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The N-methyl-0-aspartate receptor is the main coincidence detector in the 

brain. It is known to be necessary for many forms of learning and memory. 

Interestingly, the NR2 subunit composition of the NMDA receptor is modulated 

endogenously according to the location in the brain and the age of the animal, 

with the NR1 subunit being ubiquitously expressed. 

In the forebrain regions, including the cortex, hippocampus, striatum, and 

amygdala, the NR2A and NR2B subunits are the primary subunits expressed. 

While it is known that a high NR2B:NR2A ratio enhances memory and cognition, 

it is not directly known, the effects of a low NR2B:NR2A ratio. In this project, the 

effects of modulating the NR2A:NR2B ratio on multiple forms of learning and 

memory are explored by the use of a NR2A transgenic mouse. Our transgenic 

mice overexpress the NR2A subunit in the forebrain regions, driving the 

NR2A:NR2B ratio toward the expression of the NR2A. 

As the NR2B subunit is known to favor learning and memory; we also 

further explore the role of the N-terminal and membrane domains and the C-

terminal domain in the observed enhancements. 

Our data indicate that a high NR2A:NR2B ratio constrains multiple forms 

of long-term memory in our transgenic animals. Additionally, we have observed 
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additional forms of enhanced learning and memory in the NR28 transgenic mice 

that were not tested previously. We were able to show that the NR28 C-terminal 

tail, and thus the intracellular signaling cascades, is responsible for the 

enhancements seen in the NR28 animals. 

Using the NR2A and NR28 transgenic mice, we also investigated the 

long-held hypothesis that a low NR2B:NR2A ratio would be beneficial to 

hemorrhagic stroke recovery. Until now this hypothesis has only been 

investigated by the use of pharmaceuticals, whereby the NR28 subunit is 

antagonized. We found that while several physiological factors, including 

neurological deficit and survival rate were unchanged, lesion size and percent 

edema were significantly less in the NR2A transgenic mice than the NR28 

transgenic mice. This demonstrates that a low NR2B:NR2A ratio may be 

beneficial for some aspects of hemorrhagic stroke recovery. 

INDEX WORDS: NMDA receptor, NR2 subunit, short-term memory, long-term 

memory, intracerebral hemorrhage 
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!.INTRODUCTION 

A. Statement of the Problem and Specific Aims 

The N-methyl-0-aspartate (NMDA) receptor is the main coincidence detector in 

the brain, and requires both the pre-synaptic release of glutamate and depolarization of 

the post-synaptic membrane for activation. The NMDA receptor is thought to be a 

heterotetramer composed of two obligatory glutamate receptor subunit zeta-1 (NR1) 

subunits and two modulatory glutamate receptor subunit epsilon (NR2) subunits. The 

NR2A (glutamate receptor subunit epsilon-1) and NR2B {glutamate receptor subunit 

epsilon-2) subunits, which are found primarily in the forebrain regions (1 ), have been 

found to be important in learning and memory and synaptic plasticity. The NR2 subunits 

are developmentally and regionally regulated (1-5). The NR2B and NR2D (glutamate 

receptor subunit epsilon-4) subunits are expressed in the prenatal brain and remain 

prevalent at the time of birth. As the animal ages, the levels of the NR2A subunit and the 

NR2C (glutamate receptor subunit epsilon-3) subunit increase starting after birth. The 

relative expression of the NR2A subunit overtakes that of the NR2B subunit in the 

forebrain around the time of puberty in many mammal species (6-9). Importantly, this 

switch in subunit expression is paralleled by a decrease in synaptic plasticity. Previous 

reports have indicated that a high level of the NR2B subunit of the NMDA receptor is 

1 



2 

ideal for learning, memory and synaptic plasticity (10-15). Our lab has previously 

reported on transgenic mice in which the NR2B subunit is overexpressed in the forebrain 

regions creating a low NR2A: NR2B ratio that persists well into adulthood, the "NR2B 

transgenic mice" ( 16, 17). These animals have shown significant increases in memory 

and cognition in multiple spatial and non-spatial tasks. We seek to further investigate the 

role of a low NR2A:NR2B ratio in two ecologically-based tasks, social recognition and 

conditioned taste aversion, as well as, a complex hippocampal-dependent paradigm, 

trace fear conditioning. 

Additionally, we are interested in determining the effect of significantly increasing 

the NR2A: NR2B ratio in the forebrain, on learning and memory. As the brain ages, the 

NR2A subunit expression increases, while synaptic plasticity decreases (6-9, 18-20). To 

investigate the effects of an increased NR2A:NR2B ratio, our lab has previously created 

a transgenic animal line in which the NR2A subunit is overexpressed in the forebrain 

regions termed the "NR2A transgenic mice" (21 ). This ratio mimics that which is seen in 

the aged brain and will provide insight into the effects of a high NR2A:NR2B subunit 

expression ratio. The cognition and memory of these animals will be extensively 

investigated in their basic behaviors, including basal anxiety levels and locomotion, as 

well as their spatial memory, emotional memory, social and non-social recognition 

memory, and conditioned taste aversion. These tasks have been specifically chosen to 

investigate several brain areas, as well as several ecologically-based behaviors. We 

hypothesize that the NR2A transgenic mice will show impaired synaptic plasticity which 

will lead to impairments in learning and memory. 

There has been much debate as to which molecular motif of the NR2 subunit is 

primarily responsible for the enhancements seen with the overexpression of the NR2B 
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transgenic mice, the N-terminal and membrane domains or the C-terminal domain. 

Some evidence indicates that the N-terminal domain, its coincidence detection feature, 

opening duration, and magnitude of Ca2
• influx are more responsible for the increase in 

learning and memory abilities of these animals. Conversely, other data indicate that the 

intracellular signaling cascades initiated by the C-terminal tail of the NR2B subunit after 

the activation may be more responsible. To address this controversy, we have created 

two transgenic animal lines which express chimeric NR2 subunits. By substituting the C

terminal domain of the NR2B subunit with that of the NR2A receptor we can investigate 

the role of the N-terminal and membrane domains of the NR2B subunit on the learning 

and memory enhancements in the NR2B transgenic mice. These chimeric subunits were 

used to create transgenic animal line that we termed "NR2(B/A) transgenic mice" in our 

studies. We also created another chimeric subunit in which the N-terminal and 

membrane domain of the NR2A subunit was fused with the NR2B C-terminal domain. 

This chimeric subunit allows for the investigation of the role of the C-terminal domain of 

the NR2B subunit. These chimeric subunits were used to create a transgenic line that 

we termed "NR2(A/B) transgenic mice" in our studies. Using these chimeric animals, we 

investigated the contribution of each molecular motif on social and non-social 

recognition, as well as emotional memory. Based on known data we hypothesize that 

the C-terminal domain will be more responsible for the enhancements observed in the 

NR28 transgenic mice. 

Additionally, we investigated the role of altering the subunit ratio on the 

physiological outcome after an experimental intracerebral hemorrhage (ICH). 

Intracerebral hemorrhages account for approximately 10 - 15% of stroke cases, but 

have one of the highest mortality rates with only 40% of patients surviving to one year 
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(22-24). Despite the lethality of intracerebral hemorrhages, a PubMed search for the last 

5 years reveals about 8,400 publications with the key word "intracerebral hemorrhage" 

while "ischemic stroke" has approximately 18,000 publications. The overwhelming 

attention on ischemic stroke has lead to ICHs being dubbed the "forgotten stroke" (25). 

This is likely the result of the complexity of intracerebral hemorrhages and the difficulty in 

treating patients. There are no proven treatments for ICH (22) and surgical interventions 

are controversial at best (26). Unfortunately, outcomes of intracerebral hemorrhages can 

be unpredictable and are not always dependent on lesion size (27). However, one 

recent report indicates that poor prognosis in ICH outcome may be associated with 

higher levels of extracellular glutamate (27). 

Glutamate excitotoxicity is known to be a major factor in secondary injury after a 

neurological insult (27). Excess extracellular glutamate causes pathological activation of 

the NMDA receptors leading to neuronal death (28, 29). However, clinical trials of most 

NMDA antagonists have failed due to intolerable side effects or lack of efficacy (30-37). 

Recently, new data has suggested that the NR2A and NR2B subunits may have 

differential effects in excitotoxicity with the NR2A subunit showing anti-apoptotic 

properties (38, 39). We thus used the NR2A and NR2B overexpression animals to 

investigate the significance of the NR subunit ratio on the physiological outcomes 

following an ICH. The specific aims of this study are outlined below. 

Specific Aim 1: Investigate the effects on learning and memory of significantly 

decreasing the NR2B:NR2A ratio by overexpressing the NR2A subunit. 

a. Transgenic mice which overexpress the NR2A subunit of the NMDA receptor 

have been used to investigate memory and cognition when the NR2A:NR28 

ratio is significantly increased. 
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b. Short-term and long-term object recognition memory has been investigated. 

c. Short-term and long-term hippocampal-dependent and hippocampal

independent emotional memory have been determined. 

d. Fear extinction in the transgenic NR2A transgenic mice was investigated. 

e. Social recognition of a male conspecific and a female conspecific was 

investigated. Recognition abilities of animals of a different strain and rodents 

of a different species were also investigated. 

Specific Aim 2: Compare the effects of a high NR2B:NR2A ratio to a low 

NR2B:NR2A ratio on learning and memory. 

a. Studies of the learning and memory properties when the NR2A subunit is 

overexpressed were compared to previously published data of the properties 

of transgenic mice which overexpress the NR2B subunit. 

b. New behavioral experiments testing the learning and memory in the NR2B 

transgenic mice were compared to the data collected from the NR2A studies 

and compared. 

c. Social recognition abilities of the NR2B transgenic mice were investigated 

and compared to the NR2A transgenic mice. 

Specific Aim 3: Determine the role of the channel gating properties of the N

terminal and membrane domain in the learning and memory enhancement seen in 

the NR2B transgenic mice. 

a. Transgenic mice which overexpress a chimeric NR2(B/A) transgenic mice 

have been used in the study. 
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b. The role of the N-terminal and membrane domain has been investigated in 

the enhancement of short-term and long-term object recognition memory. 

c. Short-term and long-term hippocampal-dependent and hippocampal

independent emotional memory of the NR2(B/A) transgenic mice have been 

determined. 

d. Social recognition of a male conspecific, and a female conspecific were 

investigated, as well as. the abilities of the NR2(B/A) transgenic mice to 

recognize animals of a different strain and rodents of a different species. 

Specific Aim 4: Determine the role of the C-terminal domain in the enhanced 

learning and memory seen in the NR2B transgenic mice. 

a. Transgenic mice which overexpress a chimeric NR2(A/B) transgenic mice 

were used in the study. 

b. The role of the C-terminal domain has been investigated in the enhancement 

of short-term and long-term object recognition memory. 

c. Short-term and long-term hippocampal-dependent and hippocampal

independent emotional memory of the NR2(A/B) transgenic mice were 

determined. 

d. Social recognition of a male conspecific, and a female conspecific have been 

investigated, as well as, the abilitres of the NR2(A/B) transgenic mice to 

recognize animals of a different strain and rodents of a different species. 

Specific Aim 5: Assess the role of the NR2 subunit on the physiological outcomes 

after an intracerebral hemorrhage. 
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a. The survival rate of intracerebral hemorrhage in NR2A, NR2B and their 

wildtype littermates were determined. 

b. The Focal Deficits Scoring of ICH survivors at 24 hours 

have been determined. 

c. Percent of edema and lesion size of animals within each group were 

determined. 
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B. Review of the Related Literature 

a. N-methyl-0-aspartate receptors in learning, memory and synaptic plasticity 

In 1949, Donald Hebb proposed a mechanism for synaptic plasticity in which 

synaptic efficacy is increased by repeated and persistent stimulation of the postsynaptic 

cell by the presynaptic cell. Synaptic plasticity has been defined as "the ability of the 

connection, or synapse, between two neurons to change in strength in response to use 

or disuse of transmission over synaptic pathways" (40). In other words, synapses 

strengthen their connection with repeated uses and weaken their connection with disuse. 

The predominate molecule mediating excitatory synaptic transmission in the brain is the 

N-methyi-D-aspartate (NMDA) receptor. This receptor imparts Hebb's learning rule by 

requiring the active participation of both the presynaptic and postsynaptic cell for 

channel function ( 41 ). 

This receptor is unique among other receptors because it is both ligand-gated 

and voltage-gated. In order for the receptor to be activated and the channel to be 

opened, the post-synaptic membrane must be depolarized to release the Mg2
• block, 

and two pre-synaptically released glutamate molecules and two glyc1ne molecules must 

bind the N-terminal of the receptor (1, 4). The NMDA receptor is thought to be a tetramer 

composed of two NR1 subunits and two NR2 (A-D) subunits (1, 4), or occasionally NR3 

subunits (42-44), forming a channel. The NR1 subunit of the NMDA receptor is 

ubiquitously expressed throughout the brain ( 1) and is essential for receptor function ( 45, 

46). In one animal knockout study of the gene encoding the NR1 subunit, the lack of the 
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NR1 subuntt caused an abolishment of NMDA function resulting in death hours after 

birth ( 45). 

Many forms of long-term potentiation (L TP) and long-term depression (L TO) are 

known to be NMDA receptor-dependent, requiring the voltage gating of the channel and 

the Ca2• influx resulting from the channel activation (47, 48). Activation of the NMDA 

receptor leads to an influx of Ca2
• into the cell ( 49) causing activation of cell signaling 

pathways leading to alterations in transcription (for review see, (50-53)). Receptor 

activation causes either the induction of long-term potentiation (L TP), strengthening the 

synapses, or long-term depression (L TO), weakening the synapses, depending on 

receptor kinetics and Ca2
• influx (52). 

Early experiments demonstrated that long-term potentiation in the hippocampus 

follows Hebb's learning rule (54-56). LTP is thought to parallel many forms of learning 

and memory in the brain including associative learning, or classical conditioning and 

long-term memory storage (51). Equally important is the L TO process which weakens 

unnecessary synaptic connections to allow for the formation of new connections. 

Disruptions in the normal activation and signal transduction of the NMDA receptors lead 

to ablation or impairment of LTP and LTD. 

Due to the importance of the NR1 subunit 1n development and receptor function, 

studies of the functional signtficance of the NR1 subunit relies on the use of 

pharmaceuticals or conditional knockouts. In 1996, a revolutionary development in 

genetics allowed the targeted deletion of the NMDA receptor NR1 gene in CA1 

pyramidal cells in the hippocampus (57). Unhke previously developed NR1 gene 

knockouts, these mice ("CA1-KO" mice) are viable, without obvious pathologies and 

grow into adulthood. 
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The hippocampus is known to be critical in the consolidation of long-term 

memories (58). Because the NMDA receptor is known to be a key modulator in synaptic 

plasticity, and is required for many forms of learning and memory, it was hypothesized 

that it must also play a role in the consolidation of long-term memories. Using an 

inducible CA1-specific NR1 knockout mouse, Shimizu et al demonstrated that the 

reactivation of the NMDA receptor is essential for consolidation of long-term memories 

(58). Furthermore, Cui et al demonstrated that prolonged inactivation of the NMDA 

receptor inhibited the preservation of remote memories in the brain (59). Additionally, 

these mice were shown to lack both NMDA-dependent L TP and L TO in the CA 1 

Schaffer collaterals of the hippocampus. These mice appeared normal in the visible 

platform maze, but show impairments in a hidden platform water maze demonstrating 

the importance of the role of the NMDA receptor for spatial memory in the hippocampus. 

A study by Huerta et al demonstrated that the CA 1 NMDA receptors in the hippocampus 

were also necessary for the formation of temporal memory in a trace fear conditioning 

task. The hippocampus is needed to form the neural circuit which associates a 

conditioned stimulus to an unconditioned adverse stimulus when there is a delay 

("trace") between them. Importantly, these animals preformed normally in a cued-fear 

conditioning task in which the "trace" is removed (60). 

b. The NR2 subunit of the NMDA receptor 
. 

To understand the functioning of the NMDA channel, the individual contributions 

of the NR2 subunits must be investigated as the NR1 subunit is obligatory in all NMDA 

receptors. The NR2 subunits have been found to confer different properties to the 

receptor depending on the subunits expressed. These subunits are both 
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developmentally and regionally regulated in the brain (1, 4). The NR2B and NR2D 

subunits are the only subunits expressed at birth. The NR2B subunit is expressed 

primarily in the forebrain areas while the NR2D subunit is expressed in the midbrain and 

cerebellum regions initially. Shortly after birth, the NR2A subun1t and NR2C subunit 

begin to appear in the forebrain regions and cerebellum structures respectively (1 ). In 

multiple species, the forebrain regions undergo a developmental shift in which the NR2A 

subunits become more numerous than the NR2B subunits; this parallels a decrease in 

synaptic plasticity associated with age (6-9, 18-20). Because memory and learning are 

largely attributed to forebrain structures, we will focus our investigation on the NR2A and 

NR2B subunits and their role in forebrain function. 

The NR2 subunits mediate the channel opening threshold and the Mg2
• 

dependence of the channel (1 ). The NR2A-diheteromeric NMDA receptors have higher 

opening probability and faster deactivation than NR2B-diheteromeric NMDA receptors 

(61, 62). However, NR2B-diheteromeric channels have a higher magnitude of Ca2• entry 

per activation event (63). This is illustrated in the bi-phasic influx of Ca2
• during receptor 

activation. This first phase is a rapid influx of low magnitude, followed by the second 

phase, a slower onset influx with a much larger magnitude ( 49). The initial small 

increase in Ca2
• is caused by the activation of the NR2A-containing NMDA channels, 

while the larger, slower influx is a result of the activation of the NR2B-containing 

channels ( 49). Blockade of the NR2B subunit using a selective antagonist abolishes the 

second larger influx of Ca2
• while leaving the initial lower magnitude influx unchanged 

(49). These data suggests that the subunits do have a crucial role in mediating the Ca2
• 

influx through the NMDA channel. 
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The C-termini have also been shown to preferentially interact with different 

second messengers and scaffolding proteins (20, 49, 64-70). Activation of synaptic 

NMOA receptors, typically containing a high NR2A:NR2B ratio, activate CREB (cAMP 

response binding element protein) and CREB gene expression, while activation of 

extrasynaptic NMOA receptors, having a higher NR2B:NR2A ratio shut off CREB 

signaling (71 ). Martel et. al. demonstrated that CREB phosphorylation was more 

prolonged in chimeric NR2B2Accro) neurons and activation of a CRE-reporter gene and a 

CREB target gene were stronger in these chimeric neurons, than the wildtype neurons 

(72). Interestingly, synaptic NMOA receptors were also found to increase the biologically 

active BONF (brain-derived neurotrophic factor) in the neurons (71 ). Additionally, the 

NR2 C-terminal domains are known to interact with proteins from the postsynaptic 

density (PSD) family of proteins effecting synaptic localization, clustering, and signal 

transduction (73-77). 

It is well known, albeit not well understood, that the NR2A and NR2B subunits 

have differential roles in the induction, maintenance, and thresholding of L TP and L TO 

as a result of the Ca2
• influx. Many groups have shown that both the NR2A subunit and 

the NR2B subunit are necessary for optimum L TP and L TO induction. Many studies 

using NR2B antagonists have demonstrated that the NR2B subunits are critical for 

hippocampal L TP induction. Blockade of NR2B containing receptors completely block 

L TP induction (78) while upregulation of NR2B subunits enhance hippocampal L TP (15, 

17, 79). Interestingly, NR2A knockout mice demonstrate reduced hippocampal LTP, as 

well as impaired spatial memory {79), showing some NR2A contribution to LTP. 

Pharmacological blockade of NR2A-containing NMOA receptors have contributed mixed 

conclusions to the role of NR2A-containing NMOA receptors. Some studies have shown 
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that NR2A antagonists block L TP induction (80, 81 ). However, the selectivity of NR2A 

antagonists are the topic of much debate (82-85) and inject doubt into any conclusions 

drawn from these data. Unfortunately, even subunit selective antagonists are only known 

to be specific for diheteromeric NR1/NR2A or NR1/NR2B channels. Recent data 

suggests that the triheteromeric NR1 /NR2NNR2B channels are the predominate NMDA 

receptors expressed in the adult hippocampus (86) leading to the possibility of 

oversimplification of conclusions drawn from pharmacological studies. 

Nonetheless, much of our understanding of these subunits has come from 

pharmacological blockades of the receptors. Several selective NR2B antagonists are 

commercially available for use, including ifenprodil and Ro25-6982, and have 

remarkable selectivity for the diheteromeric subunits (7, 87-89). They are, however, 

sensitive to dosage; too high a dosage unselectively antagonizes NR2A and NR2B 

subunits (30, 31, 34), however, even low-dosages have been associated with neuronal 

shrinkage and apoptosis (89). 

Data from a key knockout study of the NR2B subunits have demonstrated a 

crucial role for the NR2B subunit with the knockout animal dying shortly after birth (90). 

Genetic knockouts of the NR2A subunit (NR2A'-) are viable, but show impairments in 

synaptic plasticity. NR2Ao~- animals have reduced hippocampal LTP and impaired spatial 

learning (79). Effects of a global gene knockout may have secondary or compensatory 

effects that may be hard to distinguish, as have been found with this particular NR2A ,. 

model (91 ). These genetic experiments have shown that both the NR2B and NR2A 

subunits are necessary for optimum learning and memory function. 

Another genetic approach that has been used, is the overexpression of the 

subunits in the forebrain regions. An overexpression of the subunit allows the 
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manipulation of the NR2A:NR2B ratio which can occur endogenously. This has proven 

to be an excellent means by which to investigate the role of the NR2B subunit in learning 

and memory. Animals with a genetic overexpression of the NR2B subunit (termed 

"NR2B transgenic mice") have been shown to have enhanced associative emotional 

learning, object recognition memory and short-term spatial memory over their wildtype 

littermates {16, 17, 41, 92-94). The hippocampal electrophysiology of the NR2B 

transgenic mice show significantly enhanced L TP but no changes in the LTD (17, 94). 

