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Introduction:  For years, there has been interest in describing the biochemical mechanisms of learning and memory. The first speculations about the neural mechanism of learning and memory came in the early 1900s from early neuroanatomist Ramon y Cajal.1  While mechanisms were proposed through the first half of the 1900s, little progress was made in determining the neural basis of learning and memory.   In the late  1940s and early 1950s Scoville performed a number of surgeries on patients with intractable seizures in which they removed portions of the brain believed to be involved in generating the seizures.2  In one patient Scoville removed a portion of the brain called the hippocampus. Scoville and Milner discovered that when the hippocampus and the areas surrounding it were removed, the patient was unable to generate new declarative memories.2  This discovery started large-scale investigations into the function of the hippocampus in the nervous system.  

In 1973 Bliss and Lømo first fully described a neural phenomena that occurs in the hippocampal region was similar to the expected changes that might occur during memory formation that later became known as long-term potentiation (LTP).3  Since that first description, there has been a large amount of research into the molecular, biochemical, and behavioral changes that occur as a result as a result of LTP.  This paper details some of that research paying particular attention to one major class of proteins called the ionotropic glutamate receptors.  These proteins are all responsible for binding the amino acid neurotransmitter glutamate and are implicated in LTP and memory formation.  The structures of these receptor proteins will be compared to their reported biological function to evaluate whether or not the structure of these proteins can explain their experimentally determined function.
[image: image4..pict][image: image5..pict]Summary of Neuron Structure:  The nervous system is primarily composed of cells called neurons.  These cells are unique in their ability to quickly receive and transmit electrical and chemical signals.  Most neurons are composed of three primary regions, the dendrites, the cell body or soma, and the axon. The cell body is the part of the neuron containing the nucleus.  It controls cell processes though DNA transcription.  It is also responsible for integrating information coming into the cell to determine when the neuron should undergo an action potential.  An action potential is a process that changes the characteristics of the cell and ultimately results in the release of a chemical messenger called a neurotransmitter by the neuron. Dendrites are regions branching off of the cell body function primarily in receiving chemical signals (usually neurotransmitters) from other cells.  A neuron can have many dendrites coming off of the cell body and once the dendrite has branched off of the cell body, it can continue to branch.  Each neuron has only one axon leaving the cell body.  If an action potential occurs in a neuron, an electrical change that occurs in the cell body will be transmitted through the length of the neuron resulting in neurotransmitter release from the axon terminal.  While each neuron may have only one axon, that axon can branch and go to two or more completely different areas of the nervous system once it leaves the cell body.   

Axons have thickened regions at their ends called buttons or terminals.  It is from these terminals that neurotransmitters are released when there is an action potential.  Before release, neurotransmitter is stored in membrane-bound vesicles in the terminal of the presynaptic neuron.  The presynaptic neuron releases neurotransmitter into the space between the neurons called the synapse.  The neurotransmitter diffuses across the synapse to the postsynaptic neuron.  On the postsynaptic neuron there are transmembrane proteins that bind with the neurotransmitter called receptors.  When a neurotransmitter binds to the postsynaptic receptor, it causes a of change in the post-synaptic neuron, usually moving the neuron closer to firing an action potential (excitation) or further from firing an action potential (inhibition).  Neurotransmitter is removed from the synapse via a number of different mechanisms.  The most common method of removal is by means of a transporter protein located on the presynaptic axon terminal that transfers the neurotransmitter from the synapse into the presynaptic neuron.  Once it has been taken into the neuron the neurotransmitter can be reused by the presynaptic cell.

Summary of Neurophysiology- Resting Potential:  Neurons, like all cells, exist in an aqueous environment.  The intracellular and extracellular environments of neurons are chemically distinct, separated by the phospholipid bilayer of the cell membrane.  The chemical basis of neural behavior was first elucidated in a series of studies by Hodgkin and Huxley. 
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The concentration of ions in the inside and outside of neurons is very different.  The table below shows the concentration of major ions species typically found on the inside and outside of the giant squid axon.

9Major Ions Found in the Axon of the Giant Squid

	Ion Species
	Intracellular Concentration (mM)
	Extracellular Concentration

(mM)

	K+ 
	400
	20

	Na+
	50
	440

	Cl-
	52
	560

	A- (organic anions)
	385
	-


[image: image6..pict]The predominant ion species on the outside of the neuron are sodium and chloride ions while the most common species on the exterior of the neuron are potassium ions and negatively charged biomolecules, mostly proteins. The overall positive and negative charges on the inside of the neuron are virtually identical as they are outside the neuron.  

On the surface of the cell membrane are transmembrane proteins called ion channels allow ions to move into and out of the cell.  While ion channels for sodium, potassium, and chloride ions exist on the cell membrane, there are many more potassium channels than there are sodium channels.  Because there are many more potassium channels than sodium channels, potassium is much more permeable across the cell membrane than sodium.  Potassium ions are more concentrated on the inside of the neuron and are free to diffuse from the inside of the neuron to extracellular space.  Potassium ions are unable to reach a molar equilibrium because the extracelluar space has an excess number of positively charged sodium ions.  In short, the osmotic pressure pushing potassium out of the cell is balanced by electric potential forces pushing potassium ions back into the cell.  This establishes an electrical potential across the membrane.  The magnitude of potassium’s membrane potential can be determined using the Nernst equation.


