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ABSTRACT 
A few studies support the idea that the theta rhythm modulates synaptic plasticity 

by demonstrating that the phase of the theta cycle at which the induction stimuli are 

delivered determines the nature of the resulting synaptic plasticity. These studies were 

conducted in urethane-anesthetized animals and in vitro slice preparations where the theta 

rhythm is artificially generated. Our goal was to find whether and how natural theta 

activity affects synaptic plasticity in the hippocampus of adult and old freely behaving 

animals. In both adult and aged, memory-impaired rats, LTP lasting at least 48 h was 

induced when stimuli were delivered at theta peak. No change in synaptic strength was 

observed when stimuli were delivered at theta trough. These observations indicate that 

the naturally occurring theta rhythm modulates synaptic plasticity, and suggest a 

mechanism by which the phase of firing could contain meaningful information. The 

degree of LTP, however, was significantly smaller in the old animals. 

To better understand the conformational changes and the dynamic interactions 

that govern ion-channel kinetics we developed a new approach using simultaneous 

single-channel patch-clamp recording and single-molecule fluorescence microscopy. 

Gramicidin monomers were tagged with a fluorescence dye and single-channel current 

was recorded from gramicidin channels in the bilayer that was formed at the tip of a patch 

pipette. Co-localization and fluorescence resonance energy transfer (FRET) within a 

single gramicidin dimer were probed. The new technique made it possible to directly 

capture the conformational dynamics between the two gramicidin monomers by 

observing the changes in the distance between the attached dye molecules. 

The molecular interactions of the NMDA receptor with its ligands determine the 

dynamic properties of activation and desensitization that in turn shape NMDA receptor 

mediated currents. We have monitored the occurrence and intensity changes of FRET 

between two fluorescence-labeled agonists at the glutamate binding site of the receptor, 

simultaneously with single channel current recording. These observations can be 

translated to dissociation/association rates and aid in our understanding of the 

mechanisms that underlie the transitions of the receptor between different kinetic states. 
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OVERVIEW 
A role for the hippocampal theta rhythm in spatial learning is suggested by the 

observations that theta appears during exploratory behaviors, disruption of the rhythm 

impairs the animal performance on spatial tasks, the peak excitability of hippocampal 

neurons is phase-locked to the theta cycle, and the phase of firing of place cells changes 

systematically with the spatial location of the animal. A few studies support the idea that 

theta oscillations modulate synaptic plasticity by demonstrating that the phase of the theta 

cycle at which the induction stimuli are delivered determines the nature of the resulting 

synaptic plasticity. These studies were conducted in urethane-anesthetized animals and in 

vitro slice preparations where the theta rhythm is artificially generated. There are 

significant differences, however, between these oscillations and the theta rhythm that 

occurs naturally during exploratory behavior. Our first goal was to find whether and how 

natural theta activity affects synaptic plasticity in the hippocampus of freely behaving 

animals. Because spatial memory is deficient in aged animals, our second goal was to 

find whether the effect of the theta rhythm on synaptic plasticity differs between adult 

and old rats. Long Term Potentiation (LTP) at perforant path-granule cell synapses was 

induced by minimal stimulations at the peak or at the trough of the theta rhythm of freely 

running adult and old rats. Synaptic plasticity was assessed by the magnitude and 

duration of LTP recorded at the hilus of Fascia Dentata. In both adult and aged, memory-

impaired rats, LTP lasting at least 48 h was induced when stimuli were delivered at theta 

peak. No change in synaptic strength was observed when stimuli were delivered at theta 

trough. These observations indicate that the naturally occurring theta rhythm modulates 

synaptic plasticity, and suggest a mechanism by which the phase of firing could contain 

meaningful information. The degree of LTP was significantly smaller in the old animals. 

This reduction in the magnitude of LTP in the presence of preserved modulation by the 

theta rhythm suggests that the observed deficit in spatial learning of old rats is due, in 

part, to the deficit in LTP induction. 
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The function of ion channels is tightly regulated by their structural changes and 

their molecular interactions. These conformational changes and dynamic interactions are 

inferred from ensemble measurements that reflect averaged properties of heterogeneous 

states that could become visible at the single molecule level. To better understand the 

structural basis and the dynamic interactions that govern channel icinetics we developed a 

new approach that allows us to correlate single-channel activity with single-molecule 

conformational and interaction dynamics using simultaneous single-channel patch-clamp 

recording and single-molecule fluorescence microscopy. This correlation could then 

elucidate the conformational events and the molecular interactions that are responsible 

for the channel kinetic behavior. We chose the gramicidin channel as a model system for 

developing the technique, and for investigating the conformational changes that control 

the activity of the channel. Gramicidin is a 15-amino acid P-helix that forms a channel by 

dimerizing head-to-head at the N-termini in the interior of a lipid bilayer. Each 

Gramicidin monomer was tagged with a fluorescence dye and single channel current was 

recorded from gramicidin channels in the bilayer that was formed at the tip of a patch 

pipette. Asymmetric incorporation of gramicidin monomers that were labeled with two 

different fluorescent molecules led to the formation of single channels tagged with two 

different dyes. Co-localization and fluorescence resonance energy transfer (FRET) 

within a single gramicidin dimer were probed by multicolor excitation and donor-

acceptor two-channel fluorescence imaging. Our observations suggest that a broad range 

of conformational states are nonconductive, the two monomers are fully or partially 

associated during nonconductive states, and an increase in channel conductance is 

governed by the degree of association between the two monomers. The new technique 

made it possible to directly capture the conformational dynamics between the two 

gramicidin monomers by observing the changes in the distance between the attached dye 

molecules. This approach provides a physical evidence for the conformational changes 

that are responsible for the observed dynamics in channel conductance. 

NMDA receptors play a crucial role in synaptic plasticity. Their responses lead to 

calcium currents of precise dynamics that in turn determine the fate of the synapse. 
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The kinetic activity of NMDA receptor is governed by the dynamic interactions of the 

receptor with its ligands and many modulators. These interactions determine the dynamic 

properties of activation and desensitization that in turn shape NMDA receptor mediated 

currents. The molecular determinants that participate in NMDA receptor activation and 

desensitization have been studied intensively but the dynamic interactions between the 

receptor and the agonists during and between the kinetic states are only assumed. Our 

goal is to test the assumption that desensitization of the NMDA receptor is correlated 

with an increase in binding affinity of the agonists to the receptor, and to investigate the 

possibility that there are changes in the interaction dynamics during the activation burst 

and the following long lasting desensitized states. We look at the occurrence and intensity 

changes of FRET between two fluorescence-labeled agonists at the glutamate binding site 

of NMDA receptor simultaneously with single channel current recording. When 

correlated with single channel current traces, occurrence of FRET reports the binding of 

at least two agonists to the receptor, information that can be translated to 

dissociation/association rates of single molecules during open and desensitized states. 

Intensity changes in FRET report changes in the interaction dynamics of the agonists to 

the receptor during the different kinetic states. Tetramethylrhodamine- or CyS-labeled 

cysteine were found to act as agonists at the glutamate binding site leading to a similar 

kinetic activity of the receptor as does glutamate. During desensitized states, FRET 

occurrences were interspersed with tens of ms of no detected signals, suggesting dynamic 

binding/unbinding fluctuations in the interaction of the agonists with the receptor. Further 

investigations will make it possible to evaluate whether this dynamic activity is unique to 

a certain state, and whether there is a sequence in the pattern of the activity that could 

predict the sequence of the kinetic states. These molecular interactions can shed light on 

the mechanisms that underlie the transitions of the receptor between the different kinetic 

states. 
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1. LITERATURE REVIEW 

1.2 Theta Rhythm Modulation Of Synaptic Plasticity 

1.2.1 Theta Rhythm 
Introduction 

One of the most prominent and regular rhythms in the rat brain is the theta 

rhythm. Unique to the hippocampus and neighboring areas, this synchronized rhythmic 

oscillation of the neuronal-population membrane-potential has been implicated in the 

process of spatial learning. The rhythm generator of these 3-12 Hz oscillations is the 

medial septum vertical limb of the diagonal band of Broca, where GABAergic and 

cholinergic neurons discharge rhythmically at theta frequency (Petsche et al., 1962; 

Apostol et al, 1974; Alonso et al., 1987). Ascending brainstem pathways that originate in 

the rostral pontine synapse on midline caudal diencephalic nuclei that in turn send 

projections to the medial septum (MS). GABAergic and cholinergic MS projections reach 

the hippocampus mostly via the fornix/fimbria pathway (e.g., Petsche et al., 1962; Vertes 

and Kocsis, 1997; Bland et al., 1999). MS GABAergic neurons terminate mostly on 

hippocampal intemeurons (Freund and Antal, 1988), whereas the cholinergic septal 

neurons synapse on both hippocampal principal cells and intemeurons (Leranth and 

Frotscher, 1987). 

The Role of Inhibitory Intemeurons in Theta Generation 

Accumulating evidence supports a model where rhythmic septal GABAergic 

neurons that synapse on hippocampal basket and chandelier cells can account for the 

somatic rhythmic disinhibition of hippocampal principal cells. The intracellular correlates 

of the theta rhythm in identified hippocampal neurons provides a strong support for this 

model (Ylinen et al., 1995). Recording of the EEG theta rhythm in CAl pyramidal layer 

simultaneously with intracellular recording from hippocampal pyramidal, granule or 

basket cells was conducted in urethane-anesthetized rats. The ftequency of the 

intracellular theta oscillations that were coherent with the extracellular rhythm was not 

altered with changes in the membrane potential of either one of the three cell types. A 
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phase shift and change in amplitude was observed, however, with changes in membrane 

potential. Most importantly, the reversal potential of these oscillations was found at the 

chloride equilibrium potential. These observations indicate that the main rhythm 

generator is extrinsic to hippocampal neurons and is dominated by chloride currents. 

Action potentials in pyramidal cells tended to be phase-locked to the negative peak of the 

extracellular theta recorded from the CAl pyramidal layer. The discharge of oscillating 

basket cells was phase locked to the positive phase of the extracellular theta rhythm in the 

pyramidal cells. This observation is highly suggestive of rhythmic somatic disinhibition 

of principal cells, by rhythmic inhibition of basket cells, in the anesthetized rat. In the 

awake animal, however, intemeurons do not show homogeneous behavior relative to 

theta phase, where some are deeply modulated by the theta rhythm (Skaggs et al., 1996). 

There are several classes of intemeurons in the hippocampus, as is discussed later, but on 

average, intemeurons fired approximately 60 degrees phase advanced to the peak of the 

pyramidal cell population. The granule cells resting membrane potential is more 

hyperpolarized than all other neuronal populations, and they rarely fire during theta. 

Intracellular theta frequency oscillations of the membrane potential are less regular than 

the extracellular theta rhythm. When depolarized, the amplitude of granule cells' 

intracellular oscillations increase and firing occurres during the negative phase of the 

extracellular theta in the pyramidal cell-body layer, around the peak firing of the CAl 

pyramidal cells. Skaggs and colleagues (1996) found that granule cells tend to fire 90 

degrees before CAl pyramidal cells' maximal discharge. 

Of the many classes of hippocampal intemeurons, there are three classes that 

might play an important role in generation of the theta rhythm. As mentioned above, the 

basket and chandelier cells are shown to provide rhythmic perisomatic inhibition to 

principal cells. The O-LM (oriens lacunosum-moleculare) and the HIPP (hilar 

intemeuron with perforant path axon projection) intemeurons (Halasy and Somogyi, 

1993; Freund and Buzsaki, 1996) innervate the presynaptic entorhinal terminals on the 

distal apical dendrites of the principal cells, the area where theta amplitude reaches its 

maximum. These intemeurons are excited by CAl, CA3 and granule cells local 
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collaterals and are thought to provide a feedback mechanism to prevent the firing of 

weakly-excited principal cells. There are more inhibitory relative to excitatory terminals 

in stratum lacunosum moleculare than in stratum radiatum (Megias et al., 2001). If these 

inhibitory terminals fire in phase with the entorhinal input, they could reduce the 

excitatory input (Buzsaki, 2002). The third group of septally-projecting intemeurons 

contains the back-projection cells that are excited by CAl pyramidal cells and innervate 

intemeurons in the hilus and CAS regions, as well as sending collaterals to the MS (Sik 

et. al., 1994). This inhibitory-excitatory-inhibitory loop that integrates the hippocampus 

and the MS could provide a synchronized rhythm to the network. 

The inhibitory loop that exists between calbindin-containing hippocampal 

intemeurons and GABAergic septal neurons has been documented, but its role in theta 

generation is not clear (Alonso and Kohler, 1982; Gaykema et al., 1991; Toth et al., 1993; 

Toth and Freund, 1992). To address the contribution of the hippocampo-septal 

projections to theta generation, E)ragoi and colleagues (1999) argued that the synchronous 

discharge of pyramidal cells during sharp wave (SPW) ripples provides an isolated event 

of hippocampal intemeurons activation, unlike their complex activation during theta. The 

unidirectional effect of hippocampal intemeurons on MS neurons could then be assessed 

by correlating hippocampal SPWs with MS neuronal activity without the involvement of 

septo-hippocampal projections that are activated during theta rhythm. 

When hippocampal EEG during sharp wave ripples or during theta was correlated with 

single units recorded in the MS, most MS neurons showed suppressed discharge during 

SPW. The discharge of these cells during theta rhythm corresponded to the maximum 

discharge of CAl intemeurons. The observation that both neuronal populations 

discharged maximally on the same theta phase indicated that the relationship between 

them is more complex than a simple inhibitory mechanism. There is strong anatomical 

evidence for the hippocampal innervation of septal GABAergic cells (Toth et. al., 1993), 

but the possibility that the recorded septal neurons were cholinergic cannot be mled out 

in the study described above. This study supports the notion that SPW ripples and theta 

rhythm reflect two different functions that might use the same system in opposite ways. 
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Septal neurons that are inhibited during SPWs fire in phase with the theta rhythm, 

revealing a hippocampo-septal connection that is tied to the functional state of the 

system. 

A crucial role for hippocampal intemeurons in the generation of membrane 

potential oscillations has become obvious. As Tsodyks and his colleagues (1997) wrote: 

"intemeurons govern the activity of principal cells in somewhat the same sense that 

shepherds govern the activity of sheep". Based on their model they found that increasing 

the extemal inhibitory input to the intemeurons unexpectedly increased their activity. For 

this increase to occur, the recurrent connections among the excitatory cells had to be 

strong enough to drive the excitatory network to an unstable state, if inhibition was 

removed. This requirement can be understood based on the feedback excitation of 

intemeurons by their target principal cells, and by their interconnections with other 

intemeurons. This study showed that inhibitory-inhibitory connections are critical to the 

stability of recurrent excitatory networks. When oscillating inhibitory input to 

intemeurons is applied, the intemeurons and the excitatory neurons oscillated in 

synchrony. This is in contrast to the expected 180 degrees out-of-phase oscillation that 

should arise by modulating the activity of intemeurons only. The synchronous discharge 

of pyramidal and intemeurons in CAl has been demonstrated in awake animals during 

theta (Fox et al., 1986; Skaggs et al., 1996; Csicsvari et al., 1999), when oscillating 

inhibitory input to the intemeurons by the MS is observed. The model shows how a shift 

in this synchrony can occur when excitation of recurrent and intemeurons is decreased. 

Such a decrease probably takes place under anesthesia, when entorhinal input is 

attenuated, leading to a 180 degrees phase shift of intemeuron discharge relative to 

pyramidal cells. This model is in agreement with the observed synchronous discharge of 

pyramidal ceils and intemeurons during theta but not with the observed dipole (Kamondi 

et al., 1998; Csicsvari et al., 1999). This dipole is generated rhythmically by two 

simultaneously acting current sources, and is discussed later. 

The crucial role of the relative timing of spikes in synaptic plasticity (as is 

discussed later) emphasizes yet another powerful role of intemeurons. Basket cells can 



induce rebound spiking in pyramidal cells, and tightly control their discharge (Ritz and 

Sejnowski, 1997), thus tightly control synaptic plasticity. 

The Role of Endogenous Rhythmic Oscillations of Hippocampal Cells 

To find whether a cell is purely an intrinsic resonator, it has to be isolated from 

other cells. The majority of the studies to address this issue have been conducted in the 

slice preparation using pharmacological agents to block neurotransmission. In most cases 

neuromodulators were not considered and the observed oscillations could reflect network 

properties of a region. Septo-hippocampal cocultures, however, exhibit responses that 

suggest that CAS cells but not CAl cells respond to septal muscarinic synaptic inputs 

with theta-like oscillations (Fischer et al., 1999). In the absence of synaptic transmission, 

pyramidal ceils in hippocampal slices show intrinsic sub-threshold membrane potential 

oscillations in the theta frequency when injected with depolarizing current (Leung and 

Yin, 1991). Sodium and TEA-sensitive potassium channels are found to be responsible 

for these oscillations. Intemeurons located near the border of stratum radiatum and 

stratum lacunosum-moleculare display membrane potential oscillations in the theta 

frequency in the slice preparation when depolarized in the presence of CNQX, APS and 

bicuculline (Chapman et al., 1999). These oscillations are eliminated in the presence of 

tetrodotoxin. Support for the existence of intrinsic resonators among CA3 pyramidal cells 

comes from studies of slice preparations in the presence of carbachol, as is discussed 

later. 

The Role of Septo-Hippocampal Cholinergic Input 

A role for septal cholinergic, in addition to GAB Aergic neurons, in the 

generation of theta in the hippocampus has been proposed by Vertes and Kocsis (1997). 

They acknowledge the fact that a direct excitation of hippocampal cells by the 

cholinergic input as a rhythmic generator is unlikely, based mostly on the slow 

modulatory nature of acetylcholine in the hippocampus (Cole and NicoU, 1983; Stewart 

et al.l992; Hasselmo and Fehlau, 2001). Theta amplitude is not affected by atropine 
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treatment, but selective elimination of septal cholinergic neurons strongly affects theta 

amplitude (Lee et al., 1994). On the other hand, MS lesions abolish theta oscillations in 

the entorhinal cortex, raising the possibility that nicotinic receptors are involved in theta 

generation in the entorhinal cortex. Several studies support a disinhibitory role for ACh in 

the hippocampus. Such a mechanism was shown to underlie the potentiation of 

population spikes (Kmjevic et al., 1981; Ben-Ari et al., 1981). In addition, carbacol was 

shown to reduce evoked IPSPs, resulting in increased EPSPs size and duration (Hass, 

1982; Valentino and Dingledine, 1981), as well as reducing the frequency of miniature 

IPSC currents (Behrends and ten Bruggencate, 1993). Together with the direct reduction 

in potassium conductance of hippocampal cells by ACh (Segal, 1988; Madison et al., 

1987; Dutaret al., 1995; Dodd, l98I;Cole and Nicoll, 1984), Vertes and Kocsis (1995) 

proposed that the rhythmic septal cholinergic input to the hippocampus contributes to the 

depolarizing phase of the pyramidal cells by inhibiting intemeurons and directly 

depolarizing pyramidal cells synchronously with rhythmic septal GABAergic inhibition 

of intemeurons. This model ignores the observations of cholinergic inhibition of 

excitatory synaptic transmission by pre-synaptic mechanism (Segal, 1988; Valentino and 

Dingledine, 1981; Williams and Johnston, 1990). This model also places little emphasis 

on a role for the entorinal cortex in the generation of the theta rhythm. This is based on 

the observation that the rhythm is not abolished by lesions of the entorhinal cortex, but 

acknowledges its contribution to the amplitude of this rhythm. 

Infusion of muscarinic agonists diiecdy into the MS elicits the hippocampal theta 

rhythm (Monmaur and Breton, 1991; Lawson and Bland, 1993) and enhances leaming in 

rats (Givens and 01ton,1990, Markowska et al., 1995). It has been presumed, yet not 

proven, that muscarinic agonists enhance leaming and memory by exciting septo-

hippocampal cholinergic neurons that increase ACh release in the hippocampus. In 

contrast, Wu and colleagues (2000) showed that ACh inhibited a subpopulation of 

cholinergic neurons and strongly excited septo-hippocampal GABAergic neurons. This 

Ending is intriguing in light of the strong evidence for septal GABAergic neurons role in 
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theta rhythm generation and supports the view that theta plays an important role in 

learning and memory. 

The Nature of Carbachol theta 

Some observations suggest that the CA3 recurrent collateral system can act as a 

rhythmic generator. After surgical removal of the entorhinal cortex, the remaining theta 

appears to depend on the integrity of the CA3 region (Bragin et al., 1995). Together with 

the observed high correlation of theta ±ythm between CAl stratum radiatum and the 

inner third of the dentate molecular layer (where intra-hippocampal associational 

projections terminate), the recurrent CA3 network and possibly the hilar mossy cells are 

proposed to act as the hippocampal oscillator (Buzsaki, 2002). In agreement with the 

observation that the remaining theta after entorhinal lesions is sensitive to atropine, the 

CA3 network needs ACh for activation. Carbachol elicits theta-like oscillations in the 

slice preparation where the concentration of the drug controls the magnitude and the 

synchrony of the oscillations. Intemeurons are shown to be entrained by the network 

(McMahon et al., 1998), but they are not essential for the rhythm (Fellous and Sejnowski, 

2000). 

Unlike the pattern of discharge of CA3 neurons in vivo, during carbachol 

oscillations these cells exhibit high frequency bursts on top of rhythmically oscillating 

plateaus, reminiscent of rhythmic oscillator cells in the stomato-gastric ganglia, for 

example. Williams and Kauer (1997) recorded field potentials and single cell activity 

using a whole cell patch-clamp in hippocampal slices exposed to carbachol. They found 

that carbachol failed to elicit oscillations in the CAl region when it was isolated from the 

CAB region. Thus, CAl oscillations were generated in CAS and propagated synaptically 

to CAl. The spread from CAB to CAl was under the control of NMDA receptors, similar 

to the propagation that was observed during epileptiform bursting. Once established in 

CAl, but not earlier, the oscillation was resistant to APS. In contrast, CAB oscillations 

could appear in the presence of APS. Two simultaneous oscillations were observed in 

certain CAB cells, one was faster than the theta frequency and the other was at theta 
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frequency. The oscillations at theta frequency were blocked by .\MPA receptor 

antagonist DNQX. The antagonist disconnected the pyramidal cells from one another but 

did not interfere with the underlying intracellular rhythm in individual cells. Unlike the 

previously observed lack of effect by GABAA receptor blockade, this study demonstrated 

a disassembly of rhythmic bursting into individual events. Ml and M3 muscrinic 

receptors, found on CA3 pyramidal cells, were necessary for the carbachol oscillations. 

M2 receptors, found mostly on non-pyramidal cells, had no effect on the oscillation. 

Blockade of the M4 receptor, probably on GABAergic neurons, disrupted the oscillation 

in the same way as did bicuculline and nicotine. 

Although carbachol oscillations reflect the "tuning" frequency band of CA3 

neurons in vivo, it differs substantially from theta rhythm in vivo or under anesthesia. 

Pyramidal cells are mostly silent during theta in vivo but fire intensively during carbachol 

oscillations. The CA3 region contribution to membrane potential oscillations in vivo is 

minimal, yet carbachol oscillations in the CAl region completely depended on the CAB 

region. A dependency of the theta rhythm on GABAergic transmission is evident in vivo 

and under anesthesia, with phase reversal at the chloride equilibrium potential. In 

carbachol oscillations, local GABAergic neurons could play a role in organizing the 

bursting pattern. Carbachol oscillations more closely resemble the interictal bursting that 

is reported in several epilepsy-like models (Traub and Wong 1982; McBain et al., 1993; 

Nagoa et al., 1996), where pilocarpine and other muscarinic agonists are used in vivo to 

produce clinical epilepsy pathologies. 

Based on the observation that the intra-hippocampal CA3 theta oscillator could 

change its frequency and phase independently of the entorhinal input (Kocsis et al., 

1999), it is possible that this oscillator plays a role in vivo in timing principal cell 

discharge and in the phase precession of action potentials relative to theta. 

Two Current Sources in Theta Rhythm Generatioii 

Buzsaki and his colleagues (2CX)2) emphasize the critical role for the entorhinal 

cortex in current generation during the theta rhythm, in addition to the MS rhythm 



generator. Two current sources are involved in the generation of theta. One current 

source is generated by a somatic IPSP caused by basket and chandelier ceils that 

discharge at the gamma frequency in repeated cycles of the theta rhythm (Artemenko et 

al., 1972; Fox, 1989; Leung and Yim, 1986). As mentioned earlier, rhythmic patterns in 

hippocampal intemeurons' firing originate from rhythmic septal cholinergic and 

GABAergic input. Basket and chandelier cells could also be driven by the entorhinal 

cortex, CA3 recurrent collaterals or CAl afferents. The second current source is 

generated by the rhythmic excitation of the distal dendrites by entorhinal afferents. Based 

on the observation that the theta wave reaches maximum amplitude at the fissure, the 

latter mechanism must be the largest contributor to this current source. Based on current 

source density (CSD) measurements and on intra and extracellular recording in the 

hippocampus, Kamondi and colleagues (1998) have shown that "distal dendritic 

depolarization of the pyramidal cell by the entorhinal input during theta overlaps in time 

with somatic hyperpolarization". A striking oscillating somatic hyperpolarization and 

dendritic depolarization were observed intracellularly with the appearance of theta in the 

pyramidal layer (induced spontaneously or by tail pinching). This mechanism could 

account for the relative silence of principal cells during the theta rhythm. Spiking, when it 

occurs, usually takes place during the negative phase of the local field theta wave, when 

the soma is least polarized. This two-current-source model is appealing yet fails to 

reconcile the contradicting observations of maximal discharge of pyramidal cells 

coinciding with minimal entorhinal cortex input, and with maximal discharge of 

intemeurons in freely behaving animals. A possible explanation for these seemingly 

contradicting observations could arise from careful consideration of CA3 Schaffer 

collateral input to stratum radiatum, as the source for CAl discharge, rather than the 

entorhinal afferents input to stratum lacunosum moleculare. Nevertheless, Paulsen and 

Sejnowski (2000) suggested a role for the overlap of maximal discharge of intemeurons 

and principal cells relative to theta phase in controlling the exact timing of pyramidal 

cells' firing at 40 Hz subcycles. They based this assumption on the observation that the 
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spiking of both cell populations are phase-locked to ganuna oscillations locked to the 

theta rhythm. 

