MEMORY AND LEARNING
PSYCHOLOGY OF MEMORY

Learning is a process that lets us retain acquired information, affective states, and impressions that can influence our behaviour. Learning is the main activity of the brain, in which this organ continuously modifies its own structure to better reflect the experiences that we have had.

Learning can also be equated with encoding, the first step in the process of memorization. Its result – memory – is the persistence both of autobiographical data and of general knowledge.

But memory is not entirely faithful. When you perceive an object, groups of neurons in different parts of your brain process the information about its shape, colour, smell, sound, and so on. Your brain then draws connections among these different groups of neurons, and these relationships constitute your perception of the object. Subsequently, whenever you want to remember the object, you must reconstruct these relationships. The parallel processing that your cortex does for this purpose, however, can alter your memory of the object.

Also, in your brain’s memory systems, isolated pieces of information are memorized less effectively than those associated with existing knowledge. The more associations between the new information and things that you already know, the better you will learn it. For example, you will have an easier time remembering that the entorhinal cortex is connected to the hippocampus via the dentate gyrus if you already have some basic knowledge of brain anatomy.

Psychologists have identified a number of factors that can influence how effectively memory functions.

1) Degree of vigilance, alertness, attentiveness, and concentration
Attentiveness is often said to be the tool that engraves information into memory. Thus, attention deficits can radically reduce memory performance. You can improve your memory capacity by making a conscious effort to repeat and integrate information.

2) Interest, strength of motivation, and need or necessity
It is easier to learn when the subject fascinates you. Thus, motivation is a factor that enhances memory. Some young people who do not always do very well at the subjects they are forced to take in school often have a phenomenal memory for statistics about their favourite sports.

3) Affective values associated with the material to be memorized, and the individual’s mood and intensity of emotion
Your emotional state when an event occurs can greatly influence your memory of it. Thus, if an event is very upsetting, you will form an especially vivid memory of it. For example, many people remember where they were when they learned about President Kennedy’s assassination, or about the attacks of September 11, 2001. The processing of emotionally-charged events in memory involves norepinephrine, a neurotransmitter that is released in larger amounts when we are excited or tense. As Voltaire put it, that which touches the heart is engraved in the memory.

4) Location, light, sounds, smells...in short, the entire context in which the memorizing takes place is recorded along with the information being memorizes.
Our memory systems are thus contextual. Consequently, when you have trouble remembering a particular fact, you may be able to retrieve it by recollecting where you learned it or the book from which you learned it. Was there a picture on that page? Was the information toward the top of the page, or the bottom? Such items are called “recall indexes”. And because you always memorize the context along with the information that you are learning, by recalling this context you can very often, by a series of associations, recall the information itself.

Forgetting is another important aspect of memorization phenomena. Forgetting lets you get rid of the tremendous amount of information that you process every day but that your brain decides it will not need in future.

“The purpose of memory is not to let us recall the past, but to let us anticipate the future. Memory is a tool for prediction.”

· Alain Berthoz
SENSORY, SHORT-TERM AND LONG-TERM MEMORY

Sensory memory is the memory that results from our perceptions automatically and generally disappears in less than a second. It includes two sub-systems: iconic memory of visual perceptions and echoic memory of auditory perceptions.

Short-term memory depends on the attention paid to the elements of sensory memory. Short-term memory lets you retain a piece of information for less than a minute and retrieve it during this time. One typical example of its use is the task of repeating a list of items that has just been read to you, in their original order. In general, you can retain 5 to 9 items (or, as it is often put, 7±2 items) in short-term memory.

Working memory is a more recent extension of the concept of short-term memory. As techniques for studying memory have become more refined, it has become increasingly apparent that the original conception of short-term memory as a mere temporary receptacle for long-term memory is too simplistic. In fact, it is becoming increasingly clear that there is no strict line of demarcation between memories and thoughts. In order to test some hypotheses that may provide a better understanding of this complex phenomenon, the concept of working memory has therefore been advanced.