[image: image1.wmf]  Nernst Equation

EK = Electrical Potential Energy due to potassium ions

R =  Universal gas constant

T = Temperature (Kelvin)

F = Faraday constant

z = The charge of the ion

X = Molar concentration of potassium

When using solving this equation at 310 K and the concentrations of potassium seen above, the membrane potential due to potassium is -85 mV.  This is very close to the actual membrane potential of most neurons.  In fact, the resting membrane potential of most neurons is largely determined by potassium.  Because sodium can diffuse across the membrane as well, sodium and potassium should eventually reach equal concentrations across the cell membrane resulting in a membrane potential of zero.  They do not because of the presence of the sodium/potassium pump which, using energy from ATP, transports potassium against its concentration gradient into the cell while transporting sodium out of the cell.  The presence of sodium inside the cell results in the cell having a slightly higher membrane potential than calculated membrane potential.  For most cells then, the membrane potential is about -70 mV.8
Summary of Neurophysiology- Action Potential:  The action potential is the phenomenon that results in the release of neurotransmitter.  A neuron’s resting potential is roughly -70 mV.  When a neurotransmitter reaches a receptor protein, it can cause the membrane potential to become more negative via the movement of chloride ions into the cell (inhibition) or more positive by allowing sodium ions to enter the cell (excitation).9  When the depolarization raises the membrane potential to -55 mV a large number of voltage gated ion channels selectively permable to sodium move from a closed to open conformation.  This causes sodium to flood into the cell, quickly raising the membrane potential toward the Nernst equilibrium potential of sodium ions (~+70 mV).  At about +40 mV the ion gated sodium channels are deactivated by a secondary mechanism and a [image: image7.png]Ligand Binding
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number of voltage gated potassium channels open.9  These potassium channels along with the persistently open potassium channels allow potassium ions to quickly exit the cell.  As a result of the loss of positive charge from inside the cell, the membrane potential of the cell quickly decreases.  In fact, immediately after the action potential occurs, the large efflux of potassium 
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results in the membrane potential falling slightly below the resting membrane potential of the neuron.  Eventually the action of the sodium-potassium restores the resting membrane potential of the neuron.  An idealized image of an action potential can be seen above in Figure 2.  When an action potential reaches the end of the axon of a neuron, a cascade of reactions occur that results in the release of neurotransmitter into the synaptic space.  The neurotransmitter will either excite or inhibit the neuron to which it forms a synaptic connection. 

Hippocampal Anatomy-  The hippocampus is a structure located in the interior of the brain below the cerebral cortex and lining portions of the fluid filled lateral ventricle.  See Figure 3 for the position of the hippocampus in the brain for position of hippocampal formation.
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[image: image11..pict]
The hippocampus itself is composed of the CA1, CA2, and CA3 regions.  The hippocampal formation is made up of the hippocampus and the CA4 region, subiculum, and dentate gyrus.  There are three cortical regions that communicate strongly with the hippocampus, the entorhinal cortex, the parahippocampal cortex, and the perhinal cortex.  A schematic diagram of major connections can be seen below.9
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The area of investigation in this paper is primarily the CA1 region of the hippocampus.  The CA1 is among the most well studied hippocampal regions and the phenomenon of long-term potentiation in the CA1 is understood there better than in most other regions of the brain.10  Damage to any portion of the hippocampal region, the parahippocampal or perihinal cortex has the ability to impair declarative memory formation and the recall of recently formed declarative memories.9  The CA1 region of the hippocampus is known to be heavily involved in spatial memory.11
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Long-term potentiation (LTP):  When first discovered, LTP was the first discovery that the behavior of neurons in the mammalian central nervous system can change as a result of the previous behavior of neurons connecting to them.  LTP was first reported in the rabbit dentate gyrus by Lømo in the 196612, but a full description of the phenomenon was not published until 1973.3  Bliss and Lømo observed LTP by inserting a stimulating electrode that can cause action potentials into the perforant pathway and an extracellular electrode that can detect action potentials into the dentate gyrus.  When a quick succession of stimuli (10-20 Hz for 15 sec or 100 Hz for 3-4 sec) is delivered to the perforant pathway the response in the dentate gyrus to subsequent stimulations is greater than it is areas of the dentate gyrus receiving input from unstimulated regions of the perforant pathway3.  See Fig. , from Bliss and Lømo above.  The phenomenon was later found to last for hours is when studied in brain slices removed from rats and for days in vivo13.

