astrocytes (Johann et al. 2008). Less than 2% of the 
cells were microglia, identified with tomato lectin or ED1 immunocytochemistry, and no 
oligodendrocytes or neurons were identified in the cultures. To elicit an inflammatory 
response, cells were stimulated for 30 min to 72 h with 100 ng/mL LPS. Treatment with 
LPS or 0.01, 0.1 and 1 µM all-trans RA did not affect cell viability. 

In addition to the chemokines whose induction is described below, we measured 
protein concentrations of CCL11 (eotaxin) and CCL17 (thymus and activation-regulated 
chemokine). The assay for CCL11 was calibrated with a concentration range of 16–500 pg/
mL, and contents in astrocyte supernatants were below the detection limit under all con-
ditions. Culture supernatants contained low concentrations of CCL17 (168 ± 25 pg/mL; 
mean ± SEM, n = 25; assay standards 125 2000 pg/mL), but there was no effect of LPS 
or RA treatment on the release of this chemokine. In contrast to CCL11 and CCL17, LPS 
treatment caused a highly significant increase in protein release of CCL2 (MCP-1), CCL3 
(MIP-1α), CCL5 (RANTES), CXCL1 (KC) and CXCL2 (MIP-2). Data for astrocytes from mouse 
cerebral cortex are presented in Figs 2 and 3. LPS-effects of a similar magnitude on all 
five cytokines were observed with astrocytes from mouse midbrain (data not shown). 
Retinoic acid reduced the release of CCL chemokines into the culture medium. 
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Retinoic acid reduced the release of CCL chemokines  
into the culture medium

In the first set of experiments, astrocytes were incubated for various time periods with 
LPS, all-trans RA, or simultaneously with LPS plus RA, and protein concentrations were 
measured in cell culture supernatants. Inflammatory stimulation with LPS caused a maxi-
mum rise of the three CCL chemokines after 48 h with a significant increase observed first 
after 12 (CCL2, CCL3) or 24 h (CCL5). Compared with the low levels in control cultures, 
we found induction higher than 10- (to over 4 ng/mL CCL2 released into the culture 
medium) or 100-fold (> 20 ng/mL CCL3; > 25 ng/ mL CCL5). Simultaneous incubation 
with 0.01, 0.1 or 1 µM RA had no effect on the pattern or magnitude of chemokine release 
(Fig. 2a, c and e). In a second set of experiments, however, cells were pre-treated 12 h 
with RA and then exposed for another 12 h to LPS plus RA. In this case, RA led to a highly 
significant reduction of the LPS- induced release of CCL2 (to 35% of the level measured 
after LPS treatment alone), of CCL3 (to 28%) and of CCL5 (to 8%) at the highest concen-
tration of RA (Fig. 2b, d and f; ANOVA was highly significant for all three chemokines, 
p < 0.001). An RA concentration of 10 nM was similarly effective as 1 µM. The LPS-induced 
synthesis of CCL3 was transient, as shown by a highly significant reduction (to 30%) of the 
chemokine concentration when cells received LPS-free medium for another 12 h. Under 
this condition, protein concentration of CCL2 was lower than in the LPS-treated group 
but not significantly so, and CCL5 release remained high 12 h after withdrawal of the 
inflammatory stimulus. Retinoic acid reduced the release of CXCL chemokines into the 
culture medium. 

Retinoic acid reduced the release of CXCL chemokines  
into the culture medium

Similar experiments and measurements were performed for CXCL1 and CXCL2, which 
gave comparable results. Again, although RA alone did not affect the synthesis of the 
chemokines, LPS exposure resulted in an increased release after 12 h reaching a maximum 
after 48 h (80-fold, to more than 30 ng/mL for CXCL1 and 60-fold, 20 ng/mL for CXCL2). As 
for the CCL chemokines, no reduction of this effect was measured when astrocytes were 
simultaneously treated with RA, whereas pre-treatment with 1 µM all-trans RA reduced 
the amount of cytokine release of CXCL1 to 16% and of CXCL2 to 20% with similar effects 
of 0.01 and 0.1 µM RA (Fig. 3; ANOVA p < 0.001). This was highly significant for all concen-
trations of RA. The recovery experiment showed a strong decline in production of CXCL2 
(to 19%), whereas CXCL1 continued to be released 12 h after removal of LPS. 
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Fig. 2. Effect of lipopolysaccharide (LPS) and retinoic acid (RA) on the release of CCL chemokines by astrocytes. 

Following the different treatment protocols, chemokine concentrations were measured in cell culture supernatants with 

ELISA. (a, b) CCL2 (MCP-1), (c, d) CCL3 (MIP-1α), (e, f ) CCL5 (RANTES). In (a), (c) and (e), cultures were exposed simultaneously 

but for different periods of time (0.5–72 h) to 100 ng/mL and the three concentrations of all-trans RA. In (b), (d) and (f ), 

cultures were pre- treated 12 h with RA followed by 12 h simultaneous exposure to RA and LPS. Under control conditions, 

astrocytes received only vehicle, LPS or 0.1 μM all-trans RA. In recovery experiments (L) LPS-free medium was given for 

12 h after the LPS stimulation. Seven to nine cultures from three different litters were analyzed, error bars indicate SEM. 

Following ANOVA (in b, d, f ), levels after exposure to LPS-only or RA-only were compared with controls (###p < 0.001), and 

RA + LPS conditions were compared with LPS only (*p < 0.05, **p < 0.01, ***p < 0.001; Dunnett’s test).
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Retinoic acid reduced the mRNA expression of CCL and CXCL 
chemokines by cortical astrocytes

As 12 h RA pre-treatment of the cells mitigated chemokine release while simultaneous 
exposure to RA and LPS had no significant effect, it was tested whether RA pre-treatment 

affected chemokine expression at the mRNA level in the astrocyte cultures (quantitative 
RT-PCR; Fig. 4). In accordance with the ELISA data, transcript concentrations of all five 
chemokines were strongly increased after LPS treatment. In the absence of LPS, very low 
expression of CCL2, CCL3 and CCL5 was measured (Fig. 5), and CXCL1 and CXCL2 tran-
scripts were not detected at all (Fig. 6). RA significantly reduced the elevation of chemokine 
transcripts, indicating an inhibitory effect on gene regulation or RNA stability (Figs 5 and 
6). The RA modulation of the inflammatory response lowered transcript concentrations to 
30% (CCL2), 29% (CCL3), 9% (CCL5), 16% (CXCL1) and 25% (CXCL2). These are data for the 
lowest dose of 0.01 µM all-trans RA, with similar efficacy of the higher concentrations. 

After replacement of culture medium and cultivation for 12 h in the absence of LPS 
the altered mRNA expression showed a pattern that corresponded well to the data on pro-
tein release. Expression of CCL2 was reduced (to 37%) but did not return to basal levels in 
control cultures. CCL3 and CXCL2 showed a highly significant down- regulation after LPS re-
moval (to 8% and 5%, respectively), whereas CCL5 and CXCL1 continued to be expressed (no 
significant change compared with the LPS condition). As shown with ELISA measurements 
before, treatment with all-trans RA alone did not induce gene expression of chemokines. 

Immunohistochemical staining of LPS-treated cultures revealed less than 1% 
tomato lectin and less than 2% ED1- positive cells in the cultures (Fig. 7a). Nitric oxide 
production, a characteristic of microglia cells (Saura 2007), was not induced by LPS at all. 
Nevertheless, even a small proportion of microglia could affect the astroglial response or 
be responsible for part of the chemokine production. To assess their contribution to the 
observed effects of LPS and RA, cultures were treated 2 days with 200 µg/mL clodronate, 
which is used to deplete macrophages and other monocytes. Following this procedure, 
the cytokine induction of CCL2 and CXCL2 was still observed, and the inhibitory effect of 
RA also persisted (Fig. 7b and c). The anti-inflammatory steroid dexamethasone blocked 
the effect of LPS completely. Although chemokine expression and their regulation re-
mained in the complete absence of microglia, clodronate treatment also affected the 
astrocytes (e.g. lower rate of proliferation). The up-regulation of chemokines was not as 
strong as observed without clodronate.

Involvement of retinoid receptors in RA-dependent effects

Although several direct and indirect modes of action are being discussed for the various 
effects of RA, in most cases the involvement of nuclear retinoid receptors is postulated 
(Blomhoff and Blomhoff 2006). This seems also to be the case for the chemokine regula-
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tion in astrocytes, as analyzed here. Using RT-PCR, we demonstrated the expression of all 
six retinoid receptors RARα, RARβ, RARγ, RXRα, RXRβ and RXRγ in the astrocyte primary 
cultures. With polyclonal antibodies, RAR and RXR immunoreactivity was detected in the 
cultured astrocytes (Fig. 8). 

The question whether these receptors were necessary for the anti-inflammatory 
effect of RA was addressed by using pan-antagonists against RAR (LE540) and RXR (PA452). 
To test the effectiveness of the inhibitors, we measured expression of transglutaminase-2 
(Tgm-2), an enzyme which is induced by RA in other cell types (Melino et al. 1997). As ex-

Fig. 3. Effect of lipopolysaccharide (LPS) and retinoic acid (RA) on the release of CXCL chemokines by astrocytes. 

Chemokine concentrations were measured in cell culture supernatants with ELISA. (a, b) CXCL1 (KC), (c, d) CXCL2 (MIP-2). 

In (a) and (c), cultures were exposed simultaneously but for different periods of time (0.5–72 h) to 100 ng/mL and the 

three concentrations of all-trans RA. In (b) and (d), cultures were pre-treated 12 h with RA followed by 12 h simultaneous 

exposure to RA and LPS. Under control conditions, astrocytes received only vehicle, LPS or 0.1 μM all-trans RA. In recovery 

experiments (L) LPS-free medium was given for 12 h after the LPS stimulation. Seven to nine cultures from three different 

litters were analyzed, error bars indicate SEM. Following ANOVA (in b, d), levels after exposure to LPS only or RA only were 

compared with controls (###p < 0.001), and RA + LPS conditions were compared with LPS only (**p < 0.01, ***p < 0.001; 

Dunnett’s test).
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pected, RA treatment caused a two- to threefold increase in transcript levels of Tgm-2 also 
in astrocytes. This effect was inhibited by LE540 and PA452 (Fig. 9a). Transglutaminase-2 
has also been reported to increase after various inflammatory stimuli, and accordingly 
LPS induced its expression. In the astrocytes, the effects of RA and LPS were additive (Fig. 
9b). Incubation with either LE540 or PA452 abolished the RA-dependent up-regulation 
of Tgm-2 but did not reduce the additional effect of LPS (Fig. 9a and b). In the presence 
of the RAR inhibitor, the antagonistic effect of RA on the LPS-induced expression of CCL2 
and CXCL2 disappeared completely. The same was observed for the RXR inhibitor and 
CCL2; however, in the presence of 1 µM PA452 treatment with 0.1 µM all-trans RA still 
reduced expression of CXCL-2 (Fig. 9c and d), though not significantly.

Molecular mechanisms of the RA/LPS interaction

Measurements of protein release as well as of gene expression demonstrated that the 
effectiveness of RA treatment depended on RA incubation before the cells were exposed 
to LPS. A negative effect of RA on the basal expression of LPS receptors could explain this 
observation. Quantitative RT-PCR experiments showed indeed that RA lowered expres-

Fig. 4. Quantitative RT-PCR measurements of chemokine mRNA concentrations. RNA extracts of cultures were evalu-

ated with conventional and quantitative RT-PCR. (a, b) All chemokine amplification products had the expected molecular 

sizes (see Table 1). (c, d) Melting curve analysis after every quantitative PCR reaction confirmed the absence of non-specific 

amplicons. Relative PCR efficiencies were determined with dilution series of a cDNA pool, duplicates, r2 > 0.95, efficien-

cy > 90% in all cases.
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Fig. 5. Effect of lipopolysaccharide (LPS) and retinoic acid (RA) on mRNA expression of CCL chemokines by astro-

cytes. Following the different treatment protocols, chemokine transcript levels were measured in cell extracts with quan-

titative RT-PCR: (a) CCL2 (MCP-1), (b) CCL3 (MIP-1α), (c) CCL5 (RANTES). Cultures were pre-treated 12 h with RA, followed 

by 12 h simultaneous exposure to LPS and RA. Under control conditions, astrocytes received only vehicle, LPS or 0.1 µM 

all-trans RA. In recovery experiments (L) LPS-free medium was given for 12 h after the LPS stimulation. Six cultures from 

two different litters were analyzed, error bars indicate SEM. Following ANOVA, mRNA levels after exposure to LPS-only or 

RA-only were compared with controls (###p < 0.001), and RA + LPS conditions were compared with LPS only (*p < 0.05, 

**p < 0.01, ***p < 0.001; Dunnett’s test).
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sion of the LPS co-receptor CD14 to 52% (p < 0.05). Transcript levels of the second recep-
tor TLR4, and a related receptor TLR2 were also reduced (to 51% and 34%, respectively), 
but this was significant only in the case of TLR2 (p < 0.05, n = 10 independent experi-
ments; Fig. 10a). LPS treatment, while not affecting TLR4, caused a strong increase in the 
expression TLR2 and CD14. Similar to the observations with chemokines, 12 h pre-treat-
ment with all-trans RA abrogated this response (Fig. 10b). Quantification of CD14 protein 
expression with immunoblotting confirmed the increase after LPS treatment (1.56-fold 
compared with the control condition) and its partial reduction by RA (1.36-fold), whereas 
a reduction of low base levels of CD14 was not observed when RA was applied in the 

Fig. 6. Effect of lipopolysaccharide (LPS) and retinoic acid (RA) on mRNA expression of CXCL chemokines by as-

trocytes. Chemokine transcript levels were measured in cell extracts with quantitative RT-PCR. (a) CXCL1 (KC), (b) CXCL2 

(MIP-2). Cultures were pre-treated 12 h with RA followed by 12 h simultaneous exposure to LPS and RA. Under control 

conditions, astrocytes received only vehicle, LPS or 0.1 µM all-trans RA. In recovery experiments (L) LPS-free medium was 

given for 12 h after the LPS stimulation. Six cultures from two different litters were analyzed, error bars indicate SEM. Follow-

ing ANOVA, mRNA levels after exposure to LPS-only or RA-only were compared with controls (###p < 0.001), and RA + LPS 

conditions were compared with LPS only (*p < 0.05, ***p < 0.001; Dunnett’s test).
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absence of LPS (Fig. 10c). Finally, we investigated whether RA treatment had an influence 
on signal transduction mechanisms that are activated directly or indirectly by TLR4/CD14 
ligands (Fig. 11). 

With immunoblotting and specific antibodies, the phosphorylation of STAT3, JNK 
and p38 MAPK was determined. In astrocyte nuclear extracts, immunoreactivity of the 
transcription factor NF-κB was measured. Phosphorylated STAT3 and JNK and nuclear 
concentrations of NF-κB increased in response to LPS; phosphorylation of p38 was not 
changed. Under the same conditions where we were able to reduce chemokine expres-
sion, that is, 12 h pre-treatment with 0.1 µM all-trans RA, the activation of STAT3, JNK and 
NF-κB was not significantly affected, although the tendency of a decrease in nuclear NF-
κB immunoreactivity appeared. Both isomers, 9-cis and all-trans RA have been reported 

Fig. 7. Retinoic acid (RA) reduces lipopolysaccharide (LPS)-induced expression of CCL2 and CXCL2 in clodronate 

treated astrocyte cultures. (a) Immunohistochemical staining of astrocyte primary cultures with antibodies against GFAP, 

ED-1 and with fluorescence-labeled tomato lectin; same magnification in the photographs, scale bar = 200 μm. Less than 

2% of all cells (4’,6-diamidino-2-phenylindole dihydrochloride) showed ED-1 or tomato lectin labeling. (b, c) Following 

clodronate treatment, microglia-depleted cultures were treated as before and qRT-PCR for CCL2 (b) and CXCL-2 (c) were re-

peated. Statistical comparisons (t-test) were made between LPS treatment and controls (#p < 0.05) and between RA + LPS 

and LPS treatment (*p < 0.05).
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Fig. 8. Retinoid receptor expression in astrocyte primary cultures. Immunofluorescence staining showed (a) posi-

tive staining of retinoic acid receptor (RARα in cell nuclei and cytosol, (b) strong RARβ immunoreactivity mostly in the cell 

nuclei, (c) nuclear and perinuclear RXRα signal, (d) strong cytosolic staining of RXRβ, and (e) weak RXRγ immunoreactivity. 

No reliable results were obtained with RARγ antibodies; same magnification in all photographs. (f ) RT-PCR revealed mRNA 

expression of all six retinoid receptors in mouse cortical astrocytes.
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to cause an increase in suppressor of cytokine signalling (SOCS)3, a suppressor of the Jak/
STAT pathway (Choi et al. 2005). In the primary cultures of murine cortical astrocytes inves-
tigated here, this effect was not observed (Fig. 12; 0.5–48 h, ANOVA not significant).

Discussion

To limit neuronal cell death under pathological circumstances, it is important to under-
stand and control the inflammatory reaction of microglia and astrocytes. In this study, we 
demonstrate that all-trans RA reduces chemokine expression in astrocytes. The inflam-
matory condition was simulated by cultivating murine astrocyte primary cultures with 
100 ng/mL LPS, which caused a strong increase in mRNA expression and protein release 
of CCL2, CCL3, CCL5, CXCL1 and CXCL2. Chemokine release into the medium peaked 
after 24–48 h. RA, which alone did not alter chemokine production, was able to reduce 
this inflammatory reaction by 70–90%, depending on the chemokine. In all cases, the 
influence was observed with respect to mRNA and protein levels, but only when the 
cells had been pre-treated 12 h before LPS stimulation, suggesting an indirect effect on 
the glial inflammatory response. Experiments with antagonists against RAR and RXR indi-
cated that both classes of retinoid receptors were involved in the regulation. We observed 
an RA-dependent decrease in the expression of the LPS co-receptor CD14, which may 
partly explain the decreased inflammatory response of astrocytes in the presence of RA. 
A reduced nuclear localization of NF-κB was observed, but this was not significant. As 
RA treatment also did not affect phosphorylation of STAT3, JNK, p38, or expression of 
SOCS3, the molecular cross-talk between LPS and RA signal transduction remains to be 
elucidated.

All-trans RA reduces the astroglial synthesis of chemokines

Although several studies have demonstrated a regulatory function of RA with respect 
to chemokine and cytokine production by lymphocytes, monocytes and dendritic cells 
(Gross et al. 1993; Mucida et al. 2007; Choi et al. 2009; for review: van Neerven and Mey 
2007), retinoids are still somewhat neglected in the discussion of anti-inflammatory strat-
egies for the nervous system (see, e.g. the otherwise excellent review by Donnelly and 
Popovich 2008). In the context of neuroinflammation, RA clearly mitigates the deleterious 
activity of microglia (Dheen et al. 2005; Xu et al. 2005; Xu and Drew 2006). Many pathologi-
cal features associated with microglial reactions involve the activation of astrocytes, and 
their response is also subject to modulation by RA (Xu and Drew 2006; Xu et al. 2006). 
In these cases, ligand binding (of 9-cis RA) to RXR may have been involved, especially 
because anti-inflammatory effects, that is, reduction of NO, interleukin (IL-1β, IL-6, CCL2, 
could be achieved with liver X receptor/RXR activation without involvement of RAR 
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(Zhang-Gandhi and Drew 2007). However, physiologically occurring all-trans RA, which 
binds to RAR only, is also effective. In astrocytes this isomer inhibited the interferon-γ-
induced signaling pathways and at the same time caused an up-regulation of the cy-
tokine inhibitor SOCS3 (Choi et al. 2005). Our data demonstrate a general effect of all-trans 
RA to block LPS induced activation of inflammatory mediators in astrocytes [chemokines 
in the present study; IL-1β, IL-6, tumor necrosis factor α, IL12p40, lipocalin-2 in a related 
study (van Neerven et al., 2010). A caveat applies to all experiments using specific iso-
mers of RA, including the present ones, because spontaneous or enzymatic isomerization 
of retinoids is possible, even when cultures are protected from light. With HPLC analyses 
of cell culture supernatants we observed that up to 7% of all-trans or 9-cis RA were de-
tected in the medium after incubation of oligodendrocytes with the other RA isomer 
(Mey and Hammelmann 2000).

Fig. 9. Retinoic acid receptor (RAR) inhibiton reduced the RA-effect on chemokine expression. Experiments were 

carried out as described for Figs 5 and 6, except that with 0.1 µM all-trans RA cells were simultaneously given 1 µM RAR 

inhibitor LE540 (LE) or RXR inhibitor PA452 (PA). Transcript levels in cell extracts were measured with qRT-PCR: (a) transglu-

taminase-2 (Tgm-2) was induced by RA-RAR/ RXR signaling and inhibited by LE and PA. Data were normalized to control 

condition; (b) effects of LPS, LPS + RA and inhibitors on Tgm-2, data normalized to LPS treatment; (c) CCL2; (d) CXCL2, 

normalization as in (b). Three cultures were subjected to every condition, error bars indicate SEM, *,#p < 0.05, t-test.
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Fig. 10. Effect of retinoic acid (RA) treatment on transcript expression of toll-like receptor (TLR)2, TLR4 and li-

popolysaccharide (LPS) co-receptor CD14. Experiments were carried out as described for Figs 5 and 6, mRNA levels in 

cell extracts were measured with qRT-PCR: (a) Effect of treatment with 0.1 μM all-trans RA only, t-tests, *p < 0.05; (b) influ-

ence of RA on the effect of LPS; comparison LPS vs control: ###p < 0.001; RA + LPS vs. LPS: *p < 0.05, **p < 0.01 (t-tests; 

n = 10 cultures for every condition). (c) Protein expression of CD14 was checked with sodium dodecyl sulfate–polyacryl-

amide gel electrophoresis (SDS-PAGE) and western blotting; the graph shows colorimetric readings of immunoreactivity, 

normalized to actin. This experiment was repeated once with a similar result.
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Relevance of RA chemokine interaction for neuroinflammation

In previous studies, anti-inflammatory activity of retinoids was investigated with respect 
to the release of cytokines, prostaglandins and NO, although to our knowledge only reg-
ulation of one chemokine (CCL2/MCP-1) has been studied in astrocytes (Xu and Drew 
2006). In light of the relevance of astrocytes in the neuroinflammatory process, the effect 
of RA on these signals deserves closer attention. Chemokines induce leukocyte migration 
into the CNS under inflammatory conditions. Several routes of invasion across the blood–
brain barrier or into the cerebrospinal fluid have been characterized (Ubogu et al. 2006), 
and most chemokine receptors are stimulated by more than one ligand. The chemokines 
found in the present study to be released by astrocytes activate mononuclear cells, eo-
sinophils, basophils (predominantly CCL), neutrophils, T- and B-lymphocytes and natural 
killer cells (mostly the CXCL) (Pease and Williams 2006; Rostène et al. 2007). Extravasation of 
monocytes and macrophages into the brain parenchyma is induced primarily by CCL2 and 
CX3CL1 (Ubogu et al. 2006; Rostène et al. 2007). The pathological infiltration of neutrophils, 
while having a protective role in case of bacterial infection, contributes substantially to 
secondary neurodegeneration that occurs after spinal cord injury and cerebral ischemia. 
Subsequently, invading macrophages and lymphocytes have destructive but also ben-
eficial aspects, and their activation may therefore be controlled to therapeutical benefit 
(Donnelly and Popovich 2008). Although RA appears to have little effect on the production 
of neurotrophic molecules by astrocytes (S. van Neerven, A. Nemes, J. Mey, unpublished 
data) the suppression of NO and pro-inflammatory cytokines makes its use promising to 
limit damage caused by inflammation and autoimmunity (Xu and Drew 2006). 