Theta rhythm under anesthesia 

Atropine-sensitive theta rhythm is isolated under anesthesia because the rhythm 

disappears when muscarinic blockers such as atropine are applied to the anesthetized 

animal. Muscarinic blockers do not affect the amplitude or frequency of atropine-resistant 

theta rhythm in the awake animal, even with large systemic doses of the drug. The exact 

site of atropine action is not known but is more compatible with the associational -

commissural input and with perisomatic inhibition than with septo-hippocampal 

cholinergic terminals that are present in all layers (Buzsaki, 2002; Kamondi et al.. 

1998a). Ylinen and colleagues (1995) measured the voltage as a function of depth in the 

hippocampus and found that the phase-depth profile of the theta rhythm in urethane 

anesthetized animals and in animals where the entorhinal cortices were removed was 

similar, in contrast to the profile that was found in intact awake rats. This observation 

suggests that the mechanisms that underlie theta generation in anesthetized animals are 

different than those in the awake animal, and supports the idea that the entorhinal cortex 

is involved in the generation of the rhythm. In addition, the remaining theta after 

entorhinal lesions becomes atropine-sensitive (Buzsaki et al., 1983; Vanderwolf and 

Leung 1983). This observation led to the conclusion that the entorhinal projections to the 

hippocampus are responsible for the atropine-resistant element of theta, and that the 

receptors between entorhinal afferents and hippocampal principal cells are urethane 

sensitive. Fast-acting AMPA receptors cannot fully explain the entorhinal contribution to 

the dipole, but the NMDA receptor is a possible target for urethane sensitivity because 

atropine together with ketamine, CPP or APV can abolish all theta activity in the 

hippocampus (Soltesz and Deschenes, 1993). The release of glutamate from presynaptic 

vesicles was attenuated by urethane (Moroni et al., 1981), and could affect syn^tic 

release in the entorhinal pathway as well as in intrinsic hippocampal connections. 
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1.1  ̂Synaptic Plasticity 
Relevance to Learning and Memory 

Thirty years of intensive search for direct proof that LTP is involved in learning 

and memory has ended with strong, yet still indirect evidence. The reason for this could 

lie within the very nature of LTP in the hippocampus, where it is studied the most. 

Theoretical models predict the recruitment of only a small fraction of synapses for 

encoding of a given memory in the hippocampus, which increases network storage 

capacity, and decreases overlap (review in Barnes, 1995). In addition, the total synaptic 

weight could remain constant in a network where LTP and LTD take place 

simultaneously. LTD could prevent saturation of LTP, increase signal-to-noise ratio, 

serve as a form of forgetting (Poe et al., 2000), and "punishing" synapses that were 

activated in the wrong context (Barnes et al., 1994). LTP and LTD could be interchanged 

and some observations support the idea that LTD is the main form of synaptic 

modification in the cerebellum. One of the earlier observations that strongly supported 

the involvement of LTP in learning came from a study (Barnes, 1979) that showed a 

significant correlation between the rate of LTP decay in the hippocampus and the rate of 

forgetting spatial tasks, and between the degree of LTP and spatial learning in a study 

that compared young and old animals (Barnes and McNaughton, 1985). A large number 

of studies have accumulated to support theoretical predictions that were built on Hebb's 

original ideas about the mechanisms and nature of LTP. LTP was shown to require 

repetition, cooperativity and associativity for induction, it lasts weeks and it is specific to 

the activated synapses. The requirement for NMDA receptor activation for LTP (and 

LTD) induction satisfied Hebb's prediction for a coincidence detector for successful 

activation (or depolarization by other mechanisms) of the postsynaptic cell by the 

presynaptic cell. Memory impairment is evident when LTP is blocked, and when LTP 

saturation of the hippocampus is induced (Castro et al., 1989; Moser and Moser, 1998). 

A recent study (Xu et al., 1998) demonstrates that exploration of a new, non-

stressful environment rapidly and completely reverses LTP induced by high frequency 

stimulation in the CAl region. Such exposure to a novel environment did not affect 
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baseline transmission in control pathway, and exploration of a familiar environment did 

not affect previously induced LTP. LTP induction and late-LTP were not affected. 

Interestingly, the power of the theta rhythm increased as the animal entered the novel 

environment but the effect of velocity on theta power was not considered. These 

observations were consistent with the predicted dependency of changes in synaptic 

efficacy on previous experience, or on the history of plasticity at the synapses. The 

demonstration that depotentiation of recently potentiated synapses occurred only when 

new information was acquired, could explain the difficulty of detecting natural LTP 

because this redistribution of synaptic strength leads to little or no net change. The 

behaviorally-induced depotentiation of artificially induced LTP supports the view that 

LTP reflects the natural mechanism that takes place during learning. 

Another recent study (Villarreal et al., 2001) demonstrated that the competitive 

NMDA receptor antagonist CPP was able to block perforant path- granule cell LTP decay 

with a daily administration right after LTP induction. Drug administration for 5 days 

following induction enhanced memory retention as was tested on the 8-arm radial maze. 

When CPP was administered two days after LTP induction, protein synthesis-dependent 

late LTP decay was blocked as well. This study demonstrates that LTP decay could be 

controlled by NMDA receptor-dependent process that enables formation of new 

memories by becoming vulnerable to depotentiation. Depotentiation could keep net 

synaptic weights unchanged and free this set of synapses to participate in the encoding of 

a new memory. This study also repeated the observation of Barnes (1979) more than 20 

years ago, in which it was reported that LTP decay correlates with spatial memory. 

Support for behaviorally-induced asymmetric Hebbian synaptic strengthening 

(LTP) during sequence learning comes from a study by Mehta and colleagues (1997, 

2000). Place-fields of CAl pyramidal cells showed an asymmetric expansion of their 

place-fields in the opposite direction to the movement of the rat. This backward 

expansion shifted the center of the field to an earlier location in the path, as is expected 

from a learned and memorized information sequence (Abbott and Blum, 1996). When the 

cells exhibited place-fields in another new environment, a new backward expansion 
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appeared as the rat repeated the new path, indicating the involvement of a new set of 

synapses, as expected of neurons in a sparsly coding network. Ekstrom et al. (2001) 

blocked NMDA receptors to test the assumption that backward, asymmetric 

strengthening of synapses between cells with overlapping place-tleld was responsible for 

the expansion. In the presence of CPP, just like in old, memory deficient rats (Shen et al., 

1997), place-fields failed to expand, supporting the assumption that an NMDA-dependent 

LTP-like mechanism, was necessary for the expansion to occur. Finally, the backward 

expansion is observed in familiar environments, raising the possibility that in order for 

information to be kept in memory (as synaptic strength distribution), repeated 

strengthening of the involved synapses is necessary. Together, theses data suggest that 

this experience-dependent expansion might play a role in retention of new memories. 

Fear conditioning has been shown to increase synaptic strength in the amygdala in 

vivo and in vitro (Rogan et al., 1997; McKerman and Shinnick-Gallagher, 1997), and 

motor learning increased synaptic strength in the horizontal connections of the rat motor 

cortex after motor skills learning occurred (Rioult-Pedotti et al., 1998). Whether these 

connections were strengthened by an LTP-like mechanism is not clear. Rioult-Pedotti and 

colleagues (2000) argue that if LTP is used to achieve synaptic enhancement during 

learning and this process is saturable, then induction of LTP after learning should 

produce less LTP. This logic underlies earlier studies described above, where learning 

deficits were observed after LTP saturation in the hippocampus. The authors first defined 

the synaptic modification range by inducing LTP or LTD until saturation was reached. 

Because there is a significant change in epsp amplitude at the horizontal connections of 

the rat motor cortex after leaming motor skills, synapses that were closer to their ceiling 

express reduced electrically-induced LTP and increased LTD in the trained motor cortex 

relative to the untrained, ipsilateral motor cortex. This study strongly suggests that 

leaming induced LTP and electrically-induced LTP may share common mechanisms. 
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Mechanism of Generation 

With enough depolarization of the postsynaptic cell, Mg^ block of the NMDA 

receptor is removed, and the channel is activated when glutamate is released from the 

presynaptic cell. The NMDA receptor thus acts as a coincidence detector for pre-and 

post-synaptic events. The highly synchronous population activity that is generated by 

high frequency stimulations provides the two requirements for NMDA receptor 

activation, but has not been observed in nature. One of Hebb's postulates was that 

presynaptic activity must precede the activity in the postsynaptic element for synaptic 

modification to occur. It turns out that the timing of postsynaptic depolarization relative 

to presynaptic release of glutamate is crucial for inducing changes in synaptic strength 

(Markram et al., 1997; debanne et al., 1998; Zhang et al., 1998). Presynaptic action 

potentials followed by postsynaptic action potentials within 20 msec leads to LTP in 

cultured neurons. Reversal of this order, where the presynaptic action potential came 

within 20 msec after postsynaptic activity leads to LTD (Bi and Poo, 1998). Interestingly, 

the transition between LTP and LTD occurred within a time difference of a few 

milliseconds. How such a precise timing initiates two opposite molecular paths, is yet to 

be elucidated. This protocol failed to induce LTP in adult animals, but LTP was 

successfully induced when a postsynaptic burst, rather than a single action potential, was 

paired with synaptic input, or with a single presynaptic spike in adult neurons (Pike et al., 

1999; Thomas et al., 1998). This observation could be explained, in part, by NMDA 

receptor holding on to its ligands for hundreds of msec (personal observation), whereas a 

transient increase in dendritic depolarization as a result of an action potential is an order 

of magnitude faster. For a sufficient overlap to occur, the longer process should start first. 

Backpropagating action potentials have been shown to reach the dendritic tree by 

activating sodium and potassium channels (Johnson et al., 1999), and to trigger the 

activation of dendritic calcium channels (Koester and Shakmann, 1998). These two 

mechanisms could depolarize the postsynaptic proximal and distal dendrites (Kamondi et 

al., 1998; Magee and Johnston, 1995 and 1997; Markram et al., 1997; IDebanne et al., 

1998; Bi and Poo, 1998). The relative timing of the backpropagating action potential and 
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the synaptic activation determines the dendritic level of calcium. Larger calcium 

transients are detected when the action potential follows the epsp. Dendritic calcium 

spikes are triggered in neocortical neurons when epsps are followed by backpropagating 

action potentials within 3-7 ms (Larkum et al., 1999) and are followed by fast action 

potentials in the hippocampus of anesthetized rats (Kamondi et al., 1998). 

It is well established that the level of dendritic calcium determines the nature of 

the induced changes in synaptic strength. Malenka and colleagues (1988) showed that the 

elevation of intracellular calcium by photolysis of nitr-5 induced long lasting potentiation 

(LLP) in CAl pyramidal cells, but not long lasting depression (LLD). A recent study 

looked for the threshold level of calcium that determines whether LLP or LLD would be 

induced (Neveu and Zucker, 1996). By gradually increasing intracellular calcium by 

photolysis of Nitr-5, either LLP or LLD was induced in different cells with similar levels 

of calcium. A differential concentration threshold for the induction of either one was not 

observed. This finding suggests that the spatiotemporal dynamic changes in dendritic 

calcium, rather than global concentration levels are responsible for the differential 

induction of LTP and LTD, and that these dynamic changes are fine-tuned to the dynamic 

interactions between the molecules down the molecular cascade. 

A key molecule in the molecular cascade is the neuronal Ca~'^/calmodulin 

dependent kinase II (CaM kinase U), whose unique structural and regulatory properties 

allow it to become the molecular detector for the dynamic changes in calcium transients 

or calcium oscillation frequency in dendritic spines. CaM kinase II consists of two major 

subunits encoded by a and ^-CaM kinase n genes. Six to 12 subunits are assembled by 

association of their C-termini to form a central globular structure from which the 

catalytic/regulatory N-termini extend radially like petals of a flower (Kanaseki et al., 

1991). This unique structure positions the catalytic/regulatory domain of each subunit to 

an intersubunit autophosphorylation that occurs only when a subunit is bound to 

calmodulin (De Koninck and Schulman, 1998; Hanson et al., 1994). Upon activation by 

Ca"*/calmodulin, Thr^ in the regulatory domain of a subunit (Thr^®^ in P subunit) is 

rapidly phosphorylated, trapping calmodulin even when calcium concentrations become 
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low. This trapping occurs because of the increase in calmodulin affinity to the 

phosphorylated subunit. Subsequently, autophosphorylated a and 3 subunits become 

Independent of Ca""^/calmodulin, and the kinase increases its association with the PSD 

and attains a higher affinity for NMD A receptors. Under limited free calmodulin, each 

calcium transient activates only a subset of CaM kinase II subunits in the holoenzyme, 

some of which become autophosphorylated and trap their bound calmodulin. If the 

interval between calcium transients or spikes is brief, subsequent calcium spike will lead 

to binding of calmodulin to holoenzymes that still retain calmodulin from a previous 

spike, increasing the probability of neighboring subunits to be bound to calmodulin and 

therefore the probability of autophosphorylation (Braun and Schulman, 1995).Mice with 

a point mutation that substituted Thr"'^ by Ala"^^ did not exhibit LTP, were deficient in 

spatial leaming and had unstable hippocampal place cells (Giese et al., 1998; Cho et al., 

1998). 

AMPA receptors in isolated PSD, GluRl subunits in HEK cells, and AMPA 

receptors in CAl region after LTP induction, all were found to be phosphorylated by 

CaM kinase n (Barria et al., 1997; McGlade-McCullon et al., 1993). CaM kinase II 

phosphorylates GluRl subunit at Ser®^' that is not present in GluR2, the other major 

subunit in CAl region (Barria et al., 1997; Mannen et al., 1997). The observation that 

adult GluRl-subunit knockout mice show normal basal synaptic transmission but not 

LTP in CAl region (Zamanillo et al., 1999), is consistant with CaM kinas II involvement 

in LTP. AMPA receptors consisting of GluRl subunits adopt multiple conductance states 

between 9 and 28 pS. Using single channel recording, Derbach and colleagues (1999) 

showed that non-phosphorylated receptors conducted predonunantly at the lower level, 

whereas phosphorylated receptors at Ser®^' or receptors with Ser^^^Asp mutation, which 

imitates the negative charge of phosphorylation, adopted the higher conductance levels. 

Induction of LTP was recently shown to increase AMPA receptors unitary conductance 

in about 60% of the cells that were stimulated (Benke et al., 1998). 

PKC could phosphoryiate GluRl at Ser®^' as well, and induction of LTP 

generated prolonged activation of PKC (Klann et al., 1993; Sactor et al., 1993) but the 
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extent of PKC involvement in LTP is still unclear. PKA could phosphorylate GluRl at 

Ser^^, which potentiated AMPA current as well (Roche et al., 1996). However, Ser^^ 

was phosphorylated at basal levels of calcium and dephosphorylated during LTD 

(Kameyana et al., 1998). 

Protein phosphatase I and 2A (PPl, PP2A) effectively dephosphorylates Thr in 

CaM kinase n, reversing its constitutive activity to basal levels. Both phosphatases are 

enriched in the PSD, and accumulating observations support a role for PPl in 

dephosphorylation of PSD-associated CaM kinase II (Strack et al., 1997). Increase in 

intracellular calcium led to an increase in cAMP and activation of PKA that in turn 

phosphorylated inhibitor 1 (II). Phosphorylated II was able to inhibit PPl, allowing CaM 

kinase II to be constitutively activated by Ca"^/calmodulin and autophosphorylation. 

Calcineurin (protein phosphatase 2B) was able to catalyse II dephosphorylation (Blitzer 

et al., 1998). Whether LTP and LTD are two sides of the same coin is not clear. Lee and 

colleagues (2000) observed that at naive synapses, as well as at depressed synapses, LTP 

resulted in the phosphorylation of CaM kinase II site on AMPA receptor. LTD at naive 

synapses resulted in dephosphorylation of PKA site of AMPA receptors, but 

depotentiation of previously potentiated synapses showed dephosphorylation of CaM 

kinase n site. A role for PICA in the expression of late-LTP has emerged recently with the 

observation that PKA inhibitors during the hour following LTP (Frey et al., 1993; 

Matthies and Reymann, 1993), as well as transgenic mice expressing the inhibitory form 

of the regulatory subunit of PKA (Abel et al., 1997) inhibited late-LTP. Forskolin, 

adenylate cyclase activator mimicked LTP in perforant path granule cells synapses 

(Nguyen and Kandel, 1997). It was found that PKA phosphorylates and activates the 

transcription factor CREB (CRE-binding protein) that in turn activates cAMP response 

element (CRE), which is responsible for initiation of gene transcription (Silva et al., 

1998). LTP at perforant path - granule cell synapses was accompanied by CREB 

phosphorylation (Schulz et al., 1999), and transgenic mice lacking CREB had deficient 

LTP (Bourtchouladze et al., 1998). 
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LTP and LTD at naive synapses might not reflect the exact reverse reactions. 

Unlike LTP induction, LTD induction favors a relatively hyperpolarized membrane 

potential at the time of stimulation, and low frequency stimulation for longer periods of 

time (Stanton and Sejnowski, 1989; Thiels et al., 1996). These paradigms must provide 

the exact calcium dynamics that favors activation of the molecules that lead to LTD. It is 

thought that these molecules must have a higher affinity for calcium and are activated in 

the presence of lower levels of calcium. The temporal nature of the stimulation that leads 

to LTD suggests that the molecules also act at a slower time constant, needing longer 

periods of lower levels of calcium relative to the molecules that lead to LTP. 

This calcium-orchestrated fine interplay between kinases and phosphatases occurs 

in the postsynaptic cell. There is, however, a body of research that points to synaptic 

plasticity mechanisms in the presynaptic cell as well. One such observation was the 

changes in the frequency of failures in synaptic transmission during LTP. a classic 

measure of presynaptic function. A failure to record a postsynaptic response to 

presynaptic stimulation was interpreted as a failure in quantal release of neurotransmitter. 

The discovery of "silent synapses" challenged this interpretation and reconciled some 

aspects of the pre and postsynaptic debate by showing that one of the mechanisms for 

LTP could be the activation of silent synapses (Malinow et al., 2000). Silent synapses are 

identified by a postsynaptic response that is mediated solely by NMDA receptors. Tne 

postsynaptic response would be "silent" when the membrane potential is not depolarized 

enough for NMDA receptor activation. Silent synapses were identified in most 

glutamatergic synapses where NMDA receptor-mediated LTP occurred (reviewed in 

Malinow et al., 2000). LTP could result from delivery of functional AMPA receptors to 

glutamatergic synapses from the extrasynaptic membrane areas or from intracellular 

compartments. Adding AMPA receptors to existing synapses could explain the observed 

increase in quantal size after LTP induction (Foster and McNaughton, 1991; Kullmann 

and Nicoll, 1992; Liao et al., 1992; Strieker et al., 1996), and adding AMPA receptors to 

silent synapses could explain the observed decrease in the frequency of transmitter 

release failures (Malinow and Tsien, 1992; Larkman et al., 1992). This view was 
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supported by several observations that were made after LTP induction. Shi and colleague 

(1999) used GluRl-GFP constructs that were introduced into organotypic hippocampal 

slice culture neurons with Sindbis virus expression system. Using two-photon laser 

scanning, and electron microscopic analysis, they were able to show that tetanic synaptic 

stimulation triggered a rapid delivery of GluRI-GFP subunits into dendritic spines and 

clustered the molecules in the dendrites. These events required NMDA receptor 

activation. Cotransfection of GluRl-GFP construct with GluR2 in HEK 293 cells showed 

no rectification in whole-cell current recording, indicating preserved heterodimerization 

and conductance of the construct. In support of the silent synapse hypothesis, studies 

using immunogold techniques showed that many excitatory synapses on pyramidal cells 

in CAl region lack or have a few postsynaptic AMPA receptors while having NMDA 

receptors. In contrast, most of the synapses on inhibitory cells contained AMPA receptors 

(Petralia et al., 1999; Nusser et al., 1998). In support of the view that new AMPA 

receptors are inserted into the membrane during LTP it was shown that GluR2 subunit 

interacted with NSF, which is part of the fusion machinery. When this interaction was 

disrupted, a rapid depression of transmission was observed (Nishimune et al., 1998). 

Several other studies supported a role for this interaction in synaptic plasticity (Osten et 

al., 1998; Luscher et al., 1999; Noel et al., 1999; Song et al., 1998). Interestingly, there is 

evidence for AMPA receptor endocytosis during LTD (Carroll et al., 1999), and 

inhibition of clatherin-dependent endocytosis prevents LTD induction (Luthi et al., 1999; 

Man et al., 2000). 

In addition to dynamic changes in AMPA receptors at the PSD, there is strong 

evidence for dynamic changes in the morphology of the synapses and reorganization of 

the PSD during synaptic plasticity. A decade ago Geinisman and colleagues (1991, 1993, 

1996) showed that LTP was associated with an increase in the flection of perforated 

synapses distinguished by discontinuous PSDs, an observation that was confirmed by 

using calcium-precipitation to identify recently activated synapses (Toni et al., 1999). 

Perforated synapses expressed more AMPA receptors than simple synapses (Desmond 

and Weinberger, 1998), and were more likely to have spine apparatus, which is involved 
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in calcium regulation and in membrane synthesis, and was shown to contain AMPA 

receptors. Based on the observation that coated vesicles, which seem to derive from spine 

apparatus, fuse with the membrane right by the PSD, Luscher and colleagues (2000) 

proposed the following model for the early phase of LTP: Within 10 minutes of LTP 

induction, the AMPA receptor is phosphorylated by activated CaM kinase II and single 

channel conductance is increased. The size of the spine apparatus increases and AMPA 

receptors are delivered to the postsynaptic membrane by coated vesicles. As a result, the 

size of the PSD increases and perforated synapses are formed within the first 30 minutes. 

Multi-spine synapses are formed within an hour, through an unknown mechanism, where 

two or more spines contact the same presynaptic bouton. Finally, possibly through cell-

adhesion molecules, the presynaptic structure is remodeled to form two distinct synapses. 

The late phase of LTP involves protein synthesis, and could be explained by insertion of 

newly synthesized AMPA receptors to the membrane using similar mechanisms. Large 

gaps in our understanding of the mechanisms that underlie LTP and LTD still exist, 

including the exact molecular cascades that lead to insertion of available AMPA 

receptors and to synthesis of new receptors, as well as the differential needs for the 

expression of LTP and LTD. 

1.1 J Theta Rhythm: Role in Learning and Memory 
Introduction 

Rhythmic oscillations provide the precise temporal structure that is necessary for 

ensembles of neurons to perform specific functions such as memory trace formation and 

retrieval (e.g., Buzsaki, 1997), learning-dependent spatial coding of odor quality (Freeman 

and Viana Di Prisco, 1986), binding combinations of visual features into a collection of 

independent objects (Gray, 1994), or motor and somatosensory-dependent preparation of 

planned movement (Murthy and fetz, 1996). Oscillations in the brain do not represent 

information, but rather provide the temporal structure for correlating neuronal activity 

with encoding specific information. Membrane oscillations could also provide the 

reference frame for phase coding, where the timing of firing relative to reference 
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oscillations caries a meaningful information in the coding process (Jefferys et al., 1996). 

In the hippocampus, a network of intemeurons creates a "spatially distributed clock" that 

imposes a coordinated subthreshold oscillation on principal cells. Encoding in such a 

system might be executed not by firing rate, but by which neuron fires at all. For example, 

the strong perisomatic inhibition that occurs during the theta rhythm causes most 

pyramidal cells to be silent, with spikes occurring only with strong dendritic excitation. 

Thus, the magnitude of dendritic depolarization could be reflected by the phase of firing. 

Several observations suggest an association between the hippocampal theta rhythm 

and information processing: I) theta rhythm occurs during exploratory behavior including 

locomotion, orienting, rearing or sniffing, and during REM sleep (Green and Arduini, 

1954; Vanderwolf et al. 1975; Winson, 1972); 2) the peak excitability of hippocampal 

principal neurons is phase locked to the theta rhythm (Bland et al., 1980; Buzsaki et al., 

1983, Fox et al., 1986; Skaggs et al., 1996), as is the peak depolarization of these cells 

(Wyble et al., 2000); 3) phase of firing of place cells relative to the theta wave changes 

systematically with spatial location (O'Keefe and Recce, 1993, Skaggs et al., 1996); and 

4) performance on spatial tasks is greatly impaired when the theta rhythm is disrupted in 

the hippocampus (e.g., Winson, 1978; O'Keefe and Conway, 1980; Mitchell et al., 1982; 

Sutherland and Rodriguez, 1989; Mizumori et al, 1990; Shen et al., 1996). Different 

mechanisms by which the theta rhythm could assist the hippocampal network to acquire 

information have been proposed and are discussed below. A role for the theta rhythm in 

synaptic plasticity was investigated experimentally in several laboratories and is the 

subject of the present work. These experiments will be discussed later in the context of our 

fmdings. Other roles for the theta rhythm come from theoretical models that implement 

neurochemical modulation at the theta frequency. The discovery of "phase precession" led 

to theoretical models that propose mechanisms for the generation of phase precession. 

