
 
From the DEPARTMENT OF CLINICAL NEUROSCIENCE 

Karolinska Institutet, Stockholm, Sweden 

 

NMDA RECEPTORS IN 
NEURODEGENERATION 

Studies on NMDA receptor subunit expression preceding 

ischemia-induced delayed nerve cell death 

 

Olof Bendel 

 

 
Stockholm 2008 

 
  
 



 
 

All previously published papers were reproduced with permission from the publisher. 
 
Published by Karolinska Institutet. Printed by Karolinska University Press 
 
© Olof Bendel, 2007 
ISBN 978-91-7357-477-8 



 

 

ABSTRACT 
NMDA receptors are glutamate-gated ion channels that are permeable to Ca2+. NMDA 
receptors are tetramers formed by a combination of subunits. In the present thesis, we 
describe the novel NR3B subunit that we cloned in mouse and human. NR3B was 
found to be expressed in the adult rat and human central nervous system (CNS). Also, 
human NR3A was cloned and it's expression in the adult human CNS was investigated. 
In addition, we identified, cloned, and characterized tissue expression of a previously 
unknown gene, which we named membralin because it contains several transmembrane 
regions. Notably, the genes that encode membralin and NR3B were found to be 
oriented in an anti-parallel fashion, both in the mouse and the human genomes.  
 Excessive Ca2+ influx through NMDA receptors is a major mechanism for 
neurodegeneration following stroke and brain trauma. To better understand the 
mechanisms behind NMDA-dependent neurodegeneration, we used, developed, and 
characterized three injury models in the rat: crush injury in entorhinal hippocampal 
slices, global ischemia, and subarachnoid hemorrhage. Temporal and regional patterns 
of cell death were evaluated in these models with focus on delayed cell death.   
 Crush-injury in slices induced two phases of cell death, including an early phase 
that peaked within a day after injury and a delayed phase that appeared at 4 DAI. 
Treatment with the NMDA receptor antagonist MK-801 (30 μM) for 2 h at the time of 
the injury prevented the delayed but not the early phase of cell death. Also, we 
analyzed the inflammatory response at various time-points after crush-injury. Two 
complement components: C1q and C5b-9 and the complement inhibitor clusterin were 
dramatically up-regulated after injury. These studies indicate that delayed cell death in 
this model is dependent on NMDA receptor activation and that the complement 
cascade can be activated in vitro, without the influence of exogenous blood products 
and cells.  
 A new reproducible global ischemia model was developed. Eleven min of global 
ischemia induced delayed cell death of CA1 neurons in the hippocampus, as shown by 
Fluoro-Jade, cresyl-violet and NeuN staining. The death of CA1 neurons was correlated 
to deficiencies in learning and memory, as analyzed using the Morris water maze and a 
novel water T-maze. At 90 days after ischemia, new CA1 neurons had formed, 
associated with a marked recovery in learning and memory. At 250 days after ischemia, 
the ischemia-induced new neurons were found to degenerate in association with the 
appearance of Ca2+ deposits, but without significant attenuation of learning and 
memory performance.  
 In a model of subarachoidal hemorrhage, we demonstrated delayed nerve cell 
death in CA1 and CA3, and found the extent of cell death to relate to the severity of the 
transient ischemia. 
 We found that the delayed nerve cell death in both the global ischemia model and 
in the subarachnoid hemorrhage model was preceded by down regulation of specific 
NMDA receptor subunits, with somewhat different profiles in the two models. Also the 
total number of NMDA receptors was found to be decreased using [3H]MK-801 
autoradiography.  
 These studies may give a better understanding of the role of NMDA receptors in 
delayed neurodegeneration, and provide a basis for the development of new 
neuroprotective treatments. 
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1 INTRODUCTION 
 
1.1 GLUTAMATE RECEPTORS 

Glutamate is the major excitatory neurotransmitter in the mammalian CNS. This 
charged amino acid is stored in synaptic vesicles ready to be released in the synaptic 
cleft as neurons communicate. Once released, glutamate acts on nearby receptors 
primarily localized at the postsynaptical side of neighboring neurons. There are two 
major groups of glutamate receptors: metabotropic and ionotropic glutamate receptors.  
Metabotropic glutamate receptors (mGluRs) are coupled to G-proteins and mediate 
their action via second messenger systems mobilizing calcium from internal stores. 
Ionotropic glutamate receptors (iGluRs) are ligand-gated ion channels 
pharmacologically divided into three major families named by their most specific 
agonist: 2-amino-3-(3-hydroxy-5-methylisoxa-proprionate (AMPA), kainate, and N-
methyl-D-aspartate (NMDA). 
 
1.2 NMDA RECEPTOR SUBUNITS 

NMDA receptors are made up by multiple subunits, which are encoded by separate 
genes. The relatively high homology between NMDA receptor genes suggests that they 
evolved from a common ancestor by gene duplication. Their ligand-binding domains 
and ion-channels motifs are particularly conserved, and sequence information from 
these regions have been extremely useful in the molecular cloning and identification of 
new glutamate receptor subunits.  
In the early 1990s, the NR1 sequence was first obtained in rat (Moriyoshi, et al., 1991) 
and later in mouse (Yamazaki, et al., 1992) and the human (Karp, et al., 1993, Planells-
Cases, et al., 1993, Zimmer, et al., 1995). Four NR2 subunits: NR2A-D have been 
identified and characterized; in rat: (Monyer, et al., 1992), in mouse: (Ikeda, et al., 
1992, Kutsuwada, et al., 1992, Meguro, et al., 1992, Suchanek, et al., 1995), and in the 
human: (Adams, et al., 1995, Foldes, et al., 1994, Lin, et al., 1996). More recently, the 
rat NR3A subunit was identified by two independent groups (Ciabarra, et al., 1995, 
Sucher, et al., 1995) using a PCR-cloning approach. Hence, one NMDAR1 (NR1), four 
NMDAR2 (NR2A-D) and one NMDAR3 (NR3A) subunit had been described before 
this work was initiated, and NR3A had only been cloned in the rat. 
 
Each of the NMDA receptor subunits shows a unique spatial and temporal pattern 
during CNS development. In the adult rat, the NR1 mRNA is ubiquitously expressed in 
high levels throughout the CNS (Moriyoshi, et al., 1991). NR2A mRNA is abundant in 
the hippocampus, cerebral cortex and the cerebellum, whereas NR2B mRNA is 
predominantly distributed to forebrain structures including the hippocampus and 
cerebral cortex (Ishii, et al., 1993, Monyer, et al., 1992). NR2C mRNA is profoundly 
expressed in the cerebellum, whereas most other brain structures including the 
hippocampus, striatum and neocortex have modest levels of this subunit. NR2D mRNA 
is primarily restricted to diencephalic and lower brain stem regions (Ishii, et al., 1993). 
NR3A mRNA in the rat is predominantly found during early postnatal development 
(Sucher, et al., 1995).  
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1.3 BASIC NMDA RECEPTOR PROPERTIES 

NMDA receptors are heteromeric protein complexes containing various combinations 
of the NR1, NR2A-D and NR3A subunits. Each subunit has three transmembranic 
hydrophobic segments (M1, M3 and M4) and one hydrophobic loop (M2) in the middle 
of the molecule (Chen and Lipton, 2006). The M2 segment forms an intramembrane 
loop (M2), which is thought to control fundamental ion channel functions (Dingledine, 
et al., 1999). The functional NMDA receptor is most likely made up by four subunits, 
and at least one NR1 subunit and one of the four NR2 subunits appear to be essential 
for receptor function (Paoletti and Neyton, 2007). Newly assembled NMDA receptors 
are primarily transported to postsynaptic terminals and anchored at post synaptic 
densities (PSD) through interactions with a variety of other synaptic and cytoskeleton  
proteins (Perez-Otano and Ehlers, 2005). The properties of the NMDA receptor are 
strongly dependent on its subunit composition (Dingledine, et al., 1999). For example, 
NR1 plays a central role in NMDA receptor trafficking at the synapse, because this 
subunit is essential for surface expression (Nong, et al., 2003, Perez-Otano, et al., 
2001). Each of the NR2 subunits contains extracellular ligand-binding sites for 
glutamate (Laube, et al., 1997), whereas the corresponding site for the NR3A subunit 
binds glycine (Chatterton, et al., 2002, Nilsson, et al., 2007).  
 
NMDA receptors display a number of unique properties that distinguish them from 
other iontropic receptors. First, the ion channels of NMDA receptors are blocked by 
extracellular Mg2+ ions at resting potentials and open only upon depolarization and 
agonist binding (Mayer, et al., 1984, Nowak, et al., 1984). Second, the simultaneous 
binding of glutamate and glycine are required for channel opening (Benveniste and 
Mayer, 1991, Kuryatov, et al., 1994, Laube, et al., 1997). The binding of glycine alone 
primes the internalization of the NMDA receptor complex, linking neuronal activity to 
synaptic plasticity (Nong, et al., 2003). Third, the NMDA receptor channel is highly 
permeable to Ca2+ unlike most of the other iontropic receptors belonging to the AMPA 
or kainate families (Arundine and Tymianski, 2003). Like AMPA and kainate 
receptors, NMDA receptors are permeable to an influx of Na+ and out-flux of K+ ions. 
 

Figure 1: The tetrameric structure of the NMDA receptor. Upon agonist binding (glutamate 
and glycine) and depolarization of the cell membrane, the receptor mediates Ca2+ and Na+ 
influx and K+ outflux. © Annicka Istemo 
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The subunits are expressed in varying combinations throughout the CNS, and thus 
responsible for conferring distinct pharmacological and functional properties to the 
receptor complex. NR1/NR2A and NR1/NR2B channels have a stronger voltage 
dependence of Mg2+ ions than NR1/NR2C and NR1/NR2D channels (Monyer, et al., 
1994). NMDA receptors have a relative slow onset and offset of the current response 
after a pulse of high glutamate in comparison to other glutamate activated ion-channels 
(Johnson and Ascher, 1987). NR1/NR2A channels desensitize with a time constant of 
100 ms, whereas the NR1/NR2B and NR1/NR2C combinations equally desensitize 
with a time constant of 380 ms. The NR3A subunit works in a dominant-negative 
manner (Ciabarra, et al., 1995, Das, et al., 1998, Sucher, et al., 1995). When co-
expressed with NR1 and NR2 subunits in oocytes, NR3A subunits reduce the whole 
cell currents, the single-channel conductance and Ca2+ permeability of NMDA 
receptors.  
 
NMDA receptor activity is regulated by many protein kinases: including protein kinase 
A (PKA), protein kinase C (PKC), Ca2+- calmodulin dependent protein kinase II 
(CaMKII), cyclin-dependent kinase 5 (CDK5) and members of the Src families of 
tyrosine kinases (Wang, et al., 2006). Phosphorylation by these kinases are thought to 
alter ion channel properties and NMDA receptor trafficking. Moreover, a variety of 
endogenous factors in the CNS, including Zn2+ ions, nitric oxide, polyamines, steroids, 
and protons regulate NMDA receptor responses (Waxman and Lynch, 2005).  
 
1.4 GLUTAMATE EXCITOTOXICITY  

Cerebral ischemia may result from a variety of pathological conditions such as cardiac 
arrest, stroke, and brain trauma that reduce the blood flow to the brain. Neurons are 
particularly vulnerable to ischemia because they lack any substantial pool of stored 
energy, and are thus totally dependent on a continuous uptake of glucose (and lactate) 
from the extracellular space (Kahlert and Reiser, 2004). Reduction of the blood flow to 
the brain rapidly depletes this pool of energy and the oxygen molecules. This situation 
becomes excitotoxic to certain neurons as massive amounts of neurotransmitters are 
accumulated in the extracellular space. Particularly damaging is the raise in glutamate 
(Olney, et al., 1986), which is dually caused by excessive release of glutamate from 
pre-synaptic terminals and the inhibition of its re-uptake systems (Chen and Lipton, 
2006). NMDA receptors become over-activated by the increased levels of glutamate, 
and mediate an excessive influx of Ca2+ ions (Choi, 1987). The intracellular Ca2+ 
homeostasis is further disrupted by the shutdown of all energy dependent Ca2+-
regulatory mechanisms (Kristian and Siesjo, 1998). Altogether, the result is a massive 
disturbance of the ion homeostasis. Such glutamate excitotoxicity has been suggested 
to be involved in a large number of brain disorders, but the exact mechanism by Ca2+ 
ions mediate neuronal cell death is less clear.  
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1.5 THE COMPLEMENT SYSTEM AND INFLAMMATION 

It has lately been shown that increased concentrations of glutamate and [Ca2+]o can 
activate the complement in vitro, linking excitotoxic neurodegeneration to complement 
activation (Xiong and McNamara, 2002). The complement system is capable to 
recognize foreign antigens and targeting them for destruction, either directly or by 
recruiting phagocytic cells (Gasque, et al., 2000). This system has a unique ability to 
discriminate between self and non-self and its activation may result in a cascade of 
events leading to opsonisation of “foreign antigens”, macrophage recruitment, 
increased cytokine production and the formation of the membrane attack complex 
(MAC) in membranes of injured or infectious cells (van Beek, et al., 2003). The 
complement system includes more than 30 soluble and membrane proteins (Esser, 
1991, Kinoshita, 1991). The classical pathway of complement involves a number of 
complement proteins (C); C1q, C1r, C1s, and C2 to C5. Briefly, it begins with the 
synthesis and release of C1q, which has the ability to directly or indirectly via 
immunoglobulins bind foreign antigens. It continues with the proteolysis of C2 and C4 
and the subsequent formation of C3 convertase (C4bC2a), which catalyzes the cleavage 
of C3 into C3a and C3b. This pathway culminates with formation of the C5 convertase 
(C4bC2aC3b) and its cleavage of C5 into C5a and C5b. The terminal pathway of 
complement involves the sequential association of soluble plasma proteins (C6-C9) 
with C5b into a multimolecular complex, the membrane attack complex (MAC or C5b-
9). MACs are formed on and inserted in the cell membranes of infectious organisms or 
injured cells, thereby opening leaky ion channels that allow an uncontrolled influx of 
water and ions (Esser, 1991). Clusterin is a multifactorial protein that inhibits the action 
of the terminal pathway, by binding to C5b-7 (Tschopp, et al., 1993). 
 