The discovery of LTP slowly generated considerable interest in the larger neuroscience community because it matched two early theories on neural requirements for learning.  In particular, their discovery was the biological substrate of a connection theorized by Donald Hebb in 1952.  Hebb argued that when learning occurs “when an axon of cell A is near enough to excite a cell B and repeatedly or persistently takes part in firing it, some growth process or metabolic change takes place in one or both cells such that A's efficiency, as one of the cells firing B, is increased.”14  This model exactly matched what was observed in the dentate gyrus by Bliss and Lømo.  Throughout the 1970s the amount of research into the biochemical basis of LTP accelerated and has continued to progress through present day.  It was also by the late 1970s that glutamate was established as the main excitatory neurotransmitter in the brain.  The hunt was then on between the connection between glutamate and LTP.

Glutamate Receptors:  Glutamate receptors are postsynaptic proteins that interact with glutamate to cause some sort of change in a postsynaptic neuron.  There are two broad categories of glutamate receptor, the ionotropic and metabotropic receptors.  Ionotropic receptors bind with glutamate receptors to and change conformation allowing positively charged ions to move from the extracellular to the intracellular space of the cell, thereby depolarizing the cell.  Metabotropic receptors work through a different mechanism.  They bind glutamate and through a cascade of protein interactions change behavior of the cell including influencing the conformation of ion channels to facilitate depolarization.  While metabotropic glutamate receptors do play role in LTP, they will not be discussed in any length in this paper.

The three main ionotropic glutamate receptors are the N-methyl-D-aspartate (NMDA) receptor, the amino-3-hydroxy-5-methylisoxazole-4-propanoic acid (AMPA) receptor and the kanaite receptor.  Each receptor is named for a compound that specifically activates that kind of glutamate receptors.  The protonated Lewis structure of each agonist and the structure of glutamic acid can be seen below.
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All of the agonist structures are very similar to the structure of glutamate.  All except AMPA contain two carboxylic acid groups and AMPA contains a hydroxyl group that could be resonance stabilized if the proton dissociates from the oxygen.
The NMDA receptor, LTP, and memory:  The NMDA receptor was the first receptor to be specifically implicated in the generation of LTP when it was discovered that the application of the NMDA receptor antagonist AP5 to the CA1 region of the hippocampus blocks the induction of LTP.15  This discovery has been supported by a host of other reports using other NMDA antagonists.10  The first possible link between the NMDA receptor and learning and memory were made by Morris and colleagues.16  They placed rats in a water-filled container with a platform submerged below the water line, but high enough for the rats to stand on. The platform was occluded from view for the rats by adding coloring to the water. Naïve rats normally will swim in the container until they find the platform.  After training sessions, rats will use visual cues in the room to navigate to the platform.  Morris and colleagues found that rats who were treated with AP5 in the hippocampus prior to exposure to the water maze performed much worse than naïve rats when they were reexposed to the maze.11  This suggested that the NMDA receptor was somehow involved in spatial memory formation, possible through the process of LTP.  While NMDA antagonists block LTP in most areas there have been some research findings suggesting that LTP can be induced in some areas of the brain, including the hippocampus, without activating the NMDA receptor.17  
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While NMDA receptors are the most important receptors in initiating LTP, they are not the only important glutamate receptor involved in LTP.  At resting potential, the NMDA receptor channel is occupied by Mg2+ ions that are attracted to the negative intracellular space.18  This means that the cell must be depolarized before the NMDA reeptor could be activated.  This depolarization occurs through another ionotropic glutamate receptor, the AMPA receptor.  The AMPA receptor is not blocked by Mg2+ ions and can immediately conduct Na+ ions through the cell membrane when they are activated by glutamate.19  NMDA is permeable to Ca2+, Na+, and K+ ions.  If the Mg2+ block is removed from the NMDA receptor, it can be activated by glutamate and Ca2+ ions will enter the cell.  

[image: image17..pict]It has subsequently been found that this entry of Ca2+ ions is sufficient to initiate LTP.20  When calcium chelating agents are injected into cells, they are unable to undergo LTP.21  This is because the Ca2+ ions activate two important kinases calcium/calmodulin protein kinase II (CaMKII) and protein kinase C (PKC).22  These kinases are responsible for performing a number of tasks including inserting more AMPA receptors into the post-synaptic membrane and phosphorylating AMPA receptors in which appears to increase their Na+ conductance.23  In addition, the activation of these kinases, starts a cascade of biochemical reactions resulting in increased DNA transcription of proteins related to the the establishment of LTP.10
Structure of ionotropic glutamate receptors-  The ionotropic glutamate receptors are postsynaptic transmembrane proteins that bind glutamate and allow cations to enter the cell.  All three receptors are similar in overall structure with the AMPA and kainite receptors sharing the most similarities.24  For this reason, ionotropic glutamate receptors are generally broken down into two main categories, NMDA receptors and nonNMDA receptors.24  All receptors are made up of four and at times possibly five polypeptide subunits.  Each of those subunits has four membrane-bound regions.25  See image below.  Of those four membrane bound regions, the TMII region does not pass through the cell membrane.  This area is called the pore-forming region and is involved with TMI and TMIII in forming the ion channel for each particular subunit.  While the gross structure of the proteins are very similar, there is quite a bit of variability in the makeup of each kind of protein.  
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NMDA receptors are made up of four and at times possibly five subunits.  The two main types of subunits are called the NR1 and NR2 subunits.  NR1 is coded by one gene, but post-transcriptional editing makes eight different variations of the NR1 subunit possible.24  The NR2 subunits also exists in different forms, NR2-A, NR2-B. NR2-C, and NR2-D.  Each of these variations is coded by different genes.24  Of these four variations, in situ hybridization of the mRNA for of the NR2 subunits has shown that NR2-A and NR2-B are by far the most commonly found in the hippocampal formation26.  In situ hybridization is a technique that exposes thin slices of brain tissue to radiolabeled RNA that is complementary to the mRNA for a protein.  The radio labeled RNA hydrogen bonds to the coding mRNA in cells where it is produced.  The slices are then exposed to film sensitive to radiation.  That film is then developed and computer analyzed to determine the relative abundance of RNA based on the degree of film exposure to radiation.