Astrocytes do not only secrete chemokines (Ambrosini et al. 2005; this study) 
but express several chemokine receptors themselves, which may be implicated in the 
induction of gliosis (Dorf et al. 2000; Kiyota et al. 2009). Given that chemotaxis is a com-
mon denominator of these signals in the immune system it is tempting to assume that 
glial migration to a site of neural tissue destruction also constitutes a major function 
of chemokines after CNS injury or ischemia (Hattermann et al. 2008). As they are major 
culprits in inflammatory diseases, considerable effort has been directed towards the 
development of specific CCR and CXCR antagonists, albeit with limited success so far 
(Pease and Williams 2006). In this context, the discovery that RA reduces production of 
chemokines by stimulated glia cells is important. Certainly, confirmation with inflamma-
tion models in vivo is now necessary, especially since the retinoid effect on chemokines 
is cell type specific: In acute promyelocytic leukemia derived leukemia cells, inflamma-
tory chemokines, e.g. CCL3, CCL4, CCL22 and CCL24, were induced by RA (Shibakura 
et al. 2005; Luesing et al. 2009), and during development RA contributes to the differen-
tiation of lymph nodes by way of inducing CXCL13 in stromal organizer cells. In contrast, 
when T-cells were exposed to all-trans RA and LPS, CCL22 and CXCL10 were markedly 
reduced (Tsai et al. 2008).
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Fig. 11. Effect of retinoic acid (RA) on phosphorylation of signal transducer and activator of transcription (STAT)3, 

Jun amino-terminal kinase (JNK), MAPK, and nuclear translocation of nuclear factor κB (NF-κB). Following experi-

ments, carried out as described before, protein extracts of astrocytes were analyzed with sodium dodecyl sulfate–poly-

acrylamide gel electrophoresis (SDS-PAGE) and immunoblotting; (a) representative blots, phosporylated transcription fac-

tor imunoreactivities (IR) were normalized to non-phosphorylated STAT3 IR, NF-κB IR in nuclear extracts was normalized to 

lamin IR. (b–e) Quantification of IR signals, n = 5 independent experiments, error bars indicate SEM.
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Mechanisms of anti-inflammatory activity of RA

For the inhibition of gene expression by RA, some mechanisms have been identified in 
some cell types, but it is not well understood in others. It has been known for some time, 
that RA inhibits AP-1 binding to the 12-O-tetradecanoylphorbol 13-acetate-response el-
ement, which activates gene transcription in cell proliferation, inflammation and stress 

responses (Hanazawa et al. 1994; Konta et al. 2001). Several non-receptor-mediated mech-
anisms of RA activity are known, including direct binding to cRaf and protein kinases C 
(Hoyos et al. 2000; Radominska-Pandya et al. 2000; Liou et al. 2005). Yet, in most instances 
of RA application, retinoid receptor-mediated gene regulation is the decisive mechanism 
(for review: Blomhoff and Blomhoff 2006; van Neerven and Mey 2007; Malaspina and Mi-
chael-Titus 2008). For instance, RARα has been shown to be involved in T-cell regulation 
(Dawson et al. 2008). Astrocyte primary cultures of human (Chattopadhyay and Brown 
2001) or murine origin (this study) do possess RAR and RXR. In vivo an increase in RXRβ 
immunoreactivity is most conspicuous in activated astrocytes (Schrage et al. 2006; Jokic 
et al. 2007). As discussed above, the efficacy of peroxisome proliferator-activated receptor 
agonists (van Neerven and Mey 2007; van Neerven et al. 2008) or LXR agonists (Zhang-
Gandhi and Drew 2007) indicates that RXR activation in the absence of RAR may elicit an 
anti-inflammatory effect. In the presence of an RXR ligand, in this case 9-cis RA, a mutual 
inhibition between RXR and NF-κB was observed with expected suppression of the in-
flammatory cytokine IL-12 (Na et al. 1999). Although mechanisms not involving RAR can-
not be ruled out to explain some inhibitory effects of RA on the astroglial response to LPS, 
the present experiments with RAR and RXR inhibitors imply that both families of nuclear 

receptors were involved in the partial suppression of chemokine induction. 
Pre-incubation of the cell cultures with RA proved necessary (chemokines; pres-

ent data) or far more effective than simultaneous treatment (cytokines; van Neerven et al., 
submitted) in reducing the LPS effects. This is in accordance with previous publications: 
with a short pre-incubation time of 1 h the release of tumor necrosis factor α but not of 
CCL2 was reduced in the experiments reported by Xu and Drew (2006), and pre-treat-
ment was necessary to block the Jak/STAT pathway by interferon γ treatment of astro-
cytes (Choi et al. 2005). Thus, it is likely that RA interferes with LPS signaling in an indirect 
manner which depends on canonical RAR/RXR signaling and may involve transcriptional 
regulation of genes other than the investigated chemokines and cytokines themselves. 
As we tested the potential benefit of RA using LPS as an inflammatory stimulus, it is pos-
sible that RA reduced the basal expression of LPS receptors, TLR-4 and CD14. Astrocytes 
have been reported to posses these receptors (Bowman et al. 2003; Bsibsi et al. 2007), and 
it was shown that RA reduced the expression of CD14 and a related receptor, TLR-2, in 

monocytes (Liu et al. 2005). Indeed, we observed a significant reduction in expression 
of CD14. In addition, after LPS treatment a strong increase of CD14 and TLR-2 occurred, 
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which, similar to the chemokine response, was partly suppressed by RA. Since this latter 
phenomenon is to be considered as another secondary consequence of RA treatment 
it does not provide a mechanistic explanation for the observed effects. 

After binding to CD14 and TLR4, LPS activate several intracellular signalling cas-
cades eventually targeting transcription factors including NF-κB, AP-1 and STAT3, which 

in turn induce a number of inflammatory genes. Several studies demonstrated that RA 
interfered with some of these intracellular pathways. A central role is taken by the tran-
scription factor NF-κB, whose nuclear translocation can be inhibited by all-trans RA in 
microglia (Dheen et al. 2005) and monocyte precursor cells (Austenaa et al. 2008). The 
latter study also demonstrated the necessity of new protein synthesis, histone deacetyla-
tion and involvement of STAT1 activation. In T-cells, all-trans RA suppressed chemokine 
expression at least in part via the cRaf-MAPK pathway (Tsai et al. 2008), and in astrocytes 
phosphorylation of janus kinases and consequently of STAT1 and STAT3 were reduced 
whereas expression of the cytokine inhibitor SOCS3 increased (Choi et al. 2005). Neuro-
protection by RA in hippocampal slice cultures correlated with reduced phosphorylation 
of JNK and p38 (Shinozaki et al. 2007). 

In the present study, we tried to identify an intracellular pathway engaged in the 
interaction between RA signalling and chemokine induction. However, although LPS in-
duced phosphorylation of JNK and STAT3 as well as the nuclear translocation of NF-κB were 
readily detected, 0.1 µM all-trans RA did not significantly affect these signals in the absence 

Fig. 12. Retinoic acid (RA) did not influence expression of suppressor of cytokine signaling (SOCS)3. Astrocytes 

were exposed to 0.1 µM alltrans RA or vehicle 0.1% ethanol (control) for the time indicated below the abscissa. Transcript 

levels in cell extracts were measured with qRT-PCR and normalized to the control condition. Three different cell cultures 

were tested for every condition and time period, error bars indicate SEM.
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or presence of LPS. No strong changes in the phosphorylation status of p38 occurred, and 
a significant increase in expression of SOCS after RA treatment was not observed either. 
Thus, although a strong anti-inflammatory influence of RA-RAR/RXR signaling on astro-
cytes was found with respect to the production of several chemokines and pattern recog-
nition receptors, the responsible molecular mechanisms remain to be investigated.

Conclusion

Under inflammatory conditions, astrocytes are induced to release chemokines including 
CCL2, CCL3, CCL5, CXCL1 and CXCL2, which in the CNS attract and activate monocytes 
and neutrophils across the blood–brain barrier. These interactions have been implicated 
in a wide variety of neuropathological disorders with an inflammatory component. We 
report that all-trans RA reduces the LPS-induced expression of these chemokines by as-
trocytes in vitro. Targeting the astroglial response by RA may therefore be a promising 
approach to study its anti-inflammatory efficacy in animal models of spinal cord injury, 
ischemia and neurodegenerative diseases.
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Abstract

In the central nervous system inflammation is mediated by 
microglia and astrocytes. To investigate its regulation, mu-
rine astrocyte cultures were treated with bacterial lipopoly-
saccharides (LPS) and analyzed with Affymetrix gene array, 
qRT-PCR and ELISA. Cells responded to LPS with a strong 
upregulation of proinflammatory cytokines and chemok-
ines. Treatment with the transcriptional activator retinoic 
acid (RA) suppressed mRNA expression and protein re-
lease of several important cytokines (IL-1β 4%, IL-6 21%, 
TNFα 30%, IL-12p40 42%, and IL-12p35/p40 27%; p < 0.01). 
The data are consistent with the hypothesis that all-trans 
RA takes part in endogenous anti-inflammatory feedback 
loops in the CNS.

Keywords:  Inflammation, Glia, Mouse, Retinoids, Cytokine, 
LPS
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Introduction

Spinal cord and brain lesions, ischemia or neurodegenerative diseases are accompanied 
by inflammatory reactions involving the activation and proliferation of microglia and as-
trocytes, and when the blood–brain barrier is disrupted, immune cells from the periphery 
participate in the inflammatory reaction. In the intercellular communication of this in-
flammatory process cytokines and chemokines play a prominent role (Benveniste, 1998). 
Especially the cytokines, IL-1β, TNFα, and IL-6, which are quickly released after a patho-
logical event, are essential for the initiation and maintenance of the immune response 
(Donnelly and Popovich, 2008). The inhibition of these cytokines has been shown to be 
neuroprotective in different experimental models of brain injury (Knoblach et al., 1999; 
Mulcahy et al., 2003; Hailer, 2008). In contrast, several studies showed that the inhibition 
of cytokine signaling can also aggravate injury because some cytokines, for instance IL-6, 
TGFβ and TNFα, are involved in repair mechanisms (McCoy and Tansey, 2008; Benveniste, 
1998). Different receptor combinations and interaction with other signaling pathways 
may explain opposing effects of inflammatory mediators in different contexts. 

The reaction of different cytokine releasing cells contributes to the specific cock-
tail of signal activity at any time and place. While for a long time it was supposed that 
microglia were the only immune competent cells of the CNS it is now clear that cytokine 
signaling provides mutual communication between astrocytes and microglia and that 
this occurs not only during CNS inflammation but also under normal physiological condi-
tions (Dong and Benveniste, 2001). Astrocytes produce a wide variety of inflammatory 
mediators including cytokines, chemokines (Farina et al., 2007; van Neerven et al., 2010) 
and prostaglandins (Kampmann et al., 2008). In addition, astrocytes are also involved in 
anti-inflammatory mechanisms. These include scar formation, which limits the area of 
secondary degeneration, and the production of neurotrophic factors (Liberto et al., 2004). 
The dual role of astrocytes implicates that a precise regulation of their response may de-
termine the outcome of CNS inflammation. To be able to therapeutically modulate the 
glial inflammatory response, it is important to understand the molecular mechanisms that 
regulate the astroglial contribution to neuroinflammation. To study this condition in vitro, 
astrocytes can be stimulated with bacterial endotoxins like Escherichia coli lipopolysac-
charides (LPS). These bind to CD14 and TLR4 and activate a large number of inflammatory 
genes (Li and Stark, 2002; Okun et al., 2008). 

Ligands of nuclear receptors, such as RAR, RXR, and PPAR have been noticed as 
regulators of this response. Glia cells of the CNS are affected by the RAR and RXR agonist 
9-cis retinoic acid (Xu et al., 2005; Xu and Drew, 2006). Retinoic acid (RA) is a vitamin A de-
rivative, whose anti-inflammatory effects were originally discovered in skin diseases. It has 
then been shown to influence the production of cytokines, chemokines and prostaglan-
dins in several cell types of the immune system (for review: van Neerven and Mey, 2007). 
While most reports indicate an anti-inflammatory influence of RA (Austenaa et al., 2008; 
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Na et al., 1999; Mucida et al., 2007; Zimmerman et al., 2006; Xu and Drew, 2006) it is im-
portant to note that RA can have opposite effects on different cell types. For instance, 
in combination with LPS treatment, it was found to increase the production of PGE2 in 
neuroblastoma cells (Alique et al., 2007), decrease it in astrocytes (Kampmann et al., 2008), 
and raise systemic prostaglandin levels in vivo (Devaux et al., 2001).

Retinoic acid is locally synthesized and released in a paracrine and autocrine fash-
ion. Taken up by target cells, it binds to retinoic acid receptors (RARα, -β, -γ) that heterodi-
merize with retinoid X receptors (RXRα, -β, -γ) to form a ligand activated transcriptional 
complex (Bastien and Rochette-Egly, 2004). All-trans RA and 9-cis RA bind to the RAR fam-
ily, whereas only 9-cis RA is a high affinity ligand for the RXRs. Of these isomers only the 
all-trans form has been detected in vivo (Kane et al., 2008). 

Experiments with rats and mice demonstrate that RA treatment in vivo is benefi-
cial in the cases of spinal cord injury (Takenaga et al., 2009; Agudo et al., 2010) and cerebral 
ischemia (Harvey et al., 2004; Sato et al., 2008). Although in these cases direct RA signaling 
towards RAR/RXR expressing neurons may play a major role, indirect, anti-inflammatory 
effects are probably involved. After experimental ischemia, for instance, all-trans RA re-
duced infarct size by the inhibition of proinflammatory c/EBPβ mediated COX2 induction 
and reduced immunoreactivity of IL-1β in microglia (Choi et al., 2009; Shen et al., 2009). 
As these studies indicate that RA application may be beneficial in various cases of neu-
rodegeneration, it is important to determine its effect on the inflammatory reaction of 
glial cells. In the present study we therefore tested how RA affects cytokine expression by 
cortical astrocytes.

Material and Methods

Astrocyte primary cultures

Primary cultures of astrocytes were prepared from cerebral cortices of 1 day old Balb/c 
mice (Charles River, Sulzfeld, Germany). After dissection and careful removal of the me-
ninges, both hemispheres were dissociated mechanically in 0.25% Trypsin-EDTA solution 
(Sigma-Aldrich, Schnelldorf, Germany), passed through a 50 µm nylon mesh, and cen-
trifuged at 130×g for 10 min. Cells were resuspended and further cultivated in medium 
containing Dulbecco’s modified Eagle medium including 20% heat-inactivated fetal calf 
serum, 0.5% penicillin/streptavidin and 0.1% fungizone (all from Invitrogen, Karlsruhe, 
Germany) and subsequently seeded in T75 flasks coated with poly-L-lysine (200 µg/ml, 
Sigma-Aldrich). Cells were grown for 5 days at 37° C in a humidified incubator with 5% 
CO2, and medium was changed every 2–3 days. When reaching confluence, cells were 
passaged three times to remove microglia.
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Treatment of cell cultures

After the third passage, astrocytes were seeded into poly-L-lysine coated 6-wells plates 
containing approximately 400,000 cells/well. Before treatment, astrocytes were kept for 
48 h in serum-free neurobasal medium supplemented with 1% glutamine, 0.2% B27 sup-
plement (both from Gibco, Invitrogen), 0.5% penicillin/streptavidin and 0.1% fungizone. 
To induce an inflammatory reaction 100 ng/ml E. coli LPS (Sigma-Aldrich) were applied 
to the culture medium. 

All-trans retinoic acid (RA; Sigma-Aldrich) was dissolved at 0.1M in DMSO. To pre-
vent oxidation, air above the aliquots was replaced with nitrogen, and subsequently stock 
solutions were stored at -75° C. All handling with RA occurred under conditions of amber 
lighting (Na+ lamp). Solutions were always made fresh and therefore stock aliquots were 
further diluted prior to the experiment to 1 mM, 0.1 mM and 0.01 mM RA in 100% ethanol. 
These dilutions were then added to the cell culture medium, reaching final concentra-
tions of 1, 0.1, or 0.01 µM RA. 

The effect of LPS and the influence of RA on cytokine release were monitored 
for time intervals of 30 min, 1 h, 6 h, 12 h, 24 h, 48 h and 72 h. In addition, the effect of 
RA pretreatment on LPS-induced cytokine release and expression was measured: as pre-
treatment, concentrations of 0.01, 0.1 or 1 µM RA, or 1‰ ethanol only were administered 
12 h prior to LPS treatment. Subsequently, the medium was replaced, 100 ng/ml LPS with 
fresh RA was added, and cells were incubated for an additional period of 12 h. 

In a control experiment the LPS response was blocked with 100 nM of the anti-
inflammatory steroid dexamethasone. In additional controls, cultures were treated with 
clodronate (dichloro-phosphono-methyl phosphonic acid; Calbiochem/Merck Chemi-
cals, Germany) to eliminate possible microglial cells. After the third passage cells were 
left to adhere in normal culture medium for two days, subsequently the medium was 
renewed with medium containing 200 µg/ml clodronate. Cells were incubated for 48 h 
at 37° C, 5% CO2, and placed overnight on a shaker at 250–300 rpm to remove possible 
microglia. The next morning astrocytes were washed with PBS, received normal culture 
medium, and standard experiments were carried out.

Cytotoxicity test: lactate dehydrogenase release

In addition to immunocytochemical observations, the cytotoxicity of treatment condi-
tions was measured using lactate dehydrogenase (LDH) release into the medium (Roche, 
Mannheim, Germany; Cytotoxicity Detection Kit). LDH release was normalized with re-
spect to maximal LDH release after cell lysis.
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Affymetrix GeneChip array

Total RNA extraction and the production of biotinylated complementary probes were 
carried out as described in the Affymetrix GeneChipTM Expression Analysis Technical 
Manual (Affymetrix, Santa Clara, CA). We used 3.6 µg of total RNA per sample to synthe-
size cDNA and biotinylated RNA probes (GeneChip Expression 3' Amplification One-Cycle 
Target Labeling and Control Reagents Lot). Each sample was hybridized to an Affymetrix 
GeneChip Mouse Genome 430 2.0 array, which represents approximately 34,000 genes, 
and arrays were scanned with the GeneChip Scanner 3000 (Affymetrix). Two indepen-
dent experiments with and without LPS stimulation, 100 nM for 12 h, were carried out 
under identical conditions. Data analysis was performed with Bioconductor-1 packages, 
R2 background correction and normalization with GCRMA algorithm. Affymetrix Microar-
ray Suite 5.0 software was used to make detective calls for every probe set (Archer and 
Reese, 2010). For every gene the difference of expression in LPS vs. control condition was 
determined in the two independent experiments. The two data sets were then compared 
and an average was calculated when changes occurred in the same direction.

Quantitative RT-PCR

Isolation of total RNA was performed with the PeqGOLD extraction kit (Peqlab Biotech-
nologie, Erlangen, Germany). Subsequently, RNA concentration and purity were assessed 
photometrically (OD260, OD260/OD280 ratio). Total RNA was reverse transcribed into 
cDNA using Qiagen Omniscript RT kit and random hexanucleotide primers (Invitrogen) 
with calculated concentrations of 25 ng/μl RNA extract per reaction. Samples were diluted 
1/10 after reverse transcription, and were used for amplification with the MyiQ5 Real-Time 
PCR Detection System (Biorad, Munich, Germany). Reactions were carried out in a 96-well 
reaction module, containing 10 µl total reaction volume per well. Samples contained 5 µl 
of the QuantiTect SYBR Green PCR kit (Qiagen, Hilden, Germany; including Sybr Green I, 
Hot-StarTaq DNApolymerase, reaction buffer and MgCl2), 2 µl nuclease-free water, 2 µl 
cDNA sample and 0.5 µl of each primer (sense and anti-sense each 10 µM stock solutions). 
The protocol consisted of a 15 min enzyme activation at 95° C, followed by 40 cycles of 
15 s denaturation at 94° C, 20 s annealing at the primer specific temperature, 20 s am-
plification at 72° C, and 5 s fluorescence measurement at 74° C. Primer sequences and 
annealing temperatures are listed in Table 1. Expression of the housekeeping gene HPRT 
was measured to normalize gene expression. In previous experiments we compared the 
expression of HPRT, actin and GAPDH in astrocytes. Since HPRT showed the lowest vari-
ability this was chosen as a control gene. Melting curve analysis (from 65° C to 95° C, in 
0.1° C/s) and agarose gel electrophoresis of the PCR products were routinely performed. 
Relative mRNA concentrations were determined using crossing point analysis of log/lin-
ear plots of fluorescence/cycle number. To determine the PCR efficiency, concentration 
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series (dilutions 1/2, 1/4, … 1/128) of sample pools were performed once for every primer 
pair. Since PCR with all primer pairs showed efficiencies above 90% the ΔΔCt method was 
used to analyze data. All samples and standards were measured in duplicates.

Enzyme-linked immunosorbent assays (ELISA)

Cell culture supernatants were collected after different periods of incubation. The release 
of chemokines IL-1β, IL-6, TNFα, IL12p40 homodimers, IL12p40/IL12p35 and IL12p40/
IL12p70 heterodimers into the supernatant was measured using DuoSet ELISA Develop-
ment Kits (R&D Systems, Wiesbaden, Germany). All ELISA procedures were performed ac-
cording to the manufacturer’s instructions and absorbance was measured at 450 nm with 
subtraction of absorbance at 540 nm using a microplate reader (BioRad). For calibration, 
standard concentration series of all cytokines were measured routinely. 

Levels of the NO derivative nitrite were determined photometrically in the culture 
medium using the Griess reaction, and the assay was calibrated with NaNO2 concentra-
tion series.

Immunocytochemistry

After removal of the medium, cells were fixed (4% PFA) for standard immunocytochemi-
cal procedure. Cell type composition of the cultures was checked with primary antibodies 
against glial fibrillary acidic protein (GFAP; rabbit anti-mouse polyclonal antibody: DAKO, 
Hamburg, Germany, 1/2000) and ED1 (mouse monoclonal antibody: Serotec, Düsseldorf, 
Germany, MCA341R, 1/100). Polyclonal antibodies against retinoid receptors were ob-
tained from Santa Cruz Biotechnology (sc-551, sc-552, sc-7387, sc-553, sc-831, and sc-555; 
all diluted 1/100). As secondary antibodies, Alexa Fluor 546 goat anti-rabbit IgG (MoBiTec, 
Göttingen, Germany, A-11010) or Alexa Fluor 488 goat anti-mouse IgG (MoBiTec, A-11001, 
both 1/500) were used. In addition, cell nuclei were stained with 4',6-diamidino-2-phe-
nylindole dihydrochloride (DAPI; 1/1000). Microglia cells were also visualized with tomato 
lectin 10 µg/ml (Vector Laboratories/AXXORA, Lörrach, Germany, FL-1201). Results were 
evaluated with a Carl Zeiss Axiophot epifluorescence microscope coupled to an online 
digital camera (SPOT imaging software).
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Tab. 1. Primers used in this study: Melting points were empirically determined following qRT-PCR (retinoid 

receptor expression was detected but not quantified).

Name
Primer sequences
(sense, antisense)

Annealing T
Product size

Melting T product

HPRT
GCTGGTGAAAAGGACCTCT

CACAGGACTAGAACACCTGC
62° C

248 bp
79.2° C

IL-1β
CAGCTCATATGGGTCCGACA
CTGTGTCTTTCCCGTGGACC

62° C
200 bp
81.2° C

IL-6
GTTCTCTGGGAAATCGTGGA

CTCTGAAGGACTCTGGCTTTG
59° C

260 bp
81.0° C

IL-12p40
TGACACGCCTGAAGAAGATG
CCGGAGTAATTTGGTGCTTC

59° C 255 bp
94.8° C

TNFα
ATGGCCTCCCTCTCATCAGT
CTCCTCCACTTGGTGGTTTG

59° C
113 bp
83.5° C

LCN-2
GCCAGTTCACTCTGGGAAAT
GCTCCTTGGTTCTTCCATACA

59° C
162 bp
82.5° C

Tgm-2
CATGGTCAACTGCAATGATG
GGGCGGAGTTGTAGTTGGT

59° C
236 bp
88.3° C

Statistical analysis

The effects of RA on LPS-stimulated astrocytes in the preincubation and timeline experi-
ments were measured for each condition in 6–12 cultures prepared from at least two 
different litters. Data from the pre-incubation experiments were analyzed using Oneway 
ANOVA, post-hoc Dunnett’s test and from the timeline experiments by two-way ANOVA 
with post-hoc Bonferroni–Holm corrected t-test. All statistical analyses were carried out 
with the logarithms of data, which showed normal distribution and similar variances. 
Gene expression results were normalized to levels under LPS stimulation. In the graphs, 
results are presented as means±standard error of the mean (SEM).

Results

Cytokine release in primary cultures of mouse astrocytes 

Cell culture experiments were performed to investigate the inflammatory reaction of as-
trocytes and its modulation by RA. Since glial inflammatory reactions are important in the 
progression of neurodegenerative diseases and cerebral ischemia, astrocytes were iso-
lated from mouse cerebral cortex. The applied protocol yielded primary cultures of GFAP-
positive astrocytes containing less than 2% microglia, as identified with tomato lectin or 
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ED1 immunocytochemistry, and no oligodendrocytes or neurons were present in the 
cultures (Fig. 1a, b). To elicit an inflammatory response, cells were stimulated for 30 min to 
72 h with 100 ng/ml LPS. Treatment with LPS or all-trans RA did not affect cell viability. No 
increased leakage of lactate dehydrogenase was detected in the experimental conditions 
(Fig. 1c). A prominent response of microglia to LPS is the production of nitric oxide, which 
is not observed in pure astrocyte cultures (Saura, 2007). In the primary cultures described 
here no induction of NO synthesis by LPS was detected (Supplementary Fig. S1). 