They are also better able to retain their enhanced memory and L TP as they age (16). 

c. The contribution of the molecular motifs of the NR2 subunits 

i. Role of the N-terminal and membrane domains 

The N-terminal and membrane domains of the NMDA receptor are involved in 

the subunit assembly, agonist binding and opening kinetics (95-97). It is the NR2 subunit 

that modulates many of the N-terminal and membrane domain properties. The 

permeability of the channel and the extracellular Mg2
• block differ according to the NR2 

subunits present in the receptor complex (3, 98, 99). The strength of the Mg2
• block is 

also partially determined by the NR2 subunit composition, with the M2 region of the NR1 

and NR2 subunits controlling the permeation properties (5, 100, 101 ). Differences in the 

highly conserved amino acid sequences in the membrane domain regions likely 

contribute to the observed differences in permeation properties of the various NR2 

subunits ( 1 02). 

Although the NR1 subunit requires the binding of glutamate and all NR2 subunits 

require the binding of glycine, differences in binding affinity have been observed for 

different NR2 subunits {103-106). It has been found that NR2A subunits are the least 
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sensitive to glycine and glutamate (1, 104, 1 07). The binding affinity also affects the 

deactivation rate of the receptor complex with NR2A-containing complexes having the 

fastest deactivation times (108, 109). Additionally, NMDA channel blockers, allosteric 

modulators, agonists and antagonist bind to the extracellular N-terminal domains of the 

receptors (99). 

ii. Role of the C-terminal domain 

Although much data points to the coincidence detection property and opening 

duration as the critical factors for the enhancement seen in the NR2B transgenic mice, 

other experiments demonstrate the necessary role of the C-terminus in the functioning of 

the receptor. Sprengel et al, created mice with a genetically truncated NR2 subunit with 

functioning N-terminal and membrane domains, but the C-terminal domain was 

removed. The truncation of the C-terminus acts as a functional knockout of the subunit, 

paralleling the effects seen in complete subunit knockouts (110). It is still difficult with the 

truncated models to show the functioning of the NR2 C-terminal tail and the effects it can 

exert on the channel function, because it is unable to make critical intracellular 

connections. 

Another way to investigate the role of the C-terminal on NMDA receptor function 

is to replace the C-terminal cytoplasmic domain with another C-terminal domain such 

that the receptor is still able to function. One such receptor complex has been created by 

another laboratory and is being used in the study of the C-terminal role on excitotoxicity 

(72). Initial reports indicate that the C-terminal domain is responsible for the differences 

observed in excitotoxicity between the NR2A and NR2B receptor complexes (72). 



16 

In the forebrain areas, since the NR2B and NR2A subunits are the main subunits 

available for incorporation into the receptor complex, they will likely be the subunits 

which activate the intracellular signaling cascades within this region. Because NR2A and 

NR2B differentially and preferentially bind to substrates within the forebrain regions, they 

may differentially affect learning and memory. To examine the role of the C-terminal 

domain on the enhancement seen in the NR2B transgenic mice we have created 

chimeric NR2 animals. One transgenic line overexpresses receptors with the NR2A 

subunit N-terminus and membrane domain, while the C-terminal is that of the NR2B 

subunit (termed "NR2(A/B) transgenic mice"). The second transgenic line overexpresses 

receptors with the NR2B subunit N-terminus and membrane domain, while the C

terminal is that of the NR2A subunit (termed "NR2(B/A) transgenic mice"). This will allow 

us to investigate if the enhancements seen in the NR2B transgenic mice are related to 

the channel opening kinetics controlled by the N-terminus and membrane domains or 

the intracellular signaling mechanisms mediated by the C-terminal domain. 

d. Intracerebral hemorrhage and the NMDA receptor 

An intracerebral hemorrhage (ICH) is a bleeding into the brain that may be 

caused by a spontaneous rupture of blood vessels, vascular abnormalities, or tumors. 

Worldwide, intracerebral hemorrhages occur in 10 to 20 people for every 100,000 with 

approximately 37,000 to 52,400 occurring annually in the United States (22, 111, 112). 

R1sk factors for ICH include hypertension, genetic factors, warfarin use, history of 

ischemic stroke, and low levels of education, with the risk increasing with age ( 111, 113-

117). ICH occurs more frequently in the black, Hispanic, and Asian populations ( 111, 

118-120). Currently, ICH strokes account for only 10 -15% of presented stroke cases, 
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but have the highest mortality rate at 50- 68% at one month (121 ), and only about 40% 

of patients surviving to the first year, with many patients showing significant deficits in 

neurological function (24, 122, 123). 

Intracerebral hemorrhages happen when a spontaneous bleed occurs in the 

brain and may continue to expand in the hours and days following the initial occurrence 

due the hypertension, coagulation deficits, and mechanical injury to surrounding vessels 

(124-128). Immediately, neurons and white matter within the injured area are destroyed, 

creating what has been called a "black hole" ( 129). The "black hole" effect destroys not 

only the neurons within the hematoma area, but also neuronal connections which pass 

through the area severing communications between distal areas of the brain (129). 

Secondary neuronal injury occurs after the formation of the hematoma, when fluid and 

pressure begin to build up in the areas surrounding the hematoma and can continue for 

approximately five days (130). Secondary injury causes inflammation and excitotoxicity 

leading to further damage and neuronal death in the peri-hematoma regions. Although 

the inflammatory cells are necessary for the removal of damaged cells in the hematoma 

area, they may also exacerbate the damage caused by the ICH (131 ). Together, primary 

and secondary injuries result in excitotoxicity and the disruption of the blood-brain 

barrier, increased intracranial pressure, failure of sodium pumps and neuronal death 

(132-135). 

As it stands, there are relatively few treatments to reduce the neuronal damage 

caused by an ICH (136). Pharmacological interventions show only little improvement in 

patient condition and surgical interventions are controversial at best and may cause 

further neuronal damage and bleedmg (137). Treatments targeting excitotoxicity by 

antagonizing the NMDA receptor show little overall benefit due to the inhibition of normal 
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neurological function, as well as many undesirable side effects, including agitation, 

hallucinations, confusion, paranoia, hypotension and increased risk of death (30, 33, 34). 

While several studies in mice indicate that inhibition of the NMDA receptors are 

beneficial to ICH recovery, primate and human trials of NMDA antagonist often fail, 

typically citing no efficacy at dosages that do not cause significant side effects (31-33, 

35-37). Additionally, as previously discussed, NMDA receptors are necessary for 

synaptic plasticity, learning, and memory, as well as numerous other functions that are 

essential for normal neurological functioning. As researchers began to seek new ways of 

inhibiting excitotoxicity a new target emerged, NR2B-containing NMDA receptors. While 

NR2B selective antagonists show protective effects in animal models (138, 139), the 

safety and efficacy in humans is still under question (140-143). Moreover, several 

studies differ in their agreement of the differential roles of the NR2A and NR2B subunits 

in excitotoxicity after an acute neurological injury (71, 144-146). Study of the direct role 

of the NR2 subunits in the recovery process is further complicated by the lack of NR2A 

specific antagonist. 

The transgenic NR2A and NR2B transgenic mice offer a unique means by which 

to study the effects of modulating the NR2 subunit composition on ICH recovery. The 

overexpression of the respective NR2 subunits in the transgenic mice is well-established 

and is therefore not dependent on a pharmacological process or the treatment window. 

Additionally, because there are no NR2A specific antagonists, there is little known about 

the effects of a high NR2B concentration on ICH. The transgenic NR2 animals provide a 

novel approach of investigating the role of the NR2 subunit in intracerebral hemorrhage. 



II. METHODS AND MATERIALS 

A. In vitro Studies 

a. Polymerase chain reaction (PCR) analysis 

Genotype analysis of the transgenic mice was done by polymerase chain 

reaction (PCR) of a tail biopsy sample. The DNA is then extracted from the tail biopsy 

sample for 45 minutes at 95°. The transgene was detected using 5' and 3' SV40 polyA 

probes (5'-AGAGGATCTTTGTGAAGGAAC-3' and 5'-AAGT AAAACCTCTACAAA TG-3'). 

The DNA was amplified in a thermal cycler for 35 cycles (94oc for 30 min, 55oc for 30s, 

72oc for 40s). The samples were resolved on 2% agarose gel and detected using 

ethidium bromide. 

b. Western blot analysis 

Male mice (3 months old, n = 3 - 5 for each genotype) were rapidly dispatched 

and the cortex was isolated and homogenized in phosphate-buffered saline (PBS) with a 

protease inhibitor (Sigma-Aldrich #P8340-5ML). The protein was extracted and the 

prote1n sample was denatured at 1 oooc for 10 minutes. Samples were separated on a 

7.5% precast polyacrylamide gel (BioRad) and proteins were detected using antibodies 

against NR2A (Millipore #07-632, 1:100 dilution) and PSD-95 (Millipore #AB9708, 

19 
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1:1000 dilution) for the NR2A forebrain western blot. For the western blots of the 

chimeric animals, antibodies against the NR2A C-terminal tail (Millipore #AB1 0531, 

1:200 dilution) and the NR2B C-terminal tail (Millipore #06-600, 1:100 dilution) were 

used, as well as PSD-95 (Millipore #AB9708, 1:1000) as a loading control. 

B. Animal Behavioral Studies 

a. Animals 

Adult male and female NR2A, NR2B, NR2(NB), and NR2(B/A) transgenic mice, 

and their wildtype littermates, ages 3 - 8 months, were used for experiments, unless 

otherwise stated. Animals were bred in-house from previously generated lines (10, 12, 

17, 21 ), three of which (NR2A, NR2(B/A) and NR2(NB)) were previously unreported. 

Animal genotypes were confirmed by PCR analysis of a tail biopsy. Animals were group 

housed (3 - 5 per cage) in a standard temperature and humidity controlled animal 

vivarium with free access to food and water, except during behavioral experiments. 

Lighting followed a 12:12 light: dark cycle, and all experiments took place during the light 

phase of the cycle. The experimenter was blind to the genotype of the animals during 

testing and data analysis. All animals were handled for at least 3 days prior to the 

beginning of all behavioral experiments. Habituation to testing apparatus is described 

below. All behavioral apparatuses were thoroughly cleaned with 70% ethanol between 

animals. 
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b. Ethics statement 

All protocols were approved by the Institutional Animal Care and Use Committee 

(IUCAC) of Georgia Regents University, and are in strict adherence with the National 

Institutes of Health Guide for Care and Use of Laboratory Animals. 

c. Open field 

Rationale: The open field paradigm can be used for multiple behavior 

assessments including locomotor activity {147-149), and anxiety (150, 151). The open 

field arena consists of a high-walled area that may be circular or square in shape. The 

animal is placed into the arena for a specified amount of time as determined by the 

experimenter. During that time, the amount of locomotor activity and the location of the 

animal can be monitored by the experimenter or by computer analysis using animal 

behavior software. 

Open field analysis of the locomotor activity is often used to assess ability to 

ambulate, hyperactivity or hypoactivity caused by genetic modifications in a transgenic 

animal, pharmaceuticals, surgical procedures or other treatments (59, 149, 152-154). 

Because animals are often required to traverse mazes in the course of other behavioral 

testing, this measure is important to determine if apparent deficits may be caused by 

alterations in locomotor function. 

Additionally, anxiety can be assessed by measuring the amount of time that the 

animal spends in the center of the arena verses the perimeter ( 155-157). Rodents are 

fearful of bright open spaces and show increased anxiety by avoiding these areas and 

staying near to the walls of the arena. With the open field paradigm, both of these 

behaviors can be assessed with one behavioral paradigm. 
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Methods: Animals were individually placed into a 50 em x 50 em x 25 em white 

Plexiglas box with a 4 em grid at the bottom. The animal was allowed to explore for ten 

minutes. The number of times the animal crosses the horizontal and vertical lines is 

counted as the number of line crosses. The periphery of the open field was considered 

to be the first 10 em around the perimeter of the wall, while the center of the open field 

was the square inside this area. 

d. Elevated plus maze 

Rationale: The elevated plus maze paradigm is used to evaluate anxiety in 

rodents (151, 156, 158, 159). This paradigm exploits a rodent's preference for closed, 

dark spaces. The maze is shaped like a 'plus sign' with two opposite arms, having high, 

dark walls, while the other two arms are open to the room, and elevated approximately 

60 em off the floor. An animal with a high level of anxiety will spend more time in the 

darker closed arms. This paradigm is sensitive to the ambient light level in the room. A 

bright room will cause the animal to spend more time in the closed arms, skewing the 

results toward increased anxiety. In a darkened room, the fear of the open arms is 

reduced skewing the result to decreased anxiety. 

In this paradigm, the animal is placed on to the maze and allowed to freely 

explore for a describe time (ie: 5 or 10 minutes). The amount of time the animal spends 

in the closed arms versus the open arms in measured. Other methods such as the 

number of arm entrances, the number of times the animal peers over the sides, etc. 

have been used as additional measures of anxiety. 
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Methods: The elevated plus maze consisted of a black Plexiglas "plus" 

approximately 60 em above the floor, with each arm measuring 60 em in length. Two 

opposite arms were left open, with the other two arms being enclosed on three sides by 

10 em black Plexiglas walls. The ambient room lighting was 751ux. The amount of time 

the animals spent within the enclosed arms was recorded, as well as, the amount of time 

the animal spent in the open arms. The time is presented as an exploratory preference 

index. 

e. Novel object recognition 

Rationale: Recognition memory is a form of declarative memory that can be 

evaluated in rodents using a novel object recognition task (14, 16, 17, 59, 160-163). This 

form of memory involves the temporal lobe, the hippocampus, the perirhinal cortex and 

surrounding cortical areas (164-166). It is sensitive to the time between sessions, as 

wildtype mice have a long-term memory duration of about twenty-four hours (14, 17). 

Additionally, the objects themselves must be balanced in complexity and size. A more 

complex object with multiple surfaces and textures or a larger object is likely to be 

explored longer than a less complex or smaller object. The placement of the object in the 

open field is also quite important. If the objects are placed in different locations in the 

arena the animal will explore the object in the new location which can skew the 

exploratory preference of the animals. 

Recognition memory has been found to be impaired in animals lacking the 

NMDA receptor in the hippocampus (161) but significantly enhanced in animals 

overexpressing the NR2B subunit of the NMDA receptor in the forebrain regions (17). 

The novel object recognition task capitalizes on the innate curiosity of rodents, in which 
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they tend to explore novel objects and areas more than the objects and areas that are 

familiar to them. 

In this task, animals are given two identical objects to explore in an open field 

arena. The animals are allowed to explore the objects for a specified amount of time (ie: 

five minutes, 15 minutes, etc.). During this time, the amount of time that the animals 

spend exploring the objects is measured and a preference index is determined. After a 

particular amount of time, depending on the duration of memory being tested, the animal 

is placed back into the open field with one of the familiar objects and one novel object for 

the same amount of time as the first session. Again the amount of time spent exploring 

each object is measured and a preference index is determined. If an animal remembers 

the familiar object from the previous session then the animal will spend less time 

exploring the familiar object. Should the animal not remember the familiar object, the 

animal will spend nearly equal time exploring each object. 

Methods: To ensure the balanced nature of the two objects used one group of 

wildtype mice were placed in the open field arena with four objects, from a group of 

several objects. The animals were allowed 15 minutes to explore the objects. Any 

objects that were explored for a disproportionally large or small amount of time were 

removed from the object group. Four objects were chosen based on nearly equal 

exploration times of the mice to be used in subsequent experiments. This group of mice 

was not used in subsequent trials. 

Animals were individually habituated to the open field testing arena for 10 

minutes a day for three days prior to the training session. During the training session, the 

animals were placed in the open field arena with two identical objects placed in opposite 
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corners approximately 10 em from the two adjacent walls. The ratio of the time each 

animal spent exploring the two identical objects was measured to determine the 

exploratory preference. For the training session, the animal should spend approximately 

equal time with both objects. At the describe time, the animals were placed individually 

back in the open field arena with one object used in the training session, and one novel 

object, the time each animal spent with each object was measured to determine the 

recognition memory. Each group of animals was subjected to only one retention test. 

f. Spatia/learning 

Rationale: The hippocampus of many animals form spatial maps to aid in 

foraging and survival (167). Contained within this map is a general layout of a particular 

space using cues contained in the surrounding area ( 168 ). Many forms of spatial 

memory are hippocampal-dependent including spatial reference memory and spatial 

working memory (167, 169, 170). Spatial reference memory is a form of long-term 

memory in which the animal must remember the location of a food reward or a fixed 

hidden escape platform using consistently placed distal cues. Spatial working memory is 

a form of working memory in which the animal must retain the memory of the locations it 

has already searched for food rewards, in order to complete the task. One of the most 

commonly used spatial reference memory tasks is the Morris water maze. 

In the Morris water maze task, the animal must associate the distal cues located 

outside of the maze to the hidden platform location to escape the water. Animals with 

hippocampal lesions take longer to find the hidden platform and swim greater distances 

searching for the platform than control animals (170-173). After the animal is trained to 

find the platform the platform is removed from the maze ("transfer test" or probe test 
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(174)). The animal is then placed in the water maze to search for the platform. 

Hippocampal-lesioned animals show no preference for the target quadrant, whereas 

control mice spend the majority of their time searching in the target quadrant. 

In our investigation we utilize the cross maze variation of the Morris water maze. 

It is constructed of thick-walled transparent Plexiglas with four arms radiating from a 

central square, each arm measures 40 em long and 10 em wide. The Plexiglas maze is 

filled with opaqued water. Distal cues are placed around the enclosing curtain, no cues 

are placed inside the maze except during landmark task where is platform is marked. 

Methods: To test the spatial memory of the NR2A transgenic mice, we used a 

modified Morris water maze paradigm, the water-filled plus maze. Each of the four arms 

(N, S, E and W) measures 30 em and was constructed of thick-walled, clear Plexiglas 

and sealed with marine-grade epoxy. The maze was surrounded by a black curtain with 

4 distal spatial cues hung on it such that one cue was at the end of each of the four 

arms, N, S, E and W (Figure 1 ). The water was maintained at 25°C and made opaque 

with titanium oxide so that the animal was unable to see the platform. For the landmark 

task, a white rectangle was placed directly over the platform located at the distal end of 

the arm. Each animal was placed into one of the remaining arms and allowed to search 

for the platform for 90 seconds. At the end of 90 seconds if the animal was unable to find 

the platform it was guided to the platform by the experimenter and allowed to remain 

there for 10 seconds. The platform and landmark 
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Figure 1: Experimental set up of the water plus maze. The dotted circle in the east 

arm mdtcates the location of the fixed htdden platform. The starting position for each of 

the trials was the north, west or south arm. The experimental maze was surrounded by a 

black curtain. The distal visual cues were hung on the curtam directly above the end of 

the arm. 
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were relocated to a different arm for each trial. Each animal underwent four trials per day 

for two days. 

To investigate the spatial memory of the NR2A transgenic mice, we also tested 

them in the hidden platform cross maze. In this paradigm the platform is submerged into 

the opaqued water so that it is not visible to the mouse. The landmark is removed, and 

the platform remains in the same position for all trials. Each animal was placed in the 

water and allowed to explore the four arms for 90 seconds in search of the fixed hidden 

escape platform. If, at the conclusion of the trial, the animal was unable to find the 

hidden platform, it was guided to the platform by the experimenter and allowed to stay 

for 10 seconds. Each animal underwent four trials per day for six days. During the 

transfer test the platform was removed from the water and the animal was allowed to 

search for 90 seconds. The time in each arm was recorded. 

g. Fear conditioning 

Rationale: Emotional memory paradigms test short and long-term memory. The 

most common methods used to evaluate emotional memory are fear conditioning 

paradigms, including contextual fear conditioning, and cued fear conditioning. Fear 

conditioning is a form of classical, or Pavlovian conditioning, in which the animals learns 

to associate a neutral stimulus (or conditioned stimulus, CS), w1th an adverse stimulus 

(unconditioned stimulus, US) such as a foot shock (175, 176). 

Cued fear conditioning is known to be hippocampal-independent, and can form 

strong emotional memories in as little as one trial (177-180). Cued fear recall depends 

on the presentation of the identical tone to the learning session. Animals will not show 
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learned fear to a tone that is not identical to the training tone. Contextual fear 

conditioning is hippocampal-dependent and requires the animal to remember the context 

in which the adverse event occurred (177-180). This test is sensitive to the time in which 

the animal spends in the environment in which the adverse event occurs. 

Many reports show impairments in condition fear learning when NMDA receptors 

are blocked or antagonized (181-183). Additionally, animals with hippocampal lesions or 

conditional knockouts of the NR1 gene show impairments in this type of learning (60, 

179). Interestingly, conditioned fear learning can also be modulated by increasing the 

NR2B:NR2A ratio in the forebrain regions of the brain ( 15-17). In these experiments, the 

animals showed significant freezing days longer than their wild type counterparts. 

Methods: A shock chamber (25.5 x 25.5 x 38 em) equipped with activity monitors 

and a camera was used (MedAssociates). The flooring is a 24 bar inescapable shock 

grid with a speaker, a shock generator, and a photo-beam scanner. The chamber is 

located in a noise-dampening isolation box. Freezing is monitored by the software and 

confirmed by the experimenter. 

Animals were habituated to the testing environment for 5 minutes one day before 

testing. The day of training the animals are placed into the shock chamber and allowed 

to explore for 3 minutes. Then the mice are exposed to the conditioned stimulus (70 dB 

tone at 2800 Hz), with the unconditioned stimulus (a scrambled foot shock at 0.75 rnA} 

coterminating with the CS. The mice were allowed to stay in the chamber for 30 

seconds after the CS/US pairing to monitor immediate freezing. 