Several models propose learning mechanisms that integrated phase coding by including 

phase precession. A few of these models are discussed below. 
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Phase Precession - Mechanism of Generation 

O'Keefe and Recce (1993) discovered that hippocampal place cells in the CAl 

region fire a series of bursts that systematically occur at earlier phases of the theta rhythm 

as the animal traverses its place field. They suggested that this phase precession could 

eliminate the ambiguity that results firom coding space by firing rate alone; entering and 

leaving the place field could be distinguished based on the phase at which the firing has 

occurred. They also suggested that spontaneous out-of-field activity could be 

distinguished from the activity in the field, since background firing tends to occur at a 

constant phase. Skaggs and his colleagues (1996) showed that granule cells also exhibit 

robust phase precession and their first spike comes about 90 degrees earlier than the first 

spike of CAl pyramidal cells. Granule cells fire very sparsely during theta, yet show 

strong modulation at the theta frequency, when compared with CAl pyramidal cell. 

These findings suggest that granule cells are kept under strong inhibitory control during 

theta oscillations and the oscillatory relief from inhibition would not lead to firing unless 

a strong input reaches the cells. Phase precession in CAl pyramidal cells is also observed 

in an open field where spatial specificity is present during the early portion of the theta 

cycle. The phase of firing correlates more with location of the rat than with the time in 

the place field, but when place fields expand during repeated routes (Mehta et al., 1997), 

the net change in phase over the theta cycle remains the same by a corresponding 

reduction in the rate of phase precession with position (Shen et al., 1997; Ekstrom et al., 

2001). This observation strongly links place field size to the theta cycle and not to 

absolute position in space, suggesting that the inherent dynamic properties of the neuron, 

or the network, might take place in generating phase precession; although no correlation 

is observed between phase precession and firing rate (Skaggs et al., 1996). Phase 

precession seems to be present on the first experience of a novel route (Hosenzweig et al., 

2001), it is not abolished with CPP or with aging, and probably does not involve LTP for 

its generation. 

O'Keefe and Recce (1993) suggested that two different rhythmic generators that 

impinge on each cell at slightly different frequencies lead to phase precession. During 
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most of the environment outside of the place field, both oscillations exist at roughly equal 

amplitude and opposite phase, thus canceling each other ouL In the place field, one 

oscillation slightly increases fi^quency. The summation of the two waves results in an 

interference pattern that drives the firing to earlier phases relative to the unchanged 

rhythm. Such a mechanism has not been observed in the hippocampus. 

Tsodyks et al. (1996) built a neural network model of integrate-and-fire neurons 

where asymmetry in synaptic interactions leads to phase precession as a result of 

asymmetric spread of activation through the network. Each place cell receives external 

input and recurrent input firom cells with nearby place fields as well as inhibitory input. 

The strength of the recurrent input is asymmetric: greater in the direction of movement 

than in the reverse direction. Cells with the strongest input fire first at each theta cycle, 

recruiting cells with place fields ahead of the rat. Such an activity wave starts and ends 

within each theta cycle, as a result of diminished overall population activity. An activity 

pattern that is peaked around the most active cell for a given location propagates 

spontaneously through successive groups of neurons in the direction of the movement. 

Thus, the center of the cell's place field is ahead of the location where it is most excited 

by external and internal inputs. Because a neuron is driven to fire by the propagated 

activity from the previous place field, its first spikes would occur at the end of the theta 

cycle. Subsequent spikes advance gradually. This model is able to reproduce the observed 

correlation of phase with position and the 360 degrees maximal phase advancement of 

firing. The model relies on premodification of connections via LTP, meaning that phase 

precession should not occur in a novel environment, a requirement that is not supported 

by observations in living rats. The authors suggest that phase precession could serve as a 

tool for anticipation of the future location based on previous experience. An alternative 

explanation for phase precession is proposed where head-direction cells facilitate the 

intrinsically-symmetric connections in their preferred direction. 

Kamondi and colleagues (1998) proposed that the competition between out of 

phase theta oscillations in the soma and the dendrites was responsible for the phase shift 

Intracellular recording from CAl pyramidal cells in urethane anesthetized rats showed 
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that the distal dendrites underwent rhythmic oscillations that were in phase with the field 

theta recorded at the cell body layer. In contrast, the soma went through rhythmic 

oscillations that were out of phase with the field theta. When sinusoidal current at theta 

frequency was injected while the soma was depolarized with increasing levels of DC 

current, spikes occurred at systematically earlier phases of the sinusoidal current. The 

spikes were confmed to the positive phase and did not shift more than 180 degrees. 

Intracellular dendritic episodes of high amplitude theta oscillations with no apparent 

change in the extracellular tail pinched theta were associated with dendritic calcium 

spikes and correlated with the negative phase of the intracellular somatic theta. These 

dendritic episodes were able to drive the soma to discharge. Strong depolarization of the 

dendrites or the soma initiated a self-sustained membrane oscillation that could be faster 

than the theta frequency with increasing depolarization. A minimal two-compartment 

model of a C A1 pyramidal neuron that was capable of intrinsic rhythmic bursting and 

possessed a dendritic current consisting of a direct and oscillating components was 

simulated. Phase precession of up to 360 degrees was demonstrated. Decrease in firing 

rate with increased precession was not demonstrated, but shorter double bursts emerged, 

reminiscent of the double phase precession observed by Skaggs and his colleques (1996). 

According to the observed and modeled findings, phase precession could originate from 

rhythmic dendritic excitation coupled with somatic inhibition of a single pyramidal cell 

with intrinsic membrane oscillations. 

A recent study by Magee (2001) confirms and extends the observations of 

Kamondi et a., (1998). Dual whole-cell patch clamp recordings from the soma and 

dendrites of the same CAl pyramidal cell, showed a 180 degrees gradual shift in the 

firing relative to a sine wave current injection at the soma and dendrite that were 180 

degrees phase shifted. This shift occurred with an increase in the amplitude of the current 

injection to the dendrite. The pattern of phase advancement was dependent on the 

location of current injection to the dendrite. 

Bose and Recce (2001) were able to simulate phase precession in three simple 

networks when the control of burst timing and theta frequency were provided by the 
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running speed of the animal. A functional reorganization of the roles of the cells in the 

network had to occur whenever a cell gained control of the network dynamics, and at 

least one current with a long time constant that could be modulated had to be integrated 

in the network. This model was able to account for the pyramidal cells' tonic firing when 

the rat is running "space-clamped" inside a running wheel, and for the fact that "wheel 

cells" do not show phase precession (Czurko et al., 1999). 

Another two-compartment model of CA3 pyramidal cells was able to account for 

phase precession (Booth and Bose, 2001). Unlike other models that control the phase of 

firing within the place field by the degree of depolarization (Tsodyks et al., 1996), this 

model shows that a short dose of fast-decaying synaptic inhibition could either delay or 

advance the timing of firing of subsequent bursts, depending on the timing of application. 

Increasing the strength of the inhibitory input modulated the complexity of the bursts. 

Models of Theta and Phase Precession in Learning 

Burgess et al. (1994) developed a model in an attempt to understand how place 

fields are constructed and what computational functions place cells could perform in 

navigation. They assumed radial place fields that are constructed during open field 

exploration from "sensory input". The distance of the cue from the rat leads to tuning 

curve responses of sensory cells impinging on the place cells. These responses are used 

by downstream cells to construct firing rate maps describing any given surface over the 

environment. Phase coding is implemented by phase precession, linking the rat location 

relative to the goal. The output layer (nucleus accumbens) contains goal cells (north, 

south, east and west) that provide a population vector (weighted vectorial sum of the four 

directions) encoding the instantaneous direction of the rat from a previously encountered 

reward site. The output layer receives a strong "reinforcement" (activating connection to 

the active cell in the previous layer "subiculum") signal, gated by head direction cells, 

whenever a reward is encountered. Phase precession occurs at the input layer (EC) based 

on the average angle between the rat head direction and the cues that drive the sensory 

cells. Simulations showed a successful navigation to reward sites in open fields after a 
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brief exploration, and learning in the absence of goal or motivation, suggesting a role for 

phase precession in spatial learning. 

Lisman and Idiart (1995) proposed an alternative mechanism for shortterm 

memory, where phase precession occurs at discrete cycles of the gamma rhythm that is 

phase-locked to the theta cycle. Instead of reverberation-sustained firing, they suggested 

that a neuromodulator-dependent ADP, with its slow rising time, could sustain an 

increase in membrane excitability until the next network oscillating cycle. They based 

their assumptions on experiments the show that humans can store roughly seven items in 

short memory before their performance deteriorates sharply, and each additional item 

adds about 38 ms to the reaction time. The model consists of seven gamma cycles nested 

by the theta rhythm that carry seven discrete items of information. The sequence of 

information is kept by the tendency of the neurons to fire at the same gamma cycle at 

each consecutive theta cycle. As new information is added, the sequence is shifted 

forward and the new item is encoded by the first gamma cycle while the last item is lost. 

Thus, different memories are kept separated by phase and are sustained from one theta 

cycle to the next. Sequential memories that are inserted over seconds can now be 

recreated in the network in a compressed form with about 25 ms intervals. This 

compression is proposed to enable NMDA receptor-dependent associations between 

sequences of information. The authors propose that brain oscillations can provide the 

timing mechanism for controlling the serial processing of short-term memories. 

Penttonen and colleagues (1998) observed that action potentials of CAl 

pyramidal cells are phase locked to the gamma rhythm at about 90 degrees after the 

trough of the local gamma field oscillation. This observation supports the idea that phase 

precession could occur at discrete cycles of the gamma rhythm in CAl region. In the 

dentate gyrus (DG), the gamma rhythm is abolished with surgical removal of the 

entorhinal cortex (Pragin et al., 1995; Charpak et al., 1995), and layers Il-in neurons of 

the entorhinal cortex discharge in temporally-defined gamma windows (10-25 ms) 

coupled to the theta cycle (Chrobak and Buzsaki, 1998). In addition, entorhinal theta 



40 

oscillations are in phase with hippocampal theta. It is possible that information from the 

entorhinal cortex is conveyed at discrete phases of theta by the overriding gamma peaks. 

Sohal and Hasselmo (1998) showed that a modulation of GABAergic input at 

theta rhythm could aide in sequence disambiguation. Their model is based on the 

following theory. The extensive excitatory recurrent collaterals of CAS region make it 

suitable for storage of temporal sequences. The temporal order of place-cell firing reflects 

the spatial arrangement of place fields, where the representation of a sequence of 

locations in a path is achieved by a sequence of successively firing place cells. A 

framework of many sequences that allow interpolations between them could, in theory, 

support spatial navigation. When two sequences that share a common sub-sequence are 

stored in a network, it is ambiguous whether that common sub-sequence should be 

followed by the rest of one sequence or the other (fork sequence). This problem is solved 

in the model by a prior knowledge of the desired endpoint. Two models were 

constructed: continuous-firing-rate and integrate-and-fire models of CA3, where GABAB 

receptors at recurrent terminals are activated rhythmically at theta frequency. Because 

GABAB receptors are coupled to G- proteins, there is a phase delay between the level of 

intemeuron activity and the effect of the receptor. The continuous-firing-rate model 

includes 20 pyramidal cells and an intemeuron that provides feedback inhibition. Each 

item of a sequence is presented by one cell, and a sequence is stored when the first 

neuron in the sequence is activated by afferent input Recurrent excitation activates the 

rest of the sequence, and disambiguation is resolved by the knowledge of the desired 

endpoint. In the integrate-and-fire model, intemeurons connect to every pyramidal and 

intemeuron, but very few connections occur between two pyramidal cells and pyramidal 

cells to intemeurons. This sparse asymmetric network tends to produce sequences of 

activity. Using these two models, it was found that septal input to GABAB intemeurons 

greatly improved sequence disambiguation, by causing phasic changes in the relative 

strength of afferent input and recurrent excitation. The authors suggest that the sequence 

disambiguation performed here, could subserve spatial navigation. 
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1.1.4 Hippocampal Aging 
Introduction 

Old rats (i.e. Barnes, 1979: Markowska et al., 1989; Gallagher and Rapp, 1997), 

just like old humans (i.e. Uttle and Graf, 1993; Kausler, 1994), show deficits in 

performance on spatial tasks that depend on the integrity of the hippocampus. Changes 

in synaptic plasticity of old anesthetized rats were observed in CAl, where frequency 

potentiation decayed faster and asymptotic LTP was reached later in old than in young 

animals (Landfield et al., 1978). A study that looked at the relationship between the 

degree of the deficit on spatial tasks and the degree of the changes in synaptic plasticity 

came a year later (Barnes 1979), where a striking correlation was found between the 

performance of freely-behaving rats on the circular platform, and the rate of LTP decay 

in the dentate gyrus. This study was the first to show that spatial memory significantly 

correlated with LTP decay. Subsequent studies that compared young and old animals 

repeated this observation by showing that the old rats that performed significantly worse 

than young rats on spatial tasks, also showed a significant difference in the rate of LTP 

decay (Barnes and McNaughton, 1980 and 1985, de Toledo-Morrell and Morrell, 1985;). 

In addition to a deficit in LTP decay (referred to as late-LTP or LTP maintenance) with 

aging, deficits were observed in LTP induction when peri-threshold stimulation protocols 

were used at CA3-CA1 synapses (Deupree et al., 1991 and 1993; Moore et al., 1993, 

Rosenzweig et al., 1997), and at the perforant path granule cells synapses when weak 

orthodromic stimulation was paired with intracellular current injections (Barnes et al., 

2000). 

The Effect of Aging on Synaptic Plasticity 

Intensive search for the mechanisms that underlie age-related changes in LTP 

revealed complex electrophysiological changes that occurred in the aged hippocampus. 

Several observations suggest that at Schaffer collateral - CAl synapses there are fewer 

synaptic contacts, but the remaining ones are as functional as the synaptic contacts in 

young animals. lontophoretic application of AMPA elicited reduced population epsps 
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(Bames ei al., 1992), and fiber potentials with the same magnitude elicited reduced 

NMDA and non-NMDA receptor responses (Bames et al., 1997). In contrast, unitary 

epsps and presynaptic fiber potentials showed no age differences (Bames et al., 1992). 

These observations were confirmed in freely behaving rats (Bames et al., 2000) where no 

change in presynaptic fiber potential was detected, but a smaller field epsp was elicited 

for a given presynaptic potential. In addition, a significant correlation was found between 

epsp amplitudes and performances on spatial tasks. When intracellular current pulses 

were applied to CAl pyramidal cells simultaneously with weak orthodromic stimulation, 

no differences in LTP induction threshold or magnitude were observed (Gustafsson et al., 

1986; Bames 1996) confirming the functional integrity of the aged NMDA receptors. 

Taken together, the data suggest that LTP induction deficits with peri-threshold stimuli 

could arise from deficient levels of postsynaptic depolarization. A closer look at the 

induction mechanism in these synapses revealed that even when the stimulus intensity 

was adjusted to elicit the same intracellular epsp magnitude in young and old rats, aged 

animals still showed deficit in LTP induction (Rosenzweig et al., 1997). It tumed out that 

the temporal summation during LTP induction burst was smaller in old rats, suggesting 

that in addition to reduced cooperativity, the aged pre-or post-synaptic machinery was 

altered somehow to affect summation, maybe by the same mechanism that led to deficits 

in frequency potentiation. 

A reduction in the number of perforant path granule cell synapses was suggested 

to contribute to the deficits in LTP in fascia dentata with aging. Geinisman and Bondareff 

(1976) observed 27% reduction in the number of synaptic contacts that were made onto 

the medial molecular layer of the granule cells, with no change in cell number or depth of 

the molecular layer (Geinisman et al., 1977). Using stereological methods, a significant 

reduction in the number of axospinous synapses per granule cell was observed in 

memory-impaired old animals (Geinisman et al., 1986; West, 1993). A closer look at the 

type of the synapses that were lost with aging showed that only perforated synapses 

correlated with the performance on the radial maze. It is interesting to note that two 

decades later, the perforated synapse is gaining support as a potential candidate for the 
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morphological changes underlying LTP. In contrast to the picture that emerged in CAl, 

the reduction in synaptic contacts in fascia dentata was the result of a reduction in the 

number of perforant path fibers reaching the molecular layer dendritic tree. This 

conclusion was based on the observation that a significant reduction in presynaptic fiber 

potential was observed for a given intensity, when comparing old and young animals 

(Barnes and McNaughton, 1980). Surprisingly, the remaining synaptic contacts were 

stronger in old animals as revealed by a larger field epsp in response to a given 

presynaptic fiber potential. A later study (Foster et al., 1991) reported an increase in 

quantal size at these synapses, suggesting a postsynaptic increase in receptor sensitivity 

or number. The increase in receptor sensitivity and number is a suggested mechanism for 

LTP, and could reflect a cumulative LTP with aging. The age related decline in NMDA 

receptor-mediated synaptic response amplitude (Rao et al., 1994), points to AMPA 

receptors as the channels that are responsible for the observed increase in synaptic 

strength in FD of aged animals, supporting the possibility of accumulating LTP in the 

aged DG. Intracellular recordings revealed an increase in the excitability of aged granule 

cells by showing a reduction in voltage-threshold and latency of action potentials, with no 

change in resting membrane potential and input resistance (Barnes and McNaughton, 

1980). The increase in excitability was not due to increased distribution of sodium 

channels in the proximal dendrites or sodium channel-mediated excitability (Barnes and 

McNaughton, 1983). It is possible that an increase in AMPA receptor fast synaptic 

transmission that accounts for fast postsynaptic depolarization accounts for the decrease 

latency of the action potential, and the observed increase in somatic L-type calcium 

channels during aging (Tibault and Lanfield, 1996), accounts for the increase in 

excitability in the DG. A weak orthodromic stimulation of medial perforant path fibers 

that was paired with intracellular current injection of granule cells revealed that cells in 

memory-impaired aged animals needed a greater depolarization for LTP induction 

(Barnes et al., 2(K)0). The deficit in LTP induction in the presence of increased AMPA 

receptor-mediated current (that could compensate for reduced cooperativity) suggests that 

the reduction in NMDA receptor-mediated current is responsible for this deficit. 
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Voltage-activated calcium influx is increased in CAl region of aged animals 

(Pitler and Landfleld, 1990; Landfield et al., 1989). For example, calcium activated 

potassium channels are responsible for the after-hyperpolarization (AHP) that is larger 

and more prolonged in aged CAl pyramidal cells, an increase that involves L-type 

calcium channels (Landfield and Pitler, 1984). It was shown recently that the total L-type 

calcium channel activity was elevated in patches from aged cells in partially dissociated 

hippocampal slices (Thibault and Landfield, 1996). This increase was mainly due to 

increased density of functional channels. Importantly, the elevated density was inversely 

correlated with performance of the animals on the Morris water maze the cells. Increase 

in calcium influx could contribute to the observed deficits in LTP in aging neurons, by 

interfering with subtle dynamic changes in intracellular calcium, affecting the dynamic 

activation of kinases and phosphatses, as well as modifying the activity pattern of the 

cell. In contrast to the observed increase in LTP induction threshold with aging, LTD has 

been found to be more easily inducted in old compared to young animals (Foster et al., 

1997; Norris et al., 1996). As Foster (1999) proposed, this shift in the induction threshold 

of synaptic plasticity could reflect changes in calcium homeostasis and in increase 

intracellular calcium with aging (Disterhoft et al., 1994; Khachaturian, 1989; Landfield, 

1994; Muller and Gispen, 1996; Thibault et al., 1998). 

A few studies showed restoration of LTP in old animals with drug application. 

For example, drugs that enhance cAMP were able to attenuate the late-LTP and memory 

defects in memory-impaired, aged rats (deToledo-Morrell et al, 1984; Bach et al., 1999). 

Late-LTP depends on protein synthesis, and cAMP dependent increase in protein 

synthesis during late LTP was suggested (Nguyen and Kandel, 1997). LTP in the 

perforant path-granule cells was accompanied by synthesis of synaptic vesicles in the 

entorhinal cortex, and this synthesis was decreased in aged rats (Kelly et al., 2000). PKA 

that is activated by cAMP plays an important role in inducing gene transcription via 

CREB/CRE cascade that was implicated recently in LTP at the DG (Schulz et al., 1999). 

Transgenic mice lacking CREB showed deficient LTP (Bourtchouladze et al., 1998), and 

PKA inhibitors inhibit late-LTP (Nguyen and Kandel, 1997). In addition, PKA 
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phosphorylates AMPA receptors during baseline transmission, and dephosphoryiation of 

this site correlates with LTD. 

Drugs that increase the lifetime of acetylcholine (ACh) at the synapse increase 

LTP maintenance in memory-impaired old animals and correlate with an increase in the 

number of nicotinic receptors in the hippocampus and prefrontal cortex (Barnes el al., 

2001). These drugs have been used to ameliorate cognitive deficits in Alzheimer's 

disease patients, but the exact mechanism of action is not clear. The cholinergic system 

could be involved in attention and arousal that are crucial for learning (Shen and Barnes, 

1996). Cholinergic agonists contribute to membrane depolarization and increase in 

membrane resistance (Cole and Nicoll, 1984), they block slow afterhyperpolarization 

(Bernardo and Prince, 1982), they facilitate soma-dendritic propagation of action 

potentials via muscarinic receptors (Tsubokawa and Ross, 1997), and activate 

phosphinositol cascade (Markram and Segal, 1990). All these mechanisms contribute to 

increasing intracellular calcium concentrations that are important for LTP. A 

compromised functional cholinergic transmission in the aged rat hippocampus (Shen and 

Barnes, 1996) could play a role in LTP deficits during aging. 

Theta rhythm During Aging 

Theta amplitude and frequency during REM sleep are identical in young and old 

rats (Shen et al., 1997). Because the frequency of the theta rhythm increases with running 

velocity (McFarland et al., 1975; Recce, 1994), age difference in running speed could 

account for the lower theta frequency observed in old animals (Forbes and Marides, 

1984). To control for such differences, Shen and her colleagues (1997) correlated theta 

frequency with running velocity and found it to be significantly decreased when 

compared to the correlation in young animals. The correlation between theta amplitude 

and running velocity, however, was not different. No difference in theta frequency and 

amplitude was found between young and old animals during REM sleep. Thus, theta 

frequency and amplitude change during aging but these alterations are subde and state-

dependent. The authors suggest that age-related alterations in the serotonergic and 
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cholinergic projections to the hippocampus could account for these slight changes in theta 

rhythm during aging. Intraseptal microinfusion of the muscarinic agonist, oxotremorine, 

produced a dose dependent improvement in spatial memory of old animals and a decrease 

in theta frequency in both young and old rats (Markowska et al., 1995). In contrast, the 

muscarinic antagonist, scopolamine, decreased the performance of old and young rats on 

a spatial task and increased theta frequency. This study shows a correlation between theta 

frequency and performance on spatial tasks and suggests a role for cholinergic input to 

the medial septum in dictating the frequency of the hippocampal theta. 

1.2 Ion-Channels Dynamic Interactions 

1.2.1 NMDA Receptor 
Introduction 

The response properties of NMDA receptors at the CNS synapse are crucial to the 

normal function of the brain. NMDA receptors determine the formation of neuronal 

networks during learning and connections during development. These receptors are one 

of the most complex ion channels found so far, with more modulatory sites than any other 

ion channel, and a highly complex kinetic behavior. They are unique in several ways. 

NMDA receptors integrate pre-and post-synaptic responses leading to calcium currents of 

precise dynamics, that in turn determine the fate of the synapse. Intracellular calcium 

imaging demonstrates that the intracellular calcium in dendritic spines of hippocampal 

CAl pyramidal cells is solely controlled by NMDA receptors (Kvolachuk et al., 2000). 

The NMDA receptor is thought to be a tetra-or penta-heteromere that is assembled from 

the NRl and NR2 subunit classes. On average, two NR2 and two NRl subunits are 

thought to provide the binding sites for at least two agonists and and at least one 

coagonist respectively, that are needed for activation of the channel (Benveniste and 

Mayer, 1991; Clements and Westbrook, 1991; Javitt et al., 1990; Lerma et al., 1990; 

Johnson and Ascher 1992). Together with multiple modulatory sites, the agonists and 

coagonists exert complex kinetic behavior on the channel that, in turn, controls the 

precise dynamic changes in calcium transients. Binding of glutamate to the NMDA 
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receptor leads to channel opening but also can force the channel to stay closed or 

desensitized for long periods. The response of the NMDA receptor to glutamate is much 

longer than the estimated lifetime of the agonist in the synaptic cleft (Hestrin, 1992; Pan 

et al, 1993), and is governed by the high affinity of the receptor to glutamate, and by the 

allosteric effects of the binding of the coagonist to the receptor. The NMDA receptor can 

desensitize during synaptic transmission and the nature of the desensitization can shape 

the size, time course and frequency of postsynaptic signals (reviewed in Jones and 

Westbrook, 1996). 