Otherwise the LPS stimulation of cortical astrocytes had a profound effect on 
the expression of genes that are characteristic for immune competent cells. Specifically, 
we found a more than 40-fold increase in transcript concentrations of 21 cytokines and 
chemokines (Table 2). 

Among the pro-inflammatory cytokines the strongest upregulation was observed 
for IL-6, IL12p40, IL-1β and TNFα. We corroborated this effect with quantitative RT-PCR 

Fig. 1. Viability of the primary cultures. Primary astrocyte cultures from mouse cerebral cortex were characterized with 

antibodies against cell type-specific markers. (a) Double immunofluorescence staining for GFAP, a marker of activated 

astrocytes, and (b) tomato lectin, a marker of microglia; same cells were photographed in both panels. Cultures contained 

less than 2% microglia. (c) Ratios of dying cells were assessed by measuring lactate dehydrogenase activity in the culture-

medium. Treatment with LPS and RA had no significant effect on cell viability (ANOVA).
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Table. 2. LPS induced cytokine and chemokine gene expression in cortical astrocytes.. Data are mean 

values of two independent gene chip experiments. Under the experimental condition cells were treated 

12 h with 100 ng/ml LPS.

Affymetrix probe 
set

Gene 
symbol

LPS vs C
induction

Abbreviation Name

1450297_at Il6 3493 IL-6 interleukin 6

1427429_at Csf2 564 GM-CSF
Granulocyte macrophage colony 

stimulating factor

1449984_at Cxcl2 534 CXCL-2 chemokine (C-X-C motif ) ligand 2

1422029_at Ccl20 510 CCL-20 chemokine (C-C motif ) ligand 20

1419530_at
1449497_at

Il12b 383 IL-12p40 interleukin 12p40 subunit

1449399_a_at Il1b 338 IL-1β interleukin 1 beta

1421473  _at Il1a 264 IL-1α interleukin 1 alpha

1417574_at Cxcl12 179 CXCL-12 chemokine (C-X-C motif ) ligand 12

1419698_at
1419697_at

Cxcl11 150 CXCL-11 chemokine (C-X-C motif ) ligand 11

1418126_at Ccl5 142 CCL-5 chemokine (C-C motif ) ligand 5

1418652_at Cxcl9 130 CXCL-9 chemokine (C-X-C motif ) ligand 9

1421228_at Ccl7 130 CCL-7 chemokine (C-C motif ) ligand 7

1419607_at Tnf 125 TNFα tumor necrosis factor alpha

1421578_at Ccl4 110 CCL-4 chemokine (C-C motif ) ligand 4

1419427_at Csf3 107 G-CSF
granulocyte colony 
stimulating factor 3

1448898_at
1417936_at

Ccl9 70 CCL-9 chemokine (C-C motif ) ligand 9

1419561_at Ccl3 67 CCL-3 chemokine (C-C motif ) ligand 3

1427736_a_at Ccrl2 61 CCR-2
chemokine (C-C motif ) receptor 

like 2

1441855_x_at Cxcl1 44 CXCL-1 chemokine (C-X- C motif ) ligand 1

1419282_at Ccl12 43 CCL-12 chemokine (C-C motif ) ligand 12

1420380_at Ccl2 41 CCL-2 chemokine (C-C motif ) ligand 2
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(Supplementary Fig. S2a–c). Time line experiments performed with IL-1β revealed in-
creased expression of this cytokine already after one hour of LPS treatment; expression 
reached a 180-fold increase at 12 h and then gradually declined again (Fig. 2a). Under con-
trol conditions, i.e. addition of vehicle or 0.1 µM RA, IL-1β expression remained very low 
at all times. In accordance with the gene chip data the other cytokines were also strongly 
upregulated after a 12 h LPS exposure (Fig. 2b). Extreme ratios of increase for, e.g. IL-6 and 
IL-12 (Table 2, Fig. 2b) are due to the fact that transcript levels in control samples were 
close to zero. Recently, lipocalin-2 (LCN-2) has been identified as an autocrine mediator of 
astrogliosis (Lee et al., 2009). The expression of this factor was therefore also investigated, 
and it was found to increase by a factor of >20 compared to the control condition (qRT-
PCR). In the gene chip experiment, LCN-2 was found to be upregulated 4-fold. 

Based on this very robust inflammatory reaction of the astrocytes, we asked 
whether RA would modify their response. Since RA affects gene expression via binding to 
nuclear receptors, we confirmed with immunocytochemistry that the cells had retinoic 
acid and retinoid X receptors (Fig. 3; their mRNA expression is illustrated in Supplemen-
tary Fig. S2d). In a parallel paper we are describing the effect of RA on chemokine expres-
sion (see Table 2) and experiments to understand the possible molecular mechanism (van 
Neerven et al., 2010).

Retinoic acid reduced cytokine mRNA expression by cortical astrocytes

A previous investigation of prostaglandin synthesis revealed that a 12 h RA pretreat-
ment of the cells mitigated the expression of cyclooxygenase-2 (Kampmann et al., 2008). 
In a first set of tests the same pretreatment protocol was used with astrocyte primary 
cultures, and the transcript concentrations of IL-1β, IL-6, TNFα and LCN-2 were assessed 
using quantitative RT-PCR. Normalized to the expression levels after LPS only, RA caused 
a dose dependent reduction of the cytokine and LCN-2 response (Fig. 4). After a 12 h ex-
posure to 0.1 µM all-trans RA followed by a 12 h 100 ng/ml LPS plus RA the upregulation 
of IL-1β decreased to 51%, IL-6 to 29%, TNFα to 59% and LCN-2 to 48%. All these effects 
were statistically significant or highly significant. RA alone did not affect the low base 
levels of expression (Fig. 4). 

Since microglia constitutes the classical immune competent cell population of 
the CNS and since similar data have been reported for microglia cultures (Xu et al., 2005), 
we wanted to exclude that residual microglia cells might be responsible for the ob-
served LPS effects or its modulation by RA. For this purpose astrocyte cultures were 
treated two days with 200 µg/ml clodronate, which is used to deplete macrophages and 
other monocytes. Following this procedure, some LPS/RA experiments were repeated 
(Fig. 5). The induction of IL-1β and TNFα was still observed in the clodronate treated 
cultures, and the inhibitory effect of RA also persisted. In additional control experiments, 
cells were incubated with the anti-inflammatory steroid dexamethasone. This blocked 
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the effect of LPS completely. While we can conclude that the inflammatory reactions 
reported here are indeed produced by isolated cortical astrocytes, it became also appar-
ent that clodronate treatment not only eliminated residual microglia but affected the 
astrocytes, which showed a lower rate of proliferation, as determined by cell counting. 
Also, the upregulation of TNFα was not as strong as in the cultures without clodronate: 
in standard astrocyte preparations 12 h of LPS treatment raised TNFα expression by a fac-
tor of more than 20 (Fig. 2b), whereas in the clodronate treated cultures the increase was 
only about 3-fold (for IL-1β the upregulation was similar in both preparations). Therefore, 

Fig. 2. Effect of LPS on the expression of pro-inflammatory cytokines by astrocytes. Transcript levels of cytokines and 

lipocalin-2 were measured in cell extracts with quantitative RT-PCR: (a) treatment for 1–72 h with solvent (0.1% ethanol, 

i.e. control condition), 0.1 µM all-trans RA or 100 ng/ml LPS; expression of IL-1β. (b) LPS-induced upregulation of pro-

inflammatory cytokines after 12 h of treatment with RA or LPS, normalized to the control condition, 3–6 cultures from two 

different litters were analyzed, and error bars indicate SEM. Following ANOVA, mRNA levels after exposure to LPS or RA were 

compared to controls with Dunnett’s test (* <0.05 and ***<0.001). Expression of LCN-2 and inflammatory cytokines was 

increased while that of TGFβ was not. Note the logarithmic scale of the ordinate.
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a small percentage of microglia present in the cultures without clodronate treatment 
about 1% of the cells were positive for tomato lectin, may have contributed to the in-
flammatory response.

Retinoic acid reduced the release of cytokines into the culture medium

After brain injury or stroke the reactive secretion of some inflammatory cytokines occurs 
very fast, i.e. within a few hours. For clinical applications anticipatory treatment with RA 
is impossible. To assess whether RA might still reduce cytokine production when given 
only simultaneously with LPS, astrocytes were exposed to 0.01, 0.1 or 1 µM all-trans RA 
together with LPS for 0.5 h to 72 h. Subsequently, the protein concentrations were mea-

Fig. 3. Retinoid receptor immunoreactivity in astrocyte primary cultures from mouse cerebral cortex. Immunofluo-

rescence staining showed (a) positive staining of RARα in cell nuclei and cytosol, (b) strong RARβ immunoreactivity mostly 

in the cell nuclei, (c) nuclear and perinuclear RXRα signal, and (d) strong cytosolic staining of RXRβ; same magnification in 

all photographs. RT-PCR data are shown in Supplementary Fig. S2.
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sured in the cell culture supernatants. As predicted from the RT-PCR results we found 
very low levels of all cytokines in the absence of LPS. Inflammatory stimulation caused 
a massive increase in the release of all tested cytokines with a maximum after 24–72 h 
after exposure (Figs. 6 and 7). 

Compared with the low levels in control cultures we found induction to higher 
than 100-fold for IL-1β (>150 pg/ml, maximum concentration measured in the culture 
medium), IL-12p40 (>25 ng/ ml), and IL-12p35/IL-12p40 (>2 ng/ml) and more than 1000-
fold for IL-6 (>3 ng/ml) and TNFα (>3 ng/ml). Simultaneous incubation with 0.01, 0.1 or 
1 µM RA had an effect on the release of IL-1β, with increasing concentration also on IL-12, 
but not on the other cytokines (Figs. 6a, c, e and 7a, c). Elevated cytokine levels at isolated 
time points after RA treatment were not significant and therefore attributed to random 
variability of the different cultures. 

Fig. 4. RA reduced the LPS effect on cytokine expression by astrocytes. Cytokine transcript levels were measured 

in cell extracts with quantitative RT-PCR. (a) IL-1β, (b) TNFα, (c) IL-6, and (d) LCN-2. Cultures were pretreated 12 h with RA 

followed by a 12 h simultaneous exposure to LPS and RA. Under control conditions, astrocytes received only vehicle, LPS 

or 0.1 µM all-trans RA. Six cultures from two different litters were analyzed, and error bars indicate SEM. Following ANOVA, 

mRNA levels after exposure to LPS only or RA only were compared to controls (#<0.05 and ###<0.001), and RA+LPS condi-

tions were compared to LPS only (*<0.05 and **<0.01; Dunnett’s test).
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In a second set of experiments, equal to the gene expression analysis, cells were 
pretreated 12 h with RA and then exposed for another 12 h to LPS plus RA. In this case 
RA lead to a highly significant reduction of the LPS-induced release of IL-1β (to 5% of the 
level measured after LPS treatment alone), IL-6 (to 21%), TNFα (to 30%), IL-12p40 (to 42%) 
and IL-12p35/IL-12p40 (to 14%) using 0.1 µM of RA (Figs. 6b, d, f and 7b, d; ANOVA was 
highly significant for all cytokines). For IL-6 the highest dose of 1 µM RA caused the stron-
gest reduction, otherwise a retinoic acid concentration of 10 nM was similarly effective 
as 1 µM. The LPS-induced synthesis of the cytokines was transient, as shown by a highly 
significant reduction of their concentrations in the medium when this was collected after 
cells had received LPS free medium for another 12h (marked (L) in Fig. 6b, d, f ). 

In a previous investigation we observed marked differences in the inflammatory 
response between cortical and midbrain astrocytes and their regulation by steroid hor-
mones (Kipp et al., 2007). The experiments for ELISA analysis were therefore carried out 
in parallel with astrocyte primary cultures prepared from midbrain. The results were very 
similar to those reported for cortical astrocytes. They are presented in the Supplementary 
figures (Figs. S3 and S4).

Discussion

A gene chip expression screen revealed that murine cortical astrocytes responded to 
stimulation with bacterial LPS with a very strong upregulation of a number of cytokine 
and chemokine genes. Quantitative RT-PCR and ELISA measurements confirmed the in-
crease of IL-1β, IL-6, TNFα, IL-12 and other pro-inflammatory factors. The purpose of this 
study was to investigate the relevance of all-trans RA as a possible modulator of cytokine 
release under pathological conditions because we proposed previously (Mey et al., 2007) 
that interactions between RA- and cytokine signaling may constitute an anti-inflamma-
tory feedback loop in the nervous system. In accordance with this hypothesis, RA treat-
ment of the astrocyte cultures reduced the LPS-induced release of all cytokines listed 
previously. On the protein level, the observed influence was even stronger than on the 
level of mRNA expression, suggesting the involvement of post-transcriptional regulation. 
Indirect mechanisms are likely because the antagonistic effect of RA on IL-1β and IL-12 
release was much stronger when RA treatment began 12 h before LPS stimulation than 
with simultaneous treatment, and for IL-6 and TNFα the pre-treatment was required to 
achieve an anti-inflammatory effect with RA.
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The role of astrocytes and astrocyte/microglia interactions  
in neuroinflammation

More than any other type of glia astrocytes are engaged in multiple functions both in the 
healthy brain and under neuropathological conditions. After traumatic lesions or isch-
emia their signals are neuroprotective but can also exacerbate neuronal cell death and 
prevent regeneration (Farina et al., 2007; Liberto et al., 2004).

While it is known that LPS induces the production of IL-1β, IL-6 and TNFα in as-
trocytes (Benveniste, 1998; Lieberman et al., 1989), the major release of cytokines and 

Fig. 5. Inflammatory cytokine expression in clodronate treated astrocytes. To eliminate possible residual monocytes 

in the cultures these were treated for 48 h with clodronate, and then experiments were performed as described in Fig. 4. In 

additional controls, the LPS effect was blocked with the anti-inflammatory steroid dexamethasone. Results of quantitative 

RT-PCR are shown in (a) for IL-1β and (b) TNFα. Six cultures from two different litters were analyzed, and error bars indicate 

SEM. Following ANOVA, mRNA levels after exposure to LPS only or RA onlywere compared to controls (###<0.001), and 

RA+LPS conditionswere compared to LPS only (*<0.05 and ***<0.001; Dunnett’s test).
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Fig. 6. Effect of LPS and RA on the release of cytokines by astrocytes from cerebral cortex. Cytokine concentrations 

were measured in cell culture supernatants with ELISA. (a–b) IL-1β, (c–d) IL-6, and (e–f ) TNFα. In a, c, and e cultures were ex-

posed simultaneously but for different periods of time (0.5–72 h) to 100 ng/ml LPS and the three concentrations of all-trans 

RA. In b, d, and f cultures were pretreated 12 h with RA followed by a 12 h simultaneous exposure to RA and LPS. Under 

control conditions, astrocytes received only vehicle, LPS or 0.1 µM all-trans RA. In recovery experiments (L) LPS free medium 

was given for 12 h after the LPS stimulation. Seven to 9 cultures from three different litters were analyzed, and error bars 

indicate SEM. Following ANOVA (in b, d, and f ), levels after exposure to LPS only or RA only were compared to controls 

(###<0.001), and RA+LPS conditions were compared to LPS only (*<0.05, **<0.01, and ***<0.001; Dunnett’s test).
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chemokines is characteristic of microglia, invading macrophages and neutrophils, the 
protagonists of inflammation when the blood–brain barrier has been breached (Hailer, 
2008; Raivich et al., 1999; Hanisch and Kettenmann, 2007; Donnelly and Popovich, 2008). 
Accumulating evidence from cell cultures emphasizes the importance of astroglia in this 
context because they are not only capable of synthesizing sundry pro-inflammatory cy-
tokines (Benveniste, 1998) but prostaglandins (Johann et al., 2008) and chemokines (Pang 
et al., 2001) as well. The present results confirm and extend the concept that immune 
competent astrocytes form an integral component of the neuroinflammatory network. 

Fig. 7. Effect of LPS and RA on the release of cytokines by astrocytes from cerebral cortex. Cytokine concentrations 

were measured in cell culture supernatants with ELISA. (a–b) IL-12p40 homodimers and (c–d) IL-12p40/p35 heterodimers. 

In a and c cultures were exposed simultaneously but for different periods of time (0.5–72 h) to 100 ng/ml LPS and the three 

concentrations of all-trans RA. In b and d cultures were pretreated 12 h with RA followed by a 12 h simultaneous exposure 

to RA and LPS. Under control conditions, astrocytes received only vehicle, LPS or 0.1 µM all-trans RA. Recovery experiments 

(L) used a 12 h LPS free medium after the LPS stimulation. Release of IL-12p70 was not detected under any condition. Seven 

to 9 cultures from three different litters were analyzed, and error bars indicate SEM. Following ANOVA (in b and d), levels 

after exposure to LPS only or RA only were compared to controls (###<0.001), and RA+LPS conditions were compared to 

LPS only (*<0.05, **<0.01, and ***<0.001; Dunnett’s test).
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Our experiments were performed with astrocyte primary cultures prepared ac-
cording to an established protocol (Pawlak and Beyer, 2005). Based on cytochemical 
staining against ED-1 and tomato lectin the cultures contained about 1% microglial cells 
and must therefore be considered “highly enriched” but not “pure” astrocyte cultures (Sau-
ra, 2007). Nevertheless, since clodronate treatment to deplete monocytes confirmed the 
regulatory effects on cytokines, we conclude that the factors investigated here were syn-
thesized by astrocytes and that RA reduced the inflammatory response of these cells. One 
signal that is characteristically released by microglia but not in pure astrocyte cultures is 
NO (Saura, 2007). Nitric oxide measurements from our primary cultures showed that LPS 
did not induce NO release at all, supporting the validity of the present results with respect 
to astrocyte physiology. Very similar data were obtained with highly enriched astrocyte 
cultures produced from murine midbrain. 

On the other hand, it was observed that the magnitude of the inflammatory re-
sponse and its modulation by retinoids was smaller in clodronate treated “pure” astro-
cyte cultures. This may indicate that even a small population of contaminating microglia 
contributed to cytokine production or indirectly influenced the astrocytes. However, clo-
dronate treatment affected the surviving astrocytes also, and possibly this may have af-
fected their inflammatory response as well (Dehghani et al., 2004).

RA modulates the astroglial inflammatory responses

Several data point at a regulatory function of RA with respect to chemokine and cytokine 
production by lymphocytes (Mucida et al., 2007), monocytes (Gross et al., 1993), chondro-
cytes (Hung et al., 2008) and dendritic cells (Zapata-Gonzalez et al., 2007). In the context 
of neuroinflammation RA was shown to mitigate the activity of microglia cells (Choi et al., 
2009; Dheen et al., 2005; Xu and Drew, 2006). Most pathological features associated with 
microglial reactions involve the activation of astrocytes, which are influenced by RA as 
well. The RXR agonist 9-cis RA suppressed the production of TNFα that was triggered by 
LPS in astrocyte primary cultures (Xu and Drew, 2006). Although in this study the release 
of IL-1β, IL-6 and MCP-1 (CCL2) were not affected by 9-cis RA, other experiments revealed 
a synergistic effect of 9-cis RA and a PPARα agonist with respect to the reduction of these 
inflammatory mediators (Xu et al., 2005). In these cases ligand binding to RXR may have 
been involved, especially since anti-inflammatory effects, e.g. reduction of NO, IL-1β, IL-6, 
CCL2, can be caused by LXR/RXR or PPAR/RXR activation without involvement of RAR 
(Zhang-Gandhi and Drew, 2007; Zapata-Gonzalez et al., 2008). However, we show here 
that all-trans RA (binding to RAR only) is effective in astrocytes. It was published previ-
ously that this isomer inhibited the IFNγ-induced phosphorylation of janus kinases and 
consequently of STAT1 and STAT3. The cytokine inhibitor SOCS3, on the other hand, was 
upregulated by all-trans RA (Choi et al., 2005).
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Recently, the upregulation of cyclooxygenase 2 and associated production 
of prostaglandin-E2 by astroglia has been shown to be reduced by all-trans RA (Kamp-
mann et al., 2008). Experiments by Környei et al. (2007) even indicate that the astrocytes 
themselves may produce RA.

Is the cross talk between RA and cytokine signaling a physiological 
component of neuroinflammation in vivo?

As the present study demonstrates that RA is a modulator of the inflammatory response 
of astrocytes, two questions demand attention: 1) Do these regulatory interactions rep-
resent physiological processes in vivo? 2) Even if this is not the case, can RA be used as 
a therapeutic tool to interfere with neuroinflammation? 

At this point we have only begun to unravel the physiological relevance of RA 
signaling for astrocytic activity in vivo. In a rat model of amyotrophic lateral sclerosis, de-
generation of motoneurons was associated with localized RXRβ immunoreactivity in the 
activated astrocytes (Jokic et al., 2007). Following spinal cord contusion injury, RA was 
shown to be synthesized locally in the meninges, pericytes and in NG2 positive glia close 
to the site of injury (Mey et al., 2005). The subsequent findings that nuclear translocation 
of retinoid receptors occurs in macrophages when the inflammatory reactions subside in 
the spinal cord (Schrage et al., 2006) or the sciatic nerve (Zhelyaznik and Mey, 2006) gave 
rise to the hypothesis that RA signaling is part of an anti-inflammatory feedback loop 
in the nervous system (Mey, 2006; Mey et al., 2007). Although this concept is indirectly 
supported by the present data, empirical confirmation in vivo is still missing. While anti-
inflammatory effects of 9-cis RA have been well documented in vitro (Xu and Drew, 2006; 
Xu et al., 2005), the physiological involvement of this isomer in vivo remains doubtful. Us-
ing a highly sensitive mass spectrometric assay, Kane and coworkers analyzed tissue from 
various brain regions of mice. All-trans-, 9,13-di-cis- and 13-cis-RA isomers were found in 
the hippocampus, cerebral cortex, olfactory bulb, thalamus, cerebellum and striatum at 
concentrations ranging from 16 to 80 pmol/g depending on the region, whereas 9-cis 
RA was never detected (Kane et al., 2008). This, in accordance with several previous, less 
sensitive measurements (Mey et al., 1997), suggests that 9-cis RA does not act as a natural 
ligand for retinoid receptors. When RA was found to reduce the lesion size after brain 
ischemia, Harvey and coworkers reported 9-cis but not all-trans RA to be effective (Har-
vey et al., 2004), whereas other studies found positive effects of all-trans but not 9-cis RA 
(Sato et al., 2008; Komatsu et al., 2007). RXRs are known to heterodimerize also with other 
members of the nuclear hormone receptor superfamily, including peroxisome prolifera-
tor-activated receptors (PPAR), vitamin D receptor, thyroid hormone receptor (TR), or liver 
X receptor (LXR). Since several of these nuclear receptors were shown to have anti-inflam-
matory properties themselves, the RXR family is in a pivotal position for the development 
of therapeutic approaches (Zhang-Gandhi and Drew, 2007; Genovese et al., 2005).



161 

Chapter 5

Beneficial effects of RA after cerebral ischemia or traumatic insults

Can retinoids be employed therapeutically to limit neuroinflammation? It is interesting to 
note the efficacy of RA in animal models of CNS pathology, whose results may partly be 
explained by interactions with inflammatory signals. One important finding, confirmed 
in several studies, is that systemic RA application reduces ischemic lesions in the cerebral 
cortex (Choi et al., 2009; Harvey et al., 2004; Sato et al., 2008). Cytokines and chemokines 
are likely to be involved here (Dénes et al., 2008; Dimitrijevic et al., 2006; Shinozaki et al., 
2007). Although a number of convincing studies demonstrated that RA exerts anti-in-
flammatory effects on microglia even with respect to these cells its potential is still largely 
neglected in therapeutic considerations (Hailer, 2008; Donnelly and Popovich, 2008). 