It is generally agreed that a functioning NMDA receptor is composed of a tetramer of two NR1 and two NR2 subunits27.  Recent evidence indicates that another subunit, NR3, is sometimes incorportated into some NMDA receptors, but its function and abundance is not well understood27.  The NR1 subunit binds the amino acid glycine which is usually abundant in the synapse.  The NR1 subunit is also bound to the cytoskeletal structure on the cells interior.  The NR2 subunit is involved in binding CaMKII, an important kinase in the chain of events that result in LTP, in the interior of the postsynaptic neuron28.  In addition, the NR2 subunit is the protein subunit that  binds glutamate.  While the function of NMDA subunits are well estabilished, the variability that exists in the NR1 and NR2 subunits is only now being explored.  

AMPA receptors are structured much like glutamate receptors.  They are made up of a tetramer of subunits.  There are four possible proteins coded by four different genes that can make up the AMPA receptor25.  They are termed Glu1, Glu2, Glu3, and Glu425.  As is the case with the NMDA receptor, the AMPA receptor mRNA is subject to considerable editing before the AMPA proteins are synthesized.27  This means that there are a wide array of possible AMPA receptor configurations and the importance of each editing combination is not fully understood.  AMPA receptors made up of different combinations of subunits of Glu proteins including four identical subunits.  This combination of subunits is suspected in widely affecting the function of these receptors.25
Effects of Subunit Variation on Structure and Function of Glutamate Receptors:  Examining the Transmembrane Channel:  The identity and post-transciptional processing of the subunits is known to have significant impacts on the chemical behavior of the subunit in vivo and in slice preparations.  For example, in each pore region of the AMPA receptor, there are two possible expressions due to RNA editing.  One important example of this is the Q/R site in the M2 region. In one case there is no editing performed on the receptor RNA before translation and glutamine residue present in a particular part of the pore region.  In the R variation, there is editing performed on the receptor RNA before translation.  The R variation has a positively charged argenine substituted for a glutamine which is neutral under biological conditions26,29,30.  The result of this is that divalent cations such as calcium cannot easily enter through the R substituted pore while sodium and potassium can pass freely through the pore.  On the other hand, the receptor subtypes with the glutamine substitution do not prevent Ca2+ ions from entering the cell.  Studies have shown that neurons without NMDA receptors can in fact undergo long-term potentiation via Ca2+entry into the cell. This may explain why some neurons without NMDA receptors exhibit LTP. 

This same Q/R region exists in NMDA receptors as well.  However, in all receptor subtypes for NMDA the neutral asparagine is present at the Q/R site.  As is the case with the AMPA receptor with glutamine at the Q/R site, calcium ions can freely move through the receptor when the receptor is activated.  When glutamine is substituted for the asparagine at the Q/R site in NMDA receptors the behavior of the receptor changes.  If the substitution occurs in the NR1 subunit of the NMDA receptor the Mg2+ block is maintained from the NMDA receptor, but the Ca2+ permeability is reduced 31.  If the change occurs in the NR2 subunit of the NMDA receptor, the Ca2+ permeability of the receptor is maintained, but the Mg2+ block is reduced 31. 
[image: image2.wmf]
Initially, there was some debate about the nature of ion selectivity in channels.  The mechanism by which magnesium, which is a smaller divalent ion than calcium, can block the NMDA channel is unclear.  However, the mechanism may be similar to the one observed in the potassium channel.  Potassium has a larger ionic radius than sodium so presumably a sodium ion should be able to pass through any channel that potassium does.  