NMDA Receptor at the Synapse 

NMDA receptors do not saturate at a single dendritic spine or synapse in response 

to a single presynaptic release (Mainen et al., 1999; McAllister and Stevens, 2000). It was 

shown that NMDA receptor opening is sensitive to the number of presynaptic quanta 

released in a short time period (Mainen et al., 1999). The implication of this observation 

is that a burst can control the postsynaptic response not only by depolarizing the 

postsynaptic spine, but also by determining the level of NMDA receptor activation, thus 

the level of postsynaptic calcium transients. The picture that emerges from these 

observations shows that the activation of NMDA receptors at the synapse is a fine-tuned 

controlled process, where the kinetic properties of the channel has a great effect on the 

final postsynaptic response. Glutamate and glycine binding affinities systematically 

change during NMDA receptor activation (Nahum-Levy et al., 2002). The long decay of 

NMDA receptor current in response to brief saturating glutamate pulses could arise fi"om 

a fast initial response (within lOms), followed by repeated channel openings (Dzubay and 

Jahr., 1996). Under nonsaturating conditions, the receptor could respond quite differently, 

with a delayed initial response followed by a low open probability (Edmonds and 

Colquhoun, 1992). High activity of glutamate and glycine transporters near the synaptic 

cleft of many excitatory synapses may reduce agonists concentrations to subsaturating 

levels (Bergles et al., 1999; Gada and Lopez-Colome, 2(X)l), suggesting that affinity 

changes at different agonist concentrations may play a role in the effect that NMDA 



48 

receptor exerts on post-synaptic responses. It was shown recently (Placantonakis and 

Welsh, 2001), that NMD A receptors are responsible for the low-frequency oscillations of 

inferior olivary neurons. Non-competitive NMDA antagonists abolish these oscillations, 

as well as antagonists at the glycine site, and removal of magnesium from the 

extracellular medium. CNQX and tetrodotoxin did not have any effect, and L and P type 

calcium channels increase the amplitude of these oscillations. The 4 Hz oscillations might 

reflect the time constant of NMDA receptor dissociation from the ligand, which lies 

within 100-500 msec. These observations illustrate how the temporal nature of NMDA 

channel activation can be tuned to a certain frequency, to produce controlled postsynaptic 

oscillations. These oscillations, as well as all postsynaptic responses for NMDA receptor 

activation are the result of an ensemble activity of many receptors, where the precise 

dynamic activity of single channels determine the population effect. 

Agonist Binding Dynamics 

As early as 1957, Castillo and Katz postulated that when the agonist is bound to 

the receptor, it couldn't dissociate unless the receptor reverts to its inactive state. In other 

words, the affinity of the agonist to the active receptor is infinite. The main experimental 

evidence for such theory comes from the observations that different agonists have 

different effect on the properties of the active state of the same receptor (Colquhoun, 

1998). These differences would not exist if the agonist is not bound during that state. For 

example, the mean open time of a single NMDA channel activated by glutamate is much 

longer than the mean open time of the channel when activated by cysteate, even when 

there is no free agonist in the solution (Lester et al., 1990; Wyllie et al., 1998). This is 

strong, yet indirect, evidence. Fast desensitization of ion channels allows the study of the 

desensitized state, but makes it very hard to study any other state of the channel. Fast 

desensitization also implies that the affinity of the agonist to this state is even higher than 

to the open state (Heidmann et al., 1983). Again, this concept has strong theoretical 

support but no direct observation. 
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The activation mechanism of ligand-gated ion channels has been hindered by a 

limited understanding of the relationship between agonist binding and the gating of the 

channel (Chang and Weiss, 1999; Colquhoun, 1999). These issues where studied by 

using two approaches with a large gap between them. The first approach is the 

electrophysiological methods, where the dynamic interactions between receptors and 

ligands are approximated from single-channel kinetic analyses that are based on assumed 

kinetic models. The direct resolution of the conformational changes that follow ligand 

binding, and the dynamic interactions that are involved with these changes are still 

missing. The second approach is the biochemical, mostly radioactive measurements of 

ligand binding, where the receptors could be affected by the experimental protocols, and 

where functional and nonfunctional receptors cannot be distinguished. These ligand-

binding assays have low time resolution (well above the time range of ligand - receptor 

dynamic interactions), and most of all, cannot provide any information about the function 

of the receptor during binding. It has become clear that just as the ligand 

association/dissociation affects gating, so does gating affects association/dissociation, 

making the inferences between the methods quite inaccurate. 

The first successful attempt to measure ligand binding and receptor activation in 

the same set of functional receptors under the same conditions came from a study by 

Chang and Weiss (1999). They developed a new approach that permits the correlation of 

repeated [^H]ligand-binding studies in individual intact oocytes with the 

electrophysiological measurements of the same oocyte. Though these measurements 

where not simultaneous, this technique provided a new insight to the interaction 

dynamics between the receptors and the ligands. They expressed GABAc receptors that 

show negligible desensitization and very slow deactivations (2 to 3 orders of magnitude 

slower than NMDA receptor inactivation) to fit the time resolution of their technique. 

They found two dissociation time-constants, where the slow component correlated with 

the slow time constant of the oocyte whole-current deactivation. This correlation was 

kept in mutated receptors that showed unusual fast and slow deactivation rates, when 

measured by two electrodes voltage clamp. The authors concluded that the fast 
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component of dissociation, which does not differ between wild- type and mutated 

receptors, reflects agonist-receptor interactions, whereas the slow component reflects 

both agonist-receptor interactions and conformational changes associated with gating. 

The authors suggested that the slower dissociation rale occurs because while the receptor 

is gating, agonist dissociation is inhibited. The agonist lock-on could relate to the twisting 

of the three helices around the presumed agonist binding pocket, as was suggested by 

structural studies. In other words fast dissociation represents dissociation from channels 

that were already shut at the time of GAB A application pulse, and the slower process 

represents dissociation from channels that were still open. This explanation ignores the 

fact that the observed time constants are the function of all the rate constants for 

transitions between different states of all the channels contributing to the current. These 

experimental observations cannot resolve the changes in association/dissociation rates 

that result from the binding of multiple agonists, where binding of one agonist could 

affect the binding affinity of the other agonists, but they support well-accepted models 

that propose the binding of at least three agonists for gating of this receptor. The fast 

component could reflect dissociation from receptors bound by one ligand, whereas the 

slow component could present the dissociation from receptors that were fully occupied. 

In addition to the unresolved cooperativity between multiple ligands, the time resolution 

of this experiment is not high enough to investigate the dynamics between ligands and 

most other receptors, which have much faster association/dissociation time constants. 

Coagonist Function 

Binding of glycine to the NMDA receptor leads to increase in opening frequency 

of the channel by speeding up the rate constant of recovery from desensitization. Mayer 

and his colleagues (1989) measured whole-cell currents elicited in hippccampal neurons. 

They found that the steady state current that was evoked by a short application of NMDA 

in the presence of glycine increased dramatically (26.6 folds) whereas the inmiediate 

peak of the current increased only 3.53 fold, suggesting a decrease in glycine affinity to 

the receptor in the presence of the agonist. They also showed that the recovery rate of the 

response to a second NMDA pulse increased linearly with glycine concentration. Single 
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channel recording experiments showed an increase in channel opening frequency with no 

change in mean open time or conductance that correlated with increasing concentrations 

of glycine (Monaghan, 1986). Taken together, the data suggest that the rate of escape 

from desensitization increases with increasing concentrations of glycine, because of the 

ability of glycine to regulate the transition of the receptor to intermediate states. 

NMDA Receptor Desensitization 

Desensitization affects the following-frequency of postsynaptic receptors, and 

thus shapes the output of excitatory as well as inhibitory neurons. For example, AMPA 

receptors undergo fast entry but slow exit from desensitization that lead to the attenuation 

of the EPSC with increase frequencies of synaptic input. This attenuation in turn will 

affect the integration of the input and will slow down the frequency of output spikes 

(Jones and Westbrook, 1996). This example is one of many where desensitization shapes 

neuronal function in information processing. Desensitization has been proposed to 

prolong rather than shorten synaptic current by detaining receptors in a bound 

conformation from which channels can reopen (Lester and Jahr, 1992: Maconochie et al, 

1994; Jones and Westbrook, 1995; Galarreta and Hestrin, 1997). This idea is base on the 

observation that the decay of synaptic current reflects the transition of the channels 

through the desensitized state. Desensitization thus plays a complex role rather than a 

"shut-off valve", by affecting the amplitude, frequency and duration of synaptic 

responses. 

There are several mechanisms by which the NMDA receptor desensitizes. (1) 

"Glycine-independent desensitization" occurs in the presence of a saturating 

concentration of glycine independently of calcium influx (Sather, 1990) and is induced 

by agonist binding. (2) ''Glycine-dependent desensitization" occurs as a result of an 

allosteric interaction between NMDA and glycine leading to a decrease in the afflnity for 

the glycine site by the binding of NMDA. (3) "Calcium-dependent desensitization or 

inactivation" is manifested by a reduction in the probability of channels being open 
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(Zorumski, 1989; Tong, 1994)), with increasing concentrations of exctracellular or 

intracellular calcium. 

NMD A receptors that consist of NRl and NR2A or NR2B subunits show strong 

desensitization in the presence of saturating concentrations of glycine. In contrast, NRl/ 

NR2C and NR1/NR2D heteromers show very week or no desensitization. This 

observation suggests that the NR2 subunit contains the molecular determinant that 

controls this form of desensitization. Villarroel and colleagues (1998) constructed 

chimeras of NR2A and NR2C subunits. Each subunit was divided to eight modules using 

seven restriction sites at the equivalent positions of the cDNA sequence. Different 

chimeras were constructed by changing the number of foreign modules that were 

introduced, and desensitization was evaluated by the percentage of current loss after a 3 s 

application of saturating glutamate and glycine solutions. The degree of desensitization 

was also determined by exponential functions fitted to the onset of desensitization. 

Constructs that included the N-terminal or the first putative transmembrane domain from 

NR2A, or both, showed a strong desensitization that was absent in the constructs that 

included these domains from NR2C. To further pinpoint the critical regions, these 

modules were subdivided into smaller segments that were exchanged between the two 

NR2 subunits. Two regions of the extracellular N-terminal domain were found to control 

desensitization. Each region alone supported desensitization that differed in the time 

course. Introducing one amino acide (A555) from NR2A into the corresponding position 

of NR2C subunit caused desensitization that developed over time, acting as an allosteric 

effector. Desensitization is also mediated by intracellular proteins such as calcineurin 

acting at intracellular phosphorylated sites, thus cannot correlate with the extracelluar 

sites that were identified in the above work. Desensitization may therefore be the result of 

complex allosteric interactions between intra and extracellular domains of the receptor. 

Glycine-dependent desensitization can be observed only at low concentrations (< 

1 uM) of glycine and has been shown to be the result of agonist-triggered decrease in the 

affinity of glycine for the receptor and subsequent dissociation of glycine from the 

channel (Benvenisty et al., 1990; Vyklicky et al., 1990; Lester et al., 1993). Such 
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negative cooperativity between the binding of glycine and NMDA is further complicated 

by a recent suggestion of a decrease of glutamate affinity to its own binding site by 

activation of the receptor (Nahum-Levy et al., 2001). 

The effect of prior receptor activation on desensitization is abolished by strong 

Ca""" buffering or calcineurin inhibitors (Tong et al., 1995). This effect is referred to as 

Ca'^ dependent desensitization. In addition, the effects of Ca""^ on the degree of the 

elicited current has been shown to occur without agonist activation of the receptor itself, 

and thus is sometimes referred to as Ca"^-dependent inactivation (Vyidicky L., 1993). 

Rosenmund and Westbrook {1995) showed a 50% decrease of NMDA receptor-mediated 

epsc during 10 stimuli of presynaptic cultured hippocampal neurons. This decrease was 

dependent on the extracellular calcium and on the frequency of the stimulus. A pre-pulse 

application of NMDA in the presence of calcium inhibited the epsc to a similar degree, 

demonstrating the effect of intracellular calcium on receptor inactivation and the ability 

of Ca"^ influx through NMDA receptors to provide feedback inhibition. Ca""^ entry 

through the NMDA receptor might initiate molecular events that prevent subsequent 

channel opening, and provide a feedback mechanism for regulating postsynaptic Ca"^ 

levels (Jones and Westbrook, 1996). The extracellular concentration of Ca""^ was 

directly correlated with the degree of desensitization (Krupp, 1996), without significant 

changes in agonist or coagonist affinities to the receptor (Zilberter 1991). Studying this 

effect in recombinant NMDA receptors expressed in HEK cells revealed that NR2A or 

NR2D subunits were necessary for Ca""^ dependent inactivation to occur (Krupp, 1996). 

In contrast, Medina and colleagues (1995) have shown that NR2B as well as NR2A 

subunits can be transiently inhibited by calcium. 

PSD Proteins and Calcium Dependent Inactivation 

NMDA receptors are clustered with a complex of proteins in the postsynaptic 

densities. Cytoskeletal and regulatory proteins are associated with this complex via 

scaffolding proteins that facilitate the transduction of extracellular signals to intracellular 

cascades. Calcium regulation of the NMDA receptor might occur by calcium linking the 
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receptor to the cytoskeleton (Rosenmund, 1993). Calcium inactivation is absent in 

receptors lacking the intracellular C-terminal of NRl subunit (Krupp, 1998). Several 

proteins were shown to bind this domain such as PSD-95 via PDZ recognition motif. 

Calmodulin also binds two distinct sites on the C terminus in a calcium-dependent 

manner (Ehlers, 1996). a-actinin and calmodulin bind competitively to the initial 30 aa of 

the C terminus of NRl called CO domain (Wyszynski, 1997). Calmodulin reduces the 

open probability of recombinant NMDA receptors and might be responsible for the 

calcium-dependent inactivation. Krup and colleagues (1999) found that the presence of 

the first 30 residues of CO domain was required for inactivation. Mutations in the last five 

residues of CO reduced inactivation and binding of Ca'**/ calmodulin and a-actinin to the 

respective CO-derived peptides. Although calmodulin reduced channel activity in excised 

patches, calmodulin inhibitors did not block inactivation in whole-cell recording. 

Reduction in inactivation by over-expression of Ca""^ sensitive forms of a-actinin was 

abolished in the presence of calmodulin. On the other hand, truncated forms of NRl, 

lacking the binding sites for calmodulin or a-actinin showed a low open probability on its 

own. It was suggested that inactivation could occur by a competitive displacement of a-

actinin by calmodulin and by reduction in calmodulin affinity for CO after its own 

binding to calcium. Binding of actin-bound a-actinin to the C-terminus of NMDA 

receptor would keep the channel at a high open probability state, while non a-actinin-

bound receptor would have the low open probability conformation. Whether calmodulin 

itself has to be bound to CO, for inactivation to occur, is not clear. Krup and colleagues 

proposed that CO domain could act as a hinge where the lid could be the loops flanking 

M2 in NRl or NR2 subunits. This hinged-lid model (resembles the Na^ channel fast 

inactivation model) could provide an explanation for NR2 subunit role in inactivation. 

This model describes a novel case where channel gating is controlled by interactions with 

other proteins. 
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Mechanism of Receptor gating 

How does the binding of the ligand lead to the conformational changes that gate 

the channel? As discussed earlier, agonist binding can cause glutamate receptors to either 

open or desensitize. Interference with the coupling between agonist binding and channel 

gating would disrupt the opening and closing of the channel. The short segment that 

connects the agonist binding-site with the channel pore has an important role in 

desensitization of NMDA receptor (Villaroel et al., 1998; Krupp et al., 1998). An orphan 

glutamate channel. 62. with no known agonists, which shows sequence similarities to 

ionotropic glutamate receptor subunits, has contributed significantly to our understanding 

of the gating mechanism. Interestingly, mice lacldng this receptor are deficient in 

cerebellar LTD (Kashiwabuchi et al., 1999). It was found that Ala-to-Thr mutation in 52 

receptor results in constitutively active channels (Zuo et al., 1997), a mutation that is 

responsible for the ataxic mouse mutation lurcher. Massive Purkinje cell-death occurs in 

mice heterozygous to this mutation that is responsible for the ataxia. The lurcher mutation 

site is part of an eight amino acid sequence (YTANLAAF) that is highly conserved 

among all the ionotropic glutamate receptors family. This sequence contributes to the 

extracellular vestibule that connects lobe 2 (one of two lobes that contain the agonist 

binding site) and M3 (the presiding transmembrane domain) (Beck et al., 1999). This 

sequence is ideally located at the position to transduce agonist binding to channel gating. 

Kohda and colleagues (2000) introduced the lurcher mutation into AMPA and Kainate 

receptors and found that these receptors became constitutively active in the absence of 

angonist, just as it affected the 52 receptor. A constitutive activity, however, was not 

gained when the mutation was introduced into NMDA receptor. Mutating NR2 had little 

effect when was coexpressed with NRI, but when NRl was mutated, deactivation and 

desensitization rates became slower. This mutation also lowered the frequency noise of 

NMDA receptor as measured by power spectra of steady state whole-cell current induced 

by glutamate. The difference between AMPA and NMDA receptor desensitization 

parallels the effects of M3-4 loop (which is part of lobe 2 that participates in ligand 

binding) on desensitization of the two receptor types. This loop in AMPA receptor is an 
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alternatively spliced flip/flop region that affects AMPA receptor desensitization. This 

loop however, does not affect NMDA desensitization (Sommer et al., 1990; Krupp et al., 

1998). In addition, AMPA receptor desensitization depends on the agonist, whereas 

NMDA receptor does not (Patneau and Mayer, 1990). One explanation to these 

differences arises from recent X-rays crystal structure studies that show that the binding 

of the non-desensitizing agonist kainate to GluR2 binding domain protein induces only a 

half closure of the clamshell created by the two lobes in each subunit. In contrast, the 

desensitizing agonist AMPA induces a full closure of the clamshell, and the antagonist 

DNQX leaves the clamshell open almost as in the unbound state (Armstrong et al., 1998; 

Chen et al., 1999; Armstrong and Gouaux, 2000). The opening of the channel thus occurs 

as a result of the subunits pulling away from each other by the closure of their clamshell, 

imposing a change on the transmembrane domains. These observations are in accord with 

the idea that partial opening might be enough for channel gating and conductance, but not 

enough for desensitization, and could explain the effect of different agonists on AMPA 

receptor desensitization. NMDA receptor desensitization, however, requires the 

modulation of other regions, such as LIVBP-like domain and domains in the pre Ml 

segment that are not involved in agonist binding. Lurcher mutation (at the interface 

between ligand binding domain and the pore) could exert its effect on AMPA receptors 

by opening the channel a half way, not far enough for desensitization. This half way, 

might not be enough for deriving NMDA receptor away from desensitization because of 

all the other intact domains that exert allosteric effect on receptor desensitization. 

Subunits Stoichiometry 

Subunits for both NMDA and non-NMDA receptors belong to a gene fanwly that 

is clearly different from the AchR/GABA-R/Gly-R family, thus subunit stoichiometry 

cannot be inferred- The first attempt at frnding the subunit stoichiometry in a functional 

NMDA receptor was done by Behe and colleagues (1995) that used co-expression 

method that was applied earlier to ACh receptor. The number of NRl subunit copies was 

determined by co-expressing the wild-type (wt) and mutant subunits, where the mutant 
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subunit conferred an altered single-channel conductance on the receptor. Receptors 

incorporating both mutant and wt subunits are expected to have intermediate single 

channel conductance. Expression of mutant NRl and NR2A receptors resulted in 

channels with main conductance of 2.6 pS and sublevel conductance of 1.2 pS. These 

levels were clearly different than the conductance of wt NRI and NR2A receptors, where 

50 pS main conductance and 40 pS sub conductance were observed. When wt and mutant 

NRl were coexpressed with NR2A, 15.3 pS main conductance and 11.4 pS sublevel 

conductance were present. Based on the assumption that (n+I) distinguishable different 

molecules are expected, where n is the copy number of NRl subunits present in the 

receptor, these results suggest that there are likely to be at least two NRl subunits in each 

NMDA receptor. Using similar rational and techniques but different mutations, 

Premkumar and Auerbach (1997) suggested that the NMDA receptor is a pentamere 

composed of three NRl and two NR2 subunits. Using the same conceptual reasoning but 

whole-cell current instead of single-channel current recording (Laube et al., 1998), the 

following experiment was done, wt NRl subunit and the low affinity NRl mutant 

together with wt NR2B subunit were coexpressed, and in another set of experiments wt 

NR2B and low affinity NR2B mutant were coexpressed with wt NRl. Dose response 

curves revealed three independent components of glycine and glutamate sensitivity that 

corresponded to the respective wt and mutant affinities and an additional intermediate 

hybrid affinity. The authors interpreted these results as three discrete receptor 

populations: all subunits were wt, one mutant with three wt, and two mutants with two 

wt, indicating that two NRl and two NR2 were needed to construct functional receptors. 

Recently, another approach was used in an attempt to reconcile between the contradicting 

results (Hawkins et al., 1999). Cells were cotransfected with NR2B-FLAG epitop, 

NR2B-c-Myc epitop, NR2A and NRl. The expressed receptors were detergent-extracted 

and were subjected to double immunoaffinity purification using anti-NR2A and anti-

FLAG antibody immunoaffinity columns in series. Immunoblotting revealed 

immunoreactivity to NR2A, FLAG and c-Myc that were interpreted as receptors 

containing three NR2 subunits, based on controls for the possibility that subunits could 
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have dissociated during the biochemical processing. Assuming two NRl subunits, the 

authors suggested pentameric structure for the NMD A receptor. 

The picture for the AMPA receptor has been as confusing as for the NMD A 

receptor. Ferrer-Montiel and Montal (1996) suggested a pentameric subunit stoichiometry 

for GluRl homomeric AMPA receptor based on differential response of engineered 

subunits to phencyclidine and dizolcipine. Rosenmund and colleagues (1998), however, 

suggested a tetrameric structure for the AMPA receptor using GluR3 subunit, based on 

the assumption that the number of agonists bound determines the average conductance of 

the channel. They prolonged the lifetime of each bound state by slowing the rate of 

agonist binding using a competitive antagonist with a very low dissociation rat. They 

observed three conductance levels with the first one having two rate constants, suggesting 

four occupancy sites of four subunits. 

Finally, a recent study (Mansour et al., 2001) showed that when cDNA for GluRl 

and GluR2 subunits are injected, heteromeric receptors form, where two GluRl and two 

GluEl2 subunits are assembled preferentially. Moreover, two subunits of the same kind 

are positioned diagonally across the channel pore. This study used two marker mutations, 

one causes complete removal of desensitization, and the other causes changes in 

permeability of certain ions. Different combinations of cDNA ratios would lead to 

different ratios between desensitizing and non desensitizing channels that can be 

measured by the ratio of the currents in presence and absence of cyclothiazide 

(desensitization blocker in wt subunits). The permeability mutation can further 

distinguish between the spatial distributions of the monomers within a channel, by fitting 

binomial probability distributions models. The studies described above heavily relay on 

assumptions of linear processes in DNA expression and in genotype/phenotype 

relationships, as well as on kinetic and statistical models that are built on best fits and 

theoretical assumptions. 

The Number of Bound Agonists 

The number of agonists and coagonists that are needed for activation of AMPA 

and NMD A receptors was studied using mostly the Hill plot method. This method derives 
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the number of binding sites from the maximal slope of a dose-response curve at low 

agonist concentrations obtained at steady state. Hill coefficient values for the AMPA 

receptor turned out to be 2 (Jonas and Sakmann, 1992; Hestrin, 1992;), 3 (Dudel et al., 

1990a), and 5 (Dudel et al., 1990b). Other methods using two-dimensional (Bates et al., 

1990) or three-dimensional (Magleby and Weiss., 1990) dwell-time histograms were used 

where different kinetic models were proposed, adding to the uncertainty. 

In the case of NMDA receptor, analyses of equilibrium dose-response 

curves for both glutamate and glycine generally yielded Hill coefficients larger than one, 

suggesting the presence of more than one glutamate and one glycine binding site 

(Johnson and Ascher, 1987; Kleckner and Dingledine, 1988; Pameau and Mayer, 1990; 

Javitt et al., 1990). On the other hand, calculating the number of glycine binding sites, led 

to Hill coefficient of less than one (Lerma et al., 1990) or equal to one (Johnson and 

Ascher. 1992) suggesting one glycine binding site. Equilibrium analyses, however, are 

complicated by the presence of high affinity desensitized states and cooperativity 

between binding sites, making it difficult to distinguish between more than one binding 

site. 

The development of fast agonist application techniques led Clements and 

Westbrook (1991) to come with another approach for calculating the number of agonists 

that are needed to activate the NMDA receptor. They argued that if more than one agonist 

is required for channel activation, and agonist binding is rate-limiting, then the activation 

time course should be sigmoidal, with the degree of sigmoidicity dependent on the 

number of agonists binding sited per channel. They used maximum likelihood procedure 

and found that a model with two binding sites for glutamate and two binding sites for 

glycine best fits the initial phase of the NMDA receptor current. Benvensity and Mayer 

(1991) also used rapid solution-exchange method. They recorded NMDA receptor 

responses to concentration jump application of competitive antagonists, in the presence of 

NMDA and glycine. They found that the kinetics for the onset of and recovery fix)m 

antagonism were better fit by two-equivalent site model, suggesting the need of two 

NMDA and two glycine molecules for NMDA receptor activation. Recently, the fast 
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agonist/antagonist exchange method was applied to AMPA receptor (Clements et al., 

1998). A sigmoidal kinetics suggested that multiple agonist binding steps or antagonist 

unbinding steps are needed for channel activation. A kinetic model with two independent 

binding sites was best fitted to the activation phase of the macroscopic current. A 

negative cooperativity between the first and the second binding sites was also suggested. 

All the numerical methods described above demand preliminary information concerning 

the kinetic scheme and rate constants of the different assumed states. It has become clear 

that the field is in need for other methods that could bring a different angle to clear our 

view of structure/function relationships of ion channels. 

The crystal structure of the ligand binding core of the bacterial glutamate 

receptor,GlurO, reveals a symmetrical dimmer involving residues in domain I. This 

symmetry occurs in 2 fold axis, suggesting that tetrameric glutamate receptors are 

assembled from dimers of dimers, whereas the opening of the channel occurs as a result 

of domain 2 separation between the subunits (Mayer et al., 2001). This study also 

revealed the structural changes that the agonist or antagonist conferred on the receptor. 

This atomic resolution structural approach is highly insightful to the structural aspect of 

the issues described above, but can only provide inferences to structure/function 

relationships and does not offer any insight into the dynamic properties of the involved 

interactions. 