Working memory is used to perform cognitive processes on the items that are temporarily stored in it. It would therefore be heavily involved in processes that require reasoning, such as reading, or writing, or performing computations. One typical example of the use of working memory is the task of repeating a list of items that has just been read to you, but in the reverse of their original order. Another good example is the task of simultaneous interpretation, where the interpreter must store information in one language while orally translating it into another.

Working memory appears to be composed of several independent systems, which would imply that we are not aware of all the information that is stored in it at any given time. For example, when you drive a car, you are performing several complex tasks simultaneously. It is unlikely that all of the various types of information involved are being handled by a single short-term memory system.
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When you go to the movies, you are actually watching a series of still images, separated by brief intervals of darkness. The reason you perceive them as a continuous moving picture is that you store each image very briefly in your iconic memory. Similarly, when you perceive sounds, you are actually summing up individual pieces of information over brief time intervals in your echoic memory.

If you show a chess grand master a chessboard on which a game is in progress, he can memorize the exact positions of all the pieces in just a few seconds. But if you take the same number of pieces, distribute them at random positions on the chessboard, then ask him to memorize them, he will do no better than you or I. Why? Because in the first case, he uses his excellent knowledge of the rules of the game to quickly eliminate any positions that are impossible, and his numerous memories of past games to draw analogies with the current situation on the board.

Episodic memory (sometimes called autobiographical memory) lets you remember events that you personally experienced at a specific time and place. It includes memories such as the meal you ate last night, or the name of an old classmate, or the date of some important public event.

The most distinctive feature of episodic memory is that you see yourself as an actor in the events you remember. You therefore memorize not only the events themselves, but also the entire context surrounding them.

Episodic memory is the kind most often affected by various forms of amnesia. Also, the emotional charge that you experience at the time of the events conditions the quality of your memorization of the episode.

 Semantic memory is the system that you use to store your knowledge of the world. It is a knowledge base that we all have and much of which we can access quickly and effortlessly. It includes our memory of the meanings of words–the kind of memory that lets us recall not only the names of the world’s great capitals, but also social customs, the functions of things, and their colour and odour.

Semantic memory can be regarded as the residue of experiences stored in episodic memory. Semantic memory homes in on common features of various episodes and extracts them from their context. A gradual transition takes place from episodic to semantic memory. In this process, episodic memory reduces its sensitivity to particular events so that the information about them can be generalized.

Conversely, our understanding of our personal experiences is necessarily due to the concepts and knowledge stored in our semantic memory. Thus, we see that these two types of memory are not isolated entities, but rather interact with each other constantly.
Semantic memory also includes our memory of the rules and concepts that let us construct a mental representation of the world without any immediate perceptions. Its content is thus abstract and relational and is associated with the meaning of verbal symbols.

Semantic memory is independent of the spatial/temporal context in which it was acquired. Since it is a form of reference memory that contains information accumulated repeatedly throughout our lifetimes, semantic memory is usually spared when people suffer from amnesia, but it can be affected by some forms of dementia 

In Alzheimer’s disease, patients quickly develop difficulty in retrieving individual words and general knowledge. Studies have shown that in tasks such as describing and naming items, these patients display a loss of knowledge of the specific characteristics of semantic categories. Initially, they lose the ability to distinguish fine categories, such as species of animals or types of objects. But over time, this lack of discrimination extends to broader, more general categories. At first, if you show such patients a spaniel, they may say, “that is a dog”. Later, they may just say “that is an animal”.
Neurology of Memory

SHORT-TERM MEMORY

A large body of evidence indicates that the dorsolateral prefrontal cortex plays an important role in certain forms of memory work, in particular those that involve alternating between two memory tasks and exploring various possibilities before making a choice.
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For example, the experimental results illustrated here show how various areas of the subjects’ brains alter their activity levels as the subjects are presented with various visual stimuli. When the subjects are shown a blurred image, the activity level (represented by the blue bars in the graph) becomes highest in area 1, the visual part of the brain. When the subjects are shown an image of a face, brain activity (black bars) becomes highest in the associative and frontal regions (4, 5, and 6). Lastly, when the subjects are retaining an image of a face in their working memory, brain activity (red bars) is highest in the frontal regions, while the visual areas are scarcely stimulated at all.