To test the contextual fear memory in the mice, at the described time the mice 

are placed back into the shock chamber for 5 minutes while their freezing response is 
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monitored. To test cued freezing, the mice are placed into a novel chamber and 

monitored for their freezing response (pre-tone) for 3 minutes before the presentation of 

the CS tone for 3 minutes. During the tone, the animal's freezing response is monitored 

to test the cued fear retention. In fear conditioning paradigms, the animal's increased 

freezing response to the context or tone indicates the memory for the prior shock 

experience. 

h. Fear extinction in NR2(AIB) transgenic mice and their wildtype littermates 

Rationale: When the CS is presented without the US, the animal learns to inhibit 

it's fear response to the CS. Extinction is an inhibitory learning process that allows for 

the reduction in the fear response to the previously conditioned stimulus. It is thought to 

be the formation of a new competing memory, not the degradation of the existing 

memory (176, 184, 185). This is due to the observations that conditioned fear can be 

reinstated by time, a novel context, or fear renewal training. Fear extinction has become 

of great interest in both clinical and basic science for its relevance to post traumatic 

stress disorder (PTSD) and unresolved phobias (186-188). Impairments in fear 

extinction lead to these aforementioned disorders, as well as others. 

As with many other forms of learning and memory the NMDA receptor is known 

to modulate extinction. In one definitive experiment, Falls et. al. demonstrated that when 

AP5 (D,L-2-amino-5-phosphonovaleric acid), an NMDA antagonist, is injected directly 

into the amygdala, fear extinction in inhibited (189). Alternately, when a NMDA agonist 

0- cycloserine is infused into the amygdala, fear extinction is enhanced. Earlier 

experiments showed similar impairments in fear extinction when AP5 is injected into the 

amygdala. Impairments in fear extinction were not seen when 6-cyano-7-
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nitroquinoxaline-2, 3-dione (CNQX), an AMPA/kainate receptor antagonist, was injected 

into the amygdala (189). The NR2 subunits have been found to have differential roles in 

the extinction of learned fear with the NR2B subunit favoring the extinction of learned 

fear(17,190). 

Fear extinction is measured by first training the animals in a conditioned fear 

task. This is accomplished by pairing a conditioned stimulus (CS), a tone, light or noise, 

with an unconditioned stimulus (US), a mild foot shock. To investigate the extinction of 

the conditioned fear, the animals are reexposed to the CS, without the presentation of 

the US. After several presentations, wildtype animals will show inhibited fear responses. 

Methods: Animals are habituated to the testing environments for 5 minutes one 

day before testing. The day of training the animals are placed into the operant chamber 

and allowed to explore for 3 minutes. Then the mice are exposed to the CS (70 dB tone 

at 2800 Hz), with the US (a scrambled foot shock at 0.75 rnA) co-terminating with the 

CS. The mice were allowed to stay in the chamber for 30 seconds after the CS/US 

pairing. 

After 24 hours the mice were placed back into the operant chamber for 5 minutes 

while their freezing response was monitored. To test cued freezing, the mice are placed 

into a novel chamber and monitored for their freezing response (pre-tone) for 3 minutes 

before the onset of the CS tone for 3 minutes. During the tone the animal's freezing 

response was monitored to test the cued fear retent1on. The recall testing was repeated 

following a two hour interval for four additional extinction trials. 



32 

i. Fear extinction in the NR2A and NR2(8/A) transgenic mice 

Methods: Due to the impairments in long-term memory of the NR2A and 

NR2(B/A) transgenic mice, a modified training and testing protocol was employed. 

Animals were habituated to the testing environments for 5 minutes one day before 

testing. The day of training the animals were placed into the operant chamber and 

allowed to explore for 3 minutes. Then the mice were exposed to a CS (70 dB tone at 

2800 Hz), with the unconditioned stimulus (the foot shock) coterminating with the CS. 

The CS/US pairing was then repeated six times. After the last pairing, the mice were 

allowed to stay in the chamber for 30 seconds after the CS/US pairing. 

After 24 hours the mice were placed back into the operant chamber for 5 minutes 

while their freezing response was monitored. To test cued freezing, the mice were 

placed into a novel chamber and monitored for their freezing response (pre-tone) for 3 

minutes before the onset of the CS tone for 3 minutes. During the tone the animal's 

freezing response was monitored to test the cued fear retention. The recall trial was 

repeated following a one hour interval for four additional extinction trials. 

j. Trace fear conditioning 

Rationale: Trace fear conditioning requires the learning of an event that pairs a 

conditioned stimulus (CS), a tone, with an unconditioned stimulus (US), a footshock that 

are temporally separated by a specific amount of time, the "trace" (60, 176, 191 ). Unlike 

cued fear conditioning, which involves no trace, the hippocampus is required to make 

the assoc1ation of the CS to the US (60). Moreover, the medial prefrontal cortex (mPFC) 

has been found to be necessary for the association of the CS to the US (179, 192-195). 

It has been hypothesized that the hippocampus is required for pattern completion when 
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events are temporally separated (60). Recordings from both brain areas show sustained 

firing during the CS presentation and the trace (193, 196). Additionally, the NMDA 

receptor is known to be required in both the hippocampus, and the medial prefrontal 

cortex, for the temporal association of events across time (60, 197). 

Trace fear conditioning can be measured by repetitive presentations of the CS 

followed by a trace (ie: 30 seconds), followed by a footshock. The following day the 

animals are placed into a novel chamber and an identical tone is presented in the 

absence of the US. This paradigm, when a trace is not present, is not hippocampal 

dependent. 

Methods: Animals were habituated to the experimental chambers A and B, for 

five minutes the day before testing. For trace fear conditioning the animal was placed 

into chamber A. after 1 minute the animal was subjected to a 15 second CS, followed by 

a 30 second trace, followed by the US. After 210 seconds (the intertrial interval, ITI} a 

second trial identical to the first began. The animals underwent a total of ten trials each. 

The next day, the animals underwent the retention test in chamber B which consisted of 

ten CS-ITI trials (no US) that began 1 minute after introduction into the chamber. 

For delay fear conditioning the animal was placed into chamber A and subjected 

to ten CS/US-ITI trials where the CS and US coterminated. After 24 hours, the mice 

underwent the retention testing (ten CS-ITI trials) in chamber B one minute after being 

introduced into the chamber. 

For pseudo-conditioning, the mice underwent a training session of unpaired CS 

and US presentations where the stimuli were separated by 120s. The sequence of 

delivery was CS-US-CS-CS-US-CS-CS-US-CS-US-CS-US-US-CS-US-CS-US

CS-US-US. The next day animals were given ten CS-ITI trials in chamber B. 
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k. Conditioned taste aversion 

Rationale: Conditioned taste aversion (CTA) is a form of classical conditioning, 

first observed in 1955, that relies on a natural form of learning in which an animal avoids 

a flavor that has previously caused nausea or gastrointestinal malaise (198). When an 

animal encounters a novel taste and consumes it, the animal does not immediately know 

if the food is safe or not. Over the next few hours the animal's reaction to the flavor will 

cause the flavor to be considered "safe" or "unsafe." If nausea or gastrointestinal malaise 

develops, the flavor is then labeled as "unsafe" and when the flavor is encountered 

again, the animal will avoid consuming it. This type of learning is especially important for 

the animal to avoid consuming dangerous foods. 

This type of learning occurs in nature and can be tested in the laboratory. In this 

paradigm, the novel taste is the conditioned stimulus (CS) and the unconditioned 

stimulus is the nausea caused by the injection of a nausea-inducing substance, most 

commonly lithium chloride (LiCI). When the animal re-encounters the novel flavor, the 

animal will avoid consuming the substance. However, if a nausea-inducing substance is 

replaced with one that is toxic, but does not affect the digestive system, CTA will not 

develop (199, 200). Similarly, if consumption of a novel substance is followed by a 

shock, no taste aversion will develop (201 ). Interestingly, data also shows that the novel 

taste must be presented prior to the digestive upset for taste aversion to occur (202). 

In addition to the gustatory pathways, the formation and recall of conditioned 

taste aversion appears to be dependent on the 1nsular cortex (IC) and the amygdala. 

The IC is well known in its role in conditioned taste aversion and is necessary for the 
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formation of the taste memory. Lesioning of the IC prevents the formation of a taste 

memory in animals but not responsiveness to the taste after formation of the memory 

(203, 204). The amygdala is known to be activated during the presentation of the novel 

taste (205-207), as well as during the induction and onset of the gastrointestinal malaise 

(208-210). A blockade on NMDA receptors in the amygdala result in the impairment of 

long-term memory of a conditioned aversion demonstrating that the amygdala must be 

involved in the consolidation of CTA (202). 

Methods: Mice were water deprived for 24 hours prior to the initial session. Each 

day no-drip bottles were filled with fresh autoclaved water or saccharin water. The 

amount of water consumed each day was determined by weighing the water bottle 

before and after consumption for the most accurate measurement. Once a day for five 

days, mice were separated into individual cages and allowed to consume as much water 

as they cared for 20 minutes. After 20 minutes the animals were returned to their home 

cages. On the sixth day animals were separated into individual cages and given 0.5% 

saccharin water and allowed to consume as much as they cared for 20 minutes. 

Immediately following the 20 minute drinking session, the animals were given an 

intraperitoneal (IP) injection of 0.14M lithium chloride at a dosage of at 2% of the body 

weight of the animal. The following day, the animals were separated back into the 

individual cages and given saccharin water for 20 minutes. The average consumption of 

autoclaved water in the first five days was calculated and used as the control amount of 

water the animal consumed. 
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I. Social recognition 

Rationale: In all species that live in social groups, conspecific recognition is 

essential for individual and species survival. The ability to recognize another individual 

as familiar is the basis on which social relationships are founded. In primates, 

recognition of a conspecific as familiar relies primarily on visual and auditory cues. In 

rodents, and many other animals, olfactory or pheromonal cues are the primary cues for 

the development of social memory (211 ). Social memory may be useful in maintaining 

social hierarchies, recognition of offspring, and in pair bonding (212). 

Social memory is an emerging area of interest in memory research. It is not clear 

as to the cellular mechanisms of controlling the formation of social recognition memory, 

maximum duration of memory, as well as the brain areas involved in the acquisition and 

consolidation of social memories. One of the most well-known receptors for the 

modulation of synaptic plasticity in learning and memory is the N-methyl-0-aspartate 

(NMDA) receptor. NMDA receptors have been found to be the rate-limiting factor in 

many forms of associative learning and memory (15, 41), for review see (213). In the 

literature. the role of the NMDA receptors in social recognition has been suggested from 

pharmacological studies. For example, systemic administration of NMDA has been 

shown to improve social recognition in rats (214); while antagonism of the NMDA 

receptors impairs social recognition at times longer than 30 minutes (215, 216).0ur 

previous work has demonstrated that the NR2B subunit enhances learning and 

cognition in multiple animal species (10, 12. 14-17}. NR2B transgenic mice have shown 

enhanced learning in a variety of memory paradigms including object recognition, fear 

conditioning, fear extinction. Morris water maze, and spatial working memory (14, 15). 

Previous experiments by another group using these animals have also shown that the 
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NR2B transgenic mice have enhanced non-social olfactory memory over their wildtype 

littermates (92). 

Methods: We used adult male mice aged 5 - 8 months based on previous studies 

demonstrating that younger male mice are more aggressive and show more sexually 

motivated behavior than their older counterparts which masks their recognition abilities 

(217, 218). Juvenile male mice, used where noted, one month of age, were used as 

stimulus animals to reduce aggression (217, 218). Juveniles, females, or rats were not 

reused after the completion of each social recognition paradigm. Throughout all 

experiments, if during the initial encounter the subject animal did not spend at least 25 

seconds investigating the stimulus animal it was removed from the study and the times 

were not recorded into the data set {219). The adult male mouse was said to be 

exploring the stimulus animal when the adult mouse had its head directed toward the 

stimulus animal within 1 em of it, or was touching, smelling, or licking the face or 

anogenital region of the animal, or following closely behind(= 1 em) the animal (220). All 

behavioral testing occurred in a specially designed, noise-reduced, dimly lit animal 

behavior room. 

i. Social memory for male con specifics 

To investigate the social memory of male mice for a juvenile male con specific, 

we separated transgenic mice and their wildtype littermates into large clean cages 30 

minutes prior to testing. The juvenile male conspecific was placed into the testing cage 

for five minutes. During the five minutes, the time that the mice spent exploring the 

juvenile was measured. 
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After the 1-hr or 24-hr interval, either the same juvenile or a novel juvenile was 

placed back into the testing cage with the adult mouse for 5 minutes. The time that the 

male mouse spent exploring the juvenile was recorded. A reduction in the amount of 

time spent exploring the juvenile is indicative of the male mouse remembering the initial 

encounter with that animal. 

ii. Social memory for female conspecifics 

We also wanted to investigate the social memory of male mice for their female 

counterparts. To allow for exploration of females without breeding behaviors, we placed 

female mice into circular enclosures with vertical bars. These enclosures allowed for the 

mice to interact and sniff one other, while not allowing full contact or mating behaviors. 

The subject mice were allowed to explore the empty enclosure for 1 0 minutes the day 

before the testing to eliminate the exploration of a novel object as a factor in the 

exploration of the female. Transgenic mice and their wildtype littermates were separated 

into large clean cages 30 minutes prior to testing and allowed to acclimate to the testing 

cage. The females were placed into the enclosures and the enclosure was placed into 

the testing cage for five minutes. During the five minutes, the time that the mice spent 

exploring the female in the enclosure was measured. The mouse was said to be 

exploring the enclosure if the mouse's nose was directed toward any surface of the 

enclosure within 1 em of the enclosure. Mice were unable to climb on top of the 

enclosure. 

After the 1-hr or 24-hr interval, either the same female or a novel female was 

placed back into the enclosure, and the enclosure was placed back into the testing cage 

with the male mouse for 5 minutes. The time that the male mouse spent exploring the 
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female was recorded. A reduction in the amount of time spent exploring the female is 

indicative of the male mouse remembering the initial encounter with that animal. 

iii. Habituation-dishabituation paradigm 

The second paradigm that we employed was the habituation- dishabituation 

paradigm (221, 222) in which the subject animal is exposed multiple times, in 

succession, to the stimulus juvenile animal. The reduced investigation times in 

subsequent exposures is thought to be a result of the memory of the familiar animal. In 

our test, we also employed a fifth exposure session of the subject mouse to a novel 

individual to control for fatiguing of the subject to social investigation of the other mouse. 

To assess the habituation-dishabituation paradigm in our animals, we separated 

group- housed transgenic mice and their wildtype littermates 15 minutes prior to testing 

into individual testing cages identical to their original cages. During the initial encounter a 

juvenile male mouse was introduced to the cage of the adult male for 1 minute. The 

amount of time the adult male mouse spent exploring the juvenile was measured. 

Exploration criteria used was the same as previously stated. After one minute the 

juvenile mouse was removed from the testing cage and placed into a holding cage. After 

a ten minute delay the juvenile mouse was reintroduced into the testing cage with the 

adult male mouse for the second trial. This was repeated for four trials. For the fifth trial, 

a novel juvenile is introduced into the testing cage with the adult male. This trial is used 

as a control to demonstrate that the reduction in investigation is not due to fatigue or 

habituation. 
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iv. Social recognition across mouse strains 

We used adult male mice aged 6- 9 months as the subject animals and juvenile 

white BALB/c male mice (6-8 week old) as the stimulus animals. Adult subject mice were 

acclimated to a new clean cage for 30 minutes before the introduction of the stimulus 

animals. The white juveniles were introduced to the cage, and the subject animal was 

given five minutes to investigate the juvenile. After five minutes the animals were placed 

back into their home cages. After training, the subject animals were split into four 

groups: 1 hour recall with a familiar white juvenile, 1 hour recall with a novel white 

juvenile, 24 hour recall with a familiar white juvenile, 24 hour recall with a novel white 

juvenile. 

At the describe time, the subject animals were placed into a clean cage and 

allowed to acclimate for thirty minutes. After the subject mice are acclimated to the cage, 

either a novel juvenile or the same mouse from the training session is placed into the 

cage. The subject mouse is given 5 minutes to investigate the white juvenile mouse. The 

time that the subject mouse spends investigating the novel juvenile is used as a control 

to show that any reductions in exploration of the familiar juvenile are not due to fatigue. 

The subject mouse is said to remember the juvenile mouse if there is a significant 

decrease in the amount of time the subject spends exploring the juvenile. 

v. Social memory for a different rodent species 

To investigate the ability of our animals to recognize rodents of a different 

species, we tested the social memory of the NR2A, NR2B transgenic mice and their 

w1ldtype littermates for juvenile male rats (long Evans). To protect our transgenic mice 

from previously noted muricide (223), we constructed a protective enclosure of wire 
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mesh to hold the rat while allowing for access to all four sides and the top of the 

enclosure. The mice were allowed to explore the empty enclosure for 10 minutes in the 

testing cage the day before the training session to eliminate the innate curiosity for a 

novel object. Transgenic mice and their wildtype littermates were separated into large 

clean rat cages 30 minutes prior to testing and allowed to acclimate to the testing cage. 

The rats were placed into the wire mesh enclosure and the enclosure was placed into 

the testing cage for five minutes. The amount of time that the mice spent exploring the 

rat in the enclosure was measured. The mouse was said to be exploring the rat if the 

mouse's nose was directed toward any surface of the chamber within 1 em of the 

chamber. Simply touching the chamber was not counted based on the natural tendency 

for the mouse to climb onto surfaces to explore what is on top of or above it. 

After the 1-hr or 24-hr interval, either the same rat or a novel rat was placed into 

the enclosure, and the enclosure was returned to the testing cage with the adult mouse 

for 5 minutes. The time that the adult mouse spent exploring the rat was recorded. A 

reduction in the amount of time spent exploring the rat is indicative of the adult mouse 

remembering the initial encounter with that animal. 

C. Intracerebral Hemorrhage Methods 

a. Animals 

Adult male and female NR2A, NR2B, and their wildtype littermates, ages 3 - 5 

months (Wt: n = 47, NR2A: n = 25, NR2B: n = 29), were used for experiments. Animals 

were bred in-house from previously generated lines ( 1 0, 12, 17, 21 ), one of which 
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(NR2A) was previously unreported. Animal genotypes were confirmed by PCR analysis 

of a tail biopsy. Animals were group-housed (3 - 5 per cage) in a standard temperature 

and humidity controlled animal vivarium with free access to food and water, except 

during surgery and recovery. Lighting followed a 12:12 light: dark cycle. The 

experimenter was blind to the genotype of the animals during surgery, testing, and data 

analysis. All protocols were approved by the Institutional Animal Care and Use 

Committee of the Georgia Regents University, and are in strict adherence with the 

National Institutes of Health Guide for Care and Use of Laboratory Animals. Every effort 

possible was made to reduce the number of animals used and the pain of each animal. 

b. Intracerebral hemorrhage (ICH) stereotaxic surgery 

Animals were anesthetized with Ketamine/Domitor cocktail (0.6ml/1 0 g). Depth of 

anesthesia was monitored through toe pinch reflex before surgery begins and every 10 

minutes during surgery. Body temperature was maintained using a heated pad 

throughout surgery and until the animal was completely recovered. 

The protocol followed here was similar to what has been previously described 

(224-226). The fur from the scalp was removed. The animal was positioned in the 

stereotaxic frame and the scalp area was thoroughly cleaned with Betadine and 70% 

ethanol three times. A one-half inch incision was made into the scalp and the skull 

exposed. A fine drill was used to drill a burr hole 1.5 mm in diameter, 2.5 mm lateral to 

bregma of the left side of the skull. A Hamilton syringe was slowly lowered into the brain 

to a depth of 3 mm. Then, 0.05 U Collaganase IV in 0.5 1-11 of sterile saline was injected 

slowly into the brain over 5 minutes. The needle was left in place 10 minutes to prevent 

aspiration. After ten minutes the needle was removed 1 mm, after an additional 2 



43 

minutes, the needle was raised another 1 mm. Finally after 1 additional minute, the 

syringe was removed completely. The scalp was placed back over the skull and the 

wound was closed with VetBond adhesive, and bupivacaine was applied for pain relief at 

incision site (0.1 - 0.2 cc). Animal was allowed to fully recover and then was placed back 

into a clean homecage. Survival rate after 24 hours was measured. 

c. Analysis of neurological function 

After 24 hours, the animals that survived the ICH were tested in seven areas of 

neurological function according to guidelines proposed by Clark et al. (225). Abilities of 

the animals were rated on a scale of 0-4 for each of the seven areas of function, which 

included body symmetry, gait, climbing, circling behavior, front limb symmetry, 

compulsory circling and whisker response. The experimenter was blind to the genotypes 

of the animals being tested. Sham animals were also tested and no sham animals 

showed any neurological deficit. 

d. Tissue preparation for microscopy analysis and staining 

Twenty-four hours after surgery, immediately after neurological testing, one 

group of animals were sacrificed and perfused with 0.1 M PBS followed by 4% 

paraformaldehyde (PFA). Brains were isolated and preserved in PFA overnight, then 

cryopreserved in 40% sucrose solution. Cryopreserved brains were frozen in cutting 

matrix and sliced into 30 J.Jm slices on a cryostat, mounded on glass slides (Fisher 

Scientific # 12-550-003) and dried for several days at room temperature. 
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e. Cresyl violet staining 

Brain slices were rehydrated in water and stained for three minutes with 0.1% 

cresyl violet acetate stain (Sigma #C5042-1 OG). The stain was differentiated by alternate 

rinsing in 95% ethanol and 95% ethanol and acetic acid solution. After staining the slides 

were dehydrated by rinsing in ethanol, then cleared with xylene, coverslipped with 

Permount, and dried at room temperature overnight. 

f. Ttssue preparation for edema and hematoma size analysis 

After neurological testing, another group of animals was sacrificed and the brain 

quickly removed. The brain was sliced into 2mm coronal sections, then the two 

hemispheres were carefully separated, and immediately weighed to determine initial wet 

brain weight. Sections were visualized at 0.5x magnification and images captured on 

image analysis software. 

g. Edema measurements 

After brain sections were weighed and imaged, they were placed into a 65°C 

oven for 48 hours. After 48 hours the brain sections were removed from the oven and 

weighed to determine the dry weight of the brain. Edema was calculated as: 

(wet weight- dry wezght) 
% Edema = h x 100 

wet weig t 

h. Hematoma size analysis 

To control for the natural differences in brain sizes of the animals, lmageJ 

software was used to measure brain area and hematoma area. To determine the 
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increase in brain size due to edema the area of the contralateral (right) hemisphere was 

determined and the area of the injured (left) hemisphere was determined. The increase 

in brain area due to edema was calculated as follows: 

Injured area- ContraJatcn-al Ar~a 
Percent increase= c 1 1 A x 100 

onta atera rea 

To determine the relative size of the hematoma, lmageJ software was used to 

select the edge of the ipsilateral (left) hemisphere of the injured brain and the border of 

the hematoma. The area of each was determined using lmageJ. The percent of brain 

area consumed by the hematoma was calculated as follows: 

hematoma area 
Relatitle hematoma area= 

1 
l x 100 

1 psl at era area 

D. Data Analysis 

All results are expressed as mean ± SEM. Behavioral data were analyzed by 

either one-way or two way ANOVA followed by Tukey-Kramer analysis or a Student's T-

test to determine significance. Differences were considered statistically significant if p < 

0.05. 