1.2.2 The Gramicidin Channel 
Gramicidin is a pentadecapeptide consisting of an alternating sequence of D and 

L-amino acids. It is an antibiotic that is produced naturally by the bacterium Bacillus 

brevis (Hladky and Haydon, 1970). Gramicidin structure was determined at atomic 

resolution level by x-ray diffraction and NMR spectroscopy in a nearly native state 

(Cross et al., 1999; Anderson et al., 1999), which makes this peptide an attractive model 

system for experimental and theoretical studies of biophysical properties of ion channels 

(Wallace, 1999 and 2000). Strong disruption and modification of channel conductance 
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were reported for gramicidin channels with mutated N-terminal head-to-head connections 

(Chemyshev and Cukierman, 2002; Szabo and Urry, 2001). Six inter-molecular hydrogen 

bonds formed at the N-terminal head-to-head contact region of the dimer stabilize the 

fully conductive gramicidin channel (Urry et al., 1971). Partial disruption of these H 

bonds results in incompletely associated or dissociated dimers (Szabo and Urry, 2001). 

Gramicidin channels are water-filled pores containing a one-dimensional chain of water 

molecules connected through hydrogen bonds (Levitt, 1978 and 1982). Such water 

column is considered to play a key role in conducting H* and cations (Andersen, 1984; 

Hladky and Haydon, 1972; Urry et., 1971). Conformational changes at the N-terminal 

connection significantly disrupt the structured water chain, therefore perturbing channel 

conductance. The Val^ residue undergoes large structural fluctuations and is critical for 

the intra-molecular hydrogen-bonded network of the gramicidin monomer (Townsley et 

al., 2001). Mutagenic substitution of VaL,to Ala stabilizes the structure of gramicidin as 

shown by fewer lower conductance events (Sigworth et al., 1987). Other important intra

molecular stabilizers are the Trp residues at position 9, 11, 13, and 15, which form the 

binding site for ion conductance via their large dipole moments and their orientations that 

align to form a water-bonded network. Motions that change this alignment could disrupt 

the ion binding-site network and thus affect channel conductance (Keoppe and Anderson, 

1996; Woolf and Roux, 1994). Various point mutations at or around these positions alter 

channel conductance amplitude and open dwell time, from a 10% reduction to complete 

loss of channel activity, presumably arising from changes in channel conformation 

(Woolf and Roux, 1994; Koeppe et al., 2000; Salom et al., 1995). 

Gramicidin has been the subject of a large number of theoretical models that 

attempt to understand the selectivity filters that govern ion flow through ion channels. A 

recent study (Hladky, 1999) used a state model that integrates the concentration-

dependent permeability property of gramicidin suggests four occupation states of the 

pore, reflecting the complexity of even this, structurally simple channel. The model also 

supports the idea that the dimere could be nonconductive. The average lifetime of the 

channel in the open state is highly sensitive to the experimental environment such as the 

type and concentration of the ions in solution, temperature, trans-membrane voltage and 
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the nature and quality of the lipids in the bilayer, all of which affect the dimerization of 

the monomers. The average open time of the channels thus spans milliseconds up to 

seconds (HIadky and Haydon, 1972; Kolb and Bamberg, 1977; Ring and Sandblom, 

1988; Sigworth et al., 1987). A flickering behavior of the channel exists, where the short 

open and closed times are present at millisecond time scale (Sigworth et al., 1987), 

revealing another distinct gating process. It is interesting to note that channel activity 

occurs in bursts, resembling the activity of the more complex biological channels (Ring, 

1986). Several laboratories chemically linked the two monomers (Bamberg and Janko, 

1977; Urry et al., 1971). As expected, the lifetime of these, functionally intact channels is 

several orders of magnitude longer. Interestingly, depending on the chemical bonding, 

episodes of flickering at millisecond time scale still occur (Armstrong et al., 2001; 

Cukierman et al., 1997; Quigley et al., 1999; Stankovic et al., 1989). These observations 

demonstrate that the dynamic conformational changes that control the conductance of 

such a simple peptide are far from being as simple as association/dissociation dynamics. 
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2. PRESENT STUDY 

2.1 Theta Rhythm Modulation of Synaptic Plasticity 

The methods, results and conclusions of this study are presented in the 

paper appended to this dissenation. The paper was published in the journal Hippocampus 

under the title: Hippocampal Synaptic Plasticity is Modulated by Theta Rhythm in the 

Fascia Dentata of Adult and Aged Freely-Behaving Rats. The following is a summary of 

the most important findings in this paper. 

2.1.1 Objective 

One of the most prominent and regular rhythms in the rat EEG is the theta 

rhythm. Unique to the hippocampus and neighboring areas, this synchronized rhythmic 

oscillation of the neuronal-population membrane-potential has been implicated in the 

process of spatial learning. Theta rhythm occurs during exploratory behavior, and 

disruption of the rhythm (pharmacologically or surgically) impairs the animal 

performance on spatial tasks. In addition, the peak excitability of hippocampal neurons 

occurs at a certain phase of the theta cycle and this phase changes systematically with the 

spatial location of the animal. 

Different mechanisms by which the theta rhythm could assist the hippocampal 

network in the encoding of information have been proposed. One such mechanism is the 

ability of the theta rhythm to modulate synaptic plasticity, thus conditioning the 

hippocampus for acquisition of new information. A few studies support this idea by 

demonstrating that the phase of the theta cycle at which the induction stimuli are 

delivered determines the nature of the resulting synaptic plasticity. These studies were 

conducted using reduced preparations where the theta rhythm is artificially generated. 

There are signiticant differences, however, between these oscillations and the theta 

rhythm that occurs naturally during exploratory behavior. In addition, the changes in 

synaptic strength could not be followed for more than a few hours in the reduced 
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preparations. Our first goal was to find whether and how natural theta activity affects 

synaptic plasticity in the hippocampus of freely behaving animals. 

Spatial memory is deficient in aged animals. This deficit is consistent with the 

complex physiological, anatomical and chemical changes that occur in the organization 

of the hippocampus during aging, including deficits in LTP. The spatial memory deficit, 

however, is inconsistent with the preserved theta rhythm and the preserved relationship 

between theta phase and neuronal firing with aging. In search for the origin of learning 

deficits with aging, it is important to find whether the effect of theta rhythm on synaptic 

plasticity changes with aging. Our second goal was thus to find whether the effect of the 

theta rhythm on synaptic plasticity differs between young and old animals. 

2.1.1 Approach 

Synaptic plasticity was assessed by the change that was induced in the evoked 

field EPSP recorded at the hilus of Fascia Dentata of freely running rats. Minimal 

stimulus intensity and minimal number of pulses were used to induce LTP. Each animal 

was tested twice for any change in evoked field EPSP. Once after the stimulation was 

delivered at the peak of the theta rhythm, and once after the stimulation was delivered at 

the trough of the theta rhythm. This was done to find whether the different phases in the 

theta rhythm had different effects on the ability of the same stimuli to induce LTP. 

Significant differences in LTP magnitude at different phases would indicate that the theta 

rhythm might have a modulatory role in the induction process. Young and old rats were 

tested on the Morris swim task to evaluate their spatial memory. The degree of induced 

synaptic plasticity is compared between old memory-impaired and young memory-intact 

rats to assess whether there is a differential effect of theta rhythm with aging. 

2.13 Methods 

The stimulating and recording electrodes were implanted under anesthesia to 

evoke and record field EPSPs in the hilus of fascia dentata. Because theta rhythm was 

generated as the animals were running, the rats were trained to run along a linear track for 
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food reward. A unique system that was built in the lab allowed us to carefully control the 

timing of delivery of the stimuli for LTP induction. This system used the naturally 

occurring theta rhythm to trigger the stimulator at the peak or at the trough of a theta 

cycle. A special effort was taken to find the right parameters for inducing measurable 

changes in the evoked responses that at the same time allowed the unmasking of subtle 

differences in the magnitude of the responses that were induced in different phases. To 

compare whether the effect of the theta rhythm on synaptic plasticity changed with aging, 

old memory-impaired and young rats were used. Before the surgery, the animals were 

tested behaviorally to ensure that the old rats were deficient in spatial memory. We then 

followed the protocols that were developed for the first study with the young animals, 

and statistically compared their responses. 

2.1.4 Results 

The principal new finding to emerge from our investigation is that the naturally 

occurring theta rhythm modulates synaptic plasticity in the fascia dentata region of the 

hippocampus. LTP was induced only when the induction stimuli were delivered around 

the peak of the local theta rhythm, and no change in synaptic strength was observed when 

the stimuli were delivered around theta trough. This observation supports the idea that 

correlated dendritic depolarization creates optimal conditions forcooperativity and 

synaptic strengthening in the hippocampus, and suggests a modulatory role for theta 

oscillations in encoding information by the hippocampus. 

Theta rhythm modulation of synaptic plasticity is qualitatively similar in young 

and old rats, but the degree of LTP is significantly smaller in the old animals. This 

reduction in the magnitude of LTP in the presence of preserved modulation by the theta 

rhythm suggests that the observed deficit in spatial learning of old rats is due, in part, to 

the deficit in LTP induction. 
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2.2 Technique Development and a Single Gramicidin Channel 
The methods, results and conclusions of this study are presented in the paper 

appended to this dissertation. The paper was submitted for publication under the title: 

Revealing Function-Regulated Conformational Dynamics of an Ion Channel by 

Simultaneous Single-Molecule Fluorescence Imaging and Patch-Clamp Recording. 

2.2.1 Objective 

Subtle structural changes of ion channels play an important role in regulating their 

function. Ion channel conductance analyses and Idnetic modeling, together with site-

directed mutagenesis, protein modifications, and static crystal and NMR structural studies 

have provided invaluable insights into the conformational changes that control channel 

activity. The mechanisms of function, however, are associated with dynamic 

inhomogeneities of protein motions that regulate the activity of the channel. Previous 

studies used ensemble measurements in which the dynamic properties are averaged and 

the heterogeneity in the properties is hidden. This heterogeneity could become visible at 

the single molecule level. 

The benefit of single molecule spectroscopy and imaging has initiated a new field 

that has been challenged by the spatial and temporal resolution to reach the diffraction 

limit of light. Engaging single-molecule fluorescence imaging with single-channel 

recording could allow the correlation of single channel conductance with single molecule 

fluorescence dynamics, in real time. This correlation could then elucidate the 

conformational events that are responsible for the channel kinetic behavior. The focus of 

this work is to specify and characterize crucial and site-specific conformational states and 

their changes in real time, at the single-molecule level, one ion channel at a time. 

2.2.2 Approach: 

Direct, physical evidence for the nature of ion channel structure-function 

relationships have been provided recently by taking advantage of the photophysical 

properties of fluorescent molecules such as Fluorescence Resonance Energy Transfer 
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(FRET). The efficiency of the energy transfered, or the quenching (when two 

fluorescence molecules of the same species are used), is proportional to the distance 

between the two molecules, and is detected by the change in fluorescence intensity. Such 

a "molecular ruler" was used to elucidate the twisting movement of the potassium 

channel voltage sensor during gating. The energy transfer process becomes highly 

informative when studying a single pair of molecules. Slight fluctuations in the emission 

intensity of the two molecules can reveal subtle changes in the distance between them. 

The fluctuations that are otherwise averaged in ensemble measurements are detected at 

the single pair level, reporting subtle changes in the conformation of the protein to which 

the pair is attached. 

We chose the gramicidin channel as a model system for developing the technique, 

and for investigating the conformational changes that control the activity of the channel. 

Gramicidin C, one of gramicidin analogs, is a 15-amino acid ^-helix that forms a channel 

by dimerizing head-to-head at the N-termini in the interior of a lipid bilayer. This channel 

has been studied intensively, but the nature of the structural changes and the motion 

dynamics that regulate the conductive state of the channel are still largely unclear. 

2.2  ̂Methods 

Figure la in the appended paper (Appendix II) describes the combined setup. 

Single channel current was recorded from gramicidin channels in the bilayer that was 

formed at the tip of a patch pipette (note 1). Each Gramicidin monomer was tagged with 

a fluorescence dye (tetramethylrhodamine or Cy5) (note 2), and several criteria were 

followed to ensure gramicidin channel activity (note 3). The tip was observed on an 

inverted microscope stage equipped with a 60x objective and a 4x relay lens that was set 

in the CCD path (note 4). The tip was exposed to the laser for only 5 ms every 200 ms to 

minimize photobleaching of single molecules that were trapped at the tip. Laser 

exposures were correlated with the CCD exposures and with time-stamps that were 

recorded on a second channel of the amplifier, simultaneously with single-channel 

currents. 
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Images of "hot-spots" at the tip were acquired simultaneously with channel 

activity (fig 1 and fig 2). 2D Gaussian curves were fitted to the spots in the images (note 

5 and), using a least squares estimator to characterize the intensity (counts/5 ms), the 

width (pixels), and the error of the best fit for each spot (fig 3). To ensure that the 

diffraction-limited spots are single gramicidin channels, a control experiment was 

conducted (note 6) with the same optical parameters, where very low concentration of 

labeled gramicidin were placed on a glass slide in a lipid bilayer, allowing full control 

over the concentration and distribution of the molecules. A histogram of the intensities 

of hot spots at the tip and hot spots in bilayers on glass slides peaked at 450 ± 50 

photons/ms and 470 ± 50 photons/ms respectively (fig Id in Appendix II). This 

observation supported our assumption that hot spots at the tip (that are correlated with a 

single channel current activity) are single gramicidin channels. 

To further test this assumption we conducted co-localization and single-pair 

fluorescence resonance energy transfer (spFRET) experiments. Asymmetric 

incorporation of Cy5-gramicidin C and TMR-gramicidin C led to the formation of single 

channels tagged with two different dyes. Co-localization and spFRET within a single 

gramicidin dimer were probed (fig 2 in Appendix U) by multicolor excitation and donor-

acceptor two-channel fluorescence imaging (note 4). 

Note 1: Lipid bilayers were formed at the tip of patch pipettes by apposition of two 

monolayers. Lipid monolayers were spread from a lipid solution in hexane; the lipids 

used were diphytanoylphosphatidylethanolamine (dPhPE) and 

diphytanoylphosphatidylcholine (dPhPC) 4:1 (Avanti, Alabaster, AL). Gramicidin 

dissolved in ethanol (10'^ M) was added to the aqueous subphase (IM KCl, 1 mM CaCh 

and 5 mM Hepes (pH 7.5) after bilayer formation. Micropipettes were pulled to yield 1-5 

M£2 open resistance when immersed in the above buffer solution, and recording 

chambers holding 100 ^1 were made by placing Teflon O-rings over cover slips. Single 

channel currents elicited at constant applied voltage (-100 to 1(X) mV) were recorded 

using an EPC-9 amplifier (HEKA Electronics, Lambrecht/Pfalz, Germany). Data were 
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acquired and analyzed using an ITC-16 interface (InstruTech, Port Washington, NY) and 

Pulse/PulseFit acquisition and analysis software (v 8.11, HEKA Electronics). Records 

were filtered at 3 icHz and sampled at 4 icHz. Control experiments using unlabeled 

gramicidin C, and gramicidinC with Glyi6 and Lysi? were performed; the single channel 

conductance and open time values of these variants was equivalent to those of the 

fluorescence labeled version. 

Note 2: Labeling was done as follows: Gramicidin C was produced by peptide synthesis 

(Genemed Synthesis, Inc.), adding Gly and Lys residues to the C-terminal, hydrolyzing 

TMR or Cy-5 HNS esters to the Lys residue. Separation of the purified product was done 

by HPLC (C8 column, 1 ml/min, 80% methanol) (GramicidinC - TMR 2415) 

(GramicidinC-Cy5 Mr - 2640). 

Note 3: The following criteria were applied to ensure that channel activity is recorded: 

1). No channel activity was discernible before adding gramicidin. 2). Only bursts of 

channel activity were considered to ensure that the observed current is not due to 

membrane instabilities. 3). A high membrane resistance (> 10 gQ) leading to a high 

signal to noise ratio (S/N) was achieved. 4). Membrane breakdown occurred when 300-

500 mV were applied. 

Note 4: Nikon Diaphot 300 equipped with a 60Xobjective (NA=1.4) and 4X relay lens 

was used. The illumination intensity was set to 5 kW/cm" for TMR-gramicidin at 514 nm 

and 1.5 kW/cm" for Cy5-gramicidin at 632 nm in all experiments. Control of the 

polarization of the excitation light was achieved by introduction of a X/4 wave-plate 

(Meadowlark Optics). Filter combinations for TMR consisted of DCLP555, HQ625/100 

(Chroma) and OG550 (Schott), and for Cy-5: DCLP645, HQ690/90 and RG645 (Schott). 

spFRET measurements were done using a custom built dual-dichroic beam splitter and 

band pass filter plus either OG550 or RG645, permitting the detection of single 

fluorophores by a nitrogen-cooled CCD-camera (Spec-10 1340x4008 or 700B, Roper 

Scientific) with a detection efficiency of 12% for TMR and 8% for Cy5, and 8% for 

TMR and 5% for Cy5 with the FRET filters (± 1%). 
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Note 5: "Hot spots" were analyzed by subtracting the background the average pixel value 

or by fitting the background to a wide 2-D Gaussian. The individual spots were 

identified on the image by the maxima of a 2-D Gaussian-correlation filter. The region 

around these maxima were fit to a 2-D Gaussian reporting the intensity, width and 

position, and errors of the best fit by optimizing the x"-
Note 6: dPhPC and dPhPE at a 1:4 ratio were doped with 10 * mol TMR-Gramicidin C or 

Cy-5-Gramicidin C per mol lipid and were deposited at 22°C on glass slides using 

Langmuir-Blodgett deposition. The supported membranes were subsequently placed into 

a sample chamber -500 nm" thick and mounted onto the same microscope used for the 

tips. 

2.2.4 Results 

Autocorrelation function analysis [C(t) = <A/(0)At(t)>] of single channel current 

trajectories (fig 4 in Appendix II) revealed multiple decay components that suggest 

transitions of the channel between multiple states at different rates. Autocorrelations of 

the on and off states alone, and cross-correlation analysis between them [r(m) = 

<Aton(0)Atoff(ni)>] suggest that the channel open and closed states are dependent on each 

other, and that there is a memory effect in the conformational dynamics, implying that the 

two monomers might never fully dissociate over periods of hundreds of milliseconds, a 

time frame that could define subsets of channel conformers. The memory time for the 

on-time was about 8 s (38 channel-opening cycles), but only ~ 0.4 s (8 cycles) for the off-

time. Thus, the on-states of the gramicidin dimer involve strongly correlated slow 

conformational fiuctuations, in addition to multiple weakly correlated association kinetics 

with different rates. 

Hot spots from 210 images were analyzed for intensity and width that were 

plotted against the averaged current amplitude calculated over 5 ms exposure time of 

each correlated image (fig 3a in appendix II). A gradual decrease in hot-spots intensity 

appeared as channel conductance increased. Paired r-test revealed a significant difference 

(t = 2.74 P = 0.0227) between the intensity of the spots at 0 (+/- 5 pS) conductance and 
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those at conductance lager than 5 pS, within each patch. This observation was explained 

by the quenching that occurred between the two dye molecules, as the two monomers 

became closer and formed a conductive pore (fig 3b in Appendix II). The intensity 

d i s t r i b u t i o n  a t  O f f  s t a t e s  w a s  b r o a d e r ,  a n d  s i g n i f i c a n t l y  d i f f e r e n t  ( F I ,  2 0 3  =  4 . 9 6 5 ,  P  =  

0.027) from the narrower distribution at open states. Keeping in mind that the efficiency 

of quenching depends on the distance between the two molecules, the gradual decrease in 

fluorescence intensity that corresponds to the apparent gradual increase in channels 

conductance suggests that the two monomers form dimers of different conformations, 

causing the attached dye molecules to become distant at different degrees from each 

other. This interpretation is supported by single-channel current analysis that showes 

broad current amplitude distributions with multiple peaks (fig 4). 

Three conclusions can be drawn from these experiments. (I) There is a broad range of 

conformational states that are nonconductive. (2) The two monomers can be fully or 

partially associated during nonconductive states. (3) Increase in conductance is correlated 

with the degree of the association between the two monomers. 
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The Point Spread Function (PSF) describes the 
intensity distribution of a point source at the focal 
region. For high numerical aperture objectives, 
the PSF is well approximated by a Gaussian 
distribution. 

Fitting a 2D Gaussian curve to images of 
sub-wavelength particles (single fluorescent 
moleulces) has become a common method 
(Cheezum et al., 2(X)I): 

G(jt, v) = A exp 
B 

is the the center of the curve, and A and B are 
constants. Least-squares estimator allows the 
constants v4 and B to float. 
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Multiple levels of a single TMR-lal)eled 
Gramicidin channel conductance are revealed 
by single-channel current analysis. B) The 
current-amplitude histogram that was 
generated from the current record in A was 
fitted to a Poisson distribution, revealing a 
broad distribution around two peaks at 3.972 
pAmp and at 2.468 pAmp. 
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2  ̂Watching a Single NMDA Receptor Interacting with Two Agonists 
This Study has not been written yet for publication and is presented here in detail. 

23.1 Objective 

Single molecule fluorescence microscopy is combined here with single channel 

current recording to reveal the molecular level mechanism of the NMDA receptor 

desensitization, one of the more confusing and least understood aspects of this molecule. 

The response properties of NMDA receptors at the CNS synapse are crucial in shaping 

neuronal networks during learning and in molding connections during development. The 

integration of pre-and post-synaptic responses by the receptor leads to calcium currents of 

precise dynamics that in turn determine the fate of the synapse. Macroscopic NMDA 

receptor current is slow rising and long lasting, properties that have strong implications 

on che following intracellular molecular cascades. The kinetic behavior and the dynamic 

interactions of the NMDA receptor with its agonists and modulators determine the nature 

of the macroscopic postsynaptic current. The response of the NMDA receptor to 

glutamate is much longer than the estimated lifetime of the agonist in the synaptic cleft 

(Hestrin, 1990; Pan, 1993) and is governed by the activation and desensitization of 

individual receptors (Edmonds and Colquhoun, 1992). The dynamic properties of 

activation and desensitization shape the size, lime course and frequency of postsynaptic 

signals (reviewed in Jones and Westbrook, 1996). 

Thermodynamics predicts that the affinity of the agonist to the desensitized state 

is even higher than the affinity to the open state, as determined from the fast 

desensitization rates. A full channel opening could be required for AMPA receptor 

desensitization, whereas partial opening could keep the channel away from 

desensitization. This idea is supported by the crystal structure of GluR2 binding site 

harnessing different agonists (Armstron et al., 1998; Chen et al., 1999; Armstrong and 

Gouaux, 2(X)0) and by the observation that different agonists exert different effects on 

AMPA receptor desensitization (Pameau and Mayer, 1990). In contrast, NMDA receptor 

desensitization does not change with different agonists, and is allosterically modulated by 

segments that are not involved in agonist binding. The molecular determinants that 
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underlie NMDA receptor desensitization have been studied intensively but the dynamic 

interactions between the receptor and the agonists during and between the kinetic states 

are only assumed. Dynamic interactions between agonists and receptors are derived from 

kinetic models that are fitted to electrophysiological measurements, and from 

biochemical methods, which inevitably are not correlated in time with the activity of the 

receptors. These ensemble measurements reflect averaged properties of heterogeneous 

populations of receptor molecules at different states. With tools that allow a closer look at 

single molecules (at ms time resolution), it becomes possible to observe the interactions 

of the agonists with the receptor during open/shut bursts and longer lasting desensitized 

states. Our first goal is to test the assumption that desensitization of the NMDA receptor 

is correlated with increase in binding affinity of the agonists to the receptor, and to follow 

changes in this affinity over lime. Our second goal is to investigate the possibility that 

there are changes in the affinity during the activation burst that could predict the 

following desensitized states. These molecular interactions can shed light on the 

mechanisms that underlie the transitions of the receptor between the different kinetic 

states. 

NMDA receptor is thought to be a tetra-or penta-heteromere that is assembled 

from the NRl and NR2 subunit classes. On average, two NR2 and two NRl subunits are 

thought to provide the binding sites for at least two agonists and at least one coagonist 

respectively, that are essential for activation of the channel (reviewed in Dingledine et al., 

1999; Danysz and Parsons, 1998). These assumptions are made mostly on the basis of 

Hill coefficients for steady-state responses. Because our investigation is based on these 

assumptions, our initial goal is to verify the presence of at least two agonists during 

activation of the receptor. 

23^ Approach 

To better understand the relationship between ligand binding and the transition to 

and from desensitization, we look at the occurrence and intensity of FRET between two 

fluorescence-labeled agonists simultaneously with single channel current recording. A 
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critical distance (-60 A) has to be reached between the two fluorescent molecules before 

FRET efficiency becomes high enough for detection. This distance can be reached only 

when two molecules become part of the same molecular complex. Crystal structures 

studies suggest that the two agonists are about 40 A apart when are bound to the receptor, 

well within FRET detection range. Occurrence of FRET thus reports the binding of at 

least two agonists to the receptor, information that can be translated to 

dissociation/association rates of single molecules during open and desensitized states, 

when correlated with single channel current traces. In addition, FRET intensity is 

proportional to the sixth power of the distance between the two fluorescent molecules. 

Relatively large changes in FRET intensity thus report subtle changes (within A 
resolution) in the distance between the two agonists. Although it is difficult to precisely 

convert intensity changes into specific distance changes, intensity changes in FRET 

reflect subtle changes in the interaction between the two molecules. We therefore look at 

intensity changes in FRET during desensitized and open states as reporters for changes in 

the binding of the agonists to the receptor. If desensitization results from closer 

association between the agonists and the receptor, or from fewer fluctuations in distance, 

higher FRET intensity, or fewer fluctuations in FRET intensity, will be observed when 

the channel is desensitized. 