There are two potential reasons why magnesium is able to prevent calcium to enter the cell even though the ionic radius of magnesium is smaller than the ionic radius of calcium.  One reason could be due to the solvated size of the magnesium ion in comparison to the calcium ion.  The other could be explained by interaction of the pore with the ion as it passes through the ion channel.  
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[image: image21..pict]It has been observed though that in solution sodium’s increased concentration of charge attracts more water molecules making the effective solvated sodium ion larger than the potassium ion.9 In addition, the sodium, which has a greater charge density than potassium, is able to attract polar water molecules more strongly than potassium ions.  As potassium ions pass through the channel, they pass several polar and charged residues.9  These residues can attract polar water molecules.  As potassium ions move through the channel, solvating waters are may be lost to the charged amino acid residues in the channel.  On the other hand sodium, which attracts its solvating water molecules more tightly is may not be able to transfer its molecules to the amino acids in the channel. 9  This effect of this would be to make sodium’s ionic radius larger than potassium’s ionic radius and would result in an ion channel selective for the larger ion.  It is possible that this same explanation could be applied to the NMDA receptor with the exception that the +2 charge on the magnesium keeps the ion more tightly bound to the membrane effectively making it a block that is lodged somewhere in the ion channel.  This explanation however does not explain how substituting a glutamine residue for an asparagines residue at the Q/R site could possibly affect the conductivity of calcium and magnesium.

Another possibility for the magnesium block can be explained by the interaction of the respective ions with the actual structure of the pore itself.  In the potassium channel, if all accompanying water molecules of water are removed from the ions as they move through the polar region of the protein, then they will enter the pore region with different radii32.  In one region of the pore, there are several consecutive glutamic acid and aspartic acid residues whose carboxylic oxygens are directed toward the interior of the pore32.  See fig Y.  These highly electronegative oxygen could take the place of solvating waters as the ions move through the ion channel. If this is true, the size of the pore would be of great importance in determining which ions could pass through the potassium channel.  If the pore is much larger than the ion, then carboxylic oxygen atoms could not stabilize the cation moving through the pore.  This appears to be the case in the case of the potassium channel.32  In the width of the potassium channel in this region almost exactly matches the size of the potassium ion, but is much larger than the sodium ion. See figY.  Because of this, potassium has a much lower energy barier to cross through the cell membrane.  Confirmation of this model has recently been provided by Lockless and colleagues who have shown that the potassium channel can conduct ions barium ions which are similar in size to potassium, but have a much larger effective charge indicating that size of the ion and not size of the hydrated ion is the important determinant of selectivity in potassium ion channels.  
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[image: image23..pict]While no crystal structures of the NMDA receptor exist at this time, there is believed to be a large amount similarity between the glutamate receptor pore regions and the potassium channel33,34 with the exception that the pore region of the NMDA receptor appears to be inverted in comparison to the potassium channel.34  If model does apply to the NMDA receptor, magnesium can be substituted for sodium and calcium can be substituted form potassium.  This model can also potentially explain why the substitution of glutamine for asparagine can possibly affect both the conductivity of calcium and the magnesium block in the NMDA receptor.  This substitution could affect how waters are removed from the solvating ions of both magnesium and calcium.  If water molecules are not removed from the ions they are solvating, then magnesium cannot fit as tightly into the pore which could eliminate the magnesium block and calcium ions could not fit into the pore region eliminating its conductivity. 

X-ray Structures of NMDA Receptors- One technique that can be used to study the structure of proteins is X-ray crystallography.  In this technique, a crystal of the protein is created and exposed to x-rays of a known wavelength.  Because the crystal is made up of repeating units and x-rays have wavelengths shorter than the size of the molecules, the x-rays will diffract in a regular pattern as they pass through the crystal.  

It is easier to form crystals of water soluble compounds than lipid soluble compounds.  Because of this, the full ion channel regions of the NMDA have never been crystallized.  However, portions of the extracellular regions of the NR1 and NR2 subunits have been determined using x-ray crystallography.  In both the NR1 and NR2 focus has been placed on the extracellular regions immediately preceeding TMI (called the S1 region) and between TMIII and TM4 (the S2 region) because these are the ligand (glycine and glutamate respectively) binding regions of the proteins35.  To facilitate crystallization, selective proteases have be have been used to cleave off the N-terminal end of the protein as well as the cleaving the S1/S2 regions from the transmembrane regions to which they are attached instead substituting amino acid anchoring groups.36 
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In addition, there is significant evidence that the NMDA receptor is composed of a dimer of dimers.37  The first dimer is composed of an NR1 subunit bound to and NR2 subunit.36   The second dimer is then composed of a combination of two of the NR1/NR2 units.36  See fig. This large amount of processing has the ability to significantly change the function of the NR1/NR2 NMDA receptor region in comparison to an intact NMDA receptor potentially making crystallization of the receptor a meaningless exercise.  It has been shown in fact even in this form, the NR1/NR2 dimer behaves in a pharmacologically similar manner to an in tact NMDA receptor.35
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The cartoon x-ray structure of the NR2 ligand-binding region and a close up of the image of the binding area can be seen below.
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As can be seen from the image above, glutatmate and the glutamate receptor interact primarily through charge differences.  One carboxy terminal of the glutamate ion is attracted to the two amino gropus in argenine (R518).  See below.  In addition, two water molecules are involved in the binding with the receptor.  In one case, water is hydrogen-bound to a glutamic acid residue in the receptor and then also hydrogen bound to a nitrogen from glutamate.  In another case, water hydrogen bonds to the R-group carboxyl oxygens in glutamate.  The presence of these water molecules located in the crystal structure reduces how tightly glutamate can bind to the receptor.  It is important that glutamate does not bind too tightly to the NMDA receptor.  NMDA receptors are one of the primary sources of Ca2+ ions in glutamatergic neurons.  If too much Ca2+ enters the cell, cell death can be initiated.38