In the framework of a more neurobiological approach, it has been hypothesized 
for some time that RA has neurotrophic properties, which could be engaged for nerve 
regeneration (Corcoran and Maden, 1999; Mey and Rombach, 1999; Malaspina and Mi-
chael-Titus, 2008). Maden, McMahon, Mazarakis and collaborators conducted the first 
thorough experiments to manipulate RA signaling after spinal cord injury in vivo. Their 
studies show that transfection of RARβ, whose activation was neurotrophic in vitro (Cor-
coran et al., 2000), promoted axonal growth of sensory axons into the CNS (Wong et al., 
2006) and even regeneration of descending fibers within the spinal cord (Yip et al., 2006). 
Corresponding behavioral benefits were also reported. Next, Takenaga et al. (2009) tested 
systemic application of the RARα/β agonist Am80 in the rat model of spinal cord contu-
sion. This treatment reduced the area of tissue degeneration and also caused a significant 
improvement of motor functions, indicative of neuronal regeneration within the CNS 
(Takenaga et al., 2009). Based on the promising data with RARβ transfection Corcoran and 
coworkers have now applied an RARβ agonist with mini osmotic pumps to the lateral 
ventricle. Rats received a dorsal column lesion at the cervical level of the spinal cord. The 
retinoid treatment promoted axonal regeneration in the descending corticospinal tract 
and was associated with functional recovery of forelimb grid walk and beam walk (Agudo 
et al., 2010). Thus, the evidence is conclusive that RA in vivo has a positive influence on the 
outcome of at least two pathological conditions, ischemia and spinal cord injury. There 
is still a lot to learn about the underlying mechanisms of these effects. While synergistic 
interactions between RA and neurotrophins are implied in several studies (Corcoran and 
Maden, 1999; Mey and Rombach, 1999), the modulation of cytokine release by RA consti-
tutes another possible neuroprotective mechanism.
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Conclusion

Stimulation with bacterial LPS induced mouse cortical astrocytes to release cytokines IL-
1β, IL-6, IL-12, and TNFα. These factors are involved in cellular degeneration under neu-
roinflammatory conditions which are associated with pathologies such as ischemia, CNS 
injury and neurodegenerative disorders. We found that pretreatment of astrocyte primary 
cultures with all-trans RA interfered with the LPS-induced mRNA expression and protein 
release of these cytokines. Targeting the inflammatory astroglial response with retinoids 
may therefore be a promising therapeutic approach, which can now be tested in animal 
models.
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Supplementary figures

Fig. S1. Effect of LPS and RA on the release of NO from primary cultures of murine cortical astrocytes. Levels of 

the NO derivative nitrite were determined photometrically in the culture medium by the Griess reaction, and the assay was 

calibrated with NaNO2 concentration series. (a) Cultures were exposed simultaneously but for different periods of time 

(0.5–48 h) to 100 ng/ml LPS and the three concentrations of all-trans RA. Nitric oxide release from 3 cultures per time point 

and condition was measured. (b) Cultures were pretreated 12 h with RA followed by a 12 h simultaneous exposure to LPS. 

Under control conditions, astrocytes received only vehicle, LPS or 0.1 μM all-trans RA. Nine to 12 cultures were analyzed for 

every condition, and error bars indicate SEM.
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Fig. S2. Quantitative RT-PCR measurements of cytokine mRNA concentrations. RNA extracts of cultures were evalu-

ated with conventional and quantitative RT-PCR. (a–b) Melting curve analyses were carried out after every quantitative PCR 

reaction and Ct values were used only in the absence of non-specific amplicons. Relative PCR efficiencies were determined 

with dilution series of cDNA pool, in duplicates, r2 > 0.95 and PCR efficiency > 90% in all cases. (c) All cytokine amplification 

products had the expected molecular sizes, and no unexpected bands appeared (see Table 1). Only extremely low levels 

of IL-1β, IL-6 and IL-12p40 were detected in control samples (C). (d) Gene expression of all six retinoid receptors in mouse 

cortical astrocytes as shown with RT-PCR; primer sequences have been published recently (van Neerven, et al., 2010).
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Fig. S3. Effect of LPS and RA on the release of cytokines by midbrain astrocytes. Cytokine concentrations were mea-

sured in cell culture supernatants with ELISA. (a–b) IL-1β, (c–d) IL-6, and (e–f ) TNFα. In a, c, and e cultures were exposed 

simultaneously but for different periods of time (0.5–72 h) to 100 ng/ml LPS and the three concentrations of all-trans RA. In 

b, d, and f cultures were pretreated 12 h with RA followed by a 12 h simultaneous exposure to RA and LPS. Under control 

conditions, astrocytes received only vehicle, LPS or 0.1 µM all-trans RA. Seven to 9 cultures from three different litters were 

analyzed, and error bars indicate SEM. Following ANOVA (in b, d, and f ), levels after exposure to LPS only or RA only were 

compared to controls (###< 0.001), and RA+LPS conditions were compared to LPS only (*<0.05, **<0.01, and ***<0.001; 

Dunnett’s test).
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Fig. S4. Effect of LPS and RA on the release of cytokines by midbrain astrocytes. Cytokine concentrations were mea-

sured in cell culture supernatants with ELISA. (a–b) IL-12p40 homodimers and (c–d) IL-12p40/p35 heterodimers. In a and c 

cultures were exposed simultaneously but for different periods of time (0.5–72 h) to 100 ng/ml LPS and the three concen-

trations of all-trans RA. In b and d cultures were pretreated 12 h with RA followed by a 12 h simultaneous exposure to RA 

and LPS. Under control conditions, astrocytes received only vehicle, LPS or 0.1 µM all-trans RA. Release of IL-12p70 was not 

detected under any condition. Seven to 9 cultures from three different litters were analyzed, and error bars indicate SEM. 

Following ANOVA (in b and d), levels after exposure to LPS only or RA only were compared to controls (###<0.001), and 

RA+LPS conditions were compared to LPS only (***<0.001; Dunnett’s test).
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Abstract

Early rises of pro-inflammatory cytokines play a key role 
in tissue damage and has detrimental consequences for 
functional outcome after spinal cord injury (SCI). All-trans 
retinoic acid (RA) has been shown to be a therapeutic 
agent reducing cytokine expression in vitro, but its use may 
be limited due to adverse side effects, associated with sys-
temic delivery. Local delivery of RA may circumvent adverse 
side effects, but may simultaneously reduce the therapeu-
tic benefits of the therapy. Here, we investigated whether 
local or systemic RA treatment differentially affected pro 
inflammatory cytokine expression early after rat SCI. Pro-
inflammatory cytokines IL-1β, IL-6 and TNFα were investi-
gated at 6 h after moderate contusion injury of the thoracic 
(T9) spinal cord, when mRNA levels are known to peak. Rats 
were either treated with intrathecal RA (0, 2.5, 10, or 100 ng) 
or received an intraperitoneal injection of RA (15 mg/kg 
bodyweight). Surprisingly intrathecal RA up to amounts of 
100 ng did not attenuate SCI-induced increases in gene-ex-
pression of pro-inflammatory cytokines. In contrast, intrap-
eritoneal RA rendered a 60%, 35% and 58% reduction of IL-
1β, IL-6 and TNFα mRNA levels, respectively. Although local 
doses higher than 100 ng RA may reduce pro-inflammatory 
cytokine gene expression, such doses precipitate and pos-
sibly increase risks of adverse side effects. We conclude that 
in contrast to systemic delivery, intrathecal administration 
of RA up to doses of 100 ng is ineffective in reducing early 
pro-inflammatory cytokine gene-expression. Future stud-
ies are required to investigate the effects of single intraperi-
toneal RA treatment on long-term SCI outcome.

Keywords:  inflammation, cytokines,  
nuclear hormone receptors 
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Introduction

Early neuroinflammation is a key event that exacerbates neurotrauma and outlines 
the persistent and debilitating consequences of spinal cord injury (SCI) including 
motor deficits and neuropathic pain. Pharmacological attenuation of early levels of 
pro-inflammatory cytokines is, therefore, thought to render neuroprotection and 
subsequently improved functional outcome (Donnelly & Popovich 2008; Marchand 

et al. 2009; Genovese et al. 2008).
Nuclear hormone receptors, including glucocorticoid receptor, the liver X re-

ceptors (LXR), peroxisome proliferator activated receptors (PPAR) and retinoid recep-
tors (RAR/RXR) have been described as potential immunomodulatory drug targets for 
neurodegenerative diseases including SCI (van Neerven et al. 2008). The glucocorticoid 
methyl-prednisolone (MP) currently is the only recognized treatment options for 
SCI patients and is effective in reducing early pro-inflammatory cytokine levels (Tsai 
et al. 2008). However, agonists for PPAR and LXR have also been shown to attenuate 
pro-inflammatory cytokine levels following SCI (Park et al. 2007; Paterniti et al. 2010). We 
recently added all-trans-retinoic acid (RA), the active metabolite of Vitamin A and natural 
ligand of nuclear hormone receptors RAR/RXR to this list by showing that RA strongly 
reduced pro-inflammatory cytokine and chemokine expression in in vitro models of cen-
tral nervous system inflammation (van Neerven et al. 2010). Although ligands of nuclear 
hormone receptors are potentially very interesting therapeutic agents in early treatment 
of SCI, they have often been associated with adverse side effects (Hanson & Leachman 
2001; Suh et al. 1992; Shah & Mudaliar 2010).

Adverse side effects can be omitted when drugs are administered locally, rather 
than systemically, although the route of drug administration may, obviously, influence the 
drug’s therapeutic efficacy. We here investigated whether the route of RA administration 
(local versus systemic) differentially affected the early spinal rises of pro-inflammatory cy-
tokine transcripts which are fundamental to neuroinflammatory responses following SCI.

Material and Methods

Procedures were approved by the ethical committee of Maastricht University and carried 
out according to the recommendations of the European Commission (European Com-
munities Council Directive of 24 November 1986; 86/609/EEC). Twelve weeks old female 
Sprague Dawley rats, weighting approximately 250 g, were housed under standard hous-
ing conditions, including 12:12 hrs light/dark regime and ad libitum access to water and 
standard laboratory chow.

Intrathecal (i.t.) catheters were implanted at five days before SCI via an incision in 
the atlanto-occipital membrane and tunnelling of the catheter up to the eight’s thoracic 
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spinal level (T8). SCI was inflicted using the New York University Impactor (MASCIS device) 
by a 10-g weight drop from a distance of 12.5 mm onto the exposed dorsal surface of 
the T9 spinal cord as described previously (Gruner 1992). Post-operative care included 
subcutaneous administration of 5 mL saline to compensate for fluid loss during surgery 
and 5 mg/kg enrofloxacine (Baytril) as anti-biotic treatment.

Preparation of RA (Sigma) involved dilution to a stock solution of 100 mg/mL in 
100% DMSO. To prevent oxidation, air above the aliquots was replaced with nitrogen, 
and stock aliquots were stored at –80° C. All handling with RA occurred under conditions 
of amber lighting (Na+ lamp). For i.t. injections, RA stock solution was further diluted in 
100% ethanol to a concentration of 1 mg/ml and subsequently in physiological salt solu-
tion, reaching final amounts of 2.5 ng, 10 ng and 100 ng in a volume of maximally 10 µL. 
Vehicle solutions consisted of 1% ethanol and 0,01% DMSO in saline. For intraperitoneal 
(i.p.) injections, RA stock solution was used and given at 15 mg/kg bodyweight. This dose 
was selected on the basis of two criteria: (1) i.p. injection of 5 mg/kg bodyweight RA was 
able to reduce IL-1β expression in an experimental model of cerebral infarction (Choi 
et al. 2009), but did not reduce cytokine levels in our model (data not shown); (2) previous 
work showed that after systemic administration the RA levels ending up in the spinal cord 
are only a third of those in the brain (Werner & Deluca 2002); 

In previous in vitro investigations we found that the anti-inflammatory effects of 
RA were enhanced when RA was given prior to and immediately after an inflammatory 
trigger (van Neerven et al. 2010). For this reason, i.t. drug application to SCI animals was 
done at 48 h before, 24 h before and at the time of SCI. Animals either received vehicle 
solution (n = 6), 2.5 ng RA (n = 5), 10 ng RA (n = 5) , or 100 ng RA (n = 3). Naïve animals 
(n = 6) were used as controls. Although RA has been reported to pass the blood-brain 
barrier (Luo et al. 2004), RA signalling at the level of the spinal cord following i.p. delivery 
was validated by investigating RA-target gene (RARβ; (Balmer, 2002)) expression in naïve 
animals treated with RA (n = 4) or vehicle (n = 2) using a single i.p. injection. The effects of 
systemic RA administration on SCI-induced cytokines were then investigated using RA-
treated SCI animals (n = 6) and vehicle-treated SCI animals (n = 6). 

Animals were sacrificed at 6 h following the last RA treatment by an overdose 
of pentobarbital (180 mg/kg bodyweight i.p.) and were transcardially perfused with 
ice-cold saline. This time point of sacrifice was selected on the basis of previous work 
showing that SCI-induced levels in pro-inflammatory cytokine transcripts are strongly 
increased at this time point (Streit et al., 1998; Donnelly & Popovich 2008). After saline 
perfusion, meninges were carefully removed and a 1 cm-long spinal segment containing 
the centre of the lesion was snap-frozen in liquid nitrogen. Tissues were kept at -80° C 
until used for further processing.

Isolation of total RNA was performed with the phenol-chloroform method and 
therefore tissues were homogenized in Trizol (Invitrogen) using glass beads. RNA concen-
tration and purity were assessed photometrically (OD260, OD260/OD280 ratio). Total RNA 
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was reverse transcribed into cDNA using Biorad iScript cDNA kit with calculated concen-
trations of 50 ng/µL RNA extract per reaction. Samples were diluted 1/10 after reverse 
transcription and then used for amplification with the Roche LightCycler® 480 Real-Time PCR 

System. Reactions were carried out in a 96-well reaction module, containing 20 µL total 
reaction volume per well. Samples contained 10 µL of the Roche SYBR Green PCR kit, 7 µL 
nuclease-free water, 2 µL of the oligo mix containing 5 µM of each sense and anti-sense 
primer and 1 µL cDNA sample. The PCR protocol consisted of 5m enzyme activation at 
95° C, followed by 45 cycles of 20 s denaturation at 95° C, 30 s annealing at the primers spe-
cific temperature and 23 s elongation and fluorescence measurement at 72° C. Expression 
of the housekeeping gene HPRT or GAPDH was used to normalize gene-expression. Melt-
ing curve analysis and agarose gel electrophoresis of the PCR products were routinely per-
formed. Primer sequences and annealing temperatures are listed in Tab. 1. Relative mRNA 
concentrations were determined using crossing point analysis of log/linear plots of fluo-
rescence/cycle number. To determine the PCR efficiency, concentration series (dilutions 
1/2, 1/4, ...1/128) of sample pools were performed once for every primer pair. All primer 
pairs showed efficiencies around 2.0 and standard curves had slopes between 3.1–3.6.

Statistical analyses were performed with GraphPad Prism 5 software. Differences 
in RARβ expression between RA-treated and vehicle-treated animals were compared us-
ing a non-paired t-test. Data were normally distributed. Other data were analyzed using 
one-way ANOVA and post-hoc Tukey’s correction for multiple comparisons. The graphs 
represent means with standard error of the mean (SEM). p-Values of less than 0.05 were 
considered as statistically significant.

Tab. 1. Primers used in this study

Name
Primer sequences 5’ → 3’

sense 
antisense

Annealing 
temperature

Product size Product Tm

GAPDH
TGCCAAGTATGATGACATCAAGAAG

AGCCCAGGATGCCCTTTAGT
55 80 86

HPRT
GCAGACTTTGCTTTCCTTGG
CCGCTGTCTTTTAGGCTTTG

60 239 80

IL-1β
CACCTTCTTTTCCTTCATCTTTG
GTCGTTGCTTGTCTCTCCTTGTA

55 241 82

IL-6
AAGTTTCTCTCCGCAAGAGACTTCCAG
AGGCAAATTTCCTGGTTATATCCAGTT

55 326 81

TNFα
CCCAGACCCTCACACTCAGAT
TTGTCCCTTGAAGAGAACCTG

55 215 85

RARβ
GGCTACCACTATGGCGTCAG
TGCTCTGGGGTATACCTGG

60 554 89
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Results

Intrathecal RA application

To determine the effect of drug administration route on therapeutic reduction of early 
SCI-induced pro-inflammatory cytokine levels, animals received RA locally via an i.t. cath-
eter, which had been implanted 5 days before injury, or animals received RA systemically 
via an i.p. injection. In animals with i.t. catheters, SCI induced a strong and statistically 
significant increase of pro-inflammatory cytokine expression at the lesion site 6 h after 
SCI (Fig. 1b-d). Transcripts of IL-1β, IL-6 and TNFα were found to be significantly increased 
by SCI at 6 h. Rostral and caudal from the lesion site (± 1.5 cm from the lesion epicenter), 
transcript levels were comparable to those of un-injured animals (data not shown). Local 
repetitive treatment with 2.5, 10 or 100 ng RA did not reduce these SCI-induced increases 
in pro-inflammatory cytokine mRNA expression. After SCI, expression of the RA-driven 
gene RARβ was unchanged by intrathecal administration of 100 ng RA, indicative of no 
RA signaling when applied in the highest dose tested in this study (Fig. 1a).

Intraperitoneal RA application

In a second treatment setup, a single high dose of RA was given systemically via i.p. 
injection. Expression of RARβ was used as a positive control for RA signalling and was 
measured in un-injured animals after a single injection of RA (15 mg/kg bodyweight). 
The RARβ gene has been shown to be regulated by RA transcriptional active signalling 
(Balmer & Blomhoff 2002). Single injection of 15 mg/ kg bodyweight RA resulted in a 2.8-
fold increased expression of RARβ at 6 h, indicative of RA signalling in the spinal cord after 
systemic injection (Fig. 2a left). RARβ expression was also investigated after RA treatment 
in SCI injured animals, where RA induced RARβ expression showed a tendency towards 
an elevation (p=0.09). The RA effect on RARβ expression was, thus, more pronounced 
in naïve animals than in SCI animals, which suggests that SCI triggered reduction in RA 
signalling (Fig. 2a right).

SCI increased transcript levels of IL-1β, IL-6 and TNFα expression at 6 h following 
injury (Fig. 2b-d). A single injection of 15 mg/kg bodyweight RA immediately after SCI, 
reduced cytokine expression levels of IL-1β, IL-6 and TNFα to 60%, 35% and 58% of un-
treated animals, respectively. This reduction was statistically significant for IL-1β and TNFα 
(p < 0.05). Systemic injection of RA in a dose of 5 mg/kg body weight did not reduce 
cytokine expression levels (data not shown). 
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Discussion

Surprisingly, local administration of RA up to 100 ng was unable to reduce pro-inflam-
matory cytokine gene-expression. Higher local doses of RA were not tested for the rea-
sons discussed below. We showed however that systemic administration of RA reduces 
early expression of pro-inflammatory cytokines IL-1β and TNFα after experimental SCI. IL-6 

Fig. 1. Intrathecal treatment with RA after SCI. (a) After SCI, application of the highest dose of RA (100 ng) did not in-

duce expression of the RA-driven gene RARβ SCI induced a strong and statistically significant increase of pro-inflammatory 

cytokine transcript levels. (b and c) I.t. application of 2.5, 10 or 100 ng RA did not diminish this elevation of cytokine mRNA. 

#-symbol(s), statistically significant difference between naïve animals and SCI animals; *-symbol(s), statistically significant 

difference between RA treated and vehicle-treated animals, #p < 0.05, ##/**p < 0.01 and ###p < 0.001.
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Fig. 2. Intraperitoneal treatment with RA after SCI. (a) left: single systemic injection of RA induces RARβ expression, 

indicative of RA signaling in the spinal cord. Right: after SCI, RA-induced RARβ expression showed a tendency towards 

an elevation. (b–d) SCI induces a strong and highly statistical significant increase of pro-inflammatory cytokine transcript 

levels at the lesion site. Intraperitoneal injection of RA reduced transcript levels of all three cytokines, of which the reduc-

tion of IL-1β and TNFα expression was statistically significant. #-symbol(s), statistically significant difference between naïve 

animals and SCI animals; *-symbol(s), statistically significant difference between RA treated and vehicle-treated animals, 

#/*p < 0.05, ##/**p < 0.01 and ###/***p < 0.001.
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mRNA transcripts were also diminished by RA, but this reduction did not reach statistical 
significance. The anti-inflammatory effect was only noticed when RA was administered 
in a high systemic dose. 

Local administration of RA did not reduce early cytokine expression 
after experimental SCI

Since local drug administration increases the specificity of treatment and lowers the ther-
apeutic doses, possible adverse side effects are strongly reduced as compared to systemic 
drug administration. In this study, local (intrathecal) delivery of RA (2.5–100 ng in saline up 
to 10 µL) did not attenuate the SCI-induced increases in expression of pro-inflammatory 
cytokines IL-1β, IL-6 or TNFα at 6 h after SCI. Prolonging the period of pre-treatment did 
not influence the RA effect on these early cytokine levels (data not shown). Expression 
of the RA-driven gene RARβ was not changed by intrathecal treatment with 100 ng RA, 
indicative of no RA-signalling by the highest dose tested in this study. 

These findings were rather surprising for several reasons. First, previous data from 
our group showed that doses of RA varying from 0.3 to 3 ng/10 µL are anti-inflammatory 
and non-toxic in astrocyte cultures (Kampmann et al. 2008; van Neerven et al. 2010). In the 
present study, a maximum dose of 100 ng was selected in order to minimize the risk of 
RA precipitation in watery solutions such as saline. Soluble, and thus non-precipitated, RA 
may strongly benefit its therapeutic effect because soluble RA can freely diffuse through-
out the i.t. space. Second, as RA is fat-soluble it is expected to easily penetrate the spinal 
cord following i.t. application. Nevertheless, it remains unclear whether RA in the i.t. space 
is able to penetrate deep into the spinal parenchyma. Neuroprotective effects of higher 
local amounts of RA have been reported for the brain. Treatment with a dose of 20 µg 
injected into the ventricles reduced infarct volume after experimental stroke (Harvey 

et al. 2004), however this application method does not involve treatment with soluble RA 
and may cause precipitation of RA in the ventricles. When higher doses of intrathecal RA 
are tested in the future, it is therefore also important to evaluate different vehicle solu-
tions that are more suitable for the transport of hydrophobic compounds like RA.

Systemic administration of RA reduces transcript levels  
of pro-inflammatory cytokines

In contrast to i.t. delivery of RA up to doses of 100 ng, a single systemic injection of 15 mg/kg 
body weight did reduce transcript levels of pro-inflammatory cytokines at 6 h after SCI. 
Both IL-1β and TNFα expression were significantly reduced, while IL-6 was not significantly 
attenuated. These data indicate that systemic application is a more effective administra-
tion route for RA to achieve an anti-inflammatory effect when compared to local applica-
tion after 6 h. Importantly, it indicates that RA crosses the blood-brain barrier, as reported 
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previously (Luo et al. 2004; Werner & Deluca 2002). Enhanced expression of RARβ in the 
present study provides further evidence that intraperitoneal injection of RA at a dose of 
15 mg/kg bodyweight results in RA signalling at the level of the spinal cord. It is likely that 
systemic RA more easily penetrates the spinal cord parenchyma and then reduces SCI-
induced transcription of pro-inflammatory cytokines. 

Systemic applications are, however, associated with adverse side effects, espe-
cially when high doses of RA are applied. Acute overdose of retinoids leads to a condi-
tion called hypervitaminosis A, which occurs when liver stores are exceeded. As a conse-
quence RA up-take by the liver is compromised leading to fatal toxic effects. This acute 
intoxication leads to nausea, headache, blurred vision, osteoporosis, disturbed muscle 
coordination and other disorders (Hathcock et al. 1990). Despite its adverse side effects, 
RA is already used in treatments of several clinical conditions. Firstly, RA is used in treat-
ment of cancer because it inhibits proliferation of immature leukemic promyelocytes and 
it induces differentiation of these cells into mature granulocytes. As such, it is the fore-
most effective treatment of acute promyelocytic leukemia (APL). Retinoic acid syndrome 
(RAS) is the most frequently reported intoxication-condition in APL patients treated with 
RA (Patatanian & Thompson 2008). Secondly, severe acne or psoriasis has been treated 
for decades using systemically applied 13-cis RA (iso-tretinoin). These applications often 
include long-term intake of RA, which in some cases has been associated with major 
depression disorder (Hull & D’Arcy 2003). Larger patient studies or experimental studies 
however, could not find a clear link between retinoid use and major depression disorder 
(van Neerven et al. 2008). In the present study we focused on acute RA treatment of SCI 
and therefore adverse side effects typically caused by chronic treatment are unlikely to 
occur. Nevertheless, it has to be mentioned that RA precipitates (yellowish substances) 
were found in the abdominal cavity at 6 h after injection of 15 mg/kg bodyweight RA i.p. 
Hence, other methods to administer RA systemically, like oral treatment or intravenous 
injections should be considered to avoid such side effects. 