Studies have shown that the complement cascade is activated following experimental 
brain ischemia and trauma (Bellander, et al., 1996, Schafer, et al., 2000), as well in the 
ischemic and traumatized human brain (Bellander, et al., 2001, Pedersen, et al., 2004). 
High levels of C1q were found in areas of tissue damage, particularly in the CA1 
region following global ischemia, and in the penumbral zone following experimental 
contusion, and this was probably due to an increased synthesis of C1q by activated 
microglia (Bellander, et al., 1996, Schafer, et al., 2000). In contrast, low levels of 
complement proteins are found in the physiological brain. However, the levels of 
complement proteins increase upon injury either due to a passive leakage through a 
disrupted blood brain barrier (BBB), or to an increased biosynthesis of complement by 
resident cells in the CNS and/or infiltrating cells from the blood (Rus and Niculescu, 
2001). The complement inhibitor clusterin was found to be present in the border zone 
of cerebral contusions, both in an experimental rat model (Bellander, et al., 1996), as 
well as in the traumatized human brain (Bellander, et al., 2001).
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1.6 EXPERIMENTAL MODELS OF NEURODEGENERATION 

To learn more about brain pathologies in man, a great number of injury models have 
been developed, both in vivo and in vitro.  
 
1.6.1 The hippocampal slice culture 

Organotypic hippocampal slices have become widely used because many of the brains 
intrinsic properties remain in in-vitro (Gahwiler, 1981, Stoppini, et al., 1991). The 
slices are mature enough to be used after 1 week in culture, as the initial phase of cell 
death and the rearrangements of the synaptic circuitry slow down (Stoppini, et al., 
1991). In hippocampal slice cultures, all neuronal and glial cell types appear to survive, 
but oligodendroglia and ciliated ependymal cells are rarely found (Beach, et al., 1982, 
Gahwiler, et al., 1997, Stoppini, et al., 1991). Pyramidal neurons closely resemble their 
in-vivo counterparts in shape and size, but granule neurons of the dentate gyrus appear 
to be less in numbers and changed in their morphology, possibly due to the lack of 
input from the entorhinal cortex. Moreover, a method to prepare the entorhinal-
hippocampal slice culture, which partly preserves the perforant path, has lately been 
described (Kluge, et al., 1998). The hippocampal slice culture is, unlike the brain, 
accessible at the cellular level, and injury induced changes can easily be manipulated 
and monitored. By using the fluorescent dyes such as propidium iodide, one can study 
the progression of cell death following experimental injury in vitro (Macklis and 
Madison, 1990). Acute cell death in slices is usually induced by hypoxia or excitotoxic 
insults, but the phenomenon of delayed cell death (developing over days) has not yet 
been described in a satisfactory manner in slices.  
 
1.6.2 Global ischemia  

Stroke is primarily a disease of vascular occlusion, and the size of the subsequent 
infarction is highly dependent on the severity, duration and the site of the local cerebral 
blood flow (CBF) reduction (Heiss, et al., 2001). Several animal models have been 
developed to understand the underlying mechanisms behind stroke. Global ischemic 
insults are most commonly produced by vessel occlusion, and less commonly by 
complete circulatory arrest. In rat, the two most popular global ischemia methods are 4-
vessel occlusion (4-VO) and 2-vessel occlusion (2-VO) (Pulsinelli, et al., 1982, Smith, 
et al., 1984). Both methods involve bilateral occlusion of the carotid arteries, but their 
approach to reduce the vertebral blood flow differ. The vertebral arteries are 
permanently occluded in 4-VO, whereas the blood flow through these arteries are 
minimized in 2-VO by lowering the blood pressure to approximately 50 mm Hg. Two 
general techniques are employed to induce such hypotension, either by exsanguinations 
or by chemical manipulations (McBean, et al., 1995, Smith, et al., 1984). In the first 
model, a large volume of blood is withdrawn from one jugular vein immediately 
before, and then re-injected after, the occlusion (Smith, et al., 1984). The second 
utilizes the intrinsic hypotensive effect of halothane to induce hypotension (McBean, et 
al., 1995). This model leaves the blood circulation to and from the brain completely 
intact, because it does not require the implantation of a catheter in and subsequent 
ligation of the jugular vein as in exsanguinations 2-VO models. Neither does it require 
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the usage of heparin, which is otherwise needed as the shed blood is re-injected into the 
rat following the occlusion period.  
 
1.6.3 Subarachnoid hemorrhage  

Spontaneous subarachnoid hemorrhage (SAH) represents 5–10% of all stroke incidents, 
and is a major cause of permanent disability and death in adult humans (van Gijn and 
Rinkel, 2001). Ruptured aneurysms are the predominant cause of SAH, which is 
defined as the deposition of blood in the subarachnoid space. Approximately 70 % of 
the patients with ruptured aneurysms develop cerebral vasospasm, i.e. the contraction 
of cerebral arteries, a devastating condition that generally appears 3-4 days after SAH, 
peaks at 7-10 days and diminishes over a period of 2-4 weeks (Zhang, et al., 1998). 
Such vasospasms may reduce the CBF enough to create delayed ischemia (Hijdra, et 
al., 1986), but see (van Gijn and Rinkel, 2001). The perforation SAH model closely 
resembles the features of an aneurysmal rupture (Bederson, et al., 1995). In this 
experimental model, a sharpened suture is introduced through the external carotid 
artery (ECA) and advanced through the intracranial internal carotid artery (ICA) to the 
point where the middle cerebral artery (MCA) and the anterior cerebral artery (ACA) 
branch off. SAH develops momentarily as the sharpened suture is advanced through the 
artery wall at the bifurcation point between MCA and ACA. This model closely 
resembles the mechanisms and the blood distribution of an aneurysmal rupture, but the 
amount of hemorrhage cannot be controlled and it has a high mortality rate (Prunell, et 
al., 2003).  
 
1.7 NEURODEGENERATION  

The hippocampal formation is a particularly vulnerable brain structure that basically 
includes three regions: the hippocampus, the dentate gyrus and the subiculum (Barr and 
Kiernan, 1983). CA1 neurons in the hippocampus are especially susceptible to ischemic 
insults, whereas CA3 neurons appear to be more vulnerable to brain trauma (Colicos, et 
al., 1996). The NMDA receptor antagonist MK-801 attenuates ischemia-induced cell 
death of CA1 neurons, both in vitro (Laake, et al., 1999) and in vivo (Olsson, et al., 
2003, Zhang, et al., 1997). Delayed neuronal death was first described in the dorsal 
CA1 region of the hippocampus following global ischemia (Kirino, 1982, Pulsinelli, et 
al., 1982). This specific form of neurodegeneration is characterized by the 
exceptionally long duration between the insult and manifestation of major cell damage, 
as the first morphological signs of neuronal damage usually appear within 1-3 days. 
However, approximately 5-10% of pyramidal CA1 neurons in the dorsal region, most 
CA3 neurons, and the majority of CA1 neurons in the caudal region appear to be 
relatively tolerant to ischemia (Smith, et al., 1984, Sugawara, et al., 2002). Hilar 
neurons, but not granule cells, of the dentate gyrus are also susceptible to ischemic 
insults (Pulsinelli, et al., 1982). Other populations of neurons outside the hippocampus 
formation that are specifically vulnerable to relatively brief periods of ischemia are 
found in the striatum, neocortex and cerebellum (Pulsinelli and Brierley, 1979, 
Slemmer, et al., 2005).  
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1.8 BEHAVIOR 

Pyramidal CA1 neurons of the hippocampus are critically involved in spatial learning 
and memory, and degeneration of these neurons results in deficiencies in such functions 
(Morris, et al., 1982). However, it has been particularly difficult to correlate 
neurodegeneration of CA1-neurons with any permanent learning deficits in 2-VO 
models. This could possibly be explained by variable and/or incomplete degree of 
degeneration of the CA1 neurons (Block, 1999).  
 
The Morris water maze examines the animals’ abilities to learn, remember and navigate 
by distal optical cues to hidden platform in a pool filled with water (Morris, et al., 
1982). Rats are motivated to search and climb up on the platform to escape the 
necessity of swimming. During the habituation period, rats are allowed to acclimate 
with their surroundings and water environment. In the standard use of the Morris maze, 
the rat is randomly placed into the pool from one of several chosen positions, which all 
are adjacent to the wall. In the simple task, the rat swims from its start position to a 
submerged platform in a fixed position. This task is generally repeated 4 times a day for 
a number of consecutive days. The rat is supposed to navigate only by extra-maze cues 
and its search performance is typically described by: escape latency (s), swim speed 
(m/s) and distance (m), which are parameters that provide information about learning 
abilities and motor performance. A normal rat improves the search performance with 
increasing number of trails until a learning-plateau is reached. Spatial memory is tested 
in the probe trial, which is performed immediately after the simple tasks’ final trail. In 
this test, the platform is removed and rat is allowed to swim free in the pool for a given 
time. The amount of time spent in quadrant of the pool where the platform was 
positioned and in the target zone directly over the removed platform is generally longer 
for a normal rat than a rat with spatial memory deficits.  
 
1.9 NEUROGENESIS  

Formation of new neurons from neuronal stem or progenitor cells, neurogenesis, 
continues throughout life in discrete brain regions of vertebrate species including 
humans (Altman and Das, 1965, Eriksson, et al., 1998, Kaplan and Hinds, 1977). In the 
hippocampus formation, stem cells reside foremost within the very thin lamina between 
the hilus and the granule cell layer termed the subgranular zone (SGZ), and in the 
subventrical zone (SVZ), which lines the lateral ventricles (Kuhn, et al., 1996). Stem 
cells have also been reported to be located in posterior periventricle adjacent to the 
hippocampus (Nakatomi, et al., 2002).  
 
It is well established that experimental ischemia can enhance neurogenesis in the adult 
brain (Arvidsson, et al., 2002, Choi, et al., 2003, Liu, et al., 1998, Parent, et al., 2002). 
Ischemia augments cell proliferation in SGZ, and some of these newborn cells later 
migrate to the dentate gyrus where they develop into granule cells (Choi, et al., 2003, 
Liu, et al., 1998). Moreover, ischemia has also been shown to increase cell proliferation 
in SVZ. Some of these newborn cells appear to migrate into the striatum where they 
replace a tiny fraction of the destroyed medium spiny neurons (Arvidsson, et al., 2002, 
Parent, et al., 2002). Ischemia-induced neurogenesis has also been found in regions that 
normally do not show signs of neuronal turnover, such as the hippocampal CA1 region 
(Nakatomi, et al., 2002, Schmidt and Reymann, 2002) and the cerebral cortex (Gu, et 
al., 2000, Jiang, et al., 2001, Jin, et al., 2003).  
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2 AIMS OF THE THESIS 
The general aim of this thesis was to investigate the role of NMDA receptor in 
neurodegeneration.  
 
The specific aims were: 
 

• To identify and characterize novel genes that might be involved in, or influence 
NMDA receptor function (Paper I, II and III).  

 
• To develop an in-vitro injury model that produces delayed cell death and to 

elucidate the role of NMDA receptors in this process (Paper IV).  
 

• To examine other mechanisms besides NMDA receptors that are involved in 
neuronal cell death in this in-vitro injury model (Paper V).  

 
• To develop an ischemic animal model that produces a reproducible delayed 

neuronal cell death and to characterize temporal and regional pattern of cell 
death (Paper VI).  

 
• To investigate if such ischemic animal model induces long-term neuronal and 

behavioral deficits (Paper VII, VIII and IX). 
 

• To characterize early changes in the expression of NMDA receptor subunits 
following ischemia or subarachnoid hemorrhage that may result in neuronal cell 
death (Paper X and XI). 
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3 MATERIALS AND METHODS 
 
3.1 ANIMALS AND GUIDELINES 

All experiments were performed in strict accordance with the national guidelines and 
with the consent of the ethical committee of animal research in northern Stockholm. 
Male Sprague–Dawley (SD) rats or 12-day-old SD rat pups of both sexes were used in 
the experiments (B&K, Sollentuna, Sweden). The rats had free access to food pellets 
and tap water and were housed under climate-controlled conditions and in a constant 
12:12-h light/dark cycle. Pups were housed with their mother until sacrifice. Post-
mortem human brain specimens from normal subjects were obtained at autopsy under 
approved local ethical guidelines at the Karolinska Institutet. 
 
3.2 MOLECULAR CLONING 

 
3.2.1 Database searches and gene analyses  

Sequence information were obtained from the National Center for Biotechnology 
Information (NCBI) internet site (http://www.ncbi.nlm.nih.gov) using the basic local 
alignment search tool (BLAST) (Altschul, et al., 1997). In Paper I-II, the gene encoding 
the human NR3A subunit (GRIN3A), as well the human and mouse genes encoding 
NR3B (GRIN3B and Grin3b), were identified using protein-nucleotide BLAST 
searches with conserved amino acid motifs of NMDA receptor subunits as query 
sequences. We assembled gene fragments using homologous sequence information 
from the rat NR3A and by identification of sequences for initiation, splicing and 
termination.  
 
In paper III, we performed X-grail analysis (Uberbacher and Mural, 1991) of a genomic 
region further downstream of GRIN3B on chromosome 19p13.3 and revealed the 
existence of a novel gene, tentatively named chromosome 19 open reading frame 6 
(C19orf6). Gene fragments of C19orf6 were assembled utilizing homologous sequence 
information between species and by identification of sequences for initiation, splicing 
and termination. We identified gene homologues to C19orf6 in genomic databases, 
ORF61 in mouse (Mus musculus; chromosome 10), CG8405 in fruit-fly (Drosophila 
melanogaster; 2R 52) and 2C484 in nematode (Caenorhabditis elegans; II). 
 