Once the glutamate and glycine are bound to the NMDA receptor, the NMDA receptor is believed to dramatically change shape.37  While the NMDA receptor without ligands has never been crystallized, the structurally similar kainate receptors have be crystallized with and without glutamate.39  These structures can been seen in Fig 12.  The change in receptor shape is commonly referred to as a clamshell like change.  When the receptors are not bound, they are considered to be in the open position.  On the other hand when the receptors are bound, the clamshell is considered to be closed.  In the kainite receptor, this translates to significant change in shape.  While the change in shape of the binding receptor is well established, it is not at all clear how this change in shape translates to a change in pore structure.  This problem is not likely to be resolved soon through X-ray crystallography because of the significant because of the significant difficulty in determining the complete structure of the NR1/NR2 binding and pore regions. 


If glutamate receptors bind glycine and glutamate to form a closed clamshell formation, there must not only be a force to close the clamshell which largely comes from hydrogen bonding between the ligands and the protein, there must also be a pivot point to form the hinge region of the clamshell.  

The peptide backbond of the NR1/NR2 dimer can be seen in Fig. 13.  In this image the NR1 subunit is on the left while the NR2 subunit is displayed on the right.  While the subunits undergo hydrogen bonding in the animo terminal domain in the ligand binding region, the two subunits are largely held together through hydrophobic interactions.  This is important because the hydrogen bonding of glutamate and glycine are much stronger than those hydrophobic interactions.36  However, there are some areas in the central region of the molecule that do participate in hydrogen bonding when the receptor is in the ligand bound conformation.  These regions can be thought of as the hinge of the clamshell.

In particular, there are two regions that are believed to serve as the hinge.  The first is a tyrosine in the NR1 subunit of the receptor.  The tyrosine residue is shown on the peptide backbone of the bound NR1/NR2 dimer in the space below.  It is thought that the hydrogen of the hydroxyl group on the tyrosine residue of NR1 hydrogen bonds 


This hydrogen bonding is believed to contribute to stabilizing that region of the receptor when the top part of the protein is moving as a result of receptor binding.36  In addition, there appears to be a hydrophobic interaction between the aromatic ring on tyrosine with two  prolines located both on the NR1 and NR2 subunits to stablilize this formation.36  In fact, point mutations to this tyrosine residue changes the length of time that glutamate binds to the receptor giving an indication that this interaction helps to stabilize the closed clamshell conformation of the NR1/NR2 dimer.36
Future Directions for Molecular Research of NMDA and nonNMDA Receptors-  While there is a clear link between the NMDA receptor, long-term potentiation, and some forms of learning there is still much to be investigated.  There are a number of area of research that still need to be investigated.  In terms of the NMDA receptor, there is much to be known about the full structure and function of the receptor.  Some of these questions are addressed below.

What is the functional importance of variations in the NMDA receptor?  The NR1 receptor is coded by one gene, but extensive splicing occurs before translation of mRNA from the NR1 gene to protein.27  There are in fact eight different variations due to extensive splicing of the NR1 protein.27  There are also four different genes encoding for the NR2 subunit and splice variations exist for the NR2 subunit as well.27  The variations of the NR2 protein variations has been mapped in adult rat brain using immunohistochemistry and in vivo hybridization.26,40  From these studies, it appears that there are significant and systematic variations in the distribution of receptor subtypes for both the NR1 and NR2 subunits.  In addition, recent evidence suggests that there is also a change in gene expression for the NR2 subunit during development.25  In addition, the variations that do exist appear to affect the behavior of the receptor itself.41,42  While the variations that exist in the NR1 and NR2 subunits are well documented, the functional significance of these variations is poorly understood.  Extensive research could be done in this area.

What is the structure of the full NMDA receptor?  X-ray crystallography has given a clear picture of regions of the NMDA receptor.  However, the full structure of the receptor is unknown.  This has hampered understanding of some important areas.  How the binding region of the NMDA receptor affects the pore region of the receptor is very poorly understood.  It is believed that the change in receptor shape must change the shape of the pore, but how this happens is unknown.  In addition, the function of the intracellular (C-terminal) region of the NMDA receptor is very poorly understood.  There is some evidence that the C-terminal region not only anchors the receptor into the cell, but may also function to bind second messenger proteins.43  Additional studies must be performed to determine what the function of the C-terminal region of the both the NR1 and NR2 receptors are.  The extracellular N-terminal domain is an area that is virtually unstudied.  This is especially interesting because it is known that for both the NR1 and NR2 subunits, significant splice variations exist.25
What are other mechanisms for the establishment of LTP?  It is well established that NMDA receptors are not required for LTP formation.17  While it expected that the Q/R site of the AMPA receptor may play a role in this phenomenon, it is not fully established.