Il l. Results 

A. NR2A and NR2B Behavioral Data 

a. Basic characterization of NR2A transgenic mice 

The CaM-kinase-11 (CaMKII) promoter (17, 227, 228) was used to construct the 

NR2A subunit overexpression vector (Figure 2) and produce a forebrain-specific NR2A 

overexpression transgenic mouse line (21 ). The transgene integration into the genome 

was confirmed by PCR analysis using SV40 Poly(A) probes (Figure 3). The transgene 

expression was found by in situ hybridization, to be highly enriched in the cortex, 

striatum, and hippocampus, but unaltered in the hind brain regions such as the 

cerebellum (21 ). Western blot analysis of the forebrain tissue also confirmed enhanced 

NR2A protein expression over the wildtype animals (Figure 4) in these regions. The 

NR2A transgenic mice mate and grow normally and have similar body weights (30.88 ± 

0. 71 g, n = 12) to their wildtype littermates (30.62 ± 1.20 g, n = 13; p = 0.87, Figure 5). 

No seizures or convulsions were observed in the transgenic mice. 
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Figure 2: NR2A overexpression vector. The NR2A vector was constructed with a 

CaMKII promotor to drive expression of the NR2A subunit in the excitatory pyramidal 

neurons m the forebrain regions. 
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Figure 3: PCR analysis of NR2A transgenic mice and their wildtype littermates. 

NR2A transgenic mice (denoted asTg-NR2A) are identified by PCR analysis of a tail 

biopsy using an SV-40 primer. 
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Hippocampus Cortex 

Wt Tg-NR2A Wt Tg-NR2A 

NR2A 

PSD -95 

Figure 4: Western blot analysis of hippocampal and cortical tissues of the NR2A 

transgenic mice and their wildtype littermates. NR2A transgenic mice (denoted as 

Tg-NR2A) show a significant increase in the expression of the NR2A subunit (denoted 

as NR2A) in the cortex and hippocampus. PSD-95 is used as a loading control. 
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To assess the locomotor activity of our NR2A transgenic mice, we used the open 

field paradigm. We found that the transgenic m1ce were indistinguishable from the 

wild type mice in the number of line crossings (Wt: n = 6, 927.17 ± 75.63 crossings; 

NR2A: n = 9, 1,059 ± 52.33 crossings; p = 0.22, Figure 6}, indicating comparable 

locomotor activity. Additionally, there are no differences observed in the time the animals 

spent in the center area and periphery area of the open field arena (center: Wt: 170.60 ± 

63.75s; NR2A: 180.91 ± 54.97s; periphery: Wt: 429.41 ± 63.75s, NR2A: 447.04 ± 

30.33s; Figure 7). 

To evaluate anxiety levels, we used the elevated plus maze paradigm in which 

animals choose to explore either the bright open arms or the darker closed arms of the 

maze. There were no differences observed between the genotypes in basal anxiety 

levels (Figure 8). Both the NR2A transgenic mice and their wlldtype littermates preferred 

the closed arm (Wt: 58.33 ± 6.89%; NR2A: 55.14 ± 6.86%) to the open arm (Wt: 19.15 ± 

5.11%; NR2A: 25.94 ± 7.94%). These basic behavioral assays suggest that the 

transgenic NR2A transgenic mice are indistinguishable from their wildtype littermates in 

basic behaviors. 

b. Selective deficits in long-term novel object recognition memory in the NR2A 

transgenic mice 

To assess the effect of NR2A overexpression on recognition memory, we tested 

the animals in a novel object recognition task for both short-term and long-term memory. 
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Figure 6: Open field activity results for NR2A transgenic mice (average line 
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crossings). NR2A transgenic mice and their wildtype littermates show no differences m 

average locomotor activity in an open fteld. 
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Figure 7: Time spent in the center versus the periphery in the open field. The 

NR2A transgenic mice and their wildtype litterrnates show similar exploration, and 

acttvtty levels in the open field. 
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Figure 8: NR2A transgenic mice show normal anxiety levels in the elevated plus 

maze paradigm. NR2A transgenic mice show similar anxtety levels to their wildtype 

counterparts in the elevated plus maze, with each group spending approximately equal 

time in the open and closed arms as the other. 
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The NR2A transgenic mice exhibited similar exploratory behav1or and motivation as their 

w1ldtype littermates in the training phase, both groups spent approximately equal time 

with each identical object (Wt: n = 10, 48.57 ± 2.94%; NR2A: n = 10, 50.15 ± 0.93%; 

Figure 9). As expected, the wildtype mice showed a strong preference for the novel 

object at the one hour retention test. Similarly, we found that the NR2A transgenic mice 

also showed normal 1 hour recognition memory, spending a comparable amount of time 

exploring the novel object as the wildtype animals (Wt: n = 10, 61.46 ± 1.54%; NR2A: n 

= 10, 57.80 ± 3.53%). This indicates that the transgenic mice can learn, remember, and 

retrieve the memory of the familiar object on the short-term time scale at the similar level 

to that of the wild type animal. 

Using another cohort of mice, we measured the 1 day novel object recognition to 

assess the long-term recognition memory of both the NR2A transgenic mice and their 

wildtype littermates. The wildtype mice show robust 1 day memory performances, 

spending significantly more time than the NR2A transgenic mice exploring the novel 

object (Wt: n = 10, 72.67 ± 5.74%; NR2A: n = 10, 49.59 ± 4.0%; p = 0.015). These 

results indicate that while the NR2A transgenic mice were able to retain the memory of 

the object for a short amount of time, they are significantly impaired in long-term object 

recognition memory. 

c. Deficits in spatia/learning in the NR2A transgenic mice 

To examine the effect of a high NR2A NR2B ratio on spatial memory, we tested 

the NR2A transgenic m1ce using a hidden platform water plus-maze test. This simplified 

version of the water maze requires the animal to actively seek the platform to 
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Figure 9: NR2A transgenic mice show impairments in long-term novel object 

recognition memory. Although the NR2A transgenic mice and their wildtype littermates 

showed s1milar exploration in the trainmg phase, and s1m1lar memory at the 1 hour 

retention sess1on, the NR2A transgenic mice show sigmficantly Impaired object 

recogmtion memory at the 24 hour retention session. •p = 0.015 
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escape the water but provides considerably fewer options than the conventional Morris 

water maze making the task easier (229). The hidden platform location was at the end of 

the east arm and remained in that location for the duration of the test. Animals 

underwent four trials per day, with each open arm (north, west or south) being the 

starting location of at least one trial each day. The transgenic mice exhibited 

indistinguishable swimming ability and swimming speed in comparison to that of the 

wildtype mice (Figure 10). 

The NR2A transgenic mice were able to learn that the white "flag" marked the 

location of the hidden platform in the landmark task. On day two, the wildtype animals (n 

= 11) were able to remember the association of the flag to the platform better than the 

NR2A transgenic mice (n = 11) but the NR2A transgenic mice were able to relearn the 

task and showed no significant differences from the wild type animals (Figure 11 ). In the 

fixed h1dden platform maze, the w1ldtype animals (n = 11) learned the task over the trials, 

spending approximately 59.37 ± 4. 77 s on day one searching for the platform and 

improved to 12.04 ± 1.67 s on day six (Figure 12). In contrast, the NR2A transgenic mice 

(n = 11) initially spent 72.53 ± 4.62 s searching for the hidden platform on day one, but 

were much slower in acquiring this task, and only improved their escape latency to 39.78 

± 5.0 s by day six. This indicates that the NR2A transgenic mice had difficulty in 

remembering the arm where the hidden platform was located, and were able to use the 

distal spatial cues to locate 1t 1n successive trials. To further confirm the spatial memory 

formation, we also performed a transfer test in which the platform was removed from the 

maze. The mouse was placed in the maze and allowed to search for the platform for 90 

seconds. The time in the target and other arms were measured. The wildtype animals 
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Figure 10: NR2A transgenic mice are indistinguishable in swimming abilities from 

the wildtype animals. 
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Figure 11: NR2A transgenic mice show similar abilities to the wile/type animals in 

the landmark task. The NR2A transgemc m1ce were able to locate the hidden platform 

similarly to the wildtype animals when the location was marked with a white rectangular 

"flag". 
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spent significantly more time in the target arm than the NR2A transgenic mice (Wt: n = 

11,41.08 ± 4.92%; NR2A, n = 11,21.67 ± 8.35%, p = 0.03, Figure 13). The differences 

in the transfer test confirmed that the transgenic mice are impaired in spatial reference 

memory function. 

d. Selective deficits in long-term contextual fear memories in the NR2A transgenic 

mice 

To test the associative learning in our transgenic mouse line, we used two 

associative learning paradtgms, namely contextual fear conditioning and cued fear 

conditioning. Contextual fear conditioning is a hippocampal-dependent associative 

learning process, that requires the memory of the context in which an adverse event 

occured (177, 229-231 ). During the training phase, both the wtldtype mice and the NR2A 

transgenic mice showed similar freezing responses immediately following a mild foot 

shock (Wt: 16.33 ± 5.24%; NR2A: 12.67 ± 3.86%; Figure 14) indicating a normal fear 

response. After training, the animals were separated into two groups, a one hour recall 

group and a 24 hour recall group. At the one hour recall, the animals were placed back 

into the identical training chamber, to assess their contextual associative memory. The 

NR2A transgenic mice demonstrated similar contextual fear memory at the one hour 

recall as the wild type animals (Wt: n = 10, 35.1 ± 8.15%, NR2A: n = 10, 33.68 ± 6.58%) 

demonstrating that the NR2A transgenic mice have normal short-term contextual 

memory recall. 
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Figure 13: NR2A transgenic mice show significantly less preference from the 

target arm than the wi/dtype animals During the transfer tests on day 7 the NR2A 

transgenic mice spent significantly less time in the target arm than the wildtype animals. 
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Figure 14: NR2A transgenic mice show impairments in 24 hour contextual fear 
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memory. The NR2A transgenic mtce were able to learning the assoctatton between the 

shock and the context in which it was received, as evident by the freezing at the one 

hour re-exposure sesston. However, after 24 hours the NR2A transgenic mice were no 

longer able to remember the assoctation between the shock and the context in which it 

was received. 

"p = 0 021 
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To test for long-term emotional memory, the NR2A transgenic mice and their 

wildtype littermates were placed back into the identical training chamber and observed 

for freezing 24 hours after training. We found that the NR2A transgenic mice showed 

significantly less contextual freezing than the wildtype mice when re-exposed to the 

training context 24 hours after the training session (Wt: n = 10, 45.00 ± 5. 70%; NR2A: n 

= 14, 27.41 ± 5.24%; p = 0.021). This suggests that the NR2A transgenic mice are 

impaired in long-term contextual fear memory. 

e. Selective deficits in long-term cued fear memory in the NR2A transgenic mice 

Cued fear conditioning pairs a neutral stimulus, termed the conditioned stimulus 

(CS), with an unconditioned stimulus (US), a mild foot shock, which co-terminates with 

the CS. This paradigm is known to be independent of the hippocampus (231 ). One hour 

after training the mice were placed into a novel context and the tone was presented after 

three minutes of exploration. During the pre-tone time period, both groups of animals 

exhibited little freezing in response to the novel context alone (Wt: 2.22 ± 1.00%; NR2A: 

3.61 ± 2.00%; Figure 15), reflecting a similar fear response to a novel environment. 

When the cue was presented, the NR2A transgenic mice exhibited strong freezing 

responses at the one hour recall testing, similar to the freezing responses of the wildtype 

animals (Wt: n = 10, 68.69 ± 5.3%; NR2A. n = 10, 67.71 ± 4.6%). 

Using a separate cohort of mice, we examined how the NR2A transgenic mice 

performed in a long-term cued fear retention task. Under this condition, the NR2A 

transgenic mice exhibited significantly less freezmg (n = 10, 14.72 ± 6.18%) than their 
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Figure 15: NR2A transgenic mice show impairments in 24 hour cued fear memory. 

The NR2A transgemc mice are able to learning the association between the shock and 

the cue, as evident by the freezing at the one hour re-exposure session. However, after 

24 hours the NR2A transgenic mice were unable to remember the association between 

the ShOCk and the CUe. * p = 3 X 1 (;-6 
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w1ldtype littermates (n = 10, 68.33 ± 6.04%, p = 3.0 x 10~). Similar immediate freezing 

by the NR2A transgenic mice during learning, as well as during the 1 hour recall tests, 

collectively suggest that the NR2A transgenic mice have similar abilities to learn, 

remember, recall, and behaviorally express fear memories, yet the transgenic mice were 

unable to retain the association of the context or tone to the foot shock for a longer 

period of time. These fear conditioning experiments revealed that the NR2A transgenic 

mice are deficient in consolidating both contextual and cued fear memories, into long

term memories regardless of whether the fear conditioning occurred in a hippocampal

dependent or hippocampal-independent manner. 

f. Impaired fear extinction in the NR2A transgemc mice 

To test fear extinction in the NR2A transgenic mice, a modified training protocol 

was employed to overcome the deficits observed in long-term memory. Instead of a 

single CS-US pairing as used previously (17), we paired the CS-US seven times with an 

intertrial delay of 2 minutes. The fear extinction paradigm tests the ability of the animal to 

relearn the cue with the new conditions, in which now the training context without the 

cue is safe, and the tone in a novel environment does not signal the US. 

When the NR2A transgenic mice were returned to the training chamber, they 

exhibited similar freezing to the wildtype animals demonstrating that this training protocol 

was able to overcome their deficits in long-term memory (1: Wt: n = 10, 1: 19.78 ± 

2.80%; NR2A: n = 10, 23.95 ± 7.87%; p = 0.62; Figure 16). The wildtype animals did 

display a decrease in the time spent freezing over the five exposures (2: 15.50 ± 5.36%; 

3: 15 53± 2.88%; 4: 6.95 ± 3.07%; 5: 5.04 ± 1.85%) with a significant decrease from the 

first session to the last session in the amount of freezing (p = 2.12 x 1 o·5). 
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Figure 16: NR2A transgenic mice show selective impairments in contextual fear 

extinction. Although the NR2A transgenic mice were able to recall the association of the 
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In contrast, the NR2A transgenic mice showed no decrease in freezing time from 

the first session to the last session (2: 19.37 ± 6.74%; 3: 23.65 ± 7.96%; 4: 20.52 ± 

3.56%; 5: 27.03 ± 8.70%; p = 0.35) and froze significantly more than their wildtype 

counterparts in the fourth and fifth sessions (4: p = 0.01; 5: p = 0.02). After twenty-four 

hours, both the NR2A and the wildtype animals were placed into a novel chamber and 

exposed to the training tone. They both displayed a strong freezing tendency in the first 

exposure indicating that the modified protocol was able to overcome their long-term 

memory deficits in the NR2A transgenic mice (Wt: n = 10, 48.21 ± 3.02%; NR2A: n = 10, 

49.95 ± 5.41%; p = 0.78; Figure 17). Over the next four exposures the wildtype animals 

showed a significant decrease in the time spent freezing (2: 36.06 ± 7.43%; 3: 27.73 ± 

7.02%; 4: 20.36 ± 6.43%; 5: 15.03 ± 4.52%) with a significant decrease from the first 

session to the last session (p = 9.20 x 1 0-6). 

In contrast, the NR2A transgenic mice showed no decrease in freezing from the 

first session to the last session (p = 0.92) and froze significantly more than their wildtype 

counterparts in the fourth and fifth sessions (2: 44.33 ± 6.08%; 3: 49.57 ± 9.97%; 4: 

53.78 ± 9.85%; p = 0.01; 5: 48.78 ± 1 0.45%; p = 0.008). These data suggest that the 

NR2A transgenic mice are unable to inhibit their fear response to the conditioned context 

and tone showing impairments in the ability to relearn the safety of the cues were 

presented separately. 
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association of the tone with the shock using the altered paradigm, they were unable to 

extinguish their fear response to the cue m a novel context with repeated exposures 

.. p = 0.01, .... p = 0 008 
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g. Trace fear conditioning in the NR2A and NR28 transgenic mice 

i. Impairments in trace fear conditionmg in the NR2A transgenic mice and 

enhancements observed in the NR28 transgenic mice 

Trace fear conditioning is a form of classical conditioning in which the CS (an 80dB 

tone) and the US (a foot shock) are separated by a 30 second delay. This paradigm is 

known to be hippocampal-dependent and is considered to be a more difficult task that 

the delayed fear conditioning task because the animal must be able to learn the CS

trace-US as a single event in which the CS predicts the US. During the training session 

all animal groups increased their freezing responses with each successive tone 

presentation. There were several tone presentations where the NR2B transgenic mice 

froze significantly more than the NR2A and w1ldtype animals demonstrating their 

superior learning abilities (Figure 18). 

Twenty-four hours later the animals were placed into a novel chamber and an 

identical tone to the training tone was presented. Interestingly the NR2B transgenic 

mice show significantly more freezing than the NR2A transgenic mice and the wildtype 

animals. This demonstrates their enhanced memory ability. The NR2A transgenic mice 

were able to associate the tone with the foot shock, as well as, show extinction to the 

tone over the 10 presentations (Figure 19). 

ii. Selective impairments in delayed fear conditioning in the NR2A transgenic mice, 

and enhancements in the NR28 transgenic mice 

When the transgenic mice and their wildtype littermates were trained in a delayed 

fear conditioning task in which the unconditioned stimulus is co-terminated with the 
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Figure 18: Trace fear conditioning in the NR2A, NR2B and wildtype 

animals. The NR28 transgenic mice learned the association between the CS and 

the US quicker than the NR2A transgenic mice, and showed increased fear 

responses to the CS The NR2A transgenic mice show similar fear expression to the 

wtldtype animals by the end of the training demonstrating that they are able to learn 

the association between the CS and the US. • p < 0.05 
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Figure 19: Trace fear conditioning recall in the NR2 animals and their wildtype 

littermates. The NR2B transgenic mice showed robust freezing in the recall sess1on 

Their fear responses decreased as the CS 1s presented multiple times w1thout the US 

The NR2A transgenic mice show little freezing in the retention sess1on. "p < 0 05 
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conditioned stimulus. In this training paradigm all animals showed a robust freezing to 

the tone (Figure 20). 

After 24 hours, the animals also showed a strong freezing response when the 

same tone was presented in a novel environment. Interestingly, the NR2A transgenic 

mice show significantly more freezing response to the tone in the first two presentations. 

While both the NR2B transgenic mice and the wildtype animals did show extinction over 

the ten trials, the NR2A transgenic mice showed no decrease in the freezing response. 