Anti-inflammatory effects of RA have been described previously for blood-borne 
cells including macrophages, neutrophils, and T-cells (Kim et al. 2004; Mucida et al. 2007; 
Na et al. 1999; Camisa et al. 1982). In the last decade, RA was also found to reduce the 
expression of inflammatory mediators in cultures of CNS cells including microglia and 
astroglia triggered by lipopolysaccharide (LPS) (Dheen et al. 2005; van Neerven et al. 2010; 
Xu & Drew 2006; Kampmann et al. 2008). Recent investigations showed the potential use 
of RA in treatment of CNS pathologies. RA was found to reduce infarct size after cerebral 
ischemia (Harvey et al. 2004; Shen et al. 2009; Sato et al. 2008), which was accompanied 
by reduced IL-1β expression (Choi et al. 2009). In experimental spinal cord injury, endog-
enous RA signalling was reported to occur after the first weeks (Schrage et al. 2006), which 
partly coincides with reduced levels of pro-inflammatory cytokines. Here we show for the 
first time that RA inhibits SCI-induced rises in levels of pro-inflammatory cytokine mRNA 
at 6 h after injury when administered systemically. Importantly, it is mainly these early ris-
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es in cytokine expression which are at the basis of SCI-inflammation exacerbating tissue 
damage and functional loss. Indeed, a recent investigation showed systemic administra-
tion of minocycline, a potent inhibitor of cytokine production (Raghavendra et al. 2003), 
attenuated SCI-induced mechanical and thermal hypersensitivity. Importantly, reduction 
of hypersensitivity was observed when minocycline was administered within the first 
two days following SCI, but not when treatment was started at two weeks following SCI 
(Marchand et al. 2009). Future studies are now needed to investigate whether the RA-re-
lated reduction of cytokine levels at 6 h after SCI have beneficial effects on long-term SCI 
outcome. If so, then RA may be a highly interesting therapeutic agent in early treatment 
of SCI. Although adverse side effects are associated with RA, such effects may be limited 
by a limited use in the early phase after SCI. 
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Abstract

Early pro-inflammatory cytokine levels play a crucial role 
in initiating and maintaining spinal cord injury (SCI)-in-
duced inflammation and thereby have detrimental conse-
quences on functional outcome. Therapeutics that reduce 
such early cytokine levels hold great promise in treatment 
of acute SCI and the combinatorial use of such agents were 
reported to render synergistic therapeutic effects. Such 
synergism occurs with high probability when the agents 
have differential mechanisms-of-action. T0901317 (T09), 
a synthetic agonist of the liver-X-receptor (LXR) has recent-
ly been reported to potently reduce protein levels of early 
SCI-induced cytokine levels. We, here, show that T09 does 
not affect gene expression of pro-inflammatory cytokines, 
which are known to peak within 6 h after contusion injury 
to the rat spinal cord. Moreover, pro-inflammatory cytokine 
transcripts in LPS-stimulated astrocytes were not attenu-
ated in the presence of T09. Our data suggest that LXR 
agonism does not interfere with early posttraumatic gene 
regulation of pro-inflammatory cytokines in the spinal cord. 
Hence, T09 may be a particularly interesting drug candidate 
to use in combination with medicinal agents acting on the 
transcriptional level of early SCI-induced cytokines in treat-
ment of acute SCI.

Keywords:  inflammation, cytokines, nuclear hormone 
receptor, T0901317, neurotrauma
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Introduction

Pro-inflammatory cytokines play a crucial role in spinal cord injury (SCI)-induced inflam-
mation and thereby contribute to the detrimental consequences of SCI including mo-
tor deficits and neuropathic pain (Popovich & Jones 2003; Fleming et al. 2006, Deumens 

et al. 2008; Marchand et al. 2009). As such, pharmacological attenuation of early pro-in-
flammatory cytokine expression holds great promise in acute SCI treatment. Use of the 
nuclear hormone receptor (NHR) agonist methylprednisolone, still belonging to the only 
recognized SCI treatment options (Bracken et al. 1990), reduces early pro-inflammatory 
cytokine levels in both human and experimental SCI (Fu & Saporta 2005; Tsai et al. 2008). 
Combinations of multiple therapeutic agents can be more potent in reducing early pro-
inflammatory cytokine expression and SCI outcome than the use of a single one (Koop-
mans et al. 2009). Synergistic therapeutic effects are most likely obtained when the agents 
have different mechanisms-of-action. Reduced gene expression is the most frequently 
described mechanism-of-action of immune-suppressive agents (Barnes 1998; Adcock 
2001; Liberman et al. 2007a; Liberman et al. 2007b; Jee et al. 2005). Such agents are then 
optimally combined with medicine activating non-transcriptional mechanisms to reduce 
early SCI-induced levels of pro-inflammatory cytokines.

NHR have received increasing attention as therapeutic targets in treatment of 
acute experimental SCI. Transcription of pro-inflammatory cytokines has been effectively 
attenuated by activation of NHR including peroxisome proliferator-activated receptors 
(PPAR), retinoic acid receptors (RAR/RXR), and the glucocorticoid receptor (Park et al. 2007; 
van Neerven & Mey 2007; van Neerven et al. 2008; van Neerven et al. 2010). Activation of 
the liver-X-receptor (LXR) by use of the synthetic LXR agonist T0901317 (T09) has recently 
been reported to reduce protein levels of pro-inflammatory cytokines at 24 h following 
spinal cord compression in the rat (Paterniti et al. 2010). Nevertheless, the mechanism-
of-action of T09 remains unknown to date. We, here, investigated whether T09 acts at 
the transcriptional level of pro-inflammatory cytokines early after experimental SCI. Since 
gene expression of pro-inflammatory cytokines such as tumor necrosis factor α (TNFα), 
interleukin-1β (IL-1β) and interleukin-6 (IL-6) peak as early as 6 h following spinal cord 
contusion injury in the rat (Streit et al. 1998; Donnelly & Popovich 2008), this time point 
was focused at. Moreover, the effect of T09 on TNFα, IL-1β, and IL-6 transcripts was inves-
tigated in vitro using LPS-stimulated astrocytes.

Materials and Methods

Procedures were approved by the ethical committee of Maastricht University and carried 
out according to the recommendations of the European Commission (European Com-
munities Council Directive of 24 November 1986; 86/609/EEC). Twelve weeks old male 
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Wistar rats (Charles River, Maastricht, The Netherlands) weighing approximately 250 g, were 
housed under standard housing conditions, including 12:12 h light/dark regime and ad 

libitum access to water and standard laboratory chow.
Animals were randomly divided into 6 experimental groups: 1: laminectomy 

(LAM) and no SCI (n = 4), 2: SCI and vehicle treatment (SCI, n = 4), 3, 4, 5: SCI plus T09 treat-
ment in doses of 10, 20, 30 mg/kg bodyweight, respectively (SCI + T09, all groups n = 4) 
and 6: 20 mg/kg bodyweight T09 6 h prior to the injury, followed by SCI and T09 (also 
20 mg/kg bodyweight, SCI + 20+20 T09). SCI was inflicted using the New York University 
Impactor (MASCIS device) by a 10-g weight drop from a distance of 12.5 mm onto the 
exposed dorsal surface of the T9 spinal cord as described previously (Gruner 1992). T09 or 
vehicle solution was given intraperitoneally. Post-operative care included subcutaneous 
administration of 5 mL saline to compensate for fluid loss during surgery and 5 mg/kg 
bodyweight Baytril as anti-biotic treatment.

Immediately after SCI, animals were treated with the LXR agonist T0901317 (T09; 

Cayman Chemical Europe, Estonia) freshly diluted in 1% methylcellulose, 2% Tween-80 en 
5% ethanol. Animals were sacrificed at 6 h following the last T09 treatment by an over-
dose of pentobarbital (180 mg/kg bodyweight i.p.) and were transcardially perfused with 
ice-cold saline. This time point of sacrifice was selected on the basis of previous work 
showing that SCI-induced levels in pro-inflammatory cytokine transcripts peak at this 
time point (Streit et al. 1998; Donnelly & Popovich 2008). After saline perfusion, meninges 
were carefully removed and a 1 cm-long spinal segment containing the center of the le-
sion was snap-frozen in liquid nitrogen. Tissues were kept at -80° C until used for further 
processing. 

Primary cultures of astrocytes were prepared from cerebral cor tices of 1 day old 
Balb/c mice (Charles River, Sulzfeld, Germany). After dissection and removal of the menin-
ges, both hemispheres were dissociated mechanically in 0.25% Trypsin-EDTA solution 
(Sigma-Aldrich, Schnelldorf, Germany), passed through a 50 µm nylon mesh, and centri-
fuged at 130 × g for 10 min. Cells were resuspended and further cultivated in medium 
containing Dulbecco’s modified Eagle medium including 20% heat-inactivated fetal calf 
serum, 0.5% penicillin/streptavidin and 0.1% fungizone (all from Invitrogen, Karlsruhe, 

Germany) and subsequently seeded in T75 flasks coated with poly-L-lysine (200 µg/mL, 
Sigma-Aldrich, Schnelldorf, Germany). Cells were grown for 5 days at 37° C in a humidi-
fied incubator with 5% CO

2
, and medium was changed every 2–3 days. When reaching 

con fluence, cells were passaged three times to remove microglia, yielding primary astro-
cyte cultures of > 95% purity as previously described (van Neerven et al. 2010). After the 
third passage, astrocytes were seeded into poly-L-lysine coated 6-wells plates at a den-
sity of approximately 500.000 cells/well. Before treatment, astrocytes were kept for 48 h 
in serum-free neurobasal medium (NBM) supplemented with 1% glutamine, 0.2% B27 
supplement (both from Gibco, Invitrogen, Karlsruhe, Germany), 0.5% penicillin/streptavidin 
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and 0.1% fungizone. To induce an inflammatory reaction 100 ng/mL Escherichia coli LPS 
(Sigma-Aldrich, Schnelldorf, Germany) were applied to the culture medium. T09 was di-
luted in 100% DMSO in stock solutions of 10 mM, air above aliquots was removed with N

2 

to prevent oxidation and stock solution was stored at -20° C until use. T09 stock solution 
was freshly diluted prior to the experiment in 100% ethanol to concentrations of 1mM, 
100 µM, 10 µM and 1 µM. T09 was then further diluted in NBM medium reaching a final 
concentration of 2 µM, 200 nM, 20 nM and 2 nM. Cells were treated according to differ-
ent experimental paradigms including n = 5 wells for every treatment condition: Primary 
astrocytes were either exposed to LPS and T09 simultaneously for 12 h, or cells were pre-
incubated with T09 at 12 h prior to the LPS induced inflammation and subsequently cells 
were exposed to LPS plus T09 for another 12 h. After completion of the experiment me-
dium was collected and cytotoxicity of treatment conditions was assessed by measuring 
lactate dehydrogenase (LDH) release into the medium using Cytotoxicity Detection Kit 
(Roche, Mannheim, Germany). LDH release was normalized with respect to maximal LDH 
re lease (i.e. after cell lysis).

Tissues and cells were used for quantitative RT-PCR analysis and therefore isolation 
of total RNA was performed with the phenol-chloroform method. Tissues were homog-
enized in Trizol (Invitrogen, Breda, The Netherlands) using glass beads and for cell culture 
experiments, medium was aspirated and 1 mL Trizol was added to the well. RNA concen-
tration and purity were assessed photometrically (OD260, OD260/OD280 ratio). Total RNA 
was reverse transcribed into cDNA using Biorad iScript cDNA kit with calculated concen-
trations of 50 ng/µL RNA extract per reaction. Samples were diluted 1/10 after reverse 
transcription and then used for amplification with the Roche LightCycler® 480 Real-Time 

PCR System. Reactions were carried out in a 96-well reaction module, containing 20 µL 
total reaction volume per well. Samples contained 10 µL of the Roche SYBR Green PCR 

kit, 7 µL nuclease-free water, 2 µL of the oligo mix containing 5 µM of each sense and 
anti-sense primer and 1 µL cDNA sample. The PCR protocol consisted of 5 min enzyme 
activation at 95° C, followed by 45 cycles of 20 s denaturation at 95° C, 30 s annealing at 
the primers specific temperature and 23 s elongation and fluorescence measurement 
at 72° C. Expression of the housekeeping gene HPRT or GAPDH was used to normalize 
gene expression. GAPDH was the most stable housekeeping gene in SCI experiments and 
HPRT after LPS treatment in cell cultures. Melting curve analysis and agarose gel electro-
phoresis of the PCR products were routinely performed, to determine primer specificity. 
Primer sequences and annealing temperatures for mouse and rat are listed in Table 1 and 
2 respectively. Relative mRNA concentrations were determined using crossing point anal-
ysis of log/linear plots of fluorescence/cycle number. To determine the PCR efficiency, 
concentration series (dilutions 1/2, 1/4,… 1/128) of sample pools were performed once 
for every primer pair. All primer pairs showed efficiencies around 2.0 and standard curves 
had slopes between 3.1–3.6.
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Table 1: Mouse primers used in this study

Name
Primer sequences 5’ → 3’

sense 
antisense

Annealing 
temperature

Product size
Product Tm

HPRT
GCTGGTGAAAAGGACCTCT

CACAGGACTAGAACACCTGC
62

248
79

IL-1β
CAGCTCATATGGGTCCGACA
CTGTGTCTTTCCCGTGGACC

59
200
82

IL-6
GTTCTCTGGGAAATCGTGGA

CTCTGAAGGACTCTGGCTTTG
60

260
78

TNFα
ATGGCCTCCCTCTCATCAGT
CTCCTCCACTTGGTGGTTTG

59
113
80

Table 2: Rat primers used in this study

Name
Primer sequences 5’ → 3’

sense 
antisense

Annealing 
temperature

Product size
Product Tm

ABCA1
CCCAGAGCAAAAAGCGACTC

GGTCATCATCACTTTGGTCCTTG
60

102
85

GAPDH
TGCCAAGTATGATGACATCAAGAAG

AGCCCAGGATGCCCTTTAGT
55

80
86

IL-1β
CACCTTCTTTTCCTTCATCTTTG
GTCGTTGCTTGTCTCTCCTTGTA

55
241
82

IL-6
AAGTTTCTCTCCGCAAGAGACTTCCAG
AGGCAAATTTCCTGGTTATATCCAGTT

55
326
81

LXRα
GCTCTGCTCATAGCCATCAG 
CAGGGCCTCCACATATGTGT

60
99
81

LXRβ
AAGGACTTCACCTACAGCAAGGA

GAGAACTCAAAGATGGGATTGATGA
60

80
78

TNFα
CCCAGACCCTCACACTCAGAT
TTGTCCCTTGAAGAGAACCTG

55
215
85

Statistical analysis was performed using Graphpad Prism 5 software. Graphs rep-
resent means with standard error of the mean. Data showed normal distribution and 
were analyzed using one-way ANOVA with post-hoc Tukey test. p values <  0.05 were 
considered as statistically significant. # represents statistical significance between SCI and 
LAM (Control), whereas * indicates statistical significance between SCI and SCI+T09; #/* 
represents a p value < 0.05, ##/** p value < 0.01 and ###/*** p value < 0.001.
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Results

In this study T09 was administered immediately after the lesion and pro-inflammatory 
cytokine mRNA expression levels were investigated at 6 h after SCI (Fig. 1). Dose-response 
measurements of the cholesterol transporter ABCA1, a gene known to be driven by LXR 
activation, demonstrated that T09 induced LXR signaling in the spinal cord (Fig. 1A). This 
was represented by an averaged 6-fold increase in the expression of this gene by the 
various doses of T09. Expression of LXR genes LXRα and LXRβ was neither affected by SCI 
nor by SCI+T09 treatments (Fig. 1b, c). Uninjured animals expressed low levels of IL-1β, 
IL-6 and TNFα transcripts. At 6 h after SCI, 10-fold, 13-fold and 2-fold increases of IL-1β, 
TNFα and IL-6 mRNA expression were detected, respectively (Fig. 1d-f ). T09 treatment at 
any concentration was unable to reduce gene expression of these cytokines. Five animals 
received pre-treatment with T09 6 h prior to the lesion, and were again treated with T09 
immediately after the lesion. Pre-treatment did not affect SCI-induced cytokine gene ex-
pression at 6 h.

T09 was then tested for its effect on pro-inflammatory cytokine gene expression 
in primary astrocyte cultures (Fig. 2). Cells were treated with LPS to elicit an inflammatory 
reaction; doses from 2 nM to 2 µM T09 were used in simultaneous and pre-treatment 
protocols. To assess toxicity of treatment conditions, LDH release into the medium was 
determined. Photometric measurements and comparison to total cell lysis high control 
(HC) revealed that concentrations of T09 varying from 2 nM – 200 nM were non-toxic to 
cells, whereas a concentration of 2 µM induced cell death and was therefore not used in 
further experiments (Fig. 2a).

Under control conditions (untreated cells (BL) and cells that received vehicle treat-
ment (C)) astrocytes expressed low levels of IL-1β, IL6 and TNFα mRNA. T09 by itself did 
not induce pro-inflammatory cytokine gene expression, while LPS treatment induced 
a strong and statistically significant increase in cytokine transcript levels. This increase was 
almost 100-fold, 8-fold and 37-fold for IL-1β, IL-6 and TNFα, respectively (p < 0.01). Simul-
taneous treatment of LPS and T09 for 12 h did not reduce the gene expression of these 
pro-inflammatory cytokines in primary astrocyte cultures. Surprisingly a concentration of 
2 nM T09 increased transcript levels of IL-1β. Also, 12 h pre-treatment with T09 followed 
by simultaneous treatment with LPS plus T09 for another 12 h, did not attenuate cytokine 
transcript levels. At a concentration of 2 nM T09, gene expression was significantly in-
creased for cytokines IL-1β and IL-6 (Fig. 2b-d).
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Fig. 1. T09 treatment after SCI. (a) Expression of the LXR driven gene ABCA1 was strongly increased after T09 treatment, 

indicative of positive LXR signaling in the injured spinal cord at 6 h after systemic administration. This effect was present at 

all concentrations tested, although the effect was slightly reduced for the highest dose administered. (b, c). SCI or SCI+T09 

treatment (20 mg/kg bodyweight) did not alter gene expression of receptors LXRα or LXRβ (d-f ). IL-1β, IL-6 and TNFα mRNA 

expression was strongly increased at 6 h after SCI. Treatment with T09 did not reduce transcript levels of pro-inflammatory 

cytokines after SCI. Moreover, repetitive treatment with T09, where animals received an injection 6 h prior to SCI and im-

mediately after the lesion, did not affect pro-inflammatory cytokine gene expression. 

LAM – laminectomy only (Control), SCI   – spinal cord injury, SCI+T09   – spinal cord injury + T09 treatment, SCI+T0920+20  

   – pre-treatment -6 h with T09 plus spinal cord injury plus T09 treatment
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Fig. 2. Primary astrocytes stimulated with LPS and treated with T09. (a) LDH was determined to measure toxicity of cell 

treatment. High control (HC) represents total cell lysis and maximal LDH release. Only a concentration of 2 µM T09 was toxic 

to primary astrocytes shown by an increase in LDH release into the medium. (b-d) Without any treatment astrocytes express 

very low amounts of pro-inflammatory cytokine mRNA, whereas LPS treatment induced a strong increase of IL-1β, IL-6 

and TNFα transcripts. T09 alone did not induce pro-inflammatory cytokine gene expression, but in combination with LPS, 

a concentration of 2 nM T09 increased pro-inflammatory cytokine transcript level of IL-1β. This same pattern was observed 

in experiments including pre-incubation, where a concentration of 2 nM T09 additionally increased IL-6 expression.

BL  – Blanco, no treatment, C – Control, vehicle treatment, LPS – Lipopolysaccharides T09 – T09 only, simultaneous LPS+T09 

 – Lipopolysaccharides plus T09 treatment 12 h, pre-incubation LPS+T09  – Pre-treatment -12 h T09 plus lipopolysaccha-

rides plus T09 12 h , HC – High control, total cell lysis
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Discussion

In this study we investigated whether LXR activation leads to a reduction of pro-inflam-
matory cytokine gene transcription at 6 h after moderate contusion injury of the thoracic 
rat spinal cord. Our data show that T09 treatment does not reduce such early SCI-induced 
pro-inflammatory cytokine transcript levels. Moreover, T09 treatment of LPS-stimulated 
astrocytes did not reduce pro-inflammatory cytokine transcripts, but in a dose of 2 nM 
even triggered higher expression levels.

Our findings might have important implications on the use of LXR in treatment of 
early SCI. Early rises in pro-inflammatory cytokines proteins characterize the detrimental 
nature of neuroinflammatory processes induced by SCI (Popovich & Jones 2003). A large 
number of immune-modulatory agents have been proposed in early treatment of SCI 
(Bethea et al. 1999; Bethea & Dietrich 2002; Demjen et al. 2004; Baptiste & Fehlings 2006; 
Alexander & Popovich 2009), which in itself already carries the message that the early 
SCI-inflammatory response is not effectively attenuated by a single drug. As such, com-
binatorial treatments using multiple drugs may act synergistically to more effectively re-
duce pro-inflammatory cytokine proteins in the early phases following SCI (Koopmans 
et al. 2009). LXR activation by use of T09 has recently been reported to be effective in 
reducing pro-inflammatory cytokine levels and render improved outcome in an experi-
mental model of stroke (Morales et al. 2008; Sironi et al. 2008; Cheng et al. 2010) and SCI 
(Paterniti et al. 2010). Intraperitoneal injections of T09 (20 mg/kg bodyweight) at 1 h and 
6 h after rat SCI reduced TNFα and IL-1β protein levels at 24 h after injury, increased the 
amount of spared tissue, reduced apoptosis and substantially improved motor outcome 
(Paterniti et al. 2010). The mechanisms-of-action by which LXR activation reduces such 
early SCI-induced pro-inflammatory cytokine levels remain, however, unknown. We here 
show that LXR activation by use of T09 up to systemic doses of 30 mg/kg bodyweight 
does not affect pro-inflammatory cytokine transcripts at 6 h after SCI in rats. Therefore, 
T09 treatment may be successfully combined with treatments acting on early SCI-
induced pro-inflammatory cytokine transcripts. One particularly interesting candidate 
agent involves the PPARγ agonist pioglitazone and all-trans  retinoic acid, which were 
found to effectively inhibit pro-inflammatory cytokine gene expression at 6 h after SCI 
(Park et al. 2007, van Neerven et al., submitted work).

Our finding that LXR activation did not reduce early pro-inflammatory cytokine 
gene expression in the setting of in vitro LPS-stimulated astrocyte cultures, was surprising. 
Other groups already showed that LXR activation was able to reduce cytokine mRNA and 
protein levels in primary astrocyte (Lee et al. 2009) and microglial (Kim et al. 2006; Zhang-
Gandhi & Drew 2007) cultures. Nevertheless, these effects were observed using doses 
of T09 varying from 2.5 µM to 20 µM, which are substantially higher than the ones used 
in our study. We showed that 2 µM T09 already caused LDH release into the medium of 
astrocyte cultures, indicative of cell toxicity. For that reason, doses no higher than 200 nM 
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were used in the present investigations. Higher doses of T09 may be effective in reducing 
cytokine expression, but increasing cell toxicity may obscure possible anti-inflammatory 
effects. In the setting of SCI, systemically administered T09 was found to induce transcrip-
tion of the LXR-driven gene ABCA1 at 6 h after injury, indicative of T09 crossing the blood 
spinal cord barrier and inducing LXR signaling at the transcriptional level. Nevertheless, 
transcripts of pro-inflammatory cytokines were found unaffected at 6 h after SCI. There-
fore, it may be reasoned that either the timing or treatment paradigm (single administra-
tion rather than repetitive administration) was not optimal or that LXR agonism triggers 
other, non-transcriptional-related mechanisms. In cell culture studies, we have recently 
observed that the RAR/RXR agonist retinoic acid also had stronger effects on the protein 
level than on gene transcription of IL-1β (van Neerven, 2010 in press).

Post-transcriptional effects, like effects on RNA stability and translation of gene 
transcripts to proteins are poorly described mechanisms of NHR action. Retinoid recep-
tors RAR/RXR, as members of the NHR family, and their natural ligand all-trans retino-
ic acid (RA) have been found to induce spine formation in hippocampal neurons via 
a membrane-bound receptor and a mitogen-activated-protein-kinase (MAPK)-depen-
dent pathway. This MAPK-mediated RA effect was maintained in the presence of the 
transcription inhibitor actinomycin, but not in the presence of the translation inhibitor 
anisomycin (Chen & Napoli 2008). Hence, NHR such as RAR/RXR may have post-tran-
scriptional mechanisms-of-action. Furthermore, RA has been reported to affect mRNA 
stability. Degradation of LPS-induced TNFα transcripts from macrophages was found 
to be significantly enhanced following RA treatment (Motomura et al. 2001). Although 
such post-transcriptional effects are reported for RA-members of NHR, it remains unclear 
whether such effects are also triggered by LXR.