To determine the number of agonists that are needed for receptor activation. One 

type of labeled agonist (TMR-cysteine) is used. The intensity and width of TMR-cysteine 

fluorescence "hot spots" in images of membrane patches are measured, only when 

correlated with single channel opening. This approach does not rely on FRET, but instead 

relies on control experiments that determine the expected intensity and width values of 

the same single fluorophores under the same experimental conditions. Frequency 

distributions of these values can determine the expected values of single fluorescence-

labeled agonist. By comparing the values of hot spots that appear during single channel 

opening to the values found in the control experiments, it is possible to determine the 

number of labeled agonist that ate bound to the receptor during activation. 
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2^3 Methods 

Figure 5 describes the combined single-molecule microscope with single-channel 

patch clamp recording. This setup is described in detail under Technique-Development 

and a Single Gramicidin Channel, with the exception of the use of cell-attached or inside-

out patches that are formed with membranes of cells expressing NMDA receptors. 

Expression of NMDA receptors: The clones for hNRl and hNR2A subunits in pCl-neo 

vector (Promega) were provided by Maurice Montal at UCSD, and the DNA for Green 

Fluorescent Protein (GFP) was provided by Brian Thrall at PNNL. Competent E. coli 

cells are transrormed with the vectors and plasmids DNA is isolated using Qiafilter kit 

(Qiagen). Human Embryonic tCidney (HEK 293) cell-line are transfected using 

LipofectAMINE (Life-Technologies) with NRl: NR2A: GFP DNA at 1:3:1 ratio. Cells 

are grown in D-MEM/F-12, and Ketamine (600uM) is added after transfection. Cells are 

transferred to buffer solutions containing 150 mM NaCl, 2.8 mM KCl, lOmM Hepes and 

in some cases I mM CaCl (pH 7.2), for electrophysiological recordings. Micropipettes 

are pulled to yield 3-7 MS2 open resistance when immersed in the above buffer solution. 

Transfected cells are detected by GFP emission using 488 nm laser excitation, and cell-

attached or inside-out patches are formed. The amino acid cysteine is used as the agonist 

at the glutamate binding site. Cysteine is tagged with Tetramethylrhodamine (TMR) or 

Cy5 and the labeled molecules are isolated using HPLC. Labeled cysteine (100-60 nM), 

and saturating concentrations of glycine (20uM) are added to the recording pipette and 

single channel currents are elicited by applied voltage (60 mV). Recording is done using 

EPC-9 amplifier (HEKA Electronics, Lambrecht/Pfalz, Germany). Data are acquired 

using rrC-l6 interface (InstruTech, Port Washington, NY) and Pulse/PulseFit acquisition 

software (v 8.11, HEKA Electronics). Records are filtered at 3 kHz and sampled at 10 

kHz. Off line analysis is done using TAC (Bruxton Corporation, Seattle, WA), and in 

house software. 

The patch is exposed to the laser for 5 ms every 70 ms and the exposures are 

correlated with the CCD and with time-stamps that are recorded on the second channel of 
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the amplifier, simultaneously with single-channel currents (Fig 6). Single molecule FRET 

(spFRET) is probed with green laser excitation while blocking the emission of the donor 

(with a 645-nm long-pass filter). To verify the presence of an acceptor molecule at the 

site of E^RET, green and red lasers are toggled, alternating between the direct excitation of 

the donor and the acceptor. Green laser thus allows FRET and red laser verifies the 

presence of the acceptor. To verify the presence of donor molecules, another filter set is 

used that allows donor emission to pass (570 nm long pass filter). (Detailed description of 

all filter sets is described earlier). 

To determine the number of agonist molecules at the patch, images of "hot-spots" 

at the tip that are acquired simultaneously with single-channel opening, are fitted by 2D 

Gaussian curves using least squares estimator to characterize the intensity (counts/5 ms), 

the width (pixels), and the error of the best fit for each spot (as described earlier). A 

control experiment that was conducted with the same optical parameters, showed that a 

single TMR molecule on glass slides emits 400 ± 50 photons/ms. (the control experiment 

is described in detail earlier). 

U.4 Results 
Single channel current recordings reveal that TMR-cysteine and Cy5-cysteine act 

as agonists at the glutamate binding site. As shown in figure 7, application of 60 nM 

TMR-cysteine in the presence of saturating concentration of glycine (20 uM) elicits 

single-channel activity. Single-channel current amplitude analysis is shown in figure 8. 

The frequency distribution of single-channel current amplitudes is best fitted to two 

exponents when either glutamate (Fig 8 A) or a mixture of TMR-cysteine and Cy5-

cysteine (1:1) (Pig 8B) is applied. No statistical differences are observed between the two 

distributions. The Analysis of open dwell-time (Fig 9) reveals that the channel tends to 

stay open for a slightly shorter time (1.48 ms) when glutamate is applied (Fig 9A), than 

when TMR-cysteine and Cy5-cysteine mixture is applied (1.91 ms) (Fig 9B). 

The application of the technique to study dynamic interactions between agonists 

and receptors at the cell membrane is demonstrated here. FRET is detected when donor 

(TMR) and acceptor (Cy5) molecules are colocalized within -60 A, reporting the binding 
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of two agonists to a single receptor. Simultaneously acquired single channel current 

recordings indicate the kinetic state of the channel at the time of ETIET. Figure 10 shows 

that acceptor emission, (isolated by 645 nm long-pass filter), is observed from several 

agonists that are present at the patch when excited directly with a red laser (A). When 

exciting the donor with a green laser (B), significant acceptor emission is only seen at 

specific sites, where both donor and acceptor agonists are bound (white arrows). To 

confirm the existence of a donor molecule at the site of FRET, donor emission (using 570 

nm long-pass filter) is observed (white arrow) when excited with green laser (C). 

Toggling between red and green lasers every 70 ms can give us a dynamic picture of the 

interactions between the agonists and the receptor. Figure 11 shows the images that 

follow those in figure 10, and the simultaneous recording of single channel current. The 

sparse activity of the channel was possibly caused by the presence of calcium in the 

buffer solution, as removal of calcium from the buffer solution increased channel activity 

in following experiments. Stars indicate the occurrence of FRET with green laser 

excitation (going down time-flags). Figure 12 shows images and single channel current 

that occurred a few seconds later. These observations demonstrate the binding of at least 

two agonists to the NMDA receptor during the time that the channel was closed. The 

occurrence of FRET interspersed with tens of ms of no detected signals, suggests a 

dynamic interaction between the agonists and the receptor, where binding/unbinding 

fluctuations occur at tens of milliseconds range. To increase temporal resolution in 

detecting coloclization of donor and acceptor molecules, another setup has been 

developed for simultaneous acquisition of donor and acceptor emissions (Fig 13). With 

the use of a dual color dichroic mirror and a dichroic wedge mirror in the emission path, 

the red and green emissions can be detected simultaneously on two parts of the CCD 

microchip. The images in figure 13 show the colocalized signals of acceptor molecules 

(upper right), and donor molecules (lower left) simultaneously with a FRET signal from 

the colocalized molecules (lower right), as indicated by the arrows. The spatial resolution 

that is achieved using this setup is not high enough for detecting single molecules. 

Nevertheless, measurements of fluorescence intensities reveal the expected anti-
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correlation between the emission intensities of the donor and the acceptor molecules as 

energy is transferred (Fig 14). 
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A) The application of glutamate leads to 
average current-amplitude of 2.8± 0.5 pA in 
85% of the events, and 3.5± 1.3 pA in 15% 
of the events. (1650 events are analyzed). 
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TMR-cystein mixed in 1:1 ratio leads to 
average amplitude of 2.5± 0.3 pA in 54% of 
the events, and 3. I± 0.8 pA in 46% of the 
events. (2480 events are analyzed). 
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Acceptor (Cy5) emission, (isolated by 645 nm long-pass 
filter), is observ'sd from agonists that are bound to NMDA 
receptors at the patch, when excited directly with a red 
laser (A). When exciting the donor (TMR) with a green 
laser (B), significant acceptor emission is only seen at 
specific sites where both donor and acceptor agonists are 
bound (white arrows). Toggling between red and green 
lasers every 70 ms can give us a dynamic picture of the 
interactions between the agonist and the receptor. To 
confirm the existence of a donor molecule at the site of 
FRET, donor emission (using 570 nm long-pass filter) is 
observed (white arrow) when excited with green laser (C). 
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only with green laser excitation (Even-
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Photon counts of the same area (3x3 pixels) on 
the CCD from the two emission detection 
channels were summed and plotted for 
consecutive frames. Donor values in green, and 
acceptor values in red, are plotted during green 
excitation (A), and during red excitation (B). 
No correlation is expected between the 
intensities of the donor and the acceptor during 
red excitation (B). During green excitation 
however, anti-correlation is expected. The 
emission intensity of the donor is lower when 
the intensity of the acceptor is higher as energy 
is transferred from donor to acceptor. 
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3. DISCUSSION 

3.1 Theta Thythm Modulation of Synaptic Plasticity 
3.1.1 Theta Rhythm and Synaptic Plasticity 

Unlike previous studies, the effect of the theta rhythm on synaptic plasticity was 

investigated here in freely running rats, which is their natural behavior during spatial 

learning and the behavior that naturally induces the theta rhythm. Recording from freely 

behaving rats also enabled the LTP to be followed during several days after induction, 

whereas the previous studies were limited to 2-4 hours. It was found that indeed, the peak 

of theta rhythm reflects a network state that supports facilitation of LTP induction with a 

minimal stimulus paradigm that was never shown before to successfully induce LTP in 

living animals. As few as 2-4 bursts (4 pulses at 400 Hz) at consecutive theta peaks 

induced small but reliable LTP at the perforant path - molecular layer synapses that 

lasted for days. When the same protocol was used to deliver the stimulus at the trough of 

the theta wave, neither LTP nor LTD was induced. Huerta and Lisman (1995) showed, 

however, that only one burst (of 4 pusles at 100 Hz) that was delivered at the peak of 

carbachol induced theta at stratum radiatum could induce LTP in the Schaffer collateral-

CAl synapses. We could not detect LTP in peforant path-granule synapses unless 2-4 

bursts were delivered. This difference could reflect fundamental differences between the 

CAl region and the dentate gyrus, but could also be explained by the nature of carbachol-

induced theta-like rhythm. Cholinergic agonists increase firing rate and decrease spike 

accommodation in CAl pyramidal cells (Ntcoll, 1985). The underling mechanism 

consists of depolarization that leads to increase in membrane resistance (Cole and Nicoll, 

1984) and blockade of slow afterhyperpolarization (Bernardo and Prince 1982). 

Carbachol also facilitates soma-dendritic propagation of action potentials via muscarinic 

receptors (Tsubokawa and Ross, 1997), and activates phosphinositol cascades (Markram 

and Segal 1990). All these effects result in increased intracellular calcium at the dendrites 

and could explain the ease of LTP induction under carbachol theta, but with little or no 

relevance to the natural rhythm, as discussed earlier. Holscher and colleagues (1997) 

could repeat the observation that one burst at the peak of theta induced LTP in the 
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Schaffer coIlateral-CAl synapses. This experiment was done in the anesthetized animal, 

where theta rhythm was induced by tail-pinching. Theta oscillations in urethane-

anesthetized animals resemble theta in entorhinal lesioned animals, where GABAergic 

input dominates the rhythm. Because the theta peak in stratum radiatum reflects the time 

when somatic inhibition is weaker, and pyramidal cells discharge is maximal, Schaffer 

collateral stimulation around the peak could lead to maximal discharge of CAl pyramidal 

cells. This, in turn, could lead to backpropagating action potentials and increased calcium 

concentrations at the proximal dendrites. Our results are in agreement with the results of 

Pavlides et al. (1988) who examined LTP induction in the perforant path-granule cell 

synapse in urethane-anesthetized rats. Strong stimulation of perforant path (10 bursts of 5 

pulses at 400 Hz, on 10 consecutive waves) delivered at the peak of theta led to a small 

but significant LTP. The same stimulation delivered at the trough induced no significant 

LTP (depression was observed in 3 out of 7 animals). Because theta rhythm amplitude 

and phase-depth profile are similar in urethane-anesthetized animals and in animals in 

which the entorhinal cortex is lesioned (Ylinen et al., 1995), the reduced facilitation of 

LTP with the strong stimulation paradigm may be due to the rhythmic disinhibition that 

occurs in the absence of significant entorhinal input. 

None of the above studies could induce LTD when the stimulation was delivered 

at the trough of the theta rhythm. It is possible that the theta rhythm reflects a network 

state that does not support LTD, and this type of plasticity is facilitated under other 

behaviors with different demands and functions than LTP in the hippocampus. 

Depotentiation, however, was observed in CA3-CA1 synapses in the slice preparation 

when one burst was delivered at the trough of carbachol theta (Huerta and Lisman, 1995). 

Holscher and colleagues (1997) could not repeat this observation in the anesthetized 

animal but they showed that 10 (but not 3) bursts at the trough of tail-pinched theta could 

depotentiate previously potentiated Schaffer coIIateral-CA1 synapses. It is possible that 

pulses that were given at the trough of theta reached the dendrites at stratum radiatum 

when the membrane resistance was relatively low, leading to lower levels of calcium 

influx. It has been shown that activating feedback inhibition (Thiels et al., 1995), directly 
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activating intemeurons (Yang et al., 1994) or injecting hyperpolarizing current to the 

post-synaptic ceil (Stanton and Sejnowski, 1989) at the time of burst delivery facilitates 

LTD induction. It is possible that these protocols keep the cell from firing at the time of 

stimulation, as the cell is naturally kept during the trough of theta. 

There is strong anatonucal (Ishizuka et al., 1990; Li et al., 1994) and 

physiological support for the hypothesis that neuronal information from the CA3 region 

is fed back to the dentate gyrus, leading to both inhibition and excitation of granule cells. 

This idea is built on the observations that population bursts of CA3 pyramidal cells 

during hippocampal sharp waves are associated with sinks in the inner molecular layer of 

the dentate gyrus (Buzsaki 1986; Penttonen et al., 1997), and on the observation that 

stimulation of the CA3 region in hippocampal slices induces large IPSPs in granule cells 

that might originate from dentate gyrus basket cells and other intemeurons excited by 

recurrent CAS collaterals (Scharfman, 1994, Kneisler and Dingledine, 1995). Finally, 

when GABAA transmission is blocked, epileptic population bursts of CAS and hilar 

mossy cells result in granule cells discharge (Scharfman, 1994). CAS collaterals 

terminate at the dendrites proximal to the soma, increasing the effect of their input on the 

discharge probability of granule and pyramidal cells. The intrinsic resonance of CAS 

pyramidal cells could be part of the entrainment machine of CAL and granule cell 

oscillations, unifying the activity of both regions. CAS with its recurrent collaterals and 

projections to CAL and the dentate gyrus could also orchestrate the firing pattern in the 

hippocampus. CAS could be the main locus for spatial processing that feeds back to the 

dentate gyrus, or CAS and CAL could inherit spatial information from the granule cells 

(Skaggs et al., 1996). 

There is a strong support for the idea that granule cells encode spatial information 

(Jung et al., 199S; O'Keefe and Recce, 199S; Skaggs et al., 1996). The robustness of LTP 

at perforant-path granule cell synapses, together with our finding of LTP induction 

preference at a certain phase of theta, support the possibility that spatial information is 

captured at these synapses. The entorhinal cortex is driven by the MS at theta frequency. 

Theta oscillation in the hippocampus is not eliminated, but gamma rhythm in the DG is 
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abolished with surgical removal of the entorhinal cortex (Bragin et ai., 1995). Chrobak 

and Buzsaki (1998) showed that neurons of layers H-III of the entorhinal cortex discharge 

in temporally defined gamma windows (10-25 ms) coupled to the theta cycle, and that 

entorhinal theta oscillations are in phase with hippocampal theta recorded in CAl stratum 

oriens and pyramidale, and in synchrony with theta at the fissure. These observations 

support the relevance of our experimental paradigm and results to the natural pattern of 

activity at the entorhinal cortex-granule synapse. 

The rising phase of the hilar theta rhythm is the time of maximal discharge of 

granule cells in freely behaving animals (Skaggs et al., 1996) and under anesthesia when 

the cells are depolarized by current injection (Ylinen et al., 1995). This is the phase where 

the granule cell's somatic inhibition and dendritic depolarization are relatively reduced. 

Our observations, together with those of Pavlides and his colleagues in the dentate gyrus, 

as well as the observations in CAl region support the idea that LTP is more likely to be 

induced around the phase where principal cells tend to discharge. The preference of LTP 

induction around the time of maximal discharge could be explained by back propagating 

action potentials that activate calcium channels, increasing intracellular calcium to higher 

levels that favor LTP induction in proximal (Magee and Johnston, 1997; Markram et al., 

1997; Debanne et al., 1998; Bi and Poo, 1998), as well as distal (Kamondi et al., 1998; 

Magee and Johnston, 1995) dendrites. This preference could also be explained by the 

"modulatory state" of the hippocampal network during this phase. The "modulatory 

state" of the network at the time of maximal discharge is the state when the membrane 

resistance is relatively higher, amplifying positive currents across the membrane, causing 

excitatory input to be more potent al the dendrites. This potency of synaptic current could 

facilitate LTP induction. Membrane potential fluctuations could bring the membrane to 

the threshold level for sodium channel activation leading to the generation of action 

potentials, but also could increase the probability of NMDA receptor activation when 

synaptic input arrives. Membrane potential oscillations at the single cell could reflect the 

resonance of voltage-gated channels entrained by the extra and intrahippocampal 

connections that in turn satisfy the resonance properties of other molecular events that 
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participate in LTP induction. For example, CaM kinase II undergoes sequential 

conformational changes that underlie its autophosphorylation and activation that, in turn, 

allow the enzyme to interact with and phosphorylate AMPA receptors among other 

molecules. The dynamic conformational changes of CaM kinase II are tightly coupled to 

the dynamic changes in intracellular calcium that in turn are correlated with the 

activation/inactivation cycles of voltage gated channels and NMDA receptor activation. 

The idea that the peaks and troughs of the theta rhythm reflect different network 

modulatory states is supported by the direct and indirect median raphe nucleus 

serotonergic innervation (Mckenna and Vertes, 2001) and MS cholinergic innervation 

(reviewd in Vertes and Kocsis, 1997) to the hippocampus that are tightly coupled to the 

theta rhythm. The median raphe nucleus that "acts as a functional antagonist of the 

reticular formation", and the MS that "transforms the brainstem-diencephalic input into 

rhythmic quantal form" (Vinogradova et al., 1999), among other structures, could 

condition, or prime the hippocampus for acquisition of new information by entraining the 

network to theta oscillations. 

3.1.2 The Phase of Firing and Spatial Information 

The observation that the firing of place cells relative to the theta wave changes 

systematically with spatial location raises the possibility that the phase of firing carries 

spatial information. The strong perisomatic inhibition during the theta rhythm keeps most 

pyramidal cells relatively silent. Spikes occur only when strong excitation overcomes the 

inhibition that varies during the theta cycle. The phase of firing thus reflects the 

magnitude of the excitation. How the firing phase is translated to meaningful information 

is not known, but because information is probably captured by changes in synaptic 

strength, the possibility that the phase of firing can determine not only the degree, but 

also the direction of asyrmnetric changes in synaptic strength has been proposed. Skaggs 

and colleagues (1996) suggested that phase precession inevitably results in compressed 

representations of the place fields sequence that are replicated within each theta cycle. 

The compressed form within a cycle is replicated several times as the rat runs along the 

place fields, providing the neural activity that is required for LTP induction. They cross-



98 

correlated the activity of two neighboring place-cells in their place-fields. As is reflected 

by the right-shift of the first peak from the origin in the cross-correlation analysis, the 

first cell fires early and the following cell fires later in the same theta cycle. The 

following cell that fires later within the theta cycle provides the requirement for "pre 

before post". The right shifted asymmetry in the firing phase thus predicts that the 

connections from the first cell to the following cell will be strengthened in an asymmetric 

way. Our results show that dentate granule cells are more susceptible for LTP induction 

around the peak of the local theta when somatic inhibition is minimal, but also when the 

first spike appears as the rat enters the cell's place field. This observation supports the 

prediction by Skaggs and colleagues (1996) that the time when asymmetric LTP 

induction is more likely to occur between pairs of place cells is the time when the 

following cell fires later in the cycle (around the time of entering the place field), and the 

leading cell fires earlier in the cycle (perhaps around the time of maximal bursting at the 

center of the field). 

O'Keefe and Recce (1993) pointed out that as the place field centers are shifted 

relative to each other, so will the temporal disparity between the bursts of the two cells. 

Maximal temporal disparity will be reached with 50% overlap of the fields that will result 

in 180 degrees out of phase bursting of the two cells (about 70 msec apart). Whether the 

time of maximal bursting (at the center of the field) is the time of optimal conditions for 

synaptic modification is not known, but their point illustrates the asymmetric temporal 

relationship that phase precession imposes on the activity of place cells, which might 

have evolved to accommodate the temporal nature of all the players in LTP induction. 

3.13 Theta Rhythm and LTP During Aging 

Our experiments included old rats that showed impaired spatial learning when 

tested on the Morris swim task. The same stimulation paradigm was used to induce LTP 

in young and old rats. We observed that theta rhythm modulation of synaptic plasticity 

was qualitatively similar in young and old rats, but the degree of LTP was significantly 

smaller in old animals. Smaller but significant LTP was induced at the peak, and neither 
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LTP nor LTD were induced at the trough of theta in old animals. The preserved 

modulation of synaptic plasticity is consistent with the preserved theta rhythm in aged 

rats, and with preserved phase precession of place cells' firing relative to theta wave 

(Shen et al., 1997). The reduced magnitude of LTP in old memory-impaired rats relative 

to young rats is consistent, and could be explained by the observed age-related decline in 

NMDA receptor-mediated synaptic response amplitudes at these synapses (Rao et al., 

1994 abs). This observation is also consistent with the finding that granule cells in 

memory-impaired aged animals need greater depolarization for LTP induction when 

weak orthodromic stimulation is paired with intracellular current injection (Barnes et al., 

2(XX)). The compromised cholinergic transmission in the aged hippocampus (Shen et al., 

1996) could also play a role in the observed decrease of LTP amplitude. Reduced 

cholinergic modulation of the theta rhythm could lead to a decrease in membrane 

resistance and membrane potential, leading to reduced synaptic and voltage gated 

currents (as discussed earlier). 

Place fields of old rats fail to expand with repeated traverses of the route (Shen et 

al, 1997), but there is no difference in the total phase change of firing over the place field 

between young and old rats, and no significant effect of age on either the entry phase or 

the exit phase of firing. These observations demonstrate that the integrity of the 

mechanisms that control spike timing in old rats is preserved and is consistent with our 

observation of preserved modulation by theta. Lack of place field expansion with aging 

suggests that LTP, which could account for place field expansion, is deficient, a 

possibility that is consistent with our observation that LTP is deficient in old relative to 

young animals when stimuli are delivered at the peak of the theta rhythm. Despite 

preserved modulation of LTP by theta rhythm, the old animals demonstrate deficient 

spatial memory, supporting the importance of LTP in learning and memory. 
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3.2 Transition Remarlcs 
3^.1 NMD A Receptor At the Core of Synaptic Plasticity 

NMDA receptors lie in the heart of synaptic plasticity. Their responses are critical 

in shaping neuronal networks during learning and in molding connections during 

development. They exert this power by integrating pre-and post-synaptic responses 

leading to calcium currents of precise dynamics that in turn determine the fate of the 

synapse. The macroscopic NMDA receptor current is slowly rising and long lasting, 

properties that have strong implications for intracellular molecular cascades, as shown by 

NMDA receptor dominance over the intracellular postsynaptic calcium transients. The 

idnetic behavior and the dynamic interactions of the single NMDA receptor, with its 

ligands and modulators, determine the nature of this macroscopic postsynaptic current. 

Complex dynamic interactions between the receptor and the agonists lead to a complex 

icinetic behavior of the channel that is essential to the normal function of the brain. 

To belter understand the structural basis and the dynamic interactions that govern 

channel kinetics we developed a new approach that allows us to correlate single-channel 

activity with single-molecule conformational dynamics using fluorescence microscopy 

and spectroscopy. 

33 Technique-Development and tlie Gramicidin Channel 
33.1 FRET and Single molecules 

Ensemble measurements of FRET have become a common tool in studying 

molecular interactions in living cells. This technique not only reports the spatiotemporal 

distribution of interactions between two different populations of molecules, but also can 

cleverly report the time when molecules become activated and the distribution of the 

activated molecules within the cell. One such study (Kraynov et al., 2000) looked at the 

distribution of Rac activation by creating a FRET pair between Rac that was fused with 

green fluorescent protein (GFP), and p21-binding domain (PBD) that was labeled with 

Alexa 546. Because PBD could bind only activated Rac, FRET between GFP and Alexa 

546 reported the spatiotemporal distribution of activated Rac. Another important 
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experiment used ensemble measurement FRET to decipher the twisting movement of the 

Shaker potassium channel voltage sensor during gating (Glauner et al., 1999; Cha et al., 

1999). FRET was used as a "molecular ruler" to measure inter-subunit distances during 

activation. From the total FRET efficiency in the homotetramers it was possible to 

calculate the adjacent and diagonal energy transfer components that were then translated 

to distances. S4 was found to be a tilted heli.x that twists during activation, contributing to 

the movement of charged side chains across the membrane electric field, and coupling 

voltage sensing to gating. It is possible that applying voltage synchronized, in a way, all 

the voltage sensors in S4 segments for a few milliseconds, during which population 

FRET became synchronized as well. 