While the NR2B transgenic mice showed robust freezing that 

quickly tampered off, the NR2A transgenic m1ce were unable to extinguish the fear they 

had prev1ously learned (Figure 21 ). 

iii. Pseudo fear conditioning in the NR2A and NR2B transgenic mice 

As a control, one cohort of each group underwent pseudo conditioning in which 

the CS (the tone) and the US (the footshock) are presented in pseudo random order, 

such that the animals are unable to form an association between the tone and the 

footshock. During the testing phase the lack of association between the CS and US was 

apparent in the general lack of freezing among the animals when the tone is presented 

in a novel context. Overall none of the animals show any significant freezing during the 

recall session (Figure 22). 
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Figure 20: Delayed fear conditioning training in the NR2 transgenic mice and their 

wildtype littermates. The NR2 transgenic mice show similar freezing responses to the 

CS-US pairing indicating that they were able to learn the pairing efficiently. * p < 0 05 
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Figure 21 : Delayed fear conditioning recall in the NR2 animals and their wildtype 

littermates. Both the NR2A and the NR2B transgenic mice showed robust freezing to 

the presentation of the CS after 24 hours. Interestingly, the NR2B transgenic mice also 

showed quicker extinction than the wildtype animals as the CS was presented without 

the US. The NR2A transgenic mice, however, were unable to inhibit their fear responses 

over the 10 CS presentations. * p < 0. 05 
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Figure 22: Pseudo conditioning recall in the NR2 transgenic mice and wildtype 

mice. As expected, the presentation of the CS without subsequent presentation of the 

US caused little fear response to the presentation of the CS. 
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h. Normal taste aversion memory in NR2A, NR2B transgenic mice and their 

wildtype littermates 

To determine the extent of memory impairment in the NR2A transgenic mice, we 

also used another classical conditioning paradigm in which the animal learns to 

associate a novel taste (the conditioned stimulus) with gastrointestinal malaise 

(unconditioned stimulus). This is a unique form of classical conditioning that relies on a 

survival mechanism in which an animal will avoid a taste that has previously resulted in 

nausea or sickness. By investigating this form of learning, we seek to determine if 

natural survival mechanisms can overcome the observed Impairments in long-term 

memory. After twenty four hours of water deprivation, the NR2A and NR2B transgenic 

mice and the wildtype mice were given limited access to water every day for 5 days. All 

groups consumed similar amounts of water (Wt: n = 9, 1.15 ± 0.07 ml; NR2A: n = 10, 

1.19 ± 0.08 ml; NR2B: n = 9, 1.16 ± 0.05 ml; Figure 23). This average was used as the 

control for saccharin consumption. On day 6, the animals were given 20 minutes to 

consume as much 0.5% saccharin water as they cared. All animals increased their 

consumption over the control level, with the NR2B transgenic mice consuming 

significantly more saccharin water than the wildtype and NR2A transgenic mice when 

compared to controls (Wt: 118.41 ± 11 04%; NR2A: 114.18 ± 8.74%; NR2B: 167.19 ± 

7.44%, NR2B vs. Wt: p = 0.002, NR2B vs. NR2A p = 0 00015; Figure 24). Using lithium 

chloride, which IS known to cause gastrointestinal malaise when injected, we induced 

malaise into the NR2A and NR2B transgenic mice and wildtype mice immediately after 

they consumed saccharin water for the first time. Twenty-four hours later, the animals 
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Figure 23: Average water consumption over five days for the NR2 transgenic mice 

and their wildtype littermates. There were no dtfferences among the groups m the 

average amount of water consumed over ftve days. 
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were given saccharin water again for 20 minutes to determine the reduction in 

consumption of the saccharin water. All animals significantly reduced their consumption 

of the saccharin water from the previous day (Wt: 44.79 ± 10.34%, p = 0.00017; NR2A: 

66.17 ± 10.19%, p = 0.00078; NR2B: 31.98 ± 6.84%, p = 4.2 x 10.10
). These data 

demonstrate that while the NR2A transgenic mice do show significant impairments in 

many forms of long-term memory, they do not show impairment in taste aversion 

memory. 

i. Social recognition in the NR2A and NR2B transgenic mice 

i. Long-term memory impairment in the NR2A transgenic mice in the social 

recognition of a male conspecific 

We first tested our transgenic mice in a social recognition paradigm in which they 

were required to learn and remember a juvenile male conspecific 1 hour or 24 hours 

after the initial exposure in the training session. In the initial introduction session, all 

groups spent similar amounts of time exploring the stimulus juvenile (Wt: 135.33 ± 

14.67s; NR2A: 128.45 ± 12.71s; NR2B: 112.77 ± 12.82s; Figure 25). After a one hour 

separation when the animals were reunited, all groups of animals spent significantly less 

time investigating the familiar juvenile (Wt: n = 13, 76.74 ± 10.10s, p = 0.003; NR2A: n = 

10, 80.45 ± 12.71s, p = 0.002; NR2B: n = 9, 53.43 ± 9.05s, p = 0.001 ), while 

investigation times of a novel juvenile remained unchanged (Wt: n = 12, 119.80 ± 

12 36s; NR2A. n = 8, 134.73 ± 10.48s; NR2B: n = 8, 104.58 ± 16.70s). 

A separate group of animals were tested in a 24 hour retention time with either a 

familiar or novel animal. These animals showed no differences in the initial investigation 

times in the training session (Wt: 95.89 ± 6.01 s; NR2A: 109.40 ± 15.25s; NR2B: 122.15 
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Figure 25: Short-term social recognition of a juvenile male conspecific. The NR2A 

and NR2B transgenic mice and wildtype mice show normal soctal recognition of a 

juvenile male conspecific after 1 hour. "p = 0.003, ""p = 0.002, '*"" p = 0 001 
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± 16 67s; Figure 26). At the 24 hour retention time both the wildtype mice and the NR2B 

transgenic mice show a significant reduct1on in the investigation time of a familiar 

juvenile (Wt: n = 10, 64.46 ± 7.59s, p = 0.004; NR2B: n = 9, 52.44 ± 12.24s, p = 0.004), 

while the NR2A transgenic mice showed no reduction in investigation time (n = 8, 102.00 

± 15.25s, p = 0.30). None of the groups showed a reduction in investigation time with a 

novel juvenile (Wt: n = 9, 106.32 ± 8.63s; NR2A: n = 7, 122.84 ± 11.52s; NR2B: n = 9, 

105 ± 17.89s). 

ii. Long-term memory impairment in the NR2A transgenic mice in the social 

recognition of a female conspecific 

We tested our transgenic mice and their wildtype littermates in a social 

recogmtion paradigm in which the subject animals are trained to recognize a female 

conspec1fic. In the initial exploration session, all groups of mice spent similar amounts of 

time exploring the female mouse (Wt: 156.28 ± 12.22s; NR2A: 133.62 ± 10.76s; NR2B: 

167.42 ± 16.86s; Figure 27). At the one hour retention session, the subject mice spent 

significantly less time exploring the familiar female than in the initial exploration session 

(Wt: n = 8, 59.89 ± 10.06s, p < 0.001; NR2A: n = 7, 72.47 ± 8.63s, p < 0.001; NR2B: n = 

7, 75.20 ± 8.56s, p < 0.001 ). In contrast, the subject mice spent as much time exploring 

the novel mice as they did in the initial exploration session (Wt: n = 9, 152.34 ± 1 0.58s; 

NR2A n = 7, 137.27 ± 15.84s; NR2B: n = 7, 139.06 ± 8.58s). 
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Figure 26: Long-term social recognition of a juvenile male conspecific. The NR28 

transgenic mice and the wildtype mice show normal social recognition of a juvenile 

conspecific after 24 hours. However, the NR2A transgenic mice show no recogmtton of 

the familiar juvenile male mouse after 24 hours "p = 0.004. 
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NR2B transgenic mice and their wildtype litterrnates showed normal social recognition of 

a female conspecific after 1 hour. "p < 0.001. 
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We also tested the long-term soc1al memory of our NR2A and NR2B transgenic 

mice and their wildtype littermates. In the initial exploration session, all three groups of 

mice spent similar amounts of time exploring the novel female mouse (Wt: 169.52 ± 

5.73s; NR2A: 168.57 ± 9.57s; NR2B: 130.84 ± 12.81s; Figure 28). At the 24 hour recall 

session, the NR2A transgenic mice were unable to the recall the familiar females and 

spent as much time exploring the females in the retention session as in the initial 

exploration session (NR2A: n = 7, 148.57 ± 21.52s). 

However, both the NR2B transgenic mice and their wildtype littermates spent 

significantly less time exploring the familiar female in the retention session (Wt: n = 7, 

91.21 ± 22.28s, p = 0.02; NR2B: n = 6, 65.09 ± 14.23s, p = 0.006). All groups spent as 

much time exploring a novel female in the 24 hour retention session as in the initial 

exploration session (Wt: n = 7, 173.77 ± 7.12s; NR2A: n = 7, 177.11 ± 12.66s; NR2B: n 

= 6, 137.80 ± 22.87s). 
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Figure 28: Long-term social recognition of a female conspecific. The NR28 

transgenic mice and the wildtype mice showed normal social recognition of a female 

conspecific after 24 hours. The NR2A transgenic mice showed no recognition of the 

famtliar female after 24 hours. • p = 0.02, ** p = 0.006. 
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iii. No impairments seen in the NR2A or NR2B transgenic mice in the habituation-

dishabituation paradigm 

We also tested our mice in another paradigm of social recognition in which a 

male juvenile conspecific is presented to the subject mouse four times successively for a 

short amount of time (1 minute) with a short delay (1 0 minutes) between exploration 

sessions. A final 1 minute exploration session follows 1 0 minutes after the fourth 

session, with a novel juvenile. This paradigm is considered a more ecological approach 

to examining social behavior by closely mimicking the animals natural social encounters 

(232). All groups displayed similar investigatory behavior in their initial encounter (Wt: n 

= 10, 42.44 ± 2.16s; NR2A: n = 15, 39.22 ± 2. 76s, NR28: n = 8, 45.73 ± 2.63s ). All 

groups of mice showed a sign1ficant decrease in investigation times in the second 

session (Wt: 30.27 ± 2.30s, p < 0.001; NR2A: 28.89 ± 2.39, p < 0.05; NR28: 27.00 ± 

2.94s, p < 0.0001; Figure 29). Interestingly, the NR2A and the w1ldtype mice also show a 

significantly shorter investigation time in the third encounter (Wt: 17.45 ± 1.90, p < 0.001; 

NR2A: 21.39, p < 0.05). These data demonstrate that the NR2A transgenic mice show 

no deficits in short-term social memory. During the dishabituation encounter (fifth 

encounter) with a novel juvenile, the NR2A transgenic mice increased the exploration 

time of the novel animal slightly (26.06 ± 2.56s), but the difference is not significant from 

the fourth encounter (21.29 ± 2. 78s, p = 0.19) with the familiar juvenile. The NR28 

transgenic mice spent significantly more time exploring the novel juvenile in the fifth 

encounter (36.30 ± 3.51s) than the familiar juvenile in the fourth encounter (22.17 ± 
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Figure 29: Habituation - Dishabituation social recognition. Both the NR2A and 

NR2B transgenic mice showed significant decreases in exploration time between the 
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88 



89 

2.53s, p < 0.05), but the exploration t1me was still less than in the first encounter. The 

wildtype littermates did spend more time with the novel animal in the fifth encounter 

(22.33 ± 4.64s), although this difference was not s1gmficant from the fourth encounter (p 

= 0.3). This suggests that there may be some fat1gu1ng effects over the four trials, but 

this would not account for the significant differences seen in the first three trials. 

iv. Significant enhancement in cross-strain long-term memory of the NR28 

transgenic mice 

To investigate the ability of our NR2A and NR2B transgenic mice to remember 

male mice of a different strain and color, we tested our transgenic mice and their 

wildtype littermates in both a short-term and long-term soc1al recognition paradigm. All 

groups of mice spent approximately equal time investigating the novel white juvenile (Wt: 

140.19 ± 12.01s; NR2A: 137.71 ± 11.31s, NR2B: 110.53 ± 8.71s; Figure 30). Both the 

NR2B transgenic mice and their wildtype littermates were able to form a strong memory 

and demonstrated a significant reduction in investigation times in the one hour recall 

session (Wt: n = 10, 96.82 ± 9.28s, p = 0.009; NR2B: n = 9, 77.01 ± 12.92s, p < 0.05). 

Interestingly, at the one hour retention session, the NR2A transgenic mice were unable 

to form a strong memory of the white mouse (NR2A: n = 15, 115.45 ± 8.15s ). No group 

decreased the investigation time of a novel mouse at the one hour retent1on sess1on (Wt: 

129.78 ± 6.67s; NR2A: 122.99 ± 7.65s; NR2B: 76.66 ± 11 .99s). 
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Figure 30: One hour recognition of a juvenile cross-strain male mouse. The NR28 

transgenic mice and the wildtype mice show enhanced social recognttton over the NR2A 

transgenic mice 1 hour after training. • p = 0. 009, ** p < 0. 05. 
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In the 24 hour recall session, after spending approximately equal time in the 

initial exploratory session (Wt: 132.24 ± 8.66s; NR2A: 125.84 ± 15.52s; NR2B: 104.23 ± 

12.62s; Figure 31 ), only the transgenic NR2B transgenic mice are able to recall the white 

mice from the initial session (NR2B: n = 9, 61.48 ± 11.94s, p = 0.03). This demonstrates 

their enhanced learning and memory abilities in more complex tasks. The transgenic 

NR2A transgenic mice and the wildtype mice are unable to recall the white juvenile 

mouse after 24 hours (Wt: n = 13, 113.29 ± 9.28s; NR2A: n = 9, 122.52 ± 17.87s). As 

expected, no group decreased the investigation time of a novel white mouse at the 

twenty-four hour retention session (Wt: 123.78 ± 9.04s; NR2A: 125.68 ± 14.27s; NR2B: 

110.15 ± 12.23s). 

v. Enhanced interspecific memory m the NR2B transgenic mice 

We also investigated the ability of our mice to form a memory of another rodent 

species, the rat. In the initial exploration session all of the mice spent similar amounts of 

time exploring the rat in its enclosure (Wt: 129.89 ± 8.15s; NR2A: 107.07 ± 11.29s; 

NR2B: 158.13 ± 9.46s; Figure 32). The wildtype and the NR2B transgenic mice spent 

significantly less time exploring the familiar rat at the one hour retention time (Wt: n = 12, 

83.58 ± 11.28s, p = 0.004; NR2B: n = 9, 93.18 ± 8.64s, p = 0.0002). Interestingly, the 

NR2A animal was unable to recall the familiar animal (n = 11, 108.35 ± 12.42s; p = 
0 94). Even after only one hour, the NR2A transgenic mice spend as much time 

exploring the rat as in the initial exploration session. As expected, all mice spent similar 

amounts of time exploring the novel rat in its enclosure at the one hour retention session 

(Wt: n = 11, 154.49 ± 9.95s; NR2A: n = 11, 161 .94 ± 18.84s; NR2B: n = 11, 197.15 ± 

8.64s) 
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Figure 31: Twenty-four hour recognition of a juvenile cross-strain mouse. The 

NR2B transgenic mice show enhanced social recogmtion of the juvenile male cross-

strain mouse over the NR2A transgenic mice and the Wildtype mice 24 hours after 
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Figure 32: One hour recognition of a juvenile male rat. The NR2B and wildtype 
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training. The NR2A transgenic mice show no recognition of the familiar rat after 1 hour. 

* p = 0 004, ,.. p = 0 0002 
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At the training session for the 24 hour recall session, all mice spent similar 

amounts of time exploring the rats (Wt: 125.13 ± 10.79s; NR2A: 97.12 ± 9.95s; NR2B: 

114.14 ± 11.89s). Not surprisingly, the NR2A transgenic mice, as well as their wildtype 

littermates, were unable to remember a familiar rat at the 24 hour retention (Wt: n = 12, 

96.01 ± 15.34s; NR2A: n = 15, 7 4.18 ± 15.59s; Figure 33). Remarkably, after 24 hours 

the NR2B transgenic mice were still able to recall the rats from the training session (n = 

10, 64.89 ± 10.61s, p = 0.003). All of the mice tested in the group with the novel rat 

spent similar amounts of time investigating the novel animal (Wt: n = 7, 116.85 ± 11.39s; 

NR2A: n = 11, 86.15 ± 11.15s; NR2B: n = 11, 133.41 ± 11.45s ). These data demonstrate 

the superior learning and memory abilities of the NR2B transgenic mice, over the 

abilities of the NR2A transgenic mice and wildtype mice. 
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Figure 33: Twenty-four hour recognition of a juvenile male rat. The NR28 
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transgenic mice show enhanced social recognition of a juvenile male rat over the NR2A 

transgenic mice and the wildtype animals 24 hours after training. * p = 0 003. 
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C. Basic characterization and behavioral data of the chimeric NR2(B/A) 

transgenic mice 

a. Basic characterization of the NR2(BIA) transgenic m1ce 

Our lab has previously generated a transgenic mouse line expressing a chimeric 

NR2 subunit in which the NR2B N-terminal and membrane domains have been 

combined with the NR2A C-terminal domain. In order to construct a chimeric vector, a 

fusion site was created near the end of the fourth transmembrane domain by the 

incorporation of a point mutation to create a unique AAT II cutting site (Figure 34). The 

NR2B C-terminal domain was switched with the C-terminal domain of the NR2A subunit 

to form a new chimeric construct (Figure 35). After ligation, the point mutation site was 

mutated back to its original sequence. The transgene construct was driven by the 

CaMKII promoter to target it to the exc1tatory synapses in the forebrain. This allowed us 

to Investigate the role that the N-terminal and membrane domain plays in the learning 

and memory enhancement seen in the NR2B transgenic mice. The N-terminal domain 

and membrane domain act as the coincidence detection mechanism and control the 

Mg2
• block, and the magnitude of the Ca2

• influx. The mice with the chimeric NR2B 

subunit carrying the C-terminus of the NR2A subunit were termed as NR2(B/A) 

transgenic mice. Transgene integration into the genome of the mouse was confirmed by 

PCR analysis of a tail biopsy sample using an SV40 probe. Western blot analysis of the 

cortex of the NR2(B/A) transgenic mice show increased levels of NR2A C-terminal 

domain similar to levels seen in the NR2A transgenic mice (Figure 36). The NR2(B/A) 

transgenic mice appear indistinguishable from their wildtype littermates, have sim1lar 
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Figure 34: Chimeric NR2(B/A) construct sequence. An AAT II cutting site was 
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introduced m the trans-membrane domain to make a point mutation cloning vector. Then 

the NR28 N-terminal tail was linked to the NR2A C-terminal tail After ligation the point 

mutation was returned to the original sequence. The arrow indicates the cutting site. 



Figure 35: Construct schematic of the chimeric NR2(BIA) subunit. The chimeric 

NR2(8/A) vector contams the N-termmal and membrane domams of the NR28 subunit 

wh1ch has been fused with the C-termmal domam of the NR2A subunit. The chimeric 

NR2(BIA) vector is constructed with a CaMK/1 promotor to drive expression m the 

excitatory pyram1dal neurons m the forebrain reg1ons 
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Figure 36: Western blot analysis of the NR2A C-terminal domain in the 

hippocampus of the NR2(BIA) transgenic mice. Western blot analysis using NR2A C-

terminal domain antibodies, shows increased levels of the NR2A C-terminal domain in 

the NR2(BIA) transgenic mice (denoted Tg-NR2(BIA)) similar to the NR2A transgenic 

mice (denoted Tg-NR2A). 
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body weights (Wt: n = 11, 29.18 ± 0.99 g; NR2(B/A)· n = 10, 30.34 ± 0.65 g; Figure 37) 

and breed normally. 

b. The chimeric NR2(8/A) transgenic mice show long-term object recognition 

memory deficits 

To investigate the role of the N-terminal and membrane domain of the NR2B 

subunit in recognition memory, we tested the chimeric NR2(B/A) transgenic mice in the 

novel object recognition task. During training, both the transgenic mice and their wildtype 

littermates show similar exploratory behavior and motivation for the task with 

approximately equal exploration of each identical object (Wt: 51 .21 ± 4.81 %; NR2(B/A): 

50.15 ± 0.93%; Figure 38). At the one hour retention session, both the NR2(B/A) 

transgenic mice and the wildtype mice showed significantly less interest in the familiar 

object than the novel object, spending significantly more time with the novel object (Wt: n 

= 10, 59.45 ± 1.42%; NR2(B/A), n = 10, 60 ao ± 3.96%). At the one day retention 

session, the wildtype animals showed significantly more interest in the novel object than 

the NR2(B/A) transgenic mice (Wt: n = 10, 53.49 ± 2.05%; NR2(B/A), n = 10, 44.9 ± 

5.68% p = 0.006). This shows that the NR2(B/A) transgenic mice are significantly 

impaired in long-term object recognition memory. These data show that the NR2B N

terminal and membrane domains are not responsible for the enhancement in object 

recognition memory observed in the NR2B overexpression mice. 
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Figure 37: Average body weights of the NR2(B/A) transgenic mice and their 
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wildtype littermates. The NR2(8/A) transgenic mice and their wildtype littermates have 

similar average body weights 
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Figure 38: NR2{BIA) transgenic mice show impairments in long-term novel object 

recognition memory. The NR2(BIA) transgenic mice and their Wlldtype littermates 

showed similar exploration in the initial training phase, and similar memory at the 1 hour 

retention session. However, the NR2(BIA) transgenic mice show significantly impaired 

object recognition memory at the 24 hour retent1on session spendmg SJgmficantly less 

t1me w1th the familiar object than the wildtype mice. '*p = 0.006 
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c. NR2(BIA) transgenic mice show long-term emotional memory deficits 

We also tested the NR2(B/A) transgenic mice in hippocampal-dependent 

contextual fear conditioning and hippocampal-independent cued fear conditioning. Fear 

conditioning is often used to test short and long-term emotional memory. The animal 

forms a strong associative memory to an adverse unconditioned stimulus (US), a mild 

foot shock. The animal learns to associate the US with the environment in which it 

occurred, in contextual fear conditioning or a tone, conditioned stimulus (CS), in cued 

fear conditioning. In our experiment, the NR2(B/A) transgenic mice displayed similar 

freezing responses as the wildtype mice immediately follow1ng the shock during the 

training session (Wt: 18.33 ± 5.24%; NR2(B/A)· 20 00 ± 9.15%; Figure 39). At the one 

hour contextual recall session, in which the mice are reintroduced into the training 

environment, the NR2(B/A) transgenic mice showed similar freezing responses to the 

wildtype animals (Wt: n = 10, 35.10 ± 8.15%; NR2(B/A): n = 10, 37.5 ± 4.86%), showing 

no differences in their short-term associative learning, recall or fear expression. 