In conclusion, we here show that LXR agonism using the synthetic molecule T09 
does not affect pro-inflammatory cytokine gene expression at 6 h following rat spinal cord 
injury. Further in vitro data indicate that T09 does not reduce pro-inflammatory cytokine 
transcripts early after LPS-stimulation of astrocyte cultures. Hence, beneficial effects of 
LXR on early inflammatory processes related to the CNS are unlikely to involve alterations 
in gene transcription. Future experiments, focusing on different treatment time points 
after SCI or on non-transcriptional mechanisms of action, such as post-transcriptional ef-
fects, may shed more light on the nature of anti-inflammatory effects of LXR activation.
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Abstract

Neuropathic pain and motor deficits are detrimental con-
sequences of injury to the spinal cord. In experimental set-
tings, numerous neuroprotective agents are being explored 
for their therapeutic benefits. Vascular endothelial growth 
factor (VEGF) is an interesting candidate molecule in this 
respect since it is not only associated with angiogenesis, 
but also with neuroprotection and neurite growth. Other 
investigators have reported improved motor outcomes fol-
lowing intraparenchymal VEGF treatment. Here we demon-
strate the therapeutic effects of daily intrathecal treatment 
of the contused thoracic rat spinal cord with the 165-iso-
form of VEGF during the first week after injury. We show 
that VEGF treatment resulted in a statistically significant at-
tenuation of mechanical, but not thermal, hypersensitivity 
of the hindpaws, while motor deficits remained unaffected. 
Tissue sparing was also unchanged by VEGF treatment. Mi-
croglial responses at the lumbar spinal cord, which have 
been linked with spinal cord injury–induced hypersensi-
tivity, were found to be unaffected by VEGF treatment. We 
conclude that repetitive intrathecal VEGF delivery has lim-
ited therapeutic effects on spinal cord injury outcome.

Keywords:  central pain, glia, neuroplasticity, 
neuroprotection
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Introduction

Tissue damage resulting from spinal cord injury (SCI) triggers inflammatory responses 
mediated primarily by resident glia and by blood-borne immune cells invading the spinal 
tissue via a compromised blood-spinal cord barrier. Tissue degeneration and inflamma-
tory responses persist for weeks to months and are strongly related to functional out-
come, including motor deficits and central neuropathic pain (Deumens et al., 2008; Don-
nelly and Popovich, 2008). Indeed, SCI-induced hypersensitivity to mechanical stimuli has 
been reported to depend on the extent of tissue damage (Kloos et al., 2005). Moreover, 
SCI triggers microglial responses described as ‘‘microgliosis’’ over several segments of the 
spinal cord (Detloff et al., 2008), and these microglial responses mediate dorsal horn neu-
ron hyperexcitability and symptoms of neuropathic pain (Carlton et al., 2009; Gwak and 
Hulsebosch 2009; Hains and Waxman, 2006; Hulsebosch, 2008; Hulsebosch et al., 2009; 
Zhao et al., 2007a). Nevertheless, SCI-induced inflammatory responses are not only as-
sociated with detrimental effects on spinal tissue and functional outcome (Jones et al., 
2005; Schwartz et al., 1999). It is now recognized that early inflammatory reactions also 
trigger processes such as scarring, which limit further tissue loss and preserve function 
(Faulkner et al., 2004; Sofroniew 2005). Given the limited success of conventional immune 
suppressants in the therapeutic management of SCI, it is suggested that medications 
that prevent ongoing tissue loss, either by inhibition of apoptosis or by improving tissue 
vascularization (Koopmans et al., 2009), are more promising. 

Vascular endothelial growth factor (VEGF) is a key factor in the process of an-
giogenesis, but has also been associated with neuroprotection and neurite outgrowth 
(Rosenstein and Krum 2004; Sondell et al., 1999). Increased levels of VEGF are detected 
around spinal injury sites (Bartholdi et al., 1997; Herrera et al., 2009; Skold et al., 2000; Va-
quero et al., 1999). Treatment of the spinal cord parenchyma with anti-VEGF antibody 
decreased the number of surviving neurons around the epicenter of a contusion injury, 
indicating a neuroprotective role of endogenous VEGF (Herrera et al., 2009). Delivery of 
the 165-isoform of VEGF (VEGF165) via a single intraparenchymal bolus injection at the 
time of spinal cord contusion was found to promote tissue preservation (Widenfalk et al., 
2003). In a more recent investigation, elevated levels of VEGF were maintained for at least 
6 weeks following clip compression of the rat spinal cord by intraparenchymal injection 
of a viral vector containing a transcription factor that induces VEGF expression (Liu et al., 
2010). This treatment resulted in enhanced tissue sparing within a range of a millimeter 
distance from the lesion epicenter, and a mild improvement of motor function (Liu et al., 
2010), as measured by the Basso-Beattie-Bresnahan locomotor scale. 

In the present study, we have investigated the effect of repetitive VEGF treatment 
on SCI-induced hypersensitivity. In addition, motor outcome was measured using an 
objective and sensitive gait analysis system. We show that daily intrathecal injections of 
VEGF165 for 1 week following SCI resulted in a slight attenuation of mechanical but not 
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thermal hypersensitivity, while motor deficits were unchanged. The extent of morpho-
logical preservation of spinal cord tissue was not affected by the treatment. Microglial 
responses associated with SCI-induced hypersensitivity were observed to a similar degree 
in both VEGF165-treated and vehicle-treated animals.

Material and Methods

All experimental procedures were performed according to the recommendations of the 
European Commission (European Communities Council Directive of 24 November 1986; 
86/609/EEC), and protocols were approved by the committee on animal research of 
Maastricht University (DEC 2009–030). Twenty-one female Sprague-Dawley rats (Charles 
River, Wilmington, MA) were used in this study, weighing about 200 g at the start of the 
experiment. Throughout the study the animals were individually housed in a tempera-
ture- and humidity- conditioned room (19–24° C and 55±5%), with a normal 12-h:12-h 
light-dark cycle and background music to reduce stress. In the 2-week CatWalk-training 
period (see below) preceding surgery, and on each post-surgery day before recording 
of CatWalk runs, the animals were kept on a food-restriction protocol (12–15 g chow 
per day). Otherwise, the animals received standard rat chow ad libitum. The animals had 
continuous free access to water for the entire period of the study.

Surgery and experimental groups

The animals received a subcutaneous injection of buprenorphine (0.1 mg/kg body weight) 
at about 30–60 min before surgery. An Inventor 400® injection system vaporizer (Zevenaar, 
The Netherlands) with an open mask system was used for anesthesia. For induction and 
maintenance of anesthesia 5% and 1–2% isoflurane (in air) was used, respectively. First, 
a polyethylene catheter was implanted via an incision in the atlanto-occipital membrane. 
The tip of the catheter was gently maneuvered to the eighth thoracic (T8) spinal cord level. 
Then, the T9–T10 spinal cord was exposed by a laminectomy of the T8 and T9 vertebrae. 
A moderate spinal cord contusion was inflicted using the MASCIS impactor with a 10-g 
rod dropped from a distance of 12.5 mm onto the exposed dorsal surface of the spinal 
cord. Then the animals were randomly assigned to two treatment groups: animals either 
received an intrathecal bolus injection of 0.5 μg VEGF165 in 13 μL (n=9), or 13 μL vehicle 
solution (n=9), followed by a 17-μL saline flush over a period of about 20 sec. Human 
recombinant VEGF165 was produced by forced expression in HEK293 cells (Mineur et al., 
2007), and was purified from the conditioned medium by immuno-affinity using anti-VEGF 
antibodies (Avastin; Genentech, South San Francisco, CA), coupled to Affi-Gel Hydrazide 
gel (Bio-Rad, Hercules, CA). VEGF concentration was measured using a DuoSet ELISA (R&D 
Systems, minneapolis, MN). Immediately after surgery, the bladders were manually voided 
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and the animals received 5 mL subcutaneous saline solution for rehydration. Subcutane-
ous antibiotic treatment with enrofloxacin (5 mg/kg body weight) was given once daily 
until normal bladder emptying returned (typically within the first week after SCI) to pre-
vent urinary tract infection. At 1–7 days following surgery, the animals received the same 
daily treatment (VEGF165 or vehicle) as was given directly after surgery. As such, VEGF-
treated animals received a total of 4 μg VEGF165 over the first week following surgery. This 
amount of VEGF has previously been shown to limit spinal tissue degeneration in a rat 
model of severe spinal cord contusion injury (Widenfalk et al., 2003). After the last intrathe-
cal bolus injection, the catheter was carefully removed while the animal was anesthetized 
as described above. A total of three naïve animals served as controls in this experiment.

Behavioral testing

Motor function was assessed using CatWalk gait analysis (Hamers et al., 2001), and the Bas-
so-Beattie-Bresnahan (BBB) locomotor rating scale (Basso et al., 1995). For gait analysis, the 
animals were trained on the CatWalk runway during the first 2 weeks preceding surgery 
according to previously documented protocols (Deumens et al., 2007a). During this train-
ing period the rats were positioned at one end of the runway and sweet food pellet re-
wards (Noyes Precision pellets PJPPP-0045; Sandown Chemical Ltd., Hempaton, U.K.) were 
located at the other end of the runway. The rats were allowed to explore the runway three 
times per day. Motivation of the animal was reinforced by use of a daily 12–15 g chow diet. 
After 2 weeks of training, the animals consistently displayed uninterrupted runs and such 
runs were recorded before surgery. Then CatWalk runs were recorded weekly starting at 
the fourth week after surgery. Only runs with runway-crossing times of 1–2 sec were used 
for analysis. This criterion was used to warrant a stable velocity of gait, which is of cru-
cial importance because velocity of gait can largely influence gait parameters (Koopmans 
et al., 2007). For each time point at least three runs per animal were analyzed using CatWalk 
XT v8.1 software (Noldus Information Technology, Wageningen). Here we focused on four 
CatWalk parameters that have previously been reported to be affected in rat models of 
SCI. First, stride length (i.e., the distance between two subsequent positioning of the same 
hindpaw; the values of both hindpaws were averaged); second, base-of-support (BOS) (i.e., 
the average distance between the center of the right and left hindpaws during the gait); 
third, print area (i.e., the total area that makes up the print of the hindpaws during gait, 
with the values of both hindpaws averaged); and fourth, mean intensity (i.e., the mean 
grey value of the pixels corresponding to the hindpaw print at maximum contact during 
a step cycle, with values of both hindpaws averaged). BBB scores were obtained before 
surgery and at 1, 3, 5, and 7 days after surgery, and thereafter once a week until the end of 
the experiment (8 weeks after surgery). Because reliable assessment of coordination using 
the BBB scale is limited, CatWalk-based coordination data were integrated into BBB scores 
at 4, 6, and 8 weeks following SCI, as previously reported (Koopmans et al., 2005). 
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A dynamic plantar aesthesiometer (UgoBasile, Collegeville, PA) was used to assess 
sensitivity to mechanical stimuli. The animals were habituated to the testing environment 
for about 30 min until exploration and major grooming ceased. This testing environment 
consisted of transparent plastic boxes positioned on top of a plastic mesh floor. A metal 
probe was applied to the mid-plantar surface of the rat hindpaw, and this probe exert-
ed a gradually increasing force (50 g in 10 sec) until a withdrawal reflex was elicited. The 
threshold evoking a withdrawal reflex was determined for each hindpaw (mean of three 
measurements, referred to as paw withdrawal threshold [PWT]). PWTs were determined 
before surgery and then weekly starting at the second week after surgery. To assess me-
chanical sensitivity, the area under the curve (AUC) of the PWT/time plot was calculated 
for each animal over the 8 weeks following SCI. Thermal sensitivity was determined using 
a thermal plantar algesia instrument (UgoBasile) as previously described (Hargreaves et al., 
1988). Following a habituation period of about 30 min, an infrared laser beam was posi-
tioned at the mid-plantar surface of the rat hindpaw. Before surgery, the intensity of the 
laser was fixed at a degree that elicited a withdrawal reflex of the hindpaws with a latency 
of 10–15 sec; this intensity was maintained throughout the experiment. Three withdrawal 
latencies were determined per hindpaw and averaged for each animal to render the paw 
withdrawal latency (PWL). PWLs were determined before surgery and then weekly starting 
at the second week after surgery. In addition, AUCs were determined as described above.

Histology

After the final behavioral tests at 8 weeks after surgery, the animals were terminally 
anesthetized using an intraperitoneal bolus injection of pentobarbital (180 mg/kg body 
weight). Subsequently they were transcardially perfused with ice-cold saline solution 
followed by ice-cold fixative (4% paraformaldehyde in 0.1M phosphate buffer [PB] with 
15% picric acid, pH 7.4). The spinal cord was then isolated and immersion fixed at 4° C 
overnight. Cryoprotection was commenced by an overnight incubation in 10% sucrose 
(in PB), followed by an incubation in 25% sucrose (in PB) for at least 72 h (all incubations 
were at 4° C). Then each spinal cord was dissected into two tissue samples: a sample with 
a length of about 1.5 cm centered at the lesion epicenter (lesion samples), and a sample 
with a length of about 1.5 cm containing the lumbar region L3–L6 (lumbar samples). Each 
sample was frozen using dry ice powder and stored at -80° C until further use for histo-
logical processing. Cryosectioning was performed on a Leica CM3050S cryostat (Leica 
Microsystems, Bannockburn, IL). The samples were mounted in Tissue-Tek Optimal Cut-
ting Temperature solution (O.C.T.; Sakura FineTek Europe, Zoeterwoude, The Netherlands). 
Transverse sections 30 μm thick were obtained over the range of the spinal lesion site 
and from the L4 and L5 spinal cord; all cryosectioning was performed at a temperature 
of -30° C. All samples were serially cut by taking every 12th section on the same (gelatin-
coated) glass slide. 
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Every 12th section of the lesion site samples was stained with Luxol fast blue (LFB) 
to identify the injury epicenter. A Confocal Spinning Disk (SI-SD) system (MBF Bioscience, 
Williston, VT), consisting of a BX51 microscope (Olympus, San Jose, CA), a customized spin-
ning disk unit (DSU; Olympus), and controlling software (StereoInvestigator; MBF Biosci-
ence) was used for the analysis. For each lesion sample, the total area of spinal tissue in an 
uninjured transverse section was measured. This value was then taken as a reference value 
for that particular lesion sample. Subsequently, the percentage of tissue sparing was deter-
mined as the area of preserved spinal tissue in a transverse section compared to the refer-
ence value of that lesion sample. The section with the lowest percentage of spared tissue 
was assigned as the lesion epicenter. Transverse sections with an interval of 360 μm rostral 
and caudal to this lesion epicenter were analyzed for percentage tissue sparing up to a dis-
tance of 2520 μm away from the lesion epicenter. Every 12th section of the lesion sample 
was stained for glial fibrillary acidic protein (GFAP) to study the scar tissue surrounding the 
central cavity at the spinal lesion site. Samples of each experimental group were investi-
gated for astroglial scar tissue in a blinded manner by two independent observers. 

A stain for ionized calcium-binding adapter molecule-1 (Iba-1) was used to study 
microglia in the L4–L5 spinal cord. Spinal sections were first incubated with blocking so-
lution (Tris-buffered saline with 0.3% Triton-X100 [TBS-T] containing 5% normal donkey 
serum) for 1 h at 4° C; then overnight incubation was performed with primary antibody 
at 4° C (rabbit α-Iba-1; Wako, Osaka, Japan) 1:1000 in TBS-T containing 1% normal donkey 
serum. Staining with rabbit α-GFAP-antibody (1:1000 in TBS-T; Dako, Carpenteria, CA) was 
used to study astroglia in the L4–L5 spinal cord. A donkey α-rabbit-Alexa-488 antibody 
(1:100 in TBS-T; Invitrogen, Carlsbad, CA) was used as a secondary antibody. The stained 
sections were embedded in 80% glycerol/TBS and coverslipped. Photomicrographs were 
taken with identical exposure times using a microscope for detection of fluorescence, and 
an Olympus AX-70 grayscale F-view cooled CCD camera (Paes, Zoeterwoude, The Nether-
lands). For quantitative analysis, cell profiler software (CellP© Olympus) was used, and the 
dorsal horns were delineated as regions of interest (ROI) by drawing a line perpendicular 
to the central canal and then following the shape of the dorsal horn. After background 
signal subtraction, the average grey value (intensity) of the staining was measured in the 
ROI as described elsewhere (Deumens et al., 2009). A total of 10 right and 10 left dorsal 
horns at L4–L5 were analyzed per animal and averaged.

Statistical analysis

All data were analyzed using SPSS 15.0 statistical software. Repeated-measures analysis of 
variance (ANOVA) followed by Bonferroni post hoc corrections was used to test for behav-
ioural differences over time. Subsequently, VEGF treatment effects were tested using the in-
dependent Student’s t-test. Effects of treatment on signal intensities of immunohistochem-
ical stainings were tested using a one-way ANOVA with Bonferroni post-hoc corrections.
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Results

Two out of the 18 vehicle-treated SCI animals were excluded from the study. One animal 
developed ascites during the first week after surgery, and the other animal developed 
a urinary tract infection despite enrofloxacin treatment; it lost more than 20% of its pre-
surgery body weight and was then euthanized for ethical reasons. 

VEGF treatment did not affect chronic motor function

SCI induced a large decrease in BBB score, which gradually recovered over the first week 
(Fig. 1A and B). CatWalk gait analysis was begun when weight-supported stepping of 
hindpaws returned (typically during the second week after injury). Between 4 and 8 weeks 
after injury, CatWalk-based coordination (regularity index) measures were obtained and 
integrated into the BBB score. This resulted in scores around 18 (Fig. 1B), reflecting nearly 
perfect coordination between fore- and hindpaws. In comparison with the control group, 
VEGF-treated animals did not show statistically significantly different scores on the BBB 
test at any time point of the investigation. CatWalk gait analysis showed only limited defi-
cits in motor skills of the rats while crossing the glass runway. No statistically significant 
decrease in stride length (Fig. 1C), or the coordination measure ‘‘regularity index’’ (data 
not shown), could be observed from 4 weeks post-surgery onwards. The BOS (i.e., the dis-
tance between the centers of both hindpaws) was found to be significantly increased in 
vehicle-treated animals after injury compared to baseline (F

3,18 
= 9.8; p < 0.01), which was 

not the case for VEGF-treated animals (Fig. 1D). A reduction in print area of the hindpaws 
after injury was observed for both vehicle-treated (F

3,18
 = 10.7; p < 0.01) and VEGF-treated 

animals (F
3,24 

= 8.5; p < 0.01; Fig. 1E). Moreover, a reduction in mean intensity of the hind-
paws after injury was observed for both vehicle treated (F

3,18 
= 8.9; p < 0.01) and VEGF-

treated animals (F
3,24 

= 6.4; p < 0.01; Fig. 1F). Although reductions of print area and mean 
intensity were significantly lower in vehicle-treated animals than in VEGF-treated animals 
at 6 weeks after injury (p < 0.05), there was no group difference at 8 weeks after injury. 

VEGF treatment slightly attenuated mechanical but not thermal hy-
persensitivity following SCI

Spinal cord contusion injury resulted in a significant drop of PWT to mechanical stimula-
tion of the hindpaws in both vehicle-treated (F

7,42 
= 7.2; p < 0.01) and VEGF-treated ani-

mals (F
7,56

 = 11.6; p < 0.01; Fig. 2A). At baseline, PWTs were elicited at about 33 and 36 g in 
vehicle-treated and VEGF-treated animals, while at 8 weeks after SCI PWTs were reduced 
to 22 and 26 g, respectively. VEGF had a minor therapeutic effect on mechanical hyper-
sensitivity. During 7 weeks following contusion injury, the PWT dropped continuously in 
control animals, whereas the VEGF-treated animals reached a plateau at a lower level of 
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Fig. 1. Unaffected chronic motor outcome following vascular endothelial growth factor (VEGF) treatment of the 

contused spinal cord. Basso-Beattie-Bresnahan (BBB) testing showed strong decreases in scores within the first weeks 

(A), which gradually recovered over the post-operative weeks (B), but no differences were observed between VEGF-treated 

and vehicletreated animals. Stride length of the hind-paws remained unaffected by spinal cord injury (SCI) (C), while base-

of-support (BOS) was only increased at 4 weeks after injury (D). No group differences were found for these two measures. 

Print area and mean intensity of the hindpaws were both decreased following SCI (E and F), and both showed significantly 

lower levels in vehicle-treated animals than in VEGF-treated animals only at 6 weeks after SCI (a.u., arbitrary units; BL, base-

line; VEGFtreated animals, n = 9; vehicle-treated animals, n = 7; *p < 0.05).
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hypersensitivity (Fig. 2A). Using a repeated-measures ANOVA for time, an overall difference 
between VEGF-treated and vehicle-treated animals was detected (F

1,14
 = 5.8; p < 0.05). 

Student’s t-tests showed an approximate 15% reduction in the PWT of VEGFtreated ani-
mals compared to vehicle-treated animals at 7 and 8 weeks post-injury (p < 0.05). This 
quantitatively resulted in an 8% reduction of the AUC for VEGF-treated versus vehicle-
treated animals (Fig. 2B, p < 0.05). The attenuation of mechanical hypersensitivity by VEGF 
was significant at 7 and 8 weeks after SCI (Fig. 2A). The PWL to thermal stimulation of the 
hindpaws was also strongly reduced by SCI (F

7,42 
= 4.5; p < 0.01 for vehicle-treated animals, 

and F
7,56 

= 8.0; p < 0.01 for VEGF-treated animals; Fig. 2C). While PWLs of about 13 sec were 
observed at baseline, group average values of 8 sec were observed at 8 weeks after SCI. 
There was no significant difference between the two groups of animals (Fig. 2C and D). 

Fig. 2. Mechanical but not thermal hypersensitivity were slightly attenuated by vascular endothelial growth fac-

tor (VEGF) treatment. (A) Spinal cord injury (SCI) induced reductions in the paw withdrawal threshold (PWT) to mechani-

cal stimulation of the hindpaws. VEGF treatment resulted in significantly lower reductions of PWT at 7 and 8 weeks after 

injury, and in a statistically significantly higher area under the curve (AUC; B). (C and D) Paw withdrawal latency (PWL) to 

thermal stimulation of the hindpaws was reduced by SCI to a similar degree in vehicle-treated and VEGF-treated animals 

(BL, baseline; VEGF-treated animals, n=9; vehicle-treated animals, n=7; *p < 0.05).
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Astroglial scarring occurred around the spinal cord contusion site

GFAP staining of the injured spinal cord showed clear and dense astroglial scar tissue 
around the cystic cavities at 8 weeks following injury (Fig. 3A and B). The GFAP stain-
ing was too dense to clearly discriminate individual astroglial cells, although occasional 
hypertrophied cell profiles could be detected (arrows in Fig. 3C and D). GFAP staining of 
vehicle treated and VEGF treated animals did not show any apparent differences. 

Spinal tissue sparing was unaffected by VEGF treatment

In order to assess the neuroprotective effects of VEGF treatment, morphometric analysis 
was performed on serial transverse spinal cord sections stained with Luxol fast blue. Only 
residual tissue without inflammatory cell infiltrates such as phagocytic macrophages was 

Fig. 3. Astroglial scarring at the lesion site. (A and B) Low-power microphotographs of the glial fibrillary acidic protein 

GFAP)-immunoreactive scar tissue surrounding the spinal lesion cavity (asterisk) in vehicle-treated and VEGF-treated ni-

mals, respectively. (C and D) High-power microphotographs in which hypertrophied cell profiles can be observed arrows; 

vascular endothelial growth factor [VEGF]-treated animals, n=5; vehicle-treated animals, n=5; SCI, spinal cord njury).
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regarded as spared spinal tissue, and sections containing the lowest amount of spared 
spinal tissue were defined as the lesion epicenter. At the epicentre only a rim of white 
matter remained intact and devoid of inflammatory cell infiltrates at 8 weeks after SCI (Fig. 
4A–D). The amount of spared tissue was no different between VEGFtreated and vehicle-
treated animals (Fig. 4E). 

Fig. 4. Tissue sparing was not affected by vascular endothelial growth factor (VEGF) treatment. (A and C) Luxol fast 

blue (LFB)-stained sections at the lesion epicenter of a vehicle-treated and a VEGF-treated animal, respectively. (B and D) 

These show the traced spared tissue between the dotted and the solid lines. (E) This shows the results of the morphometric 

analysis of tissue sparing at intervals of 360 μm from the lesion epicenter. No differences were observed between VEGF-

treated and vehicle-treated animals (VEGF-treated animals, n=5; vehicle-treated animals, n=5; SCI, spinal cord injury).
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The microglial response to SCI remained unaffected by VEGF

Moderate spinal cord contusion of the thoracic spinal cord resulted in a strong upregula-
tion of microglial Iba-1 staining (Fig. 5A and B). VEGF treatment did not show any overall 
change in staining compared to vehicle treatment (Fig. 5C). At higher magnification, in-
tact naïve animals showed microglial cells with highly ramified morphologies (Fig. 5D), 
while SCI induced hypertrophy of the cell bodies and an increase in the density of cells in 
both vehicle-treated and VEGF-treated animals (Fig. 5E). Quantitative evaluation showed 
a statistically significant upregulation in both vehicle-treated and VEGF-treated animals 
compared to naïve control animals (Fig. 5G). GFAP staining was performed to assess as-
troglial responses at 8 weeks after SCI, but it was unchanged in SCI animals (both vehicle-
treated and VEGF-treated) compared to naïve control animals (Fig. 5H–N).