The existences of the discovered genes were supported by expressed cDNA clones, 
including expressed sequence tags sequences (ESTs) and integrated molecular analysis 
of genomes and their expression (IMAGE) clones, see table 1. We also confirmed the 
existences of the human NR3A, the human NR3B, mouse NR3B, membralin-1 and 
membralin-2 in mouse by cloning and sequencing a variety of cDNA clones, bolded in 
Table 2. 
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Species Gene Locus Reference 

Sequence 
Genomic Clone 

Human GRIN1 9q34.3 NM_007327  

 GRIN2A 16p13.2 NM_000833  

 GRIN2B 12p12 NM_000834  

 GRIN2C 17q25 NM_000835  

 GRIN2D 19q13.1 NM_000836  

 GRIN3A 9q34  AL356516.12, AL137023.9, AL591377 

 GRIN3B 19p13.3 NC_000019 AC004528.1 

 C19orf6 19p13.3  AC004528.1 

Mouse Grin3b 10  AC087114.7 

 Orf61 10  AC087114.7 

Fruit-fly CG8405 2R52  AE003808  

Nematode 2C484 II NM_061811.1

  

AV187736.1, AF099003.1, AF016662 

Arabidopsis 

thal. 

 I NM_104781  

Table 1: A summary of NMDAR and membralin genes, their chromosomal location, reference 
sequences and genomic clones used in the current thesis 
 
Species Name Expressed cDNA clones (ESTs, image and other clones) 
Human NR3A AF373861 

Rat NR3A L34938, U2987, U29873.1 

Human NR3B AL040053, AL359933, AY507106, AY507107 

Mouse NR3B AF396649.1, AW525909, BF563382 

Rat NR3B AF440691.2 

Human Membralin-1 AW411171, BE671144, AI096371, AL555481, BG112325,... 

Human Membralin-2 BI908972 

Human Membralin-3 BC008957 

Mouse Membralin-1 BF449779, BF722361, BI683592, BF533625, BC005494, AY096036,.. 

Mouse Membralin-2 BG093825, AI449525, AY096037,.. 

Rat Membralin-2 AW520766, AI113051, BF407469, AI578287, BF550783, BF523874,... 

Fruit-fly Membralin-1 AY051830 

Fruit-fly Membralin-2 LD33689 

Plants Membralin BQ796853 (Grape); AI727251 (Cotton); AW649442 (Tomato) 

Table 2: A summary of expressed cDNA clones used in the current thesis  
 

3.2.2 Molecular cloning 

We used a PCR-based cloning approach to confirm the existences of the genes. Human 
NR3A and a large segment of mouse NR3B were cloned using Marathon-Ready cDNA 
from human foetal brain and a BALB/c mouse brain (Clontech), respectively (Paper I).  
 
Human NR3B was cloned from a cDNA library that was made from spinal cord RNA 
(Paper II). In short, 2.5 μg total RNA (Panel IV Clontech K4003-1) was reverse 
transcribed in a solution containing 50 mM Tris–HCl (pH 8.3), 75 mM KCl, 3 mM 
MgCl2, 10 mM DTT, 0.5 mM dNTPs, 2.5 μg oligo (dT)12–18, DEPC-water and 500 
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units of M-MLV reverse transcriptase (cDNA synthesis system 18267-013 Gibco) in a 
reaction volume of 50 μl. Reverse transcription was carried out at 37 ºC for 50 min. 
 
The membralin sequences were cloned from a cDNA library that was made from a 
brain of an adult C57BL/6 mouse (Paper III). Briefly, it was made the following way: 
the mouse brain was dissected and immediately homogenized in 10 volumes of Trizol 
(GibcoBRL, Life Technologies). Total RNA was extracted according to the 
manufacturer’s description, and was stored at -70 ºC. An aliquot of 2.5 μg total RNA 
was thawed and mixed with 0.5 μg Oligo (dT)12-18 (Amersham-Pharmacia Biotech) 
and RNAse-free water to a final volume of 11 μl. The mixture was heated to 70 ºC for 
10 min, and immediately cooled on ice and spun down. Reagents for first strand cDNA 
synthesis (Powerscript™ and dNTP mix, Clontech) were added and the reaction was 
run according to the manufacturer’s instructions.   
 
PCR reactions (Clontech’s Advantage -2 and -GC2) were carried out using Marathon-
Ready cDNA from human foetal brain, BALB/c mouse brain (Clontech), adult 
C57BL/6 mouse brain or human adult spinal cord, and primers designed on the basis of 
database information (see table below). We ligated PCR products into pTAdv vectors 
which were transfected into TOP10F´ Escherichia coli (Clontech’s AdvanTAge PCR 
cloning kit). Clones were isolated and sequenced using ABI Prism BigDye terminator 
cycle sequencing (PE Biosystems); followed by analysis at Karolinska Institutet’s 
sequencing facility KISeq. 
 
Transcript Primer sequence Target region 
Human NR3A 5´-GCGGGTCTCAGTAATGAGGAGACTGAGT-3´ (s) 5´-UTR/exon 1 

 5´-AAAGGGAAGCAGTGTGGTCACCTAGGAC-3´ (as) 3´-UTR 

Human NR3B 5´-CGACGCCGACAACTTTGCGATGGAGTTT-3´ (s) 5´-UTR/exon 1 

 5´-TGCGCTGTGTGTGTGTCTTGAGCCCAAA-3´ (as) 3´-UTR 

Mouse NR3B 5´-CCTCTCAGGTGCATGTGTCTCGGCATTT-3´ (s) exon 3 

 5´-GCCCCGTGGTTACCTGCACTCCTGCTCT-3’ (as) exon 8/intron 9 

Mouse membralin 5´-TCAACCCCAACCCGCTCATCAAC-3´ (s)  exon 1 

 5´-CCTGCAGACCACAGCTCTCTTG-3´ (as)  3´-UTR 

 5´-CGGCCGCTTCCAGAACCTTCG-3´ (as) 3´-UTR 

Table 3: Primers used in PCR and their target regions. Abbreviations: untranslated region 
(UTR), antisense (as) and sense (s).  
 
 
3.2.3 Analysis of deduced amino acid sequences  

We performed Clustal W alignments and hydrophilicity analysis (Kyte and Doolittle, 
1982) of the deduced amino acid sequences using Megalign in the DNAStar package. 
We generated rooted phylograms for the NMDA receptor subunits using Treeview 
(Page, 1996) (http://taxonomy.zoology.gla.ac.uk/rod/treeview.html). We performed 
Pfam searches (http://www.sanger.ac.uk/Software/Pfam), using profile hidden Markov 
models and Smart analysis (http://www.smart.embl-heidelberg.de) to identify possible 
conserved domains in the proteins (Bateman, et al., 2000). Also, we ran the sequences 
through the PROSITE database (http://www.expasy.ch/prosite) to detect potential sites 
for glycosylation and protein phosphorylation (Hofmann, et al., 1999).
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3.3 ENTORHINAL-HIPPOCAMPAL SLICES 

The pups were decapitated and the brains were immediately immersed in ice-cold 
minimum essential medium (MEM) with Hanks’ salts without L-glutamine and 25 mM 
HEPES (HMEM). Brains were cut horizontally (Kluge, et al., 1998) into 300 μm thick 
sections using a Vibroslicer, in oxygenated ice-cold HMEM. Entorhinal–hippocampal 
slices were dissected out from the sections. The slices were transferred to Millicell™ 
membranes pre-incubated in ice-cold culture medium containing 50% MEM with 
Earle’s salts without L-glutamine, 25% Earle’s balanced salt solution without phenol 
red (EBSS) and 25% horse serum. In addition, the following components were added to 
reach a final concentration in the medium: glucose 32 mM, glutamine 1 mM, penicillin 
10 U/ml and streptomycin 10 μg/ml. The pH of the medium was 7.2 (5% CO2, 37 ºC). 
The slices were cultivated 2 weeks before experimental start at 37º C in a humidified 
5% CO2 atmosphere and the medium was changed three times a week. The slice 
cultures were prepared under aseptic conditions and thereafter handled under sterile 
conditions throughout the experiments. Propidium iodide (PI) was used as viability 
marker to test the conditions of these cultures. This florescent dye enters only through 
broken cell membranes of dead or dying cells, and binds to the nucleic acids of these 
cells (Macklis and Madison, 1990).  
 
3.3.1 Development of a crush-injury model 

The cultures were transferred to an upright microscope in their own culture dishes at 
room temperature. A crush injury was induced in the middle layers of the entorhinal 
cortex under microscopic observation to allow a precise localization of the region to be 
injured. A micromanipulator (Ependorf Injectman) was connected to a hooked steel rod 
to which a strain gauge and tensiometer was attached (Figure 2). The tip of the steel rod 
was attached to a stainless steel ball-bearing ball (2mm in diameter).  
 

 
Figure 2: Experimental setup for crush-injury in slices 
 
The use of a ball-shaped object to induce the crush allowed a reproducible injury 
devoid of any variable edge effects that may occur if a flat object had been used. The 
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crush was applied by lowering the ball-shaped object to the tissue surface where it 
remained for 10 s with a force of 0.1 N (corresponding to a weight of 10 g). The 
experimenter controlled the time and force. The low force used minimized the 
deformation of the culture dish membrane, which was not supported during the crush. 
 
3.4 ANIMAL MODELS 

 
3.4.1 Anesthesia and catheterization 

Anesthesia was induced by 3–4% halothane (Fluothane®, AstraZeneca, Södertälje, 
Sweden). The rats were endotracheally intubated (without muscle relaxant) and 
artificially ventilated (7025 Rodent Ventilator, Ugo Basile, Varese, Italy) with a 
mixture of 70% N2O and 30% O2 containing 0.5–1% halothane to maintain anesthesia 
during surgery. Rectal temperature was maintained close to 37.5 ºC using a heat 
controller connected to a heating pad (HB 101/2, LSI Letica Scientific Instruments, 
Spain). The tail artery was catheterized to enable continuous monitoring of the mean 
arterial blood pressure (MABP; Datex AS/3, Dansjö Medical, Bromma, Sweden) and 
to obtain blood samples (Paper VI and X). In the SAH study, a tail vein was 
catheterized for the infusion of anesthetics.  
 
3.4.2 Development of a 2-VO model 

In the 2-VO model, the common carotid arteries were exposed, dissected free from the 
surrounding tissues and threads were loosely placed under them. The muscular tissue 
surrounding the common carotid arteries was anaesthetized locally using Bupivacain 
(Marcain®, AstraZeneca) and the skin tissue of the tail and skull using Lidocaine 
(Xylocain®, AstraZeneca). After the baseline of MABP and CBF had been established 
for 10 min, the concentration of halothane was increased until the MABP was reduced 
to approximately 40 mm Hg. Immediately after, both carotid arteries were gently lifted 
in their threads and occluded using non-traumatic micro vascular clips (figure 3). 
During the subsequent ischemic period, MABP was maintained at 40–45 mm Hg by 
instant adjustments of the halothane concentration, which was read from a calibrated 
vaporizer. After a pre-defined time of occlusion, the cerebral circulation was restored 
by unclamping the carotid arteries and by temporarily stopping the administration of 
halothane. The tail catheter and laser-Doppler probe holder were removed, and the 
wounds were sutured under anesthesia. Approximately 5 min after cessation of 
halothane administration, the rat showed signs of spontaneous respiration. Rats 
developing seizures or locomotor abnormalities were decapitated and excluded from 
further analysis. Control rats did not undergo any anesthesia or surgery. In Paper V, we 
measured blood gases (pCO2, and pO2) and pH. After having established 11 min as the 
optimal duration of ischemia, blood samples were taken from subsequent 11 min 
ischemia rats (N = 5). We collected three samples from each rat: before, during and 
after the ischemic insult (Paper VI). 
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Figure 3: Experimental setup for 2-vessel occlusion during the ischemic phase. 
 
3.4.3 Experimental subarachnoid hemorrhage 

The SAH model used in the present thesis was originally described by Bederson and 
co-workers with minor modifications (Bederson, et al., 1995, Prunell, et al., 2002). 
Briefly, thirty minutes before the induction of SAH, halothane was substituted by 
fentanyl (Leptanal®, Janssen-Cilag AB, Sollentuna; 15 μg as bolus followed by 25 
μg/hr), which was injected in the tail vein. The bifurcation of the right common carotid 
artery was exposed, and the external carotid artery (ECA) dissected and clamped with a 
modified aneurysmal clip. A 3-0 monofilament suture with one end sharpened was 
advanced into the internal carotid artery (ICA), via the external carotid artery, until 
resistance was felt. The sharpened suture was then pushed 3 mm further, which 
perforated the ICA near its intracranial bifurcation. It was withdrawn into the external 
carotid artery after approximately 30 seconds, reperfusing ICA and producing SAH.  
 
3.4.4 Cerebral blood flow measurements 

In 2-VO model, the skull was exposed and thinned above the hippocampal area. A 
laser-Doppler probe holder (401-1, Perimed A.B., Järfälla, Sweden) was attached on 
right side of the skull with histoacryl (B. Braun Melsungen AG, Melsungen, Germany) 
to record the cerebral blood flow (CBF) in the forebrain (PeriFlux 4001 Master, 
Perimed A.B.). The MABP and CBF recordings were followed on-line using the ICU 
Pilot data navigation program (CMA/Microdialysis, Stockholm, Sweden). CBF values 
for each rat were calculated as the laser-Doppler flow (in arbitrary units) expressed as a 
percent of baseline flow (in arbitrary units, determined as the average value of the 10 
min baseline time period). LDF probes were attached over both frontal cortices (3 mm 
anterior to the coronal suture and 2 mm lateral to the midline) in the SAH study
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3.5 TISSUE PROCESSING 

We dissected out various tissues (brain, kidney, spleen, thymus, liver, lung, heart, 
tongue and muscle) from male Sprague–Dawley rats (B&K, Sollentuna, Sweden) in the 
current work. Tissue samples were quickly frozen in isopentane and either stored at -80 
ºC or at -135 ºC until sectioning (Paper I-III or Paper VI-XI). After thawing to -20ºC, 
tissues were cut in 14 μm sagittal sections (Paper I and II) or coronal sections (Paper 
VI-XI), and mounted onto Superfrost Plus glass slides, and stored at -20 ºC until in-situ 
hybridization, histology or immunohistochemistry.  
 
The human brains were immediately cut into 1.5-cm-thick coronal slabs after autopsy, 
frozen isopentane, and stored at −80 ºC (Paper II). The human slabs were cut into 
coronal blocks of tissue containing the specific brain regions of interest. These blocks 
of tissue were cut in 20 μm sections that were mounted onto glass slides, and stored at 
−30 ºC until in-situ hybridization.  
 