Interestingly, at the 24 hour retention session, a separate group of NR2(B/A) transgenic 

mice showed significantly less freezing response (n = 10, 18.33 ± 7.6%) than the 

wild type mice (n = 10, 40.19 ± 3.85%; p = 0 005) demonstrating impaired long-term 

associative memory. The data demonstrate that the N-terminal domain and membrane 

domain do not enhance contextual fear memory 

In the cued fear extinction paradigm, the animals are placed in a novel chamber 

at the retention time following training, and a tone is delivered w1thout a shock. Both 

groups of animals exhibited similar pre-tone freezing responses to the novel 

environment (Wt: 2.22 ± 1.00%; NR2(B/A}: 1 67 ± 1.14%; Figure 40), as well as, similar 
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Figure 39: NR2(BIA) transgenic mice show impairments in long-term associative 

memory. The NR2(BIA) transgenic mice and the wildtype mice showed similar freezing 

responses to the training context 1 hour after training Twenty-four hours after training 

the NR2(BIA) transgenic mice show signtftcantly less freezing than the wildtype animals 

in response to the training context. '*p = 0 005 
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Figure 40: NR2(8/A) transgenic mice show impairments in long-term cued fear 

memory. The NR2(8/A) transgenic m1ce and the wlldtype mice showed Similar freezing 

responses to the tone in a novel environment 1 hour after training. Twenty-four hours 

after training, the NR2(8/A) transgemc mice showed s1gnif1cantly less freezing than the 

w1ldtype mice in response to the tone. "'p = 1.39 x 105 
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freezing responses at the one hour retention session (Wt: n = 10, 68.69 ± 5.30%; 

NR2(B/A): n = 10, 61.11 ± 4.86%). These data demonstrate that the NR2(B/A) 

transgenic mice have normal short-term associative memory. At the one day cued fear 

recall session, the NR2(B/A) transgenic mice showed significantly less freezing (Wt: n = 
10, 62.4 ± 4.06%; n = 12, 14.58 ± 6.67%; p = 1.39 x 10"5) than the wild type mice, 

demonstrating that the NR2(B/A) transgenic mice are significantly impaired in long-term 

emotional memory, similar to the NR2A transgenic mice. 

d. Impairment in fear extinction m the NR2(BIA) transgenic mice 

To test the learning flexibility of the NR2(B/A) transgenic mice to relearn a 

paradigm given different conditions, we tested them in a fear extinction paradigm. In 

order to attempt to overcome the long-term memory deficit observed in the NR2(B/A) 

transgenic mice, we used an altered training paradigm in which the CS-US pairing was 

presented seven times in one training session, with a two minute intertrial interval. In the 

first recall session, the NR2(B/A) transgenic mice were placed back into the training 

context and displayed significantly less freezing than the wildtype mice (Wt: n = 12, 

17.00 ± 3.01%; NR2(B/A): n = 8, 7.71 ± 2.92%; p < 0.05; Figure 41) showing that the 

NR2(B/A) transgenic mice were st1ll unable to form a strong association between the 

adverse stimulus and the context in which it occurred. The wildtype mice decreased their 

freezing response as expected over the next four trials (2: 14.88 ± 4.61 %; 3: 11.27 ± 

2 82%; 4: 5. 79 ± 2.65%; 5: 4.2 ± 1.63%) with the fifth trial freezing being significantly 

less than the first (p = 0.001 ). The NR2(B/A) transgenic mice also showed significantly 
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Figure 41: NR2(B/A) transgenic mice show selective impairments in contextual 

fear extinction. The NR2(8/A) transgenic mice showed Significantly Jess freezing 24 

hours after the training sess1on which quickly tapered off. • p < 0 05, .. p = 0.001 
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less freezing in the second and third exposures than the wildtype animals, and no 

freezing in the fourth and fifth exposures (2: 2. 75 ± 2.14, p = 0.041; 3: 1.2 ± 0.62). 

During the cued fear extinction, the NR2(B/A) transgenic mice demonstrated 

similar freezing to the wildtype mice to the first tone presentation as (Wt: 46.19 ± 3.26%; 

NR2(B/A): 59.69 ± 6.64%; Figure 42). During the next four presentations the freezing 

responses of the wildtype mice decreased as expected, with the fifth exposure being 

significantly less than the first (p = 3.23 x 10 -s). as the wild type mice learned that the 

tone was no longer paired with a shock (2: 32.89 ± 6.54%; 3: 28.39 ± 5.84%; 4: 23.84 ± 

5.93%; 5: 15.11 ± 3.84%). Interestingly, the NR2(B/A) transgenic mice showed no 

decrease in the amount of freezing response over the five trials (2: 59.69 ± 6.64%; 3: 

57.14 ± 8.01%; 4: 62.44 ± 8.64%; 5: 56.21 ± 8.87%). The freezing response of the 

NR2(B/A) transgenic mice was significantly more than the wildtype mice in trials 2, 3, 4 

and 5 (2: p < 0.03; 3: p < 0.03; 4: p = 0.001; 5: p = 0.0001 ). 



-
80 

70 

~ 60 -
~ 50 
c 
g_ 40 
U) 
Cl) 

0::: 30 
Ol 

E 20 
N 
Cl) 

f 10 
LL 

0 

• Wt 

• NR2(BA) 

1 

* 

2 

* 

3 
Extinction Trial 

** 

4 

*** 

l l 

5 

Figure 42: Selective impairments seen in cued fear extinction in the NR2(BIA) 
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transgenic mice. Although the NR2(8/A) transgentc m1ce were able to recall the 

assoc1ation of the tone with the shock usmg the altered paradigm, they were unable to 

extinguish their fear response to the cue in a novel context w1th repeated exposures 

.. p < 0 03, ,.,. p = 0 001 *** p = 0 0001 
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e. Social recognition in the NR2(BIA) transgenic mice 

i. NR2(B/A) transgenic mice show impaired long-term recognition of a 

juvenile male conspecific 

The NR2(B/A) transgenic mice and their wildtype littermates were trained to 

recognize a juvenile male conspecific in the initial exposure session. Both groups 

showed equal exploration behavior and interest in the juvenile conspecific (Wt: 101.16 ± 

9.98s; NR2(B/A): 119.67 ± 1 0.15s; Figure 43). After training, the mice were split into two 

cohorts, one for investigating the identical mouse one hour later and another for 

investigating a second novel mouse. 

The first group was reintroduced to the now familiar stimulus mouse, one hour 

after training. Dunng this session the NR2(B/A) transgenic mice and their wildtype 

littermates demonstrated a significant reduction 1n the exploration time of the familiar 

juvenile (Wt: n = 10, 62.19 ± 9.04s, p = 0.002; NR2(B/A): n = 6, 53.31 ± 10.49s, p = 

0.001 ). The second group of animals was introduced to a second novel juvenile one 

hour after the initial exploration session. Both the NR2(B/A) transgenic mice and their 

wildtype littermates explored the novel juvenile similarly to each other and to the initial 

training juvenile (Wt: n = 13, 92.83 ± 11.53s; NR2(B/A). n = 7, 92.62 ± 12.04s). 

To investigate the long-term memory of our transgenic mice, the long-term 

memory cohort was also divided into two groups. All mice spent approximately equal 

amounts of time in the initial exploration session (Wt: 103.18 ± 13.23s; NR2(B/A): 73.29 

± 10.06s, Figure 44). After twenty-four hours, one group was reexposed to the familiar 

juvenile, the other introduced to a novel juvenile. When reexposed to the familiar juvenile 

after twenty-four hours, the NR2(B/A) transgenic mice were unable to recall the juvenile 
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Figure 43: No impairments in the short-term social recognition of a male 

conspecific in the NR2(BIA) transgenic mice. The NR2(BIA) transgenic mice were 

able to recall the familiar juvenile one hour after the initial training. * p =0 002 ** p = 

0.001. 
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Figure 44: NR2(BIA) transgenic mice are impaired in long-term social recognition 

memory. The NR2(8/A) transgenic mice were unable to recall the familiar juvenile 24 

hours after the initial training phase The wildtype animals did show a s1gnificant 

decrease in the exptorat1on time of the familiar juvenile. " p = 0 004 
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conspecific and spent nearly as much time investigating it in the second recall session 

as in the initial training session (NR2(B/A): n = 8, 50.32 ± 5.62s). In contrast, the wildtype 

mice spent significantly less time investigating the familiar mouse indicating a memory of 

the familiar mouse (Wt: n = 9, 51.45 ± 8.07s. p = 0.004 ). When the mice were introduced 

to a second novel mouse 24 hours after the initial exploration session, both the 

NR2(B/A) transgenic mice and their wildtype littermates spent as much time exploring 

the second juvenile as they did the first juvenile (Wt: n = 9, 89.90 ± 11 .23s; NR2(B/A): n 

= 8, 105.04 ± 16.04s). 

ii. NR2(BIA) transgenic mice show impaired long-term memory of a female 

con specific 

We tested our NR2(B/A) transgenic mice and their wildtype littermates in a social 

recognition paradigm in which the mice are trained to recall a female conspecific. In the 

initial exploration session, both groups of animals spent similar amounts of time 

exploring the female mouse (Wt: 182.62 ± 13.02s; NR2(B/A): 179.92 ± 1 0.15s; Figure 

45). At the one hour retention session, both the NR2(B/A) transgenic mice and the 

wildtype mice spent significantly less time exploring the familiar female than in the initial 

exploration session (Wt: n = 9, 74.43 ± 15.05s, p = 5.49 x 10 5
; NR2(B/A): n = 8, 31.08 ± 

3.01 s, p = 1.20 x 1 o·9). In contrast, the animals spend as much time exploring the novel 

females in the second sessions, as they did in the initial exploration session (Wt: n = 6, 

156.66 ± 6.98s; NR2A: n = 8, 151.29 ± 12.70s). 

We also tested the long-term social memory for a female conspecific in our 

NR2(B/A) transgenic mice and their w1ldtype littermates. In the initial exploration session 
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Figure 45: The NR2(B/A) transgenic mice show normal short-term recognition of a 

female conspecific. The NR2(B/A) transgenic mice are able to recall the familiar female 

conspectfic and show a stgntficant decrease in the exploration time of the female after 

one hour . .. p =55 x 10·5, * p = 1.2 x 10 9
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Figure 46: Impairments observed in the long-term social recognition memory of a 

female conspecific mouse. The NR2(BIA) transgenic mice were unable to recall the 

familiar female spendmg nearly as much time exploring the female in the 24 hour 

retention test as in the initial training. The wildtype mice were able to recall the familiar 

female after 24 hours. * p = 1.05 x 107 
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both groups of animals spent similar amounts of time exploring the novel female 

conspecfic 0/Vt: 193.59 ± 11.05s; NR2(B/A):162.96 ± 11.63s; Figure 46). At the 24 hour 

recall session. the NR2(B/A) transgenic mice were unable to the recall the familiar 

females and spent as much time exploring the females in the retention session as in the 

initial exploration session (NR2(B/A): n = 9, 133.08 ± 12.85s). However, the wildtype 

littermates spent significantly less time exploring the familiar female in the retention 

session (Wt: n = 7, 53.43 ± 5.91 s. p = 1.05 x 10"7}. As expected, both groups spent as 

much time exploring a second novel female mouse in the 24 hour retention session as in 

the initial exploration session (Wt: n = 6, 181 .05 ± 7.2s; NR2(B/A): n = 9, 170.99 ± 

7.52s). 

iii. NR2(BIA) transgenic mtce show no impairments in the habituation-

dtshabituation social recognition paradigm 

We further tested our animals in the habituation-dishabituation paradigm. Both 

groups displayed similar exploratory behavior in their initial encounter with the juvenile 

male conspecific (1: Wt: n = 11, 34.51 ± 3.37s; NR2(B/A): n = 11, 37.11 ± 3.32s; Figure 

47). Both the NR2(B/A) transgenic mice and the wildtype mice showed a significant 

decrease in investigation times from the second session to the third session (2: Wt: 

26.00 ± 2.49s; NR2(B/A): 29.87 ± 3.39s; 3: Wt: 13.30 ± 1. 77s, p < 0.001; NR2(B/A): 

17.39 ± 2.95, p = 0.01 ). During the dishabituat1on encounter (fifth encounter) with a 

novel juvenile, the NR2(B/A) transgenic mice increased the exploration time of the 

novel mouse. 
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Figure 47: The NR2(B/A) transgenic mice show similar memory in the habituation-

dishabitutation paradigm as the wildtype animals. The NR2(8/A) and wildtype 

animals showed stmilar exploratton ttmes of the juvenile mice in habttuation-

dishabttuation paradigm wtth both groups showmg significant decreases m the 

exploration of the familiar mouse after two presentations. The NR2(BIA) transgenic mice 

a/so explored the novel animal significantly more that the wildtype animal did in the 

dishabttuation sesston. * p = 0 01 .. p < 0.001, *'** p = 0 006 
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significantly from the fourth encounter (4: 17.13 ± 3.11s; 5: 30.30 ± 2.97s, p = 0.006) 

with the familiar juvenile. The wildtype littermates did spend more time with the novel 

mouse in the fifth encounter than the familiar mouse in the fourth encounter ( 4: 9. 75 ± 

2.81s; 5: 19.14 ± 3.81s), although this difference was not significant. 

iv. NR2(BIA) transgenic mice show long-term recognition impairments for a 

mouse of a different strain 

To investigate the ability of our NR2(B/A) transgenic mice to form a recognition 

memory of a mouse of a different strain and color, we tested our transgenic mice and 

their wildtype littermates in both a short-term and long-term social recognition paradigm. 

Both groups of animals spent approximately equal time investigating the novel white 

juvenile (Wt: 148.23 ± 13.65s; NR2(B/A). 119.19 ± 1 0.12s; Figure 48). At the one hour 

retention session, both the NR2(B/A) transgenic mice and the wildtype mice were able to 

form a strong memory of the white mouse and showed significant reductions in the 

investigation times (Wt: n = 9, 42.72 ± 5.72s, p = 2.39 x 10-a; NR2(B/A): n = 9, 75.67 ± 

15.18s, p = 0.03). As expected, neither group showed any decrease in the exploration of 

a second novel juvenile (Wt: n = 9, 149.31 ± 13.22s; NR2(B/A): n = 9, 132.30 ± 12.92s) 

In the 24 hour recall session, after spending approximately equal time in the initial 

exploratory session (Wt: 135.88 ± 5.73s; NR2(B/A): 124.55 ± 7.85s; Figure 49), neither 

group was able to recall the white juveniles, even short-term (Wt: n = 9, 128.11 ± 8.37s; 

NR2(B/A) n = 9, 126.12 ± 13.57s). Additionally, neither group showed a decrease in the 

exploration time of a second novel juvenile after twenty-four hours (Wt: n = 9, 132.96 ± 

10.07s, NR2(B/A): n = 9, 141.79 ± 11 .70s). 
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Figure 48: Both the NR2(BIA) transgenic mice and their wildtype littermates were 

able to remember the familiar mouse of another strain after 1 hour 

• p = 0.03, ** p = 2.39 X 1CT' 
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Figure 49: The NR2(B/A) transgenic mice were unable to form a long-term memory 

of a mouse of a different strain. Netther the NR2(BIA) transgemc mtce nor the wtldtype 

mice were able to remember the mouse of a different strain after 24 hours and showed 

no decrease in exploration time from the initial training sessiOn to the retention session. 
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v. NR2(8/A) transgenic mice show impa~red cross-species recognition 

We also investigated the ability of our NR2(B/A) transgenic mice to form a 

memory of another rodent species, the rat. To protect our transgenic mice, the rats were 

enclosed in a mesh enclosure to allow for safe investigation. In the initial exploration 

session, the transgenic mice did spend less time exploring the rat in its enclosure but not 

less than the 25s cut off for excluding any animals from the study (Wt: 123.86 ± 9.61 s; 

NR2(B/A): 44.42 ± 9.53s; Figure 50). After the initial encounter, the mice were again split 

into two cohorts, one for short-term recognition memory, and the other for long-term 

recognition memory. The NR2(B/A) transgenic mice were unable to recall the rats even 

after only one hour and spent as much time exploring the rats as in the training session 

(NR2(B/A): n = 4, 45.79 ± 13.56s). In contrast, the wildtype mice spent significantly less 

time exploring the familiar rat at the one hour retention time (Wt: n = 7, 69.84 ± 15. 77s, p 

= 0.0008). As expected, all mice spent similar amounts of time exploring the novel rat in 

its enclosure during the second encounter (Wt: n = 9, 160.86 ± 14.98s; NR2(B/A): n = 4, 

76.38 ± 17.09s). At the training session for the 24 hour recall session, the NR2(B/A) 

transgenic mice spent less time exploring the rats than their wildtype counterparts (Wt: 

96.70 ± 12.21s; NR2(B/A): 46.81 ± 7.89s; p = 0.004; Figure 51). Not surprisingly, neither 

group was able to remember a familiar rat at the 24 hour retention session after an initial 

exploration session (Wt: n = 6; 86.25 ± 16.26s; NR2(B/A): n = 5; 24.90 ± 10.07s). As 

expected, all of the mice tested in the group with the novel rat spent similar amounts of 

time investigating the novel rat (Wt: n = 7, 109.22 ± 11 .58s; NR2(B/A): n = 4, 95.79 ± 

3.59s). 
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Figure 50: The NR2(BIA) transgenic mice show impaired cross-species 
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recognition. Although the wildtype mice are able to remember the rats one hour after 

the training sess10n, the NR2(BIA) transgenic mice are unable to form even a short-term 

memory of the rats showing signtficant impalfments m cross-spectes recognition . 

• p = 0.0008 
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Figure 51: Both the NR2(B/A) transgenic mice and the wildtype mice are unable to 

form a long-term recognition memory of a rat. 
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C. Basic characterization and behavior of the chimeric NR2(A/B) transgenic 

mice 

a. Basic characterization of the NR2(AIB) transgenic mice 

Our lab has previously generated a transgenic mouse line expressing a chimeric 

NR2A subunit in which the NR2A N-terminal and membrane domains have been 

combined with the NR2B C-terminal domain. In order to construct a chimeric vector, a 

fusion site was created near the end of the fourth transmembrane domain by the 

creating a point mutation to create a unique AAT II cutting site (Figure 52). The NR2A C

terminal domain was switched with the C-terminal domain of the NR2B subunit to form a 

new chimeric construct (Figure 53). After ligation, the pomt mutation site was mutated 

back to its original sequence. The transgene construct was driven by the forebrain

specific CaMKII promoter to target it to the excitatory synapses in the forebrain. This 

allows us to investigate the role that the C-terminal domain plays in the learning and 

memory enhancement seen in the NR2B transgenic mice. The C-terminal domain 

connects to intracellular signaling mechanisms and scaffolding proteins. The mice with 

the NR2A subunit carrying the C-terminus of the NR2B subunit were termed as 

NR2(A/B) transgenic mice. Transgene integration into the genome of the animal was 

confirmed by PCR analysis of a tail biopsy sample. Western blot analys1s of the cortex of 

the NR2(A/B) transgenic mice show 
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Figure 52: Chimeric NR2(AIB) construct sequence. An Aat II cutting stte was 

introduced in the trans-membrane domain to make a point mutation cloning vector. Then 

the NR2A N-terminal tail was linked to the NR2B C-terminal tail. After ligation the point 

mutation was returned to the original sequence. The arrow indicates the cutting site 
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Figure 53: Construct schematic of the chimeric NR2(AIB) subunit. The chimenc 

NR2(AIB) vector contains the N-terminal and membrane domams of the NR2A subunit 

wh1ch has been fused with the C-termmal domam of the NR28 subunit. The chimenc 

NR2(AIB) vector is constructed with a CaMK/1 promotor to dnve expression in the 

excitatory pyramidal neurons m the forebrain reg1ons 
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increased levels of NR2B C-terminal domain over the w1ldtype mice (Figure 54). The 

NR2(AIB) transgenic mice appear indistinguishable from their wildtype littermates, have 

similar body weights (Wt: n = 10, 29.99 ± 1.01g; NR2(AIB): n = 7, 30.09 ± 0.99g; Figure 

55) and breed normally. 

b. NR2(AIB) transgenic mice show enhanced long-term novel object recognition 

memory 

To investigate the role of the C-terminal domain in the enhanced recognition memory of 

the NR2B transgenic mice, we tested the NR2(AIB) transgenic mice in a novel object 

recognition task. During training, the transgenic mice demonstrated similar exploratory 

behavior and motivation for the task as the w1ldtype mice with approximately equal 

exploration of each object (Wt: 51.21 ± 4.81 %; NR2(AIB): 46.63 ± 2.03%; Figure 56). At 

the one hour retention session, the NR2(AIB) transgenic mice showed approximately 

equal preference for the novel object as the wildtype mice did (Wt: n = 10, 65.61 ± 

1.42%; NR2(AIB): n = 10,67.62 ± 4.43%). 

Interestingly, the NR2(AIB) transgenic mice spent significantly more time 

exploring the novel object than the wild type mice at both day one (Wt: n = 1 0, 53.49 ± 

2.05%; NR2(AIB): n = 10, 63.71 ± 1.70%; p < 0 05) and day 3 (Wt: 51.47 ± 1.79%; 

NR2(AIB) 60.35 ± 1.93%; p < 0.05; Figure 57), before returning to normal levels at day 

7 (Wt: 50.05 ± 1.26%; NR2(AIB): 50.74 ± 1.43%). This shows that the NR2(AIB) 

transgenic mice have significantly enhanced learning and memory over the wildtype 

mice. The long-term enhancement in recognition memory IS similar to that seen in the 

NR28 transgenic mice. 
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Figure 54: Western blot analysis of the NR2B C-terminal domain in the 

hippocampus of the NR2(AIB) transgenic mice. Western blot analysis of the NR2B C

terminal domain, shows increased levels of the NR2B C-terminal in the NR2(AIB) 

transgenic mice (denoted as Tg-NR2(AIB)) similar to the NR2B transgenic mice 

(denoted as Tg-NR2B). PSD-95 is used as a loading control. 
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Figure 55: Average body weights of the NR2(A/B) transgenic mice and their 

wildtype littermates. The NR2(NB) transgemc mice and their wildtype littermates have 

stmtlar average body weights 
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Figure 56: NR2(AIB) transgenic mice have enhanced 24 hour object recognition 

memory. The NR2(BIA) transgenic mice show similar exploratory behavior to the 

wtldtype mice in the imtial training sesston and the one hour retention sesston. However, 

at the 24 hour retention sesston the NR2(AIB) transgenic mice spend more time with the 

novel object than the wildtype mice demonstrating a stronger memory for the familiar 

ObjeCt. • p < 0 05 
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Figure 57: NR2(A/B) transgenic mice have significantly enhanced long-term object 

recognition memory. The NR2(AIB) transgenic mice show enhanced recognition 

memory at 1 day and 3 days over their wtldtype counterparts before returning to basal 

levels at 7 days • p < 0 05. 
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c. Enhanced long-term emotional memory m the NR2(AIB) transgenic mice 

We also tested the NR2(NB) transgenic mice in two fear conditioning paradigms. In our 

contextual fear conditioning experiment, the NR2(NB) transgenic mice and their wildtype 

littermates showed similar freezing responses immediately following the US during the 

training session, demonstrating normal fear responses (Wt: 18.33 ± 5.24%; NR2(NB): 

16.15 ± 6.20%; Figure 58). At the one hour contextual recall, both groups had 

approximately the same freezing response (Wt: n = 10, 35.10 ± 8.15%; NR2(NB): n = 

10, 42 21 ± 5.92%), showing no differences in their associative short-term memory. At 

the 24 hour retention session, the NR2(NB) transgenic m1ce show similar freezing 

responses to the wildtype mice (Wt: n = 10, 40.19 ± 3 85%; NR2(NB): n = 10, 44.81 ± 

4.77%). 