FRET intensity is proportional to the sixth power of the distance between the two 

fluorescent molecules. Relatively large changes in FRET intensity thus report subtle 

changes (within A resolution) in the distance between the two dyes. These fluctuations in 

FUET intensity are averaged and hidden in ensemble measurements but become visible at 

the single pair level, indicating subtle changes in the conformation of the protein to which 

the fluorescence pair is attached, or subtle changes in the interaction dynamics of two 

labeled molecules. Single-molecule fluorescence studies can report conformational states 

and dynamics that are otherwise masked by ensemble averaging, without the mostly 

impossible task of synchronizing all the molecules in the ensemble. The benefit of single 

molecule spectroscopy and imaging has initiated a new field that has been challenged by 

the spatial and temporal resolution to reach the diffraction limit of light. This newly 

emerging field has already contributed significantly to the understanding of biomolecuiar 

interactions (Weiss, 1999; Deniz et al., 2001; Sako et al., 2000; Ishii et al, 2001; Byassee 

et al., 2000; Taguchi et al., 2001; Seisenberger et al., 2001; Schmidt et al., 1997). 

The first experimental effort to understand molecular interactions at the single 

molecule level comes from single-channel recording. This field naturally was also the 

first to develop the statistical tools to analyze single-molecule measurements. Engaging 

single-molecule fluorescence imaging with single channel recording allows the 

correlation of single channel conductance with single molecule fluorescence dynamics, in 
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real time. This correlation could then elucidate the conformational events and the 

interaction dynamics that are responsible for the channel kinetic behavior. Our work 

demonstrate this idea. 

3^.2 Multi'Conformational States of a Single Gramicidin Channel 

Our data show that there is a broad range of conformational states that are 

nonconductive, where the two monomers can be fully or partially associated. The data 

also show that increase in conductance is correlated with the degree of the association 

between the two monomers. Based on crystal and NMR studies, gramicidin channels 

were shown to form 6 hydrogen bonds at their N terminal in the interior of the 

membrane. One way to explain the intermediate states is by a partial diffusion of the 

monomers away from each other, breaking some or all of the hydrogen bonds. Another 

way is a rotation of the monomers relative to each other, again breaking some or all the 

bonds, twisting the attached dye molecules away from each other. Both views are 

supported by the gradual decrease that appears in the intensity and width of the spots, 

with increasing conductance. Lower intensity, narrower, diffraction limited spots are 

more associated with higher conductance, suggesting a close association of the 

monomers. Spots of the same intensity tend to be wider at the Off position compared with 

the On position. The intensity distribution at Off states is broader, and significantly 

different from the narrower distribution at open stales, supporting the idea that there are 

several mechanisms that control the gating of the channel; the protein can take several 

conformations when the channel is closed. 

Diffusion of individual monomers that have separated from the dimers was not 

observed under our experimental conditions (1-2 jim' tip area and nM concentrations of 

gramicidin molecules in solid-phase membranes). Because pairs of gramicidin 

monomers did not diffuse away from each other beyond the diffraction-limit (300 nm), 

geminate recombination remains a possible mechanism for the transitions between 

conformations. These observations suggest that diffusion of gramicidin monomers was 

confined to domains ̂ (X) nm, likely associated with the inhomogeneity of the lipid 
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bilayer (Chiu et al., 1999; Nielsen and Anderson, 2000; Ring, 1992). Single channel 

current correlation analyses support the existence of multiple states at different rates, and 

the existence of dimeres that never fully dissociate, all of which are in line with the 

correlated fluorescence and conductance observations. 

The new technique that was described above made it possible to directly capture 

the conformational dynamics between the two gramicidin monomers by observing the 

changes in the distance between the attached dye molecules. This approach provides a 

physical evidence for the conformational changes that are responsible for the observed 

dynamics in channel conductance. 

3.4 Proof of Concept and NMDA Receptor 
Understanding the dynamic properties of molecular interactions is particularly 

importaiii for ligand-gated ion channels where these interactions tightly control the 

activity of the channel. NMDA receptor kinetic activity is one of the most complex 

among ion channels (Colquhoun and Hawkes, 1995), and is governed by the dynamic 

interactions of the receptor with its ligands and many modulators. These interactions in 

turn determine the dynamic properties of activation and desensitization, thus shaping the 

macroscopic current. NMDA receptor desensitization, one of the more elusive aspects of 

this molecule, is the subject of this work. The approach taken here is based on the 

assumption that understanding the dynamics of molecular interactions can shed light on 

the mechanism by which the molecules execute their function. 

A proof of concept is demonstrated here by showing that the interaction of a 

single NMDA receptor with the agonists can be observed and correlated with the activity 

of the channel. The work currently faces three technical challenges. The first one is to 

improve the signal-to-noise ratio for detection of single-molecule FRET. Using other 

FRET pairs of fluorescence molecules from the Alexa dyes that have a high quantum 

yield and a longer lifetime could serve us better, but it is not clear whether the agonist 

(cysteine) keeps its activity when it is labeled with one of those dyes. The second 

challenge is to increase temporal resolution that is currently at 70-140 ms. One possibility 
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for faster fluorescence detection is explored using an avalanche photodiode (APD), which 

unlike the CCD is a point detector. The third challenge is to reduce the number of 

receptors that are expressed per cell in order to achieve patches with one expressed 

receptor. Having more than one channel in the patch leads to ambiguous results that are 

hard to interpret. Different transfection protocols are currently being explored. 

Preliminary results show that the occurrence of FRET interspersed with tens of 

ms of no detected signals. This observation could reflect the dynamic interaction between 

the agonists and the receptor, where binding/unbinding fluctuations might occur at tens of 

milliseconds range. These fluctuations in FRET occurrence could also reflect motions of 

the receptor protein itself. "Breathing" motion of the protein could pull the two agonists 

away from each other leading to fluctuations in FRET. With more observations of FRET 

at different kinetic states, it will be possible to eveiluate whether this dynamic activity is 

unique to a certain state, and whether there is a sequence in the pattern of the activity that 

could predict the sequence of the kinetic states. This information will give us a new 

insight to the mechanisms by which the receptor executes its function. 
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ABSTRACT 

A modulatory role for the hippocampal theta rhythm in synaptic plasticity 

is suggested by the observations that theta occurs during exploratory behaviors, 

spatial learning is impaired when the theta rhythm is disrupted, and excitation of 

hippocampal principal cells is phase-coupled to the theta wave. Theta phase 

affects the nature of the plasticity induced in urethane-anesthetized rats and in 

the carbachol-treated in vitro slice preparation, but these oscillations are 

phenomenologically different from natural theta and the effects of theta phase on 

plasticity under natural conditions have not been reported. We therefore 

examined the effects of theta phase on the magnitude of long-term potentiation 

(LTP) in awake rats runriing on a linear track for food reward. Twelve adult and 

10 aged F344 male rats were implanted with a stimulating electrode in the 

perforant path and a recording electrode in the hilus of the fascia dentata. Stimuli 

were delivered at the peak or at the trough of the hilar theta rhythm. In both 

adult and aged, memory-impaired rats, LTP lasting at least 48 hours was induced 

when the stimuli were delivered at the positive theta peak, whereas LTP was not 

induced when the stimuli were delivered at the negative troughs. Consistent 

with the finding that the threshold for LTP induction is increased at this synapse 

in old rats, the magnitude of the LTP induced at the peak of the theta rhythm was 

significantly lower in the old animals. These data confirm that LTP can be 

modulated by locomotion-induced theta and that this modulation is at least 

qualitatively preserved across age. 

Key words: LTP; locomotion; spatial memory deficits; hippocampal EEG 
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INTRODUCTION 

Hippocampal theta (3-12 Hz) oscillations result from combined rhythmic 

dendritic depolarizations and somatic inhibition of hippocampal principal cells 

(e.g.. Fox, 1989; Leung and Yim; 1986; Ylinen et al., 1995; Toth et al., 1997; 

Kamondi et al., 1998). These oscillations are induced by cholinergic and 

GABAergic afferents from the medial septum and vertical limb of the diagonal 

band of Broca (e.g., Petsche et al., 1962; Vertes and Kocsis, 1997; Bland et al., 1999). 

Several observations suggest an association between the hippocampal theta 

rhythm and information processing; 1) theta rhythm occurs during exploratory 

behavior including locomotion, orienting, rearing or sniffing, and during REM 

sleep (Green and Arduini, 1954; Vanderwolf et al. 1975; Wir\son, 1972); 2) the 

peak excitability of hippocampal principal neurons is phase locked to the theta 

rhythm (Bland et al., 1980; Buzsaki et al., 1983, Fox et al., 1986; Skaggs et al., 1996), 

as is the peak depolarization of these cells (Wyble et al., 2000); 3) phase of firing 

of place cells relative to the theta wave changes systematically with spatial 

location (O'Keefe and Recce, 1993, Skaggs et al., 1996); and 4) performance on 

spatial tasks is greatly impaired when the theta rhythm is disrupted in the 

hippocampus (e.g., Winson, 1978; O'Keefe and Conway, 1980; Mitchell et al., 1982; 

Sutherland and Rodriguez, 1989; Mizumori et al, 1990; Shen et al., 1996). 

Different mechanisms by which the theta rhythm could assist the 

hippocampal network to acquire information have been proposed (e.g., Buzsaki et 

al., 1994 and 1995; Burgess et al., 1994; Lisman and Idiart, 1995; Jefferys et al., 

1996; Skaggs et al., 1996; Tsodyks et al., 1996; Wallenstein and Hasselmo, 1997; 

Sohal and Hasselmo, 1998; Hasselmo, 1999), including the ability to modulate cell 

spiking during the short time window of minimum somatic inhibition of principal 

cells by inhibitory intemeurons. Several studies have supported the idea of a 

functional role of theta in synaptic plasticity by demonstrating that the phase of 

the theta wave at which bursts of stimulation were delivered determined the 
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nature of the plasticity that was induced. LTP at the Schaffer collateral - CAl 

synapse can be preferentially induced at the positive peak of the theta rhythm 

recorded in stratum radiatum, under conditions in which theta is generated by 

carbachol in the hippocampal slice (Huerta and Lisman 1993,1995) and during 

sensory stimulation-induced theta in the urethane anesthetized rat (Holscher et 

al., 1997). Additionally, Pavlides et al. (1988) have shown that LTP-induction at 

the perforant path - granule cell synapse is facilitated in the urethane 

anesthetized rat if the stimuli are delivered at the positive peak of theta that is 

recorded in fascia dentata (FD), which is in phase with that recorded at the 

hippocampal fissure. There are sigruficant differences, however, between natural, 

locomotion-induced theta and the theta oscillations observed either under 

urethane anesthesia or in vitro, including differences in dipole distributions and 

principal and intemeuron spike timing (e.g., Ylinen et al., 1995). Thus, part of the 

motivation for the present investigation was to determine whether and how 

natural theta activity affects synaptic plasticity in the hippocampus. 

The second motivation for this study was to compare the effects of theta 

phase on LTP in young adult and old animals. The theta rhythm does not differ 

between adult and old rats either during REM sleep or when factors such as 

velocity are controlled for during behavior (Barnes, 1979; Shen et al., 1996 and 

1997). Furthermore, using robust parameters for LTP induction, old rats do not 

differ from young adult rats in the levels of LTP that can be induced at the 

perforant path - granule cell synapse (Barnes, 1979; Barnes and McNaughton, 

1980; de Toledo-Morrell and Morrell, 1985). On the other hand, NMDA field 

EPSP responses are smaller in old rats than in young adults (Rao et al., 1994), and 

the threshold for LTP induction at perforant path synapses is increased (Barnes et 

al., 2000). The present study was designed to assess the effect of aging on LTP 

induction when the high-frequency stimulation used to produce synaptic 

modification was delivered at different phases of locomotion-induced theta 
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rhythm m young adult and old rats. Some of these data have been reported 

previously in abstract form (Orr et al., 1999). 

METHODS 

Experimental Subjects 

Twelve young adult (9-12 month) and 10 old (27-30 month) F-344 male rats 

were used in this experiment. The young adult rats were obtained from Charles 

River Laboratories (Wilmington, MA) and Harlan Sprague-Dawley, and the old 

rats were supplied by the National Institute on Aging colony at Harlan Sprague-

Dawley. All rats were single-housed in Plexiglas guinea pig tubs and were 

maintained on a 12/12 hr light dark cycle. The behavioral and 

electrophysiological testing was performed during the dark phase of the cycle. 

Behavioral Testing 

Five of the 12 young adult rats and 10 old rats were tested in the Morris 

swim task to assess their spatial and visual discrimination abilities (see Barnes et 

al., 20(X) for details); however, due to a technical problem with the video tracking 

system, the data from 4 old rats were unusable. For the spatial version of the task, 

an escape platform was submerged 1 cm under the surface. Each rat was given six 

training trials per day (in blocks of 2 trials), for 4 days. During each trial, the rat 

was placed into the water, facing the tai\k's wall, at one of 7 positions and was 

given 60 sec to find the submerged platform. At the end of the fourth day, a 

single probe trial was given in which the hidden platform was removed and the 

rat was allowed to search the tank for 60 sec. After a 2 hour rest period, each rat 

was given 6 trials on the visible cue discrimination task, in which the platform 

surface was raised 1 cm above the surface of the water. Both the platform location 

and the release location of the rat were pseudo-randomized from trial to trial. 
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The rats were tracked by an overhead video camera, and performance on the 

spatial task was assessed by the average path length (PL) for the six trials given 

on each day for each rat. Mean and standard error of the mean for each day was 

calculated for each age group. The number of target crossings (TC) over the 

region previously occupied by the escape platform was counted for each rat on 

the probe trial. Performance on the visual cue discrimination task was assessed 

by measuring the average path length for the six cue trials. ANOVA was used to 

compare the performances of the two age groups, and a was set at the 0.05 level. 

Electrophysiology 

All rats were implanted bilaterally with stimulating and recording 

electrodes, under sodium pentobarbital anesthesia (40 mg/kg for the adult rats 

and 33 mg/kg for the old rats). The stimulating electrode was placed in the 

perforant path at 8.1 mm posterior to bregma, and 4.4 mm lateral to midline 

(Paxinos and Watson, 1986). The recording electrode was implanted in the hilus 

of fascia dentata (FD) at 3.8 mm posterior to bregma, and 2.0 mm lateral to the 

midline (Fig. lA). The electrodes were made from 114 nm Teflon-coated stainless 

steel wire. About 200 ^m of insulation were stripped from the tip of the 

stimulating electrode. The depth at which the electrodes were placed was 

determined by monitoring the pattern of evoked potenticds, and single cell 

activity as the electrodes passed through the CAl cell body layer and through the 

granular layer of FD. The stimulating and recording electrodes were fixed at the 

depth at which the evoked response reached its maximum. The reference 

electrode was a screw in the skull, and we used a standard soiirce follower FET 

circuit for the headstage. 

FIGURE 1 NEAR HERE 
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After one week of postoperative recovery, the rats were given access to a 

limited amount of food. The weight of the animals was monitored daily, and was 

kept at 80%-90% of the weight prior to food restriction. The animals were trained 

to nan along a linear track (1 m) for food reward. Locomotion-induced theta 

rhythm in the hippocampal EEG was filtered between 0.3 Hz and 10 Hz. Each 

peak of the theta rhythm was detected by a window discriminator (Neurolog 

Corp., U.K.) which was set to trigger near the peak of high amplitude theta waves 

and which sent a pulse to an AND-gate, and the AND-gate output was then sent 

to a varible delay module (Fig. 2). The second input to the AND-gate came from a 

pushbutton that was activated by the experimenter only when the rat was 

runrung. The timing of stimuli relative to the phase of the theta rhythm was thus 

controlled by varying the delay between the window discriminator output and 

activation of the stimulator via the AND gate. The output of the ANE>-gate was 

delayed for 60-70 msec to trigger the stimulator to deliver bursts near the trough 

of the theta wave, and 0 msec to trigger the stimulator to deliver bursts near the 

peak. The use of amplitude discrimination means that the stimulus train 

initiation may have preceded the peak or trough by as much as about 45 degrees 

(i.e., about 15-20 msec), during high amplitude waves and been almost coincident 

with the peak or trough during lower amplitude, but above threshold waves. No 

stimuli were delivered during theta waves smaller than about 75-80% of the 

maximum. 

nGURE 2 NEAR HERE 

Field excitatory post-syrwptic potentials (EPSPs) were evoked by 175 fiA 

diphasic (100 ^isec each half cycle) stimulus pulses. This was the miiumal intercity 

of stimulation necessary to elicit a reliable EPSP, when tested in pilot animals 

before the present experiment was initiated. This procedure minimized the 
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variability in EPSP amplitudes within and between animals. These small 

response did not contain reliable population spikes, and therefore, only EPSP data 

were analyzed. The evoked response signals were filtered between 3 Hz and 3 

KHz, and were digitally sampled at 20 KHz using Workbench software 

(DataWave Corp., Broomfield, CO). EPSP amplitude was measured by the 

voltage difference between two cursors that were set 0.45 msec apart, 1.8 msec 

after stimulus onset (Fig IB). Baseline responses were collected each time the rat 

passed through the center of the track, and the amplitudes of the first 50 

responses were averaged. One such session was conducted on any given day. 

High frequency stimulation (HFS), consisted of 2-4 bursts (4 pulses of 175 nA per 

burst) at 400 Hz. The number of bursts in one HFS episode was controlled by the 

duration of the second input to the AND-gate (see above). The reproducibility of 

this number depended on the regxilarity of the theta rhythm. To ensure that at 

least 2 bursts were delivered in any high-frequency stimulation session, the time 

window was set to accommodate 3 theta cycles. Baseline stimulation was always 

given at the peak of the theta cycle. When stable responses were achieved for at 

least one week, HFS was delivered at the positive peak of the local theta rhythm 

in half of the animals, and at the trough of theta rhythm in the other half. 

The EEG, along with a marker for the onset of each burst, was recorded for 

off-line evaluation. No less than a week later, after ensuring that the evoked 

responses decayed back to baseline levels, the theta phase at which HFS was 

delivered was switched. Thus, each rat was tested for the effect of HFS delivered 

at the positive peak and at the trough of the hilar theta rhythm. Response 

amplitudes 24,48 and 72 hours post HFS were expressed as fractioiial change 

relative to the mean of the responses of the three days prior to HFS (i.e., average 

EPSP amplitude post high-frequency stimulation - baseline response amplitude/ 

baseline response amplitude). Statistical comparisons between LTP magnitude 
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induced at the peak or trough of theta were made in individual animals by paired 

t-tests. Age comparisoris were made using one-way ANOVA. 

RESULTS 

Behavior 

Acquisition of the spatial version of the Morris swim task 

The pathlength (PL) taken by the rat while searching for the submerged 

platform was measured on each of the 24 trials over the four days of training. 

There was a statistically significant effect of trials (F3,27= 9.84, P < 0.0001), no 

significant effect of age (Fl, 27 = 3.762, p = 0.084), and a significant interaction 

between trial and age (F3, 27 = 7.494, p < 0,001). Fisher PLSD post hoc tests 

revealed that old rats performed more poorly than did the adult rats on Day 4 of 

testing (p = 0.005; Fig 3A). 

nCURE 3 NEAR HERE 

There was a significant effect of age on accuracy in searching for the area 

previously occupied by the target platform during the probe trial (Fl,9 = 8.176, 

p<0.019; Fig 3B). Old animals made markedly fewer crossings of the target 

quadrant than did the adult rats. 

Performance on the cue discrimination version of the task 

When the platform was placed above the water level, and a cardboard cue 

was himg over the platform, no significant age difference in path length was 

observed over trials (Fl, 45 = 2.132, p < 0.18; Fig 3C). Thus, the behavior of the 

old rats was not distinguishable from the adult rats on this version of the swim 

task. 
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Electrophysiology 

Effect oftheta phase on LTP induction 

In most animals, the HFS bursts were confirmed to have been delivered 

near either the positive peak (Fig 4A) or the trough (Fig 4B) of the local theta 

wave. In 6 animals, however, one HFS episode contained bursts that were 

delivered at mixed phases of the theta rhythm, or the phase was ambiguous. 

These data were not included in the analysis, and the rats were tested again after 

ensuring a stable baseline response. Because the number of bursts delivered was 

affected by the irregularity of the natural theta rhythm, and by the recovery time 

following the theta rhythm burst, the number of bursts was not the same in all 

sessions. To ensure that there was no difference in number of bursts between 

treatments or age groups we compared the mean number of bursts delivered near 

the peak versus the trough of the theta rhythm. Paired t-tests showed no 

significant differences between the number of the bursts in the HFS given around 

the peak versus the number given around the trough of 12 adult rats (t=0.518, 

p<0.615), and 10 old rats (t=1.861, p<0.096). Factorial ANOVA revealed no 

significant differences between the two age groups in the number of the bursts 

given around the peak (F=2.672. p<0.118), and around the trough (F=0.409, 

p<0.529). The amplitude of the baseline responses was not different between age 

groups (F=0.234, p=0.634). For each rat, evoked field EPSP amplitudes post HFS 

delivery were normalized to the averaged amplitude fi-om the three days prior to 

HFS delivery. An example of the evoked response before and after HFS delivery 

at the peak of the theta rhythm is shown in Fig. IB. 

nGURE4 

In both age groups, stimulation near the theta pecik resulted in significantly 

greater EPSP enhancement than stimulation at the trough, both 24 and 48 hours 
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after the stimulation (paired-t-tests a = 0.05; Fig 5). For the young adult rats (Fig. 

5A), theta peak stimulation resulted in 17.4% ±3.7 and 12.3% ±5.8 enhancement of 

the EPSP amplitude at the 24 and 48 hr time points respectively, whereas theta 

trough stimulation resulted in 1.8% ±3.6 and -5.2% ±4.1 change at 24 and 48 hr 

respectively (paired t-test for peak versus trough: t=3.98, p<0.003 at 24 hr; t=2.259, 

p<0.045 at 48 hr). Stimulus-induced evoked response changes 72 hours post HFS 

delivery near the peak and near the trough did not differ significantly from each 

other (t=2.072, p<0.068). 

HGURE 5 NEAR HERE 

For the old rats (Fig. 5B), theta peak stimulation resulted in 8.1%±1.9 and 

7.7%±1.6 enhancement of the EPSP amplitude at the 24 and 48 hr time points 

respectively, whereas theta trough stimulation resulted in 3.3% ±1.9 and 1.2%±2.3 

change at 24 and 48 hr times, respectively (paired t-test for peak versus trough: 

t=2.43, p<0.038 at 24 hr; t=3.387, p<0.008 at 48 hr). Stimulus-induced evoked 

response changes 72 hours post HFS delivery near the peak and near the trough 

did not differ significantly from each other in the old rats (t=0.962, p<0.380). 

To ensure that there was no difference in LTP amplitude between the responses of 

the animals that were first given HFS near the peak to those that were first given HFS 

near the trough, we statistically compared these groups. There were no differences 

between the treatments for old rats when comparing responses after peak HFS: F=0.494, 

p<0.502, and after trough HFS: F=0.415, p<0.537. Furthermore, there were no 

significant differences in the adult group between the animals that were first given HFS at 

the peak and those that were first given HFS at the trough (when comparing responses 

after peak HFS: F=0.174, p<0.685, and after trough HFS F=1.738, p<0.219). 

In summary, 2-4 bursts of high frequency stimulation delivered near the 

peaks of the hilar theta rhythm induced a significant LTP that persisted for at least 
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two days in adult and old rats. This LTP was significantly larger than the changes 

induced by HFS delivered near the trough. 

The effect of aging on LTP induced at the peak of the theta rhythm. 

Adult and old rats were compared for the magnitude of the LTP induced 

following HFS delivered near the positive peak of the theta rhythm. A significant 

effect of age was found in the magnitude of LTP 24 hours after induction at the 

peak (Fl,20 = 4.381, p < 0.05; Fig 6). No difference was detected 48 or 72 (p>0.05) 

hours after peak induction between the two age groups. 

nCURE 6 NEAR HERE 

DISCXTSSION 

The principal new finding to emerge from the present experiment is that, 

during naturally occurring, locomotion-induced, theta oscillations, perforant path 

- granule cell LTP is preferentially induced by stimuli delivered near the local 

theta peak. The degree of LTP modulation related to theta phase of stimulus 

delivery is qualitatively similar in young adult and old rats. Nevertheless, old 

rats did exhibit a reduced LTP magnitude compared with adult rats under these 

stimulation conditions. Overall, with the relatively mild stimulus protocol used, 

the LTP induced at the peak of theta recorded in the hilus was small but reliable 

(8%-17%), and could be elicited by as few as 2-4 bursts (4 pulses per burst) of 400 

Hz stimulation. LTP was not induced, however, when bursts were delivered at 

the theta trough. 

The present results are consistent with observations made by Pavlides et al. 

(1988), who examined LTP induction in the perforant path- granule cell synapse 

in urethane-anesthetized rats as a function of whether the stimuli were delivered 

at the peak or trough of the granule cell layer theta rh5rthm. In that study, theta 

was generated by electrical stimulation of the midbrain- When perforant path 



119 

stimulation was given at the positive theta peak, a small but significant amount of 

LTP was observed, whereas the same stimulation delivered at the trough induced 

no significant LTP (depression was observed in 3 out of 7 animals). Because the 

theta rhythm amplitude and phase-depth profile are similar in urethane-

anesthetized animals and in animals in which the entorhinal cortex is lesioned 

(Ylinen et al., 1995), the small facilitation of LTP in the Pavlides et al. (1988) 

experiment may be due to the rhythmic disinhibition that occurs in the absence of 

significant entorhinal input. 

In CAl, two experiments have assessed the relationship between phase of 

theta recorded in the pyramidal cell layer and magnitude of LTP induction. 

Huerta and Lisman (1993,1995) observed that 1 burst of Schaffer collateral 

stimulation administered at the peak of carbachol-induced oscillations resulted in 

LTP of CAl field EPSPs in vitro, and 1 burst delivered at the trough depotentiated 

these synapses. The explanation for the ease of inducing both LTP and 

depotentiation in vitro may lie in the nature of the carbachol-induced oscillations. 