It has also been observed that distinct processes appear to be involved in the storage and recall of items memorized with the phonological loop and the visual/spatial sketchpad. It seems fairly certain that this area of the brain holds information required for reasoning processes that are in progress. But its precise role remains the subject of much debate. Does this prefrontal area basically coordinate the activities of slave sub-systems, as in Baddeley’s model of the phonological loop and the visual/spatial sketchpad? Or does it actually itself serve as a temporary storage area for certain types of information, as Goldman-Rakic’s research tends to indicate? Might the level of abstraction of the task be the deciding factor, or might the size of the workload determine whether this area comes into play?

As all these unanswered questions suggest, the anatomical substrate of working memory is far from being understood in detail. Moreover, the phenomenon of working memory is made all the more complex by the fact that it takes place over time.

LONG-TERM MEMORY

Recent research has provided a complex, highly intricate picture of memory functions and their loci in the brain. The hippocampus, the temporal lobes, and the structures of the limbic system that are connected to them are essential for the consolidation of long-term memory.

The hippocampus receives connections from the cortex’s primary sensory areas, unimodal associative areas (those that involve only one sensory modality), and multimodal associative areas, as well as from the rhinal and entorhinal cortexes. While these anterograde connections converge at the hippocampus, other, retrograde pathways emerge from it, returning to the primary cortexes, where they record in the cortical synapses the associations facilitated by the hippocampus. Thus, even in the mechanism of memorization, we find the feedback loops so often encountered at all levels in the living world.
The hippocampus facilitates associations among various parts of the cortex, for example, between a tune that you heard at a dinner party and the faces of the other guests who were at the table. However, all other things being equal, such associations would naturally fade over time, so that your mind did not become cluttered with useless memories. What might cause such associations to be strengthened and eventually etched into long-term memory very often depends on “limbic” factors, such as how interested you were in the occasion, or what emotional charge it may have had for you, or how gratifying you found its content.
The various structures of the limbic system exert their influence on the hippocampus and the temporal lobe via Papez’s circuit, also known as the hippocampal/mammillothalamic tract. This circuit is a sub-set of the numerous connections that the limbic structures have with one another. The diagram here shows the route that information travels from the hippocampus to the mammillary bodies of the hypothalamus, then on to the anterior thalamic nucleus, the cingulate cortex, and the entorhinal cortex, before finally returning to the hippocampus.

For a piece of information to be recorded in long-term memory, it must pass through Papez’s circuit. Injuries to this circuit can result in memory impairments.  For example, a lesion in the mammillary bodies is responsible for an amnesic syndrome whose most classic example is Korsakoff’s syndrome. In addition to the confabulation, confusion, and disorientation that accompany this syndrome, patients suffer from anterograde amnesia: they cannot store new information in their long-term memory. The most typical cause of this syndrome is vitamin B1 deficiency, often seen in chronic alcoholics
Once the temporary associations of cortical neurons generated by a particular event have made a certain number of such “passes” through Papez’s circuit, they will have undergone a physical remodelling that consolidates them. Eventually, these associations will have been strengthened so much that they will stabilize and become independent of the hippocampus. Bilateral lesions of the hippocampus will prevent new long-term memories from forming, but will not erase those that were encoded before the injury.

With this gradual disengagement of the limbic system, the memories will no longer pass through Papez’s circuit, but instead will be encoded in specific areas of the cortex: the same ones where the sensory information that created the memories was initially received (the occipital cortex for visual memories, the temporal cortex for auditory memories, etc.).
CELLULAR MECHANISMS OF MEMORY

PLASTICITY IN NEURAL NETWORKS
No one neuron alone contains all the information needed to reconstruct a memory. Rather, the trace of that memory is latent or virtual. Its existence can be manifested only when a network of many interconnected neurons is activated.