After in vitro experiments, some entorhinal-hippocampal slices were fixed for 1 h in 
4% formaldehyde in PBS, transferred to a solution containing 15% sucrose, 0.1% NaN3 
in PBS, and stored at 4 ºC overnight and thereafter frozen in -20 ºC (Paper IV-V). 
 
3.6 IN-SITU HYBRIDIZATION 

Oligonuclotide probes (Medprobe, Oslo, Norway) were labeled at the 3´ end with 
α[35S]dATP (Perkin-Elmer Life Sciences Inc., Boston, USA) using terminal 
deoxyribonucleotidyl transferase (Amersham-Pharmacia Biotech Inc., Uppsala, 
Sweden) at 37 ºC for 1 hour. Labeled probes were purified using Mini QuickSpin Oligo 
Columns (Boerhinger-Mannheim) and their radioactivity contents were measured (≈ 
109 cpm/μg). Hybridization cocktail included the following components: 20 mM 
phosphate buffer (pH 7.0) containing 50% (v/v) formamide, 4x SSC, 1x Denhardt´s 
solution, 10% dextran (w/v), and 1% N-lauroulsarcosine, which was diluted 1:10 (v/v) 
with a solution containing sheared salmon sperm DNA (0.05 mg/ml f.c), dithiothreitol 
(200 mM f.c.), and hybridization probe (1 x 107 cpm/ml f.c.). Frozen sections were air-
dried for 1 hour, covered with hybridization cocktail, and incubated overnight at 42 ºC 
in a sealed chamber humidified with 50% formamide and 2x SSC. 
 
After hybridization, sections were washed four times in 1x SSC for 15 min at 55 ºC, 
and after that rinsed once in 1x SSC and once in H2O for 1 min at room temperature. 
Sections were dehydrated in a graded series of ethanol and air-dried before exposure to 
β-max hyperfilm (Amersham) or to BioMax MR X-ray film (Kodak, Rochester, USA) 
for 1-6 weeks. Films were developed and fixed with LX24 and AL4 (Kodak), 
respectively. Some sections were dipped in NTB-2 photo emulsion (Kodak, 1:1 in 
water), exposed for x weeks at 4 ºC, counterstained with Cresyl violet, dehydrated and 
mounted with cover glasses.  
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Name (target region) Nucleotide sequence from  5´ to 3´ 

NMDAR  

hNR1  TCCTCGCTGTTCACCTTGAACCGGCCGAAGGGGCTGAAGCGGTCC 

rNR1  CAGTGCATCTTCCTCCTCCTCCTCACTGTTCACCTTGAATCGGCC 

rNR2A AGGCCCGTGGGGAGCTTTCCCTTTGGCTAAGTTTCTGTTGTATCC 

rNR2B AATTGCTTTGCCGATGGTGAAAGATGGGCCTCCTGGCTCTCTGCC 

rNR2C CTGACAGGGCTGAAGTACTCGAACATGAAGACAGTGATGGCAACC 

rNR2D CGTGGCCAGGCTTCGGTTATAGCCCACAGGACTGAGGTACTC 

hNR3A (E1) GATGGCCATCACTACTTCCAAAGACAGGTTGTAGGGTAGCAGCCC 

hNR3A (E7) CCCAGAGAAGTGTTTGATGCCCATTTGCAAAGTCTCCGTGACAGC 

rNR3A (3491-3535) TGACTCAGATTGGAAGTATTCCATACCATGAGCTGCTGGGGTCCC 

hNR3B (E8-E9) TGCTGCTCCACCTCGGGGCCGCTGGGCTCCGCCTCTGCCGTCTC 

hNR3B (E8-I8) CCGGCTTCGGGGCGAGCTGGTGGGGTGGTGGGTCTGGGTGGTCC 

rNR3B (570-614) CGGCAGAGTACTAGAGCAATGTCCTCCCAGGCATGTGCCCGTACC 

rNR3B (1016-1060) CTGTTTTCAGGTCATCACAGTTCACCACAGCTGGAAGCAGTGCCC 

rNR3B (1906-1950) GGCATAGCACAGGTTGAGCGCGGAGGAGTAAGAGAAGACAGTGCC 

rNR3B (2058-2102) TCCTCAAAGGTTTTGTCCCCAACCATGACAGCAGCCAGGTTGGCC 

mNR3B (2862-2906) AGGTTGCTCCTCCTTGGGGCCGCTGCACTCCTGCTCTGCCCTCTC 

Membralin  

rMembralin (E1) GTGAGTAGGTGACGGCCATCTTGAAGAAGAGCGCGTGGAAGAGCC 

rMembralin (E9) TGGTGTTGGTGTGGCAGCAGATGGCATCGTACTGGTCGGCCAGCC 

rMembralin (E7-E8) CTCCAGCATCTGCAGCAGGTCCACGATGAAGACGAAGATCTGGTG 

rMembralin (E7b-E8) ATCTGCAGCAGGTCCACTGCGGGCACAGGGCGGCCGCCCATGAGGGC 

Non-specific CCAACGGTAGTGACAGAAGTACAAGCTCATGAAGTCGGGACAGTC 

Table 4: A summary of in-situ hybridization probes used in this current thesis 
 

3.7 HISTOLOGY AND IMMUNOHISTOCHEMISTRY 

For histology or immunohistochemistry, rat brain sections were thawed, rehydrated in 
phosphate-buffered saline (PBS), fixated 10 min in 4% formaldehyde in PBS (pH 7.4) 
and rinsed in PBS. Some sections processed for enzymatic immunohistochemistry were 
after fixation treated with 0.3% hydrogen peroxide, to quench endogenous peroxidase 
activity.  
 
3.7.1 Staining with Cresyl-violet, Alizarin Red S or Fluoro-Jade 

Sections were then stained with Cresyl-violet, or 0.5% Alizarin Red S, or incubated 30 
min in a 0.1% (v/v) acetic acid solution containing 0.00002% (w/v) FJ (Schmued, et al., 
1997). Sections processed for Cresyl-violet or Alizarin Red S were after labeling rinsed 
in dH2O, dehydrated in graded series of ethanol, immersed in xylene, mounted in DPX 
(BDH Laboratory supplies, Poole, U.K.), and coverslipped, whereas FJ-stained sections 
were, thoroughly washed in dH2O, dried 1 h at 37 ºC or on a hot plate, dipped in 
xylene, mounted in DPX and coverslipped.  
 
3.7.2 TUNEL 

DNA fragmentation was assessed by terminal deoxynucleotidyl transferase-mediated 
deoxyuridine triphosphate nick end labeling (TUNEL) and fluorescein detection, using 
an in situ cell death detection kit (Roche Diagnostics GmbH, Mannheim, Germany). 
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The technique has often wrongly been used as a marker for apoptosis, but DNA 
fragmentation also occurs in terminal phase of necrosis [reference]. In brief, entorhinal-
hippocampal slices (Paper IV) or rat brain sections (Paper VIII and XI) were treated 2 
min on ice with 0.1% triton-X in 0.1% sodium citrate, to increase permeability of 
reagents. Sections were then incubated with a mixture of terminal deoxynucleotidyl 
transferase and fluorescein-conjugated deoxyuridine triphosphate for 1 h at 37 °C 
according to the manufacture’s instructions (Roche Diagnostics GmbH, Mannheim 
Germany). 
 
3.7.3 Immunohistochemistry 

We have used a battery of antibodies to distinguish specific cell types and to study 
some of the morphological changes that occur in these cells after brain injuries (see 
table for specifics). Monoclonal antibodies (Mabs) for labeling of neurons (α-NeuN and 
α-MAP-2), microglia (α-Ox42 and α-ED-1) and antigens involved in the complement 
cascade (α-C1q, α-C5b-9 and α-clusterin) were used. We also used polyclonal 
antibodies for labeling of astrocytes (α-GFAP) and NMDA receptor subunits (α-NR1, 
α-NR2A and α-NR2B), which are primarily localized to neurons. Furthermore, 
immature neurons were double-labeled with two mAbs (α-PSA-NCAM and α-BrdU). 
For single-labeling enzymatic immunohistochemistry, we used the avidin-biotin-
enzyme complex (ABC) method. This method involves three principal incubation 
steps: first with the primary antibody, second with the biotinylated secondary antibody, 
and third with the avidin-biotin-enzyme complex. Incubation with a substrate of the 
enzyme, usually DAB, indirectly visualizes the tissue antigen.  
 
In brief, the avidin and the biotin block solutions (Blocking kit, Vector Laboratories, 
Burlingame CA, USA) were diluted to appropriate concentrations with a phosphate 
buffer solution containing 1% BSA, 0.3% Triton-X and 0.01% NaN3 (4 drp/ml buffer). 
Sections were incubated for 1 h at room temperature (RT) with the avidin block 
solution to minimize binding of endogenous biotinylated proteins. They were then 
incubated overnight at 4 °C with the appropriate primary antibody, which was diluted 
in biotin block solution. Next day, sections were first incubated with the appropriate 
biotinylated secondary antibody and then with avidin biotinylated horseradish 
peroxidase macromolecular complex (Vectastain® Elite® ABC kit, Vector 
Laboratories), each step for 1 h at RT. The signal was visualized with the DAB 
substrate kit (Vector). Sections were thoroughly rinsed in PBS between the steps, 
except before and after the DAB visualization step when sections were rinsed in 0.05 M 
Tris–HCl (pH 7.4). The secondary antibody and reagents were diluted in PBS, if not 
otherwise stated.  
 
In the double-labeling for NeuN and BrdU, we first stained for NeuN as described 
above, except that the signal was visualized with the SG substrate kit (Vector). After 
rinses in Tris–HCl, sections were subsequently treated with saline sodium citrate (SSC) 
buffer (2h, 65 °C), rinsed in Tris–HCl and incubated with 2N HCl (1 h, 37 °C). 
Sections were then neutralized with 0.1 mol/L borate buffer (pH 8.5), blocked with 3% 
horse serum and then incubated overnight at 4 °C with rat anti-BrdU (1:100, Harlan 
SERA-LAB, Loughborough, UK), in combination with the avidin–biotin blocking kit 
(Rao and Shetty, 2004). The sections were incubated with biotinylated secondary 
antibody (1:200 in PBS, α-rat, Vector Laboratories) and developed with the NovaRED 
substrate kit (BrdU; Vector).  
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A fluorescent immunohistochemistry protocol was used in the labeling of GFAP, PSA-
NCAM and MAP-2. Sections were first incubated with 1% BSA buffer to reduce 
unspecific labeling. The sections were then incubated (overnight, 4 °C) with the 
primary antibody and finally exposed to a α-mouse or α-goat Cy3-conjugated 
secondary antibody, with PBS rinses in between. Sections labeled with PSA-NCAM 
were counterstained with Hoechst 33342 (Molecular Probes, Eugene, OR, USA).  
 
We used an almost identical fluorescent method to label NeuN in entorhinal-
hippocampal slices (Paper IV), except that the 1% BSA buffer contained 0.3% Triton-
X to increase permeability of the cell membranes. In Paper V, the slices were labeled 
with a slightly modified protocol for enzymatic immunohistochemistry. In brief, frozen 
slices were rehydrated in PBS, and incubated (1 h, darkness, RT) with 0.3% (v/v) H2O2 
in PBS to quench endogenous peroxidase activity. Slices were thereafter incubated (1 
h, RT) with normal horse serum (1:10, Vector) to reduce unspecific labeling and 
overnight (4 °C) with the appropriate primary antibody, diluted in PBS with 0.3% 
Triton-X. Next day, biotinylated secondary antibodies were applied, either goat α-rabbit 
(1:200) or horse α-mouse (1:200), to the slices. They were then incubated (1 h, RT) 
with ABC and the signal was developed (5 min) with DAB (Vector). For double 
labeled slices, this protocol was repeated from the blocking step, except that signal was 
visualized using Nova Red (Vector). Finally, slices were thoroughly rinsed in PBS 
between the steps, except rinses in sterile water after Nova Red development. 
 
Antigen Species Dilution Specificity Source 
NR1 Rabbit 1:400 NMDA receptor subunit 1 Upstate 
NR2A Rabbit 1:400 NMDA receptor subunit 2A Upstate 
NR2B Rabbit 1:400 NMDA receptor subunit 2B Upstate 
NeuN Mouse 1:1000A Neuronal nuclei Chemicon 
PSA-NCAM Mouse 1:1000 Polysialic acid neuronal cell 

adhesion molecule 
Chemicon 

MAP-2 Mouse 1:1000 Microtubule associated protein 2 Chemicon 
Clusterin Rabbit 1:1000  Gift, professor Giswold 
GFAP Rabbit 1:500B  Glial fibrillary acidic protein DAKO 
Ox42 Mouse 1:1600 Complement receptor 3 Harlan SERA-LAB 
ED1 Mouse 1:4000 Macrophages Serotec 
C1q Goat 1:2000 Complement 1q Atlantic antibodies 
C5b-9 Mouse 1:25 Membrane attack complex (MAC) DAKO 
BrdU Rat 1:100 Nucleic acids with BrdU BrdU 
Table 5: A summary of the primary antibodies used in the current thesis. Of note: In Paper V, A 

and B diluted to 1:500 and 1:1000, respectively. 
 
3.8 [3H]MK-801 BINDING 

The experimental conditions were designed on the basis of results from biochemical 
experiments (Liu, et al., 1997, Liu and von Euler, 1996). Briefly, the sections were 
subsequently incubated in 5 mM Tris-HCl with 1 mM EDTA (pH 7.4), 5 mM Tris-HCl 
(pH 7.4) and dried under a stream of air. Sections were then incubated in solution 
containing 3 nM (+)-[3H]MK-801 (specific activity 26 Ci/mmol, (Perkin-Elmer Life 
Sciences Inc., USA) with 10 μM L-glutamate (Sigma Chemical, USA) and 10 μM 
glycine (Merck, Germany). For association experiments, sections were incubated for 10 
min to 360 min. For non-specific binding points the incubation buffer also contained 10 
μM unlabeled (+)-MK-801 (Research Biochemicals, USA). For dissociation 
experiments, sections were incubated for 180 min to 360 min. Dissociation was 
induced by addition of 1 mM unlabeled MK-801 (f.c. 100 μM). For competition 
experiments, the incubation buffer also contained various concentrations of unlabeled 
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MK-801 or MgCl2, and the incubation time was 180 min. Incubations were terminated 
with washes in 5 mM Tris-HCl (pH 7.4, 0 ˚C) followed by 2 dips in dH20 (0 ˚C). 
Sections were dried under a stream of air, and analyzed on 3H-sensitive film for 4 
weeks.  

