Long-term Potentiation
Definition:  A long-lasting increase in synaptic efficacy, believed to be involved in information storage in the brain.

In neuroscience, long-term potentiation (LTP) is an increase in the strength of a chemical synapse that lasts from minutes to several days or much more. It is widely considered one of the major mechanisms by which memories are formed and stored in the brain.

LTP has been observed both in experimental preparations in vitro and in living animals (in vivo). Under experimental conditions, applying a series of short, high-frequency electric stimuli to a synapse can strengthen, or potentiate, the synapse for minutes to hours. In living cells, LTP occurs naturally and can last from hours to days, months, and years. Neurons connected by a synapse that has undergone LTP have a tendency to be active simultaneously: after a synapse has undergone LTP, subsequent stimuli applied to one cell are more likely to elicit action potentials in the cell to which it is connected.

Though its biological mechanisms have not yet been fully determined, LTP is believed to contribute to synaptic plasticity in living animals, providing the foundation for a highly adaptable nervous system. Because changes in synaptic strength are thought to underlie memory formation, LTP is believed to play a critical role in behavioral learning. In fact, most neuroscientific learning theories regard long-term potentiation and its opposing process, long-term depression, as the cellular bases of learning and memory.

LTP was discovered in the mammalian hippocampus by Terje Lømo in 1966 and has remained a popular subject of neuroscientific research since. Most modern LTP studies seek to better understand its basic biology, while others aim to draw a causal link between LTP and behavioral learning. Still others try to develop methods, pharmacologic or otherwise, of enhancing LTP to improve learning and memory.

History

Early theories of learning

By the end of the 19th century, scientists generally recognized that the number of neurons in the adult brain (roughly 100 billion did not increase significantly with age, giving neurobiologists good reason to believe that memories were generally not the result of new nerve cell production. With this realization came the need to explain how memories could form in the absence of new nerve cells.

Among the first neuroscientists to suggest that learning was not the result of the creation of new cells through cell division was the Spanish neuroanatomist Santiago Ramón y Cajal. In his 1894 Croonian Lecture, he proposed that memories might be formed by strengthening the connections between existing neurons to improve the effectiveness of their communication. Hebbian theory, introduced by Donald Hebb in 1949, echoed Ramón y Cajal's ideas, and further proposed that cells may grow new connections between each other to enhance their ability to communicate:

Let us assume that the persistence or repetition of a reverberatory activity (or "trace") tends to induce lasting cellular changes that add to its stability.... When an axon of cell A is near enough to excite a cell B and repeatedly or persistently takes part in firing it, some growth process or metabolic change takes place in one or both cells such that A's efficiency, as one of the cells firing B, is increased.

Though these theories of memory formation are now well established, they were farsighted for their time: late 19th and early 20th century neuroscientists were not equipped with the neurophysiological techniques necessary for elucidating the biological underpinnings of learning in animals. These skills would not come until the latter half of the 20th century, at about the same time as the discovery of long-term potentiation.

Discovery of long-term potentiation

LTP was first observed by Terje Lømo in 1966 in the Oslo, Norway, laboratory of Per Andersen. There, Lømo conducted a series of neurophysiological experiments on anesthetized rabbits to explore the role of the hippocampus in short-term memory.

Isolating the connections between two parts of the hippocampus, the perforant pathway and dentate gyrus, Lømo observed the electrical changes in the dentate gyrus elicited by stimulation of the perforant pathway. As expected, a single pulse of electrical stimulation to the perforant pathway elicited an excitatory postsynaptic potential (EPSP) in the dentate gyrus. What Lømo did not expect was that the postsynaptic responses to these single-pulse stimuli could be enhanced for a long period of time by first delivering a high-frequency train of stimuli to the synapse. When such a train of stimuli was applied, subsequent single-pulse stimuli elicited stronger, prolonged EPSPs. This phenomenon, whereby a high-frequency stimulus could produce a long-lived enhancement in the postsynaptic cell's response to subsequent single-pulse stimuli, was initially called "long-lasting potentiation".

Timothy Bliss, who joined the Andersen laboratory in 1968, collaborated with Lømo and in 1973 the two published the first characterization of long-lasting potentiation in the rabbit hippocampus. Bliss and Tony Gardner-Medwin published a similar report of long-lasting potentiation that same year. In 1975, Douglas and Goddard proposed "long-term potentiation" as a new name for the phenomenon of long-lasting potentiation. Andersen has suggested that the authors proposed "long-term potentiation" for its easily pronounced acronym, "LTP".

Types

Since its original discovery in the rabbit hippocampus, LTP has been observed in a variety of other neural structures, including the cerebral cortex, cerebellum, amygdala, and many others. Robert Malenka, a prominent LTP researcher, has suggested that LTP may even occur at all excitatory synapses in the mammalian brain. 

The specific type of LTP exhibited between neurons depends on a number of factors. One such factor is the age of the organism when LTP is observed. For example, the molecular mechanisms of LTP in the immature hippocampus differ from those mechanisms that underlie LTP of the adult hippocampus. The complement of signaling pathways expressed by a particular cell also contributes to the specific type of LTP present. For example, some types of hippocampal LTP depend on the NMDA receptor, others may depend upon the metabotropic glutamate receptor (mGluR), while still others depend upon another molecule altogether. The variety of signaling pathways that contribute to LTP and the wide distribution of these various pathways in the brain is one reason that the type of LTP exhibited between neurons depends in part upon the anatomic location where LTP is observed. For example, LTP in the Schaffer collateral pathway of the hippocampus is NMDA receptor-dependent, whereas LTP in the mossy fiber pathway is NMDA receptor-independent. 