The intracellular cascade of reactions that occurs after calcium influx into the neuron leading to the long term establishment of LTP in the postsynaptic neuron is well-established, there appears to be presynaptic component of LTP as increased glutamate release has been observed in neuronal circuits where LTP has occurred.10,44  While some mechanisms have been proposed for the increased presynaptic activity and there is even some debate about the existence of the phenomenon, finding out why there appears to be an increase in glutamate release in presynaptic neurons is an important research goal.

What is the exact connection between LTP, the hippocampus, and memory formation?  This is a very important question.  While there is ample evidence that LTP is involved in memory formation, the exact connection between the establishment of LTP and the formation of memory is not clear.  To this point, there is evidence that modulating LTP in the hippocampus is related to modulation of memory, but all of that evidence shows correlation not causation.10  In addition there are some forms of neuronal plasticity such as sensitization and desensitization that have nothing to do with LTP.9  Recently there have been some experiments performed that demonstrate the necessity of LTP for memory formation in another area of the brain called the amygdala.45  Also, it has been found that declarative learning and memory formation, though greatly impaired, still can still occur when the hippocampus is damaged.10  There is no published proposed mechanism for this form of learning.  In addition, while the formation of memories is 
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The NMDA Receptor:  It’s not just about memory

Epilepsy



  Drug Abuse


       Schizophrenia  

While the NMDA receptor is key to the formation of LTP in the hippocampus, there are several other areas of investigation involving the NMDA receptor.

Epilepsy:

Epilepsy is a fairly common neurological disorder that involves periodic increased, rhythmic firing of action potentials in some region of the brain.  This results in seizures.  Epilepsy most likely has a number of different causes, and one of those causes is suspected to be misfunction of the NMDA receptors.  It is known that a large intravenous administration of NMDA will start seizures1 and that removing the magnesium block from neurons is enough initiate epileptic activity in the brain.2  This is may be due to the fact that magnesium normally serves as a inhibitor of neuronal activity by blocking calcium from entering the cell.  These increased action potentials that are initiated may be involved in epileptic activity in the brain.  In fact, dietary modifications involving the injestion of magnesium-rich foods and magnesium supplements have been recommended for some patients as a treatment for epilepsy.3
Drug Abuse:

Two different drugs of abuse are NMDA antagonists, phencyclidine (PCP) and ketamine.  The Lewis structure of each of these compounds can be seen below.  Both PCP and ketamine are dissociative drugs.  Individuals under the influence of these drugs have distorted perceptions of their environment and feel detached from the their environment.  In addition, ketamine and PCP can both cause hallucinogenic and psychotic events.

[image: image3.wmf]
Both of these drugs antagonize the NMDA receptor by binding to the channel region of the protein.  It may be the case that dissociation occurs because they alter the function of the hippocampus which is involved in integrating information.

Schizophrenia

The observation that PCP can cause psychotic symptoms similar to those seen in patients with schizophrenia started a significant amount of research into possible links between schizophrenia and the neurotransmitter glutamate.


4,5 ADDIN EN.CITE   In fact, these observations have given rise to the glutamate hypothesis of schizophrenia which posits that hypofunction of glutamate in some regions of the brain might be at least partially responsible for schizophrenia.  
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A generalized diagram of basin neuron anatomy.  Visual Ref. #1




















Fig 2:  A diagram of an idealized action potential measured intracellularly.  The shape of the action potential is generally very similar regardless of neuron type.  Vis. Ref. 2





Fig. 4:  A diagram from Bliss and Lømo demonstrating LTP in the dentate gyrus.  Prestimulated experimental cells responded  more profoundly than unstimulated control cells when a new stimulus is presented.  Vis Ref. #5





Fig 13:  The binding regions of the NR1 and NR2 receptor dimer.  NR1 is on the left. NR2 is on the right.  Vis Ref 13.
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Fig. 8:  The a computer generated simulation of the interior of the potassium channel.  Oxygens are depicted in red.  Note that the channel is lined with oxygen atoms.  These atoms are bonded to a carbonyl carbon.  Vis Ref #9





Fig 11:  The salt bridge formed between the amino acid transmitter glutamate (right) and argenine (left).  





Fig 12:  Differing images of the bound and nonbound iGlu receptors.  Note that the kainite receptor significantly changes structure upon binding glutamate.  Vis Ref. 10 & 11.





Fig 5:  A diagram showing differential conduction of ions through stimulated NMDA receptors with Mg present and with no Mg  present.  Vis ref. 6.





Fig 3.  A diagram of the position of the hippocampal formation in the adult human brain.  In the image on the left, the hippocampal formation is depicted in purple.  The basic anatomy of the hippocampal regions are shown in th broadest part of the hippocampus.  Vis Ref 4 &5.