 
3.9 BEHAVIOR 

Spatial learning and memory were evaluated in an open field water maze (Morris, et al., 
1982), which consisted of a circular pool, 180 cm in diameter (AB Lomma 
Plastprodukter, Lomma, Sweden). The animals were monitored by a video tracking 
system (Watermaze Software, Edinburgh, UK). The experimenter was blind to 
treatment groups. Pretraining started 10 days before killing and consisted of four swim 
trials with a randomly positioned visible platform (10 cm in diameter) and no extra-
maze cues. All rats were able to follow the experimenter’s hand to the platform. After 2 
days, the rats were trained for six consecutive days with 4 trials/day from any of the 
four pseudo-randomly selected starting points. The platform was submerged 1 cm 
below the water surface in a fixed position. Several prominent extra-maze cues were 
present and kept constant throughout the experiment. The maximum trial duration was 
90 s, plus 30 s on the platform at the end of each trial. At 24 h after the last training 
trial, memory retention was tested. The platform was removed and the animal was 
allowed to swim freely for 60 s. The area where the platform had previously been 
located was defined as the platform area, and the circular zone (40cm diameter) 
encompassing the platform zone was defined as the target zone (de Hoz, et al., 2003).  
 
To detect disturbances in learning and memory in the rat, we developed a novel water 
labyrinth, the T-maze test (Paper VIII). Animals tested in the T-maze have to make 
three sequential right-left choices to find a hidden platform, and to avoid the necessity 
of swimming. The size of the maze was 90 cm×130 cm×40 cm (d×w×h) and its swim 
paths were 18 cm wide. The square platform measured 12 cm×17 cm×19 cm (d×w×h) 
and was submerged 1 cm below the water surface (22±1 ˚C), rendering it invisible to 
the rats. Efforts were made to remove all extra maze cues.  
 

 
Figure 4: The T-maze, the platform (P) was positioned below the water surface on either side 
of a randomly selected chamber. The arrow indicates the start position for each trial and rats 
were considered to have learned the task after three consecutive correct trials. Memory was 
tested the subsequent day.  
 
Training was performed during a single day, at 13 DAI, (Paper VIII), 125 DAI (Paper 
VIII), or at 247 DAI (Paper IX). The platform was positioned in a randomly chosen 
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position, the same for all rats. The likelihood for the rat to get to the platform by chance 
is 1/8 = 0.125 and the likelihood to achieve three successive correct runs by chance is 
therefore 0.1253 = 0.00195. Rats were positioned face-forward in the start well. After 
finding the platform the rats were removed, briefly dried and again positioned in the 
start well. Training continued until three consecutive correct trials had been performed 
(i.e. reaching criterion). If this was not achieved within 17 trials, a value of 18 was 
assigned to the rat. A correct trial, which usually took 4–5 s, was defined as straight 
swimming to the platform without turning back. If the very first trial was correctly 
performed, this trial was not counted, since it reflects chance rather than learning. Thus, 
the minimum number of trials equals four. A memory test was performed 24 h after the 
training session. The rats’ swim patterns were recorded on videotape for subsequent 
analysis. For each trial, the time required for the rat to reach the platform (latency) was 
measured. The time used during the first trial was used as an indication of the rats’ 
general physiological status. The experiment and the analysis of the video recordings 
were performed in a blind manner. However, the control rats were identifiable during 
testing by their lack of surgical wounds. 
 
To detect deficiencies in sensory-motor performance after ischemia, we analyzed the 
animals’ performances on the beam-walk test, using seven wooden planks of different 
widths, from 7.7 cm and narrowing 1 cm for each beam. The rats were placed on 
successively narrower planks and the narrowest plank a rat could traverse without foot 
slips within two trials was recorded (Paper VII-IX). 
 
3.10 ANALYSIS 

Autoradiographic films and pictures of histological sections were analyzed using the 
NIH image software. The regions of interest were delineated and measured with regard 
to gray values. Background gray values were subtracted to achieve specific gray values. 
In Paper X, grey values were converted into fmol/mg tissue using autoradiographic 
[3H] micro-scales (Amersham, UK). Kinetic binding curves were analyzed with 
GraphPad Prism, and competition curves with EasyBound (Hedlund and von Euler, 
1999). 
 
The number of Cresyl-violet cells and NeuN-positive neurons with a normal 
morphological appearance were counted in the CA1 pyramidal cell layer of the 
hippocampus. The number of NeuN-positive neurons was calculated as the mean of 3 
sample areas (0.5 mm x 0.1 mm) in the medial, central and lateral part of the CA1 in 
Paper VII-IX, whereas only one sample area in the central part of the CA1 was counted 
in Paper VI. The number of Cresyl-violet positive neurons was determined in a similar 
manner. 
 
We used a battery of parametric tests to evaluate mean differences between treatment 
conditions. Multiple groups were compared using one-way analysis of variance 
(ANOVA) or two-way ANOVA. Comparisons between two groups were performed 
using Student´s unpaired t test. Latency data were logarithmically transformed to 
achieve normal distribution in Paper IX. Pair-wise comparisons after ANOVA were 
analyzed using either of the following post-hoc tests: Fisher´s PLSD (Paper VII, XI), 
Tukey´s (Paper VIII, IX) and Bonferoni (Paper X).  
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Ordinal data (or other data that did not satisfy the assumptions underlying parametric 
tests) were analyzed using either one-tailed Mann-Whitney U Test (two groups), 
Friedman´s test with Dunn´s multiple comparison test (three or more groups repeated-
measure analysis) or Kruskal-Wallis test (three or more groups). Ischemia-induced 
effects (FJ-staining and CA1 neurons) were analyzed using one-sided Dunn´s test, 
treatment versus control (Paper VI).  
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4 RESULTS AND DISCUSSION 
4.1 NR3 SUBUNITS 

By analyzing sequence information, we identified and characterized two novel human 
NMDA receptor genes (Paper I-II). The first gene, GRIN3A maps to chromosome 
9q34 and encodes the human NR3A subunit. The second gene, GRIN3B maps to 
chromosome 19p13.3 and encodes the human NR3B subunit. In addition, we found a 
homologous gene in mouse, Grin3b on chromosome 10. Each of these genes contains 
nine exons. Interestingly, the NR3B genes are highly conserved between species, in 
particular at exon/intron boundaries, but exon 9 has evolved considerable in the human 
genome.  
 
The mature human NR3A subunit appears to contain 1089 amino acids, after losing its 
signal peptide, which putatively contains 26 amino acids. The human NR3B is 
somewhat shorter, only 1043 amino acids. Based on amino acids analysis, the human 
NR3A shows 92.7% identity to rat NR3A, but only 21.3% to human NR1.  
 
The human NR3B shows 74.9% sequence identity to mouse NR3B, but considerable 
less identity was found in their translated parts of exon 9, only 37.8%. Human NR3B 
subunit is 40 aa longer than in rodents, as a result of 120 additional base pairs in exon 
9. The translated exon 9 shows particularly little sequence identity; it encodes two 
putative Ca2+/calmodulin dependent kinase sites and two putative protein kinase C 
(PKC) sites, which all are absent in the mouse. Moreover, exon 9 encodes a 
polyglutamine (polyQ) stretch, localizing between the two putative Ca2+/calmodulin 
dependent kinase sites.  
 
In Paper I, sequence analysis of conserved domains in the human NMDA receptor 
subunits showed that NR3A and NR3B form a subgroup that shows that greatest 
similarity to NR1 (Figure 3). NR3 subunits contain the motif SYTANLAA, which is a 
conserved motif of all ionotropic glutamate receptors (Fig. 4). They also contain the 
motif CC(Y/K)G(Y/F)CID(I/L)L, which is thought to be specific for ionotropic NMDA 
receptor subunits (Kohr, et al., 1994, Sullivan, et al., 1994).  

  
In the adult human brain, in-situ hybridization showed that the human NR3A was 
restricted to neurons in the dentate gyrus and in neocortical layer V. NR3B mRNA was 
ubiquitously found in the layers of the hippocampus, the dentate gyrus and the adjacent 
neocortex. In the rat brain, NR3B displayed a similar pattern of expression as in the 
human brain.  
 
Hence, there are seven NMDA receptor subunits: NR1, NR2A-D and NR3A-B; 
additional members of this family are not likely to exist. Molecular studies suggest that 
four subunits unite to form the functional NMDA receptor channel (Ulbrich and 
Isacoff, 2007). NMDA receptors can theoretically be assembled in single, double, triple 
and quadruple subunit combinations and each tetramer can be grouped in multiple 
configurations. To increase the molecular diversity even further, eight splice variants of 
NR1, and two splice variants of NR3A have been reported (Dingledine, et al., 1999, 
Sun, et al., 1998). However, some NMDA receptor subtypes, especially those that are 
made up by single subunit combinations, are electrophysiological silent in vitro and 
thus unlikely to have any functional role in vivo (Perez-Otano, et al., 2001).  
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NR3B was identified in parallel also by others (Chatterton, et al., 2002, Matsuda, et al., 
2002, Nishi, et al., 2001). In-situ hybridization studies in adult rodents suggest that 
NR3B is primarily expressed in certain brain stem nuclei and in spinal cord motor 
neurons (Chatterton, et al., 2002, Matsuda, et al., 2002, Nishi, et al., 2001). However, 
we found a relatively strong expression of NR3B in the hippocampus, both in the 
human and rat (Paper I and II). The relatively high GC-content of the NR3B mRNA 
and the existence of antisense mRNA may partly explain these somewhat inconsistent 
results (Paper III). NR3B also appears to be expressed in the cerebellum of rodents, but 
the expression patterns in rat and mouse differ in this region (Paper I, Genesat 
database). In-situ hybridization data in mouse indicate that NR3B is involved in the 
regulation of brain development, and possibly associated with glial cells (Gensat 
database).  
 
NR3A mRNA is ubiquitously expressed in the immature rat CNS, with highest levels 
present in the spinal cord, brain stem, hypothalamus, thalamus, hippocampus, amygdale 
cerebral cortex and olfactory tract, but decreases to a low level by adulthood (Ciabarra, 
et al., 1995, Sucher, et al., 1995). Likewise, NR3A protein expression peaks between 
postnatal days 5 and 10 in the midbrain, hippocampus and in the cortex and thereafter 
sharply declines (Al-Hallaq, et al., 2002). The high level of NR3A in the immature 
brain suggests a role in the neuronal differentiation, migration and synapse formation 
(Ciabarra, et al., 1995). In the adult rat CNS, relatively high levels of NR3A mRNA is 
found in the olfactory tract (Sucher, et al., 1995) spinal cord, thalamus, amygdale, and 
in deep cortical layers (Ciabarra, et al., 1995). It has been difficult to develop specific 
antibodies against NMDA receptor subunits, in particular within the NR2 and NR3 
subunit subfamilies, since they often share similar sequences (Chatterton, et al., 2002, 
Wong, et al., 2002). NR3A protein has been characterized in the immature and adult rat 
CNS, but the authors themselves questioned the specificity of the antibody used 
(Wong, et al., 2002). Notably, granule cells in the immature cerebellum were described 
as “NR3”-positive, indicating that related variants of NR3 could be expressed in this 
region. However, the NR3B subunit was not present in detectable amounts in adult 
cerebellum of the NR3A-/- mice (Chatterton, et al., 2002). Moreover, NR3A protein in 
the adult rat brain was found to be predominately associated with asymmetrical 
synapses and localized to postsynaptic membranes in the cortex (Wong, et al., 2002). 
Two splice variants of NR3A mRNA have been described in the rat (Sun, et al., 1998), 
but we (Paper II) and others (Eriksson, et al., 2002, Nilsson, et al., 2007) found that 
only the short splice form of NR3A is present in the human  
 
In the human spinal cord, the short splice form of NR3A is widely expressed in early 
development, but exclusively restricted to motoneurons in the adult (Eriksson, et al., 
2002, Nilsson, et al., 2007). NR3A is highly expressed in the developing human 
neocortex, and appears to be associated with neuronal migration (Mueller and Meador-
Woodruff, 2003). Our data indicate that NR3A expression in the adult human brain is 
basically restricted to the dentate gyrus and deep neocortical layers (Paper II). It is 
noteworthy that NR3A is present in the dentate gyrus, which is the principal zone for 
adult neurogenesis, at least in mammalian species. NR3A expression in neocortical 
layer V has been shown in various species, including the rat, macaque and the human 
brains (Ciabarra, et al., 1995, Mueller and Meador-Woodruff, 2005, Nilsson, et al., 
2007). Interestingly, NR3A expression in this region has been reported to be abnormal 
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both in schizophrenia and bipolar disorders (Mueller and Meador-Woodruff, 2004). 
Relatively high levels of NR3A mRNA has been found in various regions in adult 
brains of primates (Mueller and Meador-Woodruff, 2005, Nilsson, et al., 2007), in 
contrast to the restricted expression found in the adult rat brain (Ciabarra, et al., 1995, 
Sucher, et al., 1995). Hence, one can speculate that NR3A-containing NMDA receptors 
mediate responses that are important in higher brain functions found in primates.   
 
The physiological regulation and role of NR3 subunits are not well known. It has been 
suggested that the NR3 subunits act as dominant negative regulators of the NMDA 
receptor current since their incorporation alter calcium permeability and magnesium 
sensitivity (Al-Hallaq, et al., 2002). NR3 subunits have also been reported to form, 
together with NR1, excitatory glycine channels in oocytes or HEK293 cells 
(Chatterton, et al., 2002, Smothers and Woodward, 2007). Such receptors are 
unresponsive to glutamate and common NMDA receptor antagonists, and are less 
permeable to divalent cations such as Ca2+ than conventional NMDA receptors. 
However, a recent study could not find electrophysiological evidence for such 
untypical receptors in the CNS (Tong, et al., 2007).  
 