Multiple memories can be encoded within a single neural network, by different patterns of synaptic connections. Conversely, a single memory may involve simultaneously activating several different groups of neurons in different parts of the brain.

This association of groups of cortical neurons distributed across different parts of the brain is made possible by certain networks of neurons that are pre-wired for this task. Certainly the best known of these networks are the circuits of the hippocampal formation, which are involved in establishing explicit long-term memories.

The information from the visual, auditory, and somatic associative cortexes arrives first at the parahippocampal region of the cortex, then passes through the enthorinal cortex and on to the hippocampus proper. Within the hippocampus, the information passes through three distinct regions in succession.

The hippocampus proper is composed of regions with tightly packed pyramidal neurons, mainly areas CA1, CA2, and CA3. (“CA” stands for Cornu Ammonis, or Horn of Ammon. The reference is to the ram’s horns of the Egyptian god Ammon, whose shape these three areas together roughly resemble.) This is what is called the trisynaptic circuit or trisynaptic loop of the hippocampus.

An amazing discovery in the 1970s demonstrated that a rat’s hippocampus is a veritable spatial map of the environment through which it moves. Certain pyramidal neurons in area CA1 of the rat hippocampus become active only when the rat is located in a specific part of its environment.

There are 1 million of these “place cells” in area CA1 of the rat hippocampus, so that if each one is assigned a specific point in space, together they can form a very precise cognitive map that tells the animal where it is at any given time. Moreover, when a rat explores a new environment, it forms a new cognitive map that can be very stable, lasting weeks or months.

According to O’Keefe and Nadel, the researchers who discovered the existence of these cognitive maps, one of their functions might be to provide a context to which memories can be attached. An event recorded in memory could thus be made autobiographical (situated in time and space). This would explain the fundamental role that the hippocampus plays in episodic memory in human beings.
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Information enters this one-way loop via the axons of the entorhinal cortex, known as perforant fibres (or the perforant path, because it penetrates through the subiculum and the space that separates it from the dentate gyrus). These axons make the loop’s first connection, with the granule cells of the dentate gyrus.

From these cells, the mossy fibres in turn project to make the loop’s second connection, with the dendrites of the pyramidal cells in area CA3.

The axons of these cells divide into two branches. One branch forms the commissural fibres that project to the controlateral hippocampus via the corpus callosum. The other branch forms the Schaffer collateral pathways that make the third connection in the loop, with the cells in area CA1.
It is in these synapses that the spatial memory associated with the hippocampus seems to be encoded (see sidebar). This region also displays a high propensity for long-term potentiation (LTP), though this same phenomenon is also observed in many other parts of the hippocampus as well as in the cortex.

Lastly, the axons of the cells in CA1 project to the neurons of the subiculum and of the entorhinal cortex. The receiving portion of the hippocampal formation thus consists of the dentate gyrus, while the sending portion consists of the subiculum. The axons of the large pyramidal neurons of the subiculum then project to the subcortical nuclei via the fimbria, a thin tract of white matter at the inner edge of the hippocampus. Lastly, the information returns to the sensory cortical areas from which it came before it was processed by the hippocampus.
Molecular mechanisms of memory

LONG-TERM POTENTIATION
Long-term potentiation (LTP) is a process in which synapses are strengthened. It has been the subject of much research, because of its likely role in several types of memory. LTP is the opposite of long-term depression (LTD). In LTP, after intense stimulation of the presynaptic neuron, the amplitude of the post-synaptic neuron’s response increases. The stimulus applied is generally of short duration (less than 1 second) but high frequency (over 100 Hz). In the postsynaptic neuron, this stimulus causes sufficient depolarization to evacuate the magnesium ions that are blocking the NMDA receptor, thus allowing large numbers of calcium ions to enter the dendrite.