Fig 14:  On the left is an image of the bound ligand-binding region of the NR1/NR2 subunit of the NMDA receptor.  The peptide backbone for the NR1 subunit is shown in blue while NR2 subunit is shown in grey.  All tyrosines and threonine residues are shown on the peptide chain.  On the right is a magnified view of the central region showning the possible hydrogen bonds between tyrosine and the two threonine residues on the on the NR2 subunit.  Vis Ref. 13





Fig 7:  A computerized simulation of potassium (left) and sodium (right) in the ion selective region of the K+ ion channel.  Note that sodium is unable to be stabilized by all oxygen atom in the channel.  Vis Ref #8





Fig. 6.  A diagram showing the important regions of ionotropic glutamate receptors.  Vis ref. 7





Fig. 9:  A diagram showing the presumed  subunit arrangement of the NMDA receptor.  Vis Ref. 10





Fig 10:  Glutamate binding with the NR2 subunit of the NMDA receptor.  Glutamate binds to the receptor through salt linkages (see below) and hydrogen bonding.  Vis Ref. 10 & 12 





When looking at the whole unit, the ball and stick model of the NMDA receptor does not, but closer inspection can reveal a significant amount of detail about, but closer inspection will reveal three different kinds of interactions that contribute to tertiary protein structure.  They are:


Disulfide bridges


R-group hydrogen bonding


Hydrophobic interactions


While there are other kinds of interactions that contribute to tertiary structure,  these three interactions are among the most important.





Fig. 3:  A Ball and Stick model of the NMDA binding site.  





Proteins take on their tertiary structure for a variety of reasons.  While the cartoon images are helpful in understanding the overall shape of a protein, they are not helpful in evaluating the mechanisms that give rise to those shapes.  In order to evaluate the reasons for the underlying structure, we must look at proteins in a different way.  One way to do this is by looking at ball and stick models of proteins.  An example can be seen on the next page.





Proteins:  Biopolymers with a Variety of Shapes








Fig 2:  A partial quaternary structure of the NMDA receptor.  The glycine and glutamate binding regions of the NMDA receptor can be seen in the figure.  Other subunits make up the full protein as well.  The NMDA receptor will only function if all of the subunits are present





Fig 1:  The tertiary structure of a peptide chain in the AMPA receptor proteinx.  As you can see both -helices and sheets are present inthis peptide.  While there may appear to be very little organization to the structure of this protein, the protein must be in this shape to function.  The active site of this protein can is located where the ball and stick model are located.





Proteins are polymers of amino acids. They play a number of roles in living things, including functioning as structural components in cells and as catalysts to make metabolic reactions possible under cellular conditions.  Proteins found embedded in the cell membrane are often called membrane-bound proteins.  The NMDA receptor is an example of a membrane-bound protein.  Proteins have at least three and sometimes four levels of organization.  These levels are called the primary, secondary, tertiary, and quaternary structures of proteins.  Primary and secondary structures have been reviewed previously.  Tertiary and quaternary structures are the 





Tertiary Structure is described as the overall structure of a peptide strand in a protein.  It is more encompassing than the simple structures that make up the primary and secondary structure of the protein.  The tertiary structure of a peptide chain found in the AMPA receptor can be found be seen below in Figure 1.





Quaternary Structure is the structure that is seen when two or more tertiary structures interact.  Proteins made up of multiple subunits will generally not function without all subunits present.  In Figure 2, you can see the quaternary structure of the receptor region of the NMDA receptor.
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Fig 6:  A model of NMDA receptor region with differentiated polar/ionic and nonpolar regions





Hydrophobic interactions are also important in determining the tertiary structure of a protein.  In the figure to the left, the wire frame portion of the molecule shows amino acid residues that are charged or polar while the ball and stick model represents the nonpolar residues.  Notice how in this NMDA receptor protein, which is located in the water-filled extracellular space, virtually all of the hydrophobic regions are in the interior of the protein and polar and charge regions are located on the outside.





Fig 5:  A Ball and Stick model demonstrating several hydrogen bonds





Fig. 4:  A Ball and Stick model demonstrating a disulfide bond.  A black line shows the covalent bond between the cysteine  sulfurs.





Hydrogen bonding is key to the formation of secondary structures, and it is also important in helping to tertiary structure of proteins.  In the accompanying figure, hydrogen bonding occurs between the electronegative nitrogen atoms participate in hydrogen bonding with the hydrogens that are covalently bound to oxygen.  These bonds do not occur to form a typical motif such as a beta pleated sheet, but instead occurs between two amino acid residues that are farther apart





Disulfide bridges are formed specifically between cysteine residues in a peptide or between peptides.  The R-group in cysteine is -CH2-SH.  When when a disulfide bridge forms the two cysteine residues are oxidized in the following reaction: (AA = amino acid residue w/o R-group)





AA-CH2-SH + HS-CH2-AA --> AA-CH2-S-S-CH2-AA + 2 H+ + 2e-.  





In this way, two amino acid residues that are not near each other (the two residues to the left are separated by 60 amino acid residues) can be covalently bonded.  This helps to stabilize the overall structure of the protein.
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