Owing to its predictable organization and readily inducible LTP, the CA1 hippocampus has become the prototypical site of mammalian LTP study. In particular, NMDA receptor-dependent LTP in the adult CA1 hippocampus is the most widely studied type of LTP, and is therefore the focus of this article.

Properties

NMDA receptor-dependent LTP classically exhibits four main properties: rapid induction, input specificity, associativity, and cooperativity.

Rapid induction

LTP can be rapidly induced by applying one or more brief tetanic stimuli to a presynaptic cell. (A tetanic stimulus is a high-frequency sequence of individual electrical stimuli.)

Input specificity

Once induced, LTP at one synapse is not arbitrarily propagated to adjacent synapses; rather LTP is input specific. Long-term potentiation is only propagated to those synapses according to the rules of associativity and cooperativity.

Associativity

Associativity refers to the observation that when weak stimulation of a single pathway is insufficient for the induction of LTP, simultaneous strong stimulation of another pathway will induce LTP at both pathways.

Cooperativity

LTP can be induced either by strong tetanic stimulation of a single pathway to a synapse, or cooperatively via the weaker stimulation of many. When one pathway into a synapse is stimulated weakly, it produces insufficient postsynaptic depolarization to induce LTP. In contrast, when weak stimuli are applied to many pathways that converge on a single patch of postsynaptic membrane, the individual postsynaptic depolarizations generated may collectively depolarize the postsynaptic cell enough to induce LTP cooperatively. Associativity and cooperativity may share the same underlying cellular mechanism.

Mechanism

Long-term potentiation occurs through a variety of mechanisms throughout the nervous system; no single mechanism unites all of LTP's many types. However, for the purposes of study, LTP is commonly divided into three phases that occur sequentially: short-term potentiation, early LTP, and late LTP. Little is known about the mechanisms of short-term potentiation, so it will not be discussed here.

The mechanisms of early LTP (E-LTP) and late LTP (L-LTP) can be classified into one of three categories: induction, maintenance, and expression. Induction is the process by which a short-lived signal triggers the phase of LTP to begin. Maintenance involves the persistent biochemical changes that occur in response to the induction of that phase. Finally, expression entails the long-lasting cellular changes that result from activation of the maintenance signal. Thus the mechanisms of LTP can be discussed in terms of those that underlie the induction, maintenance, and expression of E-LTP and L-LTP.

Induction of E-LTP occurs when the intracellular calcium concentration exceeds a critical threshold in the postsynaptic cell. In many types of LTP, the influx of calcium that drives E-LTP induction requires the NMDA receptor, which is why these types of LTP are considered to be NMDA receptor-dependent. This critical threshold is defined by the concentration of calcium required to transiently activate several protein kinases, including calcium/calmodulin-dependent protein kinase II (CaMKII) and protein kinase C (PKC). To a lesser extent, protein kinase A (PKA) and mitogen-activated protein kinase (MAPK) activation also contribute to E-LTP induction. 

While induction entails the transient activation of CaMKII and PKC, maintenance of E-LTP is characterized by their persistent activation. During this stage, CaMKII and PKC lose their dependence on calcium and become autonomously active. Consequently they are able to carry out the phosphorylation events that underlie LTP expression. The primary event underlying the expression of E-LTP is the phosphorylation of AMPA receptors to increase the efficiency of synaptic transmission.

The natural progression of E-LTP, L-LTP is induced by changes in gene expression and protein synthesis brought about by the persistent activation of protein kinases such as MAPK and PKA. These kinases are thought to alter gene expression through the phosphorylation of transcription factors such as cAMP response element binding protein (CREB). They may also trigger the synthesis of molecules that underlie the maintenance of L-LTP. One such molecule may be protein kinase Mζ (PKMζ), a persistently active kinase whose synthesis increases following tetanic stimulation. PKMζ has recently been shown to underlie L-LTP maintenance. It is thought to direct the trafficking and reorganization of proteins in the synaptic scaffolding that underlie the expression of L-LTP. 

Induction

NMDA receptor-dependent LTP can be induced experimentally by applying a few trains of high-frequency stimuli to the connection between two neurons. An understanding of normal synaptic transmission illustrates how this tetanic stimulation can induce LTP.

Through normal synaptic transmission, non-tetanic stimulation causes the release of the neurotransmitter glutamate from the presynaptic terminal onto the postsynaptic cell membrane, where it binds to AMPA receptors (AMPARs) embedded in the postsynaptic membrane. AMPA receptors are the main excitatory receptors in the brain, and are responsible for most of its moment-to-moment excitatory activity. Glutamate binding to the AMPA receptor triggers the influx of predominantly sodium ions into the postsynaptic cell, causing a depolarization called the excitatory postsynaptic potential (EPSP).

The magnitude of the EPSP determines whether LTP will be induced in the postsynaptic cell. While a single stimulus does not generate an EPSP capable of inducing LTP, repeated stimuli given at high frequency cause the postsynaptic cell to be progressively depolarized as a result of EPSP summation: with each stimulus reaching the postsynaptic cell before the previous EPSP can decay, successive EPSPs add to the depolarization caused by the previous EPSPs. In synapses that exhibit NMDA receptor-dependent LTP, sufficient depolarization unblocks NMDA receptors (NMDARs), receptors that allow calcium to flow into the cell when bound by glutamate. While NMDARs are present at most postsynaptic membranes, at resting membrane potentials they are blocked by a magnesium ion that prevents the entry of calcium into the postsynaptic cell. Sufficient depolarization through the summation of EPSPs relieves the magnesium blockade of the NMDAR, allowing calcium influx. The rapid rise in intracellular calcium concentration triggers the maintenance and expression of LTP, specifically its early phase.
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