In the cued fear conditioning paradigm, both the NR2(NB) and the wildtype mice 

exhibited similar pre-tone freezing responses (Wt: 2.22 ± 1.00%; NR2(NB): 3.00 ± 

0.34%; Figure 59), as well as, similar freezing responses to the tone at the one hour 

retention session (Wt: n = 10, 68.69 ± 5.30%, NR2(NB): n = 10, 60.00 ± 4.83%). This 

shows that both the transgenic mice and the wildtype mice have normal short-term 

emotional memory and are able to form an association between the tone and the shock. 

At the one day cued fear recall session, the NR2(NB) transgenic mice showed a slightly 

increased freezing response over the wild type mice but the difference was not significant 

(Wt: n = 10,62.4 ± 4.06%; NR2(NB): n = 10,71.58 ± 2.73%). These data demonstrate 

that the superior emotional associative memory is due to the NR2B C-terminal signaling 

domain. 
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wildtype mice in contextual fear conditioning. The NR2(AIB) transgenic m1ce and 
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Figure 59: The NR2(AIB) transgenic mice show similar freezing responses to the 

wildtype animals in cued fear conditioning. The NR2(A/8) transgenic mice and their 

wildtype littermates show stmilar freezing in response to the conditioned tone in a novel 

environment 1 hour and 24 hours after the training session. 
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d. Enhanced fear extinction in the NR2(AIB) transgenic mtce 

We also wanted to investigate the ability for the NR2(A/B) transgenic mice to inhibit 

learned fear in a safe context. The mice were trained using a single CS-US pairing. 

Then, we used a five exposure extinction paradigm in which the mice were repeatedly 

exposed to the chamber in the absence of the tone, or the tone in a novel context, 

without the delivery of the shock. In the initial contextual exposure twenty-four hours 

after training, the NR2(A/B) transgenic mice and the wildtype mice showed similar 

freezing responses (1: Wt: n =10, 40.19 ± 3.85%; NR2(A/B); n =10, 44.87 ± 4.78%; 

Figure 60). The NR2(A/B) transgenic mice showed quicker extinction than the wildtype 

mice with significantly less freezing in exposures 2, 3, 4 and 5 (2: Wt: 38.70 ± 5.16%; 

NR2(A/B): 23.29 ± 4.40%, p = 0.034; 3: Wt: 27 41 ± 5 03%; NR2(A/B): 10.26 ± 2.36%, p 

= 0.007; 4: Wt: 25.74 ± 2.21 %; NR2(A/B): 10.47 ± 2.82%, p < 0.001; 5: Wt: 21.48 ± 

3.35%; NR2(A/B): 9.19 ± 2.28%, p = 0.007) showing that the NR2(A/B) transgenic mice 

are better at forming the new hippocampal-dependent memories faster than the wildtype 

mice. 

When the mice were exposed to the CS in the first extinction exposure, both 

groups demonstrated robust freezing responses (1: Wt: n = 10, 62.41 ± 4.06%; 

NR2(A/B); n = 10, 71.58 ± 2. 73%; Figure 61) The NR2(A/B) transgenic mice showed 

faster fear extinction than the w1ldtype mice freezing significantly less in exposures 3, 4, 

and 5 (2: Wt: 59.81 ± 3.81 %; NR2(A/B): 48.72 ± 5.34%, p = 0.097; 3: Wt: 50.19 ± 3.48%; 

NR2(A/B): 35.04 ± 4.99%, p < 0 05, 4: Wt: 46.85 ± 3.56%, NR2(A/B): 30.77 ± 4.12%, p = 

0.006; 5: Wt: 42.59 ± 4.29%; NR2(A/B): 29 27 ± 4.34%, p < 0 05). This demonstrates the 

supenor cognition abilities of the NR2(A/B) transgenic mice and shows that the 
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Figure 60: Enhanced contextual fear extinction in the NR2(AIB) transgenic mice. 

The NR2(AIB) transgenic mice showed quicker extinction of their fear response than did 

the wildtype mice when repeatedly exposed to the condttioning context without the 

presentation of the unconditioned sttmulus * p = 0.034, *'* p = 0.007, *'** p < 0 001 
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Figure 61: Enhanced cued fear extinction in the NR2(AIB) transgenic mice. The 

NR2(AIB) transgenic mice were able to extinguish their fear response to the cue, in the 

absence of the shock, faster than the wildtype animals. * p < 0.05, ** p = 0 006. 
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enhanced reversal learning of the transgenic NR2B transgenic mice is due to the 

signaling mechanisms of the C-terminal domain. 

e. Soc1al recognition memory in the NR2(AIB) transgenic mice 

i. The NR2(AIB) transgenic mice show normal recognition memory of a male 

con specific 

We investigated the ability of our NR2(A/B) transgenic mice to learn and 

remember a juvenile male conspecific. Both the NR2(A/B) transgenic mice and their 

wildtype littermates spent similar amounts of time exploring the stimulus juvenile 

con specific in the training session (Wt: 110.16 ± 9.98s; NR2(A/B): 135.39 ± 7.50s; 

Figure 62). At the one hour retention session, both groups of mice spent significantly 

less time investigating the familiar juvenile conspecific (Wt: n = 10, 62.19 ± 9.04s, p = 

0.002; NR2(A/B): n = 7, 74.78 ± 8.91 s, p = 0.0002). Investigation times of the second 

novel juvenile remained unchanged in the both groups (Wt: n = 13, 92.83 ± 11.53s; 

NR2(A/B): n = 7, 115.15 ± 1 0.48s). 

A separate cohort of mice was tested in a 24 hour retention time with either a 

familiar or novel mouse. These mice show no difference in the initial investigations times 

in the training session (Wt: 103.18 ± 13.23s; NR2(A/B): 92.25 ± 1 0.40s; Figure 63). At 

the 24 hour retention time, both the wildtype mice and the NR2(A/B) transgenic mice 

show a significant reduct1on in the investigation time of a familiar juvemle conspecific 

(Wt: n = 9, 51.45 ± 8.07s, p = 0.004; NR2(A/B): n = 5, 57 23 ± 9.36s, p = 0.04). Neither 

of the groups showed a reduction in investigation times with a second novel JUvenile 

con specific (Wt: n = 9, 89.90 ± 11.24s; NR2(A/B): n = 5, 110.90 ± 13.63s). 
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Figure 62: The NR2(AIB) transgenic mice have normal short-term social 

recognition memory of a juvenile conspecific. The NR2(AIB) transgenic mice and 

their w1/dtype llttermates show s1milar short-term memory of a juvenile conspecific. 
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Figure 63: The NR2(AIB) transgenic mice have normal long-term social 

recognition memory of a juvenile conspecific. The NR2(AIB) transgenic m1ce and 

their wildtype littermates show s1milar long-term memory of a juvenile conspec1fic with 

both groups showing Significantly decreased exploration times at the 24 hour retention 

SeSSIOn. * p = 0 004, **p = 0. 04 
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ii. NR2(A/B) transgenic mice show normal recognition memory of a female 

conspecific 

We tested our NR2(A/B) transgenic mice and their wildtype littermates in a social 

recognition paradigm in which the subject mice are trained to recognize a female 

conspecific. In the initial exploration session, both groups of mice spent similar amounts 

of time exploring the female mouse (Wt: 182.62 ± 13.02s; NR2(A/B): 153.55 ± 9.64s; 

Figure 64). At the one hour retention session, all mice spent significantly less time 

exploring the familiar female than in the initial exploration session (Wt: n = 9, 7 4.43 ± 

15.05s, p = 5.49 x 1 o·5; NR2(A/B): n = 5, 42.37 ± 9.69s, p = 3.87 x 10"5). In contrast, the 

mice spent as much time exploring the second novel mouse as they did in the initial 

exploration session (Wt: n = 9, 156.66 ± 6.98s; NR2(A/B): n = 5, 138.96 ± 10.52s). 

We also tested the long-term social memory of our NR2(A/B) transgenic mice and their 

wildtype littermates. In the initial exploration session, both groups of mice spent similar 

amounts of time exploring the novel female mouse (Wt: 193.59 ± 11 .05s; NR2(A/B): 

173.46 ± 15.69s; Figure 65). At the 24 hour recall session, both the NR2(A/B) transgenic 

mice and their wildtype littermates spent significantly less time exploring the familiar 

female con specific in the retention session (Wt: n = 7, 53.43 ± 5.91 s. p = 1.05 x 10·7 ; 

NR2(A/B): n = 5, 46.39 ± 4.41s. p = 5 26 x 10 6
) . Both groups spent as much time 

exploring a novel female conspecific in the 24 hour retention sess1on as in the initial 

exploration session (Wt: n = 6, 181 .05 ± 7.20s, NR2(A/B): n = 5, 168.70 ± 6.08s). 
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Figure 64: Both the NR2(AIB) transgenic mice and the wildtype mice show similar 

exploration of the familiar female conspecific 1 hour after training. * p = 5 49 x 1 CJ5 

.. p =3 87 x 1 a.s. 
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Figure 64: Both the NR2(AIB) transgenic mice and the wildtype mice show similar 

exploration of the familiar female conspecific 1 hour after training. * p = 5 49 x 10 5 
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Figure 65: The NR2(AIB) transgenic mice and the wildtype mice have similar long-

term social recognition memory of a female conspecific. Both the NR2(AIB) 

transgenic mice and their wildtype lttterrnates show significant reductions in the 

exploration times of the familiar female conspectftc in the 24 hour retention sesston. 
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iii . NR2(A/B) transgenic m1ce show selective enhancements 1n the habituatton-

dishab1tuat1on paradigm 

We also tested our transgenic mice in habituatlon-dishabituation paradigm of 

soc1al recogntt1on Both the transgentc m1ce and the1r w1ldtype httermates displayed 

similar 1nvest1gatory behavior of the juvenile con specific 1n the initial encounter (1: Wt: n 

= 11 , 34.51 ± 3.37s; NR2(A/B). n = 12, 35.66 ± 2 45s, F1gure 66). The NR2(A/B) 

transgenic mice spent significantly less t1me investigating the same juvenile in the 

second exploration encounter (2· NR2(A/B) 23 58 ± 3 69s, p = 0 01 ). They also 

signtficantly decreased the exploration t1me of the JUVenile from the th1rd encounter to the 

fourth encounter (3 19.81 ± 1. 70s 4: 11 12 ± 1 19s p s 0 001) The wildtype m1ce 

showed decreased Investigation times in the second encounter which reached 

signtficance dunng the th1rd encounter (2 26 00 ± 2.49s; 3 13 30 ± 1 77s, p s 0 001) In 

the dishab1tuat1on encounter with a novel juvenile, the NR2(A/B) transgentc m1ce 

sign1f1cantly increased the exploration t1me of the novel mouse over the familiar mouse 

from the fourth encounter (5 31 97 ± 3 60s, p = 1 57 x 10 5) While the wildtype m1ce did 

increase the amount of time spent exploring the novel animal the difference was not 

s1gn1ficant (4 9 76 ± 2 81s; 5: 19.14 ± 3.87s, p = 0 06) 

iv. S1gmficant enhancement m cross-strain long-term memory m the NR2(AIB) 

transgenic mice 

To investigate the ability of our NR2(A/B) transgenic mice to remember mice of a 

different strain and color, the NR2(A/B) transgenic mice and the w1ldtype mice were 

trained to recognize a white juvenile of another strain. Both groups of m1ce spent 

approximately equal time investigating the novel wh1te 
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Figure 66: The NR2(AIB) transgenic mice show selective enhancements in the 

habituation-dishabituation paradigm. The NR2(AIB) transgenic mice were able to 

form a stronger memory of the st1mulus animals faster than the wildtype animals * p = 

001 **p$0001, "**p=157x10~ 
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JUVenile (Wt: 148.23 ± 13.65s; NR2(NB) 134 7 4 ± 10 41 s; Figure 67). At the one hour 

retention session, both the NR2(NB) transgenic m1ce and their wildtype littermates had 

formed a strong recognition memory and demonstrated a s1gn1ficant reduction in 

mvest1gat1on times of the now familiar mouse of another strain (Wt. n = 8, 42.72 ± 5.72s, 

p = 2.39 x 10-a; NR2(NB): n = 6, 44.30 ± 8.51s, p = 0.0001). However, neither group 

demonstrated any significant reductions m exploration of a novel cross-strain mouse 

(Wt n = 8, 149 31 ± 13 22s, NR2(NB) n = 6, 115 07 ± 17.66s) 

In the 24 hour recall session after spending approximately equal time in the 

initial exploratory sess1on (Wt: 135 88 ± 5. 73s, NR2(NB) 125 23 ± 9 13s, Figure 68). 

only the transgenic NR2(NB) transgemc m1ce are able to recall the white mice from the 

initial sess1on (NR2(NB): n = 6, 64.19 ± 19.64s. p < 0.02). Th1s demonstrates the1r 

enhanced long-term memory abilities. The wildtype mice. however, were unable to recall 

the JUvenile mouse of another stram showmg no s1gmficant decreases in their exploration 

(Wt n = 9, 128 11 ± 8.37s). Ne1ther group of mice showed a reduction in the 

1nvest1gat1on time of a novel mouse (Wt: n = 9, 132.96 ± 1 0.09s; NR2(NB): n = 6, 122.64 

± 7 53s) 

v The NR2(AIB) transgemc mice show significantly enhanced interspectfic 

recognitton 

We also mvest1gated the ability of our animals to recognize another rodent 

species, the rat. In the init1al exploration session, the NR2(NB) transgenic mice did not 

spend as much t1me explonng the rat in its enclosure as the w1ldtype mice (Wt 122 81 ± 

12 54s, NR2(NB). 66.10 ± 9.52s, p = 0 004, Figure 69). The w1ldtype and the 
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Figure 67: The NR2(AIB) transgenic mice and wildtype mice show similar 

exploration and short term memory recall of the juvenile cross-strain mouse. 
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Figure 68: The NR2(AIB) transgenic mice have enhanced long-term memory for a 

mouse of a different strain. The NR2(AIB) transgenic mice significantly decrease their 

exploration of the juvenile mouse at the 24 hour retention session indicating their 

memory for the familiar animal. The wildtype animals showed no decrease at the 24 

hour retention session of the familiar animal. • p < 0 02 
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Figure 69: The NR2(AIB) transgenic mice and their wildtype littermates were able 

to form a short-term recognition memory of rat. *p = 0 02 ** p = 0 006 
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NR2(NB) transgenic m1ce spent significantly less time exploring the familiar rat at the 

one hour retention session 0Nt n = 7, 69 84 ± 15.77s. p = 0 02, NR2(NB): n = 7, 28.74 

± 6 04s p = 0 006) As expected, all m1ce spent s1m1lar amounts of t1me exploring the 

novel rat in 1ts enclosure as they did the rats in the training sess1on 0Nt. n = 9, 160.86 ± 

14 98s; NR2(NB): n = 8, 63.68 ± 20.27s) 

At the training session for the 24 hour recall session, the NR2(NB) transgenic 

mice again spent less time exploring the rats than the wildtype mice (Wt 96.70 ± 12.21s; 

NR2(NB) 48.24 ± 17.10s; p = 0.02; Figure 70) Not surpnsingly, the wildtype mice were 

unable to remember the familiar rat at the 24 hour retent1on session showing no 

decrease in 1nvest1gat1on times 0Nt: n = 6 89 25 ± 16 26s) Remarkably. after 24 hours 

the NR2(NB) transgenic mice were still able to recall the familiar rats significantly 

reducing the amount of t1me spent explonng the rats (n = 5, 14.73 ± 3.59s, p = 0.046) 

As expected all of the mice tested 1n the group with the novel rat spent similar amounts 

of time as in the training session, invest1gat1ng the novel rat 0Nt n = 6, 109 22 ± 11.58s; 

NR2(NB) n = 6, 36.53 ± 4.27s). 
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Figure 70: The NR2(AIB) transgenic mice have enhanced long-term memory for an 

animal of a different species. The NR2(AIB) transgenic m1ce Significantly decrease 

their exploration of the rat at the 24 hour retention sess1on indicating their memory for 

the familiar rat. The wildtype mice showed no decrease in exploration time of the rat at 

the 24 hour retention sess1on. * p = 0 02 
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D. Experimental intracerebral hemorrhage (ICH) in the NR2A and NR2B 

transgenic mice 

In order to investigate the phys1olog1cal implications of altering the subunit ratios 

on the outcome of an intercerebral hemorrhage (ICH}, we induced an experimental ICH 

in our NR2A and NR2B transgenic mice and their wildtype littermates. Interestingly, 

despite the slight increase in total NMDA receptor number (17) and the alterations of the 

subunit ratios, all groups showed similar surv1val rates at 24 hours post-surgery (Wt: n = 
47 70 21% NR2A. n = 25, 68 00%, NR2B n = 29, 72.41 ; Figure 71). 

a. Analys1s of neurological functioning after an experimentaiiCH 

Animals were analyzed for their neurological function using the Focal Defic1ts 

Scoring (0- 28) proposed by Clark et al (225) The sconng matnx 1ndiv1dually analyzes 

seven possible defic1ts which are scored based on severity: the h1gher the score, the 

worse the deficit. The average neurological function score for each group did not differ 

significantly from either of the other groups (Wt. n = 14, 15.64; NR2A: n = 9, 12.11 ; 

NR28. n = 15, 13.93; Figure 72) These data demonstrate that the modulation of the 

NR2 subun1ts do not appear to have much 1m pact on the focal deficits 24 hours after the 

induced ICH 
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Figure 71 : Survival rate 24 hour after experimental ICH. All groups of m1ce had 

sim1lar rates of survival 24 hours after an JCH was surgically induced. 
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Figure 72: No differences in the Focal Deficits Scoring in the NR2 transgenic mice 

and their wildtype littermates. All groups of animals showed stmilar deficits m 

neurologtcal function 24 hours after an experimentaiiCH. 
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b. Cresyl violet staining and gross analysts of experimental ICH in NR2A. NR28 

transgenic mice and their wildtype littermates 

After twenty four hours some of the ICH animals (Wt. n = 5; NR2A: n = 3, NR2B: 

n = 4) and some of the sham an1mals (Wt n = 4, NR2A. n = 5; NR2B: n = 4) were 

sacrificed and preserved with 4% PFA solution before being cryopreserved in a 30% 

sucrose solut1on. 35 ~m slices were stamed using cresyl violet staining. There were no 

gross anatomical differences seen among the groups in the sham sections or m the 

injured t1ssue (Figure 73) 

c. Edema measurements after ICH and sham surgenes 

One cohort of animals was infused with saline after being sacrificed, and the 

edema in the 1ps1lateral side and the contralateral side was determmed In the sham 

mjured animals, there was no difference observed 1n the percent water among the 

groups (Wt. n = 6, 75.86 ± 0.90%, NR2A: n = 7, 75.85 ± 0.64%; NR2B: n = 75.87 ± 

1 77%, Figure 74). Interestingly, when the edema m the injured tissue was measured, 

the NR2B transgenic mice showed Significantly more edema than d1d the NR2A 

transgenic mice (NR2A. n = 6, 77 38 ± 0 89%, NR2B: n = 9, 79 50 ± 0 63; p = 0 021 , 

Figure 75). The edema in the wlldtype m1ce were not significantly different from either 

the NR2A or the NR2B transgen~c m1ce (n = 8, 77.85 ± 0.75%). 
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Figure 74: No differences in percent edema in sham tissue from the NR2 

transgenic mice. There were no differences seen in the amount of edema in sham 

injured t1ssue. 
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Figure 75: NR2A transgenic mice show significantly less edema in injured tissue 

than the NR28 transgenic mice. When the edema of in the JCH inJured tissue was 

measured, the NR2A transgenic mice were found to have significantly Jess edema than 

the NR28 transgenic mice Neither group showed significant differences in edema from 

the wildtype group * p = 0 021 
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d Relative hematoma size analysts 

One cohort of mice was analyzed to determine the average relative hematoma 

s1ze by determimng the percent of the 1ps1lateral hemisphere encompassed by the 

hematoma. Twenty-four hours after an expenmental ICH was induced, 19 animals were 

sacrificed and the brains sectioned into 2 em segments centered approximately 1 mm on 

either side from needle entrance wound. The slice was imaged under low magnification 

and lmageJ software was used to determine the size of the hemisphere as well as the 

size of the hematoma. Interestingly, the NR2A transgenic mice have significantly smaller 

relative hematoma sizes than the NR28 transgenic mice (NR2A: n = 5, 25.17 ± 3.73%; 

NR28 n = 8, 47.97 ± 7.56%; p < 0 05, Figure 76) with the w1ldtype mice having relat1ve 

hematoma s1zes falling between that of the two transgeniC m1ce fYVt: n = 6, 41 28 ± 

8 31 %). Images are of the brain sect1ons m wh1ch the relative hematoma size falls 

closest to the average for that genotype (F1gure 77). 
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Figure 76: Relative hematoma size in wildtype and NR2 transgenic mice. The NR2A 

transgenic mice were found to have significantly smaller hematomas than the NR28 

transgenic mice. • p < 0.05. 
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Figure 77: Average hematoma size in wildtype and NR2 transgenic mice. 

Representative 1mages of the hematoma size of each group Image chosen was that of 

the mouse whose hematoma size was closest to the average for that group. 