Despite their novelty, both the human GRIN3A and GRIN3B genes have now both 
been associated with brain pathology. GRIN3A contains a missense variation in exon2 
that alters the amino acid valine to methionine at position 362 (Gallinat, et al., 2007). 
This variation has been shown to modulate cerebral function and may possibly be 
linked to schizophrenia. GRIN3B has recently been suggested to be one candidate gene 
for a specific type of spinocerebellar ataxia, SCA26 (Yu, et al., 2005). Little is known 
about the molecular mechanisms behind SCA26. However, six other types of 
spinocerebellar ataxias (SCA1, SCA2, SCA3 SCA6, SCA7 and SCA17) belong to a 
family of polyglutamine diseases which also includes dentatorubral-pallidoluysian 
atrophy (DRPLA), spinobulbar muscular atrophy (SBMA) or Kennedy's disease and 
Huntington's disease (HD) (Riley and Orr, 2006, Tarlac and Storey, 2003). 
Interestingly, each disease gene carries an unstable CAG or CTG trinucleotide repeat, 
and mutation expands this repeat and thus increases the polyglutamine tract, which is 
the trigger for pathogenesis. Like the human NR3B, the polyglutamine tracts are 
generally found in C-terminals of mutated proteins. In SCA6, the affected CACA1A 
gene (19p13.1-2) encodes the principal α1A subunit of the voltage-gated P/Q-type 
(Cav2.1) calcium channel (Zhuchenko, et al., 1997). Hence, it can be speculated that the 
CAG repeat of the GRIN3B gene also is unstable and expansion of this repeat is linked 
to disease, possibly to SCA26. In line with this hypothesis, polymorphism has recently 
been described in the CAG repeat of the GRIN3B (Niemann, et al., 2007).  
 
All ionotropic glutamate subunits contain the highly conserved motif SYTANLAA, 
which localizes to TM3. This motif is also present in the orphan receptor subunit 
GluRδ2 (Yuzaki, 2003). Moreover, the ataxic lurcher mouse results from a point 
mutation in the GluRδ2 gene (Grid2) that changes the last alanine in this motif to 
threonine (SYTANLAT) (Zuo, et al., 1997). Similar to the NR3 subunits, GluR δ2 
binds two agonists: d-serine and glycine (Naur, et al., 2007). However, no ligand 
binding is required for the activation of these mutant channels (GluRδ2Lc), and such ion 
channel dysfunction eventually causes the death of Purkinje cells (Zuo, et al., 1997). 
Interestingly, we found evidence for a short splice form of human NR3B, which partly 
lacks the SYTANLAA motif (unpublished result). Moreover, a truncated transcript of 
NR2C that terminates between M3 and M4 has been described in the rat cerebellum 
(Rafiki, et al., 2000). Taken together, it can be speculated that truncated NMDA 
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receptor subunits, without agonist binding capacity, could temporally bind to and 
regulate membrane-bound NMDA receptors in a profound way. However, the human 
GRIN3B gene is highly heterogeneous and approximately 10% of the individuals in the 
European-American population are homozygous for a null allele of GRIN3B due to a 
4-bp insertion in codon 465 in exon 3 (Niemann, et al., 2007). This insertion is 
predicted to result in a severely truncated NR3B subunit that lacks transmembrane 
regions altogether. In contrast to the wild-type NR3B, the truncated NR3B did not 
suppress the current response when it was co-expressed with NR1 and NR2A in 
HEK293 cells. Moreover, the NR3B -/- mice are viable and fertile, and have only subtle 
alterations in emotional behavior, weight and motor phenotype when compared to 
controls (Niemann, et al., 2007). Taken together, NR3B deficiency does not seem to 
alter the phenotype very much, neither in humans nor in the NR3B -/- mice. Other 
NMDA receptor subunits, in particularly NR3A, may compensate for the loss of 
NR3B.  
 
4.2 MEMBRALIN 

In this study, we identified a novel gene that encodes an evolutionary conserved protein 
that we named membralin since it contains multiple transmembrane regions. We found 
gene homologues in the mouse, fruit-fly and nematode genomes. The human 
membralin gene maps to chromosome 19p13.3, more specifically to a gene locus called 
chromosome 19 open reading frame 6 (C19orf6), which also is its provisional human 
gene name. C19orf6 is composed of at least 11 exons which encode at least three splice 
variants: membralin 1-3. The full length variant membralin-1 includes all exons, 
translating into 620 amino acids, but exon-intron boundaries are slightly different in 
membralin-2 and membralin-3, causing early terminations.  
 
The mouse membralin gene (ORF61) maps to chromosome 10 and contains as in the 
human 11 exons. Mouse membraline-1 is encoded by all 11 exons and its open reading 
frame contains 1722 bp corresponding to 574 amino acids. Surprisingly, membraline-2 
translates into 598 amino acids and is thus the longest splice variant in the mouse. The 
open reading frame of mouse membralin-2 includes the corresponding intron 7 in 
membralin-1, which translates into 24 additional amino acids. Hence, mouse 
membralin-2 is encoded by 10 exons. The existence of mouse membralin-1 and 
membralin-2 was confirmed by our cloning and sequencing and by additional 
expressed sequences found in the databases.  
 
Rat membralin-2 contains 1722 bp translating into 598 aa, as confirmed by ESTs.  
However, we did not find any ESTs evidence for the existence of membralin-1 in rat. 
Nevertheless, the existences of both splice variants were supported by in-situ 
hybridization data. High levels of membralin-1 and membralin-2 were found in (the rat) 
brain, and in particular in neuronal rich regions, such as the granular cell layers of the 
cerebellum and dentate gyrus and pyramidal layers in the hippocampus proper. In 
addition, both splice variants were expressed in some non-neuronal tissues, such as the 
choroid plexus, the medulla of the kidney and in the spleen.  
 
Gene homologues were identified in the fruit-fly Drosophila melanogaster and in the 
nematode Caenorhabditis elegans. Fruit-fly membralin-1 contains 2880 bp in 13 exons, 
translating into 960 amino acids. The existence of fruit-fly membralin-1 and 
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membralin-2 was supported by expressed sequences in the databases. Furthermore, we 
found evidence for gene homologues in plats such as thale cress (Arabidopsis thaliana), 
grape, cotton and tomato.  
 
It has been predicted that as much as 20% of the human genes are influenced by anti-
parallel gene transcription (Chen, et al., 2004). Opposite genes that are transcribed 
simultaneously may regulate each other in a number of different ways, at 
transcriptional and post-transcriptional levels. For example, RNA polymerases that are 
moving in opposite directions may not easily bypass each other, causing early 
termination of either of the transcripts, or both (Prescott and Proudfoot, 2002). On the 
post-transcriptional level, antisense mRNAs could control their complementary 
mRNAs by regulating their stability and splicing. Notably, C19orf6 and GRIN3B are 
oriented in an anti-parallel fashion and contain a conserved overlap in their 3’UTR 
regions. Their tail-to-tail overlap contains a conserved sequence that probably serves as 
a polyadenylation signal for both genes (unpublished observation). Moreover, the 
membralin and NR3B transcripts could theoretically form double stranded RNA 
(dsRNA), which may have delayed the discovery of the less expressed transcript, i.e. 
NR3B. It would be interesting to know the expression of these transcripts in more 
detail, to see whether they really co-localize within cells or not, especially in NR3B 
expressing motor neurons of the spinal cord. If such co-localization occurs, the 
expressions of membralin and NR3B may not be independent of each other.  
 
Membralin contains, in all species investigated, one transmembrane region in the N-
terminal and 3-5 transmembrane regions in the C-terminal. Hydrophilicity analysis 
suggests that membralin lacks an N-terminal signal peptide and may therefore be 
retained on the intracellular side. Accordingly, a fusion protein from the human 
membralin protein and the green fluorescent protein (GFP) was localized on the 
intracellular side of HEK293 cells (Chen, et al., 2005). Hence, membralin is likely 
bound to the cell membrane of any organelle.  

 
Membralin does not share significant sequence homology with any other proteins, and 
is therefore a unique protein. To this date, the functional role of membralin is unknown. 
However, membralin is an evolutionary conserved protein, and all species investigated 
here have many conserved motifs that may have important cellular functions. 
Interestingly, C19orf6 was recently identified as a novel tumor-associated gene in 
ovarian cancer (Chen, et al., 2005).  
 
4.3 CRUSH-INJURY IN ENTORHINAL-HIPPOCAMPAL SLICES 

The principal aims with this project were to develop a crush-injury-model in-vitro and 
characterize temporal, spatial and molecular cell death mechanisms. In Paper IV, the 
progression of the cell death following injury was analyzed with two nucleic markers; 
propidium iodide (PI) and TUNEL. Crush-injury in the entorhinal cortex induced a 
biphasic response of specific PI fluorescence at the site of injury. At the crush-site, 
there was an early increase in specific PI fluorescence that peaked at 1 day after injury 
(DAI) and then declined at 2-3 DAI. This early type of cell death was followed by a 
second phase of cell death that appeared at 4 DAI. Treatment with 30 μM MK-801 for 
2 h at the time of the injury prevented the delayed but not the early phase of cell death. 
At 4-7 DAI, there was delayed cell death in the hippocampus, as shown by specific PI 
fluorescence data. This delayed death of hippocampal cells was also inhibited by 
treatment with 30 μM MK-801. TUNEL-positive cells were mainly found at the crush-
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site. Treatment with 30 μM MK-801 significantly reduced the number of TUNEL-
positive cells at 5 DAI, but not at 1 DAI.  
 
In Paper V, we used a battery of antibodies specific to complement proteins (C1q and 
C5b9), clusterin, microglial cells (OX42 and ED1), astrocytes (GFAP) and neurons 
(NeuN) to analyze the inflammatory response following crush-injury in slices. 
Compared to controls, C1q-immunoreactivity (IR) was higher at the crush-site at 1-8 
DAI, whereas C5b9-IR was higher at 5-6 DAI. Moreover, clusterin-IR increased 
significantly at the crush-site at 1-2 DAI. The immunoreactivities for Ox42, ED1 and 
GFAP were higher in crush-injured slices compared to their respectively controls. Both 
astrocytes and microglial cells showed more reactive morphologies after injury, as their 
somas ramified and increased in size. Double labeling showed a strong co-localization 
in the immunoreactivities of Ox42 and C1q at the crush-site, suggesting that activated 
microglial cells are the endogenous producers of C1q in the CNS. There was an overlap 
in the immunoreactivities of NeuN and C5b9 at the crush-site, indicating that injured 
neurons were under heavy attack of complement. Moreover, the complement regulator 
clusterin was up-regulated in NeuN-positive neurons at the crush-site.  
 
It is well established that excessive excitatory activity, i.e. excitotoxicity, plays a central 
role in mediating both traumatic brain injury (TBI) and ischemic brain damage (Olney, 
2003). Glutamate receptors (GluRs) are recognized as being key players in 
excitotoxicity and a particularly strong relationship exists between excessive influx of 
Ca2+ through ionotropic GluRs (iGluRs) and excitotoxic cell death (Lynch and 
Guttmann, 2002, Olney, 2003, Slemmer, et al., 2005). Some models of excitotoxicity 
are largely dependent on AMPA receptor activation, while others are largely dependent 
on NMDA receptor activation (Arundine and Tymianski, 2003, Slemmer, et al., 2005). 
NMDA receptors antagonists have previously been shown to reduce trauma-induced 
secondary injury in vivo (Yoles, et al., 1997), and injury-induced early neuronal cell 
death in primary cultures (Tecoma, et al., 1989). It is reasonable to divide cell death 
following TBI into three categories: (1) cell death due to physical damage (2) acute 
necrotic cell death due to glutamate excitotoxicity (3) secondary or delayed cell death 
(Colicos, et al., 1996). Therapeutic intervention may not be possible for the first two 
categories, because these cells die too soon after the insult. However, the slow progress 
of the delayed cell death opens up a potential for rescuing these cells. 
 
To mimic head trauma in man, a variety of animal models of TBI have been developed 
and many of these models involve mechanical injury to the cortex. As a complement to 
animal models, organotypic brain slices from young rats have been introduced as a 
brain model that is accessible at the cellular level (Gahwiler, et al., 1997, Stoppini, et 
al., 1991). In this work, we prepared entorhinal-hippocampal slices and developed a 
method to induce brief cortical trauma in these slices, and monitored the subsequent 
cell death with propidium iodide (Kluge, et al., 1998, Macklis and Madison, 1990). As 
expected, crush-injury in the entorhinal cortex of the slice induced acute tissue 
destruction and neuronal disappearance at the site of injury. Outside the crush-injury 
site, nerve cell death was particularly intense in the CA1 and CA3 regions of the 
hippocampus. CA3 neurons appear to be particularly vulnerable to TBI in the rat 
(Anderson, et al., 2005, Colicos, et al., 1996). Hence, it can be hypothesized that crush-
injury in slices induces a relatively strong excitotoxic response that triggers a general 
damage to neurons in the hippocampus.  
 
Delayed cell death in our model appears to be triggered by an early influx Ca2+ through 
NMDA receptors, since this death was attenuated by MK-801 treatment. Inhibition of 
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Ca2+-entry through this route may protect against Ca2+-entry through a different route, 
as long as the as the latter challenge is not acute (Obrenovitch, 1999). For example, the 
terminal pathway of the complement cascade results in the potentially damaging C5b-9 
complex, which formation probably opens up a novel route for Ca2+-entry in injured 
cells. In agreement, our results show that neurons in the area surrounding the crush-
injury were targets for C5b-9. Others have shown that activation of iGluRs sensitizes 
neurons but not astrocytes to complement attack in vitro (Xiong and McNamara, 2002). 
Cortical neurons that were pre-treated with 30 μM of glutamate were shown to be 
severely injured by an otherwise non-toxic mix of C5b6, C7, C8 and C9. Moreover, the 
formation of reactive oxygen species (ROS) was shown to be the intermediate step that 
connects excitotoxicity with complement cascade. It has also been shown that 
complement activation plays a central role in neurodegeneration following TBI, both in 
humans as well as in rodents (Bellander, et al., 2001, Bellander, et al., 1996). 
 