Recent studies suggest that the activity generated by carbachol is more consistent 

with epileptiform-type bursting than with the theta rhythm generated in vivo 

(Williams and Kauer, 1997), and that this CA3-mossy cell oscillator may be 

partially suppressed in the intact brain (Kocsis et al., 1999). On the other hand, 

carbachol was shown to release hippocampal principal cells fi-om inhibition in 

slices (Pitler and Alger, 1992; Behrends and Bruggencate, 1993). Either of these 

mechariisms may explain the unmasking of these robust plasticity characteristics 

in in vitro preparations under carbachol. In urethane-anesthetized animals, 

Holscher et al. (1997) were able to induce LTP when bursts of stimulation were 

given during the peak of the tail pinch-induced sensory theta wave, whereas no 

change was induced with similar stimulation when delivered at the theta trough. 

Consistent with these observatior«, Wyble et al. (2(XX)) found that the field EPSP 
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recorded in CAl was largest 18 degrees after the positive peak of the theta 

recorded at the hippocampal fissure. 

In the in vitro and in vivo anesthetized experiments discussed above, the 

effects of varying the phase of the theta wave at which LTP was induced were 

followed for one to three hours after stimulation. The present data indicate that 

LTP induced at the positive peak of theta in FD can endure at least 48 hours in the 

awake rat. The LTP induced in CAl in the previous experiments, however, was 

larger than that observed over days in the present experiment in FD, or in FD in a 

urethane-anesthetized preparation over a time frame of minutes (Pavlides et al., 

1988). It remains to be determined whether the freely behaving rat also shows 

more powerful modulation of CAl LTP by theta phase. 

The present experiment also demonstrated that both young adult and old 

rats e.xhibit modulation of synaptic plasticity by locomotion-induced theta 

rhythm. This observation is consistent with the findings that rhythmic theta 

oscillations do not differ between adult and old rats when behavioral factors such 

as runrung velocity are controlled for (Shen et al., 1997). Furthermore, the firing 

of hippocampal principal cells relative to theta phase (the "phase precession 

effect", O'Keefe and Recce, 1993 ) does not differ between age groups (Shen et al., 

1997). On the other hand, the magnitude of LTP induced in old animals was 

significantly smaller after 24 hours in the present experiment than that induced in 

yoimg adult rats. This observation is consistent with the recent finding of an 

increased threshold in vitro for LTP at the perforant path - granule cell synapse of 

old rats (Barnes et al., 2000) in a paired-depolarization protocol. Although other 

interpretations are possible, this age-related reduction LTP could contribute to the 

spatial learning deficit that is consistently observed in the old rats (Fig 3). 

Naturally occurring theta currents are thought to be generated by both 

dendritic excitation due to entorhinal cortical afferents and rhythmic somatic 

hyperpolarization (e.g., Blaszczyk et al., 1996; Kamondi et al., 1998b; Kocsis et al.. 
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1999). Cell firing occurs near the positive peak of theta in urethane-anesthetized 

rats, while in the awake rat, the maximum firing rates occur phase advanced 45-

90 degrees for pyramidal and granule cells, respectively (Skaggs et al., 1996). The 

peak granule cell population activity precedes the peak pyramidal cell population 

activity. Therefore, in the fascia dentata, the peak excitability of the granule cells 

occurs about a quarter of a cycle earlier than in CAl, just before the peak of theta 

in the fissure. Because our stimulation was delivered on the rising phase of the 

theta wave, the tin\ing of the bursts delivered in the present experiment probably 

corresponded fairly well with the peak of the granule cell modulation, which is 

when somatic inhibition is low. 

The observation that LTP induction is facilitated under conditions in which 

somatic inhibition and dendritic depolarization are relatively reduced, might be 

viewed as paradoxical. It has been suggested, however, that the dynanucs of the 

timing relationships between excitatory inputs and shunting inhibition are critical 

for setting up optimal conditions for synaptic modification (e.g., Skaggs et al. 

1996; Chrobak and Buzsaki, 1998). Because cell discharge is not a necessary 

condition for LTP induction (McNaughton et al., 1978), while dendritic 

depolarization is, the observations in the current study are at least cor\sistent with 

the idea that correlated dendritic depolarization creates optimal conditions for 

cooperativity and synaptic strengthening in the hippocampus. 
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FIGURE CAPTIONS 

Figure 1. 

A: Schematic diagram of the recording and stimulation sites used in the 

present experiment. The electrodes were positioned to optimize evoked response 

size in the hilus of the fascia dentata. B: Example of the perforant path evoked 

resporise recorded in the hilus of the fascia dentata before (pre) and after (post) 

delivery of high frequency stimulation near the peak of the local theta rhythm. 

The amplitude of the field excitatory post-synaptic potentieils (EPSPs) was 

measiired by taking the voltage difference between two cursors (vertical lines) 

that were set .45 msec apart, 1.8 msec after stimulus onset. 

Figure 2. 

Theta rhythm in the hippocampal EEG was generated as rats ran along a 

linear track for food reward. A pushbutton (1) was depressed as the rat ran 

through the center of the track. The pushbutton triggered a stimulator 

(stimulator #1) which sent a signal to one input of an AND gate (2). The second 

input of the AND gate was derived from a spike trigger that detected voltages 

above a certain amplitude in the filtered EEG. The filtered EEG and the spike 

trigger output were monitored by oscilloscope (3) and a delay was introduced 

(delay module #1) to deliver output near the peak of theta. A second delay 

module was used to block spike triggers within 300 msec of each other, to allow 

the recovery of the theta rhythm after each burst in the high frequency stimulus 

(HFS). The delay module output was sent to a latch counter (4). During baseline 

recording, the latch counter (4) displayed the niunber of theta peaks (or near-

peaks) that were observed during the time that the AND gate was open. The 

AND gate open time was controlled by the pulse duration of stimulator #1, and 

could be adjusted to accommodate 3 peaks for the 3 bursts in the HFS. For 
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delivery of HF bursts near the trough of theta, a delay of -60 msec was 

introduced at delay module #1. 

Figure 3. 

A) Mean +/- standard error of the mean pathlength taken by adult and 

old rats to find the hidden platform in the spatial version of the Morris swim task. 

Six trials were given per day for a total of 4 days. The adult rats improved their 

performance significantly more than did the old rats over the 24 spatial training 

trials. B) Mean +/- stcmdard error of the mean number of target crossing made 

by adult and old rats during the probe trial (platform removed) that followed the 

final spatial training trial. The old rats searched significantly less in the training 

quadrant than did the adult rats on this probe trial. C) Mean +/- standard error 

of the mean pathlength taken by adult and old rats to find the visible platform in 

the cued version of the Morris swim task. There was no significant difference 

between adult and old rats' performance on this version of the swim task. 

Figure 4. 

Illustration of locomotion-induced hippocampal theta rhythm. High-

frequency bursts of stimulation (2-4) were delivered at the peak (A) or trough (B) 

of separate cycles of the theta rhythm recorded in the hilus of the fascia dentata. 

Each burst consisted of 4 pulses delivered at 400 Hz. 

Figure 5. 

Mean +/- standard error of the mean fractional change in EPSP amplitude 

in the 12 adult (A) and 10 old (B) rats following stimulation given near the peak 

versus near the trough of the theta rhythm recorded in the hilus. Note that 

sigiiificant LTP was sustained for at least 48 hours in both age groups following 

stimulation that was delivered near the peak of theta, and that no LTP was 
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induced following stimulation delivered near the theta trough in either group. 

Asterisks indicate significant differences (p <0.05). 

Figure 6. 

Comparison of the mean +/- standard error of the mean fractional change 

in EPSP amplitude in 12 young adult versus 10 old rats as measured 24,48 and 

72 hours after high-frequency stimulation was delivered near the peak of the 

theta rhythm recorded in the hilus. Although both age groups of rats showed 

significant LTP, young adult rats exhibited significantly greater LTP than did the 

old rats at the 24 hour time point following LTP induction. Asterisks indicate 

significant differences (p <0.05). 
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Revealing Function-Regulating Conformational Dynamics of 
an Ion Channel by Simultaneous Single-Molecule 
Fluorescence Imaging and Patch-Clamp Recording 
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Stochastic and inhomogeneous conformational changes regulate the kinetics 

and dynamics of ion channels. Such complexity is difficult, if not impossible, to 

characterize using conventional patch-clamp current recordings and ensemble-

averaged measurements. Here, we report real-time imaging of the dynamics of 

individual gramicidin ion channels, using a novel combination of single-molecule 

fluorescence spectroscopy and single-channel current recordings. This strategy 

enabled us to resolve a hitherto undetected correlation of multiple conformational 

states with multiple conductance levels of the channel. The resulting detailed 

information about the mechanism of channel conductivity and the dynamics of the 

conformational fluctuations and structural changes can only be obtained using this 

combination of single-molecule strategies. The function-regulating and site-specific 

conformational changes of ion channels can now be measured in living cells under 

physiological conditions in real time. 
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Subtle structural changes of ion channels play an important role in regulating 

gating and selectivity Real-time channel conductance analysis and kinetic modeling, 

together with site-directed mutagenesis, protein modifications, and static structural 

analysis have provided invaluable insights into the conformational changes that control 

channel activity However, the dynamics and mechanisms often associated with static 

and fluctuating inhomogeneities of specific protein motions that regulate channel activity 

are still largely unknown. The focus of this work is to specify and characterize the 

crucial and site-specific conformational states and their changes in real time, at the 

single-molecule level, one ion channel at a time. 

Linear gramicidin produced naturally from the bacterium Bacillus brevis * is the 

simplest known ion channel'and its conductive, open state is a dimer ̂  of two 15-

amino acid peptides forming P-helices that meet head-to-head at the N-termini in the 

interior of a lipid bilayer' However, the nature of the structural changes and the motion 

dynamics that regulate the conductive state of the channel are still largely unclear. 

Therefore, gramicidin was selected as a lest system to validate the analysis of channel 

dynamics using our novel combined single-molecule approach. Here, we probe the 

correlation of conformational dynamics and channel activity, using simultaneous single-

channel current recording and single-molecule fluorescence imaging of the gramicidin 

channel. Our findings provide detailed information, not obtainable using ensemble-

averaged methods'""'", on how the conformational changes of gramicidin dictate its ion 

channel activity in real time. 

The experimental setup for patch-clamp recording and fluorescence imaging is 

shown in Fig. la. We recorded the single-channel conductance of individual 

tetramethylrhodamine (TMR)-labeled gramicidin dimers incorporated in lipid bilayers 

formed at the tip of patch pipettes'^ (Fig. la inset). We imaged the pipette tip using 

wide-field single-molecule fluorescence microscopy'^. We detected single TMR-

gramicidin channel conformational changes and their correlated channel current changes. 

Fig. lb and Fig. Ic show a segment of a typical correlated trajectory. The single-channel 

current trace in Fig. lb was simultaneously recorded with the wide-field fluorescence 
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image in Fig. Ic. The distribution of single hot-spot intensities, derived firom the 2-D 

Gaussian fitting''* of 210 images taken from 7 different membranes, is shown in Fig. Id. 

The mean of the intensities was 450 ± 50 photons/ms. We interpret this mean value as 

the intensity of a single gramicidin channel based on the simultaneously acquired single-

channel activity (Fig. lb). We observed that the width of the hot spots, as derived from 

the 2-D Gaussian function, monotonically increased with the intensity of the spots. To 

further characterize the intensities at the pipette tip, 10'® mol TMR-gramicidin C per mol 

phospholipid were incorporated in large, supported membranes using Langmuir-

Blodgett deposition, and observed under the same laser illumination and fluorescence-

imaging conditions used to image the channels at the tip. The hot spots were analyzed as 

shown for the tips (Fig. Ic), resulting in a histogram distribution (data not shown) with a 

mean intensity of 470 ± 50 photons/ms. The similarities between the photon probability 

density functions (pdf) (Fig. Id inset) deduced from both the histogram of the hot spots 

at the tip (solid line; peak at 396 photons/ms) and the histogram of the hot spots from the 

supported bilayers (dotted line; peak at 407 photons/ms) indicate that the fluorescence 

images at the tip (Fig. Ic) were the smallest entities, namely, single TMR-gramiddin in a 

lipid bilayer. Using further evidence from simultaneous single-channel recordings, we 

conclude that the diffraction-limited single hot-spot images are single TMR-gramicidin 

channel fluorescence images. The shoulder in the pdf for the images at the tips (Fig. Id 

inset, solid line) suggests that several dimerization states are associated with different 

fluorescence intensities. 

To test these inferences, we conducted co-localization and single-pair 

fluorescence resonance energy transfer (spFRET) experiments. Asymmetric 

incorporation of Cy5-gramicidin C and TMR-gramicidin C led to the formation of single 

channels tagged with two different dyes. Co-localization and spFRET within a single 

gramicidin dimer were probed by multicolor excitation and donor-acceptor two-channel 

fluorescence imaging Fig. 2a shows two fluorescence images taken at the tip with 

514-nm (image 1) and 632-nm (image 2) excitations with the images being filtered by a 

550-nm long-pass filter. Both the emission of TMR and Cy-5 were clearly discerned in 
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Fig. 2a. From 2-D Gaussian fitting of the co-localized signals, the dye molecules were 

found to be within 50 nm of each other. These findings suggest that a pair of co-localized 

TMR-gramicidin and Cy5-gramicidin monomers was present at the tip during the time 

(arrows) that the channel was open. To further characterize the dimerization states of the 

TMR-gramicidin and Cy5-gramicidin heterodimer, spFRET images were collected with a 

645-nm long-pass filter, allowing only Cy5 fluorescence emission to pass, when using 

514-nm/632-nm two-color toggled laser excitation. The observable spFRET that 

occurred during the open states of the channel is shown in Fig. 2b. In contrast, spFRET 

did not occur during the closed states of the channel. spFRET was always observed when 

the channels were fully open. However, spFRET was not always absent when the 

channel conductance was zero or low. We attribute these results to modulation of 

channel conductance through conformational changes affecting the structure and extent 

of association of the dimers. 

To address the issue of non-conductive dimers we correlated the fluorescence and 

conductance data for TMR-gramicidin-gramicidin-TMR channels. Fig. 3a shows a 3-D 

plot of fluorescence intensity, ion channel conductance, and fluorescence peak width, 

simultaneously recorded from single gramicidin channels. We observed that the TMR 

fluorescence decreased as the dimer (TMR-gramicidin-gramicidin-TMR) conductance 

increased. Starting with the coordinates of the crystal structure of gramicidin A in a 

membrane, we used molecular dynamics simulations to calculate energy-minimized 

structures of our fluorescence-labeled gramicidin channel. In these simulations, the 

average distance between the transition dipoles of the TMR-fluorophores was found to be 

- 50A and the transition dipoles were nearly aligned (Fig 3b inset) in the fully formed 

dimer state. The fluorescence quenching critical radius of the TMR fluorophore is 46.3 
O 
A, as determined by concentration-dependent fluorescence and fluorescence lifetime data 

The distance-dependent TMR-TMR dye self-quenching determines the single-

channel fluorescence intensity measured. The proximity of the TMR-fluorophores 

explains the low fluorescence intensity when the channel is open. We further note (Fig. 

3a) that the fluorescence intensity spot size was broader when the conductance was low 
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or zero and was statistically different from the narrower spot size that appeared as the 

channel conductance increased. The hot-spot widths were diffraction-limited when 

channels were fully conductive, and wider when the channels were less conductive. 

These observations are consistent with the expectation that the channel closes as the 

dimer begins to dissociate. The additional fact that the channel may be closed even when 

spFRET is efficient suggests the occurrence of multiple conformers with different 

conductances over the range of configurations between fully associated and dissociated 

dimers". 

Detailed single-channel current analyses support this conclusion. Single 

gramicidin channel conductance trajectories (Fig. 4a) show a typical bimodal distribution 

indicating two-state, on-off channel kinetics. This is valid for most of the single-channel 

trajectories recorded from both dye-labeled and unlabeled gramicidin channels. 

However, multi-exponential autocorrelation functions'^' " were typically derived from 

these same single-channel trajectories (Fig. 4b). The multiple decay components in the 

autocorrelation function suggest that transitions between multiple open-closed states 

occurred at different rates. The evolution of quasi-independent nuclear coordinates at 

different rates leads to different open-closed states, consistent with the fluctuation-

dissipation theorem'^ '". Fig. 4c shows the autocorrelation function analysis of the on-

time (index number, m) {t Jm)}, deduced from the single ion channel trajectory in Fig. 

4a''. The single-exponential decays of the autocorrelation functions of ton(m) (Rg. 4c) 

and tofKm) (not shown) were 2.6(±1.0) x 10 " m ' and 0.5 (±0.2) m ', respectively. The 

on- and off-time correlations suggest that the channel open and closed states are 

dependent, and that there is a memory effect in the conformational dynamics; the 

channel open-closed conformational motions are trapped in a meta-stable rate process 

and toggle among different rate processes. This interpretation was confirmed by the 

cross-correlation function (Fig. 4d) between the on- and off-time trajectories. On-time 

and off-time were found to be dependent over periods of hundreds of milliseconds, which 

defines a trapped or never fully dissociated subset of chaimel conformers. The memory 

time for the on-time is about 8 s (38 cycles), but only ~ 0.4 s (8 cycles) for the off-time. 
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These results (Fig. 4) provide new and noteworthy information germane to understanding 

channel dynamics: 1) the on-states of the gramicidin dimer involve slow, strongly 

correlated conformational fluctuations that cause dynamic disorder " of the 

dissociation rate, and 2) there are multiple weakly correlated or non-correlated 

association kinetic channels involving different rates for gramicidin dimerization. 

The open, closed, and intermediate states, in principle, are the outcomes of intra-

and inter-molecular conformational changes, geminate recombination, and non-geminate 

recombination (Fig. 3b). Although, the valine and tryptophan residues' may undergo 

large structural fluctuations and alter ion conduction by perturbing the channel structure 

we postulate that the intermediate conformers result predominately from the six 

inter-molecular H-bonds fluctuating and disrupting the pore structure. Conformational 

changes at the N-terminal linkage of the dimer significantly disrupt the structured water 

chain and channel cavity structure, thereby perturbing channel conductance. Drastic 

conductance modifications were reported for gramicidin channels with mutated N-

terminal head-to-head connections indicating that the six inter-molecular H-bonds 

formed at the contact region of the dimer stabilize the fully conductive gramicidin 

channel Partial disruption of these H-bonds results in incomplete association or 

dissociation of dimers Diffusion of individual monomers that have separated fix>m the 

dimers was not observed under our experimental conditions'^ (1-2 ^m' tip area and nM 

concentrations of gramicidin molecules in gel-phase membranes) (Fig. Ic). Because 

pairs of gramicidin monomers did not diffuse away from each other beyond the imaging 

diffraction-limited scale (< 300 nm), geminate recombination remains a possible 

mechanism for the transitions among the conformations. These observations suggest that 

diffusion of gramicidin monomers was confined to domains (< 3(X) nm) likely associated 

with the inhomogeneity of the lipid bilayer This interpretation is consistent with our 

findings of the memory effect in channel dynamics and is suggestive of geminate 

recombination (Fig. 3b). The multi-state model (open, closed, and intermediate states) is 

compatible with our combined single-channel recording and imaging measurements: 

quenching was maximal when the channel was fully open, and spFRET always occurred 
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when the channel was open. In contrast, quenching fluctuated and spFRET was either 

present or absent at times when the channel was closed. 

In summary, we have revealed multiple conformational states of a single 

gramicidin channel that control the changes in single-channel conductance, as observed 

by correlating single-channel fluorescence quenching and spFRET to simultaneously 

recorded single-channel currents. Correlation analysis of single-channel currents 

supports the combined single-channel fluorescence and conductance results by indicating 

multiple open-closed states and a dependency among the states. This finding puts to rest 

the current two-state model of gramicidin channel dynamics. The methodology we 

developed provides a novel paradigm for studying ion-channel conformational dynamics 

and mechanisms with site-specific reporters by combining two state-of-the-art real-time 

single-molecule approaches. Such unprecedented capabilities open a new stage for the 

study of ion-channel conformational dynamics at the single-molecule level under 

physiologically relevant conditions and in living cells. 
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Figure Captions 

Figure 1. (a) Experimental apparatus and sample preparation. Dye-labeled gramicidin 

monomers were introduced from either side of the bilayer and single-channel currents 

were recorded by using a patch-clamp amplifier (EPC-9, HEKA Electronics). The laser 

excitation was focused through a microscope objective on the pipette tip, and the 

fluorescence was imaged on a CCD camera (Spec-10, Roper Scientific). Filter 

combinations for TMR consisted of DCLP555, HQ625/100 (Chroma), and OG550 

(Schott), and for Cy-5 were DCLP645, HQ690/90, and RG645 (Schott). spFRET 

measurements were done using a custom-built duai-dichroic beam splitter and filters. A 
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Nikon Diaphot 300 microscope equipped with a 60X objective (NA=1.4) and 4X relay 

lens was used, (b) Upper trace: single-channel current recorded at 100 mV from a TMR-

labeled single gramicidin channel incorporated in a lipid bilayer. Lower trace: time flags 

indicating the 5 ms of laser excitation and CCD camera exposure simultaneously 

acquired with the single-channel recording. Bilayers were formed at the tip of patch 

pipettes by apposition of two monolayers". The lipids used were 

diphytanoylphosphatidylethanolamine and diphytanoylphosphatidylcholine 4:1 (Avanti, 

Alabaster, AL). Gramicidin dissolved in ethanol (10"' M) was added to the aqueous 

subphase (1 M KCl, 1 mM CaCli and 5 mM Hepes [pH 7.5]) after bilayer formation, (c) 

(top panel) Consecutive 3-nm-x-3-|im fluorescence images of the pipette-tip taken 

simultaneously with the single-channel current shown in (b). (bottom panel) Plot of the 

2-D Gaussian fitting for the above image, (right insert) 3-D plot of the first image (top) 

and 3-D plot of the 2-D Gaussian fitting (bottom), (d) A histogram of single hot-spot 

fluorescence intensities derived from 2-D Gaussian fitting to each spot, (inset) The 

probability density function (pdf) derived from the histogram in (d) (solid line), and the 

pdf derived from the histogram (not shown) of hot-spot intensities on glass-supported 

bilayers (dotted line), peaked at -400 photons/ms. Gramicidin C was produced by 

peptide synthesis (Genemed Synthesis, Inc.), adding Gly and Lys residues to the C-

terminal, hydrolyzing TMR or Cy-5 HNS esters to the Lys residue. Our control 

experiments and others^"^"^' have shown no observable perturbation of dye labeling on 

the gramicidin channel activity. 

Figure 2. (a) Co-localization of two gramicidin monomers labeled with two different 

dyes. Single-channel current trajectory with arrows indicating the point of exposure of 

two consecutively recorded frames. The first frame was taken at Xexc = 514 nm (with the 

OG570 long-pass filter), indicating single-molecule fluorescence of TMR. The second 

frame was taken at = 632.8 nm, indicating single-molecule fluorescence of Cy5. 

From 2-D Gaussian fitting, the molecules were found to be within 30 nm of each other 

(the minimal positional accuracy allowed by the measurement system), (b) spFRET 
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between two gramicidin monomers labeled with two different dyes. Single-channel 

current trajectory (upper panel) with four arrows indicating the exposure of four 

consecutively acquired frames (lower panel). Frames 1 and 3 are scaled in green and 

were taken at Xcxc = 514 nm and with a red emission long-pass filter (RG645). Frames 2 

and 4 are scaled in red and were taken at Xexc = 632.8 nm and with a red emission long-

pass filter (RG645). Frame I indicates that FRET occurred between the TMR/Cy5 FRET 

pair when the channel was open. Frame 2 verified that a single Cy5 molecule was 

present. Frame 3 indicates that no E^RET occurred when the channel was closed. Frame 

4 verified that the Cy5 was still present. Subsequent images taken without the red long-

pass filter (RG645) did show co-localization as shown in (a). 

Figure 3. (a) Channel conductance vs. fluorescence intensities of single hot spots (blue), 

and fluorescence width of the spots (red), as derived from 2-D Gaussian fit. Faired r-tests 

indicated a significant difference between the mean intensity of the spots at 0 (± 5 pS) 

channel conductance and those with conductance > 5 pS. within patches, as predicted for 

the occurrence of non-conductive dimers. (b) Proposed multi-state model of gramicidin 

dynamics indicating a third "multi-state" of nonconducting or partially conducting 

channels with larger separation between the fluorophores (note the top view of the 

channel open and multi-state channel). 

Figure 4. (a) A segment of a long current time trajectory, {/(t)}, recorded from a single 

gramicidin channel. Conductance fluctuation beyond standard deviation and in 

resolvable time-scale is evident although the channel shows essentially two-state kinetics, 

(b) Autocorrelation function, C(t) = <:A/(0)Ai(t)>, deduced from the long trajectory in 

( a ) .  B i e x p o n e n t i a l  d e c a y - f i t t i n g  g i v e s  k ,  =  4 . 0  ±  1 . 0  s A ,  =  0 . 4 8 ,  a n d  k , =  5 3  ±  5  s A , =  

0.52. (c) Autocorrelation function of on-times, r(m) = <At(0)At(m)>, where m is the 

index of the on-time trajectory, for the single TMR-gramicidin ion channel recorded in 

(a). The single-exponential decay rate constant is 2.6(±1.0) x 10 " m', and the first point 

(not shown) of the autocorrelation contains the uncorrelated noise and fast fluctuation 
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beyond the instrument resolution, (d) Cross-correlation function of on-times and off-

times, r(m) = <At^(0)At,„(m)>, deduced from the trajectory in (a). The single-

exponential decay rate is 2.4 (±1.0) x 10' m'. Possible event echoes in the 

conformational fluctuation of gramicidin may even be reflected in the cross-correlation 

function. However, this phenomenon is not conclusively resolved in our data due to S/N 

and limited lengths of the single-channel current trajectories. 
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