Discussion

In the present study the effect of repetitive intrathecal delivery of VEGF165 during the 
first week after thoracic spinal cord contusion injury was assessed. We found that VEGF 
treatment had only limited therapeutic effects, which involved a slight but significantly 
attenuated mechanical hypersensitivity of the hindpaws. The extent of tissue loss and 
astroglial scar tissue were unaffected by the treatment, and no lasting improvement in 
functional recovery could be obtained. Microglial responses in the lumbar spinal cord 
were present in VEGF165-treated and vehicle-treated animals, while astroglial responses 
(i.e., GFAP upregulation) were absent at 2 months following injury. 

Neuropathic pain is one of the most debilitating consequences of injury to the 
spinal cord (Felix et al., 2007; Nepomuceno et al., 1979; Siddall et al., 2003). In this study, 
VEGF treatment resulted in a slight but statistically significant attenuation of mechani-
cal, but not thermal, hypersensitivity of the hindpaws. Microglial responses have previ-
ously been shown to play a vital role in mechanical and thermal hypersensitivity at about 
1 month after SCI (Hains and Waxman, 2006). Such microglial responses, classically char-
acterized by morphological transformations such as hypertrophy and retraction of mi-
croglial processes, but also by proliferation, do not only occur at the level of the spinal 
injury, but can extend over several spinal segments (Detloff et al., 2008), and can even 
be detected at supraspinal locations (Zhao et al., 2007b). In the present study, upregula-
tion of the microglial protein Iba-1 was observed in the dorsal horn of the lumbar spinal 
cord in both vehicle-treated and VEGF-treated animals. On the basis of these data, it is 
rather unlikely that microglial changes are involved in the minor reduction in mechanical 
hypersensitivity seen following VEGF treatment. It has to be stated that morphological 
changes are an oversimplified way to look at microglia, as such changes do not provide 
any information about alterations in cellular function. Indeed, microglia are thought to 
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have many different functional states, many if not all of which are characterized by mor-
phological changes (Ransohoff and Perry, 2009). With respect to functional microglial 
states, in particular the expression of the eicosanoid prostaglandin E2 (PGE2) has been 
linked to microglial-mediated hypersensitivity following SCI (Hains et al., 2001; Zhao et al., 
2007a). However, since VEGF treatment did not change thermal hypersensitivity of the 
hindpaws in the present study, and such hypersensitivity depends on PGE2 (Zhao et al., 
2007a), it is unlikely that the VEGF-induced reduction of mechanical hypersensitivity was 

Fig. 5. Lumbar glial responses to spinal cord injury (SCI) in vehicle-treated and VEGF-treated animals. Iba-1 (A–G) 

and GFAP (H–N) staining was performed on the L4–L5 spinal cord of naı¨ve animals (A and D, and h and K, respectively), 

vehicle-treated SCI animals (B and E, and I and L, respectively), and VEGF-treated SCI animals (C and F, and J and M, re-

spectively). Higher magnification shows highly ramified microglia in the lumbar dorsal horn of a naı¨ve control animal 

(D), while SCI with vehicle or VEGF treatment shows hypertrophied microglia and an increased density of microglia in 

the lumbar dorsal horn (E and F, respectively). (G) Quantitative analysis demonstrates significant increases in the intensity 

of Iba-1 staining in the dorsal horn of SCI animals (vehicle-treated and VEGF-treated), compared to naı¨ve controls. (H–J) 

Lowpower photomicrographs of GFAP-stained lumbar spinal cord sections of a naïve control animal (H), a vehicle-treated 

(I), and a VEGF-treated animal with SCI (J). (K–M) High-power photomicrographs of this staining did not show any apparent 

differences in astroglial morphologies or densities, which is in agreement with the quantitative analyses of GFAP staining in 

the lumbar dorsal horn of the three animal groups (N; a.u., arbirtrary units; VEGF, vascular endothelial growth factor; Iba-1, 

ionized calcium-binding adapter molecule-1; GFAP, glial fibrillary acid protein; VEGF treated animals, n = 5; vehicle-treated 

animals, n = 5); **p < 0.01; *p < 0.05).
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due to modified PGE2 signaling. Surprisingly, we did not find any indications of astroglial 
responses in the lumbar spinal cord at 8 weeks after SCI, while astroglial responses are 
often suggested to be involved in symptoms of neuropathic pain (Gwak and Hulsebosch, 
2009; Ji et al., 2006; Nesic et al., 2005; Tanga et al., 2006). Nevertheless, the link between 
such astroglial responses and neuropathic pain symptoms is typically seen within the first 
4–5 weeks, while later time points are not frequently investigated. Interestingly, astroglial 
responses in the lumbar dorsal horn at 3 months after sciatic nerve injury have been 
found to be inversely related to mechanical hypersensitivity (Deumens et al., 2009). 

The VEGF-induced attenuation of mechanical hypersensitivity of the hindpaws 
was only minor, and therefore its physiological relevance remains uncertain. A subset of 
investigations has nevertheless claimed therapeutic effects of VEGF treatment in animal 
models of SCI (Facchiano et al., 2002; Liu et al., 2010; Widenfalk et al., 2003), while others 
have found no effects or even negative effects, including an increase in the permeability 
of the blood–spinal cord barrier (Benton and Whittemore, 2003; Vaquero et al., 1999). Ther-
apeutic effects have been related to enhanced plasticity in neuronal structures, which has 
also been frequently associated with mechanical hypersensitivity (Christensen and Hulse-
bosch, 1997; Deumens et al., 2007b, 2008; Hofstetter et al., 2005). Injured corticospinal 
axons that showed particularly weak spontaneous regenerative responses following SCI 
(Deumens et al., 2005) were found to re-grow following VEGF165 treatment (Facchiano 
et al., 2002). In addition, VEGF has been associated with neuroprotective effects. A single 
4-μg bolus injection of VEGF165 into the damaged spinal parenchyma at the time of 
spinal contusion injury was found to result in enhanced spared spinal tissue (Widenfalk 
et al., 2003). In the present study, no such neuroprotective effects were observed. The 
amount of tissue loss at the lesion epicenter reached up to 90% in both vehicle-treated 
and VEGF-treated animals. 

The lack of neuroprotective effects of VEGF treatment found in the present study 
may be attributable to our treatment design. It was previously shown that intraparen-
chymal injection of 4 μg, but not 1 or 20 μg of VEGF165 resulted in motor improvements 
according to the BBB scale (Widenfalk et al., 2003). In the present study, a total of 4 μg of 
VEGF165 was given intrathecally, equally distributed over a total of eight daily bolus injec-
tions within the first week following injury. Tissue penetration of VEGF165 may be less 
extensive following intrathecal administration compared to intraparenchymal adminis-
tration. Although astroglia also express VEGF receptors (Krum and Rosenstein, 1998; Krum 
et al., 2002), astroglial scar tissue around the spinal lesion site did not appear to be affect-
ed by VEGF treatment. An alternative explanation for the lack of neuroprotective effects of 
VEGF seen in the present study may involve the duration of treatment. In this study treat-
ment was restricted to the first week, because tissue sparing after VEGF165 treatment 
has previously been reported during the first week following SCI (Widenfalk et al., 2003). 
Recent findings show that experimentally-induced upregulation of VEGF at the site of 
spinal cord compression injury for a total of at least 6 weeks substantially reduced tissue 
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loss around the lesion epicenter (Liu et al., 2010). Moreover, BBB scores were significantly 
improved following prolonged elevations in VEGF levels (Liu et al., 2010); however, in our 
study BBB scores were unaffected by VEGF treatment. Of note, CatWalk-based BBB scores 
were found to be particularly high (around 18) from the fourth week onwards, indicating 
the general well-being of the animals in this study. Gait analysis using the CatWalk system 
further showed that the motor impairments seen following moderate spinal cord contu-
sion were relatively mild. Gait analysis can be reliably used to assess motor outcome after 
SCI in the rat (Deumens et al., 2006b, 2006c; Hamers et al., 2006; Koopmans et al., 2007, 
2009). Previously, the base-of-support of the hindpaws was found to be increased by 
spinal cord contusion in female Wistar rats, and this was thought to reflect compensatory 
behavior for an injury-induced reduction in the stability of gait (Koopmans et al., 2006). In 
the present study, the base-of-support was only increased during the first 4 weeks after 
injury, after which pre-operative levels were reached. Stride length of the hindpaw (i.e., 
the distance between two subsequent placements of the same hindpaw), which was 
previously found to be affected following dorsal hemisection injury of the spinal cord 
(Deumens et al., 2006a), remained unaffected after spinal cord contusion. Chronic defi-
cits in motor function were unaffected following VEGF treatment in the present study, 
a finding in agreement with recent results that showed no lasting motor improvement 
induced by VEGF treatment (Patel et al., 2009). 

On the basis of the present study it may be concluded that VEGF has only limited 
therapeutic benefits for the treatment of SCI. It is clear that suboptimal conditions related 
to the treatment design (including dosing, timing, and drug delivery route) may partly ex-
plain the relatively poor therapeutic outcome of VEGF treatment seen in the present study, 
with only mild reductions in mechanical hypersensitivity and transient motor improve-
ments. Nevertheless, VEGF has a rather narrow therapeutic range of action with respect 
to neuroprotection following SCI (Widenfalk et al., 2003). Thus alternative drug candidates 
need to be explored in the search for neuroprotective therapies to improve SCI outcomes. 
Anti-inflammatory therapies may be of interest in this respect, as such therapies may pre-
vent inflammation-induced exacerbation of tissue damage, and some have been reported 
to attenuate SCI-induced hypersensitivity and motor deficits (Gris et al., 2004; Koopmans 
et al., 2009; Park et al., 2007; Plunkett et al., 2001). Nevertheless, anti-inflammatory therapies 
may also interfere with beneficial effects associated with the inflammatory processes seen 
following SCI (Faulkner et al., 2004; Moalem et al., 1999; Schwartz et al., 1999; Sofroniew, 
2005). Other neuroprotective approaches that selectively interfere with apoptosis may 
therefore be more suitable for the treatment of SCI (Citron et al., 2008; Li et al., 2000). 

In conclusion, repetitive intrathecal delivery of VEGF165 over the first week after rat 
spinal cord contusion injury showed only minor therapeutic effects, which included slightly 
attenuated mechanical but not thermal hypersensitivity and unaffected motor outcome. 
Microglial responses, normally linked to SCI-induced hypersensitivity, were present in the 
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lumbar dorsal horn after spinal cord contusion following both vehicle treatment and VEGF 
treatment. Tissue sparing at the lesion site and astroglial scarring were unaffected by VEGF 
treatment. As such, VEGF has only limited beneficial effects on SCI outcomes.
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General discussion

9.1 Modulation of neuroinflammation to treat the injured spinal cord

Detailed knowledge of the processes that occur during the course of inflammation is cru-
cial to enable accurate SCI treatment in place and time. The first minutes to hours after 
injury, are mainly dominated by an innate immune reaction providing a fast, a-specific 
inflammatory response. In the first place this response is driven by glial activation and 
after 24 h after SCI also by neutrophil and macrophage infiltration from the blood (Don-
nelly & Popovich 2008, Popovich & Hickey 2001, Jones et al. 2005, Jones et al. 2002). The 
a-specificity of this early immune response causes so called ‘bystander damage’ due to 
the release of toxic substances (normally to fight pathogens), such as free radicals and 
cytokines by these cells. These processes lead to further tissue destruction after SCI. Ad-
ditionally at approximately one week after SCI also the adaptive immune system is acti-
vated, providing a specific immune response that is characterized by anti-body produc-
tion mainly against myelin debris followed by activation of cytotoxic T-cells (Popovich 

et al. 1997). Nevertheless, the inflammatory reaction following SCI is like a two edged 
blade; on the one hand events occur that are detrimental to the spinal nervous tissue, 
whereas on the other hand events take place that are beneficial and lead to repair of 
damaged tissue. One of these beneficial mechanisms may be the formation of a glial scar 
which occurs during the first week after SCI. The scar creates a barrier which contains the 
inflammation. As such, inhibition of its formation has been associated with worsened 
functional outcome (Faulkner et al. 2004, Bush et al. 1999, Okada et al. 2006). The fact that 
also remyelination and axonal sprouting take place during the inflammatory reaction is in-
dicative of the induction of repair mechanisms after SCI (Hill et al. 2001). Moreover growth 
factor production has been shown to start immediately after SCI and stays elevated up to 
weeks after SCI. The neurotrophic actions of growth factors may be involved in neuropro-
tection and may reduce the detrimental effects of inflammation (Brown et al. 2004, Ikeda 

et al. 2001, Donnelly & Popovich 2008). Despite the dual character of the inflammatory 
reaction, most therapies to modulate inflammation after SCI have been directed towards 
inhibition of the pro-inflammatory events. 

9.1.1  Inhibition of pro-inflammatory events by activation of nuclear hormone 
receptors

The glucocorticoid and nuclear hormone receptor (NHR) agonist methylprednisolone 
(MP) is the only recognized pharmacological treatment to modulate the early inflam-
matory reaction after SCI in humans. In the last decade, other NHR family members have 
been investigated for their anti-inflammatory properties in different animal models of 
CNS inflammation. This increasing amount of data on the effects of PPAR and RAR activa-
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tion in CNS pathologies, including SCI, are described in chapters 2 and 3 of this thesis. 
These reviews provided solid ground to further investigate the possible anti-inflamma-
tory effect of NHR activation in cell cultures and models of SCI, described in chapters 4, 
5, 6 and 7. Chapters 4 and 5 describe the anti-inflammatory effect of RAR activation by 
the natural ligand RA, which was able to reduce the expression as well as the release of 
inflammatory chemokines and cytokines in LPS-challenged primary astrocytes cultures.

Anti-inflammatory effects of NHR are likely to take place via non-genomic actions 
such as direct interference with pro-inflammatory transcription factor activation, such 
as NF-κB activation. The two in vitro studies on RA demonstrate that when RA was given 
as a pre-treatment followed by LPS and a second dose of RA, the anti-inflammatory ef-
fects were stronger then when RA was only administered simultaneous to LPS and no 
pre-treatment was done. This may indicate that the mechanisms underlying the anti-
inflammatory effects of RA not only involve direct interference with pro-inflammatory 
transcription factors such as NF-κB, but that possibly also indirect mechanisms such as 
RA-target gene transcription and de novo synthesis of anti-inflammatory proteins may 
be involved in the anti-inflammatory effects observed. 

Moreover effects of RA were stronger on protein level than on mRNA level, sug-
gesting that the anti-inflammatory effect of RA may also include post-transcriptional 
effects on cytokine release. Investigation of pro-inflammatory transcription factor acti-
vation did not show any interference of RA with signalling of the transcription factors 
NF-κB, STAT3, p38 or pJNK. It should be noted however that nuclear levels of NF-κB were 
measured, and that this only provides information about translocation and not about 
NF-κB DNA-binding activities (Na et al. 1999). Chapter 6 describes the in vivo application 
of RA, demonstrating reduced pro-inflammatory cytokine transcript levels already at 6 h 
after SCI. NF-κB activation was however not measured in this study. Hence molecular 
mechanisms that underlie the anti-inflammatory effects of RA remain largely unclear to 
date. 
Chapter 7 describes the potential anti-inflammatory effect of NHR member LXR. Activa-
tion of LXR by the synthetic ligand T09 after experimental SCI or in primary astrocytes 
challenged with LPS, did not attenuate transcript levels of pro-inflammatory cytokines. 
Nevertheless, others demonstrated cytokine reducing effects on protein level after SCI 
accompanied by attenuated translocation of NF-κB into the cell nucleus, suggesting 
a direct interference of LXR with NF-κB activation (Paterniti et al. in press). This study was 
performed in mice however, and treatment with T09 was performed twice, at 1 h and 
6 h after SCI. In the contrary, we investigated rats that were injected once, immediately 
after SCI. The effect of multiple injections was not tested in our study, and may underlie 
the differences in outcome observed. Alternatively, the lack of effect of LXR treatment 
on pro-inflammatory cytokine transcripts may be explained by different working mecha-
nisms of NHR. LXR may inhibit cytokines only at the protein level, suggesting post-tran-
scriptional effects rather than interference with pro-inflammatory transcription factor 
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signalling may be involved. However to verify whether such mechanisms are indeed in 
question, additional (in vitro) experiments might study whether translation into protein 
can be blocked using an translational inhibitor such as animycin.

9.1.2 Stimulation of anti-inflammatory events by application of growth factors 

The therapies described in chapters 6 and 7 were aiming on inhibition of pro-inflamma-
tory cytokine transcription. Most strategies to limit secondary injury after SCI have been 
directed towards inhibition of the pro-inflammatory events that occur. As previously 
described, the inflammatory reaction following SCI is also characterized by beneficial 
events such as growth factor production that occur simultaneously to the detrimental 
events. So what about aiming at the beneficial effects of inflammation? Are we able to 
achieve neuroprotection and subsequent improved long term outcome when growth 
factor production is boosted? This question was addressed in chapter 8. The growth 
factor VEGF was already shown to exhibit neuroprotective properties after CNS injury, 
including SCI (Widenfalk et al. 2003, Liu et al. 2010 in press, Krum et al. 2008). Effects of 
VEGF treatment on central neuropathic pain (CNP) after SCI were not yet investigated 
however. VEGF was administered intrathecally during the first week after SCI via daily 
bolus injections. This treatment did not improve motor function and had only limited 
beneficial effects on CNP. The limited effect on behavioural outcome was also reflected 
by unaltered lesion size following VEGF treatment, as well as glial activation at lumbar 
levels of the spinal cord. Even when internal VEGF expression levels were elevated via 
a vector construct for 6 weeks after SCI, motor scores were moderately improved which 
was accompanied by improved tissue sparing. Effects on CNP were not investigated 
in this study (Liu et al. 2010 in press). Recently a study appeared demonstrating pain-
inducing effects of VEGF treatment after SCI which was accompanied by growth of 
myelinated axons into the dorsal columns of injured animals (Nesic et al. 2010 in press). 
These data demonstrate that VEGF treatment, if beneficial at all, has only limited neuro-
protective effects after SCI.

9.2. Immunomodulation in place 

Drug treatment at the right place is vital for optimal treatment. The route of administra-
tion of immunomodulating drugs determines the efficacy of a drug as well determines 
the risk of adverse side effects, which are typically associated with systemic administra-
tion of drugs. Methylprednisolone (MP) has not been included in standard care of SCI-
patients worldwide, since its use has been shown to have adverse side effects includ-
ing metabolic complications and increased risk of wound infection. In order to reduce 
adverse side effects, drugs are often applied locally. To determine whether the route of 
application of a drug differentially affects the effectiveness of the drug we administered 
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RA locally via intrathecal catheters, or we applied RA systemically (Chapter 6). Intra-
thecally administered RA up to doses of 100 ng was unable to reduce transcript levels 
of pro-inflammatory cytokines, whereas a high systemic dose was able to do so. 

Although systemic, but not local administration, of RA was able to suppress pro-
inflammatory cytokine expression effectively after SCI, clinical use of systemic RA may 
be limited by adverse side effects. High systemic doses of RA can cause hypervitamino-
sis, a condition where liver capacity is exceeded leading to toxicity and multiple organ 
failure (Hathcock et al. 1990). It may be argued however that such side effects are not 
likely to occur, since only one single high dose was administered. 

9.3. Current concepts of immunomodulation in time

In the search for potential therapeutic targets, increasing attention has been paid under-
standing the molecular events that occur immediately after SCI. The direct mechanical 
damage to neurons, axons, glia cells and blood vessels induces the release of molecules 
that induce glial activation and initiation of secondary inflammation characterized by the 
infiltration of cells from the circulation. Different strategies to interfere with these events 
have been tested experimentally and some are pursued in human clinical trail. The fol-
lowing paragraphs summarize the different molecular targets investigated.

9.3.1. Attenuation of oxidative stress

The impairment of blood flow results in oxidative stress and energy depletion, induc-
ing production of ROS and free radicals that lead to damaged membranes, DNA and 
proteins. As a strategy against this oxidative damage, free radical scavengers, such as 
edaravone (MC-186) and resveratrol (polyphenol in red wine) have experimentally been 
investigated and proven to be effective in experimental SCI (Aoyama et al. 2008, Hashi-
zume et al. 2005, Takahashi et al. 2004, Ates et al. 2006, Kaplan et al. 2005). Erythropoietin 
(EPO) increases the oxygen capacity of the blood and has for that reason been used as a 
drug in patients that suffer from dysfunctional kidneys or anemia. EPO also functions as 
a pro-inflammatory cytokine inhibitor (Savino et al. 2006). In experimental SCI, acute EPO 
treatment increased spared tissue, decreased cavitation, apopotosis and cytokine levels, 
reduced lipid peroxidation and improved motor performance (Kaptanoglu et al. 2004, 
Arishima et al. 2006, Gorio et al. 2002, Gorio et al. 2005). On the contrary, other studies 
reported no beneficial effects of EPO (Mann et al. 2008, Pinzon et al. 2008a). In humans, 
free radical scavengers have not been tested yet, however currently clinical trails for 
the safety and efficacy of EPO (in comparison to MP) in acute SCI were started (http://

clinicaltrials.gov/ct2/home).
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9.3.2 Restoring of energy balance

Energy disbalance is a second major sub-acute problem after SCI. The sudden drop 
in energy levels leads to dysfunction of ion-pumps, and disbalance of electrolytes. Re-
lease of ATP triggers glia cells to become reactive and induces the excessive firing and 
apoptosis of neurons. Blockers of ATP receptors have therefore been proven to be effec-
tive in reducing inflammation after experimental SCI (Peng et al. 2009, Wang et al. 2004) 
Inosine, a nucleoside that is formed by the deamination of adenosine has been shown 
to have neuroprotective properties after SCI in animals (Conta & Stelzner 2008, Liu 

et al. 2006). Though pre-clinical work demonstrated beneficial effects, none of these 
substances have been tested in clinical trails yet. 

9.3.3 Glutamate scavenging

An additional major sub-acute problem after SCI is the excessive release of glutamate, 
which creates a micro-environment that is toxic to neurons and glial cells. This extracel-
lular glutamate is not only derived from damaged neurons, axons and glial cells, but 
also supposed to be due to impaired glutamate handling of glial cells during inflam-
matory conditions (Tilleux & Hermans 2007). This may induce activation of glutamate 
receptors on neurons and glial cells leading to excessive neuronal firing, glial cell toxic-
ity and eventually cell death (Choi 1988, Park et al. 2004, Liu et al. 1999). Inhibition of 
glutamate receptors has been postulated as a possible mechanism to dam the exces-
sive release of glutamate after injury. Nevertheless glutamate is the main excitatory 
neurotransmitter in the CNS and responsible for the majority of neurotransmission in 
the CNS. As such, antagonizing glutamate receptors resulted in unwanted side effects. 
For that reason, glutamate receptor antagonists have not been tested for neuroprotec-
tive effects in human clinical trails after CNS injury.

Antagonizing α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate/ kainate 
(AMPA/KA) receptors by 2,3-dihydro-6-nitro-7-sulfamoyl-benzo(f )quinoxaline (NBQX) 
has been shown to attenuate neurotoxicity after experimental SCI (Wrathall et al. 1997), 
suggesting that targeting non-NMDA glutamate receptors may be beneficial after SCI. 
Although these antagonists have less side effects, clinical trails in humans have not 
been started yet due to sub-optimal pharmacokinetic properties of the drug. Addition-
ally other non-NMDA antagonists, like gacyclidine, a potent and specific phencyclidine 
(PCP) analog, has been shown to be neuroprotective in experimental SCI (Feldblum 

et al. 2000, Gaviria et al. 2000). Moreover in clinical trails of acute SCI, gacyclidine treat-
ment resulted in inconclusive results on improvements in motor performance at 1 year 
follow up. Therefore the drug is not longer pursued for the treatment of SCI.
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Activation of voltage-gated Na+ channels has been associated with excessive 
neuronal firing, cell damage and glutamate release. As such the Na+ channel blocker and 
indirect NMDA receptor blocker riluzole was shown to have protective properties in ex-
perimental SCI (Ates et al. 2007, Schwartz & Fehlings 2001), although glutamate levels 
were not changed (McAdoo et al. 2005). Clinically riluzole has already been approved for 
the treatment of amyotrophic lateral sclerosis and currently clinical trails for the safety of 
this drug in SCI patients have been started (http://clinicaltrials.gov/ct2/home).