IV. DISCUSSION 

A. Overexpressing the NR2A subunit in the forebrain regions impairs 

multiple forms of long-term memory. 

In this project, we used transgenic mice previously created by our laboratory, to 

investigate the consequences of a high NR2A:NR2B ratio on learning and memory. The 

transgenic mice, named as "NR2A transgenic mrce", overexpressed the NR2A subunit in 

the forebrain regions increasing the number of NR2A-containing NMDA receptor 

complexes. The genetic manipulation of the NR2A transgenic mice allowed us to study 

the effects of a high NR2A:NR2B ratio, which occurs endogenously in the aged brain, 

and compare the effects to those seen in the animals with a low NR2A:NR2B ratio with 

age related gene variations unchanged. The NR2A subunit is not present at birth, but 

begins to be seen shortly thereafter. At puberty, in multiple mammalian species, the 

NR2A expression overtakes the NR2B expression in the brain leading to a higher 

NR2A NR2B ratro (1-3, 233). This developmental shift is known to parallel a decrease in 

synaptic plasticity (1, 9). The change in the NR2A NR2B ratio is believed to be due to an 

increase rn NR2A mRNA, not to a decrease rn NR2B mRNA (88), and has been found to 

162 
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be dependent on early sensory experience (18, 234). It has been hypothesized that the 

increase in the amount of the NR2A subunit as the animal ages, is responsible for the 

decrease in synaptic plasticity and constraints on memory in the aged brain ( 1, 16, 235). 

Because the NR2A transgenic mice express a high NR2A:NR2B ratio at a young age, 

we are able to directly compare the altered subunit ratio on the effects of learning and 

memory. This is not possible using young animals and older animals due to the 

significant differences in expressions of other genes between the two age groups (236-

238). 

The NR2A transgenic mice show profound deficits in several forms of long-term 

memory, while showing no deficits in short-term memory. These data, coupled with 

previous electrophysiological data showing impairments in LTD, but not L TP (21 ), lead 

us to postulate that increased NR2A impairs the consolidation of long-term memories. 

We suggest that the NR2A transgenic mice are impaired in "L TO-memory trace 

sculpting." It is well established that both L TP and LTD are necessary for efficient 

memory formation. In the case of our NR2A transgenic mice, they are able to learn 

normally, which is thought to be a largely L TP dependent, and are able to retrieve short

term memories. However, they are unable to consolidate long-term memories for 

retrieval at a later time. During the consolidation phase of long-term memory, the 

hippocampus consolidates new memories mto long-term memories and transfers them 

to somewhere in the cortex for storage as wremote memories" (59, 239, 240), The 

previously strengthened synaptic connections are weakened to allow for new memories. 

We postulate that due to the significantly decreased LTD, the animals are unable to 

properly consolidate the memory traces and then reduce the unnecessary connections 
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to allow for the formation of new connections. These data allude to the possibility that 

age related declines in synaptic plasticity and long-term memory function may be the 

result of decreased efficacy of L TO to prune or weaken unnecessary synapses, leading 

to impairments in "L TO-memory trace sculpting". 

Importantly, our NR2A transgenic mice may provide insight into age-related 

cognitive disorders. Interestingly, one recent study showed significantly increases in 

levels of the NR2A subunit in synaptic sites in an Alzheimer's disease (AD) mouse 

model. The animal consistently shows progressive neurodegeneration and reduced 

synaptic plasticity (241-243). Here, we have shown similar decreases in synaptic 

plasticity in the NR2A transgenic mice with high levels of NR2A in the forebrain regions. 

This indicates that an overexpression of NR2A m the AD brain may contribute addition 

impairments to the recognition memory, and synaptic plasticity of AD patients. Similarly, 

other studres of the role of NR2A in AD demonstrate that amyloid beta (Af1) directly 

influences NR2A-containing NMDA receptors (244, 245), and can activate NR2A

containing receptors leading to further memory impairments (244). 

In one model of Parkinson's disease, Dunah et al found a selective reduction of 

diheteromeric NR1/NR2B subunits in the striatum of the rat thereby, leading to an 

increased NR2A:NR2B ratio (246). Similarly, recently studies have reported increased 

NR2A in synaptic sites of animals with dyskinesia when treated with L-3.4-

dihydroxyphenylalanine (l-DOPA) (247). This further implicates the effects of a chronic 

alteration of the NR2A:NR2B ratio in neurodegenerative diseases. Further studies into 

the effects of the manipulation of the NR2ANR2B ratio will demonstrate the importance 
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of the regulation of the subunit expression ratio, as well as provide molecular targets for 

drug development in human neurodegenerative diseases. 

B. A high NR2B:NR2A ratio enhances long-term memory, whereas a low 

NR2B:NR2A ratio impairs long-term memory. 

Previous work in our laboratory has shown the effects of a high NR2B:NR2A ratio 

on learning and memory. The NR2B transgenic mice overexpress the NR2B subunit in 

the forebrain regions, a property which mimics the NMOA receptor composition in the 

young brain and leads to increase synaptic plastic1ty and long-term memory. Because 

the brain is able to endogenously modulate the composition of the NR2 subunits, 

understanding the effects of this modulation becomes Important for treating neurological 

disorders that appear to be a result of the disregulation of the NMOA receptor complex. 

The NR2B transgenic mice have distinct properties that can be attributed to the 

increased NR2B subunit. Like the NR2A transgenic mice, they are indistinguishable in 

appearance, breeding, activity levels and anxiety levels from their wildtype littermates 

(17). The electrophysiological properties of the NR2A and NR2B transgenic mice are 

quite different from each other. The NR2B transgenic mice have normal long-term 

depression (L TO) but significantly enhanced long-term potentiation (LTP) (14, 15, 17), 

whereas the NR2A transgenic mice have normal L TP but significantly diminished L TO 

{21 ). The L TP process parallels long-term memory storage by synaptic reentry 

reinforcement (58, 248) and may contnbute to many forms of learning and memory (249-
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251 ). To test the potential effects of the increased L TP on learning and memory in the 

NR2B transgenic mice, they underwent several different behavioral paradigms to test 

recognition memory, spatial memory and emotional memory. 

It is well-known that the NMDA receptor is necessary for object recognition 

memory (161) and a blockade of NMDA function by MK-801 causes impairments in 

object recognition memory (252). However, until the NR2B and NR2A transgenic mice 

were investigated, little was known as to the specific role of the NR2A and NR2B 

subunits in this type of memory. Using the NR2 transgenic mice we are able to test the 

effects of altering the NR2 subunit composition on recognition memory. The NR2B 

transgenic mice demonstrate significantly enhanced long-term memory of an object in an 

object recognition task. The NR2B transgenic mice were able to form a stronger memory 

of an object at one day than their wildtype littermates; and remarkably, were able to 

retain the memory of the object for 3 days. The wildtype mice were unable to retain the 

memory of the object past the one day retent1on session (17). This is in sharp contrast to 

the NR2A transgenic mice that cannot retain recognition memory of an object past the 1 

hour retention session. 

As in recognition memory, spatial memory formation is known to be dependent 

on the NMDA receptor function (253, 254) particularly in the hippocampus (57). The 

NR2B transgenic mice also show enhanced spatial memory in a Morris water maze task 

showing a preference for the target quadrant after only three days (17). Remarkably, 

even after seven days of training in an easier version of this task, the water cross maze, 

the NR2A transgenic mice still show little preference for the target arm and show longer 

escape latencies, than their wildtype littermates, throughout the training sessions. 
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In addition to being necessary for recognition memory and spatial memory, the 

NMDA receptor has also been found to be necessary for emotional memory. 

Antagonizing the NMDA receptor leads to an impairment in the acquisition of fear 

conditioning, as well as the extinction of fear memories (181, 255, 256). Furthermore, 

CA1-specific NMDA knockout mice are impaired in contextual fear conditioning, which is 

hippocampal-dependent, but not hippocampal-independent cued fear conditioning ( 161 ). 

Interestingly, the differential role of the NR2 subunits in fear memory has been 

investigated in multiple brain regions with NR2A and NR2B having differential roles in 

mediating contextual and cued fear conditioning, as well as trace fear conditioning (257-

260). Our laboratory has used both the NR2B and NR2A to further investigate the 

differential role of the NR2 subunits on fear conditioning. 

Previously, the NR2B transgenic mice were trained in two fear conditioning 

paradigms, contextual fear conditioning and cued fear conditioning. When tested in the 

contextual fear conditioning with the same protocol described, the NR2B transgenic mice 

had significantly higher freezing responses than the wildtype animals at the one hour 

and the one day retention session. Surprisingly, after ten days the NR2B transgenic 

mice still had significantly stronger freezing responses than the wildtype animals ( 17). 

Conversely, the NR2A transgenic mice show significantly less freezing than the wildtype 

mice after only one day demonstrating a weak memory of the conditioning environment. 

Similarly, when the NR2B transgenic mice were tested in a cued fear conditioning task, 

they showed significantly more freezing than their wild type counterparts at one hour, one 

day and ten days (17). While the memory of the NR2A transgenic mice is limited to one 
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hour, as they showed significantly less freezing than their wildtype littermates, to the 

tone at the one day retention session. 

The ability of the NR2B transgenic mice to extinguish their fear response to a 

conditioned environment and cue was also investigated ( 17). In the first extinction trial 

one day after training the NR2B transgenic mice showed significantly more freezing than 

the wildtype mice in response to the conditioning context, as well as the tone in the novel 

context. Interestingly, at the second set of extinction trials, 2 hours after the first, the 

NR2B transgenic mice spent significantly less time freezing than their wildtype 

littermates in both the contextual trial and the cued trial. This trend also continued into 

the third exposure (17). The NR2A transgenic mice, trained in alternate conditioning 

protocol, were unable to extinguish their fear response to the context or the cue. This 

demonstrates the inability of the NR2A transgenic mice to inhibit their fear response 

based on new conditions. 

These data from previous literature, as well as what is presented here, suggest 

that the NR2B transgenic mice have enhanced learning and memory abilities likely due 

to the increase L TP. Decreases in L TP have been shown to impair multiple forms of 

learning and memory in many studies (261-265), while an increase in L TP can 

significantly enhance learning and memory ( 11-17, 161 ). The increased L TP in the 

NR2B transgenic mice allows them to form stronger memories, as evident by the 

extended duration of their long-term memory. Equally important to their increased L TP, 

is the normal LTD in the NR2B transgenic mice. The LTD process weakens unnecessary 

synapses to allow for the formation of new connect1ons. This bidirectional control of 

synaptic plasticity is known to be necessary for efficient memory formation ( 41, 266). 
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However, unlike the NR2B transgenic mice, the NR2A transgenic mice show diminished 

LTD, which leads to severe deficits in long-term memory formation and impaired WLTD

memory trace sculpting". 

However, in addition to different electrophys1ological properties, the NR2A and 

NR2B subunits also possess distinct C-terminal domains with only 29% sequence 

homology (267). The NR2A and NR2B C-terminal domains have been shown to mediate 

different behaviors, which is postulated to be a result of the evolution of the individual 

domains (268). Interestingly, our results parallel a study by Jung and Suh (269), in which 

increased NR2A subunit expression was found to correlate with short-term memory 

function, while increased NR2B subun1t expression was correlated with long-term 

memory function. Because short-term memory and long-term memory rely on different 

cellular mechanisms, the differential functioning of these two subunits is a result of the 

preferential association of intracellular protein complexes (269). 

C. The C-terminal domain has a greater influence on the enhancements 

observed in learning and memory in the NR28 transgenic mice. 

Classically, the electrophysiological properties of the NR2 subunits were thought 

to be what was most important in altering synaptic plasticity. Some data suggests that 

the longer the opening duration of the channel the longer the window for coincidence 

detection, which leads to an increase of learning and memory. Therefore, the NR2B 

subunit, which has a longer opening duration, will be more beneficial for learning and 

memory. Indeed, genetic overexpression of the NR2B subumt does enhance learning 
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and memory in multiple mammalian species (12, 15, 17). This leads to the perspective 

that increasing the opening duration of the NR2A subunit will increase the coincidence 

detection window, thereby increasing synaptic plasticity. Here we show that even 

increasing the opening probability by substituting the NR2B N-terminal and membrane 

domain, does not in fact increase learning and memory. Moreover, even when paired 

with the NR2A N-terminus and membrane domains, the overexpression of the NR2B C

terminal domain still significantly improves learning and memory. 

Many groups have worked to determine the roles of the NR2A and NR2B 

subunits in the overall functioning of the receptor. Because of the complexity of the 

subunit function this task has been difficult. The N-terminal and membrane domains of 

the NMDA receptor incorporate many unique properties into the NMDA receptor 

complex, including simultaneous binding of both glutamate and glycine, high Ca2
• 

permeab1hty, and voltage-dependent Mg2
• blockage. Despite the 60% sequence 

homology of the NR2A and NR2B N-terminals and 89% sequence homology in the 

membrane domains (267), they have distinct differences in the properties controlled by 

these regions. Yuan et al used chimeric NR2 constructs and found that the N-terminal 

domains of the NR2 subunits control multiple receptor properties including agonist 

potency, deactivation time, open probability and opening duration (104). This allows 

each NR2 subunit to distinctly modulate the intrinsic properties of the receptor complex 

in which it is incorporated. Interestingly, genetically manipulating the receptor complex 

such that it is no longer permeable to Ca and is no longer blocked by the Mg2• results 

in animal death in less than four weeks (270) demonstrating the importance of the N

terminal and membrane domains in the overall function of the receptor. In addition to the 
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physiological properties imparted to the receptor complex by the N-terminal domain, it is 

also the site of glutamate and glycine binding and modulation by pharmacological 

agents. While important for the modulation of the receptor function as a whole, 

pharmaceuticals are unable to modulate intracellular domain functions of the subunits. 

Pharmaceutical agents have been the primary means to investigate the 

individual behavioral contributions of each subunit and have yielded much data (271-

276). But pharmaceutical agents are limited in their selectively, especially of the NR2A 

subunit (82, 84, 85), and can only block the receptor from the extracellular side. 

Although the importance of a functional N-terminal and membrane domain cannot be 

underestimated, in our animals it appears that these molecular motifs are not solely 

responstble for the enhancement in learning and memory that is observed in the NR2B 

transgenic mice. 

Recently, Ryan et. al. (268) created a mouse model in which the protein coding 

region of the NR2A or NR2B C-terminal domain is deleted and replaced with that of the 

NR2B or NR2A C-terminal domain, respectively. Their work suggested that some 

behaviors were encoded by regions on both C-terminal tails while other behaviors could 

only be attributed to either the NR2A subunit or the NR2B subunit (268). Interestingly, 

they found that perceptual learning, anxiety, and motor coordination required C-terminal 

domain regions unique to NR2B, while only impulsivtty required C-terminal domain 

regions unique to NR2A. These data suggest that some behaviors may be primarily 

controlled by the individual subuntts in the cortical regions. 

By forming and overexpressing the chimeric receptors, we are able to preserve 

the functioning of the receptor at the synapse, while increasing the relative contribution 
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of the subunit to the overall functioning of the receptor. This allowed us to investigate the 

learning and memory alterations resulting from the chimeric receptors. The behavioral 

data for the chimeric NR2(AIB) transgenic mice suggests that the long-term memory 

parallels that of our previously produced NR2B transgenic mice, while the NR2(B/A) 

transgenic mice perform similar to the NR2A transgenic mice. This indicates that the C

terminal domain, which controls the intracellular signaling, has a greater influence on the 

function of memory processes mediated by the NR2A and NR2B subunits. 

D. A high NR2A:NR28 ratio is more beneficial than a low NR2B:NR2A 

ratio in the reduction of edema and the hematoma size after an 

intracerebral hemorrhage. 

Excess extracellular glutamate has been known to cause neuronal cell death by 

excitotoxicity for more than 40 years (277). Many years later, it was also discovered that 

following brain or spinal cord trauma, the extracellular glutamate concentrations around 

the injury site were significantly higher than normal (278). This observations lead to a 

push to synthesize new NMDA antagonists for the treatment of stroke and neurological 

trauma. However, one by one the NMDA antagonists failed clinica l trials, citing lack of 

efficacy or intolerable side effects (30-37). One possibility for the failure of NMDA 

antagonists in human trials lies in the time and magnitude differences in the increase of 

extracellular glutamate between rodents and humans. In rodents, there is 10 - 100 time 

increase in extracellular glutamate concentration over normal levels but the increase 

only lasts 10- 30 minutes following the injury (279). Conversely, human brains show 50 
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- 1 00% increases in glutamate concentration over the days to weeks following a brain 

injury (280, 281 ). It has also been hypothesized that some of the increase in glutamate 

may be a neuroprotective response of the brain (282), as multiple studies have shown 

that NMDA function is essential for neuronal survival (283, 284). Despite the failures of 

NMDA antagonists. new evidence continues to emerge about the role of NMDA in 

excitotoxicity. 

More recently, the focus of NMDA excitotoxicity research has shifted to 

identifying the differential roles of the NR2A and NR2B subunits in excitotoxicity. Here 

we have shown. through genetic manipulation, that a high NR2A:NR2B ratio over a low 

NR2A:NR2B ratio may be more beneficial for the improvement of some physiological 

effects of an experimental ICH by reducing edema and hematoma size. Our data mirrors 

that of Liu et al (39). who found that activat1on of NR2A-containing NMDA receptors 

promotes neuronal survival during an excitotoxic 1nsult. Interestingly, Martel et al recently 

demonstrated that cells expressing chimeric NR2B subunit in which the C-terminal 

domain has been replaced by the C-terminal domain of the NR2A subunit (NR2B2A(CTR>), 

showed significantly less cell death after NMDA exposure than chimeric NR2A26(CTRJ 

expressing cells. Similarly, transgenic mice expressing the NR2B2A(CTR) showed 

significantly less neuronal death as compared to wildtype animals after NMDA 

excitotoxicity. 

Several reports indicate that the differential signaling mechanisms of the NR2A 

and NR2B C-terminal domains mediate the differences observed in neuronal survival. 

The NR2A subunit has been linked to anti-apoptotic signaling pathways through 

preferential activation of CREB pathways, Akt-dependent (Protein Kinase B) signaling 
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and enhanced BDNF gene expression (39, 144, 285, 286). Inhibition of the NR2A 

subunit has been shown to increase activation of caspase-3, which acts as an apoptotic 

marker (286). Additionally, when blocked pharmacologically, neuronal cell death has 

been shown to increase after a neurological insult (144). Similarly, overactivation of 

NR2B suppresses the CREB and ERK pathways resulting in increased cellular death 

(287, 288). 

Although immediately following an excitotoxic injury, the NR2A subunit may 

attenuate neurological injury, decreasing the NR2B subunit dramatically following this 

time period may lead to further complications. As we have shown here, and previously, a 

large NR2A:NR2B ratio impairs long-term memory, while a high NR2B:NR2A ratio is 

beneficial to learning and long-term memory. Indeed, environmental enrichment, which 

is known to upregulate NR2B in the brain (13, 161), has been found to be 

neuroprotective (289), as well as improving functional and physiological outcomes follow 

ischemic stroke (290, 291) and ICH (292, 293) after the initial injury. While the increase 

of NR2A during aging limits long-term memory and synaptic plasticity, it may also 

provide some measure of neuroprotection against intracerebral hemorrhages, strokes 

and neurological injuries which are more likely to occur with age. 

E. Future Directions 

Several behavioral consequences of altering the subunit ratio of the NMDA 

receptor complex have been thoroughly investigated. Our deepened understanding on 

the role of the NR2A and NR2B subunits in learning and memory provide insight to the 
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changes observed in the aging of the NMDA receptor. In this investigation, the NR2A 

and NR2B C-terminals were exchanged. In do1ng this the Ca2
• influx and Mg2

• block 

were not extremely altered. A next step in the investigation of the N-terminal and C

terminal domain roles in the NR2B subunit would be to greatly reduce the Mg2
• 

dependency of the receptor subunit. This would increase the coincidence detection time 

and reduce the dependency of the receptor to the removal of the Mg2
• block. Using this 

strategy, the importance of the N-terminal domain properties can be extensively 

investigated. 

The role of the NMDA receptor in stroke, neurological injury and 

neurodegenerative diseases is apparent and well-known. The NR2A and NR2B 

transgenic mice are a valuable tool in which to study the differential effects of the 

endogeneous modification of these two subunits in multiple disease states. While, on 

one type of stroke was investigated here, ischemic stroke and traumatic brain injury can 

also be studied in our transgenic mice and may provide new drug targets and therapies. 

Additionally, it will be beneficial to study the effects of the subunit ratios over a longer 

period of time following the induction of an ICH or injury. Our NR2(AIB), and NR2(B/A) 

transgenic mice can provide addition drug targets by effectively separating the N

terminal and membrane domain effects after an injury, from possible benefits of the 

intracellular signaling domains, which could increase neuronal survival. 

One area that may benefit from the NR2B transgenic mice is the study of 

childhood brain traumas. Because the NR2B transgemc m1ce have a subunit 

composition that is similar to that of a young brain, better treatments of childhood brain 
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trauma and stroke may benefit from studying the unique properties conferred on the 

brain by increased NR2B. 



V. SUMMARY 

• Our NR28 transgenic mice continue to show enhanced long-term memory, as 

well as enhanced cognitive abilities over the NR2A transgenic mice and wildtype 

animals, specifically in the social recognition of mice of a difference strain, and 

animals of a different species. 

• The NR2A transgenic mice demonstrate impaired long-term memory in multiple 

types of memory including social and non-social recognition memory, spatial 

memory, and emotional memory. They also show impairments in fear extinction 

and trace fear conditioning. 

• Our chimeric animals display similar learning and memory to the transgenic mice 

with an overexpression of their respective C-terminal domains. 

• The NR2A transgenic mice show improvements over the NR2B transgenic mice 

in the percent of edema and the hematoma size after an experimental 

intracerebral hemorrhage. 
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