Clusterin is a multifunctional protein that strongly inhibits C5b-9 formation. The 
soluble form of clusterin binds to late complement proteins, namely C7, C8β and C9b 
and transforms the C5b-9 into a hydrophilic complex without cytolytic activity 
(Tschopp, et al., 1993). Following TBI in the rat, clusterin-IR was up-regulated at day 2 
and then transiently down-regulated at 1 week and its expression was hypothesized to 
coincide with two temporally distinct forms of nerve cell deaths (Iwata, et al., 2005). In 
agreement, our data indicate a biphasic pattern of clusterin-IR with an early increase 
followed by slight decrease and second increase towards the end of the week at the 
crush-site. Notably in our study, the expression of clusterin was strong in neurons that 
were targets for C5b-9 attack.  
 
4.4 GLOBAL ISCHEMIA 

In stroke patients, the hippocampal CA1 neurons are amongst the most vulnerable in 
the brain (Zola-Morgan, et al., 1986), a finding also observed in experimental models 
of ischemia, both in gerbils and in rats (Kirino, 1982, Pulsinelli, et al., 1982). This 
project was initiated to develop a global ischemia model that produces a highly 
reproducible delayed cell death of hippocampal CA1 neurons. 
 
4.4.1 Experimental global ischemia in rats 

In the rat, global ischemia can be induced by cardiac arrest (Li, et al., 1999), by 4-
vessel occlusion (4-VO) (Pulsinelli and Brierley, 1979), or by 2-vessel occlusion (2-
VO) of the common arteries combined with hypotension (McBean, et al., 1995, Smith, 
et al., 1984). To induce sufficient ischemia in 2-VO models, the systemic blood 
pressure needs to be reduced to below 50 mm Hg during the occlusion period. The 
original 2-VO model induces such hypotension by a short-term reduction of blood 
volume (Smith, et al., 1984). Others have elegantly utilized the intrinsic hypotensive 
effect of halothane, thereby avoiding possible complications with blood transfer 
(McBean, et al., 1995). We have recently modified the model of MacBean and 
colleagues to include three major changes: First, we made instant adjustments of the 
halothane concentration to control the level of hypotension (and level of anesthesia). 
More specifically, the mean arterial blood pressure (MABP) was decreased to about 40 
mm Hg immediately before 2-VO and then maintained at 40-45 mm Hg during the 
occlusion period. Our method to control hypotension is markedly different from 
MacBean et al. whom used a fixed concentration of 5% halothane throughout the 
experiment. We made this change because hypotension has previously shown to be an 
important factor that determines the incidence of CA1 neurodegeneration after 2-VO 
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(Sugawara, et al., 2000). Second, halothane anesthesia was administered via an 
endotracheal tube in our model instead of as originally described via a face mask. This 
change has been reported to create more stable physiological conditions in a focal 
model of ischemia (Zausinger, et al., 2002). Third, we confirmed the reduced cerebral 
blood flow (CBF) throughout the ischemic period by laser-Doppler flowmetry, whereas 
MacBean used EEG, which is an indirect measure of CBF. Taken together, these 
changes may partly explain the consistent outcome reported in this current study. 
 
4.4.2 Temporal and regional patterns of cell death after ischemia 

Similar to previous studies (McBean, et al., 1995, Pulsinelli, et al., 1982, Smith, et al., 
1984), our data show that CA1-neurons are particularly sensitive to ischemia. At 7 
DAI, we found an ischemia-duration-dependent neuronal death in the CA1-region, as 
analyzed by Fluoro-Jade (FJ). There was a gradual increase in FJ staining in this region 
in rats exposed to 8, 9, 10, and 11 min of ischemia. Longer periods of ischemia (12-13 
min) also induced FJ positive neurons in the middle layers of the cortex. The optimal 
duration for producing a “specific” CA1 cell death was estimated to be 11 min of 
ischemia.  
 
We decided to investigate the time-course of injury in the CA1-region following 11 
min of global ischemia in more detail. Fluoro-Jade staining was absent in the CA1 
region at 1 day after the ischemic insult (Paper VI), but widespread at 7 and 14 DAI 
(Paper VI and VII). However, FJ staining decreased at 21 DAI and returned to control 
values at 90 DAI (paper VII). Moreover, FJ positive cells were scare in the CA1 region 
at 125 and 250 DAI (paper IX). In agreement with FJ data, the majority of CA1 
neurons were TUNEL-positive at 14 DAI (Paper VIII).  
 
Hippocampal pyramidal neurons were visualized, either by cresyl violet staining or by 
NeuN labeling, and quantified. No difference in CA1 neurons was seen at 1 DAI. 
However, the number of remaining CA1 neurons was reduced from about 8% of 
control at 7 DAI (Paper VI) to approximately 3% of control at 14 DAI (Paper VII).  
Surprisingly, the number of CA1 neurons recovered considerable at later time-points, 
reaching to approximately 41% of control at 90 DAI. This increase of CA1 neurons 
was hypothesized to be due to neurogenesis. Indeed, we found co-localization of NeuN 
and BrdU in a small number of CA1 neurons at 90 DAI. We also observed increased 
numbers of cells expressing the immature neuronal marker PSA-NCAM in lateral 
periventricular region adjacent to CA1 at 14 and 21 DAI. Taken together, neurogenesis 
after ischemia may in part explain the recovery of CA1 neurons at 90 DAI. However, a 
large number of CA1 neurons that reappeared at 90 DAI were later lost at 90-125 DAI. 
NeuN-positive CA1 neurons were reduced to 20% of control values at 125 and 250 
DAI, respectively (Paper VIII).  
 
Neuronal perikarya and dendrites were visualized using an antibody against 
microtubule-associated protein 2 (MAP2). MAP-IR was almost abolished in the CA1 
region at 14 DAI, but partly recovered to control levels at 21 and 90 DAI in parallel 
with the formation of new CA1 neurons (Paper VII). However, there was a significant 
decrease in MAP2-IR in the CA1 region between 90 DAI and 250 DAI (Paper IX).  
 
It is well established that transient forebrain ischemia induces delayed cell death of 
CA1-neurons in the hippocampus (Kirino, 1982, Pulsinelli, et al., 1982). Likewise, 11 
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min of global ischemia in our study was shown to induce a highly reproducible delayed 
cell death of CA1 neurons. The time course of neuronal death in CA1 in our model was 
similar to a previous 4-VO model (Colbourne, et al., 1999) but slower than in a 
conventional 2-VO model, where maximal CA1 neuron loss was obtain already at 3 
DAI (Sugawara, et al., 2000, Sugawara, et al., 2002). New neurons are generated in the 
dentate gyrus of adult rats after experimental stroke (Liu, et al., 1998) and epilepsy 
(Parent, et al., 1997). Moreover, the very existence of CA1-neurogenesis in response to 
global ischemia have been reported before (Nakatomi, et al., 2002, Schmidt and 
Reymann, 2002), but one recent study reported in agreement with our results a late and 
prominent recovery of CA1 neurons (Elsersy, et al., 2004). It can be speculated that the 
prolonged presence of CA1 neurons in our model may have provided a suitable 
environment for neurogenesis. Neurogenesis is probably also most efficient in 
replacing dying neurons when neurodegeneration is restricted to a specific region, as it 
was in the current work. Neurogenesis is regulated by growth factors, including 
fibroblast growth factor 2 (FGF-2) and epidermal growth factor (EGF) (Kuhn, et al., 
1997, Palmer, et al., 1999). Interestingly, treatment with FGF-2 and EGF at 2-5 days 
after ischemia was shown to increase the number of CA1 neurons at 2 months after 
injury (Nakatomi, et al., 2002). Our results show that such recovery also can be 
achieved without the administration of growth factors. However, some of CA1 neurons 
that are born after ischemia appear to have a transient survival, and may therefore not 
integrate themselves into functional networks (Paper IX).  
 
4.4.3 Behavior after ischemia 

To study if the number of CA1 neurons were associated with any changes in cognitive 
functions, we used the Morris water-maze to analyze spatial learning and memory 
performance of 14, 90 and 250 DAI animals. At 14 DAI, the 11 min ischemia rats had 
longer escape latencies than control and 1 min ischemia rats. This deficiency in finding 
the platform persisted throughout the entire period. Moreover, the 11 min ischemia rats 
swam faster and covered a longer distance than control and 1 min ischemia rats. In the 
memory test, the 11 min ischemia rats spent significantly less time in the target zone 
(where the platform originally was positioned) than control and 1 min ischemia rats. 
They also spend considerable less time in the correct quadrant than control and 1 min 
ischemia rats. Learning and memory in the Morris water maze was generally restored at 
90 and 250 DAI (Paper VII and IX). However, our results show that ischemic rats 
swam longer distances before they reached the platform at 250 DAI compared to 
control (paper IX).  
 
To further evaluate the long-term behavior effects following global ischemia, we tested 
14 DAI and 125 DAI animals in a novel water maze based on sequential right-left 
choices (Paper VIII). During the first trial at 13 DAI, there were no significant group 
differences in the time required to reach the platform. However, the latencies of the 
control and the sham rats were gradually reduced in the subsequent trials, whereas the 
11 min ischemia rats showed little or no improvement. Moreover, the 11 min ischemia 
rats needed a significantly higher number of trials to successfully reach the platform 
three times in a row, compared to the control and sham rats. In the memory test at 14 
DAI, the 11 min ischemia rats needed significantly more time to reach the platform 
compared to the control and sham groups. Since only four of the 11 min ischemia rats 
actually had learned the task the previous day, we divided these ischemia rats into 
learners and non-learners. However, the latencies of 11 min ischemia subgroups of 
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learners and non-learners at 14 DAI were not different. In fact, the 11 min ischemia rats 
spent as much time searching the platform during the first trail at 13 DAI as the last 
trail at 14 DAI. Hence, our results show that global ischemia causes impairments in 
spatial memory. No significant impairment in learning and memory was observed in 
the T-maze at 125 DAI or at 250 DAI (Paper VIII and IX).  
 
The beam-walk test did not reveal any significant group differences at any time-point 
analyzed (Paper VI, VII, and IX). 
 
In agreement with our results (Paper VII), deficiencies in learning and memory in the 
Morris water maze have previously been reported at early time-points after global 
ischemia (Nakatomi, et al., 2002). However, our long-term studies indicate that 
ischemic rats perform surprisingly well when tested in the T-maze and/or the water 
Morris maze at 90, 125 or 250 DAI (Paper VI-IX). Likewise, no change in latency was 
found in the Morris maze at 3 months after 10 min of 2-VO (Elsersy, et al., 2004) or at 
3 months after 20 min of 4-VO (Kiyota, et al., 1991). Although no group difference 
was found at 4 weeks, ischemic rats did not perform as well as controls in the water 
maze when tested at 1-2 weeks after 20 min of 4-VO. Taken together, rats subjected to 
global ischemia show early deficiencies in the Morris water maze, but their 
performance appears to normalize with time. It is quite remarkable that ischemic rats 
only showed subtle deficiencies in water maze performance in spite of the substantial 
loss of CA1 neurons at 250 DAI (Paper IX). In long-term studies of global ischemia, it 
can be hypothesized that other brain regions may have compensated for the functional 
loss of CA1 neurons (Pouzet, et al., 2002).  
 
4.4.4 Inflammatory mechanisms after ischemia 

Microglial activation was highly associated with the appearances of nerve cell death. 
OX42-IR was absent in the CA1 region at 1 DAI, but significantly higher at 7, 14 and 
21 DAI (paper VI and VII). In agreement with FJ-data, Ox42-IR was reduced to control 
levels at 90 DAI (paper VII). However, OX42-IR was high in the CA1 region at 125 
and 250 DAI. Also ED1-IR was significantly higher in the CA1 region at these time-
points after ischemia (Paper IX). Crystal-like deposits were present in the CA1 
pyramidal cell layer in all of the 125 DAI rats, and all but one of the 250 DAI rats. 
These deposits were dark purple in cresyl-violet stained sections, and auto-fluorescent 
in Fluoro-Jade stained sections. The deposits were identified as mineralized forms of 
calcium with Alizarin Red S.  
 
We noticed that activation of macrophages, microglia, and astroglia coincided with 
calcium deposits after injury (both in the primary and tertiary phase), which is in 
agreement with previous results (Herrmann, et al., 1998, Oliveira, et al., 2003). 
However, the precise contribution of these cells to the process of calcification remains 
unclear. 
 
4.4.5 NMDA receptor expression after ischemia 

Our results demonstrate that the mRNA and protein expression of NR1, NR2A, and 
NR2B are specifically reduced in CA1 and CA3 following transient global ischemia, 
associated with a reduced number of [3H]MK-801 binding sites. NR3B mRNA 
expression was unaltered. In addition, we found altered kinetic properties of [3H]MK-
801 binding but no change in overall Mg2+ block affinity. These alterations appear at a 
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time point that precedes the delayed cell death of CA1 neurons, and may serve as an 
endogenous neuroprotective adaptation that rescues CA3 neurons but is not sufficient 
to save the CA1 neurons. 
 
Multiple studies have also reported changes in NMDA receptor expression following 
global ischemia (Friedman, et al., 2001, Heurteaux, et al., 1994, Hsu, et al., 1998, Won, 
et al., 2001, Zhang, et al., 1997), but results from this area of research are often 
conflicting. For example, some investigations have reported no alteration in NR1 
expression after an ischemic insult (Gass, et al., 1993, Sugimoto, et al., 1994), whereas 
others have found decreased (Friedman, et al., 2001), or increased mRNA levels 
(Heurteaux, et al., 1994). Similar conflicting results exist for the regulation of the 
NR2A, NR2B and NR2C in the hippocampus (Heurteaux, et al., 1994, Hsu, et al., 
1998, Won, et al., 2001, Zhang, et al., 1997). There are relatively few studies on 
[3H]MK-801 binding in the hippocampus after ischemia. No change in [3H]MK-801 
binding was reported in the CA1 region after ischemia in gerbils, except in conjunction 
with the actual disappearance of the CA1 neurons (Kato, et al., 1993, Sommer, et al., 
2002). In contrast, our data show an early decrease of [3H]MK-801 binding sites in 
CA1 after ischemia, consistent with the profound down regulation of the NMDA 
receptor subunits in this region.  
 