These calcium ions are extremely important intracellular messengers that activate many enzymes by altering their conformation. One of these enzymes is calmoduline, which becomes active when four calcium ions bind to it. It then becomes Ca2+/calmodulin, the main second messenger for LTP. Ca2+/calmodulin then in turn activates other enzymes that play key roles in this process, such as adenylate cyclase and Ca2+/calmodulin-dependent protein kinase II (CaM kinase II). These enzymes in turn modify the spatial conformation of other molecules, usually by adding a phosphate ion to them. This common catalytic process is called phosphorylation.
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The spines on post-synaptic dendrites form separate compartments to isolate biochemical reactions that occur at some synapses but not at others. This anatomical specialization probably helps to ensure a certain specificity in neural connections.
Thus, the activated adenylate cyclase manufactures cyclic adenosine mono-phosphate (cAMP), which in turn catalyzes the activity of another protein, kinase A (or PKA). In other words, there is a typical cascade of biochemical reactions which can have many different effects.

For example, PKA phosphorylates the AMPA receptors, allowing them to remain open longer after glutamate binds to them. As a result, the postsynaptic neuron becomes further depolarized, thus contributing to LTP.

Other experiments have shown that CREB protein is another target of PKA. CREB plays a major role in gene transcription, and its activation leads to the creation of new AMPA receptors that can increase synaptic efficiency still further.

The other enzyme activated by Ca2+/calmodulin, CaM kinase II, has a property that is decisive for the persistence of LTP: it can phosphorylate itself! Its enzymatic activity continues long after the calcium has been evacuated from the cell and the Ca2+/calmodulin has been deactivated.

CaM kinase II can then in turn phosphorylate the AMPA receptors and probably other proteins such as MAP kinases, which are involved in the building of dendrites, or the NMDA receptors themselves, whose calcium conductance would be increased by this phosphorylation.
“Silent synapses” are another mechanism that was discovered in the mid-1990s and that may contribute to long-term potentiation (LTP). These synapses are physically present, but under normal conditions do not contribute to synaptic transmission.

Some of these silent synapses have been found in the hippocampus. They appear to have receptors for NMDA but not for AMPA. It is thought that these synapses may be activated during LTP and thus help to strengthen the synaptic response. The discovery that after LTP, these synapses do display an electrical current associated with AMPA channels suggests that some newly synthesized AMPA receptors may be inserted into the post-synaptic membrane.
[To give some idea of the complexity of the metabolic sequences responsible for LTP, we will mention three of the other enzymes currently being studied. Protein kinase C (PKC) appears to phosphorylate AMPA receptors at the same site as CaM kinase II. Inhibitor 1 (ou I1) seems to be activated by PKA and prevent phosphatase 1 from dephosphorylating AMPA receptors. And tyrosine kinase SRC may be activated directly by the AMPA receptors, and then phosphorylate the NMDA receptors.]
LTP involves at least two phases: establishment (or induction), which lasts about an hour, and maintenance (or expression), which may persist for several days.

The first phase can be experimentally induced by a single, high-frequency stimulation. It involves the activity of various enzymes (kinases) that persist after the calcium is eliminated, but no protein synthesis.

To trigger the maintenance phase, however, a series of high-frequency stimuli must be applied. Unlike the establishment phase of LTP, the maintenance phase requires the synthesis of new proteins–for example, the ones that form the receptors and the ones that contribute to the growth of new synapses (another phenomenon that occurs during the maintenance phase).

In addition to all of the post-synaptic mechanisms involved in the establishment of LTP, it has long been postulated that some presynaptic modifications occur during the ensuing maintenance phase. But certain modifications, such as an increase in the amount of glutamate released by the presynaptic neuron, would imply the presence of a retrograde messenger that goes back to this neuron and modifies it. Because nitric oxide (NO) is a gas in its natural state, and can thus diffuse through cell membranes, it would be an ideal candidate for this role. But its involvement is still the subject of much debate and controversy.
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