9.3.4 Inhibition of gliosis

Glia cells are the first to respond to damaged cells, which makes them an additional sub-
acute therapeutic target after SCI. Damaged neurons, axons, glial cells and blood vessels 
release molecules that trigger glial activation (Zhao et al. 2007, Schachtrup et al. in press, 

Davalos et al. 2005). Glial activation can be detected immediately after the injury, persists 
up to weeks (Popovich & Hickey 2001, Donnelly & Popovich 2008) and spreads into ros-
tral and caudal direction in time (Popovich et al. 1997). The cross-talk between neurons, 
astrocytes, microglia and the vascular system plays a crucial role in this activation pattern. 
Crosstalk between microglia and astrocytes was already elegantly shown by Davalos and 
co-workers where microglia did not respond to laser induced injury when ATP release 
from astrocytes was blocked by a pharmacological agent (Davalos et al. 2005). Astrocytes 
and microglia produce cytokines and chemokines that activate and attract immune cells 
from the blood (Pineau et al. 2010 in press). This property makes glia cells important ini-
tiators of the secondary inflammatory reaction that follows SCI. Inhibition of gliosis can 
therefore be a strategy to prevent initiation of secondary inflammation. 

The broad-spectrum, tetracyclic anti-biotic minocyclin, which is meanwhile known 
for its inhibitory properties on microglial activation (Hains & Waxman 2006, Lai & Todd 
2006, Ledeboer et al. 2005) has been investigated in models of SCI and in is most studies 
proven to have beneficial effects on tissue sparing after SCI (Kwon et al. in press). Treat-
ment with minocycline starting within the first hours after SCI was found to be neuropro-
tective as it attenuated SCI-induced microgliosis, neuronal apoptosis and improved tissue 
preservation and motor outcome (Wells et al. 2003, Festoff et al. 2006, Stirling et al. 2004, 
Teng et al. 2004, Yune et al. 2007), whereas also only moderate neuroprotective effects 
of minocyclin were found (Saganova et al. 2008, Pinzon et al. 2008b). Besides increased 
tissue sparing and motor performance also neuropathic pain behaviour was affected 
by minocycline treatment. SCI-induced decreases in withdrawal thresholds for thermal 
and mechanical stimuli were restored after minocycline treatment starting at day 31 after 
SCI and lasting for 2 days (Hains & Waxman 2006). When minocyline was administered 
immediately after SCI it also prevented the development of mechanical and thermal hy-
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persensitivity (Marchand et al. 2009). Moreover attenuation of activated glia by intrathecal 
propentofylline treatment during the first week after SCI, reduced symptoms of below-
level hypersensitivity (Gwak & Hulsebosch 2009). These data indicate that inhibition of 
gliosis after SCI can be a promising strategy to reduce secondary injury and improve long 
term outcome. Following these promising preclinical data, clinical trials with minocycline 
to assess clinical safety and tolerance of the drug were started in SCI patients (http://clini-

caltrials.gov) and are currently ongoing.

9.3.5 Specific inhibition of cytokines

In experimental models early inhibition of TNFα with infliximab (Genovese et al. 2008, 
Kurt et al. 2009), etanercept (Genovese et al. 2006) or neutralizing anti-TNFα antibodies 
(Lee et al. 2000) reduced downstream inflammatory mediators such as iNOS and COX2, 
reduced tissue loss and apoptosis, improved motor outcome and attenuated hyper-
sensitivity (Marchand et al. 2009) after SCI. These TNFα inhibitors were already tested for 
other inflammatory conditions in humans, such as reumathoid artrithis, Crohn’s disease 
and psoriasis (http://clinicaltrials.gov) and may therefore be also promising candidates to 
modulate inflammation following human SCI. Additionally the protein family of interleu-
kins, including IL-1β and IL-6, have been investigated as potential therapeutic targets in 
experimental SCI as well. Exogenous application of the interleukin 1 receptor antagonist 
(IL-1RA) (an endogenous receptor antagonist that blocks activities of both IL-1α and IL-1β) 
was able to reduce IL-1β mRNA and protein levels, which was accompanied with reduced 
apoptosis after SCI (Nesic et al. 2001). Anakinra, a recombinant form of the human IL-1RA, 
may also hold particular promise in treatment of SCI as it has already been used for the 
treatment of joint pain and structural damage in reumatoid artrithis patients.

Also inhibition of early IL-6 signalling has been proposed as a neuroprotective strat-
egy: inhibition of early IL-6 signalling reduced secondary injury after SCI (Tuna et al. 2001). 
Moreover blocking of the IL-6 receptor resulted in attenuated astrogliosis, reduced infiltra-
tion of blood-borne immune cells and improved motor performance (Okada et al. 2004). 

Antibodies against the human IL-6 receptor (MRA: Tocilizumab) are already used 
in the clinic to treat patients with Castleman’s disease and reumathoid artrithis since 2008 
and 2009, respectively. All together these studies demonstrate that targeting cytokines 
can be a powerful tool to control the inflammatory reaction following SCI. Since cytok-
ines play also an important role in the sensitization of spinal nociceptive networks un-
derlying chronic pain conditions, the previously mentioned drugs could also be promis-
ing candidates to reduce pain after SCI. Experimentally this has already been tested with 
etanercept after SCI and with the IL-1RA in other chronic pain conditions, but not yet with 
the IL-6 receptor antagonists (Marchand et al. 2009, Sweitzer et al. 2001).
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9.3.6 Interference with prostaglandin synthesis

Prostaglandins play an important role in the inflammatory response that follows injury to 
the CNS and are produced by activated glia, injured neurons, but also endothelial cells 
(Resnick et al. 1998, Phillis et al. 2006). Non-steroidal anti-inflammatory drugs (NSAID), in-
cluding naproxen, ibuprofen and aspirin have been tested in a wide variety of experi-
mental inflammatory conditions and their main mechanism of action is thought to be 
mediated by blocking COX2 activity, which is responsible for the production of prosta-
glandins (Phillis et al. 2006, Farooqui et al. 2007). Since prostaglandins are also involved in 
the sensitization of nocicepitve networks, these drugs not only have anti-inflammatory 
properties, but also function as analgesics (Zeilhofer 2007). After experimental SCI, ibu-
profen decreased secondary injury accompanied with improved functional outcome in 
rats (Wang et al. 2009). On the contrary, naproxen did not improve motor outcome (Wang 
et al. 2009). Likewise, data on the use of indomethacin were not conclusive since reduced 
(Harada et al. 2006), improved (Pantovic et al. 2005, Resnick et al. 1998, Simpson et al. 1991) 
and unaffected (Guth et al. 1994, Sharma 2005, Winkler et al. 1993) motor function have 
been reported. Aspirin treatment was shown to have beneficial effects on motor out-
come (Fujita et al. 1985). 

NSAIDs have been shown to reduce pain in experimental settings as well as in 
non-SCI patients and have therefore been tested as analgesics. Whether NSAID also re-
duce secondary injury or pain after SCI has not been tested in clinical trails yet. 

9.3.7 Interference with extravasation 

Extravasation of blood-born immune cells is a key event in the inflammatory reaction 
after traumatic SCI, and plays an important role in the expansion of tissue damage. In the 
extravasation process, integrins expressed on leukocytes bind to adhesion molecules on 
endothelial cells and in that way extravasation of macrophages, neutrophils and lympho-
cytes into the spinal cord parenchyma is facilitated. Anti-CD11d/CD18 integrin antibodies 
reduced infiltration of macrophages and neutrophils, which was accompanied with re-
duced tissue damage, decreased ROS production, lipid peroxidation, apoptosis and pro-
inflammatory gene expression after experimental SCI (Bao et al. 2005, Gris et al. 2005, Gris 

et al. 2009, Weaver et al. 2005). Behaviorally, improvement of motor function and reduc-
tion in mechanical hypersensitivity could be observed (Ditor et al. 2006, Gris et al. 2004, 
Oatway et al. 2005). Anti-integrin antibodies have not been tested yet in clinical studies. 
The infiltration of blood-borne immune cells has however also been associated with re-
pair mechanisms (Hofstetter et al. 2003, Shechter et al. 2009). This dual function of blood 
born cells makes it extremely difficult to limit only the harmful effects of these cells.
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9.4. Immunomodulation following SCI, a lost cause?

As shown in this thesis, many therapeutics have been explored to reduce inflammation 
after SCI, demonstrating limited recovery and improved tissue sparing after experimental 
SCI. Nevertheless, this tremendous set of pre-clinical data resulted in only a few clinical 
trails. Why are many substances not tested in human clinical trails? Obviously data do not 
provide sufficient evidence to start, expensive, time consuming and demanding stud-
ies in humans with SCI. As such the answer to the question why we find only limited 
neuroprotective effects, by inhibiting detrimental or boosting beneficial events after SCI, 
remains unanswered. 

During the fist minutes and hours after SCI, the inflammatory reaction is mainly 
dominated by the innate immune response, which is a-specific and causes bystander 
damage, whereas after one week the more specific adaptive immune system is activated. 
Simultaneously, also beneficial events occur and repair mechanisms are activated. These 
two faces of the inflammatory reaction may underlie the limited effects observed, since 
inhibition of the early detrimental effects may also impair neuroprotective events and re-
pair mechanisms. So the beneficial and detrimental effects that occur after SCI take place 
at the same time and may be inevitably interdependent. This makes it extremely difficult, 
or even impossible to modulate the detrimental or beneficial events separately.

Up to now most strategies have been directed either towards inhibition of dam-
aging events, or towards stimulation of repair mechanisms that occur. 

9.5. So which way should we go then? 

Changing the direction of the inflammatory reaction following SCI, may be a promising 
new strategy to provide therapeutic benefit after SCI. Mukaino and co-workers already 
demonstrated that blocking of the IL-6 receptor using an antibody (MR16-1) adminis-
tered immediately after SCI, changed the character of the inflammatory response.

The inflammatory reaction that normally is characterized by the activation of 
hematogenous macrophages was now microglia-dominated. This change of character 
was also accompanied by reduced expression of the macrophage-recruiting chemokines 
CCL2, CCL5 and CXCL10 and increased expression of microglia mitogen GM-CSF (Mu-
kaino et al. in press). Macrophages are important for the clearance of cell debris; as such 
the phagocytic capacity of the microglia was assessed. Interestingly, microglia showed 
an increased expression of the lysosomal marker LAMP2, phagocytosis marker Mac2 and 
increased engulfment of Oil red O labelled lipids when compared to macrophages (Mu-
kaino et al. in press). These data suggest that microglia-dominated inflammation leads to 
increased tissue clearance after SCI, which is known to be beneficial to axonal re-growth 
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and cell survival (Silver & Miller 2004). The beneficial effects of changing the nature of 
inflammation were also reflected by the analysis of myelin and fibre sparing, which was 
significantly improved in MR16-1 treated animals (Mukaino et al. in press). 

This study points out the importance of studying the different characters of inflam-
matory cells that determine the beneficial or detrimental effects of inflammation. The mo-
lecular cues glial cells encounter early after SCI, may play a crucial role in these different 
activation patterns (Ransohoff & Perry 2009, White & Jakeman 2008). Different activation 
patterns of cells in response to environmental cues could already be observed in mac-
rophages; incubation of macrophages with peripheral nerves and skin resulted in activated 
cells that induced repair (Bomstein et al. 2003, Schwartz et al. 1999), whereas macrophages 
activated by the yeast product, zymosan resulted in activated cells with a detrimental phe-
notype (Popovich et al. 2002). This may also apply to the activation of glial cells early after 
SCI. Whether different activation patterns of glia are able to change the nature of the in-
flammatory reaction needs further investigations in the future however.

As such, it can be suggested that effective treatment of SCI thus may resides in modula-
tion of SCI-induced inflammation in order to change its character rather than to tackling 
detrimental or boosting beneficial effects per se.
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Summary

The aim of the present thesis was to study novel therapeutic approaches to modulate the 
inflammatory reaction that follows experimental SCI to induce improved motor function 
and reduced pain. As early pro-inflammatory cytokine production after SCI is essential for 
the initiation and the maintenance of the inflammatory reaction, as a first strategy the 
cytokine transcript reducing effect of the nuclear hormone receptor ligands retinoic acid 
(RA) and T0901317 (T09) was investigated.

As a second strategy, boosting of beneficial effects of the inflammatory reaction was 
studied via exogenous application of the growth factor VEGF after SCI.

The first chapter of this thesis briefly gives an introduction into the clinical problems that 
arise after damage to the spinal cord. Patients with spinal cord injury not only suffer from 
the devastating consequences of sensory and motor loss, a substantial percentage de-
velops chronic pain after injury. Sufficient pain relief cannot be achieved with the current 
analgesics available and therefore this pain often leads to decreased quality of life, de-
pression and even suicide in SCI patients. This first chapter gives also an impression how 
we study these aspects of long term outcome in animal models of SCI. A crucial event 
that determines long term outcome after SCI is the inflammatory reaction that follows 
the initial damage. As such, this first chapter describes the cellular and molecular events 
that occur during this inflammatory reaction.

The second chapter of this thesis provides information about two members of the nucle-
ar hormone receptor family; peroxisome proliferator activated receptors (PPAR/RXR) and 
retinoic acid receptors (RAR/RXR). This chapter sheds light on how the activation of these 
receptors may be involved in different neurological and psychiatric diseases, and how 
their activation may provide neuroprotection. 

The third chapter of this thesis describes the relevance of PPAR and RAR/RXR activation in 
spinal cord injury. The data demonstrate that RAR/RXR and PPAR/RXR are activated after 
SCI and that targeting PPAR/RXR and RAR/RXR activation by natural or synthetic ligands 
may be able to reduce inflammatory processes after SCI.

Chapter four describes the in vitro testing of RAR/RXR natural ligand all-trans RA as a po-
tential anti-inflammatory agent. To mimic an inflammatory reaction in vitro, primary 
astrocyte cultures were stimulated with bacterial products and RA was administered 
as an intervention method to reduce this inflammatory reaction. The data described 
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in this chapter not only demonstrate the anti-inflammatory effect of RA on chemokine 
production by astrocytes, it also sheds light on the molecular mechanisms that may 
underlie this RA effect.

Chapter five of this thesis demonstrates that the anti-inflammatory effect of RA is not only 
restricted to chemokine production by primary astrocytes. RA also reduced the expres-
sion and production of pro-inflammatory cytokines in vitro.

Chapter six describes the in vivo application of RA as a strategy to reduce pro-inflammatory 
cytokine expression after experimental SCI. Two different routes of application where test-
ed in this study, local application via intrathecal catheters and systemic application via an 
intraperitoneal injection. Only after systemic application, but not after local administration, 
RA was able to reduce transcript levels of pro-inflammatory cytokines. This study points 
out that the route of administration of a drug differentially affects the efficacy of a drug.

Chapter seven describes the application of T09, a ligand for nuclear hormone receptor 
LXR, as a strategy to reduce inflammation after SCI.  T09 was also tested in vitro for its po-
tential pro-inflammatory cytokine gene transcription reducing properties. Unfortunately 
T09 was unable to reduce pro-inflammatory cytokine expression in primary astrocytes 
stimulated with bacterial products, nor was it able to reduce transcript levels of pro-in-
flammatory cytokines in an experimental model of SCI. 

In chapter eight boosting of beneficial effects of the inflammatory reaction was studied 
via exogenous application of the growth factor VEGF. VEGF was administered  during the 
first week after SCI via single intrathecal bolus injections every day. This treatment resulted 
in only limited therapeutical benefit, since glial scar formation, tissue sparing and motor 
performance appeared unaffected after SCI by VEGF treatment. Pain behavior after SCI 
was slightly affected by VEGF treatment; VEGF had a small reducing effect on mechanical 
hypersensitivity, whereas thermal hypersensitivity appeared unaffected.

Finally chapter nine summarizes the results of the studies described in this thesis. It pro-
vides also an overview about the chemical compounds that are used to modulate the 
inflammatory reaction after SCI. This overview shows us that there are many substances 
pre-clinically tested, whereas only a few are in clinical trails yet. So probably these pre-
clinical data give insufficient confidence to start human clinical trails? But why do we find 
than only limited beneficial effects pre-clinically? This gives us some reason to consider 
the way we think about inflammatory reactions in general. We now focused mainly on ei-
ther stimulating beneficial or inhibiting detrimental events after SCI, although both events 
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occur often simultaneously along the course of inflammation. Good and bad events may 
be inevitably interdependent on each other, which makes it very difficult or even impos-
sible to achieve neuroprotection by just boosting good or reducing bad events. 

Changing the character of inflammation may be a good alternative that may provide 
neuroprotection after SCI. A crucial role within this concept may be dedicated to different 
activation patterns of glial cells that result from the molecular cues these cells encounter. 
Modulation of glial activation patterns may be able to change the nature of the inflam-
matory reaction to achieve effective treatment for SCI.





Samenvatting

Het doel van het huidige proefschrift was om nieuwe therapeutische strategieën te tes-
ten die de ontstekingsreactie die volgt na een dwarslaesie kunnen moduleren, om uit-
eindelijk ervoor te zorgen dat motor uitkomst verbeterd en pijn verminderd wordt na 
dwarslaesie. Sinds vroege productie van pro-inflammatoire cytokinen een essentiële rol 
speelt in het ontstaan en onderhouden van deze ontstekingsreactie, werd als eerste stra-
tegie het transcriptie verminderende effect op pro-inflammatoire cytokinen onderzocht 
door toediening van de liganden voor nucleaire hormoon receptoren retinolzuur (RA) en 
T0901317 (T09).

Als tweede strategie werd er gekeken wat het effect was van het stimuleren van de goede 
effecten van een ontstekingsreactie, zoals door het additioneel toedienen van de groei-
factor VEGF na dwarslaesie.

Het eerste hoofdstuk geeft kort een inleiding in het klinische probleem dat onstaat in 
patiënten met een dwarslaesie. Patiënten met een dwarslaesie lijden niet alleen onder 
de ernstige concequenties van het niet kunnen lopen en gevoelloosheid, een aanzienlijk 
gedeelte ontwikkelt ook chronische neuropathische pijn. Deze pijn kan niet behandeld 
worden met de huidige voorhanden medicatie en leidt daardoor vaak tot een sterk ver-
minderde kwaliteit van leven in deze patiënten. Depressie en zelfmoord komen dan ook 
niet zelden voor. Dit eerste hoofdstuk geeft ook een idee over hoe we deze aspecten 
van lange termijn uitkomsten na dwarslaesie kunnen nabootsen en bestuderen in dier-
modellen. Een cruciale gebeurtenis, die ook de lange termijn uitkomsten na dwarslae-
sie bepaald, is de ontstekingsreactie die volgt op de initiële schade aan het ruggemerg. 
Daarom beschrijft  het eerste hoofdstuk van dit proefschrift de cellulaire en moleculaire 
gebeurtenissen die plaatsvinden gedurende deze ontstekingsreactie. 

Het tweede hoofdstuk van dit proefschrift geeft informatie over twee receptoren die 
behoren tot de familie van nucleaire hormoon receptoren, en wel peroxisome prolifera-
tor activated receptor (PPAR/RXR) en de retinolzuur receptoren (RAR/RXR). Dit hoofdstuk 
licht toe hoe activatie van deze receptoren betrokken kan zijn in verschillende neuro-
logische en psychiatrische ziekten en hoe activatie van deze receptoren mogelijk tot 
neuroprotectie kan leiden.
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Het derde hoofdstuk van dit proefschrift beschrijft de relevantie van PPAR/RXR en RAR/
RXR activatie na dwarslaesie. De data beschreven in dit hoofdstuk laten zien dat RAR/RXR 
worden geactiveerd na dwarslaesie en dat het activeren van PPAR/RXR en RAR/RXR door 
natuurlijke dan wel synthetische liganden mogelijk zou kunnen leiden tot een vermin-
derde ontstekingsreactie na dwarslaesie.

Het vierde hoofdstuk van dit proefschrift beschrijft het bestuderen van het mogelijke 
anti-inflammatoire effect van retinolzuur, het natuurlijk ligand voor RAR/RXR. Om een 
ontstekingsreactie in vitro na te bootsen werden primaire astrocyten bloot gesteld aan 
producten van bacteriën. Dit veroorzaakt een ontstekingsreactie in astrocyten wel-
ke gepaard gaat met de productie en expressie van ontstekingsfactoren. Retinolzuur 
werd als interventie methode gegeven om deze ontstekingsreactie tegen te gaan, wat 
resulteerde in verminderde chemokine expressie en productie door deze cellen. Dit 
hoofdstuk licht ook toe welke moleculaire mechanismen ten grondslag liggen aan dit 
chemokine verminderende effect.

Hoofdstuk vijf van dit proefschrift laat zien dat het ontstekingsremmende effect van re-
tinolzuur zich niet alleen beperkt tot verminderde chemokine afgifte door astrocyten. 
Productie van ontsteking stimulerende cytokinen door astrocyten bleek namelijk ook 
verminderd door behandeling met retinolzuur. 

Het zesde hoofdstuk van dit proefschrift beschrijft de toepassing van retinolzuur als een 
strategie om cytokine expressie te verminderen in een model voor dwarslaesie. In dit ex-
periment werden twee routes van toepassing van retinolzuur onderzocht, enerzijds werd 
het retinolzuur locaal gegeven via een intrathecale catheter, anderzijds werd het retinol-
zuur systemisch gegeven via een intraperitoneale injectie in de buikholte. Retinolzuur was 
alleen na systemische toediening in staat om transcriptie niveaus van pro-inflammatoire 
cytokinen te remmen, niet na locale toediening. Deze studie benadrukt dat de route van 
toepassing van een medicament de effectiviteit van een medicijn verschillend bepaald.  

Hoofdstuk zeven laat de toepassing van T09, welke een ligand is voor de nucleaire hor-
moon receptor LXR, als een strategie om genexpressie van ontsteking stimulerende cy-
tokinen te remmen in een model voor dwarslaesie. T09 werd ook in getest in primaire 
astrocyt culturen gestimuleerd met bacteriële producten als mogelijk cytokine expressie 
verminderend medicament. Helaas was T09 niet in staat expressie van cytokinen te rem-
men in primaire astrocyten. Eveneens in het model voor dwarslaesie was T09 niet in staat 
de expressie van cytokinen te verminderen.
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In hoofdstuk 8 werd onderzocht of het stimuleren van de goede effecten van een ont-
stekingsreactie door het exogeen toedienen van de groeifactor VEGF can leiden tot neu-
roprotectie en functionele verbeteringen na experimentele dwarslaesie. VEGF werd ge-
durende de eerste week na dwarslaesie gegeven via een intrathecale catheter bestaande 
uit een enkele bolus injectie per dag. Deze behandeling leidde echter maar tot beperkte 
therapeutische verbetering na dwarslaesie. Litteken weefsel vorming door glia cellen, 
weefsel sparing en motorische verbeteringen bleken niet veranderd door de behande-
ling met VEGF. Ook werd er in deze studie naar pijn-gedrag gekeken van geletselde  die-
ren; VEGF bleek een klein verbeterend effect te hebben op mechanische hypersensitivi-
teit, thermische hypersensitiviteit bleek echter niet veranderd.

Het laatste hoofdstuk vat de resultaten van dit proefschrift samen. Het geeft ook een 
overzicht over de literatuur die al bekend is over verschillende pre-klinisch onderzochte 
therapieën met het oog op het verkrijgen van neuroprotectie na dwarslaesie. Dit over-
zicht laat ons zien dat al vele medicamenten pre-klinisch getest zijn voor hun neuropro-
tectieve eigenschappen, hoewel er momenteel maar weinig medicamenten daadwer-
kelijk in clinische trails getest worden. Blijkbaar bieden deze pre-klinische studies dus 
onvoldoende vertrouwen, om klinische trails in mensen met dwarslaesie te starten. Maar 
hoe komt dit dan, dat we eigenlijk maar beperkte neuroprotectieve effecten vinden van 
de medicamenten die we pre-klinisch testen? Dit geeft stof tot nadenken over hoe wij 
momenteel tegen een ontstekingsreactie aankijken.  We hebben onze strategieën nu 
vooral gericht op het enerzijds remmen van slechte effecten, dan wel het anderzijds sti-
muleren van de goede effecten van een ontstekingsreactie, terwijl vele van deze goede 
en slechte effecten juist gelijktijdig plaatsvinden. Goede en slechte gebeurtenissen gaan 
misschien hand in hand en zijn daardoor onlosmakelijk met elkaar verbonden gedu-
rende de ontstekingsreactie. Dit maakt het wel heel moeilijk of misschien wel onmogelijk 
om neuroprotectie te bereiken door enkel en alleen goede dan wel slechte effecten te 
stimuleren dan wel te remmen.

Een goed alternatief om neuroprotectie te bereiken, kan het veranderen van het karakter 
van een ontstekingsreactie na dwarslaesie zijn. Een cruciale rol binnen dit concept kan 
weggelegd zijn voor de verschillende activatie patronen die glia cellen kennen als reactie 
op de moleculen die deze cellen tegenkomen. Modulatie van deze activatie patronen 
kan er misschien toe leiden dat een ontstekingsreactie anders verloopt en dat dit ge-
paard gaat met een meer behoudende aard en neuroprotectie. 
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