4.5 SUBARACHNOID HEMORRHAGE 

In the present study, we investigated the effects of SAH on acute cerebral blood flow 
(CBF), hippocampal cell death, and NMDA receptor expression. SAH caused a 
reduction in CBF that was more pronounced on the ipsilateral side than on the 
contralateral side. Based on the duration of ipsilateral CBF below 30% of baseline 
(CBF30) the rats were divided into four groups: sham (CBF30 ≤ 3 min), mild 
hypoperfusion (CBF30 = 4-9 min), moderate hypoperfusion (CBF30 = 10-14 min) and 
severe hypoperfusion (CBF30 ≥15 min). These rats were after SAH allowed surviving 
for 3-5 hours or for 2-7 days. Duration of ipsilateral CBF30 was predictive of ipsilateral 
delayed pyramidal cell death in the hippocampus at 2-7 days after SAH. Cell death was 
observed as decrease in Cresyl violet staining and appearances of Fluoro-Jade and 
TUNEL staining. At 2-7 days, delayed cell death was present in the ipsilateral CA1 and 
CA3 regions after moderate hypoperfusion, but not in the dentate gyrus or on the 
contralateral side. Cresyl violet intensities in the ipsilateral CA1 and CA3 were both 
reduced by approximately 60% in the moderate hypoperfusion group compared to the 
corresponding regions in the sham group. Mild hypoperfusion only caused delayed cell 
death in CA1, while no cell death at all was present in sham rats. At 3-5 hours, we 
occasionally found some early cell death in the hippocampus formation after both 
severe and moderate hypoperfusion, but not after mild hypoperfusion or in the sham 
group at this early time point.  
 
At 3-5 hours, we analyzed early mRNA expression of NR1, NR2A, NR2B and NR3B 
in the hippocampus formation, by using in-situ hybridization. There was no significant 
difference between ipsilateral and contralateral mRNA levels of any NMDA receptor 
subunit in the sham group. NR1 mRNA levels were not significantly altered by SAH in 
any region. Ipsilateral NR2A, NR2B and NR3B mRNA levels decreased by 20-30% in 
the CA1 and dentate gyrus of moderate and severe hypoperfusion rats, as compared to 
sham. In CA3, NR2B was significantly altered by SAH, showing a 10-15% decrease 
against sham ipsilaterally. 
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SAH represents 5–10% of all stroke incidents, and is a major cause of permanent 
disability and death in adult humans (van Gijn and Rinkel, 2001). Like all other major 
categories of stroke, SAH disturbs the physiological cerebral blood flow (CBF), and 
may therefore induce ischemic brain conditions that eventually lead to cell injury. 
Previous data indicate that early mortality after experimental SAH is particularly high 
in rats with persistent CBF reductions (Bederson, et al., 1998, Prunell, et al., 2003). In 
agreement, our results show that ipsilateral CBF30 following SAH correlate with both 
mortality and delayed cell death. Moreover, SAH leads to nerve cell death in the rat 
brain, including the hippocampal formation (Klinge, et al., 1999, Matz, et al., 1996, 
Prunell, et al., 2003, Veelken, et al., 1995), which is also vulnerable to ischemia 
(Kirino, 1982, Pulsinelli, et al., 1982). In agreement with ischemia, glutamate 
excitotoxicity is a key mechanism that causes cell death in SAH (Bederson, et al., 1998, 
Saveland, et al., 1996). Changes in NMDA receptor mediated transmission appear 
before neuronal death in models of transient ischemia (Shinno, et al., 1997, Urban, et 
al., 1989). Our data suggest that NMDA receptor channel dysfunction also could play a 
crucial role in neurodegenerative processes after SAH. We found a CBF-dependent 
early decrease in the mRNA expression of specific NMDA receptor subunits in the 
hippocampal formation after SAH. This change could possibly be a neuroprotective 
strategy to reduce neuronal excitability against a putative excitotoxic challenge 
following SAH. Such down-regulation may be sufficient to rescue the neurons of the 
dentate gyrus, which showed early mRNA changes but no cell death. In the CA1 
region, however, changes in NMDA receptor mRNA appears to be insufficient to 
protect against delayed cell death. Although the mRNA levels of the NR3B were 
decreased in the present study, we found no significant changes in the relative 
proportion of the NR3B expression, since also the NR2A and NR2B mRNA levels 
were decreased. In fact, reduced levels of NR2A and NR2B mRNA levels, which 
contain binding sites for glutamate, should result in a decreased Ca2+ influx. Hence, our 
results indicate a neuroprotective adaptation of the NMDA receptors against a putative 
excitotoxic challenge following SAH.  
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5 GENERAL DISCUSSION 
 
Although numerous efforts have been made, we cannot in a satisfactory manner explain 
why certain populations of neurons degenerate after injury. It is often hypothesized that 
a certain factor is a key contributor to nerve cell death. This view gives, of course, an 
over-simplified picture of neurodegeneration (Obrenovitch, 1999). Regardless of brain 
disorder, the outcome is generally shaped by a variety of interrelated factors, from ions 
to macromolecules and dependent on what cells that are involved.  
 
Excessive accumulation of extracellular glutamate during ischemia has been 
hypothesized to cause neuronal hyperactivity and excessive Ca2+ influx, which in turn 
triggers many pathological mechanisms that ultimately result in neuronal death (Choi 
and Rothman, 1990). All members of glutamate receptor system are, indirectly or 
directly, involved in intracellular Ca2+ regulation. Pharmacological studies with 
glutamate receptor antagonists have also shown there are multiple ways to prevent 
ischemic cell death after ischemia. One can argue that neurodegeneration during 
ischemia begins with the excessive influx of Ca2+ through NMDA receptors, because 
antagonism with MK-801 has been shown to prevent ischemic cell death, at least when 
treatment is given during or in close proximity to the ischemic insult (Ishimaru, et al., 
1997, Li, et al., 1999, Olsson, et al., 2003, Zhang, et al., 1997). Notably, Ca2+-influx 
through synaptic NMDA receptors triggers intracellular signaling pathways that 
phosphorylate transcriptions factors within the nucleus (Wang, et al., 2006). Synaptic 
NMDA receptor signaling triggers CREB-dependent transcription, while extrasynaptic 
NMDA activity has the opposite effect (Hardingham, et al., 2002, Ivanov, et al., 2006). 
Synaptic NMDA receptor signaling has been hypothesized to promote neuroprotective 
pathways, while extrasynaptic signaling favours neurodegenerative pathways. 
Although this hypothesis has strong support, glutamate transmission is generally 
shaped by different classes of iGluRs and mGluRs. Also AMPA receptors are directly 
involved in Ca2+-regulation, since they exist as both Ca2+-permeable and Ca2+-
impermeable ion-channels dependent on their subunit composition (Hollmann, et al., 
1991). The GluR2-hypothesis of neurodegeneration was proposed based on the causal 
relationship between the reduced gene expression of GluR2 and the delayed cell death 
of CA1-neurons following transient forebrain ischemia (Pellegrini-Giampietro, et al., 
1997). In agreement, Ca2+ and/or Zn2+ entry through GluR2-lacking AMPA receptor 
channels has been described in CA1 neurons after ischemia (Gorter, et al., 1997, Liu, et 
al., 2004, Noh, et al., 2005). When administered relatively late after global ischemia, 
the AMPA receptor antagonist Naspm has been shown to attenuate delayed cell death 
of CA1 neurons (Noh, et al., 2005). Moreover, GluR2 gene expression is inhibited by 
the repressor element-1 silencing transcription factor (REST), which is significantly up-
regulated following ischemia (Calderone, et al., 2003). However, it appears that REST 
also inhibits gene transcription of NR1 and NR2B (Okamoto, et al., 1999, Qiang, et al., 
2005). In fact, we (Paper X) and others have shown that several different glutamate 
receptor subunits, not only the GluR2 subunit, are down-regulated after ischemia 
(Friedman, et al., 2001, Pellegrini-Giampietro, et al., 1994, Zhang, et al., 1997). Also 
the post-synaptic expression of mGluR5 is reduced in CA1-neurons following ischemia 
(Yeh and Wang, 2005). Taken together, ischemia-induced neurodegeneration is likely 
shaped by all glutamate receptor systems.  
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Neurons that receive many excitatory projections, such as the CA1 neurons in the 
hippocampus and the Purkinje cells in the cerebellum are especially vulnerable to 
excitotoxic conditions (Slemmer, et al., 2005, Steward, 1976). Inhibitory hilar neurons 
in the dentate gyrus are also vulnerable to ischemia, and these cells are after early signs 
of neurodegeneration totally lost within 4 days after ischemia (Hsu and Buzsaki, 1993, 
Johansen, et al., 1987). Although glutamate excitotoxicity is a key mechanism in 
ischemia, it cannot alone explain all forms of ischemic cell death, because the increased 
levels of intracellular Ca2+ and extracellular glutamate rapidly return to normal after 
reperfusion (Mitani and Kataoka, 1991, Nakamura, et al., 1993). 
 
Two distinct forms of neuronal death – apoptosis and necrosis – have been described 
based on morphological appearance. Apoptosis was originally described as 
ultrastructural changes in cells undergoing a controlled death program (Kerr, et al., 
1972). Classical morphological changes in apoptosis involve; cell shrinkage, nuclear 
chromatin condensation, membrane blebbing and the formation of apoptotic bodies. 
Necrosis is characterized by swelling of the cell and its organelles, clumping of 
chromatin, destruction of membrane integrity, disaggregation of polyribosomes, and 
finally dissolution of the cell (Wyllie, 1980). Biochemical indicators of apoptosis 
include endonucleolytic degradation of DNA into nucleosomal fragments and 
expression of “apoptosis-specific proteins”. However, ischemic cell death in the CNS is 
highly heterogeneous and often falls between these two morphological phenotypes, in 
an apoptosis-necrosis continuum (Martin, et al., 1998, Portera-Cailliau, et al., 1997). 
For example, delayed death of CA1 neurons following transient global ischemia is 
neither purely apoptotic nor necrotic (Kirino, 1982, Lipton, 1999, Pulsinelli, et al., 
1982). Morphologically, delayed cell death include the proliferation of the rough 
endoplasmic reticulum (RER), disaggregation of polyribosomes, dendritic swelling and 
the lack of apoptotic bodies (Colbourne, et al., 1999, Johansen, et al., 1987, Kirino, 
1982, Kirino and Sano, 1984). Like apoptosis, delayed neuronal cell death involves 
similar Ca2+-dependent enzymes such as nucleases, proteases and lipases that may 
damage DNA, cell proteins and lipids and thus result in cell death (Lipton, 1999). In 
contrast, no evidence of internuclesomal DNA degradation has yet been found in this 
type of death. The type and strength of injury, and the characteristics of the cell 
population involved are factors that determine whether apoptosis or necrosis 
predominates (Ruan, et al., 2003). Excessive activation of the NMDA receptor system 
appears to trigger a necrotic phenotype, while insufficient activation primarily results in 
apoptotic phenotype (Martin, et al., 1998, Olney, 2003).  
 
The therapeutic window to counteract delayed neuronal cell death opens up a 
possibility to rescue these cells, but there is today no efficient clinical treatment. 
Delayed death of CA1-neurons after global ischemia in rodents can be prevented with a 
wide range of drugs including various classes of glutamate receptor antagonists, but 
none of these drugs are efficient against stroke. Treatments in experimental models 
have generally been found to be effective in reducing neuronal cell death only when 
given during or within hours of an ischemic episode. Although “rescued neurons” 
remain morphologically intact shortly after the ischemic insult, few studies have 
investigated long-term effects after ischemia. One question that is of major importance 
is how well experimental ischemic models replicate events during and after a human 
stroke. Most models involve inbreeded rats of same age and sex that receive a 
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standardized amount of ischemia, and the overall variation is minimized in order to get 
a consistent outcome. Stroke on the other hand is a very heterogeneous disease. Despite 
their limitations, experimental animal models are fundamental in the development of 
effective drugs that work in the clinic. 
 
This project was initiated to broaden the knowledge on NMDA receptor function, 
during physiological as well as pathological brain conditions. The cloning and 
characterization of the NR3 subunits, both in the human and rodents, have identified 
molecular targets for rationale drug design. Drugs that inhibit pathological NMDA 
receptor responses without affecting physiological glutamate transmission may have 
fewer side effects than those experienced with non-selective NMDA receptor 
antagonists. NR3 subunits are promising targets for such drugs because of their 
relatively restricted expression patterns in the CNS.  
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6 CONCLUSIONS 
It is concluded from Paper I-II that: 
● NR3B is a novel NMDA receptor subunit, and is most closely related to NR3A. The 
human NR3 genes (GRIN3A and GRIN3B) as well as the mouse NR3B gene (Grin3b) 
all include 9 coding exons. In-situ hybridization data indicate that NR3A expression is 
restricted to the dentate gyrus and deep neocortical layers in the human brain, while 
NR3B is expressed in the human hippocampal formation and adjacent neocortex, and 
in various regions of the adult rat brain.  
 
It is concluded from Paper III that:  
 
● The human gene C19orf6 is unique in that it lacks any clear homology to other 
human genes. C19orf6 and the human NR3B gene (GRIN3B) are transcribed in 
opposite directions and overlap in their non-translated 3´-ends. Likewise, the 
corresponding gene homologues (ORF61 and Grin3b) are oriented in a similar fashion 
in the mouse genome. In-situ hybridization data indicate that membralin is expressed in 
neuronal rich regions in the rat brain.  
 
It is concluded from Paper IV-V that:  
 
● Traumatic brain injury in slices induces delayed cell death, which is dependent on 
early NMDA receptor activation. Crush-injury in slices activates the complement 
cascade, and this could open up a novel and detrimental route for Ca2+-entry in injured 
cells.  
 
It is concluded from Paper VI-IX that:  
 
● Global ischemia induces delayed cell death of CA1 neurons in the hippocampus. 
 
● Neurogenesis in the CA1 region is triggered by global ischemia. 
 
● Long-term neurodegeneration in the CA1 region occurs after global ischemia  
 
● Ischemic rats show profound but transient deficits in learning and memory when 
tested in the Morris maze and water T-maze, whereas only subtle changes were found 
in long-term studies. 
 
● The water T-maze is a fast and efficient method to test learning and memory. 
 
It is concluded from Paper X-XI that:  
 
● CA1 cells that are destined to die after global ischemia or subarachnoid hemorrhage 
down regulate NMDA receptor subunits in an early stage after injury.  
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